3

V.

Pour de meilleurs résultats, ouvrez ce porte-documents PDF dans

Adobe Reader X, ou dans Adobe Acrobat X, ou version ultérieure.

Télécharger tout de suite Adobe Reader



http://www.adobe.com/go/reader_download_fr


Journal of Molecular Endocrinology

T TRABOULSI, M EL Ezzy and
others

Review

Open Access

Mechanisms of antiestrogenicity 58:1 R15-R31

Antiestrogens: structure-activity
relationships and use in breast

cancer treatment

T Traboulsi2*, M El Ezzy'*, J L Gleason?® and S Mader'2

TInstitute for Research in Immunology and Cancer, Université de Montréal, Montréal, Québec, Canada
2Department of Biochemistry and Molecular Medicine, Université de Montréal, Montréal, Québec, Canada

3Department of Chemistry, McGill University, Montréal, Québec, Canada
*(T Traboulsi and M El Ezzy contributed equally to this work)

Correspondence

should be addressed

to S Mader

Email
sylvie.mader@umontreal.ca

Abstract

About 70% of breast tumors express estrogen receptor alpha (ERa), which mediates

the proliferative effects of estrogens on breast epithelial cells, and are candidates for
treatment with antiestrogens, steroidal or non-steroidal molecules designed to compete
with estrogens and antagonize ERs. The variable patterns of activity of antiestrogens
(AEs) in estrogen target tissues and the lack of systematic cross-resistance between
different types of molecules have provided evidence for different mechanisms of action.
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AEs are typically classified as selective estrogen receptor modulators (SERMs), which
display tissue-specific partial agonist activity (e.g. tamoxifen and raloxifene), or as pure
AEs (e.g. fulvestrant), which enhance ERa post-translational modification by ubiquitin-
like molecules and accelerate its proteasomal degradation. Characterization of second-
and third-generation AEs, however, suggests the induction of diverse ERa structural

conformations, resulting in variable degrees of receptor downregulation and different
patterns of systemic properties in animal models and in the clinic.
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Introduction

Estrogen receptors (ERa and ERB) control a range of
physiological processes regulating the development and
function of the female reproductive system as well as the
maintenance of bone mass, and play protective roles in
the cardiovascular and central nervous systems. ERs are
also implicated in related pathologies such as breast and
uterine cancers, osteoporosis and cardiovascular diseases
(Nilsson et al. 2001, Deroo & Korach 2006, Jia et al.
2015). Their roles in cancer development have led to the
development and clinical use of small synthetic molecules
that block either estrogen production (aromatase
inhibitors) or estrogenic signaling (antiestrogens, AEs).
AEs are steroids or steroid mimics that compete with

endogenous estrogens (Fig. 1A) for binding to ERs and
modify their activity as ligand-dependent transcriptional
regulators (Hall et al. 2001, Ascenzi et al. 2006). However,
some AEs, including tamoxifen and raloxifene, have
complex patterns of activity in estrogen-responsive
tissues, acting as so-called selective estrogen receptor
modulators (SERMs). For instance, tamoxifen displays
mostly antagonist activity in breast but has partial agonist
activity in uterus and bones (Ward et al. 1993, Klotz et al.
2000, O’'Regan & Jordan 2002).

On the other hand, fulvestrant and related compounds
are devoid of partial agonist activity and behave as pure
AEs. The lack of systematic cross-resistance to pure AEs
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Chemical structures of estrogen receptor agonists and antagonists. (A) The three most abundant circulating estrogens: estrone, 17p-estradiol and estriol.
(B) Tamoxifen and its active derivatives, 4-hydroxytamoxifen and endoxifen, as well as tamoxifen-derived SERMs. (C) Antiestrogens with different
steroid-like backbones and a side chain containing a tertiary amine: SERM raloxifene and related compounds arzoxifene and bazedoxifene, as well as

acolbifene. (D) Pure antiestrogens with steroid backbones and long side chains.

acrylic acid.

observed in tumors that have progressed under treatment
with tamoxifen, or in cell lines that have gained the
capacity to grow in the presence of SERMs, suggested that
pure AEs and SERMs have different mechanisms of action

(E) SERDs with steroid-like backbones and a side chain containing an

(Howell 2006, Ali et al. 2011). Properties characteristic
of pure AEs include induction of accelerated turnover of
ERa via increased proteasomal degradation; hence, their
designation as selective estrogen receptor downregulators
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(SERDs) (McDonnell et al. 2015). Although fulvestrant
has failed to demonstrate improved responses in first-line
treatment compared with SERMs or aromatase inhibitors
(Howell et al. 2004a), a better understanding of the
mechanisms of action of pure AEs is important in view
of the development and current clinical testing of several
new SERDs with improved oral bioavailability compared
with fulvestrant (Callis et al. 2015, McDonnell et al. 2015).
This review focuses on what is known and what remains
to be determined about the mechanisms of action of AEs,
with an emphasis on properties specific to pure AEs.

SERMs vs SERDs: two separate classes of
antiestrogens?

Tamoxifen and next-generation SERMs

Selective ER modulators (SERMs) (e.g., tamoxifen,
raloxifene and analogues, Fig. 1B and C) have earned
their name due to their tissue- and gene-specific activities.
Tamoxifen, the first clinically approved SERM and the
standard of care for the adjuvant treatment of all stages of
primary breast tumors to this day (Jordan 2004, Ali et al.
2011, Martinkovich et al. 2014), has antagonist effects on
breast cancer cell proliferation but has an estrogen-like
action in bone in patients and in animal models, where it
helps maintain bone mineral density in postmenopausal
women, and has favorable agonist effects on lipid
profiles (Turner et al. 1988, Ward et al. 1993, Love et al.
1994a,b). In addition, tamoxifen and its active metabolite
4-hydroxytamoxifen have marked estrogenic activity
in the uterus of ovariectomized rats or mice and are
associated with an increased risk of endometrial cancer
in the clinic (Martin & Middleton 1978, Davies et al.
1979). Increases in mouse uterine wet weight induced
by tamoxifen were dependent on the expression of
ERa in the uterus (Korach 1994). In addition, although
tamoxifen treatment has proven effective in reducing the
risk of breast tumor progression, resistance to tamoxifen
develops in a significant proportion of primary tumors
and in most patients with metastatic cancer, without
loss of ERa expression in the majority of cases (Jordan
2004, Musgrove & Sutherland 2009). Observation of
remissions after tamoxifen withdrawal or switch to
aromatase inhibitors or pure AEs has suggested that ER
signaling remains active in the presence of tamoxifen in
some tamoxifen-resistant breast tumors (Ali et al. 2011,
McDonnell et al. 2015).

Tamoxifen analogues (Fig. 1B) have been developed
to increase treatment efficacy and decrease the negative

Mechanisms of antiestrogenicity 58:1 R17

side effects of tamoxifen, including the increase in the
incidence of endometrial cancer and thromboembolic
events and the generation of DNA adducts (see
Martinkovich et al. 2014 for an in-depth review of the
pharmacological properties of tamoxifen analogues). For
example, toremifene (Fig. 1B) is a chloride derivative of
tamoxifen that has been reported to have lower estrogenic
and genotoxic effects than tamoxifen. Similarly,
tamoxifen derivatives droloxifene (3-hydroxytamoxifen),
which has increased affinity for ERa but a reduced half-
life, and idoxifene, which is metabolized more slowly than
tamoxifen due to the addition of an iodine at position 4
and has a modified side chain with a pyrrolidino group
(Fig. 1B), were both found to have decreased uterotrophic
activity. Lasofoxifene, a tamoxifen analogue with a
modified polycyclic core structure and a side chain
similar to that of idoxifene (Fig. 1B), is an antagonist in
both breast and uterus. All these compounds possess a
strong agonist activity in bones. However, these drugs
are neither more efficacious than tamoxifen for breast
cancer treatment nor do they circumvent resistance
to tamoxifen in patients (Howell 2006, Ali et al. 2011,
Martinkovich et al. 2014).

Raloxifene, a SERM with a benzothiophene backbone
(Fig. 1C) that is prescribed for prevention of osteoporosis
and associated with favorable agonist-like action on
lipid metabolism, has only low activity in the uterus of
ovariectomized rodents (Black et al. 1994). Raloxifene was
shown to retain 76% of the effectiveness of tamoxifen
at reducing invasive breast cancer incidence with a
significantly lower incidence of endometrial cancer in
the Study of Tamoxifen and Raloxifen (STAR) prevention
trial (Vogel et al. 2010), but is not effective in patients
resistant to tamoxifen (Ali et al. 2011, Martinkovich
et al. 2014). Further, the raloxifene analogue arzoxifene
(Fig. 1C), despite being more potent than tamoxifen or
4-hydroxytamoxifen on inhibition of human mammary
carcinoma cell proliferation and on decreasing rat uterine
wet weight (Palkowitz et al. 1997, Suh et al. 2001), was
not as efficacious as tamoxifen in a comparative phase
I clinical trial (Deshmane et al. 2007) and was partially
cross-resistant with tamoxifen in xenograft models
(Schafer et al. 2001).

Fulvestrant and other SERDs with long side chains

Another class of AEs developed to minimize partial
agonist activity and address resistance issues
(Wakeling 1993) includes steroidal compounds with
long side chains such as ICI 164,384, ICI 182,780
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(fulvestrant/Faslodex) and RU 58,668 (Fig. 1D). These
compounds were initially referred to as pure AEs due to
their lack of partial agonist activity in pre-clinical models
including in breast and endometrial cell lines (Bowler
et al. 1989, Wakeling et al. 1991, Van de Velde et al. 1994,
Barsalou et al. 1998). Moreover, ICI 182,780 was able to
suppress the agonist activity of estradiol and tamoxifen
in the uterus of ovariectomized rodents (Wakeling et al.
1991). ICI 182,780 also does not have an agonist effect on
bone cells in vitro and in animal models (Gallagher et al.
1993, Ciana et al. 2001, Park 2013). Although ICI 182,780
is not orally bioavailable, its subcutaneous injection
(5 mg/week) suppressed the growth of MCF-7 xenografts
in mice longer than tamoxifen (500 pg/day s.c.) (Osborne
et al. 1995). Further, RU 58,668 can cause long-term
regression of MCF-7 xenografts (Van de Velde et al. 1994).
Importantly, cross-resistance between ICI 182,780 and
tamoxifen was not observed in cultured cell lines or in
xenograft models (Hu ef al. 1993, Lykkesfeldt et al. 1994,
1995); further, fulvestrant was comparable to aromatase
inhibitors in clinical efficacy in postmenopausal women
having progressed on tamoxifen therapy (Howell et al.
2002, Osborne et al. 2002). These data suggested that pure
AEs and SERMs act via different molecular mechanisms.
Indeed, although  4-hydroxytamoxifen
overall ERa protein levels, pure AEs accelerate ERa
turnover through the ubiquitin—-proteasome pathway in
ERa-positive breast cancer cells and in extracts of rodent
uterine tissues, hence, their designation as SERDs (Gibson
et al. 1991, Dauvois et al. 1992, El Khissiin & Leclercq
1999, Wijayaratne & McDonnell 2001). However, despite
the pure antiestrogenic character of fulvestrant, it did
not compare advantageously with tamoxifen when used
as a first-line therapy for advanced or metastatic breast
cancer (Howell et al. 2004a, Howell 2006). The poor
pharmacokinetic properties of ICI 182,780 may limit its
effectiveness in the clinic; indeed, increasing monthly
intra-muscular injections of fulvestrant from 250mg
to 500mg led to significant gains in overall survival
in metastatic patients having recurred or progressed
after prior endocrine therapy in the CONFIRM study
and resulted in subsequent adoption of this regimen
in the clinic (Di Leo et al. 2010, 2014, Robertson et al.
2014). Further development of pure AEs has focused on
gains in affinity and oral bioavailability. For instance,
fulvestrant analogues ZK-703 and ZK-253 (Fig. 1D)
were shown to inhibit growth of ER+ xenografts,
including tamoxifen-resistant tumors, more efficiently
than ICI 182,780; interestingly, compound ZK-253

increases
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demonstrated increased oral bioavailability in these
models (Hoffmann et al. 2004).

SERM derivatives with SERD activity

Interestingly, compounds derived from tamoxifen such
as GW7604 and analogues (Fig. 1E) can also induce ERa
degradation (Wijayaratne et al. 1999, Bentrem et al. 2001)
and may prove to be promising clinical candidates as
they have better oral bioavailability than ICI 182,780
(McDonnell et al. 2015). Of note, GDC-0810 induced
degradation of ERa with similar potency and efficacy as ICI
182,780 and was effective at suppressing growth of both
tamoxifen-sensitive and -resistant xenografts (Lai et al.
2015). GDC-0810 and a structural analogue (AZD9496)
are undergoing evaluation in currently accruing clinical
trials (see https://clinicaltrials.gov/ct2/results?term=GDC-
0810&Search=Search; accessed Aug. 15, 2016). In
addition, although raloxifene induces a slight increase in
ERa turnover, raloxifene-related bazedoxifene (Fig. 1C)
is more efficacious in this respect, correlating with fuller
antiestrogenic properties. Bazedoxifene is indeed more
effective than other SERMs (tamoxifen, raloxifene and
lasofoxifene) at inhibiting gene expression in MCF-7 cells
and can inhibit tamoxifen-resistant xenograft growth
(Wardell et al. 2013). Bazedoxifene is currently prescribed
for the prevention and treatment of osteoporosis, as
bazedoxifene and raloxifene had similar impacts on
bone mineral density and lipid profiles in a 24-month
randomized clinical study (Miller et al. 2008) and on
ER signaling in bone (Rando et al. 2010). A phase I/II
clinical trial currently investigates the combination of the
CDK4/6 inhibitor Palbociclib and bazedoxifene in stage
IV breast cancer patients (see https://clinicaltrials.gov/ct2/
show/NCT02448771; accessed Aug. 15, 2016). Similarly,
although EM-800 and its active metabolite EM-652
(acolbifene, Fig. 1C) are SERMs, displaying agonist activity
in bone and on lipid metabolism but limited estrogenic
activity in the uterus (Howell et al. 2004b), EM-800 induces
accelerated turnover of ERa compared to tamoxifen, albeit
to a lesser extent than raloxifene (Wittmann et al. 2007).

Therefore, it appears that AEs present a spectrum of
SERD activity, with tamoxifen at one end being devoid
of ERa down-regulating capacity, whereas some SERM
analogues reduce ERa protein levels to variable levels
(EM-652, raloxifene, bazedoxifene, GW7604 and
GDC-0810). Finally, pure AEs with long side chains are
associated with strong SERD activity (ICI 164,384, ICI
182,780, ZK-253, ZK-703 and RU 58,668).
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Molecular determinants of antiestrogenicity
Structural basis for AF2 transcriptional activity

ERs share with other nuclear receptors (NRs) a common
structure with a central DNA-binding domain (DBD)
flanked by two transcriptional activation function
domains, AF1 and AF2, the latter overlapping with the
ligand-binding domain (LBD) (Fig. 2A). Ligand binding
regulates NR conformation, nuclear localization,
binding to specific response elements and recruitment
of coactivators/corepressors (Moras & Gronemeyer 1998,
Weatherman et al. 1999, Aranda & Pascual 2001, Sanchez
et al. 2002, White et al. 2004). Although unstable in the
absence of ligand, the LBD can be crystallized in the
presence of agonists (estradiol, E2), revealing folding
into an o-helical sandwich structure characteristic of
the nuclear receptor superfamily. The ligand-binding
pocket is formed within the hydrophobic core of the LBD
below the central layer of helices (Fig. 2B) and is lined
by hydrophobic residues from H3, H6, H8, H11, H12 and
the S1/S2 hairpin (Brzozowski et al. 1997). Charged amino

Mechanisms of antiestrogenicity 58:1 R19

acids stabilize the binding of agonists and antagonists by
interacting with hydroxyl groups located at either end of
the estrogenic steroidal backbone (Glu353, Arg394 and
His524 in hERo; Glu260, Arg301 and His430 in rERp).
Agonist (E2) binding stabilizes a conformation of the
ligand-binding domain where H12 folds tightly back on
top of the ligand-binding pocket (Fig. 2B), positioning a
set of amino acids (Asp538, Leu539, Glu542 and Met543)
adequately for coactivator peptide interaction (Brzozowski
et al. 1997, Shiau et al. 1998, Warnmark et al. 2002).

Impact of SERMs on AF2 activity

AEs are steroid or steroid-like (e.g. triphenylethylene or
benzothiophene backbones of tamoxifen or raloxifene,
respectively) molecules that bind to the ERa LBD in a
manner similar to estradiol. Bulky side chains attached
at positions 7a or 11p of a steroid core or at equivalent
positions on a steroid-like skeleton are responsible for
antiestrogenicity (Jordan 2004). They project out of the
ligand-binding cavity between helices 3 and 11 and

A SUIIVIO SUMO SUMO SUMO
pS106 K171 ILISO K299 K472 ps578
pSlOd‘ pS\llS pS167 pS282 /pS305 ( pY53‘7 pS576
I I [ \ |
ER A/B C D E F
o
AF1 DBD NLS LBD / AF2
1 180 263 302 552 595

LBD ER — ICI 164,384 complex

LBD ERa. — GW5638 complex

Figure 2

ERa structure, post-translational modifications
and conformational changes induced by different
ligands. (A) Schematic representation of ERa
structure. AF1/AF2: activation function 1/2;

DBD: DNA-Binding Domain; NLS: Nuclear
Localization Signal; LBD: Ligand-Binding Domain.
SUMOylation sites identified by mass
spectrometry in the presence of ICl 182,780 are
indicated in purple. Residues phosphorylated in
the presence of antiestrogens or implicated in the
modulation of sensitivity to antiestrogen
treatment are indicated in orange. (B) LBD ER«

- estradiol (E2) - TIF2 NR box 3 complex
(Warnmark et al. 2002); (C) LBD ERa —
4-hydroxytamoxifen complex (OHT) (Shiau et al.
1998); (D) LBD ERp - ICI 164,384 complex

(Pike et al. 2001); (E) LBD ERx — GW5638 complex
(Wu et al. 2005). Representations were generated
using PyMOL. Helix 12 is highlighted in red and
each ligand is shown in green. The a-helical TIF2
coactivator motif is shown in gold.
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prevent the positioning of H12 over the ligand-binding
cavity via steric clashes. This is achieved through different
structural rearrangements depending on the length and
composition of the AE side chain.

Several SERMs including tamoxifen and raloxifene
and analogues (Fig. 1B and C) contain alkylaminoethoxy
side chains with different tertiary amine substituents.
Steric clashes involving the dimethylamino group of
tamoxifen or the piperidyl group of raloxifene favor the
repositioning of H12 to the coactivator-binding groove
(Brzozowski et al. 1997, Shiau et al. 1998) (Fig. 2C,
4-hydroxytamoxifen, OHT). Hydrophobic amino acids
in H12 (Leu540, Met543 and Leu544) interact with
the coactivator-binding groove in a manner similar to
amphipathic coactivator LXXLL motifs (Shiau et al. 1998,
Pike et al. 1999). Replacing the nitrogen in the raloxifene
side chain with a carbon or a non-basic nitrogen atom
abolished the antagonist activity of raloxifene derivatives
in uterine wet weight assays (Grese et al. 1997) and
induced ER-dependent transcription in stably transfected
MDA-MB-231 cells (Liu et al. 2002). Crystallographic
studies have revealed that the tertiary amine of raloxifene
forms a hydrogen bond with Asp351 in H3 of the ERa
LBD (Fig. 3) (Brzozowski et al. 1997). Mutating Asp351
to Glu converted raloxifene, which behaves as a pure
antagonist in transiently transfected HepG2 cells, into
a partial agonist resembling tamoxifen (Dayan et al.
2006). Interaction of the tertiary amine with Asp351
appears weaker in tamoxifen than that in raloxifene

Figure 3

Role of Asp351 in the different activity of tamoxifen and raloxifene.
Overlay of X-ray structures of 4-hydroxytamoxifen (green) and raloxifene
(aqua) bound to ERa (data from Shiau et al. (1998) and Brzozowski et al.
(1997), respectively). The distance from Asp351 to the dimethylamine in
4-hydroxytamoxifen (3.8 A) is 1.0 A longer than to the piperidine in
raloxifene.

Mechanisms of antiestrogenicity 58:1 R20

(3.8 vs 2.84, Fig. 3) and the D351E mutation had little
effect on the partial agonist activity of tamoxifen in HepG2
cells. Exchanging the tertiary amine group in tamoxifen
for that of idoxifene led to loss of partial agonism with
wt ERa, suggesting optimized interaction with Asp351.
Conversely, partial agonism of this molecule was restored
to levels comparable with those of tamoxifen by the D351E
mutation, similar to observations with raloxifene (Dayan
et al. 2006). Mutation D351G abrogated induction of
expression of the estrogen target gene TGFA by tamoxifen
in transfected MDA-MB-231 cells (MacGregor Schafer et al.
2000), and mutation D351A abolished partial activity of
ERa on a reporter gene in the presence of tamoxifen in
HepG2 cells (Dayan et al. 2006), consistent with a role of
Asp351 in mediating the partial agonist activity of SERMs
in the absence of optimal interaction with their side chain
tertiary amines.

Impact of pure AEs on AF2 activity

First-generation pure AEs such as fulvestrant have longer
side chains than SERMs (Fig. 1D). A crystal structure
of ICI 164,384 with the rat ERp LBD reveals that the
long side chain at position 7« exits the ligand-binding
cavity in a manner similar to that of the SERM side
chains, but bends by 90 degrees at its fifth carbon,
hugging the surface of the LBD and interacting with the
coactivator-binding groove (Pike et al. 2001) (Fig. 2D).
The terminal hydrophobic n-butyl group of ICI 164,384
fits into a pocket formed by the side chains of Leu261,
Met264, 1le265 and Leu286 in the coactivator-binding
groove of rat ERp (Leu354, Met357, I1e358 and Leu379
in human ERa). This interaction displaces H12 from its
position in the binding groove observed in structures
with  4-hydroxytamoxifen (OHT) and raloxifene
(Fig. 2C) (Brzozowski et al. 1997, Shiau et al. 1998). H12
is disordered in the crystal structure with ICI 164,384,
suggestive of high mobility (Pike et al. 2001). Although
this structure was obtained with ERB, and binding of
ICI 164,384 does not induce accelerated degradation
of this receptor (Peekhaus et al. 2004), the relevance
of side chain interaction with the coactivator-binding
groove of ERa (lined with amino acids conserved with
ERp) for pure antiestrogenicity has been supported by
the analysis of ICI 164,384 derivatives with variable side
chain lengths. Pure antiestrogenicity was optimal with
side chain lengths of 15-19 atoms in a reporter assay in
HepG2 cells transiently transfected with ERa, whereas
the addition of shorter side chains (13 or 14 carbons
side chains) resulted either in agonist or SERM activity
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(Hilmi et al. 2012, Hoffman et al. 2012). Molecular
modeling of these ICI 164,384 derivatives in complex
with the ERp LBD suggests that pure antiestrogenicity
is associated with chain lengths long enough to reach
the coactivator-binding groove (Fig. 4 and Video 1). This
is also compatible with the observed importance of the
hydrophobicity of the terminal substituents for pure
antiestrogenicity in steroidal derivatives. ICI 182,780,
with a penta fluoropentyl terminal substituent, showed
increased potency and efficacy in growth inhibition
compared with ICI 164,384 in both cell and animal
models of human breast cancer (Wakeling et al. 1991).

Video 1
Animation of the models of ICI 164,384 derivatives with
13 and 15-atom side chains bound to ERp (corresponding
to Fig. 4B and C). View Video 1 at http:/movie-usa.
glencoesoftware.com/video/10.1530/JME-16-0024/
video-1.

The side chain of ICI 164,384 creates steric clashes
with H12 in the agonist conformation at amino acids
Leu540 and Met543. Furthermore, it leads to steric
clashes with Leu536, and to a lesser extent Leu540, when
H12 is positioned in the coactivator-binding groove.
Ala mutation of these residues increased transcriptional
activity of ERa in the presence of pure AEs (Mahfoudi
etal. 1995, Norris et al. 1998, Lupien et al. 2007, Arao et al.
2011), presumably by reducing steric clashes with H12.

Although the antiestrogenicity of ICI 182,780 is
not affected by Asp351 mutations (Dayan et al. 2006),

Mechanisms of antiestrogenicity “

Figure 4

Models of ICl 164,384 and derivatives bound to ER.
(A) ICI 164,384 (X=CH,, n=9, R=C,H,); (B) a 13-atom
side chain (X=S, n=8, R=CH,); (C) a 15-atom side
chain (X=S, n=8, R=C3H,); (D) a 19-atom side chain
(X=S, n=8, R=C;H,;); docking was performed using
the Glide software as previously described

(Hilmi et al. 2012).

introduction of a tertiary amine in the ICI 182,780
side chain was associated with improved efficacy of
compounds ZK-703 and ZK-253 at preventing growth of
mouse xenografts from estrogen-sensitive and tamoxifen-
resistant breast cancer lines (Hoffmann et al. 2004).
Whether interaction with Asp351 is important for the
improved performance of these compounds remains
however to be assessed.

Molecular basis for SERD activity in SERM derivatives

Alterations in the shorter side chains of SERM
derivatives have also been observed to result in partial
or full SERD activity. Bazedoxifene’s overall structure
is similar to that of raloxifene and differs by having
a bulkier heterocyclic amine ring (azepane instead of
piperidine ring, Fig. 1C), which may result in increased
steric hindrance with H12. In addition, GW5638 (pro-
drug of GW7604) is a tamoxifen analogue in which
the dimethylaminoethoxy group is replaced by an
acrylic acid side chain (Fig. 1E). The carboxylate group
in the GWS5638 side chain, in its protonated state,
forms hydrogen bonds with Asp351 and the peptidic
backbone of H12. This results in a distinct conformation
of H12 (Fig. 2E) with relocation of the side chains of
hydrophobic residues (Leu536, Leu539, LeuS540 and
Met543) toward the protein exterior, increasing the
exposed hydrophobic surface of H12 compared with the
ERa — 4-hydroxytamoxifen structure while preserving
interaction in the groove
(Wu et al. 2005).

coactivator-binding
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Thus, pure antiestrogenicity appears associated with
exposure of hydrophobic amino acids of H12 to the
solvent irrespective of the precise positioning of H12 in
crystal structures (occupancy of the coactivator-binding
groove in GW7604, but not in ICI 164,384). How these
structural features result in altered protein—protein
interactions and in a decreased stability of ERa is still
imperfectly understood.

Impact of AE-induced ERa conformation
on cofactor recruitment and
transcriptional activation

Gene expression profiles of SERMs and SERDs in breast
and uterine cancer cell models

The characterization of gene expression profiles in the
presence of AEs in breast and uterine cancer cells has
indicated that SERMs display partial agonist activity
in a gene-specific manner, while SERDs achieve a more
Indeed,
tamoxifen regulates transcription of subsets of estrogen

complete inhibition of estrogen signaling.
target genes in endometrial carcinoma cell lines (Ishikawa,
ECC-1) and also in ER+ breast cancer cell lines (MCF-7,
ZR-75-1), in addition to altering expression of sets of genes
apparently not regulated by estradiol via mechanisms that
remain to be clarified (Shang & Brown 2002, Frasor et al.
2004, Scafoglio et al. 2006, Chang et al. 2010, Wardell et al.
2012, Tamm-Rosenstein et al. 2013). ICI 182,780 functions
as a pure antagonist for genes partially activated by SERMs
in MCF-7 cells, whereas raloxifene has an intermediate
profile, its agonist activity mostly overlapping with that
of tamoxifen. On the other hand, bazedoxifene exhibits a
SERD-like profile (Frasor et al. 2004, Wardell et al. 2013).
ChlIP-seq experiments in MCF-7 cells have shown binding
of ERa to a significant number of estrogen target sites after
1h of ICI 182,780 treatment (Welboren et al. 2009); in
contrast, association of ERa with DNA was not observed
3h after addition of ICI 182,780 in another study (Reid
et al. 2003), possibly due to receptor degradation. It will
be of interest to examine whether release of ERa from
DNA is a general property of SERDs and correlates with
the degradation of the receptor in the presence of these
ligands, or with earlier events such as protein modification
and/or altered cofactor recruitment.
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Impact of SERMs and SERDs on coactivator
recruitment to ER«

ERs recruit a plethora of cofactors in an agonist-
dependent manner via both their N-terminal and
C-terminal activation function regions (AF1 and AF2
respectively), including histone modifiers, chromatin
remodeling complexes and components of the
transcriptional machinery (Smith & O’Malley 2004, Hall &
McDonnell 2005); (see also a list of known nuclear
receptor coregulators at https://www.nursa.org/nursa/
molecules/index.jsf, accessed on Aug. 15, 2016). The
various ERa LBD conformations induced by different
AEs affect protein—protein interaction interfaces (Wardell
et al. 2013) and result in altered recruitment of cofactors
both in solution and on DNA.

Among the coactivators interacting directly or
indirectly with AF2 of the estradiol-bound ERa are the
histone acetyl transferases NCOA1/2/3 (SRC-1/2/3),
CBP/p300 and the histone methyl transferases CARM1,
PRMT1 (Smith & O’Malley 2004, Hall & McDonnell 20085,
Johnson & O’Malley 2012). In endometrial Ishikawa
and ECC-1 cell lines, NCOAL1 is recruited selectively to
promoters of genes stimulated by tamoxifen, but not
raloxifene; repressing NCOA1 expression in Ishikawa
cells inhibits the partial agonist activity of tamoxifen on
those target genes (Shang & Brown 2002). Conversely,
overexpressing NCOA1 in MCEF-7 cells confers agonist
activity to tamoxifen on genes it otherwise antagonizes,
suggesting that differential expression of NCOA1 in breast
and uterine cells underlies tissue-specific transcriptional
regulation by tamoxifen (Shang & Brown 2002). In
addition, overexpressing the coactivators NCOA2 and
p300 in ERa-transfected HeLa cells strongly increased
the partial agonism of tamoxifen on an ERE-TK-Luc
reporter vector, had a moderate effect for raloxifene and
barely increased reporter vector activity in the presence
of ICI 182,780 (Webb et al. 2003), suggesting that several
coactivators may contribute to the partial agonist activity
of SERMs in a cell- and gene-specific manner. Finally,
NCOA3 (AIB1) is amplified in 11% of breast tumors and
is associated with a worse prognosis in ER+, but also
ER- tumors (Burandt et al. 2013); its tumorigenic potential
may therefore result from a role as coactivator of other
transcription factors, such as E2F1 (Louie et al. 2004).

The partial agonist activity of tamoxifen, and to a
lower degree of raloxifene, has been linked with activity
of the ligand-independent AF1 function of ERa (Fig. 2A)
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in different cell and promoter contexts (Berry et al. 1990,
Tzukerman et al. 1994, Onate et al. 1998, Webb et al.
1998, 2003, Benecke et al. 2000, Metivier et al. 2001). For
instance, the AF1 domain of ERa was necessary to observe
agonist effects of tamoxifen in a human endometrial cancer
cell line (HEC1 cells) (McInerney et al. 1998). Similarly,
swapping the AF1 domain of ERa with the corresponding
region in ERP abrogated ERa transcriptional activity in the
presence of tamoxifen in U20S cells, supporting the role of
this region in the partial agonism of tamoxifen (Zwart et al.
2010). These observations can be correlated to the capacity
of ERa, but not of ERB, to recruit NCOA1 via its AF1 region
in the presence of tamoxifen (Webb et al. 1998, Merot et al.
2004). It remains unclear whether ERa can also recruit
other cofactors in the presence of tamoxifen via its AF1
region, such as the p68 RNA helicase and the RNA molecule
SRA (Lanz et al. 1999, Janknecht 2010), and how cofactor
recruitment via AF1 is enabled by the specific conformation
of AF2 in tamoxifen-liganded ERa (Arao et al. 2015).

Impact of SERMs and SERDs on corepressor recruitment

In the presence of tamoxifen, ERa recruits the corepressors
NCOR1 (N-CoR) and NCOR2 (SMRT) at repressed estrogen
target genes in MCF-7 cells, but not at genes upregulated
by tamoxifen in Ishikawa cells; siRNA knockdown of
these corepressors increases ER target gene expression and
MCE-7 cell proliferation in the presence of tamoxifen in
vitro and in xenograft models (Lavinsky et al. 1998, Shang &
Brown 2002, Keeton & Brown 2005). In addition,
overexpression of corepressor NCOR2 suppresses the
partial agonist activity of tamoxifen in HepG2 cells (Smith
et al. 1997). ChIP time-course experiments linked the
recruitment of NCOR1/HDAC3 and the NuRD/HDAC1
complexes by tamoxifen-bound ERa with subsequent
hypoacetylation of histones and loss of RNA Polymerase
II binding at the TFF1 and MYC promoters in MCF-7 cells
(Liu & Bagchi 2004).

ICI 182,780-bound ERa can recruit the C-terminal
fragment of NCOR1 more efficiently than with raloxifene
or tamoxifen, as shown by immunoprecipitation
experiments in transfected HeLa cells (Webb et al.
2003). However, the exact mechanisms of corepressor
recruitment in the presence of SERMs and SERDs remain
to be determined. Co-crystallization of a corepressor-NR
box (CoRNR box, consensus LXXXIXXXL) peptide with
the ERa LBD in the presence of raloxifene was only
possible upon deletion of H12 (Heldring et al. 2007). In
this structure, the CoRNRER peptide occupies the AF2
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groove between H3 and HS, the N-terminus of the peptide
being packed against the raloxifene side chain. Whether
the different conformations of H12 in SERD- vs SERM-
bound ERa are responsible for the increased recruitment
of corepressors in the presence of SERDs needs to be
investigated. Of note, the N-terminal receptor-interacting
domain (nRID) of the corepressors NCOR1 and NCOR2
was also shown to interact with ERa via its DBD
(Varlakhanova et al. 2010), although this interaction did
not appear to be ligand regulated.

Existence of SERM/SERD-specific cofactors

Characterization of proteins interacting with a TAP-tagged
version of ERa in MCF-7 cells indicated that the majority
of interactors are ligand-specific, the interactomes of
ERa bound to raloxifene and tamoxifen overlapping
only partially with each other and with that of ERa
bound to estradiol and being distinct from that obtained
in the presence of ICI 182,780 (Cirillo et al. 2013). In
addition, ICI 182,780 was shown to selectively induce
interaction of ERa, but not ERB, with luminal cytokeratins
CK8/CK18, a property that correlated with ERa insolubility
and increased turnover (Long & Nephew 2006, Long et al.
2010). Finally, selective recruitment of Ubi and SUMO
E3 ligases in the presence of SERDs is likely in view of
the patterns of receptor modification induced by SERD
binding (see below). The interaction profiles of SERMs
with partial SERD activity remain to be investigated, and
it will be of interest to determine whether these molecules
elicit interactions with some of the ICI 182,780-specific
ERa interactors.

Parameters affecting cofactor recruitment by ERs in the
presence of AEs

Although cofactor recruitment is primarily determined
by the conformation of the ER LBD induced by ligand
binding, the relative expression levels of coactivators
and corepressors in different tissues likely account for
tissue-specific partial agonist activity (see above). In
addition, variation in cofactor expression levels during
tumorigenesis may contribute to resistance to AEs
(Osborne et al. 2003, Su et al. 2008). Promoter context is
expected to affect partial agonist activity in a gene-specific
manner either due to cofactor interaction with other
DNA-bound transcription factors or to allosteric effects of
the DNA sequence on the receptor conformation (Smith &
O’Malley 2004, Johnson & O’Malley 2012). In addition,
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the relative expression levels of ERa and ERB, the activity
of signaling pathways leading to post-translational
modifications of the receptors and/or their coregulators,
and the extent of ERa downregulation may all contribute
to the specific activity profiles of AEs (Smith & O’Malley
2004, Martinkovich et al. 2014).

Role of post-translational modifications of
ERa by Ubi-like molecules in pure
antiestrogenicity

Post-translational modifications (PTMs) targeting ERs
as well as their cofactors in response to ligand binding
likely play a role in modulating cofactor recruitment.
Improvements in mass spectrometry have allowed the
identification of PTM sites throughout ERa, including
phosphorylation, methylation and acetylation. For
example, phosphorylation of Ser104, 106 and 118 in
the AF1 region and of Ser305 in the E region might be
involved in resistance to tamoxifen (Le Romancer et al.
2011 and refs within; Fig. 2A). Ser104, 106 and 118 are
also phosphorylated in the presence of pure AEs (Ali et al.
1993, Thomas et al. 2008), but the possible impact of
these modifications on transcriptional downregulation
by SERDs remains to be investigated. In addition,
dephosphorylation of Tyr537 (Fig. 2A) by the H1 protein-
tyrosine phosphatase was observed to sensitize MCF-7
breast cancer cells to both SERMs and ICI 182,780
(Suresh et al. 2014). Finally, phosphoresidues pS167,
pS282, pS576 and pSS578 were detected in the presence
of ICI 182,780 by mass spectrometry (Hilmi et al. 2012)
(Fig. 2A), but their function is currently unknown. Other
types of modifications of ERa, which include acetylation,
methylation, ubiquitination and SUMOylation (Ascenzi
et al. 2006, Le Romancer et al. 2011), may also affect the
sensitivity of breast cancer cells to AEs.

Induction of ERx ubiquitination by SERDs

SERDs (ICI 182,780, RU 58,668 and GW7604) accelerate
ERa degradation in uterine and breast cancer cell lines.
Degradation takes place with faster kinetics than that
in the presence of agonists in MCEF-7 cells. Although
4-hydroxytamoxifen stabilizes ERa protein levels
(Wijayaratne & McDonnell 2001, Lupien et al. 2007,
Kocanova et al. 2010, Hilmi et al. 2012), decreased steady-
state levels of ERax were observed to variable extents in
the presence of endoxifen (a tamoxifen metabolite),
raloxifene and bazedoxifene. However, none of these
AEs were as efficacious as the pure AE ICI 182,780
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(Wardell et al. 2013). Affinity purification of ERa modified
by tagged ubiquitin showed that ICI 182,780 triggers a
2-fold enhancement of ERa ubiquitination compared with
basal levels (Wijayaratne & McDonnell 2001). Agonists
induce or are permissive for recruitment of several
E3 ubiquitin ligases, such as E6-AP, CHIP, MDM?2,
BRCA1/BARD1, EFP/TRIM2S, SPOP, RBCK1, CUEDC2,
SKP2, VHL and RNF31 by ERa (Helzer et al. 2015 and refs
within); some of these proteins are recruited to DNA and
can act as ERa coactivators (Lonard et al. 2000, Reid et al.
2003). However, E3 ligases recruited in the presence of
SERDs still need to be characterized.

Mechanisms of degradation appear to differ in the
presence of AEs and estradiol. Inhibition of transcription
by a-amanitin or other inhibitors prevents the induction
of ERa turnover by agonists but not by ICI 182,780 (Reid
et al. 2003). In addition, cycloheximide treatment and
several kinase inhibitors (PKA, PI3K) partially blocked the
induction of ERa protein turnover by estradiol but not
pure AEs (Borras et al. 1994, 1996, Seo et al. 1998, Marsaud
et al. 2003). Furthermore, overexpression of ERa in breast
cancer cells can saturate the degradation process in the
presence of SERDs, without affecting turnover in the
presence of agonists (Wardell et al. 2011). Finally, removal
or mutation of the nuclear localization signal (NLS) in
ERa, resulting in cytoplasmic localization of the receptor,
abolished degradation in the presence of ICI 182,780 but
not estradiol, while adding back the endogenous NLS to
the N-terminus of ERa partially restored the degradation
of ERa in the presence of ICI 182,780 (Casa et al. 2015).
In spite of the above-mentioned differences between
degradation mechanisms in the presence of estradiol and
SERDs, the Neddylation pathway, which resembles the
ubiquitination cascade and cooperates with it forinduction
of ubiquitination, appears to be important for both
estradiol- and ICI 182,780-induced degradation (Fan et al.
2003). Mapping of residues affected by polyubiquitination
in the presence of SERDs and identification of E3 ligases
and deubiquitinases controlling receptor modification
by the ubiquitin system should clarify the similitudes
and differences between the mechanisms of receptor
degradation in the presence of SERDs vs agonists.

Induction of ERax SUMOylation by SERDs

Although induction of ERa degradation is expected
to contribute to pure antiestrogenicity, saturating the
degradation process by overexpressing ERa did not
appear to affect the capacity of SERDs (bazedoxifene,
ICI 182,780 and GW7604) to act as AEs in MCEF-7 cells

© 2017 The authors
Printed in Great Britain

http:/jme.endocrinology-journals.org
DOI: 10.1530/JME-16-0024

Published by Bioscientifica Ltd.



http://dx.doi.org/10.1530/JME-16-0024



Journal of Molecular Endocrinology

T TRABOULSI, M EL EZZY and
others

(Wardell et al. 2011). Further, although the steady-state
levels of transfected ERa were not decreased but rather
increased in the presence of ICI 182,780 in HepG2 cells,
ICI 182,780 still acted as an inverse agonist in these
cells, whereas tamoxifen had partial agonist activity
(Lupien et al. 2007, Hilmi et al. 2012). This suggests the
existence of other mechanisms for the increased efficacy
of pure AEs in inhibiting ERa activity in these cells. In
this respect, we have observed that pure AEs strongly
induce ERa SUMOylation in the MCF-7 breast cancer cell
line, as well as in transiently transfected HEK293 and
HepG2 cells (Hilmi et al. 2012). Abrogating SUMOylation
by overexpression of the SENP1 deSUMOylase partially
derepressed transcription in the presence of pure AEs in
HepG2 cells without an increase in the corresponding
activity with estradiol or tamoxifen, suggesting that
induction of ERa SUMOylation contributes to pure
antiestrogenicity (Hilmi et al. 2012).

Interestingly, SUMOylation correlated with pure
antiestrogenicity in a panel of molecules derived from ICI
164,384. SUMOylation activity was observed with chains
harboring 14 carbon atoms, reached maximal levels with
chain lengths between 15 and 19 and then diminished
with chain lengths of 22 atoms, correlating with inverse
agonist activity in HepG2 cells and with the capacity
of the AE side chain to interact with the coactivator-
binding groove in molecular models (Fig. 4 and Video 1).
In addition to pure AEs, the SERM raloxifene was shown
to induce SUMOylation to a lower degree, correlating
with its capacity to suppress basal transcriptional activity
in HepG2 cells (Hilmi et al. 2012). Thus, differential
SUMOylation may also contribute to the differential
SERM profiles in different tissues.

SUMOylation may affect cofactor recruitment by
ERa. Indeed, SUMOylated androgen and glucocorticoid
receptors can bind the corepressor DAXX, which in turn
recruits chromatin-modifying enzymes (HDACs) or DNA
methyltransferases to inhibit transcriptional activity of
nuclear receptors (Shih et al. 2007). Another function
of SUMOylation is its capacity to recruit SUMO-targeted
ubiquitin ligases (STUbLs), such as RNF4 in humans, to
promote the degradation of the modified protein, as shown
for PML (Heideker et al. 2009). There could therefore be
a link between SUMOylation of ERa and its increased
degradation rate in the presence of SERDs. Indeed, the low
level of ERa SUMOylation in the presence of raloxifene
(Hilmi et al. 2012) correlates with the weak induction of
degradation by this AE. Studying the modification pattern
of ERa in the presence of bazedoxifene and GW7604
would further help assess this hypothesis.
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Mass spectrometric analyses led to the identification
of four SUMOylation sites in ERa in the presence of ICI
182,780: Lys171 and Lys180 located just upstream of
the DBD, Lys299 in the hinge region and Lys472 in the
LBD (Fig. 2A); however, combined mutagenesis of these
sites did not abolish the SUMOylation of ERa in the
presence of ICI 182,780 (Hilmi et al. 2012), suggesting
that other sites remain to be discovered. Characterization
of mutants that inhibit SUMOylation will be important
to further investigate the link between SUMOylation
and ubiquitination, as well as the role of each type of
modification in pure antiestrogenicity.

Impact of ERx mutations found in endocrine
treatment-resistant tumors on AE action

Development of resistance to endocrine treatment is a
major outstanding issue for ER+ breast cancer patients.
About 25% of ER+ patients with early-stage disease
will develop resistance to endocrine treatment within
10 years of diagnosis (EBCTCG 2005), and all metastatic
patients will eventually progress on endocrine
treatment. Notably, expression of ERa is preserved in
the majority of tumors after development of resistance
(Johnston 1997), suggesting a continued role of ERa
in tumor progression. Overexpression of coactivators
driving estrogen-dependent transcription is a potential
mechanism for this loss of sensitivity, as is activation
of signaling pathways that modulate the activity of
ERa and/or its coactivators (Johnston 1997, Nardone
et al. 2015). Recently, ERa mutations have emerged as
an additional mechanism of resistance to hormonal
treatment (see Jeselsohn et al. 2015 for a review). This
was first suggested by the isolation of a constitutively
active ERa mutant (Y537N) from a breast metastasis
(Zhang et al. 1997). More recently, several studies have
reported the identification of mutations in the ERa LBD
in metastases of patients having undergone at least one
line of endocrine treatment (Li et al. 2013, Merenbakh-
Lamin et al. 2013, Robinson et al. 2013, Toy et al. 2013,
Jeselsohn et al. 2014). Importantly, these mutations
can be detected by isolation of circulating tumor DNA
in the blood of breast cancer patients (Guttery ef al.
2015, Sefrioui et al. 2015) and may serve to orient
therapeutic decision.

Most mutations characterized in tumors resistant to
endocrine therapies are gain-of-function mutations (e.g.
E380Q, L536Q/R, D538G and Y537S/C/N) that result in
ligand-independent ERa activity in reporter gene assays
or on endogenous estrogen target genes (e.g. GREBI,
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PGR, TFF1, MYC and XBPI) (Li et al. 2013, Robinson
et al. 2013, Toy et al. 2013, Jeselsohn et al. 2014). Of
interest, several of these mutations or additional ones at
the same positions had been previously characterized as
leading to increased basal activity in functional analyses
of ER signaling (Pakdel et al. 1993, Weis et al. 1996,
Eng et al. 1997). Constitutive mutants demonstrate
increased levels of Ser118 phosphorylation, resistance
to HSP90 inhibitor-induced degradation, enhanced
recruitment of NCOA family coactivators and/
or increased ligand-independent tumor growth in
xenograft models compared with wt ERa (Merenbakh-
Lamin et al. 2013, Toy et al. 2013, Fanning ef al. 2016).
Ligand-independent growth of tumors was also seen
in patient-derived xenografts (PDX) established from
metastatic ER+ tumors harboring the Y537S mutation
(Lietal. 2013).

Y537S- and DS538G-mutant ERa LBDs adopt an
agonist-like conformation in the absence of ligand in
molecular models and in crystal structures (Nettles
et al. 2008, Merenbakh-Lamin et al. 2013, Toy et al.
2013, Fanning et al. 2016). As H12 acts as a lid to the
ligand-binding cavity in the agonist conformation, its
stabilization in this position in the unliganded ERa
due to mutations should affect binding of ER ligands
including AEs. Indeed, affinity of mutants Y537S and
DS538G for estradiol and 4-hydroxytamoxifen was 5- to
10-fold smaller than for wt ERa (Fanning et al. 2016).
Accordingly, higher doses of 4-hydroxytamoxifen
and ICI 182,780 were required to inhibit the activity
of mutant ERa to levels comparable with those
observed with the wt ERa; this may lead to resistance
to treatment with AEs in the clinic if concentrations
high enough to suppress activity of the mutants cannot
be achieved (Merenbakh-Lamin et al. 2013, Toy et al.
2013, Jeselsohn et al. 2014). In addition, the altered
structures of the mutant ERax LBDs in the presence of
4-hydroxytamoxifen (Fanning et al. 2016) may lead to
different impacts on ER target genes at saturation than
with the wt receptor. Finally, it is worth noting that
mutation L536A, but not Y537A, was found to increase
ERa transcriptional activity and to decrease receptor
SUMOylation in the presence of ICI 182,780 (Lupien
et al. 2007, and our unpublished data). It will therefore
be of interest in the future to determine to which
extent each of the ERa LBD mutations associated with
resistance to endocrine therapies affects the efficacy of
pure AEs in suppressing ER target gene expression to
better guide the choice of second-line therapies.
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Conclusion

Structural and functional studies have revealed that AEs
use a diversity of conformational solutions to modulate
AF2 and/or AF1 activity. This results in varying degrees
of antiestrogenicity in breast cancer cells, and in
different patterns of tissue-specific activity. How each
conformation or change in conformational dynamics
is linked to functional effects such as alterations in
receptor ubiquitination and SUMOylation, recruitment
of specific cofactors, release from DNA and degradation
still remains to be further explored. Ultimately, the
relevance of these questions to the clinic will be informed
by the characterization of orally bioavailable SERDs in
both second- and first-line treatment of breast cancer.
In addition, recombinant cell lines and PDX models of
endocrine therapy resistance due to ERa mutations should
prove extremely useful to better characterize the response
patterns of each of these ERa mutants to existing AEs and
to develop novel, more effective therapeutic molecules or
drug combinations.
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RESUME

70% des tumeurs mammaires expriment le récepteur des cestrogénes ERa, et leur
croissance est régulée par les cestrogénes. Les anti-cestrogeénes (AEs) tels que le tamoxiféne
sont prescrits pour traiter tous les cancers du sein ER-positifs, mais ces composés présentent
une activité agoniste partielle géne- et tissu-spécifique. Les AEs purs comme le fulvestrant
(IC1182,780) sont utilisés dans les cas de cancers du sein ER-positifs avancés chez des
patientes résistantes au tamoxiféne. Les AEs purs entrainent la dégradation de ERa par la voie
ubiquitine — protéasome, mais ces molécules peuvent réprimer 1’activité transcriptionnelle de
ERa indépendemment de la dégradation du récepteur. Notre laboratoire a publié que les AEs
purs induisent la SUMOylation de ERa, et que I’abrogation de cette modification post-
traductionnelle augmentait I’activité transcriptionnelle de ERa sur un vecteur rapporteur dans
des cellules transfectées. Nous émettons 1’hypotheése que la SUMOylation de ERa contribue
au profil antagoniste total du fulvestrant comparativement au tamoxiféne dans les cellules de
cancer du sein, en réprimant la transcription des génes cibles de ERa via la modulation du

recrutement de cofacteurs en présence d’AEs purs.

Nos travaux montrent que fulvestrant induit une liaison rapide de ERa a ses séquences
cibles dans le génome. La perte de liaison aux temps plus longs de traitement n’est pas due a
la dégradation du récepteur, ni a son export du noyau. Cette perte de liaison a ’ADN est
accompagnée d’une compaction locale de la chromatine. Des marques de SUMOylation sont
détectées au niveau des éléments de réponse des cestrogeénes suite a un traitement avec des
AEs purs de maniere corrélant avec la présence de ERa a ces mémes sites. La surexpression
d’une deSUMOylase retarde la perte de liaison de ERa a I’ADN, atténue la fermeture de la
chromatine et dé-réprime I’expression de genes cibles de ERa en présence de fulvestrant.
Enfin, des mutations de ERa empéchant sa SUMOylation ménent a une dé-repression de

I’expression des geénes cibles de ERa en présence de fulvestrant.
Une approche protéomique nous a permis d’identifier le recrutement SUMO-dépendant

du complexe de remodelage de la chromatine ACF en présence d’AEs purs au niveau de

régions cibles de ERa dans le génome. Le knockdown de la sous-unité ACF1 de ce complexe

il





abolit la compaction de la chromatine et dé-réprime 1’expression de geénes cibles de ERa en
présence de fulvestrant. Ces résultats lient le recrutement d’ ACF au profil antagoniste total des
AEs purs. Des mutants non-SUMOylables de ERa ne recrutent pas ACF et restent liés a
I’ADN aux temps longs de traitement, permettant ainsi un faible niveau de transcription des

genes cibles de ER.

Nous proposons un modele ou les AEs purs induisent la SUMOylation de ERa, menant
au recrutement rapide du complexe de remodelage de la chromatine ACF au niveau des
séquences régulatrices des genes cibles des cestrogenes. La compaction de la chromatine qui
en résulte empéche le recrutement subséquent de ERa sur I’ADN et contribue ainsi a une
inhibition compléte de la transcription des génes de la voie de signalisation des cestrogenes

dans les cellules de cancer du sein.

Mots-clés : Cancer du sein — Récepteur des cestrogénes alpha — Anti-cestrogénes purs —
SUMOylation — Répression transcriptionnelle — Remodelage de la chromatine — Complexe

ACF
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ABSTRACT

70% of breast tumours express the estrogen receptor ERa, and their growth is
regulated by estrogens. Antiestrogens (AEs) such as tamoxifen are used to treat all stages of
ER-positive breast cancers, but can present partial agonist activity in a gene- and cell type-
specific manner. Pure AEs like fulvestrant (ICI1182,780) are prescribed to treat advanced ER-
positive breast cancer in patients resistant to tamoxifen. Pure AEs lead to the degradation of
ERa via the ubiquitin — proteasome pathway, but these compounds can repress ERa activity
independently of receptor degradation. Our laboratory previously published that pure AEs
induce SUMOylation of ERa, and abrogation of this post-translational modification increased
transcriptional activity of ERa on a reporter vector in transfected cells. We hypothesize that
SUMOylation of ERa contributes to the fuller antagonist profile of fulvestrant compared to
tamoxifen in breast cancer cells, by repressing transcription of ERa target genes via modulated

cofactor recruitment in the presence of pure AEs.

Our work shows that fulvestrant induces a rapid initial ERa binding to its target
sequences in the genome. The loss of binding to DNA at longer time points of treatment is
independent from ERa degradation and is not due to nuclear export of the receptor, but is
accompanied by chromatin compaction. SUMO marks were detected on estrogen response
elements after treatment with pure AEs in a manner correlating with the presence of the
receptor. Overexpression of a deSUMOylase delays the kinetics of loss of binding to DNA,
attenuates chromatin closure and de-represses ER target gene expression in the presence of
fulvestrant. Finally, ERa mutations preventing its SUMOylation also lead to de-repression of

ER target gene expression specifically in the presence of fulvestrant.

Using a proteomics approach, we further identified the pure AE-induced SUMO-
dependent recruitment of the ACF chromatin remodelling complex to ER target regions in the
genome. Knockdown of the ACF1 subunit abrogates chromatin compaction and de-represses
ER target gene expression in the presence of fulvestrant, linking ACF recruitment with pure

AE antagonsim. ERa mutants non-permissive for SUMOylation do not recruit ACF and





remain bound to DNA following prolonged fulvestrant treatment, allowing weak transcription

of ER target genes.

We propose a model whereby pure AEs induce SUMOylation of ERa, leading to the
rapid recruitment of the ACF chromatin remodelling complex to the regulatory regions of
estrogen target genes. The resulting chromatin compaction prohibits further ERa recruitment
to DNA and contributes to a complete transcriptional shut-off of estrogen signalling in breast

cancer cells.

Keywords: Breast cancer — Estrogen receptor alpha — Pure antiestrogens — SUMOylation —

Transcriptional repression — Chromatin remodelling — ACF complex
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1.1 Breast cancer

1.1.1 Epidemiology and pathology

In North American and Western European countries, it is estimated that 1 in 8§ women
will develop breast cancer in her lifetime. Risk factors include age, family history of cancer and
genetic predispositions (e.g.: BRCA1/2 mutations), reproductive history (early menarche, number
of pregnancies and duration of breastfeeding, late menopause) and exposure to exogenous
hormones (oral contraceptives and hormone replacement therapy) or ionizing radiation

(http://www.cancer.ca/en/cancer-information/cancer-type/breast/risks; accessed August 4™, 2017) (1).

Breast cancer (BC) results from dysregulated proliferation of breast epithelial cells but
has been recognized as a heterogeneous disease from both phenotypic and molecular studies.
Breast tumours can be classified according to their histological characteristics, and nearly all BC
arise from epithelial gland cells (ducts or lobules) and are called adenocarcinomas. Sarcomas
initiating in the mesenchymal components (myofibroblasts or blood vessels) of the breast are

very rare (<1%) (hitp:/pathology jhu.edu/breast/types.php; accessed August 40, 2017). Tumours are

further classified according to their level of spreading into the surrounding tissue (in situ vs.
invasive) (2). Pathological classification also considers the histological grade (Nottingham
system — a measure of tumour cell differentiation) and the tumour stage (TNM system — a
measure of tumour size, spreading to adjacent nodes, and presence of distant metastasis)

(http://pathology.jhu.edu/breast/grade.php and http:/pathology.jhu.edu/breast/staging.php; accessed August

4™ 2017) (3). However, tumours with similar grades or stages can still have very different
prognoses, highlighting the need for a more refined classification system to accurately predict
disease outcome and response to therapy (2, 3). Pathologists can identify different subtypes of
BC based on morphological characteristics, and some of those subtypes have been shown to have
common genetic alterations, highlighting the impact of alterations in signalling pathways on

disease presentation and progression (4, 5).



http://www.cancer.ca/en/cancer-information/cancer-type/breast/risks

http://pathology.jhu.edu/breast/types.php

http://pathology.jhu.edu/breast/grade.php

http://pathology.jhu.edu/breast/staging.php
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1.1.2 The discovery of BC therapeutic targets

A link between ovarian function and BC was recognized in the late 1800s, as
ovariectomy in pre-menopausal women benefited one in three BC patients (6, 7). Two decades
later, experiments in mice led to the conclusion that a factor secreted by the ovaries played a role
in mammary gland development and tumourigenesis (8). These estrogen hormones were
discovered in the 1930s (9), and soon after, the use of compounds antagonizing the effect of
estrogens was suggested to prevent BC (7). The seminal work of Elwood Jensen introduced the
concept of an estrogen receptor, capable of retaining radiolabeled estrogen in reproductive
tissues (10). Aided by Jack Gorski’s work, Elwood Jensen characterized the estrogen receptor
(ER) as a mainly nuclear protein expressed in estrogen target tissues (10, /7). In 1971, Elwood
Jensen speculated that estimating the ER content in a BC specimen would predict response to
ablative therapies (adrenalectomy or hypophysectomy at the time) (/2); this conclusion was
upheld using radiolabeled ligands to detect expression of the receptor in tumours. The
development of monoclonal antibodies against ER allowed detection of the receptor via
immunohistochemistry instead of radiolabeling experiments (73), and this technique has been
used since to classify BC tumours as ER+ or ER- to guide treatment (/4-16). Thus, hormonal
therapies (see section 1.1.4) represent one of the earliest forms of personalized treatment for BC

patients.

In the 1980s, the contribution of the HER2 receptor (Human Epidermal growth factor
Receptor 2) to breast tumourigenesis was discovered following observation of the amplification
of the corresponding gene in BC cells (/7). When developing a monoclonal antibody to detect
HER2, Mark Greene and colleagues found that this antibody was able to inhibit tumour growth

in mice (18). Thus, a new BC target was characterized.

It has since been routine in the clinic to screen for presence of ER and HER2, as well as
PR (Progesterone Receptor) in breast tumour samples. PR is an estrogen target gene and is as
such indicative of active ER signalling. Assessing PR status can help reduce the number of false
negatives for ER status (/9). Receptor protein levels are measured by immunohistochemistry
(IHC), while ERBB?2 gene copy numbers are detected by Fluorescence in situ Hybridization (3).
Overall, 70% of BC are ER+/PR+/HER2-, 15-20% are HER2+ and 10-15% are triple-negative
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(ER-/PR-/HER2-) (3). This latter subtype, defined by lack of expression of the main therapeutic

targets, is associated with the poorest outcome due to lack of specific therapies (2, 3).

The development of genome-wide gene expression profiling has enabled de novo
stratification of tumour samples using non-supervised hierarchical clustering of patient
expression profiles. Of interest, microarray based stratification identified the same main tumour
types, i.e. ER+, HER2+ and triple-negative (4). This is not surprising considering that ER has a
direct impact on gene expression and that amplification of ERBB2 and neighbouring genes
results in increased expression of these genes (4). Further, the ER+/PR+ group can be subdivided
into two to three subtypes (Luminal A, B, and sometimes C) according to different
classifications. Interestingly, the triple-negative group, defined negatively by IHC marker
detection, regroups several subtypes (basal-like, claudin-low, molecular apocrine) (5, 19, 20). A
subtype termed normal-like also emerged, corresponding to cancer cells expressing genes
characteristic of adipose cells (4). Normal-like BC is a somewhat contested subtype, some
studies arguing that its identification stems from a contamination from normal tissue in biopsy
samples (5, 21). Most tumours in this subtype express ER, but they have a worse prognosis than
the ER-positive subtype (22, 23). Similar to the claudin-low tumours, the stem-cell marker
ALDHI is expressed in normal-like tumours, which may explain their more aggressive

phenotype compared to ER+ tumours (21).

1.1.3 Prognostic biomarkers

Different classifiers, i.e. minimal sets of genes which, when taken together, can
differentiate tumour subtype, have been developed, leading to similar but partially overlapping
tumour subtypes. The first such classifier, PAMS50 (Prosigna®), is commercially available due to

its value as a predictor of relapse and guide for therapeutic decision (23, 24).

In addition, gene signatures that have prognostic value for specific tumour types have
been developed using retrospective cohorts of patients receiving defined treatment regimen.

Several such gene signatures are commercially available, including the recurrence predictor
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OncotypeDX®, used to determine the benefit of adding chemotherapy to targeted therapies in
ER+ BC patients, and the metastatic risk predictor MammaPrint® (24, 25).

1.1.4 ER-positive BC and endocrine therapies

ER mediates BC cell proliferation by modulating gene transcription, and is activated by
binding of an estrogen (26). The mechanisms of ER signalling will be discussed in section 1.2.
ER+ patients are candidates for endocrine therapies and PR+ status improves prognosis (3, 27).
This may reflect both the activity of the estrogen pathway and the intrinsic impact of PR

signalling, which is however complex due to the existence of two isoforms of PR.

While early methods to target estrogen signalling involved ovariectomy for pre-
menopausal patients, the synthesis of estrogen analogues rapidly led to the identification of
competitive inhibitors targeting the receptor and to their use for BC treatment (7). These drugs,
called antiestrogens (AEs), will be described in detail in section 1.3. Tamoxifen has been the
most commonly used AE in clinic and is effective in both pre- and post-menopausal women (28).
However, prolonged exposure to tamoxifen increases the risk of developing endometrial cancer
in post-menopausal women, which has prompted the development of other AEs and alternative

hormonal therapies such as aromatase inhibitors (28).

Indeed, another way to inhibit ER signalling is to block production of the receptor’s
endogenous agonist. Cholesterol is transformed through a series of enzymatic reactions in the
ovaries into progestins, then androgens and finally estrogens. Before menopause, production of
estrogens takes place primarily in granulosa cells in the ovary. After menopause, estrogens are
mainly produced in adipose tissues. The final conversion of androgens into estrogens is catalyzed
by a cytochrome P450 family member, the aromatase (CYP19A1) (29). This enzyme is the target
of several clinically approved drugs called aromatase inhibitors (Al). Als are classified into two
subtypes: steroidal and non-steroidal. Steroidal inhibitors, like exemestane, mimic the structure
of the enzyme’s substrate and are converted by the aromatase into products which then
covalently bind the enzyme, thus irreversibly blocking its activity (29). On the other hand, non-

steroidal Als, such as anastrozole and letrozole, compete with androgens for non-covalent
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interaction with the substrate binding site, resulting in a reversible inhibition of the aromatase
(29). Als have minimal side-effects due to the aromatase’s exclusive involvement in estrogen
biosynthesis, and are currently the standard of care for post-menopausal ER-positive BC patients,

including in the metastatic setting (29).

Hormonal therapies can be complemented by chemotherapy to reduce the risk of
recurrence. The past 10 years have seen a re-evaluation of the need for chemotherapy for all ER+
tumours. Indeed, the Luminal A subtype has both a better prognosis and better response to
endocrine therapy, while the Luminal B subtype is associated with lower ER expression and a
higher cell proliferation rate, and thus benefits from a combination of endocrine therapy and
chemotherapy (3, 19, 27). Use of the Ki67 proliferation marker in IHC assays (IHC4) enables
identification of high grade tumours that are candidates for chemotherapy, as do the

OncotypeDX® and MammaPrint® predictors (3, 24).

1.1.5 Targeted therapies for HER2-positive BC

ERBB?2 is amplified in 13-20% of BC cases (27). HER2 is a transmembrane receptor
tyrosine kinase, which can heterodimerize with other ligand-bound receptors of the EGFR family
to activate downstream signalling pathways (PI3K/AKT, MAPK) leading to BC cell proliferation
(30, 31). HER2-positive patients can benefit from two types of HER2-targeted therapies.

The monoclonal antibody, trastuzumab (Herceptin), recognizes the extracellular domain
of HER2. Its binding can inhibit activation of downstream signalling, as well as recruit the
patient’s immune system, leading to antibody-mediated cell-dependent cytotoxicity of the BC
cells (30). Combining trastuzumab with chemotherapy improves disease-free and overall
survival (30). Another monoclonal antibody, pertuzumab, recognizes a different region of HER2
and blocks its interaction with HER3, the main dimerization partner of HER2 (30). Moreover,
trastuzumab and pertuzumab can synergize, due to their targeting through different epitopes, and
they can thus be used concomitantly or sequentially to counter acquired resistance (30, 32).
Adding pertuzumab to a trastuzumab and chemotherapy adjuvant regimen significantly improved

disease-free survival (32).
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HER2 signalling can also be inhibited by targeting the intracellular tyrosine kinase
domain with small-molecule inhibitors (33). Due to the homology between the EGFR receptor
family members, these inhibitors are less specific than monoclonal antibodies. Lapatinib mainly
targets HER2 and EGFR, blocks signal transduction through both the PI3K and the MAPK
pathways and promotes apoptosis (33). Neratinib is a pan-inhibitor of receptor tyrosine kinases,

with promising therapeutic potential for metastatic HER2 positive BC patients (33).

First line therapies for HER2+ BC now use trastuzumab and pertuzumab, paired with a
taxane (37). Trastuzumab emtansine (T-DM1) is a conjugate of the antibody and the cytotoxic
drug DM and is currently used as a second-line therapy (37). While recent efforts have aimed at
identifying biomarkers predictive of therapy success or resistance for HER2+ tumours, they have

yet to yield clinically relevant results (31, 34).

1.1.6 Striving towards targeted therapies for triple-negative BC

The triple-negative subtype, which does not express either of the main therapeutic targets,
by definition does not benefit from targeted therapies and is associated with the worse prognosis.
Patients are usually prescribed a traditional chemotherapy regimen. The overall response rate for
triple-negative BC patients is 28%, but this response varies wildly (from 0 to 52%) depending on
the molecular subtype of triple-negative BC (35). Administration of chemotherapy in a neo-
adjuvant setting has predictive value for long-term response, only if pathological response is
complete (5). Recent gene expression profiling studies have aimed at further stratifying this
subtype, with the hope of identifying distinct pathways driving cancer cell proliferation, in order

to better guide treatment options (20).

The predominant triple-negative BC subtype is termed basal-like and is also associated
with the worse prognosis, as cancer cells are usually poorly differentiated (3, 79, 20, 36). It is
characterized by a high expression of basal markers, such as cytokeratins (notably CK5/6) and
EGFR, which can be detected by IHC (5, 19, 20). Interestingly, a study found that about 20% of
basal-like tumours have germline or somatic BRCA /2 mutations, rendering them susceptible to

PARP1 inhibitors through synthetic lethality (21, 36).
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The claudin-low subtype distinguishes itself due to it presenting characteristics of
mesenchymal cells (21). This subtype is differentiated from the other triple-negative BC tumours
thanks to the low levels of expression of claudins 3, 4 and 7 (5, 19, 21). Their stem-cell like gene
expression profile, such as high ALDHI expression, leads to a poor sensitivity to chemotherapy
(5, 19, 21). Future studies will aim to identify drugs targeting cancer stem cells to improve

survival (20, 21).

The interferon-rich subtype is characterized by the overexpression of immune response
genes, such as the interferon-regulated gene STAT! (37). High levels of SP110 are associated
with a favourable prognosis and this subtype presents an overall better prognosis than other
triple-negative BC tumours (38). Use of STATI inhibitors in conjunction with traditional

chemotherapy could improve survival (39).

The molecular apocrine subtype is characterized by an ER-/PR- status, but has increased
androgen receptor (AR) signalling and presents apocrine cell features (40). AR protein levels can
be detected by IHC and a strong overlap exists between this subtype and the HER2-positive
subtype (19, 41). Patients can benefit from combined endocrine therapy (anti-androgens) and

chemotherapy, as well as HER2-targeting drugs when appropriate (41).

BC subtypes and their associated characteristics, treatment options and prognoses are
summarized in Table 1.1. This thesis will focus on the prevalent ER-positive subtype and its

treatment by hormonal therapies.





Table 1.1. Molecular subtypes of breast cancer and their characteristics.
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TRIPLE-NEGATIVE —— ESTROGEN RECEPTOR-POSITIVE
olecular .
Subtype . - HER2-POSITIVE Normal-like
Basallike | Claudin-low '"terri:;:“ Apocrine Luminal B Luminal A
IHC ER- PR- ER- PR- ER- PR- ER- PR- | ER- PR- | ER- PR- ER+ PR+/- ER+ PR+/- ER+ PR+ ER+/-
markers HER2- HER2- HER2- HER2- HER2+ | HER2+ HER2+ HER2- HER2- HER2-
Additional CK5/6+ STAT1+ Ki67+ Ki67+ . ) . .
ot EGFR+ CLDN3/4/7- SP110+ AR+ AR+ Ki67+/- Kie7+ Kie7+ Ki67- ALDH1+
Mutated BRCA1 ; . . GATA3;
aenes 5 TP53: RB1 TP53; PIK3CA TP53; GATA3 PIK3CA
Chemotherapy Anti- HER2-targeted Endocrine therapy Endocrine
androgens therapies Endocrine therapy
Treatment +
PARP1 + + Chemothera therapy
inhibitors Chemotherapy Chemotherapy 24 Chemotherapy
Prognosis Poor Poor Intermediate Poor Intermediate Intermediate Good Intermediate

Note: The ER+/HER2+ tumours are classified as Luminal B and/or HER2-positive depending on the studies, and are here included in both
subtypes. Similarly, the HER2+/AR+ tumours are classified as HER2-positive and/or Molecular Apocrine.
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1.2 Estrogen receptor signalling

1.2.1 Physiological functions of estrogens

Estrogens are part of the steroid hormone family, along with androgens, progestins and
glucocorticoids. Steroids are synthesized through serial conversion of cholesterol in endocrine
glands. In pre-menopausal women, estrogens are mainly produced in the ovaries, and reach
their target tissues via the blood stream (endocrine action). On the other hand, estrogen levels
are low in the circulation in post-menopausal women, where they are primarily synthesized in
adipose tissue and exert intracrine, autocrine and paracrine effects. Three main forms of
circulating estrogens exist in humans: estrone (E1), the predominant and most potent form
17B-estradiol (E2), and estriol (E3) (26, 42) (Figure 1.1). Circulating levels of estradiol vary
according to age and body mass, and fluctuate during the menstrual cycle and throughout the
day (effect of meals and physical exercise), but remain in the ~ 350 picomolar range for pre-

menopausal women and the ~ 20 picomolar range for post-menopausal women (43).

|| COH

HO HO HO
Estrone (E1) 17p-Estradiol (E2) Estriol (E3)

Figure 1.1. Chemical structures of endogenous estrogens.

Estrogens are the primary sex hormones in women and play roles in a variety of
physiological functions. Due to their importance in normal physiology, defects in their
signalling pathways are responsible for a variety of diseases. Estrogens are necessary for
mammary gland development during puberty and for its plasticity (ductal
proliferation/involution) during menstrual cycles (28, 44, 45). As estrogens stimulate breast
cell proliferation, long-term exposure to estrogens increases the risk of accumulating
mutations at every cell division, which can lead to cancer cell proliferation (1, 28, 46).
Similarly, the proliferative actions of estrogens on the ovaries and the uterus during each

menstrual cycle link estrogens with the development of ovarian and endometrial cancers (42,

10
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46, 47). ERa is expressed in epithelial and stromal ovarian cells (42) and has been associated

with tumour growth and invasion, but antiestrogen therapy only yields a modest response (47).

Estrogens are also involved in bone development during puberty and are critical for
bone mass maintenance in adults (44). Following the decrease of circulating estrogens at
menopause, women develop osteoporosis (46). Hormone replacement therapy can be
prescribed to reduce the risks of fractures (46), although administration of both estrogens and
progestins has been linked with increased risk of BC in the Women’s Health Initiative (48).
Furthermore, estrogens play roles in cardiovascular, neurodegenerative and metabolic diseases

(42, 46, 47).

1.2.2 Estrogen receptor structure

The activity of estrogens is mediated by the estrogen receptors (ER). In humans, two
genes, ESRI and ESR2 located on chromosomes 6 and 14 respectively, encode two
paralogues: ERa and ERPB (49, 50). ERa and ER present different tissue expression profiles,
with ERa predominantly found in breast, reproductive tissues and bone, while ERf is
expressed in the cardiovascular system, central nervous system and the ovaries (47, 51). This
differential tissue distribution suggested that the two forms of the receptor have distinct
functions rather than redundant ones (26, 5/). In accordance with this hypothesis, ERa
promotes breast tumourigenesis, while ERP appears to inhibit the estrogen-induced
proliferation of BC cell lines (52), suggestive of a protective role instead. Moreover, ER3
expression correlated with a better prognosis for ER+ BC patients (53). However, THC

screening for breast tumour subtyping only focuses on ERa detection (26).

The ERs are members of the nuclear receptor superfamily, and are as such organized into
several functional domains (54). ERs are also ligand-inducible transcription factors and thus
contain two essential domains: the DNA Binding Domain (DBD) and the Ligand Binding
Domain (LBD) (54). The amino acid sequences of ERa and ERP share an overall 44%
identity, the most highly conserved regions being the DBD (97%) and the LBD (58%) (51)
(Figure 1.2).

11
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A/B Cc D E F
1 184 250 311 555 595
ERa NHZ—[ AF1 IDBD IHingeI LBD/AF2 ‘ \—COOH
18% 97% ' 24% 58% 12%
ERB NHZ{ AF1 I DBD }ﬁng{ LBD/AF2 -COOH
1 148 214 254 502 530

Figure 1.2. Schematic representation of ERa and ERf structures.
Percentage of amino acid identity between the different functional domains of human ERa and ER is indicated
(51). AF1/2: Activation Function 1/2; DBD: DNA Binding Domain; LBD: Ligand Binding Domain. The hinge
domain contains a Nuclear Localization Signal (NLS).

At the N-terminus of the protein lies the A/B domain, which contains the Activation
Function 1 (AF1), capable of autonomous transcriptional activation when tethered to DNA, by
interacting directly with cofactors and/or the transcriptional machinery (55-57). ERB has a

smaller and poorly conserved A/B domain with a weaker AF1 activity (58).

The C region corresponds to the DBD and is organized into two Cys4 zinc fingers,
allowing interaction between ER and consensus Estrogen Response Elements (EREs) in the
genome (59). The first zinc finger ensures the specific recognition of the ERE, thanks to
interactions between three ER amino acids (Glu203, Gly204 and Ala207 in human ERa) and
the conserved bases of the ERE sequence (60). In fact, swapping only two residues from this
P-box (motif recognition) to the corresponding ones from the glucocorticoid receptor (E203G
and A207V) completely reversed recognition to a GRE instead of an ERE (60). These residues
lie at the C-terminal end of the first zinc finger, which forms an a-helix that can interact with
the DNA major groove (59, 60). Residues from the zinc finger also interact non-specifically
with the DNA phosphate groups to stabilize the binding (59). The C region not only allows
recognition of specific DNA sequences, but further plays a role in receptor dimerization.
Truncated ERa derivatives ERa(178-282) and ERa(1-282) were shown to form a heterodimer
on an ERE in gel shift assays (6/). Mutagenesis studies demonstrated that residues 222 to 226

from the second zinc finger (D-box: PATNQ) were important for dimerization, and that this

12
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dimerization further stabilizes receptor binding to DNA (67). The very high degree of amino
acid identity between ERa and ER ensures that both receptors can bind DNA with similar
affinities (62, 63).

Two small regions are poorly characterized. The D domain is a flexible hinge region
containing a Nuclear Localization Signal (NLS), which directs the receptor to the nucleus
(64). The D domain up to residue 282 also helps stabilize ER binding to DNA (61). At the C-
terminal end, the small F domain is not essential for ER transcriptional activity, but can

modulate the activities of AF1 and AF2 in the presence of agonists or antiestrogens (65).

The E domain is composed of two essential overlapping regions: the LBD and the
AF2, which activates transcription in a ligand-dependent manner (66, 67). The E domain is
also involved in receptor dimerization (68). While crystal structures of full-length ER could
not be obtained, the LBD of ER bound by different ligands was crystallized by several groups,
providing key molecular insights on the ligand-induced activity of the receptor. The LBD/AF2
is organized into 12 a-helices and its conformation varies depending on the bound ligand. The
helices form a hydrophobic ligand-binding cavity, sandwiched between helices H3, H6, H8
and H11 (Figure 1.3) (68). The main conformational change following agonist binding is due
to repositioning of helix H12, which folds over the ligand-binding pocket, creating a surface

favourable for interactions with co-activators (Figure 1.3) (67, 68).

Figure 1.3. Ribbon representation of human ERa
LBD bound by E2 and interacting with a co-activator
peptide.

Estradiol is in green, helix H12 is highlighted in red and
the co-activator motif (of the NR-box 3 of SRC2) is

shown in gold. Figure originally published in (69).
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1.2.3 Mechanisms of action of ER

In the absence of hormone, ER lies mainly in the nucleus in an inactive form
complexed to heat-shock proteins (59, 70). Binding of estrogens will release ER from the
chaperone proteins, allowing the receptor to bind DNA in order to activate transcription of
genes implicated in cell proliferation (59, 71). Chromatin immunoprecipitation (ChIP) studies
have shown that, while a small fraction of unliganded ER is able to bind DNA, association of

ER to DNA is strongly induced by E2 (72, 73).

In the classical genomic pathway, binding of E2 induces ER dimerization and direct
binding to EREs at promoters or enhancers of target genes (42, 71). The consensus ERE is 5’-
PuGGTCAnnnTGACCPy-3’ (Pu: purine, Py: pyrimidine, n: any base), and each ER subunit of
the dimer binds to one arm of the palindrome via specific interactions between residues from
their P-box and bases of the PuGGTCA motif (59, 60). The D-box at the N-terminal end of the
loop in the second zinc finger allows recognition of elements composed of two motifs
separated by a 3bp spacer (59, 67). Dimerization thus contributes both to increased affinity
and specificity, as PuGGTCA motifs occur by chance every 2 kb of DNA, but consensus ERE
palindromes are expected to occur every 4 million bp in random DNA (59). Nevertheless,
variations in the ERE sequence can be tolerated, with variable impact on the affinity of
binding according to the base change and the position within the motif (63). This enables
recognition of a spectrum of elements and results in a larger number of ER-regulated genes
(42, 59). Another factor influencing ER binding to DNA is chromatin structure. Receptors are
unable to bind EREs located in heterochromatin regions, and nucleosome structure can block
ERE availability (74). Early crystallography studies showed that the DBD of nuclear receptors
interacts with the major groove of DNA (75, 76), and if this side is oriented towards the
histone octamer, then the motif will not be recognized by the receptor, as demonstrated by
DNase I footprinting assays for the MMTV promoter containing several hormone response
elements with different orientations (77). Once bound to DNA, the liganded receptor can
recruit transcriptional cofactors and the transcriptional machinery to activate target gene

transcription (see section 1.2.4).
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In the non-classical genomic pathway, ER does not bind DNA directly, but rather acts
as a cofactor. ER interacts with other transcription factors bound to their own target regions in
the genome, such as Jun/Fos of the AP1 family, and, in the presence of ligands, differentially

recruits cofactors to modulate transcription (78-81).

ERs can also act in a ligand-independent signalling pathway. In the absence of
estrogens, ER can be activated by other signal transduction pathways, through
phosphorylation of the receptor (44). The impact of phosphorylation on ER activity was
initially characterized in the presence of ligands, as addition of either estradiol or tamoxifen
significantly increased the weak constitutive level of receptor phosphorylation (82).
Interestingly, a truncated ERa(A/B) was phosphorylated, while ERa(E/F) phosphorylation
was only efficient in the presence of ligand (82). Accordingly, deletion mutant mapping
experiments identified Ser118 in the A/B domain as a phosphorylated residue (82). Reporter
assays demonstrated a role of pSer118 for the efficient transcriptional activity of the AF1 of
ERa (82). This Ser can be phosphorylated by a variety of kinases depending on context (83,
84). Importantly, MAPK can phosphorylate Ser118 independently of ER ligand in cells
stimulated with growth factors EGF or IGF, leading to increased ERa transcriptional activity
(83, 85). Similarly, Ser167 was found to be phosphorylated both in an E2-dependent manner
(86) and through EGF-mediated pp90rskl activity, thus potentiating ERa’s AF1
transcriptional activity (87). As a result, the cross-talk between ER and EGFR signalling
pathways can lead to resistance to endocrine therapies in BC patients (section 1.3.5) (26, 71,

88).

Finally, ER is believed to also act in non-genomic signalling pathways. Palmitoylation
of ER localizes a fraction of the receptor at the cell membrane (§9). Cell membrane-bound
ERs are thought to mediate rapid effects of estrogen supplementation, independent of
transcriptional regulation (90). Indeed, estrogens can rapidly activate MAPK and PI3K
signalling, as well as stimulate EGFR signalling (90). The discovery of another type of
membrane ER coupled to a G protein, which can affect the same signalling cascades, has

however complexified our understanding of the role of ER in non-genomic signalling (91).
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These various ER signalling pathways are intertwined and their combined complementary

activities mediate cell proliferation (71).

1.2.4 Known transcriptional cofactors of ERa

We will focus on the interactome of ERa for this section, due to this paralogue’s role
as a driver of breast tumourigenesis. Agonist-bound ERa recruits through its AF2 domain a
variety of proteins with histone modifying activities and chromatin remodelling activities.
These cofactors rearrange chromatin at regulatory regions of target genes and enhance

recruitment of the transcriptional machinery to ensure efficient gene transcription.

The p160 family of co-activators (SRC1/2/3) interact with the AF2 of ERa through
three conserved LXXLL motifs (where X is any amino acid), also called NR-boxes (92, 93).
Hydrophobic residues from helices H3, H5 and H12 of the ER LBD/AF2 mediate this
interaction (67, 94) (Figure 1.3). SRC1 and SRC3 possess intrinsic lysine acetyltransferase
activity (95, 96). However, the main role of SRCs as ERa cofactors is the recruitment through
their two transcription activation domains of other cofactors, such as acetyltransferases
CBP/p300 or arginine methyltransferases CARM1 and PRMT1/2 (51, 97-99). SRCs work
synergistically with these co-activators to amplify the transcriptional activity of ERa (51, 97).
CBP/p300 contain NR-boxes as well (93), but appear to mainly be recruited to ERa via SRCs
(97), rather than bind the receptor directly (100).

Note that SRCs and CBP/p300 can also interact with the AF1 domain of ERs
independently of ligand binding and through a different interface than the LXXLL motifs (57,

101). AF1 also recruits its own co-activators, such as SRA, to potentiate transcriptional

activity (51, 102).

The TRAP/DRIP (tyrosine receptor-associated protein/vitamin D receptor-integrating
protein) complex is part of the Mediator complex and connects ERa to components of the
basal transcriptional machinery through its TRAP220/DRIP205 subunit, which contains an
NR-box (103, 104).
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Early reports identified SWI/SNF as co-activators of ER-mediated transcription in the
presence of E2 (105). Agonist-bound ERa was shown to interact through H12 of its LBD/AF2
with the N-terminal half of the BRG1 and BRM subunits of the SWI/SNF chromatin
remodelling complexes in yeast two-hybrid assays (706). Further studies described an
interaction increased by E2 between ERa and the BAF57 subunit of SWI/SNF complexes
(107). ChIP experiments confirmed recruitment of BRG1, BRM and BAF57 at EREs in the
presence of E2 (107, 108). SWI/SNF is a family of two related subclasses of chromatin
remodelling complexes called PBAF and BAF in humans (709). These complexes contain a
core catalytic subunit with ATPase activity, i.e. BRG1 for PBAF and either BRG1 or BRM for
BAF (109). PBAF and BAF are differentiated by their unique subunit BAF180 and BAF250
respectively (109). A number of other subunits exist (BAF60a/b/c, BAF57, BAF53, BAF170,
BAF155...) and they play roles in binding to DNA and interacting with transcription factors,
cofactors or modified histones to guide the SWI/SNF complex to specific chromatin regions,
depending on the combination of recruited subunits (7/09). SWI/SNF can affect chromatin
structure through different mechanisms, such as sliding of nucleosomes, or remodelling of
nucleosomes to render DNA accessible, or even complete dissociation of histones (709).
Accordingly, Métivier and colleagues were able to show through MNase digestion kinetics
assays that the position of the two nucleosomes at the promoter of 7FF fluctuated following
the estradiol-induced recruitment of BRG1/BRM at the ERE in that promoter, in a pattern
suggestive of restructuring of DNA around the nucleosome to ease accessibility to the ERE
and the TATA box upstream of the TSS, thus facilitating recruitment of the transcriptional
machinery (108).

Ubiquitin ligases E6-AP and RPF1 are recruited to ER to mediate the agonist-induced
proteasome-dependent turnover of the receptor and its cofactors (110, 111), allowing for a
dynamic exchange of transcription components at promoters and enhancers, which is

necessary for transcriptional regulation (57, 99).
RIP140 was characterized as a protein significantly interacting with the ERa-

LBD/AF?2 in the presence of estradiol, but not antiestrogens (//2). This interaction depended
on helix H12 integrity (7/12). Interestingly, in a reporter system, low levels of RIP140
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increased ER transcriptional activity in the presence of E2, while high levels of RIP140
strongly reduced it (7//2). Studies on the impact of RIP140 on the transcriptional activity of
other nuclear receptors (PPARa/y, RXRp, TRa) showed that RIP140 antagonized SRCI to
repress transcription in reporter assays (773). RIP140 contains nine NR-box motifs (LXXLL)
and one NR-box-like motif (LXXML), prompting a model where SRC1 and RIP140 compete
for interaction with the co-activator binding groove of the receptors to regulate transcription
(113). For ERa, however, RIP140 appears to have co-activator properties. Indeed, ChIP-Seq
studies revealed a strong overlap (82%) of RIP140 and ERa binding sites throughout the
genome following E2 treatment (7/4). ERa and RIP140 were part of the same complex on
these sites, and knockdown experiments further demonstrated that RIP140 contributes to RNA
Pol II recruitment to EREs, consistent with the observed consequent down-regulation of direct
ER target genes (17/4). Note that a smaller subset of ER target genes was not affected or was
on the contrary upregulated in these microarray experiments, and this divergence was linked to
the variability of ER binding sites (e.g. EREs and/or AP1 sites) (1/4). The co-activator or
corepressor role of RIP140 thus depends on context (174).

LCoR was found to interact through its LXXLL motif with the LBD/AF2 region of
ERa, specifically in the presence of agonists (7/5). Reporter assays revealed that LCoR
represses the transcriptional activity of ERa in the presence of E2, as well as the activity of
other nuclear receptors in the presence of their respective ligands (715). This corepressor role
of LCoR was due to its interaction with HDACs 3 and 6 and corepressor CtBP1/2, which

LCoR can recruit to EREs to repress ERa activity and attenuate E2 signalling (115-117).

Pioneering ChIP studies revealed a sequential recruitment of ERa and its cofactors to
the promoters of target genes TFF1 and CTSD (72, 104, 108). Estradiol treatment of the ER+
MCEF-7 BC cell line (cultured in estrogen-depleted media) induced a rapid recruitment (<15
min) of endogenous ERa at EREs upstream of the TSS of target genes (72, 104). Recruitment
of HATs SRCI1, SRC3 and CBP/p300 quickly followed (within 30 min), accompanied by
increased detection of histone acetylation marks (72, 104). The Mediator complex
(TRAP220/DRIP205 subunit) and RNA Pol II were recruited within 45 min, consistent with

initiation of transcription as per nuclear run-on experiments (72, 104). Presence of theses
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cofactors at EREs then decreases, before increasing again for a second cycle starting ~ 100
min after E2 addition (72). A different pattern of recruitment for SRCs and DRIP205 was
observed in these two studies: Shang et al saw co-recruitment of SRC3 and DRIP205 on the
same DNA fragments, as supported by re-ChIP (72), while Burakov et al/ described instead a
somewhat reciprocal recruitment between DRIP205 and either SRC1 or SRC3 (704). These
conflicting observations could be due to the use of different antibodies and the study of
different promoters. Synchronizing the cells by pre-treating them with the transcription
inhibitor a-amanitin aimed at refining the order of cofactor recruitment to the 7FFI ERE
following E2 treatment. Métivier et al thus described an initial transcription-incompetent 20
min cycle, followed by transcriptionally competent cycles every ~ 40-45 min (7108). The initial
cycle recruits HATs CBP/p300 and HMT PRMT]1, consistent with the increased presence of
histone acetyl and methyl marks. Interestingly, BRG1 and BRM were also recruited in this
early cycle, and the resulting chromatin remodelling allowed significantly increased
recruitment of ERa at the next cycle, as well as recruitment of SRC1 (108). Consistently, the
BAFS57 subunit of the SWI/SNF complex was found to interact with SRC1 and was required
for SRC1-mediated potentiation of transcription (/07). In this experimental setting, a 20 min
delay was observed between SRC1 presence (peak ~ 40 min) and TRAP220 recruitment (peak
~ 60 min) (708). Finally, Mediator presence led to recruitment of RNA Pol II (peak ~ 70 min)
(108). The cyclical assembly by E2-liganded ERa of these complexes composed of co-
activators, Mediator and RNA Pol II thus ensures efficient rounds of transcription of E2 target

genes (72, 99, 108).

1.2.5 Pioneer factors involved in ERa signalling

Pioneer factors are transcription factors with the ability to bind to compacted chromatin,
subsequently regulating its accessibility and thus triggering a transcriptional competency at
these previously condensed regions (718, 119). Genome-wide ChIP studies in ER+ BC cells
revealed that ~ 50% of ERa DNA binding events overlap with FOXA1 binding events (120).
Knockdown of FOXAI1 significantly reduced ERa binding to DNA, while silencing ERa did
not impact FOXA1 association to chromatin (720), supporting a pioneer factor role for

FOXALI in ER signalling. GATA3 and PBX1 are putative pioneer factors for ER (118, 119).
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1.3 Antiestrogen mechanisms of action

1.3.1 Two classes of antiestrogens: SERMs and SERDs

Antiestrogens (AEs) are small synthetic molecules with a steroid or steroid-like
structure that can compete with estrogens for binding to the ER LBD. Tamoxifen (Tam) was
the first clinically approved AE for treatment of BC, back in the seventies, and is still today
the first line adjuvant treatment for pre-menopausal women with ER-positive BC, as well as
for some post-menopausal patients (28). Tam is also used as a preventive treatment for women

with a high risk of developing BC (§8).

Tam and its active metabolite 4-hydroxytamoxifen (OHT) (Figure 1.4a) mostly
antagonize E2 activity in BC cells, limiting cell proliferation (727). However, in other ER
expressing tissues, Tam presents an estrogen-like agonist profile. Tam can prevent bone loss
(122) and helps preserve bone mineral density, which is beneficial for post-menopausal
women at increased risk of osteoporosis (/23). Tam also has favourable effects on lipid levels
(124), slightly reducing the risks of cardiovascular diseases (28). While these are welcome
side-effects, the partial agonist profile of Tam on endometrial cells is on the contrary harmful.
Tam has a proliferative impact on mouse uterus (/25), and prolonged exposure in the clinic
(>5 years) increases the risk of developing endometrial cancer (28). Further, Tam also has

partial agonist activity in a gene-specific manner in ER+ BC cell lines (126, 127).

Because of this tissue-specific profile of activity, Tam was termed a Selective ER
Modulator (SERM). A series of analogues (toremifene, droloxifene, idoxifene... reviewed in
(128)) were developed with the goal of decreasing the detrimental side-effects of Tam. While
many of these compounds have lower or no agonist-like activity on endometrial cells, none

were more effective for BC treatment than Tam (88, 128).

Second-generation SERMs with a different backbone than Tam were also developed.
Raloxifene (Ral) (Figure 1.4a) has no agonist-like effects in endometrial cells, and could even
decrease the risk of endometrial cancers (129, 130). Ral also retains the positive impact of

Tam on bone mass and lipid levels (7129), and is clinically approved for the prevention and
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treatment of osteoporosis in post-menopausal women (728). While the partial agonist profile

of Ral is more favourable than that of Tam, Ral failed as a BC treatment (/28). A comparative

study of Tam and Ral in BC patients found that both drugs were initially equally effective at

reducing the risk of BC, but at longer-term follow-up, Ral only retained 76% of Tam’s

effectiveness at reducing BC incidence (131).

Tamoxifen (Tam) 4-hydroxytamoxifen (OHT)
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Figure 1.4. Chemical structures of antiestrogens.
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a. Tamoxifen, its active metabolite 4-hydroxytamoxifen, and raloxifene are members of the Selective ER
Modulators (SERMs) family. b. ICI1164,384, ICI182,780 and RU58668 are Selective ER Downregulators /

Degraders (SERDs).
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Furthermore, a significant number of patients develop resistance to Tam, and while the
majority of them remain ER+, neither Ral nor any other SERM-like compound can circumvent

this resistance, suggesting that these drugs all act via similar mechanisms (28, 128).

However, some AEs are devoid of partial agonist activity in any tested cell or tissue
type, and are therefore called pure AEs. The initial compound in this class of molecules,
ICI164,384, has the same steroid core as estrogens (Figure 1.1), but possesses a long side-
chain (Figure 1.4b) (132). A more potent AE, ICI1182,780, also called fulvestrant or faslodex,
was then characterized and was shown to be antagonistic in BC cell lines and in rat uterus
(133), as well as in bone (134, 135). Furthermore, ICI182,780 and other pure AEs, such as
RUS58668, are much more efficient than Tam at inhibiting BC cell proliferation in mouse
xenograft models (7136, 137). Remarkably, these pure AEs were shown to induce a rapid
turnover of ERa in different estrogen target tissues, resulting in reduced steady state levels of
the receptor (138-141). By opposition, treatment of cells with Tam stabilizes the receptor. This
distinctive property has led to the alternative designation of these compounds as Selective ER

Downregulators / Degraders (SERDs).

Importantly, ICI182,780 was able to inhibit proliferation of BC cell lines resistant to
Tam (37, 142) and was also efficient at treating BC patients having progressed on prior Tam
treatment (7143, 144). Interestingly, BC cell lines resistant to either ICI1164,384 or ICI182,780
were found to be resistant to the other SERD, but were still sensitive to Tam (145), suggesting
that SERMs and SERDs act via different mechanisms to inhibit ER activity. Unfortunately, a
trial comparing the use of Tam and ICI182,780 as a first line therapy for advanced BC found
no significant clinical advantage for ICI182,780 (146). In light of SERDs efficacy in cultured
cell lines and in animal models, the poor pharmacokinetic properties of ICI182,780 are
believed to be responsible for these disappointing clinical findings. ICI182,780 is currently
prescribed to patients with metastatic BC who have progressed on prior endocrine therapy
(147). Development of newer SERD-like compounds has focused on improving their bio-
availability in the hopes of obtaining a clinically relevant drug (748). For example, GDC-0810
is orally bioavailable and can induce ERa degradation with similar potency and efficacy as

ICI182,780 (149). GDC-0810 is currently being evaluated as an alternative for fulvestrant in
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post-menopausal women with advanced or metastatic BC resistant to Al therapy

(https://clinicaltrials.gov/ct2/show/NCT02569801; accessed January 8. 2018).

While different classes of AEs have been described, microarray gene expression
profiling studies (126, 127, 150) have revealed that AEs present a spectrum of partial agonist /
antagonist activity in BC cells, with Tam at one end being a partial agonist, ICI182,780 at the
other end being the most complete E2 antagonist, and Tam or Ral analogues exhibiting
varying intermediate profiles (69). Interestingly, there appears to be a correlation with the
capacity of these molecules to induce turnover of ERa to different levels (69), suggesting that
the degree of SERD activity may contribute to transcriptional repression in BC cells.
However, this has not been formally demonstrated and different studies observed a lack of
correlation between induction of ERa turnover and differential transcriptional suppression by

SERMs and SERDs (151, 152).

1.3.2 Impact of AEs on ER structure

AEs bind the same ligand-binding pocket as E2 but induce different conformational
changes of the LBD/AF?2 helices of ER, especially for H12 (94, 153). Unlike E2 (Figure 1.1),
Tam and Ral (Figure 1.4a) have bulky side-chains, and crystallography studies showed that
these side-chains protrude from the ligand-binding cavity of ERa between H3 and HI11,
preventing H12 from folding over the ligand-binding pocket (compare Figure 1.5a to Figure
1.3) (68, 94). Instead, H12 positions itself against H3 and H5 (Figure 1.5a), interacting with
the AF2 co-activator binding groove in almost the exact same way as the NR-box motifs
(Figure 1.5a vs. Figure 1.3) (68, 94). This is due to the fact that residues Leu540, Met543 and
Leu544 (LXXML) of H12 mimic the LXXLL NR-box motif of co-activators (94). This H12
position is further stabilized by van der Waals-type interactions with other residues of HS
(His373, Val376, Glu380 and Trp383 in hERa), thus preventing the recruitment of co-

activators through competition (94).
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Figure 1.5. Ribbon representation of the ER LBD bound by AEs.
a. Human ERo LBD — OHT complex. b. Rat ERf LBD — ICI164,384 complex. AEs are in green and helix H12 is
highlighted in red. Figure originally published in (69).

Only one crystal structure of an ER LBD bound by an ICI-type SERD exists (42), and
while this structure was obtained with the rat ERP (753), the significant sequence homology
and the overall similar three-dimensional conformation between ERs (42) makes this structure
relevant and overall comparable to those of human ERa LBD bound by agonists or SERMs.
ICI164,384 was found to bind the ligand-binding cavity of ER in a manner largely similar to
that of E2, and like Tam or Ral, ICI164,384 projects its side-chain between helices H3 and
H11 (Figure 1.5b) (153). However, this longer side-chain (Figure 1.4b) bends at a ~ 90°
angle to further stack against the surface of H3 and extend into the groove between H3 and H5
(Figure 1.5b) (153). Another unique aspect of the ER-SERD structure was that H12 was
completely invisible in experimental electron density maps (Figure 1.5b), characteristic of a
highly destabilized and mobile HI12 (153). ICI164,384 binding thus sterically prohibits both
the agonist conformation of H12 over the ligand-binding cavity (Figure 1.3) and its SERM
conformation against the co-activator binding groove (Figure 1.5a) (153). The relevance of
the conformation adopted by the SERD side-chain is supported by a comparison of the
transcriptional activity of ERa bound by ICI1164,384 derivatives of variable side-chain lengths.
Only compounds with side-chains long enough to reach the co-activator binding groove,
according to molecular modelling, were able to strongly repress reporter vector expression
(154). Shorter side-chains resulted in SERM-like partial agonism, consistent with the
modelling showing these side-chains as simply protruding from the ligand-binding cavity, but

not enough to reach and interact with the co-activator binding groove (154).
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1.3.3 Impact of AEs on recruitment of ERa cofactors

The different LBD/AF2 conformation adopted by ERa following AE binding prevents
co-activator interaction with the co-activator binding groove (68, 94, 153). Tam- or Ral-bound
ERa can instead recruit corepressors NCoR and SMRT to promoters of ER target genes in BC
cells (72, 155). NCoR and SMRT were initially characterized as part of corepressor complexes
inhibiting nuclear receptors TR and RXR activity in the absence of ligand (756). They mediate
this repression by binding to the unliganded receptors through their two CoRNR box motifs
(LXX(I/H)IXXX(I/L)), which can recognize a surface overlapping the receptor co-activator
binding groove (156). In the case of ERa, however, NCoR and SMRT recruitment was
induced in the presence of AEs, and this interaction appeared to be mediated through different
regions than the known CoRNR motifs involved in the interaction with TR or RAR (157).
Accordingly, residues Leu372 and Leu379 in H5 of ERa seemed to play key roles in the
specific recruitment of corepressors in the presence of AEs, suggesting that a different surface
than the CoRNR motifs of NCoR/SMRT can interact with a different region of the LBD/AF2
(157, 158). Knockdown of both NCoR and SMRT in BC cells increased ER target gene
expression and cell proliferation in the presence of Tam (759), confirming the importance of
these cofactors in mediating SERM-dependent gene repression. These corepressors can recruit
HDACs to remove histone acetylation marks, thus repressing gene expression (756).
Immunoprecipitation experiments showed that ICI182,780-liganded ERa recruited the C-
terminal domains of NCoR and SMRT more efficiently than Tam- or Ral-bound ERa (758).
Further, ChIP experiments revealed that ICI182,780 increased presence of NCoR at the
promoter of 7FFI compared to Tam (160), which correlates with the stronger antagonism of

SERDs.

The cell type-dependent partial agonism of SERMs is linked to the different tissue-
specific expression profiles of cofactors (5/). In BC cells, both Tam and Ral induce
recruitment of NCoR, SMRT and HDACs to promoters of ER target genes whose expression
they repress (155). In endometrial cells however, Tam-bound ERa does not recruit these
corepressors and recruits instead the co-activators SRC1, SRC3 and CBP to these same genes

that Tam induces in these cells (155). Ral also represses those genes in endometrial cells and
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leads to the recruitment of the corepressors complex, instead of co-activators (755).
Furthermore, knocking-down SRC1 in endometrial cells abrogates the partial agonist activity
of Tam, while overexpressing SRC1 in BC cells induces transcription of ER target genes in
the presence of Tam (755). Thus, the relative balance between co-activator and corepressor
expression levels in a cell will determine which type of cofactor is preferentially recruited by

the AE-specific conformation of ERa LBD/AF2 (51, 99).

Studies have shown that the partial agonist profile of SERMs also depends on the
promoter context. Tam and Ral inhibit ERa activity more efficiently on genes containing
EREs, while they can induce transcription of genes regulated by ERa — AP1 complexes (78,
161). The tissue and promoter context-dependent activity is further attributed to the existence
of two activation functions within ERa (55, 88, 99). Indeed, while Tam and Ral inhibit AF2
function, their partial agonism was associated with an active AF1 (55, /158) which can recruit
its own set of co-activators (57, 99). On the contrary, ICI182,780 blocks both AF1 and AF2
(158). Accordingly, Ser118 was phosphorylated in the presence of OHT, but not ICI1182,780,
consistent with their respective AF1 profile of activity (85).

1.3.4 SERD-induced post-translational modification and degradation of

ERa

Early studies characterizing the mechanism of action of ICI1164,384 found that the ERa
protein was rapidly degraded following treatment in both endometrial and breast cells (138,
139). The accelerated turnover of ERa in the presence of RU58668 and ICI182,780 was
subsequently shown to be dependent on the ubiquitin — proteasome pathway (140, 141). While
E2 also increases turnover of ERa, OHT stabilizes receptor protein levels, further highlighting
the differences between SERMs and SERDs (741, 162). However, E2 and SERDs induce ERa
degradation through different mechanisms. E2-mediated degradation is dependent on protein
synthesis (7/40) and a transcriptionally active ERa (741, 163), while SERD-induced
degradation does not require either. ERa is modified by ubiquitin regardless of treatment
condition, but ICI182,780 increases ERa ubiquitination, targeting the receptor to the
proteasome (141, 163).
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Degradation in the presence of ICI182,780 was dependent on nuclear localization, as
alterations of the ERo NLS abrogated ICI182,780-induced degradation, but not turnover in the
presence of E2 (164). Furthermore, ICI182,780 treatment leads to accumulation of both
endogenous and exogenous ERa in the nuclear matrix fraction of BC cells (154, 163, 165).
Aggregation of ICI182,780-liganded ERa in this insoluble fraction (151, 162) correlates with
ERa interaction with cytokeratins CK8/CK18, which are filament proteins of the nuclear
matrix (166). Helix H12 is required for the interaction with CK8/CK18, and thus for the
aggregation at the nuclear matrix (/66). Proteasomes can associate with the nuclear matrix
(163, 166, 167), suggesting that SERD-bound ERa localizes in this subnuclear compartment to
get degraded (166). In support of this hypothesis, modified forms of ERa, possibly
corresponding to ubiquitinated receptor, were detected in the nuclear matrix fraction (754,

163).

Our laboratory characterized SUMOylation of ERa as another post-translational
modification (PTM) induced following treatment with pure AEs/SERDs (754). Similar to
ubiquitination, SUMOylation is a reversible covalent link between a SUMO moiety and its
target protein (168) (detailed in section 1.4.1). Both endogenous and exogenous ERa were
found to be modified by SUMOI and the highly homologous SUMO2 and SUMO3 in ER+
BC cell lines and transfected ER- cell lines following pure AE treatment (/54). Moreover,
reporter assays in HepG2 cells showed that abrogating SUMOylation by overexpressing a
deSUMOylase allowed de-repression of ERa transcriptional activity by pure AEs, without
affecting E2 or OHT activity (154). Importantly, ERa turnover is not accelerated in this cell
model (151, 154), implying a role for SUMOylation in pure AE-induced transcriptional shut-
off, independently of ERa degradation. Consistent with this hypothesis, saturating ERa
degradation by overexpressing the receptor in BC cells did not affect the ability of ICI182,780
to block ER-mediated transcription (752).

The analysis of deletion mutants of ERa showed that the DBD is required for
SUMOylation whereas the A/B region is not (154). Mass spectrometry experiments allowed
us to identify four SUMOylation sites for ICI182,780-liganded ERa, Lys171 and Lys180
located upstream of the DBD, Lys299 in the hinge region and Lys472 in the LBD/AF2 (154).
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However, combined mutagenesis of these sites did not abolish SUMOylation of the receptor in
the presence of ICI182,70, implying that other sites remain to be discovered or can
compensate for those already mapped when mutated (7154) (S. Mader lab. unpublished data).
A previous study showed that the hinge domain of ERa was modified by SUMOI1 in the
presence of E2 in COS-7 cells (monkey kidney cells, ER-negative) transfected with expression
vectors for both ERa and SUMO1 (7169). However, Western analysis of a mutant ERa for all
five Lys of the D region also showed significant SUMOylation of ERa in the presence of
IC1182,780 in HEK-293 cells (154). Nevertheless, point mutants of ERa Leu residues in H12
were able to abrogate pure AE-induced PTM and increase transcriptional activity of an ERE-
dependent reporter vector (154), suggesting that SUMOylation of ERa might be dependent on
a conformational aspect of ERa induced by pure AE binding, rather than specific Lys residues.
Interestingly, H12 was also required for nuclear matrix association in the presence of
ICI182,780 (167), and for the interaction with CK8/CK18 (166, 170), potentially linking
SUMOylation with aggregation at the nuclear matrix and degradation of ERa.

1.3.5 Causes of resistance to AEs in ER-positive BC

About 30% of patients present de novo resistance to hormonal therapies (Als and/or
AEs) and 40% will acquire it (171). Acquired resistance is associated with loss of ERa
expression only in about 15% of cases, and thus different hormonal treatments, such as
fulvestrant (28), or combination therapy, like Als coupled with CDK4/6 inhibitors (172), can
be used for most patients. Resistance to these subsequent endocrine treatments however

eventually develops in the metastatic setting (26, 71).

The mechanisms of resistance to AEs and Als are still poorly understood and may be
specific to the type of treatment. As the balance between co-activators and corepressors
dictates the partial agonism of SERMs (section 1.3.3), altered cofactor expression levels can
also cause resistance to these compounds (28, 71). Low levels of NCoR or SMRT are
associated with recurrence, as is overexpression of SRCs or CBP (28). SRC3 is also named
AIBI, for Amplified in Breast Cancer 1, as its gene was found to be amplified in 11% of

breast carcinomas according to one study of nearly 2 200 cases (773). In ER+ tumours, AIB1
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amplification was associated with worse outcome and Tam resistance, especially when co-

overexpressed with HER2 or HER3 (71, 173).

In addition, the crosstalk between ER and growth factor signalling such as EGFR
signalling (section 1.2.3) can lead to resistance through stimulation of ERa activity in a
ligand-independent manner (77). Increased EGFR and/or HER2 activity in ER+ BC cells
results in ERa phosphorylation and activation, thus promoting cell proliferation (7/). EGFR
signalling can also circumvent ER signalling and drive cancer cell proliferation through its
own signal transduction pathways (88). These mechanisms explain the poorer outcome
associated with ER+/HER2+ Luminal B tumours compared to ER+/HER2- Luminal A
tumours (Table 1.1).

A recently characterized mechanism of acquired resistance in metastatic BC is the
acquisition of ESR/ mutations (174). While ESRI mutations are rare in primary tumours (1-
3%), a significant proportion (10-25%) of metastatic patients who had received at least one
type of endocrine therapy (most often Als) was found to present mutations (774). Mutations
were enriched in the LBD/AF2 region, with a preponderance of Y537S/N/C and D538G
mutations (Figure 1.6) (171, 175, 176). Interestingly, several of these mutations (E380Q,
Y537S, L536P) had been previously characterized in laboratories as leading to constitutive
activity of the receptor (177-179). This estrogen-independent activity makes Als ineffective
and reduces sensitivity to AEs (174, 180). The mutations occur mainly at the 5’-end of H12
(Figure 1.6) and stabilize the H11/H12 loop as well as H12 in an agonist-like state (175, 180).
Indeed, unliganded ERa mutants Y537S and D538G can recruit SRC1 or SRC3 with a much
higher affinity than wt receptor (175, 178, 180), thus activating transcription of both ERE-
dependent reporter vectors (171, 175, 176) and of ER target genes (175, 176), as well as
stimulating BC cell proliferation (776) and growth of xenografts (775). Generation of a stable
Y537S MCF-7 cell line by CRISPR-Cas9 mediated knock-in allowed ChIP-Seq and RNA-Seq
studies that generalized this observation of constitutive ER activity, resulting in estrogen-
independent cell proliferation, resistance to OHT and partial resistance to IC1182,780 (181).
Indeed, mutants have decreased affinity for OHT, and the crystal structure of the D538G
mutant bound by OHT differs from that of wt ERa (780), consistent with the increased
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transcriptional activity of ERo mutants in the presence of both OHT and ICI182,780 compared
to wt ERa (171, 175, 176). Finally, turnover of mutant Y537N in the presence of ICI182,780
was also reduced compared to wt ERa (776). As the mutants retain some sensitivity to pure
AEs, novel, more potent compounds might be effective treatment options for metastatic BC

patients (175).

1 184 250 311 555 595
ERa NHZ—[ AF1 IDBD IHingeI LBD/AF2 I ]—COOH
Y5378
pasH| N
C
H2 H3 H5/6 H8 HO HI0 Hi1 H12]
E380Q V392l S463P V534E
L536R
P
H
QD538G

Figure 1.6. ESRI mutations identified in metastatic BC patients.
The functional domains of human ERa are shown, with a zoom-in on the LBD/AF2 region. The a-helices are
represented (from (782)) and mutations identified in tumours of metastatic BC patients having progressed on
endocrine therapies are indicated in black (771, 174-176). The most recurring mutations are in red.
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1.4 SUMOylation and transcriptional regulation
1.4.1 SUMO machinery and conjugation pathway

SUMOylation is a reversible and very dynamic PTM consisting in the covalent
addition of SUMO1/2/3 molecules via their C-terminal Gly residue to the e-amino group of
Lys residues of target proteins (183-185). SUMO stands for Small Ubiquitin-related Modifier
and these ~ 10 kDa proteins share a similar three-dimensional structure with ubiquitin, despite
poorly conserved amino acid sequences (~ 20% similitude) (783, 184). Mammalian cells
express three main SUMO paralogues: SUMOI shares 50% sequence similitude with SUMO2
or SUMO3, while the latter two are 97% identical in humans (784-186) and will be referred to
as SUMO2/3 henceforth. There are also two pseudogenes encoding for SUMO4 and SUMOS,
but whether these proteins are actually expressed remains unclear (7185, 187). SUMOI1 and
SUMO2/3 are ubiquitously expressed (184, 185), but present differences in their subcellular
localization patterns and their substrate specificity (183, 184, 188). Indeed, SUMO2/3 are
expressed at higher levels and constitute the majority of the free SUMO pool in the cell, as
they appear to be conjugated in response to stress, while SUMOI1 is mainly constitutively
conjugated to target proteins (183, 185, 188). Furthermore, unlike SUMO1, SUMO2/3 can
form poly-SUMO chains through the consensus SUMOylation site at their N-terminus (783,
188). A particularity of SUMOylation is that only a very small fraction of each substrate is
modified at any given time (183).

SUMOylation largely takes place in the nucleus and, similar to the ubiquitination
cascade, requires the consecutive action of two to three enzymes (Figure 1.7), distinct from
those governing ubiquitination (168, 183, 184). Unlike the ubiquitination pathway, only a
small number of SUMO enzymes have been characterized (186). Prior to conjugation, SUMO
precursors (i.e. the form of the protein generated upon translation of corresponding mRNAs)
go through a maturation step, wherein a short C-terminal peptide (2-11 amino acids) is cleaved
by SUMO proteases to reveal the GG motif necessary for conjugation (Figure 1.7) (183-185).
At the first step, the El activating enzyme heterodimer SAE1/SAE2 catalyzes a reaction
between the mature SUMO and an ATP molecule to form a SUMO-adenylate conjugate at the
C-terminus of the protein, allowing it to bind the active site Cys residue of SAE2 through a
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thioester bond (Figure 1.7) (183, 184, 187). SUMO is then transferred to the active site Cys of
the E2 conjugating enzyme UBCY9, which can then catalyse the formation of the isopeptide
bond between the C-terminal Gly residue of SUMO and a Lys of the target protein (Figure
1.7) (184). This last step can be enhanced by the action of an E3 SUMO ligase determining
substrate specificity and serving as a scaffold between UBC9 and the target protein (783, 185,
187). While only one El activating enzyme (SAE1/SAE2) and one E2 conjugating enzyme
(UBC9) have been identified in humans, several E3 SUMO ligases have been characterized
(PIAS family, MMS21, MULI1, RanBP2, Pc2, HDAC4, KPA1l, TOPORS...) (183-185, 187).
In in vitro SUMOylation assays, E1 and E2 enzymes are sufficient to modify substrates at the
same Lys residues modified in vivo, highlighting the optional requirement of an E3 ligase
(183). Adding the appropriate E3 ligase, however, increased SUMOylation of substrates in in
vitro assays, suggesting that these enzymes likely participate to optimize modification in vivo
(183). Indeed, the E3 SUMO ligases not only play a role in determining substrate specificity,
but can also display a preference for SUMO paralogues (183, 186).

The SUMO proteases catalysing the maturation / processing step can also deconjugate
the covalent bond between SUMO and its target, and are thus referred to as deSUMOylases
(Figure 1.7) (189). The human genome contains six such isopeptidases, called SENPs, that
possess different SUMO paralogs specificity (for maturation and deconjugation), tissue
expression profiles and subcellular localization patterns (184, 189). SENP1 and SENP2 have
the broadest activity and can both process and deconjugate SUMOI as well as SUMO2/3
(187, 189). SENP3 and SENP5 favour deconjugation of SUMO2/3, while SENP6 and SENP7
mostly edit poly-SUMO2/3 chains (187, 189). The cleaved SUMO moieties can then be
conjugated to other target proteins (783).
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DeSUMOylase E1 activating enzyme

K

SUMO precursor Mature SUMO AMP M—S
+PPi

S
m

ATP

ﬁ SUMO GGgatS

E2 conjugating enzyme

Figure 1.7. The SUMO conjugation pathway.
SUMO is first processed by a deSUMOylase to reveal the di-glycine motif necessary for conjugation. A three-
step cascade catalysed by the E1 activating enzyme, the E2 conjugating enzyme and an E3 SUMO ligase transfer
the SUMO moiety to a Lys residue of the target protein. The modification can be reversed by a deSUMOylase.

SUMOylated proteins often contain a motif related to the SUMO consensus motif,
YKXE, where W= 1, L or V; K will be the modified Lys residue and X is any amino acid (783,
185), although SUMOylation can also occur at non consensus sites. The consensus motif is
recognized by UBC9, but only if it is located in a disordered region (7184, 187), while E3
SUMO ligases recognize other features of the target protein (783). A phosphorylated Ser a
couple of residues downstream of the consensus motif was shown to increase SUMOylation

for some targets, suggesting a regulatory crosstalk between these PTMs (184, 186). However,
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at least 25% of known SUMO substrates do not have this consensus sequence (1/87), and target
recognition could depend on conformational features rather than a specific sequence (185), as
suggested for SUMOylation of a Lys residue in the stable a-helix of protein E2-25K (190). An
interesting hypothesis is that residues brought close together because of the three-dimensional
conformation of a protein may mimic the classical SUMO consensus sequence to recruit

UBC9 (186).

SUMOylation alters the protein — protein interaction surface of its target, either by
mediating a new interaction through SUMO itself, or by hiding a binding region to prevent
recruitment of an interacting partner (183, 184). Proteins can recognize SUMOylated
substrates and interact with them in a non-covalent manner through their SUMO-interacting
motifs (SIMs) (184). A well-characterized SIM is the hydrophobic consensus (V/I)X(V/I)(V/I)
flanked by a phosphorylated Ser or negatively charged residues (186-188). The SIM forms a
B-strand that positions itself against a B-strand of SUMO to mediate the interaction (184, 186).
E3 SUMO ligases like RanBP2 and the PIAS family contain SIMs, allowing them to
recognize the SUMO — UBC9 complex and aid in the transfer of SUMO to the target protein
(184, 186). Interestingly, many proteins containing a SIM are also modified by SUMO,
suggesting that SUMOylated proteins can form complexes (168, 183). Furthermore, presence
of a SIM motif in the substrate might aid target recognition by the SUMO — UBC9 complex
(187).

1.4.2. Role of SUMOylation in transcriptional regulation and chromatin

organization

SUMOylation has been associated with a wide array of functions, such as
nucleocytoplasmic shuttling and signal transduction, as well as with roles in DNA repair, cell
cycle regulation, transcriptional regulation and chromatin organization (183, 185, 188, 191). A
significant number of SUMO substrates are transcription factors (TFs) or chromatin-associated
proteins (168, 183, 192). We will thus focus this section on the impact of SUMO on

transcriptional regulation and chromatin organization.

34





Introduction

SUMOylation of TFs is mainly associated with transcriptional repression (183, 191,
192). One exception to this rule is HSF1 and HSF2, which are SUMOylated following a heat
shock; the modification promotes their binding to DNA leading to activation of transcription
(183, 192). A suggested mechanism for transcriptional repression involves sequestration of the
SUMOylated TFs in a nuclear compartment that is non-permissive for transcription (768). For
instance, the TF LEF1 is modified by SUMO2/3 in a PIASy-dependent manner, and while gel
shift assays suggested that SUMOylated LEF1 could still bind DNA, the LEF1 transcriptional
activity was repressed by PIASy in a dose-dependent fashion (793). Interestingly, the
repressive role of PIASy appeared to be due to its ability to associate with the nuclear matrix
and sequester LEF1 to this subnuclear compartment, with SUMOylation of LEF1 enhancing
this relocalization (793). Similarly, Sp3 is SUMOylated through the action of PIAS1 and the
modification inhibits its transcriptional activity (7194, 195). SUMOylated Sp3 localized at the
periphery of the nucleus, in contrast with the diffused nuclear distribution of non-modified
Sp3, and this redistribution was required to inhibit transcriptional activity (795). SUMOylated
Sp3 also partially co-localized with PML nuclear bodies (795). These structures notably
accumulate transcriptional corepressors such as HDACs, and SUMOylation could thus serve
as a targeting mechanism to aggregate TFs in proximity to corepressors to inhibit their

function (791).

In addition, SUMO-dependent recruitment of corepressors plays an important role in
SUMO-mediated transcriptional repression. For example, in the absence of ligand, nuclear
receptor PPARa is SUMOylated at a Lys residue in its hinge region, increasing the
recruitment of corepressor NCoR (but not SMRT) and leading to repression of target genes
(196). Similarly, SUMOylation of liganded PPARY results in an interaction with NCoR and
HDAC3 on DNA to form an inhibitory complex (797). Additionally, liganded LXR is
modified by SUMO2/3 in an HDAC4-dependent manner, leading to transcriptional repression
of inflammatory target genes (798). Many of the recruited cofactors, like the HDACs, are
involved in histone modification or even chromatin remodelling, meaning that their impact on
chromatin state, and therefore gene silencing, will be long-lasting, even if SUMOylation itself

is a dynamic process only occurring on a small fraction of the TF (184).
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Furthermore, SUMOylation of HDACI and HDAC4 increases their corepressor
activity (199, 200). Similarly, modification of NCoR by SUMOI enhances its ability to
repress expression of a reporter vector (201). Co-activators SRC1, SRC2 and p300 are also
SUMOylated (168). HDACS6 is recruited to SUMOylated p300 and potentiates a SUMO-
dependent transcriptional repression (202). On the other hand, SUMOylation of SRC1 and
SRC2 appears to potentiate their interaction with TFs thus enhancing their activity (7191). The
combined dynamics of TF and cofactor modifications by SUMO thus dictate the outcome on

transcriptional regulation (791).

Within a decade of the identification of SUMO proteins, studies implicated the
SUMOylation pathway in the maintenance of constitutive heterochromatin in Drosophila and
in yeast (203). Indeed, deletion of SUMO in fission yeast resulted in defects in
heterochromatin gene silencing, which was attributed to changes in histone acetylation and
methylation marks (204). The yeast UBC9 homologue was found to interact with a HMT and
an HP1 homologue, and SUMOylation of the latter was needed for efficient gene silencing at
heterochromatin regions, likely by increasing its recruitment to DNA (204). More recent
studies have also linked SUMOylation with the formation of facultative heterochromatin in
human cells (203). SUMOylation was required for the proper assembly of an MCAF — MBD1
— HP1 complex at methyl-CpG regions, thus enhancing histone methylation and promoting
heterochromatin formation (205). Similarly, SUMOylated Sp3 can recruit the chromatin
remodeller Mi-2 and two proteins with MBT-domains to DNA, and this complex leads to
increased HP1 and HMT presence on DNA, an increase of repressive H3K9 methyl marks and
local chromatin compaction (206). Finally, Suv39hl can promote HP1 SUMOylation
independently from its HMT function, to target HP1 on DNA and propagate a heterochromatin
state (207). In conclusion, SUMOylated TFs or corepressors can interact with histone
modifiers and chromatin remodellers to alter histone marks and promote chromatin

compaction (203).
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1.4.3 SUMOylation of steroid receptors

Of particular interest to our work, SUMOylation of several steroid nuclear receptors
has been linked to transcriptional repression. Transiently transfected AR, PR and
glucocorticoid receptor (GR) were shown to be modified by a GFP- or Hise-tagged SUMO1 in
an agonist-dependent manner (208-210). Abrogating SUMOylation by mutating the modified
Lys residues, led to an increase in receptor transcriptional activities in luciferase reporter
assays (208-210). Authors speculated that the agonist-dependent SUMOylation of AR and GR
was likely due to their nuclear relocalization (208, 210). This SUMO-dependent repression of
AR and GR is mediated by the corepressor DAXX, which can recognize the modified forms of
the receptors through its SIMs, and in turn recruits chromatin and DNA modification enzymes

(HDAC1/2, DNMT1, ATRX) to shut down transcription (211-213).

Steroid receptor SUMOylation is compatible with binding to DNA. A ChIP-Seq study
showed a 38% co-occupancy between GR and SUMO2/3 on DNA, which was reduced to 16%
when ChIP was performed in a cell line expressing a SUMO-deficient GR mutant (2/4). The
GRE motif was also found enriched in SUMO2/3 binding sites specific to the wt GR cells but
not in those specific to the mutant GR cells (2/4). Furthermore, a genome-wide study of
SUMO binding sites in fibroblasts found a significant overlap between SUMO presence at
transcription start sites and transcript expression, concluding that transcription factors and
cofactors are SUMOylated when bound to their DNA target regions (2/5). These results
strongly suggest that SUMOylation of TFs, and steroid receptors in particular, can directly
affect target gene expression through altered recruitment of cofactors at the promoters or

enhancers of target genes.

1.4.4 Interplay between SUMOylation and ubiquitination

Ubiquitination is a PTM consisting in the covalent attachment of small ubiquitin
moieties to Lys residues of substrate proteins, either as single entities or via the formation of
poly-ubiquitin chains (2/6). The main function of these ubiquitin chains is to target proteins
for degradation through the 26S proteasome (2/6). While some studies have suggested that

SUMOylation can compete with ubiquitination for the same Lys residues, resulting in protein
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stabilization (183, 216), the identification of SUMO-targeted ubiquitin ligases (STUbLs) has
on the other hand uncovered a cross-talk between both PTMs, wherein SUMOylation can
target a protein for degradation through the ubiquitin — proteasome pathway (187, 188). Only
one STUDbL has been characterized thus far in humans: RNF4, which contains both an E3
ubiquitin ligase activity and SIM motifs (186). The presence of several SIMs was speculated
to allow recognition of poly-SUMO chains (186), and this hypothesis was later confirmed as
SUMO chains were shown to recruit RNF4 (185).

Most of the characterization of STUbL activity was done in yeast, where deletion of
STUbLs leads to accumulation of poly-SUMOylated proteins (2/7). STUbLs were able to
attach ubiquitin to the end of SUMO chains, thus targeting modified proteins to the
proteasome for degradation (27/7). This cross-talk between ubiquitin and SUMO plays an

important role in DNA repair pathways to maintain genome integrity (217).

The human RNF4 contains three SIMs and accordingly interacts with chains of at least
three SUMO moieties (2/7). An RNF4 homodimer can then recruit a ubiquitin — E2
conjugating enzyme complex to modify the poly-SUMOylated substrate (2/7). The best-
known substrate of RNF4 is PML (277). PML is a nuclear protein that can directly interact
with UBC9 (the E2 SUMO conjugating enzyme), resulting in its SUMOylation at three Lys
residues (218). Aggregates of PML proteins organize the formation of nuclear bodies, which
are spherical structures belonging to the nuclear matrix (2/8). PML forms the outer shell of
these structures, while a large number of proteins, such as the corepressor DAXX, are
sequestered inside the nuclear bodies (2/8). SUMOylation of PML plays a key role in the
recruitment of the sequestered proteins through reciprocal SIM — SUMO interactions between
PML and these partners (2/8). Nuclear bodies are typically formed following a cellular stress
(e.g.: DNA damage, arsenic...), without which PML is largely diffused throughout the
nucleoplasm (218). The purpose of these structures is to sequester proteins in close proximity,
which can enhance their modification by SUMO or ubiquitin (but also phosphorylation or
acetylation) in order to alter their activity or promote their degradation, as proteasomes can
also accumulate at nuclear bodies (2/8). Arsenic increases poly-SUMOylation of PML,
leading to RNF4-dependent poly-ubiquitination of both PML residues and SUMO residues,
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which results in PML degradation and disruption of PML nuclear bodies (279, 220). Other
characterized substrates of RNF4 are PARP1 and TFs HIF2a and PEA3, all of which are
SUMOylated following a cellular stress (heat shock, hypoxia and ERK signalling,
respectively) and then degraded through RNF4-dependent ubiquitination (217).

The impact of SUMOylation on TFs can thus be generalized to an alteration of cofactor
recruitment by the modified TFs, characterized by an increased interaction with corepressors,
resulting in transcriptional shut-off, which can be accompanied by chromatin compaction
and/or TF degradation through SUMO-dependent ubiquitination. These effects are longer
lasting than the duration of the modification on the target proteins themselves and may have a

dominant effect on the action of the non-modified TF.
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1.5 Rationale and objectives

Despite the extensive study of the effects of AEs in cultured cells, animal models and

patients, the mechanisms of transcriptional repression of ERa by pure AEs / SERDs remain

unclear. In fact, conflicting data exists on several proposed causes of transcriptional inhibition:

Early studies suggested that ICI182,780 disrupted nucleocytoplasmic shuttling of
mouse ERa in transiently transfected COS-1 cells, leading to accumulation of receptor
in the cytoplasm and preventing ER-dependent transcriptional activation (227). Other
studies, however, showed that GFP-tagged human ERa overwhelmingly localized in
the nucleus following treatment with ICI182,780 in various BC cell lines (222, 223).
This contradiction can be explained by differences in cell context, species of receptor,
and degree of overexpression in cells.

There are also conflicting results regarding the capacity of IC1182,780-liganded ERa to
bind DNA. ChIP experiments in the MCF-7 ER+ BC cells showed no binding of
endogenous ERa at the ERE in the promoter of target gene TFF/ following 3 h of
ICI182,780 treatment (/63). On the contrary, a ChIP-Seq study in the same cell line
treated for 1 h demonstrated significant recruitment of ICI182,780-liganded ERa at ~
33% of the sites bound by E2-liganded ERa, including the 7FF'1 promoter (73).
Finally, the SERD-induced degradation of ERa was believed to be a driving force
behind their improved inhibition of transcriptional activity compared to SERMs, but
several studies have questioned the relevance of this degradation in the SERD-
mediated transcriptional repression. Overexpression of ERa in MCF-7 cells saturates
the degradation process without apparently affecting the antagonist potential of
ICI182,780 (152). Similarly, pure AEs / SERDs present an inverse agonist profile of
activity, while SERMs present a partial agonist profile, on a reporter vector in the ER-
HepG?2 cells in which transfected ERa is not degraded, but rather stabilized (151, 154).
These results suggest the existence of a mechanism independent of degradation to

block ERa activity.

Previous results in our laboratory showed that SUMOylation of ERa was specifically

induced by SERDs, and that abrogating this PTM de-repressed expression of a reporter vector
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under the control of EREs (154), implying a role for SUMOylation in the inhibition of ERa

activity. Our objectives based on this study were the following:

=>» Our first objective was to better assess the contribution of SUMOylation in the
transcriptional repression of ERa in BC cells. For this, we investigated the link
between ERa binding to DNA, ERa modification by SUMO and transcriptional
activity of the receptor in BC cell lines. These results are presented in CHAPTER 2:
Role of SUMOylation in differential ERa transcriptional repression by SERMs

and pure antiestrogens in breast cancer cells.

The antagonism of SERMs has been attributed to a preferred recruitment of
corepressors rather than co-activators at promoters of repressed ER target genes (155). While
several studies showed that SERDs and SERMs induce the recruitment of different interacting
partners (224, 225), cofactors that could explain the stronger antagonism of SERDs remain to

be identified.

=>» Accordingly, our second objective was to identify and characterize cofactors
specifically recruited to the SERD-bound ERa, that might explain the efficient
repression of transcription compared to SERMs, and to assess the role of
SUMOylation of ERa in their recruitment. These results are presented in CHAPTER
3: The chromatin remodelling complex ACF leads to chromatin closure at

estrogen response elements in the presence of pure antiestrogens.
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2.2 Abstract

Antiestrogens (AEs) are widely used for treatment of estrogen receptor (ERa) positive breast
cancer (BC), but display variable degrees of partial agonism in estrogen target tissues and BC
cells. The fact that BC cells resistant to Selective Estrogen Receptor Modulators (SERMs) like
tamoxifen (Tam) can still be sensitive to pure AEs, also called Selective Estrogen Receptor
Downregulators (SERDs), suggests different mechanisms of action, some of which may
contribute to the more complete suppression of estrogen target genes by pure AEs. We report
herein that pure AEs such as fulvestrant induce transient binding of ERa to DNA, followed by
rapid release after 30-40 min without loss of nuclear localization. Loss of DNA binding
preceded receptor degradation and was not prevented by proteasome inhibition. Chromatin
was less accessible in the presence of fulvestrant than with estradiol or Tam as early as 20 min
following treatment, suggesting that chromatin remodelling by pure AEs at ERa target regions
prevents transcription in spite of receptor binding. SUMO2/3 marks were detected on
chromatin at the peak of ERa binding in cells treated with pure AEs, but not SERMs.
Furthermore, decreasing SUMOylation by overexpressing the deSUMOylase SENPI
significantly delayed receptor release from DNA and de-repressed expression of estrogen
target genes in the presence of fulvestrant, both in ERa-expressing MCF-7 cells and in
transiently transfected ER-negative SK-BR-3 cells. Finally, mutation V534E, identified in a
breast metastasis resistant to hormonal therapies, prevented ERa modification and resulted in
increased transcriptional activity of estrogen target genes in the presence of fulvestrant in SK-
BR-3 cells. Together, our results establish a role for SUMOylation in achieving a more

complete transcriptional shut-off of estrogen target genes by pure AEs vs. SERMs in BC cells.

Key words. Breast Cancer — Estrogen Receptor Alpha — Pure Antiestrogens — SUMOylation —

Transcriptional Repression.
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2.3 Introduction

About 70% of breast tumours are classified as positive for the estrogen receptor ERa, a
ligand-dependent transcription factor that controls expression of proliferative genes in breast
cancer (BC) cells (226). When bound by estrogens, ERa rapidly binds DNA at Estrogen
Response Elements (EREs) and recruits cofactors with histone modifying activities, chromatin
remodelling complexes, and the basal transcriptional machinery, resulting in altered
expression of target genes (57, 59, 226). Antiestrogens (AEs) are small synthetic molecules
designed to compete with estrogens and block ERa transcriptional activity (28, 69, 128, 148).
Selective ER Modulators (SERMs) like Tamoxifen (Tam) induce gene- and cell type-specific
patterns of cofactor recruitment to ERa, leading to estrogenic effects in tissues such as bone
and uterus (72, 122, 125, 155). In contrast, fulvestrant was originally described as a “pure” AE
as it is antagonistic in these tissues (733, 134); it is also more efficient than SERMs at
suppressing ERa transcriptional activity in BC cells (126, 150). The observation that BC cells
resistant to SERMs can still be sensitive to pure AEs in experimental models (142, 145, 227)
or in the clinic (143, 144) implies different mechanisms of action, some of which may

contribute to the increased transcriptional inhibition by pure AEs vs. SERMs.

Pure AEs are also called Selective ER Downregulators / Degraders (SERDs), as they
lead to increased turnover of ERa via the ubiquitin — proteasome pathway (69, /48). ERa
degradation likely contributes to the antiestrogenic profile of pure AEs, but ERa levels are
significantly depleted only after several hours (140, 141, 151, 154), while estradiol (E2) or
Tam can activate transcription within 1 h (72, 73, 108, 155, 163). After 1 h of fulvestrant
treatment in MCF-7 cells, ERa binds to about 33% of the regulatory regions bound in the
presence of E2 (73), suggesting that transcription of the corresponding genes is prevented via
means other than ERa degradation. Additionally, pure AEs remain more efficacious than
SERMs at suppressing transcription of estrogen reporter genes in HepG2 cells, a model in

which they do not accelerate ERa turnover (151, 154).

We previously reported that pure AEs can be distinguished from SERMs by their
capacity to induce rapid modification of ERa by SUMO1/2/3 in receptor-positive BC cell lines

45





Role of SUMOylation in pure antiestrogen action

and in transfected ER-negative cell lines following pure AE treatment (/54). Reporter assays
in HepG2 cells showed that abrogating SUMOylation by overexpression of a deSUMOylase
partially de-repressed ERa transcriptional activity in the presence of pure AEs (7154).
However, the impact of pure AE-induced SUMOylation on transcriptional repression of ERa
in BC cells remains uncharacterized, and the mechanisms by which SUMOylation may

contribute to the differential properties of pure AEs vs. SERMs are currently unclear.

Herein, we investigated the impact of SUMOylation on the kinetics of ERa association
with DNA, on chromatin accessibility and transcriptional suppression, to better understand its
role in the more complete repression of ERa-mediated transcription in the presence of pure
AEs compared to SERMs in BC cells. Our results demonstrate that induction of SUMOylation
by pure AEs contributes to their stronger antiestrogenicity compared to SERMs, and that a
naturally occurring mutation that abrogates ERa. SUMOylation leads to increased transcription

of estrogen target genes in BC cells.
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2.4 Results
2.4.1 ICI182,780 and 4-hydroxytamoxifen exhibit differential regulation of
estrogen target genes in MCF-7 cells.

Transcription of estrogen target genes was previously shown by microarray analyses to
be repressed more efficiently by the pure AE fulvestrant (ICI1182,780) than by various SERMs
in the ERa-positive MCF-7 BC cell line (126, 150). Here, we have used RNA-sequencing to
identify estrogen target genes differentially regulated by ICI182,780 and the active Tam
metabolite, 4-hydroxytamoxifen (OHT), in MCF-7 cells following 16 h of treatment in
estrogen-depleted medium. Analysis of transcriptomes from 3 independent experiments with
Kallisto/Sleuth (228, 229) revealed that E2 regulated a large number of genes (2 039 induced
and 1 878 repressed genes) in a significant manner (q<0.05) compared to non-treated controls.
Consistent with previous studies performed at different time points (726, 150), a smaller
number of genes (82) were significantly regulated by OHT using the same statistical cut-off,
while genes significantly regulated by ICI182,780 were rare (12). Using Log2 Fold Change of
RNA levels (TPM) in treated vs. vehicle samples as a measure of gene regulation, we
observed a positive correlation between regulations by OHT and E2 in a linear regression
analysis (R = 0.646; P-value<0.0001), albeit with much weaker overall regulation by OHT
than by E2 (Figure 2.1A, top). Conversely, there was an anti-correlation between gene
regulation by ICI182,780 and by E2 (R = - 0.457; P-value<0.0001) (Figure 2.1A, bottom).
Overall, most E2 target genes regulated by OHT were affected in the same direction as E2,
and far fewer in the opposite direction (45% and 6%, respectively, Figure 2.1B), whereas this
proportion was reversed for ICI182,780 (7% and 26%, respectively, Figure 1B). Additionally,
178 genes were differentially regulated by OHT and ICI182,780 (q<0.05, Table S2.1). This
included well-characterized direct E2 target genes such as GREBI, XBP1, CTSD and AGR3, as
well as proliferation-associated genes (230) like E2F1 and MYBL2? (Figure 2.1C-D).
Consistent with these observations, MCF-7 cells grew more slowly in the presence of
IC1182,780 than OHT (100 nM in estrogen-depleted medium) (Figure S2.1). These results are
compatible with previous reports that ICI182,780 blocks MCF-7 cell proliferation with
increased efficacy compared to OHT (733), and with the existence of different mechanisms of

transcriptional regulation by the two AEs.
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2.4.2 ERo binding to DNA is biphasic in the presence of ICI182,780.

While SERMs and E2 induce binding of ERa to EREs at target gene promoters or
enhancers (73, 155), pure AEs were reported to affect binding to DNA to varying extents in
different studies. ERa association to DNA was not detected at the 7FF1/pS2 promoter after 3
h of treatment with ICI182,780 by chromatin immunoprecipitation (ChIP) in MCF-7 cells
(163), but binding of ERa at this site and at other EREs was observed after 1 h of IC1182,780
treatment in the same cell line (73). Here, we performed time course ChIP experiments in
MCEF-7 cells to monitor receptor recruitment at EREs upstream of the E2 target genes 7FF 1,
GREBI and CTSD in the presence of E2 or ICI182,780 (Figure 2.2 and Figure S2.2A).
Receptor binding was induced by ICI182,780, with a peak after 30 min of treatment, following
kinetics similar to those in the presence of E2. However, binding to DNA in the presence of
ICI182,780 was then lost rapidly between 30 and 60 min, with a gradual return to basal levels
(or lower) over the next 3 h (Figure 2.2 and Figure S2.2A, magenta vs. blue). Neither E2 nor
ICI182,780 induced receptor recruitment at control regions located in the GREBI and CTSD
gene bodies (Figure. S2.2B). These results reconcile previous observations (73, 163) and
contrast the impact of ICI182,780 treatment on ERa association to DNA with that of E2.
Indeed, increased ERa binding was observed at all time points with E2, although levels of
bound receptor varied over time (Figure 2.2 and Figure S2.2A, green vs. blue). These
observations, obtained using quantitative real-time PCR, are consistent with the previously
described strong recruitment of ERa to the 7FFI and CTSD promoters after 30 min of E2
treatment, followed by decreased association at 1 h observed by semi-quantitative agarose-gel
based PCR analysis (72). However, we did not observe clear cyclical patterns of ERa
recruitment to these target elements in the presence of E2 as previously reported (108, 163),
and the timing of the initial peak of ERa association was different from the one in these
studies, but this may be due to the different experimental conditions (e.g. lack of a-amanitin

synchronization in our assays).
We further performed ChIP-Seq analyses of ERa binding to DNA following 30 min or

3 h treatment with E2 or ICI182,780. In unsupervised analyses of peaks called by MACS
using clustering based on confidence scores (Figure S2.3A) and PCA based on log2
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normalized counts (Figure S2.3B), samples treated by ICI182,780 or by E2 for 30 min
clustered strongly by treatment, while the 180 min ICI182,780 treatment and non-treated
samples (30 min or 180 min) were less distinguishable. Differential analysis of peak numbers
indicated at the genome-wide scale a significant recruitment of ERa to target chromatin
regions after 30 min of treatment with E2 (32 188 peaks) or ICI182,780 (11 966 peaks)
compared to the absence of treatment (3 081 peaks, Figure 2.3A and Table S2.2). 97% of
ICI182,780 peaks overlapped with E2 peaks at this time point (Figure 2.3A). After 3 h of
ICI182,780 treatment however, fewer ERa binding events were detected (7 769 peaks, Figure
2.3A and Table S2.2), still essentially corresponding to peaks observed with E2 at 30 min
(97% overlap). These results indicate association of ERa with DNA in the presence of
ICI182,780 at a subset of the sites bound in the presence of E2 at 30 min, with decreased

binding at 3 h compared to 30 min (Figure 2.3A).

Enrichment analysis for known transcription factor motifs returned EREs and FOXA1
binding sites as the top hits in the presence of E2, consistent with results from previous ERa
ChIP-Seq studies (120), as well as in the presence of IC1182,780 (Figure 2.3B). This suggests
that ERa recruitment at FOXA1 binding sites is independent of agonist-specific protein-
protein interactions engaged by the receptor. ERa peak location analyses also revealed very
similar profiles regardless of treatment conditions (Figure 2.3C and Figure S2.3C). Heat
maps comparing peak intensity (TMM normalized counts) for 1 862 ChIP-Seq regions
containing an ERE indicated for the majority of peaks intermediate binding intensities for
ICI182,780-treated vs. 0- and E2-treated samples at 30 min, and decreased binding intensity
for ICI182,780-treated samples at 3 h vs. 30 min (Figure S2.3D). Notably, ERa binding
events were enriched in the flanking regions (-25 to + 25 kb from TSS) of E2-regulated genes
compared to all other genes in the presence of IC1182,780 (22% vs. 7%), as well as E2 (37%
vs. 13%) and vehicle (7% vs. 2%) (Figure 2.3D). When considering a narrower window
around the TSS (-1 to + 1 kb), this enrichment was even more marked (4- to 6-fold, Figure
2.3D), compatible with a role for ERa in the transcriptional regulation of neighbouring genes.
Together, these results confirm that the near absence of partial agonist activity observed with
ICI182,780 compared to E2 (Figure 2.1B) does not result from a lack of initial recruitment of
ERa to DNA.
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2.4.3 Rapid loss of binding to DNA precedes loss of ERa protein and is not

affected by proteasome inhibition.

To test whether the loss of DNA binding in the presence of ICI182,780 was due to
delocalization of endogenous ERa in MCF-7 cells, as previously reported for mouse ERa in
transfected COS-1 cells (221), we performed immunofluorescence after 30 min, 1 h and 3 h of
ICI182,780 treatment, corresponding to maximal, weak, and no binding of ERa to DNA,
respectively. No significant difference in ERa nuclear localization was observed over this time
course of treatment compared to no treatment (Figure S2.4). Thus, loss of ERa binding to
DNA cannot be explained by an increased rate of export from the nucleus in the presence of

ICI182,780.

Past studies have shown that SERD activity, associated with pure AEs, leads to
increased degradation of ERa via the ubiquitin — proteasome pathway (140, 141, 154, 167). To
compare the kinetics of ERa binding to DNA to those of receptor degradation, we monitored
the steady state levels of ERa in MCF-7 cells at different times after ICI182,780 addition.
Concordant with previous results (154, 167), loss of receptor was not detectable until 60 min
of ICI182,780 treatment (total extraction buffer; Figure 2.4A, top panel) and increased
progressively thereafter, while decreased binding to DNA was already observed at 40 min

(Figure 2.2), suggesting that loss of ERa binding to DNA precedes receptor degradation.

To more directly evaluate the impact of ERa degradation on its ability to bind DNA,
we pre-treated MCF-7 cells with the proteasome inhibitor MG132 for 2 h, and performed
ChIP assays following ICI182,780 treatments for 30 min, 1 h and 3 h. ERa protein levels were
assessed at the same time points by Western analysis of whole cell extracts. MG132 pre-
treatment stabilized ERa levels (Figure 2.4B, top panel) without affecting kinetics of release
of receptor from the TFFI and GREBI EREs (Figure 2.4C), suggesting that the loss of
binding to DNA is independent of ERa degradation.
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2.4.4 SUMO2/3 marks coincide with ERa binding to DNA in the presence of

pure AEs.

ERa modification by ubiquitination and SUMOylation is induced by pure AEs /
SERDs prior to receptor degradation (141, 154). Modified forms of ERa were detected at 20
min after ICI182,780 addition, indicating that these modifications precede loss of receptor
binding to DNA. The amount of modified receptor appeared stable at 40 min, then decreased
from 60 to 180 min parallel to the loss of unmodified receptor (Figure 2.4A, middle panel).
The discrete modified bands observed in the presence of ICI182,780 and the absence of
MG132 in MCF-7 cells were previously shown by immunoprecipitation (IP) with an ERa
antibody and blotting with SUMO antibodies to correspond to SUMOylated forms of ERa
(154), which, as reported for other proteins (184), represent a small fraction of total ERa at
any given time. Conversely, blotting with an ERa antibody after an IP with a SUMO2/3
antibody led to the detection of both unmodified and modified forms of endogenous ERa in
the ICI182,780-treated, but not the untreated samples (Figure S2.5A). Detection of
unmodified ERa may be due to deSUMOylation during the IP procedure, or possibly also to
non-covalent interactions between ERa and SUMO2/3 moieties taking place through putative
SUMO-Interacting Motifs (SIMs) (184). A more complex ladder of modified ERa forms can
be observed both in the absence and presence of ICI182,780 in MG132-treated MCF-7 cells
(Figure 2.4B, middle panel), consistent with poly-ubiquitinated forms being present under

basal conditions and induced by pure AEs / SERDs (141, 163).

To investigate the role of SUMOylation in the loss of binding of ERa to DNA, we
compared association to DNA of ERa and SUMO2/3 (SUMO2 being the most expressed
paralog at the RNA level in MCF-7 cells, Figure S2.5B), following treatment with the SERM
OHT and the pure AEs ICI182,780 and RU58668. ChIP after 30 min of treatment revealed
significant binding of ERa to EREs upstream of TFFI, GREBI and CTSD with OHT,
ICI182,780 and RU58668 compared to vehicle (Figure 2.5A and Figure S2.5C). At the same
time, a significant increase in the SUMO2/3 ChIP signal was only detected for the ICI182,780
and RU58668 conditions at the studied EREs (Figure 2.5A and Figure S2.5C), consistent
with the detection of modified forms of ERa for these pure AEs, but not for OHT, by
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immunoblotting (Figure 2.5B). At 3 h of treatment, ERo was bound to DNA in the presence
of OHT, but not of the pure AEs (Figure 2.5A and Figure S2.5C), despite reduced but still
detectable overall levels of ERa (Figure 2.5B). No significant increase in recruitment of
SUMO2/3 to DNA was detected either in the presence of OHT or of pure AEs at this time
(Figure 2.5A and Figure S2.5C). In contrast with observations at 30 min of ICI182,780
treatment on EREs upstream of GREBI and CTSD, association of SUMO2/3 with control
regions in the GREBI and CTSD gene bodies, which do not overlap with EREs, was not
increased at the same time point (Figure S2.5D). However, ICI182,780 induced recruitment of
SUMO2/3 moieties to several other EREs found within ERa ChIP-Seq peaks in the vicinity of
genes regulated by E2 (Figure S2.5E). Thus, SUMO2/3 recruitment as assessed by ChIP at
ERa target regions correlates with the SUMOylation pattern and the ERa DNA binding profile
induced by pure AEs, suggesting that SUMOylated forms of ERa are associated with DNA at

early time points.

We next performed ChIP-Seq analyses to map the genome-wide distribution of
SUMO2/3 marks following ICI182,780 treatment in MCF-7 cells. In unsupervised clustering
analyses of peaks called by MACS based on confidence scores (Figure S2.6A) and PCA
based on log2 normalized counts (Figure S2.6B), samples grouped by treatment condition.
ICI182,780 treatment for 30 min led to an increase in SUMOZ2/3 peak numbers (4 507 vs. 3
014), followed by a reduction at 3 h (1 129 peaks, Figure 2.6A and Table S2.2).

SUMO2/3 peak location analyses revealed similar profiles in all conditions (Figure
S2.6C), with a higher proportion of proximal peaks and fewer gene-associated peaks
compared to ERa binding distributions (Figure S2.3C). Interestingly, while CTCF elements
remained the top enriched motif in SUMO?2/3 peaks regardless of treatment conditions, EREs
figured among the top 10 enriched motifs in peaks observed after ICI182,780 treatment, but
not in the vehicle control (Figure 2.6B). Furthermore, several motifs enriched in ERa peaks
(e.g.: Jun, AP1, and FOXA2 elements) were also found to be enriched in SUMO2/3 peaks
after 30 min of ICI182,780 treatment (Table S2.3), suggesting an overlap of ERa and
SUMO2/3 presence on different DNA motifs. Moreover, pathway enrichment analysis for
SUMO2/3 peaks returned estrogen signalling at a much higher rank in the ICI182,780-treated
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sample (30 min) than for the control sample (Figure 2.6C). Interestingly, the proportion of
ERa peaks overlapping with SUMO2/3 peaks after 30 min of ICI182,780 treatment was
highest for the ERa peaks with a strong confidence level (MACS -logl0(g-value)) (Figure
2.6D-E). Indeed, 42.5% of the Top 5% ERa peaks overlapped with a SUMO2/3 peak in the
ICI182,780 treated cells, compared to only 7.69% overlap for all ERa peaks (Figure 2.6D-E).
This represented a 3-fold enrichment compared to overlap with SUMO2/3 peaks in the
absence of treatment for the Top 5% ERa peaks, vs. 2-fold for all ERa peaks (Figure 2.6E). A
heat map representation of SUMO2/3 peak intensities for the Top 5% ERa peaks indicated
increased SUMO2/3 signals at about 80% of these regions in the ICI182,780-treated samples
compared to control samples (Figure S2.6D). Finally, UCSC browser examination of several
E2 target genes (TFF1, GREBI, CTSD, CDH26) confirmed an increased SUMO2/3 ChIP-Seq
signal at DNA regions also bound by ERa following 30 min of IC1182,780 treatment (Figure
2.6F and Figure S2.6E), in keeping with observations by ChIP-qPCR (Figure 2.5A and
Figure S2.5C, E).

2.4.5 SUMOylation of ERa contributes to the rapid loss of binding to DNA.

To further investigate the impact of SUMOylation of ERa on its association with
DNA, we generated an MCF-7 cell line stably expressing the deSUMOylase SENP1 from an
inducible Tet-ON system. Western analysis of these cells showed that SENP1 overexpression
following a 24 h induction with doxycycline (DOX) resulted in decreased ERa SUMOylation
in cells treated with ICI182,780 for 30 min and 1 h compared to control samples (Figure
2.5C). ChIP experiments on EREs upstream of TFFI and GREBI under these conditions
revealed that ERa binding to DNA was significantly increased in the presence of ICI182,780
at 1 h in DOX-treated cells compared to non-induced cells (Figure 2.5D). At 3 h, binding
levels were similar in both DOX-induced and non-induced samples. Note that ERa
modification levels were similar in the -/+ DOX conditions at this time by Western analysis
(Figure 2.5C). SUMOylation thus appears to contribute to the rapid loss of ERa binding to
DNA.
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2.4.6 ICI182,780 induces rapid chromatin closure at estrogen target genes.
To investigate the impact of pure AE treatment on chromatin state at ER target regions,
we performed Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE), which
enables isolation of nucleosome-depleted regions permissive to transcription factor and
cofactor binding (231). Following treatment with the agonist E2, chromatin at EREs located
upstream of target genes TFF1, GREBI and CTSD was significantly more accessible than in
the absence of ligand at 1 h, consistent with recruitment of ERa and co-activators at these
sites. OHT did not alter the chromatin state at these EREs compared to the vehicle condition,
while ICI182,780 treatment markedly decreased accessibility of these regions at 1 h (Figure
2.7A and Figure S2.7A) or 3 h (data not shown) after ligand addition. Strikingly, decreased
accessibility was already observed, albeit at a lower level, 20 min after ICI182,780 addition,
before the peak of ERa binding and its subsequent release from DNA. Chromatin accessibility
was also decreased at 20 min in control regions in the GREBI and CTSD gene bodies,
although not in a statistically significant manner (Figure S2.7C), possibly reflecting their
decreased transcription in the presence of ICI182,780. Finally, FAIRE-qPCR on additional
EREs validated the observed reduction of chromatin accessibility in the presence of
ICI182,780 compared to the other treatments (Figure S2.7D). These results suggest that
ICI182,780 induces a progressive chromatin shut-off at promoters and enhancer of E2 target
genes, leading to a more complete repression of ERa transcriptional activity compared to

OHT.

To test whether SUMOylation plays a role in chromatin closure in the presence of
IC1182,780, we performed FAIRE experiments in the Tet-ON SENP1 cell line following 1 h
of treatment. These assays revealed that SENP1 overexpression attenuated chromatin closure
in the presence of ICI182,780 at the TFFI, GREBI and CTSD EREs compared to untreated
controls or to OHT (Figure 2.7B and Figure S2.7B). Together, these results suggest that
SUMOylation contributes to the chromatin closure induced by ICI182,780, although other

factors, such as altered cofactor recruitment, may also play a role.
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As all above-described experiments were performed in estrogen-depleted media, we
sought to determine whether the main conclusions were reproducible in MCF-7 cells grown in
complete media containing estrogenic factors, these latter conditions being closer to the
tumour environment encountered in the clinic. ChIP-qPCR confirmed that ERa binding to
DNA was significantly increased following 1 h of ICI182,780 treatment compared to vehicle,
but not at 3 h (Figure S2.8A). Moreover, chromatin closure at EREs was also observed after 3

h of ICI182,780 treatment in MCF-7 cells grown in complete media (Figure S2.8B).

2.4.7 Down-regulation of SUMOylation alleviates repression of ERa

transcriptional activity by 1CI182,780.

To test whether down-regulation of SUMOylation in the presence of ICI182,780 leads
to an altered regulation of estrogen target gene expression, we treated the MCF-7 Tet-ON
SENPI1 cells with E2, OHT or ICI182,780 for 8 h and quantified the expression of direct E2
target genes TFF1, GREBI, XBPI and CTSD. While gene expression levels did not change
following vehicle, E2 or OHT treatment in cells overexpressing SENP1 (DOX, magenta) vs.
non-induced cells (0, blue) treated with vehicle, E2 or OHT, repression of transcription by
ICI182,780 was significantly attenuated in all cases (Figure 2.8A). For TFFI1, XBPI and
CTSD, mRNA levels in the DOX+ICI182,780-treated cells were similar to those in the vehicle
conditions, while repression of transcription was only partially relieved in the case of GREBI
(Figure 2.8A). These results indicate that decreased SUMOylation of ERa reduces the
antagonistic potential of IC1182,780.

To confirm these results in another BC cell model, we transiently co-transfected wild-
type ERa with GFP-tagged SENP1 or its parental empty vector in the ER-negative SK-BR-3
cells (Figure 2.8B). Treating ERa-transfected cells with E2 led to induction of target genes
TFFI1 and GREBI (Figure 2.8C). On both genes, ICI182,780 led to significantly stronger
inhibition of gene expression than OHT (Figure 2.8C). However, upon inhibition of ERa
SUMOylation by SENP1 overexpression (Figure 2.8B), ERa activity in the presence of

ICI182,780 was de-repressed and became indistinguishable from the activity in the presence
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of OHT (Figure 2.8C). Thus, down-regulating SUMOylation diminished the antiestrogenic
character of ICI182,780 in this cell model as well as in MCF-7 cells.

Because overexpression of SENP1 leads only to partial suppression of SUMOylation
(Figure 2.5C) and may impact other chromatin-associated proteins than ERa, we sought to
use ERa mutants affected in their capacity to be SUMOylated in the presence of pure AEs.
Mutation of several characterized SUMOylation sites in ERa did not abrogate modification in
the presence of ICI182,780 (154). However, in a screen of ERa mutations identified in BC
relapses after hormonal therapy, we found that mutation V534E prevents SUMOylation in the
presence of pure AEs (El Ezzy et al, in preparation). Indeed, BRET assays between ERa
coupled to Rlucll and SUMO3 fused to YFP in transfected HEK-293 cells revealed a specific
interaction between ERa and SUMO3 in the presence of IC1182,780 only for the wt receptor
(Figure 2.9A), whereas no SUMOylation of the V534E mutant could be detected in a time
course of up to 4 h of treatment (Figure S2.9). Additionally, Western analysis did not detect
modified forms of the V534E mutant in transfected HEK-293 (not shown) or SK-BR-3 cells
(Figure 2.9B).

Transient transfection of wt or V534E mutant forms of the receptor in SK-BR-3 cells
indicated that, contrary to other mutations associated with resistance to hormonal therapies,
e.g. at positions Leu536, Tyr537 and Asp538 (171, 174, 175, 181), V534E does not lead to
constitutive activity of the receptor (Figure 2.9C). However, transcriptional activity of this
mutant in SK-BR-3 cells was significantly increased compared to wt ERa in the presence of
ICI182,780 for TFF1 and GREBI (Figure 2.9C). Furthermore, contrary to what was observed
with wt ERa, ICI182,780 did not repress transcription of these genes more efficiently than
OHT with the V534E mutant (Figure 2.9C).

Together, our results indicate that SUMOylation of ERa contributes to its

transcriptional repression by pure AEs on endogenous target genes by inducing rapid loss of

receptor binding to response elements at estrogen target genes.
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2.5 Discussion

Consistent with prior observations obtained with different culture conditions, time of
exposure to AEs and gene expression profiling platforms (7126, 150), our RNA-Seq profiling
of ER-positive MCF-7 cells revealed varying degrees of partial agonist activity of OHT on
almost half of E2 targets, while ICI182,780 was devoid of activity or opposed E2 effects on
nearly all E2-regulated genes. We then explored reported mechanisms of action specific to
pure AEs for their relevance to the increased transcriptional suppression of estrogen target

genes in MCF-7 cells.

We did not detect differences in nuclear localization of the endogenous ERa during our
experimental time frame in MCF-7 cells. This result contrasts with the observed alteration in
nucleo-cytoplasmic shuttling of mouse ERa in transfected COS-1 cells (227), but is in
agreement with differential extraction experiments in MCF-7 cells (154, 165), and with
localization of transfected GFP-tagged ERa in various BC cell lines treated with 1CI182,780
(222, 223).

Our observation of a transient phase of increased association of ERa to EREs between
20 and 40 min of treatment with pure AEs ICI182,780 and RU58668, followed by a marked
loss of association with DNA at longer time points, reconciles previous apparently divergent
reports (73, 163). These results are also compatible with ERa binding to DNA in the presence
of pure AEs in gel shift experiments (56), but suggest progressive exclusion of receptor from
chromatin in pure AEs-treated MCF-7 cells. ERa degradation through the ubiquitin —
proteasome pathway, which is induced by AEs with SERD activity, was not responsible for
the observed loss of binding to DNA in the presence of ICI182,780, which precedes the
decrease in overall ERa protein levels and happens irrespective of proteasome inhibition. Of
note, saturation of the ERa degradation process was also found not to prevent transcriptional

suppression of target gene 7FFI by ICI182,780 in MCF-7 cells (152).

Building on our previous report that ERa SUMOylation is induced by pure AEs, but
not by the SERM OHT (754), we investigated the impact of this post-translational
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modification on the ability of endogenous ERa to bind its target genomic regions and activate
gene transcription in the MCF-7 BC cell line. We show that SUMO2/3 moieties were detected
at EREs in the presence of pure AEs, but not OHT. In the absence of a specific antibody
recognizing SUMOylated ERa, it is not possible to conclude that SUMO-modified proteins
detected at EREs correspond specifically to modified forms of ERa. Receptor-associated co-
factors and histones may be additional modification targets at ERa-bound DNA sites (201,
203, 232, 233). However, the SUMO marks detected at EREs disappeared with release of ERa
from DNA, even though chromatin remains more closed in the presence of ICI182,780 than in
basal conditions, suggesting that these marks are associated with DNA-bound ERa complexes
rather than with histones assembled on EREs. The observations that modified ERa was
detected as early as 20 min, i.e. before the peak of binding to DNA, and was found in both the
chromatin-bound and the nuclear matrix fractions in MCF-7 cells at 1 h (154), are compatible
with SUMOylated ERa being associated to DNA. SUMOylation of several general TFs or
enhancer factors, including nuclear receptors, was previously reported to take place on DNA
(214, 215) and to be associated with transcriptional repression (168, 203-207, 232, 233).
Accordingly, SUMO2/3 ChIP-Seq peaks were enriched in different TF binding sites,
especially CTCF motifs. However, the enrichment in EREs was stronger after treatment with
ICI182,780, consistent with increased SUMOylation of ERa on DNA. Possible reasons for the
partial overlap between ERa peaks and SUMO2/3 peaks could include differences in
SUMO2/3 association strength / kinetics at different ERa-bound regions, but also likely the
lower number of SUMO2/3 peaks detected (~ 4 500 SUMO2/3 peaks compared to ~ 12 000
ERa peaks in the presence of ICI182,780 at 30 min). In addition, the median peak height and
highest peak for the SUMO2/3 data set (7.4 and 550 reads, respectively) were much lower
than those observed for the ERa data set (11.4 and 4 400 reads, respectively) in the presence
of ICI182,780 (30 min). Finally, the stronger overlap with SUMO2/3 peaks observed with the
top ERa peaks is consistent with the presence of SUMO2/3 marks on only a fraction of ERa
bound at a specific site, resulting in better detection at DNA sites with a more stable

association with ERa.

SUMO-dependent repression of AR and GR (208, 210) was shown to be mediated by
the corepressor DAXX, which recognizes the modified receptors and, together with HDACI,
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HDAC2, DNMTI, and ATRX, induces chromatin closure (27//-213). Similarly, we observed
that ICI182,780, but not OHT, rapidly decreased chromatin accessibility at the regulatory
regions of E2 target genes, correlating with induction of ERa SUMOylation. Specific
corepressors recruited by SUMOylated ERa remain to be identified, but increased recruitment
of the corepressor NCoR by ICI182,780-liganded ERa has been reported (158). Of interest,
SUMOylation of PPARy and GR was shown to increase recruitment of NCoR/SMRT (796,
234), and SUMOylation of NCoR itself enhances its activity as a transcriptional repressor
(201). Receptor modification, in addition to altered conformation (753), may also contribute to
the loss of co-activator recruitment (765). We propose that ERa SUMOylation leads to release
of ERa from DNA, either directly, or via the resulting rapid compaction of chromatin at the
regulatory regions of E2 target genes. Parallel increased ubiquitination of ERa (facilitated or
not by SUMOylation (235)) would lead to progressive degradation of the receptor in the
nucleus (163, 167) (Figure 2.10). Chromatin remodelling at ER target regions coupled with
receptor degradation should increase both the efficacy and the duration of the antiestrogenic

response, albeit in a manner that is likely reversible upon cessation of antiestrogenic treatment.

In agreement with this model, reducing ERa SUMOylation levels delayed the kinetics
of loss of binding, reduced chromatin closing, and led to a partial de-repression of ERa
transcriptional activity on its target genes in the presence of ICI182,780, resulting in similar
degrees of antiestrogenicity for OHT and ICI182,780 in both ER-positive MCF-7 and
transfected ER-negative SK-BR-3 cells. Additionally, we found that the V534E mutation,
characterized in metastatic tumours progressing after multiple lines of endocrine therapy
including SERDs (175), prevents ERa SUMOylation and results in increased transcription of
estrogen target genes in the presence of ICI182,780, without increasing basal activity. It will
be interesting in the future to determine whether a specific pattern of mutations is observed
after progression on treatment with pure AEs compared to other forms of hormonal therapies,

reflecting the specific mechanisms of action of this class of molecules.
Together, our results demonstrate the relevance of SUMOylation to the suppression of

ERa transcriptional activation properties by pure AEs in ER-positive BC cells, and provide a

mechanistic framework for these effects via chromatin closure and suppression of subsequent
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ERa binding to its target response elements. Future studies will address the identity of
cofactors recruited by pure AE-liganded ERa and the connection between SUMOylation and

ubiquitination / degradation of ERa.
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2.6 Material and Methods

Reagents and plasmids. MG132 (Millipore #474790 (Etobicoke, ON, Canada)), doxycycline
(Sigma D-9891 (Oakville, ON, Canada)), 17B-estradiol (Sigma E2758), (Z)-4-
hydroxytamoxifen (ThermoFisher #341210 (Pittsburgh, PA, USA)), ICI182,780 (Abcam
ab120131 (Toronto, ON, Canada)) and RU58668 (ThermoFisher #3224) were used to treat
cells. GFP-SENP1 was a gift from Dr. M.J. Matunis (John Hopkins University) and the pSGS5-
ERa plasmid for wt ERa was from Dr. P. Chambon (Université de Strasbourg). The V534E
mutant was generated by site-directed mutagenesis. YFP-SUMO3 was a gift from Dr. M.
Dasso (National Institutes of Health, Bethesda, MD). ERa-Rlucll was generated by PCR
amplification of ERa ¢cDNA. The PCR product was cloned between the Nhel and BamHI
restriction sites in the pcDNA3-Rlucll plasmid (gift from Dr. M. Bouvier, IRIC), in order to
fuse Rlucll to the C-terminus of ERa.

Cell culture. Cells were purchased from ATCC (Manassas, VA, USA) and were regularly
tested for mycoplasma contamination. MCF-7 cells were maintained at 37°C, 5% CO: in
Alpha MEM (Wisent 310-011 (St-Bruno, QC, Canada)) supplemented with 10% FBS (Sigma
F1051), 1% L-glutamine (Wisent 609-065) and 1% penicillin-streptomycin (Wisent 450-201).
SK-BR-3 and HEK-293 cells were maintained at 37°C, 5% CO2 in DMEM (Wisent 319-005)
supplemented with 10% FBS and 1% penicillin-streptomycin. Three days before experiments,
cells were switched to phenol red-free DMEM (Wisent 319-050) containing charcoal-stripped
FBS, 2% L-glutamine and 1% penicillin-streptomycin.

Cell transfection. SK-BR-3 cells were electroporated with 2 pg of ERa expression plasmid
and 6 ug of SENP1 expression plasmid per 5x10° cells at 240 V and 950 pF (Gene Pulser® II,
Bio-Rad (Mississauga, ON, Canada)). Culture media was changed 24 h post-electroporation
and cells were treated and collected 48 h post-transfection. For BRET experiments, HEK-293
cells were seeded in 24 well-plates (1.5x10° cells/well) and co-transfected the next day with a
constant amount of plasmid expressing ERa-Rlucll and increasing amounts of the YFP-
SUMO3 expression vector (ratio 1:5 DNA:polyethylenimine). The following day, HEK-293

cells were treated and processed for BRET assays.
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RNA extraction and RNA-Seq. Cell pellets were lysed with QIAzol (QIAgen 79306
(Toronto, ON, Canada)) and RNA was extracted per manufacturer’s instructions. Libraries
were prepared with the KAPA Stranded RNA-seq Library Preparation Kit (Roche (Laval, QC,
Canada)) and samples were sequenced with the Illumina HiSeq2000 platform (Victoria, BC,
Canada). Gene expression was computed with Kallisto (228) with default parameters (100
bootstraps) on the reference genome GRCh38 with the annotation of Ensembl v85 (with cdna
and rna). Differentially expressed gene analyses were performed with Sleuth, an R package
that implements statistical algorithms (Wald test here) for differential analyses that leverage
the bootstrap estimates (229). A Log2 Fold-Change was calculated from the mean TPM value
of each group for each Kallisto bootstrap and the reported value is the median of all of them.

Script is available at https:/github.com/maderlab/Oncogene2018-scripts.

Reverse transcription, qPCR. RNA was reverse transcribed with RevertAid H Minus
Reverse Transcriptase (ThermoFisher EP0451). cDNA was quantified by qPCR (Light Cycler
480) with UPL assays (Table S2.4). Results were analysed by the AACt: method using two
endogenous control genes (RPLP0 and TBP). For the MCF-7 assays (Figure 2.1C), samples
were normalized to the “Vehicle” condition. For the MCF-7 Tet-ON SENP1 assays (Figure
2.8A), samples were normalized to the “No DOX, Vehicle” condition. For the SK-BR-3
assays (Figures 2.8C and 2.9C), samples were normalized to the “Empty Vector, Vehicle”

condition.

Chromatin immunoprecipitation. ChIP was performed as described (236) from MCF-7 cells
treated with ERa ligands for various times with the following antibodies: ERa HC-20 (Santa
Cruz Biotechnology sc-543 (Dallas, TX, USA)), rabbit IgG (Cedarlane 011-000-003
(Burlington, ON, Canada)), SUMO2/3 (Cedarlane M114-3) or mouse IgG (Cedarlane 015-
000-003). The abundance of immunoprecipitated DNA fragments was quantified by qPCR
(Light Cycler 480, Roche) with Universal Probe Library (UPL) assays (Roche) (Table S2.5).
Results were analysed by the Percent Input Method.

ChIP-Seq. Libraries were prepared with the KAPA DNA HyperPrep Library Kit (Roche), and
samples were sequenced with the Illumina NextSeq500 platform (Flowcell High Output (400

M fragments) - 150 cycles Paired-end read). Analyses were performed with a pipeline
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developed at the McGill University and Génome Québec Innovation Centre (MUGQIC), as

part of the GenAP project available at https:/bitbucket.org/mugqgic/muggic_pipelines.

Western Analysis. Whole cell extracts were prepared as described (154) using a lysis buffer
containing 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM EDTA, 2% SDS, 0.5% Triton, 1%
NP40. 30 pg of samples were resolved by SDS-PAGE (8% acrylamide). Antibodies ERa 60C
(Millipore 04-820), B-actin (Sigma, A5441), SENP1 C-12 (Santa Cruz Biotechnology sc-
271360), HRP-conjugated anti-rabbit (Cedarlane 111-035-003) and HRP-conjugated anti-
mouse (Cedarlane 115-035-003) were used.

FAIRE. FAIRE was performed as described (237) with slight modifications. After extraction,
DNA was precipitated with 2 volumes of 95% ethanol, 0.3 M sodium acetate pH 5.2 and 20
ug/mL of Glycogen (ThermoFisher #R0551) at -80°C. Samples were submitted to RNAse A
(BioShop #RNA675.100 (Burlington, ON, Canada)) and Proteinase K (ThermoFisher
EO0491) digestions (30 min at 37°C and 1 h at 55°C, respectively) before reversing crosslink
at 65°C overnight. DNA was purified on EZ-10 columns (BioBasic (Markham, ON, Canada)).
The abundance of soluble DNA fragments was quantified by qPCR (Light Cycler 480) with
UPL assays (Table S2.5). Results were analysed by the Percent Input Method.

BRET! Assays. Cells were detached using PBS, re-plated in white 96 well-plates
(ThermoFisher 07-200-628) and supplemented with Coelenterazine H (10 uM, Nanolight
Technology (Pinetop, AZ, USA)). Readings were collected using a multidetector plate reader
(MITHRAS LB940, Berthold (Bad Wildbad, Germany)) with sequential integration of signals
in the 480 nm and 530 nm windows, for luciferase and YFP light emissions, respectively. The
BRET signal (530/480, BRET!) was determined by calculating the ratio of the light intensity
emitted by the YFP fusion over that emitted by the Rlucll fusion (154). Values were corrected
by subtracting the background BRET! signal (Rlucll fusion expressed alone). BRET! ratios
were expressed as a function of the [YFP]/[Rlucll] expression ratio, estimated by
measurement of total fluorescence and luminescence. Total fluorescence was determined with
a microplate reader (FlexStation II, Molecular Devices (Sunnyvale, CA, USA)) using an

excitation filter at 485 nm and an emission filter at 535 nm.
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Figure 2.1. ICI182,780 and OHT exhibit differential regulation of estrogen target genes in MCF-7 cells.
A. RNA-sequencing was performed on MCF-7 cells cultured in estrogen-depleted media and treated for 16 h
with estradiol (E2, 5 nM), 4-hydroxytamoxifen (OHT, 100 nM), ICI182,780 (ICI, 100 nM) or vehicle only. Data
from 3 biological replicates were analyzed by Kallisto/Sleuth (228, 229). Scatter plots of the differential
expression values (Log2 Fold-Change TPM vs. 0) of E2-regulated genes (g-value<0.05) by OHT (top) or ICI
(bottom) vs. that of E2 are shown. P-values from an F-test are indicated. B. Regulation of E2 target genes by
OHT and ICI is shown as pie charts. “Same direction as E2” group: Log2 Fold-Change TPM (AE vs. 0) / Log2
Fold-Change TPM (E2 vs. 0) > 20%. “No activity” group: -20% < Log2 Fold-Change TPM (AE vs. 0) / Log2
Fold-Change TPM (E2 vs. 0) < 20%. “Opposite direction from E2” group: Log2 Fold-Change TPM (AE vs. 0) /
Log2 Fold-Change TPM (E2 vs. 0) < -20%. C. Bar graphs showing the gene expression profiles of selected E2
target genes differentially regulated by OHT and ICI (see full list in Table S2.1). mRNA levels from MCF-7 cells
treated as in (A) were determined by RT-qPCR. Data points from 3 independent experiments, as well as means +
SEM, are represented. Asterisks denote significance (one-tailed T test): * P-value <0.05; *** P-value <0.0005. D.
Scatter plot of the differential expression values (Log2 Fold-Change TPM from the RNA-Seq analysis from (A))
of proliferation-associated genes by OHT (purple) or ICI (red) vs. E2. Genes significantly differentially regulated
(9<0.05) by OHT and ICI are bolded and labeled. P-values from an F-test are indicated.
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Figure 2.2. ICI182,780 induces transient binding of ERa to DNA.
ERa binding to target gene regulatory regions was determined by chromatin immunoprecipitation (ChIP) in
MCE-7 cells treated with estradiol (E2, 5 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for the indicated
time points. The ERE position relative to the gene TSS is shown. Graphs show the evolution of ERa binding as a
function of time for vehicle (blue), E2 (green) and ICI (magenta) conditions, while the bar graphs compare ERa
binding in the presence of ICI and vehicle. Data points from 3 independent experiments, as well as means =+
SEM, are represented, along with asterisks denoting significance (one-tailed T test, ICI vs. 0): * P-value <0.05;

** P.value <0.005; *** P-value <0.0005.
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Figure 2.3. Genome-wide analysis supports transient DNA binding of ICI182,780-liganded ERa to a subset
of E2-induced sites.

ChIP-Seq was performed with an antibody against ERa on MCF-7 cells treated with estradiol (E2, 5 nM) or

ICI1182,780 (ICI, 100 nM) for the indicated time points (minutes) (N=3). A. The overlap between the ERo. ChIP-

Seq peaks for the indicated treatment conditions is shown using Venn diagrams. B. Transcription factor motif

enrichment analyses were performed using HOMER. The two top-ranking enriched motifs in the 30 min ICI
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condition are shown along with their P-value and rank, and with the percentage of target sequences containing
these motifs, for each treatment condition. C. The number of called peaks in a [-25 000 bp; +25 000 bp] window
centered on gene TSS was plotted for the indicated treatment conditions. D. Gene annotations from our RNA-
Seq dataset were divided into 2 categories: “E2-regulated” (significantly regulated (q-value<0.05) after 16 h of
E2 treatment) and “All other” (all other gene annotations). The percentage of gene annotations with at least one
ERa ChIP-Seq peak after 30 min of treatment (0, E2, ICI) in various windows centered on their TSS was
determined for each category.
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Figure 2.4. Loss of binding to DNA occurs irrespective of ERa degradation.

A. MCF-7 cells were treated with ICI182,780 (ICI, 100 nM) for the indicated time points (minutes). Whole cell
extracts were resolved by SDS-PAGE, and ERa and f-actin levels were assessed by Western analysis. Two
different film exposures are shown to reveal ERa degradation (short exposure) and receptor modification (long
exposure). A representative experiment is shown (N=3). B. MCF-7 cells were pre-treated with the proteasome
inhibitor MG132 (10 uM) for 2 h then treated with ICI (100 nM) for the indicated time points (minutes). Whole
cell extracts were resolved by SDS-PAGE, and ERa and B-actin levels were assessed by Western analysis. Two
different film exposures are shown to reveal ERo degradation (short exposure) and receptor modification (long
exposure). A representative experiment is shown (N=3). C. MCF-7 cells were treated as in (B). ERa binding to
target gene regulatory regions was determined by ChIP-qPCR. Graphs compare ERa binding in the presence of
ICI with or without MG132 pre-treatment. Data points from 2 independent experiments are represented. P-values
in a two-tailed T test do not support significantly different results.
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Figure 2.5. SUMOylation contributes to the rapid loss of ERa from DNA.
A. Binding of ERa or SUMO?2/3 to E2 target gene regulatory regions was determined by ChIP-qPCR in MCF-7
cells treated with 100 nM of 4-hydroxytamoxifen (OHT), ICI182,780 (ICI) or RU58668 (RU58) for the indicated
time points. Data points from 3 independent experiments, as well as means £ SEM, are represented. Asterisks
denote significance (one-tailed T test, AE vs. 0): * P-value <0.05; ** P-value <0.005; *** P-value <0.0005. B.
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ERa and B-actin levels were assessed by Western analysis in whole cell extracts from MCF-7 cells treated as in
(A). Two different film exposures are shown to reveal ERa degradation (short exposure) and receptor
modification (long exposure). A representative experiment is shown (N=3). C. ERa, SENP1 and B-actin levels
were assessed by Western analysis in whole cell extracts from MCF-7 Tet-ON SENP1-FLAG cells induced or
not with doxycycline (DOX, 3 pg/mL) for 24 h, and subsequently treated with ICI (100 nM) or vehicle only (0)
for the indicated time points (minutes). A representative experiment is shown (N=3). D. ERa binding to target
gene regulatory regions was determined by ChIP-qPCR in MCF-7 Tet-ON SENPI1-FLAG cells treated as in (C).
Graphs compare ERa binding in the presence of ICI with or without DOX induction. Data points from 3
independent experiments are represented. Asterisks denote significance (one-tailed T test, 0 vs. DOX): * P-value
<0.05.
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Figure 2.6. Enrichment of SUMO2/3 moieties at regions strongly bound by ERa in the presence of
1CI1182,780.
ChIP-Seq was performed with an antibody against SUMO2/3 on MCF-7 cells treated with ICI182,780 (ICI, 100
nM) for the indicated time points (minutes) (N=2). A. The overlap between the SUMO2/3 ChIP-Seq peaks for the
indicated treatment conditions is shown using Venn diagrams. B. Motif enrichment analyses were performed
using HOMER. Enrichment in CTCF and ERE motifs is shown along with the P-value, rank and percentage of
target sequences containing these motifs for each treatment condition. C. KEGG pathway enrichment analyses
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were performed using HOMER. The Top 4 ranking pathways (ICI, 30’) are indicated along with their
significance and rank for the different treatment conditions. D. Overlap between ERa and SUMO2/3 peaks. ERa
ChIP-Seq peaks (common between E2, 30’ and ICI, 30’) were ordered according to their -logl0(g-value)
provided by MACS. The proportion of ERa peaks overlapping with SUMO2/3 ChIP-Seq peaks following
treatment with ICI for 30 min is indicated. E. The overlaps between the Top 5% ERa peaks (ICI, 30”) and
SUMO?2/3 peaks (0 or ICI, 30°) (top) or between all ERa peaks (ICI, 30’) and SUMO2/3 peaks (0 or ICI, 30°)
(bottom) are indicated using Venn diagrams. F. UCSC browser snapshots of ERa and SUMO2/3 ChIP-Seq peaks
at EREs near E2 target genes 7FF1 and GREB] for the vehicle and ICI conditions.
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Figure 2.7. ICI182,780 induces rapid chromatin closure at estrogen target genes.

A. Levels of accessible chromatin at ER target regions were assessed by Formaldehyde-Assisted Isolation of
Regulatory Elements (FAIRE) in MCF-7 cells treated with estradiol (E2, 5 nM), 4-hydroxytamoxifen (OHT, 100
nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for the indicated time points (minutes). Data points from 3
independent experiments, as well as means £ SEM, are represented. B. Levels of accessible chromatin at ER
target regions were assessed by FAIRE in MCF-7 Tet-ON SENP1-FLAG cells induced with doxycycline (DOX,
3 pg/mL) for 24 h, and subsequently treated with E2 (5 nM), OHT (100 nM), ICI (100 nM) or vehicle only (0) for
1 h. Data points from 3 independent experiments, as well as means + SEM are represented. Asterisks denote
significance (one-tailed T test, vs. 0): * P-value <0.05; ** P-value <0.005; *** P-value <0.0005.
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Figure 2.8. Inhibiting SUMOylation under ICI182,780 treatment partially de-represses ERa
transcriptional activity.

A. mRNA levels of E2 target genes were determined by RT-qPCR in MCF-7 Tet-ON SENP1-FLAG cells
induced or not with doxycycline (DOX, 3 pg/mL) for 24 h, and subsequently treated with estradiol (E2, 5 nM), 4-
hydroxytamoxifen (OHT, 100 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for 8 h. Data points from 3
independent experiments, as well as means + SEM, are represented. Asterisks denote significance (one-tailed T
test): * P-value <0.05. B. ERa, SENP1 and f-actin levels were assessed in whole cell extracts from SK-BR-3
cells transiently transfected with plasmids coding for ERa and for GFP-tagged SENP1 and treated with ICI (1
puM) or vehicle only for 30 min. A representative experiment is shown (N=3). EV: empty vector. C. mRNA
levels of E2 target genes were determined by RT-qPCR in SK-BR-3 cells similarly transfected and treated with
E2 (5§ nM), OHT (1 uM) or ICI (1 uM) for 8 h. Data points from 3 independent experiments, as well as means +
SEM, are represented. Asterisks denote significance (one-tailed T test): * P-value <0.05.
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Figure 2.9. The ERa V534E mutation prevents SUMOQylation and abrogates differential gene repression by
ICI182,780 and OHT.

A. Interaction between ERo and SUMO3 was determined by BRET! assays (N=2) in HEK-293 cells transfected
with a constant amount of wt or mutant ERa-Rlucll expression vector and increasing amounts of YFP-SUMO3
plasmid, and treated with ICI182,780 (ICI, 1 uM) or vehicle only (0) for 1 h. B. ERa and B-actin levels were
assessed in whole cell extracts from SK-BR-3 cells transiently transfected with wt ERa, mutant receptor
ERwa(V534E) or empty vector (EV) and treated with ICI (100 nM) or vehicle only (0) for 30 min. A
representative experiment is shown (N=3). C. mRNA levels of E2 target genes TFFI and GREBI were
determined by RT-qPCR in SK-BR-3 cells similarly transfected and treated with E2 (5§ nM), OHT (1 uM), ICI (1
uM) or vehicle only (0) for 8 h. Data points from 3 independent experiments, as well as means = SEM, are
represented. Asterisks denote significance (one-tailed T test): * P-value <0.05.
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Proteasome
265

Figure 2.10. Proposed mechanism of action of pure AEs in ER-positive breast cancer cells.
Pure AE treatment leads to transient binding of ERa to DNA and induces post-translational modification of the
receptor by SUMO and ubiquitin. Chromatin at ER target regions is rapidly compacted, preventing re-association
of ERa and efficiently repressing transcription. ERa is also progressively degraded by the proteasome, ensuring
longer-term blockage of ER signalling by pure AEs.
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2.9 Supplementary Material and Methods

Cell proliferation assays. MCF-7 cells were seeded in estrogen-depleted media in black 96-
well plates with clear bottoms (ThermoFisher 07-200-588) at 2 000 cells/well. The next day
(day 0), media was discarded, and cell numbers were assessed by an alamarBlue®
(ThermoFisher DAL1100) cell viability assay (3 h incubation with reagent at 1:50 in fresh
media), using a microplate reader (FlexStation II) with an excitation filter at 531 nm and an
emission filter at 590 nm. Cells were then incubated with 5 nM E2, 100 nM OHT or 100 nM
ICI182,780, and alamarBlue® assays were performed on days 2, 4, 6 and 8.

ChIP-Seq. Reads were trimmed from the 3' end to have a phred score of at least 30. Illumina
sequencing adapters were removed from the reads, and all reads were required to have a length
of at least 50 bp. Trimming and clipping were performed using Timmomatic (238). The
trimmed reads were mapped onto the hgl9 reference genome using the aligner BWA (239),
which creates a Binary Alignment Map file (.bam). All readset BAM files from the same
sample ~were merged into a single global BAM file wusing Picard

(http://broadinstitute.github.io/picard/). BAM files were sorted and indexed using SAMtools

(http://samtools.sourceforge.net/). Duplicate reads (marked using Picard) were removed from

subsequent analyses. Reads from biological replicates were merged for use in peak calling and
motif analyses. BigWig coverage tracks were generated from the aligned reads using
deepTools2 (240). The coverage was calculated as the number of reads per 50 bp bin and
normalized by 1x sequencing depth (effective hgl9 genome size = 2 451 960 000) with a
maximum fragment length set at 600 bp. Peaks were called using MACS software

(https:/github.com/tacliu/MACS) and annotated with HOMER (http:/homer.ucsd.edu/homer/) using

RefSeq annotations. Motif enrichment analyses were performed with HOMER. Peak overlap

was determined using the Intersect tool from Galaxy (https://usegalaxy.org/). An overlap was

considered when intervals intersected for at least 1 bp.
All downstream statistical analyses were performed using R and Bioconductor packages (241)

using a script available at https:/github.com/maderlab/Oncogene2018-scripts. Specifically, we used

DiffBind  (http://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf), =~ csaw
(242), edgeR (243) and limma (244) packages for exploratory analyses of the ChIP-Seq data

and for computing counts within peak intervals or sliding windows. In particular, the DiffBind
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package was used to conduct the occupancy and principal component exploratory analyses of
peaks called by MACS in each sample. The occupancy analysis uses peak confidence scores (-
log10(p-value)) and the principal component analysis uses log2-normalized read counts with
control (input DNA) read counts subtracted. The final peak sets were obtained by pooling
biological replicates in the MACS analyses. The csaw package was used to compute
normalized counts within 50 bp windows containing an ERE. Properly paired reads were
identified as inward-facing reads that are on the same chromosome and separated by a distance
of less than 600 bp. The number of fragments overlapping each 50 bp window was counted for
each library along each standard chromosome excluding blacklisted regions (245). The starts
of adjacent windows were separated by 50 bp. To remove composition biases between
libraries, reads were counted into 2 000 bp bins over the genome for each library. Windows
were filtered to retain only those with a 4-fold or greater increase in the average abundance
above the scaled background estimate. The TMM method (246) was applied to the counts to
obtain a set of normalization factors. The assumption underlying the TMM normalization (i.e.
that counts of most regions do not change between samples) was investigated and met. Among
the 223 799 remaining windows (50 bp), 1 862 contain an estrogen response element (ERE)
sequence motif (16 bp).

Immunofluorescence. MCF-7 cells were seeded in glass bottom microwell dishes (MatTek
P35GCOL-0-14-C (Ashland, MA, USA)) at 2.75x10° cells/well. The next day, cells were
treated, then fixed with 3% paraformaldehyde for 30 min and permeabilized with a solution of
0.2% BSA, 0.3% Triton in 1X PBS for 30 min. Cells were incubated overnight at 4°C with the
primary anti-ERa 60C antibody (Millipore 04-820; 1:1 000 in a solution of 1% BSA, 0.3%
Triton in 1X PBS). The next day, cells were washed 3 times with a solution of 3% BSA,
0.05% Tween 20 in 1X PBS. An Alexa Fluor® 594 goat anti-rabbit IgG (ThermoFisher
A11012) secondary antibody was added on cells for 1 h at room temperature (1:500 in a
solution of 3% BSA, 0.05% Tween 20 in 1X PBS). Cells were washed 3 times then dried.
ProLong Gold antifade reagent with DAPI (ThermoFisher P36935) was added and the
microwells were sealed with coverslips. Images were captured with a confocal microscope

(LSM 700, Zeiss (Toronto, ON, Canada)) and its accompanying software (ZEN, Zeiss).
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Immunoprecipitation. Cell pellets were lysed with IP buffer (20 mM Tris pH 7.5, 150 mM
NaCl, 2 mM EDTA, 1% NP40) containing a mixture of protease inhibitors and N-Ethyl-
Maleimide (NEM, 20 mM). Proteins (500 pg) were incubated with an antibody (2 pg) against
SUMO2/3 (Cedarlane M114-3) or with a mouse IgG isotype control (Cedarlane 015-000-003)
overnight. Complexes were incubated with protein G Dynabeads for 90 min, then washed
twice with PBS (supplemented with 20 mM NEM) and once with PBS containing 0.1%
Tween (supplemented with 20 mM NEM). Co-immunoprecipitated proteins were eluted from
the beads with a solution of 0.2 M acidic glycine (pH 2.5). Proteins were denatured with
Laemmli buffer and resolved by SDS-PAGE (7% acrylamide).
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2.10 Supplementary Figures and Tables
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Figure S2.1. Differential effects of 4-hydroxytamoxifen and ICI182,780 on MCF-7 cell proliferation.
MCEF-7 cells were seeded in estrogen-depleted media and treated with estradiol (E2, 5 nM), 4-hydroxytamoxifen
(OHT, 100 nM) or ICI182,80 (ICI, 100 nM). Proliferation was assessed every 2 days by an alamarBlue® cell
viability assay. A representative experiment is shown (N=3). The means =+ error of 7 technical replicates are
represented, along with significance (one-tailed T test, ICI vs. OHT, day 8).
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Figure S2.2. ICI182,780 induces transient ERa binding to EREs, but not to control regions.

A. ERo binding to the CTSD ERE was determined by chromatin immunoprecipitation (ChIP) in MCF-7 cells
treated with estradiol (E2, 5 nM) or ICI182,780 (ICI, 100 nM) for the indicated time points. Position of the CTSD
ERE relative to the gene TSS is shown. The graph on the left shows the evolution of ERa binding over four hours
after addition of E2 (green), ICI (magenta), or vehicle only (blue), while the bar graph on the right compares ERa
binding in the presence of ICI to that in presence of the vehicle only. Data points from 3 independent
experiments, as well as means + SEM, are represented, along with asterisks denoting significance (one-tailed T
test, ICI vs. 0): * P-value <0.05 ; ** P-value <0.005 ; *** P-value <0.0005. B. ERa binding to randomly chosen
regions devoid of EREs inside the gene body of ER target genes GREB1 and CTSD was evaluated by ChIP-
gqPCR. Data points from 3 independent experiments, as well as means = SEM, are represented.

80





Role of SUMOylation in pure antiestrogen action

A. an((:ioll-ﬁ;t}égam 30 min 180 min B. 0.4-— | | 1 |
Q N 0w o
€ °
§e 2 N3N2
N c .
04 0.6 08 0.2
Correlation
IS
B,
= | L e g
Treatment € 0.0
, S o
ICI (180") N2 8 N3
ICI (180°) N3 £
0 (180') N1 3 N3 R
0 (180°) N2 ﬁ ° \? N2
0(30) N3 £ 0.2 N4 N1
0(30") N1 £ °
0(180°) N4 a N1
0(30') N2
E2 (30') N1
E2 (30') N2 -0.44 K
E2 (30') N3 1
E2 (180') N2 N2
0 (180") N3 T T T T T T T
E2 (180") N1 0.16 0.18 0.20 0.22 0.24 0.26 0.28
ICI (180°) N1 Principal Component #1 [57%]
ICI (30') N3 ) ! !
1CI (30') N2 N 0 (30) N E2 (30') [ (CI(30)
ICI (30°) N1
g2 s g = [ 0 (180') [ E2(180°) NN (CI (180")
335 583
~— - N [ae)
C. 0 (30) 0 (180") D. z 22222430
Other Other S & o0 o o o ~ ~ ~
15% 15% e cce e e85 83
Gene o o @ 8 © 0 5 & o
desert dGeesr:-t
0 b
13% 16% I&UJ’
i
5d/ 5d_’ = =
17% Dlstal_/ \_PrOX|maI 17% DlstaI/ \_Proxmal € =
5% 6% 5% 3% g
Q
E2 (30’) E2 (180’) S
s
Other Other 3
13% 4% 2
Gene 3
desert Gene N
12% desert o
16% -

5d
16%

5d

- N 2]
Distal ./~ Proximal 17% Distal _~ L Proximal 2 g z z z
6% 4% 5% 3% = = g 8 g
g § 8 8 8
» s < e A ho A
ICI (30°) IC1 (180°) 5 5 5 3 5
Other Other z-score
14 /o 13% ”
Gene Gene ul
des;ert desert i
10 /° 13% =
f=
IS
©
16% ‘ 54~ l =
16% °©
Distal _/ —— Proximal ° Distal -/ \Proxmal »
6% 5% 6% 4% H
2 =
£
: — =
N
©
@ —
” —
| — =——1

Figure S2.3. Occupancy and differential binding analysis of ERa ChIP-Seq data.

ChIP-Seq was performed with an antibody against ERa on MCF-7 cells treated with estradiol (E2, 5 nM) or
ICI1182,780 (ICI, 100 nM) for the indicated time points (minutes) (N=3). A. Correlation heatmap using
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confidence scores (-logl10(p-value)) for all peaks called by MACS. B. Principal component analysis plot for all
peaks called by MACS using log2-normalized read counts after subtraction of control (input DNA) read counts.
C. The location of ERa peaks called by MACS was classified as follows: gene (exon or intron), proximal (within
2 kb upstream of TSS), distal (between 10 kb upstream and 2 kb upstream of TSS), 5d (between 100 kb upstream
and 10 kb upstream of TSS), gene desert (> 100 kb upstream or downstream of TSS), other (anything not
included in the above categories). D. Differential ERa binding at 30 min of treatment with E2, ICI or vehicle
(top), or at different times of ICI treatment (bottom). Heatmaps represent the TMM-normalized counts for the 1
862 (150 bp) windows containing an ERE (see 2.9 Supplementary Material and Methods). Samples are
linearly ordered based on the ranksum of normalized counts.

DAPI Merge DAPI Merge

0(30") ICI (30°)
10um
- -.. ... o
| (180>-.. .. . o

Figure S2.4. ERa remains in the nucleus of MCF-7 cells following 1CI182,780 treatment.
Immunofluorescence of MCF-7 cells treated with ICI (100 nM) or vehicle only (0) for the indicated time points
(minutes) shows localization of endogenous ERa (red) inside the nucleus, visualized with DAPI dye (blue), for
both vehicle and ICI treatment at all time points. Images are representative of 3 independent experiments.
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Figure S2.5. Pure AEs induce SUMOylation of ERa and accumulation of SUMO marks at EREs,

coinciding with induced binding of ERa.
A. Interaction between endogenous ERa and SUMO2/3 in MCF-7 cells was assessed by co-immunoprecipitation
experiments. Cells were pre-treated with the proteasome inhibitor MG132 (10 uM) for 2 h and then treated with
ICI1182,780 (ICI, 100 nM) or vehicle only (0) for 30 min. ERa levels in input samples, samples
immunoprecipitated with a SUMO2/3 antibody or with control IgG were assessed by Western analysis. Two
different film exposures are shown to reveal both ERa and its modified forms. A representative experiment is
shown (N=2). B. Transcript abundance (TPM) of the SUMO paralogs in MCF-7 cells, according to our
transcriptome data. The means from 3 independent RNA-Seq data sets = SEM are represented. (continued on next
page)
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(continued from previous page) C. ERo and SUMO2/3 binding to the CTSD ERE was determined by ChIP-qPCR
in MCF-7 cells treated with 100 nM of 4-hydroxytamoxifen (OHT), ICI182,780 (ICI) or RU58668 (RUS5S) for
the indicated time points (minutes). Data points from 3 independent experiments, as well as means = SEM, are
represented. Asterisks denote significance (one-tailed T test, AE vs. 0): * P-value <0.05. D. SUMO2/3 binding to
randomly selected regions devoid of EREs inside the gene body of ER target genes GREBI and CTSD was
determined by ChIP-qPCR. Data points from 2 independent experiments, as well as means = SEM, are
represented. E. ERa (N=3) and SUMO2/3 (N=2) binding to EREs of E2 target genes was determined by ChIP-
gPCR in MCF-7 cells treated with ICI182,780 (ICI, 100 nM) for the indicated time points. Data points from
independent experiments, as well as means + SEM, are represented. Asterisks denote significance (one-tailed T

test, ICI vs. 0): * P-value <0.05 ; ** P-value <0.005.
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Figure S2.6. ICI182,780 treatment partially alters SUMQO2/3 distribution on chromatin.
MCF-7 cells were treated with ICI182,780 (ICI, 100 nM) for the indicated time points (minutes). ChIP-Seq
SUMO2/3 was performed (N=2). A. Correlation heatmap using confidence scores (-log10(p-value)) for all peaks
called by MACS. B. Principal component analysis plot for all peaks called by MACS using log2-normalized read
counts with control (input DNA) read counts subtracted. C. Location of SUMO2/3 peaks called by MACS was
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classified as follows: gene (exon or intron), proximal (within 2 kb upstream of TSS), distal (between 10 kb
upstream and 2 kb upstream of TSS), 5d (between 100 kb upstream and 10 kb upstream of TSS), gene desert (>
100 kb upstream or downstream of TSS), other (anything not included in the above categories). D. Differential
SUMO?2/3 binding at 30 min of treatment with ICI or vehicle. Heatmap represents the TMM-normalized counts
for the Top 5% ERa peaks (ICI, 30°, see Figure 2.6D.). Samples are linearly ordered based on the ranksum of
normalized counts. E. UCSC browser snapshots of ERa and SUMO?2/3 peaks at EREs near E2 target genes CT.SD
and CDH?26 for the vehicle and ICI conditions.
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Figure S2.7. Chromatin at ER target regions is less accessible following ICI182,780 treatment.
A. Levels of accessible chromatin at the C7SD ERE were assessed by Formaldehyde-Assisted Isolation of
Regulatory Elements (FAIRE) in MCF-7 cells treated with estradiol (E2, 5 nM), 4-hydroxytamoxifen (OHT, 100
nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for the indicated time points (20 or 60 min). Data points from
3 independent experiments, as well as means + SEM, are represented. B. Levels of accessible chromatin at the
CTSD ERE were assessed by FAIRE in MCF-7 Tet-ON SENP1-FLAG cells induced with doxycycline (DOX, 3
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pg/mL) or not (0) for 24 h, and subsequently treated with E2 (5 nM), OHT (100 nM), ICI (100 nM) or vehicle
only (0) for 1 h. Data points from 3 independent experiments, as well as means + SEM, are represented.
Asterisks denote significance (one-tailed T test, vs. 0): * P-value <0.05 ; ** P-value <0.005. C. Levels of
accessible chromatin at randomly selected regions devoid of EREs inside the gene body of ER target genes
GREBI and CTSD were assessed by FAIRE in MCF-7 cells treated as in (A). Data points from 3 independent
experiments, as well as means = SEM, are represented. D. Levels of accessible chromatin at various EREs of E2
target genes was assessed by FAIRE in MCF-7 cells treated as in (A). Data points from 3 independent
experiments, as well as means £ SEM, are represented. Asterisks denote significance (one-tailed T test, vs. 0): *
P-value <0.05.
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Figure S2.8. ICI182,780 induces transient binding of ERa to DNA and leads to chromatin closure at EREs
in MCF-7 cells grown in full-media.

A. ERa binding to EREs upstream of the TFF and GREBI genes was determined by ChIP-qPCR in MCF-7 cells
cultured in complete media without estrogenic depletion and treated with ICI182,780 (ICI, 100 nM) or with
vehicle only (0) for the indicated time points (min). Data points from 3 independent experiments, as well as
means + SEM, are represented. Asterisks denote significance (one-tailed T test, ICI vs. 0): * P-value <0.05 ; ***
P-value <0.0005. B. Levels of accessible chromatin at ER target regions was assessed by FAIRE in MCF-7 cells
cultured in complete media and treated with estradiol (E2, 5 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0)
for 3 h. Data points from 2 independent experiments, as well as means = SEM, are represented. Asterisks denote
significance (one-tailed T test, vs. 0): * P-value <0.05.
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Figure S2.9. ERa(V534E) is not SUMOQylated in the presence of ICI182,780.
Interaction between ERa and SUMO3 was assessed by BRET! assays (N=2) in HEK-293 cells co-transfected
with wt or mutant ERa-Rlucll and YFP-SUMO3 and treated with ICI182,780 (ICI, 1 uM) or vehicle only (0) for

the indicated time points.
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Table S2.1. List of E2 target genes differentially regulated by OHT and 1CI182,780

(q-value<0.05).
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Role of SUMOylation in pure antiestrogen action

Table S2.2. ChIP-Seq alignment and duplication metrics.

Treatment Number of raw | Aligned filtered | Duplication | Number of called peaks
ChiP condition GEO sample name reads ® eads % i (MACS) ’

DSP250_EtOH_ERa 72 327 936 93.2 26.6

0(30%) DSP488 V 30 ERa N1 79 044 004 74.4 5.0 3081
DSP514 V_30 ERa N1 75179 476 79.5 6.4
DSP250 E2 ERa 74 486 428 93.5 58.3

E2 (30%) DSP460 E2 30 ERa N2 74 935 856 69.3 75.9 32188
DSP488 E2 30 ERa N1 88 837 892 78.2 8.0
DSP250_ICI_ERa 73358972 92.9 37.9

ICI (30%) DSP488 ICI 30 ERa N2 66 190 498 63.0 5.7 11 966
ChIP ERa DSP514 ICI 30 ERa N1 88 510 816 78.6 3.8
DSP488 V 3h ERa N1 66 387 928 73.2 69.1
R DSP488 V_3h ERa N2 66 399 142 81.2 9.5

0.(1807) DSP514 V 3h ERa N1 80 065 126 60.3 4.8 7416
DSP514 V 3h ERa N2 75134710 75.1 4.5
s DSP488 E2 3h ERa NI 78 514 428 66.9 11.7

E2 (180°) DSP488 E2 3h ERa N2 62754712 80.0 14.8 17
DSP488 ICI 3h ERa N1 93 340 098 77.3 6.6

ICI (180%) DSP514 ICI 3h ERa N1 80 122 622 41.5 5.6 7769
DSP514 ICI 3h ERa N2 51775 844 77.9 23.6

030°) DSP514 V 30 SUMO N1 86 070 076 81.3 2.8 3014
DSP514 V_30_SUMO N2 84 033 204 84.0 3.1
s DSP514 ICI 30_SUMO N1 71 253 026 86.4 2.3

ChIP SUMO2/3 IC1307) DSP514 ICI 30 SUMO N2 75284 796 84.3 3.0 4507
R DSP514_ICI 3h SUMO NI 87 030 066 81.2 2.8

ICLU39)  "DSps14 ICI 3h SUMO N2 69 469 102 82.2 2.8 1129
DSP250 input 46 928 800 94.6 5.9
input DSP460 input 69 560 840 91.8 27.7
DSP488 _input 52 631920 92.2 1.8
DSP514 _input 69 733 660 92.3 1.7

Number of raw reads: Total number of reads obtained from the sequencer

Aligned filtered reads %: (Number of aligned reads to the reference after filtering by mapping quality) / (Number of remaining reads after the trimming step)
Duplication %: (Number of aligned reads having the same 5' alignment positions (for both mates in the case of paired-end reads) after filtering by mapping
quality) / (Number of aligned filtered reads)
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Table S2.3. Motif enrichment in SUMQO2/3 peaks.

0(30) ICI (30°) In ERo peaks ICI (180°)
CTCF element CTCF element CTCF element
SZACICCCAFCT AT SSA SLACICCCAFCT AT OSSA SLACTCCCATCT AT OSRA
10-459 10-602 / 10-159
BORIS / CTCFL element BORIS / CTCFL element BORIS / CTCFL element
SERTRSFLCCEECTRcIiR SERTRCFUCCEECTcIliE SERTRCFECCEECTcIlis
1 0-363 10-446 / 10 125
STATG element Fosl2 element
TTCCIZACGAA SATGASTCAZRS
10-29 10-59 10-355
TEAD4 element Fral element
SSEGGAATSS LEATCASTCALR
10—28 10—56 10—335
GATALI element Jun-AP1 element
SAGATAAGES $SATGASTCALS
1 0-27 1 0-55 10-325
GATA2 eclement BATF clement
EFCTTATCIS TATCASTCAZ
1 0-23 1 0-55 10»335
TEAD element Atf3 element
KEAGGAATSS $ATCGASTCAZE®
1 0—22 1 0—47 1 0—322
STATS element AP-1 element
SZTTCIZAGAAZL &TGASTCALS
1 0-20 1 0—43 10»3 15
Bach2 element
TCCTGASTCA
1 0—32 10—184
Estrogen Response element
2AGGTCASSSTCACS
1 0—32 1 0-1 359
TEAD4 element
SSAGCAATSS
1 0—27 10-]41
STATG6 element
TTCCEXAGAA
103 /
TEAD element
XEAGGAATSS
1 0-22 10-I 13
Foxa2 element
SZTGTTTACHES
1 0-22 1 0-494
Gatal element
SAGATAAGES
1 0—21 1 0-134
AP-2 element
2TLCCCTAGCC
1 0-21 1 0-23 1

Motifs enriched in the different SUMO2/3 ChIP-Seq data sets (p-value < 10-?°) are indicated.
Motifs in common between the SUMO2/3 data sets under different treatment conditions are bolded.
Motifs in common between the SUMO2/3 and the ERa. ChIP-Seq data sets for ICI (30”) are indicated along with their p-value.
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Table S2.4. Primers used for RT-qPCR.

UPL probe
Studied region Primers (Roche)
Forward TCCCACTTGCTGAAAAGGTC
mRNA RPLPO #74

Reverse AGCAGGAGCAGCTGTGGT

Forward GAACATCATGGATCAGAACAACA
mRNA 7BP #87
Reverse ATAGGGATTCCGGGAGTCAT

Forward CCACAAAGGGTGGTCTCCAGAA
mRNA GREBI #77
Reverse = CACTGGCTTGGCCTTGCATATT

Forward CCCTGGTTGCTGAAGAGG
mRNA XBPI #62
Reverse TGGAGGGGTGACAACTGG

Forward GCCTACTGGCAGGTCCAC
mRNA CTSD #10
Reverse  GTGTCCACAATGGCCTCAC

Forward AGGCTCATATGTGTACAATCTGTTAGA
mRNA AGR3 #11
Reverse TGGGCAATATGTGCCTAGAA

Forward TCCAAGAACCACATCCAGTG
mRNA E2F1 #5
Reverse CTGGGTCAACCCCTCAAG

Forward CCCGAGAAGCAGAAGAGGA
mRNA MYBL2 #26
Reverse GCCAGAGACTTCCGGACTTT

Forward ACCATGGAGACAAGGTGAT
mRNA TFF1 #66
Reverse AAATTCACACTCCTCTTCTG
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Table S2.5. Primers used for ChIP-qPCR and FAIRE-qPCR.

Role of SUMOylation in pure antiestrogen action

UPL probe
Studied region Primers (Roche)
Forward TTGGCCGTGACAACAGTG
ERE -400bp TFF1 #12
Reverse CTAGACGGAATGGGCTTCAT
Forward CTGACCTAGAAGCAACCAAAATACT
ERE -1.5kb GREBI #84
Reverse GGCAGCAAACTTGTTTAGGTATG
Forward CTCCCTCCTCTTAGGGCTGA
ERE -9kb CTSD #49
Reverse AGCCCCCTTTCTCTTGAGG
GREBI ctrl region Forward ACACGAGCCGTTCCAGAAT 419
(non-ERE site +55kb) | Reverse CCAGGGTAGCCAAAATAGCA
CTSD ctrl region Forward GTGCTTCACAGTCGTCTTCG s
(non-ERE site +4.5kb) | Reverse GGTTCGTGACTCACAGCAAG
Forward GAGGCTCAGAGCTTTTATGCTG
ERE +1.2kb CA412 #77
Reverse GAAAGTGATTTTACTGGCTGAAACT
Forward AGATTCGCCTGCCCATTT
ERE +30kb CDH26 #24
Reverse CTGGTGCAGCGTCTACAGAG
Forward TCTGCACTGCGAAAGAGATG
ERE -1kb FOXA1 #29
Reverse GGTCACAGACAGGACCAAGC
Forward GAATGTGGGTGAAGGGTGAG
ERE -22kb ITGB6 #27

Reverse

TGCAGGGAAGGGTTAGGTC
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3.1 Authors contribution

The project was instigated by KH and SM.

The original identification of the interaction between ERa and ACF was made by KH and NH,
with the help of CD from PT’s lab. These results correspond to Figure 3.2a-b, Figure 3.3,
Figure 3.4a, Figure S3.1 and Figure S3.2.

TT performed all the experiments characterizing the role of this interaction. These results are
shown in Figure 3.1, Figure 3.2¢, Figure 3.4b-c, Figure 3.5, Figure 3.6, Figure 3.7.

TT prepared the figures and wrote the manuscript under the supervision of SM, with the

collaboration of KH for sections 3.4.2, 3.4.3, 3.4.4 and 3.6.
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3.2 Abstract

Pure antiestrogens (AEs) such as fulvestrant repress the transcriptional activity of the estrogen
receptor (ERa) almost entirely, while Selective ER Modulators like tamoxifen present a gene-
and tissue-specific partial agonist profile. The fuller antagonism of pure AEs was originally
linked to their capacity to induce ERa degradation through the ubiquitin — proteasome
pathway, but differential repression of ERa activity can be observed in the absence of
increased turnover of the receptor. Our previous studies have shown that pure AEs induce the
SUMOylation of ERa and lead to chromatin closure at ER target regions, as well as receptor
dissociation from DNA. Here, we used a proteomics approach to identify protein partners of
pure AE-bound ERa and found that the receptor interacts with the chromatin remodelling
complex ACF specifically in the presence of pure AEs in both transfected ER-negative and
ER-positive cells. This interaction requires helix 12 integrity and is dependent on pure AE-
induced SUMOylation of ERa. Furthermore, ChIP experiments in MCF-7 cells revealed that
both ACF subunits, ACF1 and SNF2H, were recruited to ER target regions in the presence of
fulvestrant, but not tamoxifen or estradiol. siRNA-mediated knockdown of the ACF1 subunit
abrogated chromatin closure and alleviated transcriptional repression in the presence of
fulvestrant. Finally, the ERa point mutant V534E, characterized in a metastatic tumor resistant
to hormonal therapy, prevents both SUMOylation and ACF recruitment to DNA, and
abrogates the rapid loss of ERa from DNA. Together, our results indicate that ACF
contributes to the efficient transcriptional shut-off of estrogen target genes induced by pure

AEs in breast cancer cells.

Key words: Breast Cancer — Estrogen Receptor Alpha — Pure Antiestrogens — SUMOylation —
Chromatin Remodelling — ACF complex.
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3.3 Introduction

Proliferation of the majority of breast tumours is mediated by estrogen receptor ERa, a
transcription factor with a ligand-induced activity (226). Antiestrogens (AEs) were designed to
compete with endogenous agonists such as 17p-estradiol (E2) and inhibit ERa activity (28,
69). Tamoxifen (Tam) is labeled a Selective ER Modulator (SERM), due to its gene- and
tissue-specific profile of activity (/128). SERMs can bind the ligand binding domain (LBD) of
ERa and induce conformational changes that prevent co-activator binding (68, 94), rather
leading to the recruitment of corepressors NCoR and SMRT in breast cancer cells (72), thus
mostly antagonizing ERa activity in the mammary gland. Conversely, Tam-bound ERa can
recruit the co-activator SRC1 in endometrial cells (755) and promote ERa transcriptional

activity in the uterus (725) as well as in bones (722).

Pure AEs like ICI164, 384 and ICI1182,780 (fulvestrant) are, on the other hand, devoid
of the partial agonist properties of SERMs. Crystallographic analysis of rat ERB complexed to
IC1164,384 revealed a different conformation of the receptor LBD/AF2 (Activation Function
2) compared to SERMs, with the side chain of ICI164,384 interacting with the co-activator
binding groove and precluding association of helix 12, whose positioning was undetermined
(153). It is hypothesized that structural differences induced by SERMs and pure AEs affect
recruitment of cofactors and are thus responsible for their varying transcriptional repression
efficacies (126, 150) (Chapter 2). Indeed, pure AEs have been shown to lead to increased
association with corepressor NCoR (758), as well as to interaction with different known
cofactor (SRCs, NCoR) probes or synthetic peptide probes (224) and proteins (CK8/CK18)
than SERMs (166).

Pure AEs have also been called Selective ER Downregulators (SERDs) because they
accelerate receptor turnover through the ubiquitin — proteasome pathway (748). Degradation
of ERa is however not sufficient to explain the fuller antagonism of pure AEs, as these
compounds can still inhibit transcription in cell models where ERa protein levels were not
decreased following pure AE treatment (152, 154). Our previous studies have suggested that
the full antagonism of pure AEs is linked to the induction of SUMOylation of ERa. Indeed,
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both endogenous and exogenous ERa were shown to be modified by SUMO1/2/3 in the
presence of pure AEs, but not SERMs (754). Moreover, abrogating SUMOylation by
overexpressing the deSUMOylase SENP1 alleviated transcriptional repression in the presence
of ICI182,780 both for reporter gene systems (754) and endogenous ER targets (Chapter 2).
This post-translational modification (PTM) further leads to the release of ERa from its target
regions in the genome and plays a role in chromatin compaction at these sites following pure

AE treatment (Chapter 2).

Here, we identified the ACF chromatin remodelling complex as a novel cofactor of
ERa, specifically recruited in the presence of pure AEs. We show that this complex, composed
of subunits ACF1 and SNF2H, is recruited to Estrogen Response Elements (EREs) in a pure
AE- and SUMO-dependent manner. Knockdown of ACF1 both abrogates chromatin closure at
EREs and alleviates transcriptional repression in the presence of pure AEs, suggesting an

essential role for ACF in the differential mechanism of action of pure AEs and SERMs.
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3.4 Results

3.4.1 ICI182,780 induces a strong recruitment of corepressors at ER target
regions.

Previous chromatin immunoprecipitation (ChIP) kinetic studies showed that ERa
significantly binds DNA between 20 and 40 min of ICI182,780 treatment, followed by loss of
binding. On the other hand, ERa remained bound to DNA within 3 h of treatment with the
active Tam metabolite 4-hydroxytamoxifen (OHT) (Chapter 2). To investigate the potential
causes of the specific loss of DNA binding in the presence of ICI182,780, we characterized
the recruitment of corepressors and the status of chromatin at EREs in the presence of

ICI182,780 vs. OHT.

While interaction between ERa and isolated domains of corepressors NCoR and
SMRT was shown to be ligand-independent in vitro (247, 248), increased interaction between
the full-length corepressors and SERM-liganded ERa was observed in cultured cells by
immunoprecipitation (IP) (249, 250) and ChIP at EREs upstream of ER target genes (72, 155).
Furthermore, IP from HeLa cells co-transfected with ERa and the C-terminal domains of
NCoR or SMRT revealed a stronger interaction in the presence of the only clinically approved
pure AE, fulvestrant (IC1182,780), than in the presence of SERMs or agonist (/58). Finally,
co-treatment of MCF-7 cells with E2 and ICI182,780 increased NCoR presence at the TFF]
promoter compared to E2+Tam (760). Accordingly, ChIP-qPCR experiments revealed that
incubation of MCF-7 cells with ICI182,780 for 40 min led to a stronger association of both
NCoR and SMRT at EREs upstream of the 7FFI and GREBI genes compared to treatment
with OHT or with E2 for the same duration (Figure 3.1a).

While as expected E2 increased H3K9 / H3K14 acetylation marks at these sites, in
keeping with recruitment of co-activators with HAT activities (72), the presence of acetylation
marks following treatment with either AE was not statistically different from treatment with
vehicle (Figure 3.1b). Conversely, while E2 reduced the repressive H3K27me3 mark at both
EREs, consistent with gene activation, OHT and ICI182,780 also appeared to decrease it

compared to vehicle (Figure 3.1b). Interestingly however, we detected higher levels of
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histone H3 at these EREs with ICI182,780 than with OHT or E2 (Figure 3.1¢), consistent with
our previous observations of chromatin closure at these regions using Formaldehyde-Assisted
Isolation of Regulatory Elements (FAIRE) (Chapter 2). These results suggest that chromatin
closure following pure AE treatment is due to the recruitment of specific cofactors with

chromatin remodelling activities.

3.4.2 ICI182,780 induces the recruitment of the ACF complex by ERa at
ERE:s.

Previous studies have highlighted the existence of ligand-specific effects on protein —
protein interactions engaged by ERa (166, 224, 225). To identify novel cofactors involved in
the mechanism of action of pure AEs, we performed an IP experiment from HEK-293 cells
transfected with an ERa-Flag expression plasmid and treated with vehicle, E2 or ICI182,780
for 1 h. Silver staining following protein separation by SDS-PAGE revealed two high
molecular weight bands that co-purified with ERa-Flag specifically in the presence of
ICI182,780 (Figure 3.2a). Mass spectrometry analysis of proteins eluted from these excised
bands revealed peptides belonging to ACF1 and SNF2H (43 and 34, respectively, Figure
S3.1a). SNF2H is the catalytic subunit of several chromatin remodelling complexes from the
ISWI family, and forms with ACF1 the ACF complex (257, 252). Interaction between ERa
and the two ACF subunits was validated by Western analysis with specific antibodies against

ACF1 or SNF2H following IP of ERa in transfected HEK-293 cells (Figure S3.1b).

Band 2 also contained 5 peptides specific to SNF2L, the other catalytic subunit of the
ISWI family of chromatin remodellers (Figure S3.1a) (257). However, we could not detect an
interaction between ERa and the accompanying subunits pRb48/46 (Figure S3.1b) or BPTF
(Figure S3.1c) of the only human chromatin remodelling complex containing SNF2L (NURF)
(251) in the presence of ICI182,780. BPTF appears to constitutively interact with ERa, but
this recruitment was abolished by agonist or AE treatment (Figure S3.1c). We also
investigated whether other subunits that can form a complex with SNF2H were recruited by
ICI182,780-liganded ERa and found that neither RSF1 nor WSTF (of the RSF and WHICH
complexes respectively) were recruited (Figure S3.1c¢) (251, 252).
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The interaction between Flag-tagged ERa and the endogenous ACF complex in the
presence of ICI182,780 was also validated in transfected MCF-7 cells (Figure 3.2b).
Furthermore, we performed ChIP experiments from MCF-7 cells treated with agonist E2,
SERM OHT or pure AE ICI182,780 for 40 min and detected co-recruitment of both ACF1 and
SNF2H with endogenous ERa at EREs upstream of the 7FF/ and GREBI genes specifically
in the presence of ICI182,780 (Figure 3.2¢). Together, these results suggest the recruitment of
the ACF chromatin remodelling complex at EREs by ICI182,780-liganded ERa.

3.4.3 Helix H12 of ERa plays a role in ACF recruitment.

The LBD/AF2 domain of ER is organized in 12 a-helices, and its conformation
changes depending on the bound ligand (68, 94, 153). While SERMs have been shown to
induce association of helix H12 with the cofactor binding groove (68, 94), H12 is disordered
in the only crystal structure currently available of an ER with an ICI-type pure AE (rat ERB
complexed to ICI164,384) (153). Molecular modelling studies suggested that the long side-
chain of pure AEs prevents association with the co-activator binding groove due to steric
hindrance with hydrophobic amino acids of H12, such as Leu536 and Leu540 (151, 154).
Furthermore, use of ICI164,384 derivatives with side-chains of different lengths suggested
that interaction with the co-activator binding groove is important for pure antiestrogenicity
(154). To evaluate the role of H12 in the recruitment of the ACF complex, we performed an IP
of wt ERa or the deletion mutant ERa(AH12) and found that only wt receptor could recruit
both ACF1 and SNF2H in the presence of ICI182,780 (Figure 3.3a). An interaction between
ERa(AH12), which is transcriptionally inactive irrespective of the ligand (data not shown),
and the catalytic subunit SNF2H was detected in the presence of vehicle and agonist E2, but
not ICI182,780 (Figure 3.3a), suggesting that several regions of ERa contribute to the
interaction with SNF2H, while H12 appears crucial for its recruitment in the presence of pure

AEs.
We further performed IPs of Flag-tagged wt ERa or point mutants ERa(L536A),

ERa(L539A), ERa(L540A) and ERa(Y537A), and found that mutation of long hydrophobic

residues of H12 abrogated the interaction, while mutation Y537A only partially decreased it
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(Figure 3.3b). Taken together, these results highlight a role for H12, and in particular its
hydrophobic side, in the recruitment of the ACF chromatin remodelling complex in the

presence of ICI182,780.

3.4.4 Pure AE-induced SUMOylation of ERa contributes to the recruitment

of the ACF complex.

We have previously shown that pure AEs, but not agonists or the SERM OHT, induce
the SUMOylation of ERa, and that point mutants ERa(L539A) and ERa(L540A) are not
modified by SUMO (7154). As these mutants also abrogate the interaction between ERa and
the ACF complex (Figure 3.3b), we investigated whether modification of ERa by
SUMOylation plays a role in the recruitment of ACF.

We first confirmed that pure AEs specifically induce the recruitment of ACF by
screening a panel of AEs and found that only pure AEs ICI182,780 and 1CI1164,384 led to an
interaction between ERa and ACF, while the SERM OHT did not (Figure 3.4a), correlating
with the ERa modification pattern induced by these molecules (754).

To assess the role of pure AE-induced SUMOylation of ERa in the recruitment of the
ACF complex, we performed an IP from HEK-293 cells co-transfected with ERa and SENP1
and found that SENP1 overexpression strongly decreased ERo modification levels and
abrogated the interaction with the ACF complex in the presence of ICI182,780 (Figure S3.2).
To further document the role of SUMOylation on recruitment of the ACF complex to
endogenous ERa at its target sites on DNA, we performed ChIP in MCF-7 cells stably
expressing the deSUMOylase SENP1 in a Tet-ON inducible manner. Western analysis of
these cells confirmed that doxycycline treatment led to overexpression of SENP1 and
abrogation of ERa modification (Figure 3.4b). ChIP experiments showed that ERa could
significantly bind EREs following 40 min of ICI182,780 treatment in both the induced and
non-induced cells (Figure 3.4¢). However, the ACF1 subunit of the complex was recruited at

these sites only in the presence of ICI182,780 and the absence of induction (Figure 3.4¢).
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These results suggest that the recruitment of the ACF chromatin remodelling complex at EREs

is dependent on induction of SUMOylation of the receptor by pure AEs.

3.4.5 ACF1 knockdown abrogates the chromatin closure at ER target
regions and alleviates transcriptional repression in MCF-7 cells in the

presence of 1CI182,780.

We have recently reported that ICI182,780 decreases chromatin accessibility at EREs
after 1 h of treatment, and that SUMOylation plays a role in chromatin closure (Chapter 2).
ACF has been associated with heterochromatin formation and nucleosome assembly (2517,
253). Consequently, we knocked-down the ACF1 subunit (conferring the specificity of the
ACF complex) in MCF-7 cells by transfection of two different siRNAs, resulting in nearly
total loss of protein expression (Figure 3.5a), and investigated the impact of this down-
regulation on chromatin organization at EREs upstream of 7FFI and GREBI by FAIRE. 1 h
treatment with agonist E2 led to chromatin opening irrespective of siRNA treatment (siCtrl
and siACF1 transfected cells), while OHT did not alter chromatin accessibility compared to
vehicle treatment (Figure 3.Sb). However, ICI182,780 treatment induced chromatin
compaction in the siCtrl cells, but this effect was not observed in cells transfected with either
siRNA targeting ACF1 (Figure 3.5b). Indeed, chromatin remained significantly more open
than in siCtrl cells in the presence of ICI182,780, and was not significantly altered compared
to non-treated controls irrespective of siRNA transfection (Figure 3.5b). These results
indicate that the ACF complex plays a role in the ICI182,780-induced chromatin closure at ER

target regions.

Pure AEs are more efficient at inhibiting ERa transcriptional activity than SERMs
(126, 150) (Chapter 2). Decreasing SUMOylation attenuated transcriptional repression of
endogenous target genes in both MCF-7 cells and transfected SK-BR-3 cells (Chapter 2). As
the recruitment of the ACF complex was SUMO-dependent (Figure 3.4), we evaluated the
impact of ACF1 knockdown on endogenous ERa transcriptional activity. We found that
siRNAs targeting ACF1 did not significantly alter expression levels of GREBI, XBP1, CAI2
and E2F] in the presence of agonist E2 and SERM OHT compared to non-target siCtrl
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(Figure 3.5¢). However, repression of transcription in the presence of ICI182,780 was
attenuated, leading to an antagonist / partial agonist profile closer to that of OHT in all cases

(Figure 3.5c¢).

3.4.6 A naturally occurring mutation of ERa prevents SUMOylation, ACF1
recruitment and loss of receptor association to DNA following 1CI182,780

treatment.

To investigate the impact of ACF1 recruitment on binding of ERa to DNA, we
transiently transfected SK-BR-3 cells with wt ERa and the point mutant ERo(V534E), which
is not SUMOylated in the presence of ICI182,780 (Figure 3.6a) (Chapter 2). This mutation
was identified in a breast cancer metastasis patient, whose disease had progressed following
hormonal therapy, including fulvestrant (775). ChIP for the ACF1 subunit in these cells
revealed that only wt ERa was able to recruit the ACF chromatin remodelling complex at

EREs following 30 min of ICI182,780 treatment (Figure 3.6b).

Further ChIP experiments in transiently transfected SK-BR-3 cells indicated that wt
ERa could bind DNA following 30 min of ICI182,780 treatment, while binding was strongly
decreased after 3 h (Figure 3.6¢), mimicking the DNA binding profile of endogenous ERa in
MCF-7 cells (Chapter 2). The SUMOylation refractory ERa(V534E) mutant had a similar
binding level as the wt receptor after 30 min, but this binding was increased at 3 h rather than
decreased (Figure 3.6¢). Together, our results are compatible with a model wherein pure AE-
induced SUMOylation of ERa leads to the recruitment of the ACF complex, which compacts
chromatin at regulatory regions of ER target genes and prevents subsequent association of
ERa to its target regions in the genome, ensuring efficient transcriptional shut-off of estrogen

target genes.
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3.5 Discussion

The stronger antagonism of pure AEs compared to SERMs has been associated with
the differences in conformation of the LBD/AF2 domain induced by ligand binding (69).
Ligand-induced conformational changes alter protein — protein interaction surfaces and lead to
a differential recruitment of cofactors (225), as well as controlling turnover of the receptor
(141). However, the specific mechanisms of transcriptional suppression of ERa by pure AEs
remain poorly understood. Here, we identified a novel interacting partner for pure AE-bound
ERa, the ACF chromatin remodelling complex. Both the catalytic subunit SNF2H of the ISWI
family and the ACF1 subunit conferring complex identity are recruited to EREs following
ICI182,780 treatment in MCF-7 cells (Figure 3.2). This interaction was specifically induced
by compounds from the pure AE family and is furthermore linked to the SUMOylation of ERa
induced by these molecules (Figures 3.4) (154).

While the efficacy of transcriptional repression by pure AEs had been linked to the
resulting increased turnover of ERa (741), several studies have highlighted the existence of
mechanisms independent from receptor degradation that account for a more complete
suppression of transcription than with SERMs (152, 154) (Chapter 2). Our data demonstrates
that the chromatin remodelling complex ACF is recruited to ERa specifically in the presence
of pure AEs, and leads to chromatin compaction at EREs (Figure 3.5b), accompanied by loss
of ERa binding to DNA (Figure 3.7). Indeed, the ACF complex has been shown to modulate
nucleosome spacing (252) through increased nucleosome sliding in order to displace
transcriptional activators (254). In agreement with this mechanism, we found that non-
modified ERa cannot interact with ACF in the presence of pure AEs (Figure 3.4 and Figure
3.6), does not lead to chromatin closure at EREs (Chapter 2) or to loss of binding of ERa to
DNA (Figure 3.6). Furthermore, disrupting the ERa — ACF interaction, either by knocking-
down the ACFI1 subunit, by preventing ERa SUMOylation by a variety of point mutations
(ERa(L539A), ERa(L540A), ERa(V534E)) or by SENPI overexpression leads to partial
transcriptional de-repression following ICI182,780 treatment (Figure 3.5¢) (154) (Chapter 2).
Enabling prolonged ERa binding to DNA may indeed allow weak transcription of some ER
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target genes, similar to basal or OHT levels (Figure 3.5¢) (Chapter 2), possibly via
AFldependent recruitment of cofactors (55, 155, 158, 165).

The integrity of helix H12 of the LBD/AF2 domain is required for the pure AE-
induced recruitment of ACF (Figure 3.3). Interestingly, this helix was also found to be
required for the interaction between ERa and CK8/CK18 in the presence of pure AEs (166).
Crystallographic studies of rat ERP have indeed suggested that H12 positioning differs
between pure AE-liganded and SERM-liganded ER; the interaction of the side-chain of pure
AEs with the AF2 co-activator binding groove preventing positioning of H12 and recruitment
of co-activators via that surface (94, 153). Functional studies support the hypothesis that this
interaction is one of the molecular determinants for the full antagonist profile of pure AEs, as
it was found to be associated with pure antiestrogenicity in a panel of ICI164,384 derivatives
in HepG2 cells transiently transfected with an expression vector for human ERa (754).
Further, the point mutations that prevent ERo SUMOylation and recruitment of ACF all
cluster immediately before or within H12 and affect hydrophobic amino acids, consistent with
the hypothesis that exposure of a hydrophobic interface within H12 is important for SERD
activity (69, 255). Indeed, our results indicate that long hydrophobic amino acids, but not short
or polar ones, at position 536 preserve induction of SUMOylation by pure AEs (data not
shown). Similarly, a mutation at position 534 found to abrogate the differential transcriptional
activity of ERa in the presence of SERMs and pure AEs replaces a hydrophobic Val residue
by a charged Glu (Chapter 2). Whether these hydrophobic determinants participate in protein
— protein interactions that are important for pure antiestrogenicity and/or trigger recognition of
ERa as a badly conformed protein by quality control mechanisms remain to be more fully

investigated.

The domains of the ACF complex subunits responsible for the interaction with ERa
remain to be identified. Interestingly, ACF1 and SNF2H contain several putative SUMO
Interacting Motifs (SIMs), including in their respective domains for interaction with each
other and in the N-terminus of ACF1; these SIMs could play a role in the interaction with

modified ERa in the presence of pure AEs. SUMOylation of histones or chromatin-associated
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proteins (transcription factors, HMTs, methyl-CpG-binding proteins...) has been linked to
heterochromatin formation and transcriptional repression; indeed SUMOylation of
transcription factors has been found to mediate recruitment of other corepressors and
chromatin modifying complexes (203, 205-207, 232, 233). In particular, SUMOylation of the
glucocorticoid receptor induces the recruitment of a corepressor complex containing NCoR,
SMRT and HDAC3 to inhibit transcription of inflammatory genes (234). Consistent with
previous studies (158, 160), we found that pure AE ICI182,780 induces a stronger binding
than OHT of corepressors NCoR and SMRT at EREs (Figure 3.1a). Of interest, Ewing et al
showed using yeast two-hybrid and GST-pulldown assays that the N-terminus of ACFI
interacts with corepressors NCoR and SMRT, and that ACF1 could repress transcription of
Vitamin D3 receptor target genes in the absence of ligand (256). Whether SUMOylation
triggers recruitment of ACF, NCoR or SMRT independently or via formation of a complex

between these cofactors remains to be assessed.

Irrespective of the mechanism of recruitment, our data suggest that pure AEs induce a
similar mechanism of SUMO-facilitated recruitment of corepressors with HDAC and
chromatin remodelling activity to ensure transcriptional repression of ERa (Figure 3.7). Our
ERa point mutant data strongly link pure AE-induced SUMOylation with ACF recruitment,
loss of ERa binding to DNA and reduced efficiency of transcriptional shut-off (Figure 3.3 and
Figure 3.6) (151, 154) (Chapter 2). While one of these mutations (V534E) was found in a
metastasis from a patient having developed resistance after several lines of endocrine therapies
including administration of fulvestrant, further studies will be required to determine whether
mutations preventing receptor modification, defects in the SUMOylation pathway and/or
altered ACF chromatin remodelling activity, can contribute to acquired resistance to pure AE

therapy in the clinic.
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3.6 Material and Methods

Reagents and plasmids. Doxycycline (Sigma D-9891), 17-estradiol (Sigma E2758), (Z)-4-
hydroxytamoxifen (ThermoFisher #341210), ICI182,780 (abcam ab120131) and raloxifene
(Sigma R1402) were used to treat cultured cells. IC1164,384 was a gift from Dr. J.L. Gleason
(McGill University). The pCDNA3-EGFP-Flag plasmid was kindly provided by Dr. S.
Meloche (Université de Montréal). To construct pPCDNA3-ERa-Flag, or H12 mutants, PCR-
amplified ERa was inserted instead of EGFP between Pacl and Pmel restriction sites in
pCDNA3-EGFP-Flag. Mutations L536A, L539A, L540A, Y537A and V534E were generated
by site-directed mutagenesis of the wt ERa ¢cDNA and confirmed by sequencing. pSGS5-
ERa(AH12) was generated by deleting amino acids 535 to 545 in wt pSGS5-ERa, obtained
from Dr. P. Chambon (Université de Strasbourg). pPCDNA3-HA-Flag-SENP1 was a kind gift
from Dr. P. O’Hare (Marie Curie Research Institute, UK).

Cell culture. MCF-7 cells were maintained at 37°C, 5% CO: in AMEM (Wisent 310-011)
supplemented with 10% FBS (Sigma F1051), 1% L-glutamine (Wisent 609-065) and 1%
penicillin-streptomycin (Wisent 450-201). HEK-293 and SK-BR-3 cells were maintained at
37°C, 5% CO2 in DMEM (Wisent 319-005) supplemented with 10% FBS and 1% penicillin-
streptomycin. Three days before experiments, cells were switched to phenol red-free DMEM
(Wisent 319-050) containing charcoal-stripped FBS, 2% L-glutamine and 1% penicillin-

streptomycin.

Cell transfection. HEK-293 cells were seeded (11x10° in 15 cm-plates) and transfected the
next day with 6 ug of pCDNA3-ERo-FLAG and 6 pug of pCDNA3-HA-Flag-SENP1 plasmids
(ratio 1:10 DNA:polyethylenimine). Media was changed 24 h later, and cells were treated and
collected 48 h post-transfection. 5x10° MCF-7 cells were electroporated with 6 pg of
pCDNA3-ERa-FLAG plasmid at 250 V and 975 pF (Gene Pulser® II, Bio-Rad). Culture
media was changed 24 h after transfection. Cells were treated with ligands and collected 48 h
post-transfection. SK-BR-3 cells were electroporated with pSG5-ERa plasmid (2 pg for 5x10°
cells, 240 V and 950 pF). Culture media was changed 24 h thereafter, and cells were treated

and collected 48 h post-transfection.
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siRNA transfection. MCF-7 cells were seeded at a density of 1.66x10° cells per 10 cm dish.
The next day, siRNAs (Table S3.1) were transfected at 75 nM final concentration using
siLentFect Lipid Reagent (Bio-Rad 170-3361) as per manufacturer’s instructions. Culture
media was changed 24 h post-transfection and cells were treated and collected 72 h post-

transfection.

Chromatin immunoprecipitation. ChIP was performed as described (236) with 2 pg of the
following antibodies: NCoR (Bethyl A301-145A), SMRT (Affinity Bioreagents PA1-843),
H3K9ac/K14ac (Millipore 06-599), H3K27me3 (Millipore 07-449), Histone H3 (abcam
ab1791), ERa HC-20 (Santa Cruz Biotechnology sc-543), ACF1 (Bethyl A301-319A),
SNF2H (Abcam ab3749) or rabbit IgG (Cedarlane 011-000-003). The abundance of
immunoprecipitated DNA fragments was quantified by qPCR (Light Cycler 480, Roche) with
Universal Probe Library (UPL) assays (Roche) (Table S3.2). Results were analysed by the
Percent Input Method.

Co-immunoprecipitation assays. Cells were washed and harvested with cold PBS. Cell
pellets were lysed in IP buffer (1% NP40, 20 mM Tris pH7.5, 150 mM NaCl, 2 mM EDTA)
supplemented with a mixture of protease and phosphatase inhibitors at 4°C for 20 min. Whole
cell lysates were collected after centrifugation at 11,000 g for 15 min and total proteins were
quantified with a DC protein assay (Bio-Rad). Equal amounts of proteins were incubated with
mouse monoclonal M2-Flag affinity beads (Sigma A2220) overnight at 4°C. The following
day, beads were washed three times with IP buffer. Samples were denatured in Laemmli
buffer (2% SDS, 10% glycerol, 60 mM Tris-Cl pH6.8, 0.01% bromophenol blue, 100 mM
DTT) for 5 min at 95°C and resolved on SDS-PAGE (7% acrylamide).

Silver staining and mass spectrometry. Proteins were fixed by incubating the SDS-PAGE
gel for 1 h in 50% ethanol and 5% acetic acid. The gel was washed three times with 50%
ethanol for 20 min. Following washes with water and sensitization with 0.02% Na2S203 for 1
min, the gel was stained for 20 min with 0.1% AgNO3. De-staining was performed using 3%
Na2COs3, 0.05% formaldehyde and stopped with 5% acetic acid. Bands of interest were excised
and eluted. Peptides were digested using trypsin and analysed via a nanoelectrospray ion

source using NanoLC MS (Eksigent Technologies) and LTQ-Orbitrap (ThermoFisher). The
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mass spectrometer was operated in data dependent mode to automatically switch between
survey MS and MS/MS acquisitions. The conventional MS spectra (survey scan) were
acquired in the Orbitrap at a resolution of 60 000 followed by three MS/MS scans. Peptides
charged over 10 000 were kept for sequencing. MS/MS spectra were searched against a
concatenated target/decoy IPI human database (IPI version 3.24 November 2006) using
Mascot (version 2.3.2, Matrix Science). The thresholds of parental and ionic fragments were
respectively set at +/- 0.4 and 0.1 Da. Manual inspection of all MS/MS spectra for modified

peptides was performed to validate assignments.

Western analysis. After co-immunoprecipitation and SDS-PAGE analysis, proteins were
electrotransfered to Immobilon® — P Transfer membranes (Millipore IPVH00010) was
blocked (5% non-fat dry milk in PBS with 0.2% Tween 20). Antibodies ACF1 N20 (Santa
Cruz Biotechnology sc-10627), SNF2H (Abcam ab3749), ERa 60C (Millipore 04-820),
pRb48/46 (gift from Dr. J. Lessard, Université de Montréal), RSF1 (Upstate 05-727), WSTF
(Cell Signaling #2152), BPTF (Santa Cruz Biotechnology sc-107456), tubulin (Sigma T6199),
HRP-conjugated anti-rabbit (Cedarlane 111-035-003), HRP-conjugated anti-mouse (Cedarlane
115-035-003) and HRP-conjugated anti-goat (Cedarlane 705-035-003) were used to reveal
proteins. Complexes were revealed by enhanced chemiluminescence (Perkin-Elmer
NEL104001EA). MCF-7 Tet-ON SENPI cells were washed with and then harvested in cold
PBS. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCI pH7.5, 150 mM NaCl, 5
mM EDTA, 0.1% NP40) supplemented with a protease and phosphatase inhibitors mix.
Samples were sonicated by a Bioruptor (Diagenode) for 2 min at low power with a 30 sec.
interval between pulses. Total proteins were quantified with a DC protein assay. 30 pg of
samples were resolved by SDS-PAGE (8% polyacrylamide). Antibodies ERa 60C, SENP1 C-
12 (Santa Cruz Biotechnology sc-271360), B-actin (Sigma, A5441), HRP-conjugated anti-
rabbit and HRP-conjugated anti-mouse were used. After siRNA transfection, cell pellets were
lysed in RIPA buffer (50 mM Tris pH7.5, 150 mM NacCl, 0.1% SDS, 2 mM EDTA, 0.5%
sodium deoxycholate, 1% NP40) supplemented with a mixture of protease and phosphatase
inhibitors and incubated 10 min on ice. Samples were sonicated by a Bioruptor for 2 min at
low power with a 30 sec. interval between pulses. Total proteins were quantified with a DC

protein assay. 50 pg of samples were resolved by SDS-PAGE (7% acrylamide). Antibodies
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ACF1 (Bethyl A301-319A), lamin B1 (abcam ab16048) and HRP-conjugated anti-rabbit were
used. Whole cell extracts were prepared from transfected SK-BR-3 cells as described (754).
30 pg of samples were resolved by SDS-PAGE (8% acrylamide). Antibodies ERa 60C, B-

actin, HRP-conjugated anti-rabbit and HRP-conjugated anti-mouse were used.

FAIRE. FAIRE was performed as described (237) with slight modifications. After extraction,
DNA was precipitated with 2 volumes of 95% ethanol, 0.3 M sodium acetate pH 5.2 and 20
ug/mL of Glycogen (ThermoFisher #R0551) at -80°C. Samples were submitted to RNAse A
(BioShop #RNA675.100) and Proteinase K (ThermoFisher EO0491) digestions (30 min at
37°C and 1 h at 55°C, respectively) before reversing crosslink at 65°C overnight. DNA was
purified on EZ-10 columns (BioBasic). The abundance of soluble DNA fragments was
quantified by qPCR (Light Cycler 480) with UPL assays (Table S3.2). Results were analysed
by the Percent Input Method.

RNA extraction, reverse transcription, qPCR. Cell pellets were lysed with QIAzol (QIAgen
79306) and RNA was extracted per manufacturer’s instructions. RNA was reverse transcribed
with RevertAid H Minus Reverse Transcriptase (ThermoFisher EP0451). ¢cDNA was
quantified by qPCR (Light Cycler 480) with UPL assays (Table S3.2). Results were analysed
by the AAC: method using two endogenous control genes (RPLP0O and TBP). Samples were

normalized to the “siCtrl, Vehicle” condition.
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Figure 3.1. Recruitment of corepressors and chromatin compaction at ER target regions in the presence of
pure antiestrogen 1CI182,780.
MCEF-7 cells were treated with estradiol (E2, 5 nM), 4-hydroxytamoxifen (OHT, 100 nM), ICI182,780 (ICI, 100
nM) or vehicle only (0) for 40 min. Presence of (a) corepressors NCoR and SMRT, of (b) active
(H3K9ac/K14ac) or repressive (H3K27me3) histone marks and of (c¢) histone H3 at ER target regions in the
genome was determined by chromatin immunoprecipitation (ChIP). The ERE position relative to the gene TSS is
shown. The means from 3 independent experiments + SEM are represented. Asterisks denote significance (one-
tailed T test): * P-value <0.05 ; ** P-value <0.005 ; *** P-value <0.0005.
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Figure 3.2. ICI182,780 induces the recruitment of the ACF complex by ERa.

(a) HEK-293 cells were transiently transfected with a plasmid coding for ERa-Flag or EGFP-Flag (EV) and
treated with estradiol (E2, 25 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERa-Flag was
immunoprecipitated from cell extracts and isolated proteins were revealed by silver staining following separation
by SDS-PAGE. Bands 1 and 2 were excised for mass spectrometry analysis (see Figure S3.1a). (b) MCF-7 cells
were transiently transfected with a plasmid coding for ERa-Flag or EGFP-Flag (EV) and treated with ICI182,780
(ICI, 100 nM) or vehicle only (0) for 1 h. ERa-Flag was immunoprecipitated from cell extracts and presence of
the ACF complex subunits ACF1 and SNF2H was revealed by Western analysis (N=1). (¢) MCF-7 cells were
treated with E2 (5 nM), OHT (100 nM), ICI (100 nM) or vehicle only (0) for 40 min. ERa, ACF1 and SNF2H
binding to EREs was determined by ChIP. The means from 3 independent experiments + SEM are represented.
Asterisks denote significance (one-tailed T test, vs. 0): * P-value <0.05 ; ** P-value <0.05.
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Figure 3.3. Helix H12 of ERa plays a role in ACF recruitment.
(a) HEK-293 cells were transiently transfected with a plasmid coding for wt ERa, deletion mutant ERa(AH12) or
corresponding empty vector (EV) and treated with estradiol (E2, 25 nM), ICI1182,780 (ICI, 100 nM) or vehicle
only (0) for 1 h. ERa was immunoprecipitated from cell extracts and recruitment of the ACF complex was
assessed by Western analysis. A representative experiment is shown (N=3). (b) HEK-293 cells were transiently
transfected with a plasmid coding for Flag-tagged wt ERa, point mutants ERo(L536A), ERa(L539A),
ERa(L540A), ERa(Y537A) or corresponding empty vector (EV) and treated with estradiol (E2, 25 nM),
ICI1182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERa-Flag was immunoprecipitated from cell extracts and
recruitment of the ACF complex was assessed by Western analysis. A representative experiment is shown (N=3).
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Figure 3.4. ACF recruitment is linked to pure antiestrogen-induced SUMOylation of ERaq.

(a) HEK-293 cells were transiently transfected with a plasmid coding for ERa-Flag or EGFP-Flag (EV) and
treated for 1 h with estradiol (E2, 25 nM), vehicle only (0) or the following antiestrogens (100 nM): 4-
hydroxytamoxifen (OHT), ICI182,780 (ICI182) or ICI164,384 (ICI164). ERa-Flag was immunoprecipitated from
cell extracts and recruitment of the ACF complex was assessed by Western analysis. A representative experiment
is shown (N=2). (b) MCF-7 Tet-ON SENP1-Flag cells were induced with doxycycline (DOX, 3 pug/mL) for 24 h,
then treated with ICI182,780 (ICI, 100 nM) or vehicle only (0) for 40 min. Cell extracts were resolved by SDS-
PAGE and ERa, SENP1 and B-actin levels were assessed by Western analysis. A representative experiment is
shown (N=2). (¢) MCF-7 Tet-ON SENP1-Flag cells were treated as in (b). ERa and ACF1 binding to EREs was
determined by ChIP. The means from 2 independent experiments + SEM are represented. Asterisks denote
significance (one-tailed T test): * P-value <0.05 ; ** P-value <0.005 ; *** P-value <0.0005.
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Figure 3.5. ACF1 knockdown abrogates chromatin closure at ER target regions and alleviates
transcriptional repression in the presence of IC1182,780.

(a) MCF-7 cells were transfected with a control siRNA (siCtrl) or one of two siRNAs targeting ACF1 (siACF1
#1 and #2) for 72 h and treated with estradiol (E2, 5 nM), 4-hydroxytamoxifen (OHT, 100 nM), ICI1182,780 (ICI,
100 nM) or vehicle only (0) for 8 h. Whole cell extracts were resolved by SDS-PAGE, and ACF1 and lamin B1
levels were assessed. A representative experiment is shown (N=3). (b) MCF-7 were similarly transfected and
treated for 1 h. Chromatin accessibility at ER target regions was assessed by Formaldehyde-Assisted Isolation of
Regulatory Elements (FAIRE). The means from 3 independent experiments = SEM are shown. Asterisks denote
significance (one-tailed T test, SIACF1 vs. siCtrl): * P-value <0.05 ; ** P-value <0.005. (¢) MCF-7 cells were
transfected and treated as in (a). mRNA levels of selected endogenous E2 target genes were determined by RT-
gqPCR. The means from 3 independent experiments are shown. siACF1 values are the means of both siRNAs
targeting ACF1. Asterisks denote significance (one-tailed T test, siACF1 vs. siCtrl): * P-value <0.05.
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Figure 3.6. The non-modified ERa(V534E) mutant does not induce ACF1 recruitment and remains bound

to EREs longer than wt ERa in the presence of ICI182,780.
(a) SK-BR-3 cells were transiently transfected with a plasmid coding for wt ERa or point mutant ERa(V534E)
then treated with ICI1182,780 (ICIL, 100 nM) for the indicated time points (minutes). Whole cell extracts were
resolved by SDS-PAGE, and ERa and B-actin levels were assessed. A representative experiment is shown (N=3).
(b) SK-BR-3 cells were similarly transfected and treated. ACF1 binding to target gene regulatory regions was
determined by ChIP. The means from 2 independent experiments £ SEM are represented. (¢) SK-BR-3 cells were
similarly transfected and treated. ERa binding to target gene regulatory regions was determined by ChIP. The
means from 3 independent experiments + SEM are represented. Asterisks denote significance (one-tailed T test,
wt vs. mutant): * P-value <0.05 ; ** P-value <0.005.
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Figure 3.7. Proposed mechanism of chromatin closure at ER target regions in the presence of pure AEs.
Pure AE treatment leads to transient binding of ERa to DNA and induces post-translational modifications of the
receptor by SUMO and ubiquitin. Modified ERa recruits the chromatin remodelling complex ACF, composed of
subunits ACF1 and SNF2H, which induces local loss of chromatin accessibility (shift in nucleosome positionning
is indicated by dashed arrows) to prevent subsequent ERa binding to DNA and ensure efficient and long-term
shut-off of ER target gene expression.
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3.9 Supplementary Figures and Tables

(a)
Band 1:

Protein ID : IPI:IPI00412415 protein description : Tax_Id=9606 Isoform 1 of Bromodomain adjacent to zinc finger domain protein 1A
protein mass: 180, 245 Kda protein score: 470,07 protein length: 1556 number of peptide: 43

peptide sequence: ICAQLAR.ETLLQEK;RGRPQVR;LSSSFSSR VTNEIFR;ILHALCGK:APLDASDSGR;IVEEERLK;LLKQEEMK;GKLSSSFSSR;INSAPPTETK
(IYQGTLGAIK;HYDDFFER;HDDSWPFLK.QEQINCVTR;KDAIDPLLFK;GQNGFKEFTR+Deamidation (NQ)-N3;
KINSAPPTETK:QSPEPSPVTLGR.QHCEPQDGVIK:FLKAPLDASDSGR:YFVEETVEVIR.ESALKETLLQEK:DFIEDYVDILR.GQQQEPGRYPSR:LRDFLLDIEDR;
RIHISQEDNVANK;DLTEALDEDADPTK,GGFDATDDACMELR;LHILASGADVTSANAK;SSNAYDPSQMCAEK;SLDOLDSCTLSEILRKLSSTSVYDLTPGEK;DRYFVEETVEV
IR;IQSAIACTNIFPLGR,;RGGFDATDDACMELR KGDAENMVLCDGCDR; TVNEDVEEMEIDEQTK. TGEPLMSESTSNIDQGPR; TVNEDVEEMEIDEQTK+Oxidation (M)-M9;
KSANNTPENSPNFPNFR;HSHGPLQADVFVELLSPR;EPLTADEEEALKQEHQR

link: http:/srs.ebi.ac.uk/cgi getz?-id ionid+-e+{IPl-acc:IPI00412415)
Band 2:
Protein ID : IPI:IPI002972115 protein description : Tax_|d=9606 SWI/SNF-related mat i cti regulator of A member 5

protein mass: 122,512 Kda protein score: 310,237 protein length: 1052 number of peptide: 34

peptide sequence: IKADVEKEILFYR; TAMELQR:SKLSEIVR; TIGYKVPR;DIDILNSAGK;HGATHVFASK;VLIFSQMTR;YLVIDEAHR;QNLLSVGDYR
LDGQTPHDER:ANYAVDAYFR;NPELPNAAQAQK;NIPGPHMVLVPK;SVCLIGDKEQR;KANYAVDAYFR,LLTQGFTNWNK;IGKDEMLQMIR;WGRDDIENIAR;
LRLDSIVIQQGR;EIQEPDPTYEEK;ILMKDIDILNSAGK;QDSINAYNEPNSTK;LGFDKENVYDELR;VLDILEDYCMWR:QPNVQDFQFFPPR;ESEITDEDIDGILER
{QKEIQEPDPTYEEK, TEQEEDEELLTESSK; TPEEVIEYSAVFWER;NPELPNAAQAQKEEQLK,RTEQEEDEELLTESSK;IDEAESLNDEELEEKEK;
NFTMDTESSVYNFEGEDYREK

link : http://srs.ebi.ac.uk/cgi-bin/wgetz?-id+sessionid+-e+[IPl-acc:IP100297211)

Protein ID : IP:IPI00647510 protein description : Tax_Id=9606 SWI/SNF-related matri ct regulator of i A member 1
protein mass: 117,874 protein score: 115,03 protein length: 1005 number of peptide: 17

peptide sequence:SKLSEIVR: TIGYKVPR,DIDVLNSSGK;HGATHVFASK:VLIFSQMTR:YLVIDEAHR; MDIEQSLYK:ANYAVDAYFR:LITONTVEER;
NIPGPHMVLVPK;NPDIPNPALAQR:YGRODIDNIAR:KANYAVDAYFR. EAIEAFNAPNSSK;LRLDSIVIQQGR;QPNVQDFQFFPPR,ESELTDEDITTILER

link : http://srs._ebi.ac.uk/cgi-bin/wgetz?-id+sessionid+-e+{IPl-acc:IPI00647510)
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Figure S3.1. Identification and validation of the recruitment of the ACF complex by ERa in the presence of
1CI1182,780.
(a) HEK-293 cells were transiently transfected with a plasmid coding for ERa-Flag or EGFP-Flag (EV) and
treated with estradiol (E2, 25 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERo-Flag was
immunoprecipitated from cell extracts and isolated proteins were revealed by silver staining following separation
by SDS-PAGE. Bands 1 and 2 (see Figure 3.2a) were excised for mass spectrometry analysis and eluted peptides
corresponded to ACF1 and SNF2H. Unique peptides specific to SNF2L are underlined. (b) HEK-293 cells were
similarly transfected and treated, and an IP anti-Flag was performed. Presence of the ACF complex subunits
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ACF1 and SNF2H, as well as the pRb48/46 subunit (which interacts with SNF2L), was revealed by Western
analysis. A representative experiment is shown (N=3). (¢) HEK-293 cells were similarly transfected and treated,
and an IP anti-Flag was performed. Presence of the subunits from different ISWI complexes was assessed by
Western analysis (N=1).

IP Flag

EV EV SENP1
Input EV ERa-Flag ERa-Flag

ICl ICI 0 ICI 0 ICI

WB: SNF2H

WB: ERa

Figure S3.2. SUMOylation contributes to the recruitment of the ACF complex.
HEK-293 cells were transiently transfected with plasmids coding for ERo-Flag and for SENP1 or the
corresponding empty vectors (EV) and treated with ICI182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERa-
Flag was immunoprecipitated from cell extracts and presence of the ACF complex subunits ACF1 and SNF2H
were revealed by Western analysis (N=1).
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Table S3.1. Sequences of siRNAs used.

siRNA ID Sequence Catalog # (Dharmacon)
siCtrl Not provided by manufacturer D-001210-02

siACF1 #1 CAAGUUAGAUUGCCAGUUA J-006941-05

siACF1 #2 GAACUAAGGCUGAGAGAUU J-006941-06

Table S3.2. Primers used for ChIP-qPCR, FAIRE-qPCR and RT-qPCR.

Studied region Primers UPL probe (Roche)

Forward TTGGCCGTGACAACAGTG
ERE -400bp TFFI | poverse  CTAGACGGAATGGGCTTCAT #12

Forward CTGACCTAGAAGCAACCAAAATACT
ERE -1.5kb GREBI Reverse  GGCAGCAAACTTGTTTAGGTATG 84

Forward TCCCACTIGCTGAAAAGGTIC
mRNARPLPO | poverse  AGCAGGAGCAGCTGTGGT #14

Forward GAACATCATGGATCAGAACAACA
mRNATBP | peverse ATAGGGATTCCGGGAGTCAT #87

Forward CCACAAAGGGTGGTCTCCAGAA
mRNA GREBI | poverse  CACTGGCTTGGCCTTGCATATT #11

Forward CCCTGGTTGCTGAAGAGG
mMRNAXBPI | peverse TGGAGGGGTGACAACTGG #62

Forward GCTCCTGCTGGTGATCTTAAA
mRNA €412 Reverse  CCAAAATAAGTCCACTTGGAACC i

Forward TCCAAGAACCACATCCAGTG
mRNA E2F1 Reverse  CTGGGTCAACCCCTCAAG #5
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Discussion

4.1 Pure AE ICI182,780 induces transient ERa binding to DNA

Our work has shown that pure AEs induce significant binding of ERa to cognate EREs
for up to ~ 1 h after drug addition (Chapter 2). This indicates that ICI182,780 is similar to other
types of ligands, i.e. agonists and SERMs, in its stimulatory effect on ERa binding to DNA.
However, the amount of receptor bound to DNA then decreases as a function of time to reach
levels similar to basal levels or lower, while it remains associated in the presence of E2 or Tam.
This indicates that the decreased capacity to bind to DNA at 3 h, previously observed by others
(163), depends on events subsequent to LBD/AF2 conformational changes induced by binding of
pure AEs.

To further corroborate those results and expand them to a wider array of response
elements, we performed ChIP-Seq experiments in MCF-7 cells treated for 30 min (i.e. maximum
ERa binding in the presence of ICI182,780) and 3 h (i. e. weak binding in the presence of
ICI182,780) with agonist E2 (5 nM), pure AE ICI182,780 (100 nM) or vehicle only (Chapter 2).
We found that ICI182,780 promoted ERa binding to 36% of the sites bound by ERa in the
presence of E2 at 30 min (Chapter 2). Moreover, 97% of ERa peaks in the ICI182,780 condition
overlapped with the E2 condition peaks, consistent with the notion that ICI182,780 does not alter
ERa specificity of interaction with DNA, but rather prevents transcription of target genes in spite
of being permissive for binding to DNA. In fact, after 30 min of E2 treatment, ERa peaks were
found within 25 kb of the TSS for 37% of genes significantly regulated by E2 at 16 h. This
association of ERa to DNA occurred for 22% of genes in the presence of ICI182,780, versus

only 7% in the presence of vehicle in the same window (Chapter 2).

ERa peak location analysis revealed nearly identical profiles for the E2 and ICI samples
after 30 min of treatment (Chapter 2). A search with HOMER for known transcription factor
motifs enriched in the called peaks returned the Estrogen Response Element (ERE) as the top
ranked sequence according to P-value in vehicle, agonist and antagonist conditions (Chapter 2).
The 2™ ranked motif for the E2 condition corresponded to a sequence bound by the estrogen

related receptor ERR[, which is very similar to a half ERE (TGACCTT).
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The FOXA1 binding site was the 3™ and 2" ranked for E2 and ICI182,780 respectively
(Chapter 2). Previous ChIP-Seq studies have demonstrated that half of ERa binding events in
MCEF-7 cells overlap with a FOXA1 binding event, and proposed that FOXA1 acts as a pioneer
factor for ERa (720). This suggests that the molecular mechanisms leading to the presence of
ERa at FOXA response elements are insensitive to the nature of ligand bound to ERa, and may
therefore not reflect transcriptional activity of the receptor. ERa’s initial increased ability to bind
DNA in the presence of ICI182,780 might be sufficient for its interaction with FOXA1 / FOXAI

binding sites.

We also performed ChIP-Seq assays to study genome-wide association of SUMO2/3 with
DNA in MCF-7 cells following ICI182,780 treatment (Chapter 2). Interestingly, treatment with
the pure AE increased overall SUMO2/3 presence on DNA, with a significant overlap between
ERa binding events and SUMO2/3 binding events following 30 min of treatment with
ICI182,780 (Chapter 2). Our analyses cannot however ascertain that this overlap is specifically
due to the binding of SUMOylated ERa at these sites. Indeed, other chromatin associated
proteins (transcription factors, cofactors, histones) have been shown to be SUMOylated, and
detection of SUMO2/3 could be due to recruitment of SUMOylated cofactors to pure AE-
liganded ERa. Accordingly, it would be interesting to characterize, through a proteomics
approach, the SUMOylome of MCF-7 cells following treatment with pure AEs in order to
identify by mass spectrometry potential interactors of ERa in the presence of pure AEs. A
possible mechanism for transcriptional repression in the presence of pure AEs could be the post-
translational modification of known ERa cofactors downstream of their recruitment to the
receptor in order to alter their activity and prevent gene expression. In that scenario, interaction
of ICI182,780-liganded ERa with FOXA1 could lead to SUMOylation of the pioneer factor,
resulting in the release of both ERa and FOXAI from DNA, thus further preventing the

subsequent association of ERa to the regulatory regions of its target genes.
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4.2 Pure AE-induced SUMOQylation affects ERa binding Kinetics
and alters its interactome

Our laboratory had previously described the specific induction of SUMOylation of ERa
by pure-AEs (154). Our results now show that this PTM impacts the ability of ERa to bind DNA.
Indeed, decreasing ERo modification levels by overexpressing the deSUMOylase SENPI
delayed the receptor’s release from EREs (Chapter 2). Moreover, unlike wt ERa, the non-
SUMOylated ERo(V534E) mutant remains bound to DNA after 3 h of ICI182,780 treatment
(Chapter 3). However, SUMOylation does not appear to prevent ERa binding through steric
hindrance, as SUMO2/3 marks were detected at EREs in the presence of pure AEs, and this only
at time points when ERa bound DNA (Chapter 2). Nuclear fractionation assays also detected
modified ERa in the chromatin-bound fraction (754), supporting the fact that ERa. — SUMO can
bind EREs. A ChIP-Seq study on another SUMOylated steroid receptor concluded that modified

GR could bind its target regions across the genome as well (274).

Of interest, deletion of the C domain of ERa prevented modification, while deletion of
the A/B domain was permissive for SUMOylation (7154). The DBD of ERa thus appears to be
required for modification of the receptor. Using DBD point mutants that disrupt ERa binding to
ERE:s, but not the zinc finger conformation, would further allow to elucidate whether the binding
event itself is required, or if the overall structure of the DBD is necessary for SUMOylation. For
example, concurrent mutations E203A and G204A in the first zinc finger abrogate interactions
with both the phosphate groups and the specific bases of the ERE motif to prevent binding to
DNA (59, 164), and this double mutant could be used to study the requirement of DNA binding
for SUMOylation of ERa in transfected cells.

A preliminary ChIP experiment detected a weak recruitment of SUMO enzymes SAEI],
SAE2, UBC9 and PIASI at the TFFI promoter ERE, but not at the GREBI -1.5kb ERE after 30
min of ICI182,780 treatment, at which point both ERa and SUMO2/3 moieties were present at
these sites (Annexe I). This study should be repeated at earlier time points and possibly with
different antibodies in order to clarify the results. Interestingly, gel shift assays showed that

SUMOylated Sp3 could bind DNA, but the TF could not be modified while it was bound to
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DNA, suggesting that the modification occurs before Sp3 interacts with its target sequence (194).
A similar in vitro SUMOylation assay with increasing amounts of an ERE DNA fragment could

be used to assess whether ERa modification can occur on DNA.

ERa does not contain a SUMO consensus motif (7154, 169). Through proteomics
experiments, we identified four SUMOylated Lys residues of ERa in the presence of ICI182,780
(Figure 4.1) (154). K171 and K180 are located in the A/B domain, K299 in the hinge region and
K472 is located at the N-terminus of helix H10 of the LBD/AF2 domain. The functional role of
these modified residues remains unclear. Although K299 maps in the hinge region, which
contains an NLS, we did not observe altered subcellular localization of the receptor. These
SUMOylation sites may modulate the protein — protein interactions engaged by the AF1 and/or
AF2 activation domains and contribute to the efficient transcriptional inhibition through both
AF1 and AF2, as seen in reporter assays (/58), and to the overall stronger antagonist profile of

ICI182,780 compared to SERMs on endogenous E2 target genes (126) (Chapter 2).

AB c D E F
AF1 DBD  Hinge LBD / AF2
1 184 250 311 555 595
ERa I 1
K171 K180 K299 K472 V534E

L536A
L539A
L540A

Figure 4.1. Identified ERa SUMOylation sites and mutations affecting ERa modification.
SUMOylated Lys residues in the presence of ICI182,780 identified by mass spectrometry (754) are indicated in
purple. Mutations that abrogate ERa SUMOylation are indicated in black (154) (Chapter 2). Two putative SUMO-
Interacting motifs (SIMs) were identified (Annexe II) and are indicated by red bars.

We cannot exclude however the existence of additional unmapped residues. Mutating all
four Lys identified in the mass spectrometry experiments along with four other Lys present in the
hinge region did not abrogate SUMOylation in the presence of ICI182,780 (154) (S. Mader lab.
unpublished data). Mutant ERa still recruits the SUMO conjugating machinery and modification
can likely occur at alternative Lys residues (there are 29 Lys residues in human ERa). Examples

of the importance of a conformational feature rather than a consensus sequence for
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SUMOylation have been described in the literature (7184, 186). In this respect, point mutants in
helix H12 (L536A, L539A, L540A) or in the loop between H11 — H12 (V534E) abrogated
SUMOylation (Figure 4.1) (154) (Chapter 2), likely reflecting alterations in conformation of
HI12 in the presence of pure AEs (94, 153). Interestingly, ERa contains only two putative
SUMO-Interacting Motifs (SIMs) (Annexe II), and both of them mapped in the LBD/AF2
region (Figure 4.1), one at the C-terminal end of H9 and the other at the N-terminal end of H11.
SIMs are often found in SUMOylated proteins and are speculated to facilitate interactions with
SUMO — UBC9 complexes for conjugation (/87). The two putative SIMs are adjacent to the
SUMOylated K472 residue in the three-dimensional conformation of ER (Figure 1.5b) and
could contribute to the recruitment of SUMO enzymes for modification of this residue. Point
mutations in the SIMs could allow a more efficient abrogation of ERa. SUMOylation than the

combined mutagenesis of Lys residues.

In agreement with a role of SUMOylation in modulating ERa transcriptional activity,
abrogating SUMOylation, either through SENP1 overexpression or by using ERo mutants,
alleviated transcriptional repression in the presence of ICI182,780 both in reporter assays in
transiently transfected HepG2 cells (1/54) and in ER+ MCF-7 BC cells (Chapter 2). In the
absence of SUMOylation, levels of transcriptional activity of ICI182,780-liganded ERa
remained low but were more comparable to those observed with SERMs. This is consistent with
the inhibitory role of the long side-chain of the AE stacked against the receptor’s co-activator
binding groove on co-activator recruitment by AF2 (153, 165). On the other hand, increased
recruitment of corepressors NCoR and SMRT in the presence of ICI182,780 compared to OHT
was observed by several groups (158, 160) (Chapter 3). Multiple studies have also reported that
SUMOylation of nuclear receptors PPARa, PPARy and GR enhances their interaction with
NCoR (196, 197, 234) and SUMOylation may have a similar impact on corepressor recruitment
by ERa.

Taken together, our data favour a model where SUMOylation of ERa acts through

alteration of the receptor’s interactome, rather than by preventing binding to DNA through steric

hindrance.
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4.3. Pure AE-induced SUMOylation leads to recruitment of the ACF
chromatin remodelling complex to compact chromatin at ER target
regions

In addition to its ability to enhance recruitment of known corepressors NCoR and SMRT
to ERa, ICI182,780 induces interactions with unique partners compared to SERMs (166, 224,
225). We have identified the ACF chromatin remodelling complex as a novel interacting partner
for pure AE-liganded ERa (Chapter 3). ERa recruits both subunits ACF1 and SNF2H at EREs in
the presence of ICI182,780 (Chapter 3). Importantly, this interaction depends on receptor
SUMOylation, as SENP1 overexpression abrogates ACF recruitment to EREs (Chapter 3).
These results support a model where modified ERa binds EREs and recruits a specific set of
corepressors to inhibit transcription in the presence of pure AEs. Furthermore, deletion of helix
H12 prevented the ICI182,780-specific interaction, as did non-modified H12 point mutants
ERo(V534E), ERa(L536A), ERa(L539A) and ERo(L540A) (Chapter 3), consistent with the
importance of H12 integrity for SUMOylation of ERa and pure antiestrogenicity.

ACEF is a chromatin remodelling complex from the ISWI family that acts by modulating
nucleosome spacing to compact chromatin and displace transcriptional activators (252, 254).
Indeed, we observed local chromatin closure at EREs following ICI182,780 treatment, but not
OHT, and this compaction was abrogated following ACF1 knockdown (Chapters 2 and 3).
Similarly, another group described reduced DNase I hypersensitivity at the 7FF] promoter after
2 h of ICI182,780 treatment compared to vehicle or OHT (257). Moreover, ERa(V534E) does
not recruit ACF and can remain bound to EREs at longer time points than wt ERa in the
presence of ICI182,780 (Chapter 3). In accordance with the requirement for ERa modification
for ACF recruitment, decreasing SUMOylation attenuated chromatin compaction at EREs
(Chapter 2). Importantly, this chromatin closure plays a role in ensuring efficient transcriptional
shut-off, as ACF1 knockdown alone was able to alleviate repression in the presence of
IC1182,780 (Chapter 3). These results suggest that one of the main roles of ERa SUMOylation is
to promote ACF recruitment (Chapter 3). Although FAIRE experiments showed loss of
chromatin accessibility at EREs following ICI182,780 treatment in an ACF1-dependent manner,

the impact of the ACF complex on nucleosome positioning requires further clarification. MNase-
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Seq assays would allow mapping of loci with high nucleosome occupancy in order to determine

whether ACF is modulating nucleosome spacing or catalyzing novel nucleosome assembly.

WAC DDT  WHIM1 WHIM3 PHD Bromodomain
1 1556
ACF1 |
23 122 422 485 592 640 892 930 1150 1195 1423 1535
Interaction Interaction with SNF2H Interaction
with DNA and nucleosomal linker DNA with histones
Interaction
with NCoR
SANT
Helicase HAND SLIDE
1 1052
200 597 743 828 898 1010
842 883
ATP Interaction with
binding DNA and histones
site
Interaction
with ACF1

Figure 4.2. Schematic representation of ACF1 and SNF2H structures.
The different functional domains of ACF1 (NCBI, NP 038476.2) and SNF2H (NCBI, NP_003592.3) are
represented (named at top) along with their role (bottom). Putative SIMs (Annexe II) are indicated by red bars.

While H12 of ERa is required (Chapter 3), the domains of the ACF subunits involved in
the interaction remain unknown. Interestingly, the N-terminal domain of the ACF1 subunit can
interact with NCoR (256), and an indirect interaction between ERa and ACF could occur
through a SUMOylation-enhanced recruitment of NCoR to EREs in the presence of ICI182,780.
On the other hand, both ACF subunits contain several putative SIMs (Annexe II, Figure 4.2)
that could mediate a direct interaction with SUMOylated ERa. Relatedly, SUMOylated TF Sp3
can recruit the chromatin remodeller Mi-2 to compact chromatin (206), and ERa could thus
employ a similar mechanism in the presence of ICI182,780 to inhibit transcription. Of note,
several putative SIMs lie at the N-terminus of ACF1 (Figure 4.2), and this region could
potentially interact with both NCoR and SUMOylated ERa to form a repressive complex at
EREs. Knocking-down NCoR and ACF1 in turn could help determine if one protein is necessary
for the interaction of the other with ERa in the presence of ICI1182,780.
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We performed preliminary experiments to narrow down which domains of the catalytic
subunit SNF2H interact with ICI182,780-liganded ERa. We focused on the C-terminal region
involved in interactions with DNA, histones and ACF1 — the N-terminal half of the protein
forming the helicase domain (Figure 4.2) — to map the interaction with ERa. We obtained
plasmids coding for GFP-tagged fragments of SNF2H encompassing the SANT domain, the
SLIDE domain, or both (Figure 4.2, Annexe III) (258). BRET assays between ERa fused to
RLucl and the GFP-tagged fragments suggested that the SANT domain, but not SLIDE alone,
was involved in the interaction with ERa in the presence of ICI182,780 (Annexe III).
Interestingly, NCoR also contains a SANT domain (259), and this domain appears to mediate
interactions between several chromatin remodellers and histones (260). The detection of an
interaction between ERa and SANT could thus further indicate that ERa interacts with SNF2H

on chromatin.

We also performed an IP experiment between these GFP-tagged SNF2H fragments and
ERa in transfected HEK-293 cells and found that the small SANT domain interacted with ERa
in both the vehicle and ICI182,780 conditions (Annexe III). This difference with the BRET
assay results could be due to a limitation of the BRET technique, as the relative orientation of
BRET partners impacts signal intensity (261/). Thus, the ERo. — SANT complex might adopt a
different conformation in the presence of ICI182,780. On the other hand, the longer fragment
encompassing both SANT and SLIDE regions only precipitated ERa in the presence of
ICI182,780 (Annexe IIT). These results suggest that SANT can interact with ERa, but that other
regions of SNF2H contribute to the specificity for ICI182,780-liganded ERa. Accordingly, the
ERa(AH12) mutant was able to faintly recruit SNF2H in the presence of vehicle and E2
(Chapter 3), implying that ERa and SNF2H can interact, especially in the absence of H12, but
that ICI182,780 treatment enhances this recruitment, potentially through HI12-dependent
interactions between ERa and ACF1 and/or through SUMOylation. Of note, SLIDE contains the
ACF1 interacting region, as well as a putative SIM, and the reciprocal SNF2H interacting region
in ACF1 also contains a putative SIM (Figure 4.2). Consequently, mapping the domains of the
ACF1 subunit implicated in the interaction with ERa will shed more light on the pure AE-

specific recruitment of the ACF complex.
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Another group used MCF-7 cells stably expressing TAP-ERa to identify novel
interacting partners by mass spectrometry following 1 h of treatment with various ligands,
including ICI182,780, but did not detect ACF (225). In addition, a previous study used a GST-
tagged AF2 domain of ERa to identify an ICI182,780-dependent interaction with CK8/CK18
from MCF-7 cell lysates (166), but we could not detect this interaction in our experimental
setting. While cell culture and treatment conditions were fairly alike between all three set-ups,
composition of the extraction buffers greatly differed. Indeed, detergent composition of the
extraction buffers is likely to determine which interacting partners are detected by IP, as ERa
becomes insoluble following ICI182,780 treatment (151, 154) (see section 4.4). Accordingly,
Long et al were able to detect interactions of in vitro expressed AF2 with components of the
insoluble nuclear matrix with their extraction buffer containing 2% SDS (766), while our less
harsh extraction conditions (1% NP40) did not, but allowed detection of interactions between
transfected ERa and ACF (Chapter 3), while it is likely that a less stringent buffer (0.5% Triton)
could not extract either (225).

These observations suggest that partners of ICI182,780-liganded ERa remain to be
identified. A way of bypassing the extraction and IP wash buffer impediments could be the use
of the BiolD technique, by fusing ERa to the BirA biotin ligase (262) and expressing it in MCF-
7 cells to screen for interacting partners from a relevant cell background. Addition of biotin to
the culture media will lead to biotinylation of proteins in proximity to the ligase-fused ERa,
allowing isolation with streptavidin beads and identification by mass spectrometry (262). Using
BioID would avoid losing weak or transient interactions, as well as work around solubility
issues, as this technique was tested on the highly insoluble nuclear lamin A (262). Kinetics of
IC1182,780 treatment could be performed with this technique to better elucidate the order of
recruited partners to ERa. Identified partners would ideally be confirmed by IP with endogenous

ERo in MCF-7 cells.
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4.4 Does pure AE-induced SUMOylation lead to accumulation of

ERa at the nuclear matrix for degradation by the proteasome?

Studies on ERa point mutants corroborate a model in which SUMOylation is necessary
for ACF recruitment and transcriptional repression in the presence of ICI182,780. These results
are summarized in Table 4.1 and, together with previously published results, further indicate a
link between SUMOylation of ERa and receptor insolubility following ICI182,780 treatment.
Indeed, modified ERa forms that retained sensitivity to ICI182,780 (wt, Y537A) accumulated in
an insoluble compartment, while mutants that had a partial transcriptional activity in the presence
of ICI182,780 did not (L536A, L539A, L540A) (151) and were also found not to be
SUMOylated (7154).

Table 4.1. Link between ERa SUMOylation, ACF recruitment, transcriptional repression
and insolubility.

. . ACF Transcriptional Binding to -
ERa form SUMOylation recruitment activity +ICI DNA +3 h ICI Solubility
NO 2 b, c,d
wt ERa YES abec YES ¢ (target genes, NQ b.c Insoluble 24
reporter vector)
YES ©
b,
ERa(V534E) NQ b.¢c NO ¢ @arget gones) YES ¢© N/A
d
ERa(L536A) NO* NO ¢ YES N/A Soluble ¢
(reporter vector)
* NO d d
ERa(Y537A) YES YES ¢ (reporter vector) N/A Insoluble
,d
ERa(L539A) NO 2 NO ¢ YES® N/A Soluble ¢
(reporter vector)
,d
ERa(L540A) NO 2 NO ¢ YES® N/A Soluble ¢
(reporter vector)

2(154), ° Chapter 2, ¢ Chapter 3, ¢ (151), * Mutation L536R also abrogates SUMOylation, while mutation Y537S
does not (El Ezzy M. and Traboulsi T., unpublished data).

Several FRAP studies have reported reduced mobility of ICI182,780-liganded ERa (751,
167) and cell fractionation assays have further demonstrated increased aggregation of the
receptor in an insoluble compartment in the presence of pure AEs (151, 154, 162, 257, 263). This
insoluble fraction corresponds to the nuclear matrix, an interchromatin domain composed of

filament proteins which can connect with the nuclear lamina (264). In this respect and as stated
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above, ERa was shown to strongly interact with intermediate filament components cytokeratins

CKS8 and CK18 in the presence of ICI182,780, but not E2 or OHT (166).

A
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Figure 4.3. Schematic representation of ERa’s H12 amino acids organization.
Positioning of human ERa’s H12 residues on an a-helical wheel is shown (from (751)). Residues are colour-coded
according to their side-chain properties. Residues mutated to Ala for our experiments (Table 4.1) are indicated.
Chemical structures of amino acids Leu, Ala and Tyr are shown.

Helix H12 is required for the interaction with CK8/CK18 (166) and for the reduced ERa
mobility in the presence of IC1182,780 (167), further highlighting the role of H12 conformation
for pure antiestrogenicity. Moreover, modified ERa significantly accumulated in the nuclear
matrix fraction in the presence of ICI182,780 (154), suggesting that SUMOylation could target
ERa to this compartment. Indeed, the H12 point mutants which abrogate SUMOylation remained
both mobile and soluble (757) (Table 4.1). The potential role of SUMOylation for the interaction

of ERa with CK8/CK18 could be assessed by co-immunoprecipitation experiments using the
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characterized ERo mutants non-permissive for SUMOylation. Interestingly, residues L536, L.539
and L540 all lie on the hydrophobic side of H12 (Figure 4.3) and modelling of their mutation to
smaller side-chain Ala residues suggests relief from steric hindrance between H12 residues and
the pure AE long side-chain (7517). The resulting impact on H12 positioning would likely change
the receptor’s protein — protein interaction surface, resulting in observed loss of SUMOylation,
of subsequent recruitment of ACF and of receptor insolubility. On the other hand, mutation of
the polar and bulky Y537 to the non-polar and small Ala (Figure 4.3) on the hydrophilic side of
the helix would not interfere with the positioning of the pure AE side-chain (15/) and would not
impact H12 structure as severely, allowing ERa SUMOylation and its consequences (Table 4.1).
Alternatively, it is possible that exposed hydrophobic amino acids of H12 directly contribute to

the recruitment of SUMO ligases and/or co-repressor complexes.

Roles for SUMOylation in relocating target proteins to the nuclear matrix have been
described in the literature. SUMOylation of TFs LEF1 and Sp3 increases their presence at the
nuclear matrix (793, 195). More striking, however, is the PML example. PML proteins aggregate
as nuclear bodies at the nuclear matrix, and SUMOylation can promote both formation of this
structure and recruitment of ubiquitin ligase RNF4 to increase degradation by the proteasome

(218, 220).

Accumulation of ERa in the nuclear matrix was reported to decrease over time (257),
suggesting that the pure AE-induced degradation of the receptor occurs in this insoluble
compartment. Accordingly, proteasome inhibition in MCF-7 cells accumulated ERo in the
insoluble fraction (751, 263). Furthermore, CK8/CK18 knockdown in MCF-7 cells decreased
ERa degradation in the presence of ICI182,780 (166). Indeed, the proteasome 26S is strongly
associated with intermediate filaments of the nuclear matrix (166, 167) and the subnuclear
relocalization of ERa could aid, along with receptor ubiquitination (741), in targeting ERa to the
proteasome for degradation. Casa et al showed that the sequence itself of the ERa NLS, and not
only nuclear localization, was required for ICI182,780-dependent degradation (164). Although
not identified in our mass spectrometry experiments with ICI1182,780 (154), Lys residues K266
and K268, were found to be SUMOylated in the presence of E2 (169), and their mutation
impaired ERa degradation in the presence of ICI182,780 (164). Note, however, that
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SUMOylation levels of wt and mutant ERa forms were not assessed in this study. These results
would nonetheless be compatible with a model where pure AE-induced SUMOylation targets
ERa to the nuclear matrix for degradation. Interestingly, our mass spectrometry experiments
identified K299 as a SUMOylated residue in the presence of ICI1182,780 (154), and this residue
also lies in the hinge region (Figure 4.1), which could suggest that the D domain conformation
exposes several Lys residues liable to modification. More experiments are required, however, to
better characterize the contribution of SUMOylation for ERa degradation. Preliminary BRET
experiments in HEK-293 cells show that SENP1 overexpression reduces the efficacy of ERa
ubiquitination (E! Ezzy M., unpublished data), which would be compatible with conjugation of
ubiquitin at Lys residues of either ERa or the SUMO moieties bound to the receptor. Similarly,
the non-SUMOylated L536R mutant was also not ubiquitinated according to BRET assays (El
Ezzy M., unpublished data). Kinetics of ICI182,780 treatment should be undertaken to correlate
mutant receptor turnover with their capacity to be SUMOylated.

Finally, the DBD double point mutant ERa(E203A;G204A) did not prevent ICI1182,780-
dependent degradation (764), which could imply that SUMOylation of ERa can occur
irrespective of receptor binding to DNA and target ERa to the nuclear matrix. On the other hand,
proteasome inhibition did not affect the kinetics of ERa’s loss of binding to DNA (Chapter 3),
suggesting that SUMOylation of ERa contributes to transcriptional suppression via two parallel
mechanisms, i.e. enhanced recruitment of corepressors at EREs and relocation of ERa to the
nuclear matrix for proteasome-mediated degradation, thus efficiently shutting-off transcriptional

activity of ERa on its target genes in the presence of pure AEs.
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4.5 Conclusion

Our work has allowed a better understanding of the mechanisms of action of pure AEs in
breast cancer cells, particularly regarding their more efficient inhibition of ERa transcriptional
activity compared to SERMs. The unique dynamic positioning of ERa helix H12, due to steric
hindrance between H12 residues and the long side-chain characteristic of pure AEs, results in
modification of the receptor by SUMO moieties. SUMOylation may take place prior to or during
DNA binding, but affects ERa functional properties in multiple ways. The model that emerges
from our studies is that ERa-SUMO recruits the ACF chromatin remodelling complex, resulting
in local loss of chromatin accessibility that prevents subsequent ERa binding to DNA.
SUMOylation may also increase recruitment of chromatin modifiers NCoR and SMRT.
SUMOylation may in addition promote ERa interaction with CK8/CK18 and receptor
accumulation at the nuclear matrix. Finally, ERa is ubiquitinated in the presence of pure AEs,
either concomitantly to SUMOylation and/or in a manner enhanced by SUMO, resulting in
receptor degradation by the proteasome 26S in the nuclear matrix compartment. The chromatin
compaction at ER target regions, coupled with ERa degradation, ensures an efficient long-term

shut-off of transcription of E2 target genes (Figure 4.4).

ERo mutations that affect the pure AE-specific conformation of H12 would abrogate
SUMOylation and reverse its impact on ERa activity. Accordingly, point mutations at the
hydrophobic side of H12 prevent SUMOylation and de-repress transcription of target genes in
the presence of pure AEs. While several of these mutations had been characterized in
laboratories in the last two decades, they have only been identified as clinically relevant in the
past five years. Future studies should determine whether certain ERa mutations, such as the
V534E, occur preferentially in patients having progressed after pure AE treatment, and whether
they can be screened for as part of personalized medicine approaches to better guide treatment
options. Potential defects in the SUMO conjugating pathway may also help predict response to
pure AEs, although their impact on cell biology is expected to be broad.

In conclusion, pure AEs employ mechanisms differing widely from those used by
SERMs to inhibit ERa activity. These mechanisms of chromatin compaction and protein
degradation are, however, favoured in many other responses to cellular stress, and this study

further highlights how post-translational modifications can alter a transcription factor’s fate.
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1. Pure AEs allow ERa binding to DNA and induce ERa SUMOylation.
2. Modified ERa favours recruitment of corepressors and interacts

with the ACF chromatin remodelling complex.

Nuclear
matrix

Nucleus

3. ACF promotes chromatin compaction and prevents subsequent SS M
ERa binding to DNA. 7

4. SUMOylated ERa accumulates at the nuclear matrix and is
Nucleus

degraded through the ubiquitin — proteasome pathway.
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Figure 4.4. Proposed mechanism of action of pure AEs in breast cancer cells.

143





REFERENCES

1. Barnard ME, Boeke CE, Tamimi RM. Established breast cancer risk factors and risk of
intrinsic tumor subtypes. Biochimica et biophysica acta. 2015;1856(1):73-85.

2. Malhotra GK, Zhao X, Band H, Band V. Histological, molecular and functional subtypes
of breast cancers. Cancer biology & therapy. 2010;10(10):955-60.

3. Lal S, McCart Reed AE, de Luca XM, Simpson PT. Molecular signatures in breast
cancer. Methods. 2017.

4, Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al. Molecular
portraits of human breast tumours. Nature. 2000;406(6797):747-52.

5. Hon JD, Singh B, Sahin A, Du G, Wang J, Wang VY, et al. Breast cancer molecular
subtypes: from TNBC to QNBC. American journal of cancer research. 2016;6(9):1864-72.

6. Beatson GT. On the treatment of inoperable cases of carcinoma of the mammary.
Suggestions for a new method of treatment with illustrative cases. The Lancet.
1896;148(3803):162-5.

7. Ali S, Coombes RC. Endocrine-responsive breast cancer and strategies for combating
resistance. Nature reviews Cancer. 2002;2(2):101-12.

8. Lathrop AE, Loeb L. Further investigations on the origin of tumors in mice. III. On the
part played by internal secretion in the spontaneous development of tumors. The Journal of
cancer research. 1916;1(1):1-19.

9. Simoni RDH, R.L.; Vaughan, M. The Discovery of Estrone, Estriol, and Estradiol and the
Biochemical Study of Reproduction. The Work of Edward Adelbert Doisy. The Journal of
biological chemistry. 2002;277.

10. Jensen EV, Suzuki T, Kawashima T, Stumpf WE, Jungblut PW, DeSombre ER. A two-
step mechanism for the interaction of estradiol with rat uterus. Proceedings of the National
Academy of Sciences of the United States of America. 1968;59(2):632-8.

11.  Toft D, Gorski J. A receptor molecule for estrogens: isolation from the rat uterus and
preliminary characterization. Proceedings of the National Academy of Sciences of the United
States of America. 1966;55(6):1574-81.

12. Jensen EV, Block GE, Smith S, Kyser K, DeSombre ER. Estrogen receptors and breast

cancer response to adrenalectomy. National Cancer Institute monograph. 1971;34:55-70.

144





13. Greene GL, Closs LE, Fleming H, DeSombre ER, Jensen EV. Antibodies to estrogen
receptor: immunochemical similarity of estrophilin from various mammalian species.
Proceedings of the National Academy of Sciences of the United States of America.
1977;74(9):3681-5.

14.  Knight WA, Livingston RB, Gregory EJ, McGuire WL. Estrogen receptor as an
independent prognostic factor for early recurrence in breast cancer. Cancer research.
1977;37(12):4669-71.

15. Maynard PV, Blamey RW, Elston CW, Haybittle JL, Griffiths K. Estrogen receptor assay
in primary breast cancer and early recurrence of the disease. Cancer research. 1978;38(11 Pt
2):4292-5.

16.  O'Malley BW, Khan S. Elwood V. Jensen (1920-2012): father of the nuclear receptors.
Proceedings of the National Academy of Sciences of the United States of America.
2013;110(10):3707-8.

17. Slamon DJ, Clark GM, Wong SG, Levin WIJ, Ullrich A, McGuire WL. Human breast
cancer: correlation of relapse and survival with amplification of the HER-2/neu oncogene.
Science. 1987;235(4785):177-82.

18.  Drebin JA, Link VC, Weinberg RA, Greene MI. Inhibition of tumor growth by a
monoclonal antibody reactive with an oncogene-encoded tumor antigen. Proceedings of the
National Academy of Sciences of the United States of America. 1986;83(23):9129-33.

19. Dai X, Xiang L, Li T, Bai Z. Cancer Hallmarks, Biomarkers and Breast Cancer
Molecular Subtypes. Journal of Cancer. 2016;7(10):1281-94.

20. Ma CX, Luo J, Ellis MJ. Molecular profiling of triple negative breast cancer. Breast
disease. 2010;32(1-2):73-84.

21.  Prat A, Perou CM. Deconstructing the molecular portraits of breast cancer. Molecular
oncology. 2011;5(1):5-23.

22. Rouzier R, Perou CM, Symmans WF, Ibrahim N, Cristofanilli M, Anderson K, et al.
Breast cancer molecular subtypes respond differently to preoperative chemotherapy. Clinical
cancer research : an official journal of the American Association for Cancer Research.

2005;11(16):5678-85.

145





23. Parker JS, Mullins M, Cheang MC, Leung S, Voduc D, Vickery T, et al. Supervised risk
predictor of breast cancer based on intrinsic subtypes. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology. 2009;27(8):1160-7.

24.  Kwa M, Makris A, Esteva FJ. Clinical utility of gene-expression signatures in early stage
breast cancer. Nature reviews Clinical oncology. 2017.

25. Schmidt M, Thomssen C, Untch M. Intrinsic Subtypes of Primary Breast Cancer--Gene
Expression Analysis. Oncology research and treatment. 2016;39(3):102-10.

26. Heldring N, Pike A, Andersson S, Matthews J, Cheng G, Hartman J, et al. Estrogen
receptors: how do they signal and what are their targets. Physiological reviews. 2007;87(3):905-
31.

217. Rakha EA, Reis-Filho JS, Ellis I0. Combinatorial biomarker expression in breast cancer.
Breast cancer research and treatment. 2010;120(2):293-308.

28. Al S, Buluwela L, Coombes RC. Antiestrogens and their therapeutic applications in
breast cancer and other diseases. Annual review of medicine. 2011;62:217-32.

29. Chumsri S, Howes T, Bao T, Sabnis G, Brodie A. Aromatase, aromatase inhibitors, and
breast cancer. The Journal of steroid biochemistry and molecular biology. 2011;125(1-2):13-22.
30. Baselga J, Swain SM. Novel anticancer targets: revisiting ERBB2 and discovering
ERBB3. Nature reviews Cancer. 2009;9(7):463-75.

31.  Gingras I, Gebhart G, de Azambuja E, Piccart-Gebhart M. HER2-positive breast cancer is
lost in translation: time for patient-centered research. Nature reviews Clinical oncology. 2017.

32. von Minckwitz G, Procter M, de Azambuja E, Zardavas D, Benyunes M, Viale G, et al.
Adjuvant Pertuzumab and Trastuzumab in Early HER2-Positive Breast Cancer. The New
England journal of medicine. 2017;377(2):122-31.

33, Segovia-Mendoza M, Gonzalez-Gonzalez ME, Barrera D, Diaz L, Garcia-Becerra R.
Efficacy and mechanism of action of the tyrosine kinase inhibitors gefitinib, lapatinib and
neratinib in the treatment of HER2-positive breast cancer: preclinical and clinical evidence.
American journal of cancer research. 2015;5(9):2531-61.

34, Pruneri G, Bonizzi G, Vingiani A. Biomarkers for the identification of recurrence in

human epidermal growth factor receptor 2-positive breast cancer patients. Current opinion in

oncology. 2016;28(6):476-83.

146





35. Masuda H, Baggerly KA, Wang Y, Zhang Y, Gonzalez-Angulo AM, Meric-Bernstam F,
et al. Differential response to neoadjuvant chemotherapy among 7 triple-negative breast cancer
molecular subtypes. Clinical cancer research : an official journal of the American Association for
Cancer Research. 2013;19(19):5533-40.

36.  Cancer Genome Atlas N. Comprehensive molecular portraits of human breast tumours.
Nature. 2012;490(7418):61-70.

37. Hu Z, Fan C, Oh DS, Marron JS, He X, Qaqish BF, et al. The molecular portraits of
breast tumors are conserved across microarray platforms. BMC genomics. 2006;7:96.

38.  Teschendorff AE, Miremadi A, Pinder SE, Ellis IO, Caldas C. An immune response gene
expression module identifies a good prognosis subtype in estrogen receptor negative breast
cancer. Genome biology. 2007;8(8):R157.

39. Zhang M. Novel function of STAT] in breast cancer. Oncoimmunology.
2013;2(8):e25125.

40. Farmer P, Bonnefoi H, Becette V, Tubiana-Hulin M, Fumoleau P, Larsimont D, et al.
Identification of molecular apocrine breast tumours by microarray analysis. Oncogene.
2005;24(29):4660-71.

41. Lakis S, Kotoula V, Eleftheraki AG, Batistatou A, Bobos M, Koletsa T, et al. The
androgen receptor as a surrogate marker for molecular apocrine breast cancer subtyping. Breast.
2014;23(3):234-43.

42.  Ascenzi P, Bocedi A, Marino M. Structure-function relationship of estrogen receptor
alpha and beta: impact on human health. Molecular aspects of medicine. 2006;27(4):299-402.

43.  Verkasalo PK, Thomas HV, Appleby PN, Davey GK, Key TJ. Circulating levels of sex
hormones and their relation to risk factors for breast cancer: a cross-sectional study in 1092 pre-
and postmenopausal women (United Kingdom). Cancer causes & control : CCC. 2001;12(1):47-
59.

44, Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J, Andersson G, et al. Mechanisms
of estrogen action. Physiological reviews. 2001;81(4):1535-65.

45.  Hennighausen L, Robinson GW. Information networks in the mammary gland. Nature
reviews Molecular cell biology. 2005;6(9):715-25.

46.  Deroo BJ, Korach KS. Estrogen receptors and human disease. The Journal of clinical

investigation. 2006;116(3):561-70.

147





47.  Jia M, Dahlman-Wright K, Gustafsson JA. Estrogen receptor alpha and beta in health and
disease. Best practice & research Clinical endocrinology & metabolism. 2015;29(4):557-68.

48.  Gann PH, Morrow M. Combined hormone therapy and breast cancer: a single-edged
sword. Jama. 2003;289(24):3304-6.

49.  Gosden JR, Middleton PG, Rout D. Localization of the human oestrogen receptor gene to
chromosome 6q24----q27 by in situ hybridization. Cytogenetics and cell genetics. 1986;43(3-
4):218-20.

50. Enmark E, Pelto-Huikko M, Grandien K, Lagercrantz S, Lagercrantz J, Fried G, et al.
Human estrogen receptor beta-gene structure, chromosomal localization, and expression pattern.
The Journal of clinical endocrinology and metabolism. 1997;82(12):4258-65.

51.  Hall JM, McDonnell DP. Coregulators in nuclear estrogen receptor action: from concept
to therapeutic targeting. Molecular interventions. 2005;5(6):343-57.

52. Treeck O, Juhasz-Boess I, Lattrich C, Horn F, Goerse R, Ortmann O. Effects of exon-
deleted estrogen receptor beta transcript variants on growth, apoptosis and gene expression of
human breast cancer cell lines. Breast cancer research and treatment. 2008;110(3):507-20.

53. Omoto Y, Inoue S, Ogawa S, Toyama T, Yamashita H, Muramatsu M, et al. Clinical
value of the wild-type estrogen receptor beta expression in breast cancer. Cancer letters.
2001;163(2):207-12.

54. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz G, Umesono K, et al. The
nuclear receptor superfamily: the second decade. Cell. 1995;83(6):835-9.

55. Tzukerman MT, Esty A, Santiso-Mere D, Danielian P, Parker MG, Stein RB, et al.
Human estrogen receptor transactivational capacity is determined by both cellular and promoter
context and mediated by two functionally distinct intramolecular regions. Molecular
endocrinology. 1994;8(1):21-30.

56. Metzger D, Ali S, Bornert JM, Chambon P. Characterization of the amino-terminal
transcriptional activation function of the human estrogen receptor in animal and yeast cells. The
Journal of biological chemistry. 1995;270(16):9535-42.

57.  Webb P, Nguyen P, Shinsako J, Anderson C, Feng W, Nguyen MP, et al. Estrogen
receptor activation function 1 works by binding pl60 coactivator proteins. Molecular

endocrinology. 1998;12(10):1605-18.

148





58. Mclnerney EM, Weis KE, Sun J, Mosselman S, Katzenellenbogen BS. Transcription
activation by the human estrogen receptor subtype beta (ER beta) studied with ER beta and ER
alpha receptor chimeras. Endocrinology. 1998;139(11):4513-22.

59. Sanchez R, Nguyen D, Rocha W, White JH, Mader S. Diversity in the mechanisms of
gene regulation by estrogen receptors. BioEssays : news and reviews in molecular, cellular and
developmental biology. 2002;24(3):244-54.

60. Mader S, Kumar V, de Verneuil H, Chambon P. Three amino acids of the oestrogen
receptor are essential to its ability to distinguish an oestrogen from a glucocorticoid-responsive
element. Nature. 1989;338(6212):271-4.

61.  Mader S, Chambon P, White JH. Defining a minimal estrogen receptor DNA binding
domain. Nucleic acids research. 1993;21(5):1125-32.

62.  Klinge CM. Estrogen receptor interaction with estrogen response elements. Nucleic acids
research. 2001;29(14):2905-19.

63. Bourdeau V, Deschenes J, Metivier R, Nagai Y, Nguyen D, Bretschneider N, et al.
Genome-wide identification of high-affinity estrogen response elements in human and mouse.
Molecular endocrinology. 2004;18(6):1411-27.

64. Picard D, Kumar V, Chambon P, Yamamoto KR. Signal transduction by steroid
hormones: nuclear localization is differentially regulated in estrogen and glucocorticoid
receptors. Cell regulation. 1990;1(3):291-9.

65. Koide A, Zhao C, Naganuma M, Abrams J, Deighton-Collins S, Skafar DF, et al.
Identification of regions within the F domain of the human estrogen receptor alpha that are
important for modulating transactivation and protein-protein interactions. Molecular
endocrinology. 2007;21(4):829-42.

66.  Beekman JM, Allan GF, Tsai SY, Tsai MJ, O'Malley BW. Transcriptional activation by
the estrogen receptor requires a conformational change in the ligand binding domain. Molecular
endocrinology. 1993;7(10):1266-74.

67. Warnmark A, Treuter E, Gustafsson JA, Hubbard RE, Brzozowski AM, Pike AC.
Interaction of transcriptional intermediary factor 2 nuclear receptor box peptides with the
coactivator binding site of estrogen receptor alpha. The Journal of biological chemistry.

2002;277(24):21862-8.

149





68. Brzozowski AM, Pike AC, Dauter Z, Hubbard RE, Bonn T, Engstrom O, et al. Molecular
basis of agonism and antagonism in the oestrogen receptor. Nature. 1997;389(6652):753-8.

69.  Traboulsi T, El Ezzy M, Gleason JL, Mader S. Antiestrogens: structure-activity
relationships and use in breast cancer treatment. Journal of molecular endocrinology.
2017;58(1):R15-R31.

70.  Cheung J, Smith DF. Molecular chaperone interactions with steroid receptors: an update.
Molecular endocrinology. 2000;14(7):939-46.

71. Zilli M, Grassadonia A, Tinari N, Di Giacobbe A, Gildetti S, Giampietro J, et al.
Molecular mechanisms of endocrine resistance and their implication in the therapy of breast
cancer. Biochimica et biophysica acta. 2009;1795(1):62-81.

72. Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor dynamics and sufficiency in
estrogen receptor-regulated transcription. Cell. 2000;103(6):843-52.

73.  Welboren WJ, van Driel MA, Janssen-Megens EM, van Heeringen SJ, Sweep FC, Span
PN, et al. ChIP-Seq of ERalpha and RNA polymerase II defines genes differentially responding
to ligands. The EMBO journal. 2009;28(10):1418-28.

74.  Tsai MJ, O'Malley BW. Molecular mechanisms of action of steroid/thyroid receptor
superfamily members. Annual review of biochemistry. 1994;63:451-86.

75. Luisi BF, Xu WX, Otwinowski Z, Freedman LP, Yamamoto KR, Sigler PB.
Crystallographic analysis of the interaction of the glucocorticoid receptor with DNA. Nature.
1991;352(6335):497-505.

76.  Schwabe JW, Chapman L, Finch JT, Rhodes D. The crystal structure of the estrogen
receptor DNA-binding domain bound to DNA: how receptors discriminate between their
response elements. Cell. 1993;75(3):567-78.

77. Truss M, Bartsch J, Schelbert A, Hache RJ, Beato M. Hormone induces binding of
receptors and transcription factors to a rearranged nucleosome on the MMTYV promoter in vivo.
The EMBO journal. 1995;14(8):1737-51.

78. Paech K, Webb P, Kuiper GG, Nilsson S, Gustafsson J, Kushner PJ, et al. Differential
ligand activation of estrogen receptors ERalpha and ERbeta at AP1 sites. Science.

1997;277(5331):1508-10.

150





79.  Webb P, Nguyen P, Valentine C, Lopez GN, Kwok GR, MclInerney E, et al. The estrogen
receptor enhances AP-1 activity by two distinct mechanisms with different requirements for
receptor transactivation functions. Molecular endocrinology. 1999;13(10):1672-85.

80. Kushner PJ, Agard DA, Greene GL, Scanlan TS, Shiau AK, Uht RM, et al. Estrogen
receptor pathways to AP-1. The Journal of steroid biochemistry and molecular biology.
2000;74(5):311-7.

81.  Weatherman RV, Scanlan TS. Unique protein determinants of the subtype-selective
ligand responses of the estrogen receptors (ERalpha and ERbeta ) at AP-1 sites. The Journal of
biological chemistry. 2001;276(6):3827-32.

82. Ali S, Metzger D, Bornert JM, Chambon P. Modulation of transcriptional activation by
ligand-dependent phosphorylation of the human oestrogen receptor A/B region. The EMBO
journal. 1993;12(3):1153-60.

83. Kato S, Endoh H, Masuhiro Y, Kitamoto T, Uchiyama S, Sasaki H, et al. Activation of
the estrogen receptor through phosphorylation by mitogen-activated protein kinase. Science.
1995;270(5241):1491-4.

84. Chen D, Riedl T, Washbrook E, Pace PE, Coombes RC, Egly JM, et al. Activation of
estrogen receptor alpha by S118 phosphorylation involves a ligand-dependent interaction with
TFIIH and participation of CDK7. Molecular cell. 2000;6(1):127-37.

85. Chen D, Washbrook E, Sarwar N, Bates GJ, Pace PE, Thirunuvakkarasu V, et al.
Phosphorylation of human estrogen receptor alpha at serine 118 by two distinct signal
transduction  pathways revealed by phosphorylation-specific  antisera. ~ Oncogene.
2002;21(32):4921-31.

86. Arnold SF, Obourn JD, Jaffe H, Notides AC. Serine 167 is the major estradiol-induced
phosphorylation site on the human estrogen receptor. Molecular endocrinology. 1994;8(9):1208-
14.

87.  Joel PB, Smith J, Sturgill TW, Fisher TL, Blenis J, Lannigan DA. pp90rskl regulates
estrogen receptor-mediated transcription through phosphorylation of Ser-167. Molecular and
cellular biology. 1998;18(4):1978-84.

88.  Howell A. Pure oestrogen antagonists for the treatment of advanced breast cancer.

Endocrine-related cancer. 2006;13(3):689-706.

151





89.  Marino M, Ascenzi P. Membrane association of estrogen receptor alpha and beta
influences 17beta-estradiol-mediated cancer cell proliferation. Steroids. 2008;73(9-10):853-8.

90. Song RX, Santen RJ. Membrane initiated estrogen signaling in breast cancer. Biology of
reproduction. 2006;75(1):9-16.

91.  Doolan CM, Harvey BJ. A Galphas protein-coupled membrane receptor, distinct from the
classical oestrogen receptor, transduces rapid effects of oestradiol on [Ca2+]i in female rat distal
colon. Molecular and cellular endocrinology. 2003;199(1-2):87-103.

92.  Heery DM, Kalkhoven E, Hoare S, Parker MG. A signature motif in transcriptional co-
activators mediates binding to nuclear receptors. Nature. 1997;387(6634):733-6.

93. Mclnerney EM, Rose DW, Flynn SE, Westin S, Mullen TM, Krones A, et al.
Determinants of coactivator LXXLL motif specificity in nuclear receptor transcriptional
activation. Genes & development. 1998;12(21):3357-68.

94, Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ, Agard DA, et al. The structural
basis of estrogen receptor/coactivator recognition and the antagonism of this interaction by
tamoxifen. Cell. 1998;95(7):927-37.

95. Spencer TE, Jenster G, Burcin MM, Allis CD, Zhou J, Mizzen CA, et al. Steroid receptor
coactivator-1 is a histone acetyltransferase. Nature. 1997;389(6647):194-8.

96. Chen H, Lin RJ, Schiltz RL, Chakravarti D, Nash A, Nagy L, et al. Nuclear receptor
coactivator ACTR is a novel histone acetyltransferase and forms a multimeric activation
complex with P/CAF and CBP/p300. Cell. 1997;90(3):569-80.

97.  Chen D, Huang SM, Stallcup MR. Synergistic, pl60 coactivator-dependent enhancement
of estrogen receptor function by CARMI1 and p300. The Journal of biological chemistry.
2000;275(52):40810-6.

98. Stallcup MR, Chen D, Koh SS, Ma H, Lee YH, Li H, et al. Co-operation between
protein-acetylating and protein-methylating co-activators in transcriptional activation.
Biochemical Society transactions. 2000;28(4):415-8.

99.  Smith CL, O'Malley BW. Coregulator function: a key to understanding tissue specificity
of selective receptor modulators. Endocrine reviews. 2004;25(1):45-71.

100. Zhou G, Cummings R, Li Y, Mitra S, Wilkinson HA, Elbrecht A, et al. Nuclear receptors
have distinct affinities for coactivators: characterization by fluorescence resonance energy

transfer. Molecular endocrinology. 1998;12(10):1594-604.

152





101. Kobayashi Y, Kitamoto T, Masuhiro Y, Watanabe M, Kase T, Metzger D, et al. p300
mediates functional synergism between AF-1 and AF-2 of estrogen receptor alpha and beta by
interacting directly with the N-terminal A/B domains. The Journal of biological chemistry.
2000;275(21):15645-51.

102. Lanz RB, McKenna NJ, Onate SA, Albrecht U, Wong J, Tsai SY, et al. A steroid receptor
coactivator, SRA, functions as an RNA and is present in an SRC-1 complex. Cell.
1999;97(1):17-27.

103. Burakov D, Wong CW, Rachez C, Cheskis BJ, Freedman LP. Functional interactions
between the estrogen receptor and DRIP205, a subunit of the heteromeric DRIP coactivator
complex. The Journal of biological chemistry. 2000;275(27):20928-34.

104. Burakov D, Crofts LA, Chang CP, Freedman LP. Reciprocal recruitment of
DRIP/mediator and p160 coactivator complexes in vivo by estrogen receptor. The Journal of
biological chemistry. 2002;277(17):14359-62.

105. Chiba H, Muramatsu M, Nomoto A, Kato H. Two human homologues of Saccharomyces
cerevisiae SWI2/SNF2 and Drosophila brahma are transcriptional coactivators cooperating with
the estrogen receptor and the retinoic acid receptor. Nucleic acids research. 1994;22(10):1815-
20.

106. Ichinose H, Garnier JM, Chambon P, Losson R. Ligand-dependent interaction between
the estrogen receptor and the human homologues of SWI2/SNF2. Gene. 1997;188(1):95-100.
107. Belandia B, Orford RL, Hurst HC, Parker MG. Targeting of SWI/SNF chromatin
remodelling complexes to estrogen-responsive genes. The EMBO journal. 2002;21(15):4094-
103.

108. Metivier R, Penot G, Hubner MR, Reid G, Brand H, Kos M, et al. Estrogen receptor-
alpha directs ordered, cyclical, and combinatorial recruitment of cofactors on a natural target
promoter. Cell. 2003;115(6):751-63.

109. Mohrmann L, Verrijzer CP. Composition and functional specificity of SWI2/SNF2 class
chromatin remodeling complexes. Biochimica et biophysica acta. 2005;1681(2-3):59-73.

110. Nawaz Z, Lonard DM, Smith CL, Lev-Lehman E, Tsai SY, Tsai MJ, et al. The Angelman
syndrome-associated protein, E6-AP, is a coactivator for the nuclear hormone receptor

superfamily. Molecular and cellular biology. 1999;19(2):1182-9.

153





111. Nawaz Z, Lonard DM, Dennis AP, Smith CL, O'Malley BW. Proteasome-dependent
degradation of the human estrogen receptor. Proceedings of the National Academy of Sciences
of the United States of America. 1999;96(5):1858-62.

112. Cavailles V, Dauvois S, L'Horset F, Lopez G, Hoare S, Kushner PJ, et al. Nuclear factor
RIP140 modulates transcriptional activation by the estrogen receptor. The EMBO journal.
1995;14(15):3741-51.

113.  Treuter E, Albrektsen T, Johansson L, Leers J, Gustafsson JA. A regulatory role for
RIP140 in nuclear receptor activation. Molecular endocrinology. 1998;12(6):864-81.

114. Rosell M, Nevedomskaya E, Stelloo S, Nautiyal J, Poliandri A, Steel JH, et al. Complex
formation and function of estrogen receptor alpha in transcription requires RIP140. Cancer
research. 2014;74(19):5469-79.

115. Fernandes I, Bastien Y, Wai T, Nygard K, Lin R, Cormier O, et al. Ligand-dependent
nuclear receptor corepressor LCoR functions by histone deacetylase-dependent and -independent
mechanisms. Molecular cell. 2003;11(1):139-50.

116. White JH, Fernandes I, Mader S, Yang XJ. Corepressor recruitment by agonist-bound
nuclear receptors. Vitamins and hormones. 2004;68:123-43.

117. Palijan A, Fernandes I, Bastien Y, Tang L, Verway M, Kourelis M, et al. Function of
histone deacetylase 6 as a cofactor of nuclear receptor coregulator LCoR. The Journal of
biological chemistry. 2009;284(44):30264-74.

118. Magnani L, Eeckhoute J, Lupien M. Pioneer factors: directing transcriptional regulators
within the chromatin environment. Trends in genetics : TIG. 2011;27(11):465-74.

119. Jozwik KM, Carroll JS. Pioneer factors in hormone-dependent cancers. Nature reviews
Cancer. 2012;12(6):381-5.

120. Hurtado A, Holmes KA, Ross-Innes CS, Schmidt D, Carroll JS. FOXA1 is a key
determinant of estrogen receptor function and endocrine response. Nature genetics.
2011;43(1):27-33.

121. Lippman M, Bolan G, Huff K. The effects of estrogens and antiestrogens on hormone-
responsive human breast cancer in long-term tissue culture. Cancer research. 1976;36(12):4595-

601.

154





122. Ward RL, Morgan G, Dalley D, Kelly PJ. Tamoxifen reduces bone turnover and prevents
lumbar spine and proximal femoral bone loss in early postmenopausal women. Bone and
mineral. 1993;22(2):87-94.

123.  Love RR, Barden HS, Mazess RB, Epstein S, Chappell RJ. Effect of tamoxifen on lumbar
spine bone mineral density in postmenopausal women after 5 years. Archives of internal
medicine. 1994;154(22):2585-8.

124. Love RR, Wiebe DA, Feyzi JM, Newcomb PA, Chappell RJ. Effects of tamoxifen on
cardiovascular risk factors in postmenopausal women after 5 years of treatment. Journal of the
National Cancer Institute. 1994;86(20):1534-9.

125. Martin L, Middleton E. Prolonged oestrogenic and mitogenic activity of tamoxifen in the
ovariectomized mouse. The Journal of endocrinology. 1978;78(1):125-9.

126. Frasor J, Stossi F, Danes JM, Komm B, Lyttle CR, Katzenellenbogen BS. Selective
estrogen receptor modulators: discrimination of agonistic versus antagonistic activities by gene
expression profiling in breast cancer cells. Cancer research. 2004;64(4):1522-33.

127.  Scafoglio C, Ambrosino C, Cicatiello L, Altucci L, Ardovino M, Bontempo P, et al.
Comparative gene expression profiling reveals partially overlapping but distinct genomic actions
of different antiestrogens in human breast cancer cells. Journal of cellular biochemistry.
2006;98(5):1163-84.

128. Martinkovich S, Shah D, Planey SL, Arnott JA. Selective estrogen receptor modulators:
tissue specificity and clinical utility. Clinical interventions in aging. 2014;9:1437-52.

129. Black LJ, Sato M, Rowley ER, Magee DE, Bekele A, Williams DC, et al. Raloxifene
(LY139481 HCI) prevents bone loss and reduces serum cholesterol without causing uterine
hypertrophy in ovariectomized rats. The Journal of clinical investigation. 1994;93(1):63-9.

130. DeMichele A, Troxel AB, Berlin JA, Weber AL, Bunin GR, Turzo E, et al. Impact of
raloxifene or tamoxifen use on endometrial cancer risk: a population-based case-control study.
Journal of clinical oncology : official journal of the American Society of Clinical Oncology.
2008;26(25):4151-9.

131.  Vogel VG, Costantino JP, Wickerham DL, Cronin WM, Cecchini RS, Atkins JN, et al.
Update of the National Surgical Adjuvant Breast and Bowel Project Study of Tamoxifen and
Raloxifene (STAR) P-2 Trial: Preventing breast cancer. Cancer prevention research.

2010;3(6):696-706.

155





132.  Wakeling AE, Bowler J. Steroidal pure antioestrogens. The Journal of endocrinology.
1987;112(3):R7-10.

133.  Wakeling AE, Dukes M, Bowler J. A potent specific pure antiestrogen with clinical
potential. Cancer research. 1991;51(15):3867-73.

134. Gallagher A, Chambers TJ, Tobias JH. The estrogen antagonist ICI 182,780 reduces
cancellous bone volume in female rats. Endocrinology. 1993;133(6):2787-91.

135. Park JB. The effects of fulvestrant, an estrogen receptor antagonist, on the proliferation,
differentiation and mineralization of osteoprecursor cells. Molecular medicine reports.
2013;7(2):555-8.

136. Osborne CK, Coronado-Heinsohn EB, Hilsenbeck SG, McCue BL, Wakeling AE,
McClelland RA, et al. Comparison of the effects of a pure steroidal antiestrogen with those of
tamoxifen in a model of human breast cancer. Journal of the National Cancer Institute.
1995;87(10):746-50.

137. Van de Velde P, Nique F, Bouchoux F, Bremaud J, Hameau MC, Lucas D, et al. RU
58,668, a new pure antiestrogen inducing a regression of human mammary carcinoma implanted
in nude mice. The Journal of steroid biochemistry and molecular biology. 1994;48(2-3):187-96.
138. Gibson MK, Nemmers LA, Beckman WC, Jr., Davis VL, Curtis SW, Korach KS. The
mechanism of ICI 164,384 antiestrogenicity involves rapid loss of estrogen receptor in uterine
tissue. Endocrinology. 1991;129(4):2000-10.

139. Dauvois S, Danielian PS, White R, Parker MG. Antiestrogen ICI 164,384 reduces cellular
estrogen receptor content by increasing its turnover. Proceedings of the National Academy of
Sciences of the United States of America. 1992;89(9):4037-41.

140. El Khissiin A, Leclercq G. Implication of proteasome in estrogen receptor degradation.
FEBS letters. 1999;448(1):160-6.

141. Wijayaratne AL, McDonnell DP. The human estrogen receptor-alpha is a ubiquitinated
protein whose stability is affected differentially by agonists, antagonists, and selective estrogen
receptor modulators. The Journal of biological chemistry. 2001;276(38):35684-92.

142. Lykkesfeldt AE, Madsen MW, Briand P. Altered expression of estrogen-regulated genes
in a tamoxifen-resistant and ICI 164,384 and ICI 182,780 sensitive human breast cancer cell line,

MCEF-7/TAMR-1. Cancer research. 1994;54(6):1587-95.

156





143. Howell A, Robertson JF, Quaresma Albano J, Aschermannova A, Mauriac L, Kleeberg
UR, et al. Fulvestrant, formerly ICI 182,780, is as effective as anastrozole in postmenopausal
women with advanced breast cancer progressing after prior endocrine treatment. Journal of
clinical oncology : official journal of the American Society of Clinical Oncology.
2002;20(16):3396-403.

144. Osborne CK, Pippen J, Jones SE, Parker LM, Ellis M, Come S, et al. Double-blind,
randomized trial comparing the efficacy and tolerability of fulvestrant versus anastrozole in
postmenopausal women with advanced breast cancer progressing on prior endocrine therapy:
results of a North American trial. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology. 2002;20(16):3386-95.

145. Lykkesfeldt AE, Larsen SS, Briand P. Human breast cancer cell lines resistant to pure
anti-estrogens are sensitive to tamoxifen treatment. International journal of cancer.
1995;61(4):529-34.

146. Howell A, Robertson JF, Abram P, Lichinitser MR, Elledge R, Bajetta E, et al.
Comparison of fulvestrant versus tamoxifen for the treatment of advanced breast cancer in
postmenopausal women previously untreated with endocrine therapy: a multinational, double-
blind, randomized trial. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology. 2004;22(9):1605-13.

147. Robertson JF, Lindemann J, Garnett S, Anderson E, Nicholson RI, Kuter I, et al. A good
drug made better: the fulvestrant dose-response story. Clinical breast cancer. 2014;14(6):381-9.
148.  McDonnell DP, Wardell SE, Norris JD. Oral Selective Estrogen Receptor
Downregulators (SERDs), a Breakthrough Endocrine Therapy for Breast Cancer. Journal of
medicinal chemistry. 2015;58(12):4883-7.

149. Lai A, Kahraman M, Govek S, Nagasawa J, Bonnefous C, Julien J, et al. Identification of
GDC-0810 (ARN-810), an Orally Bioavailable Selective Estrogen Receptor Degrader (SERD)
that Demonstrates Robust Activity in Tamoxifen-Resistant Breast Cancer Xenografts. Journal of
medicinal chemistry. 2015;58(12):4888-904.

150. Wardell SE, Kazmin D, McDonnell DP. Research resource: Transcriptional profiling in a
cellular model of breast cancer reveals functional and mechanistic differences between clinically
relevant SERM and between SERM/estrogen complexes. Molecular endocrinology.

2012;26(7):1235-48.

157





151. Lupien M, Jeyakumar M, Hebert E, Hilmi K, Cotnoir-White D, Loch C, et al. Raloxifene
and ICI182,780 increase estrogen receptor-alpha association with a nuclear compartment via
overlapping sets of hydrophobic amino acids in activation function 2 helix 12. Molecular
endocrinology. 2007;21(4):797-816.

152.  Wardell SE, Marks JR, McDonnell DP. The turnover of estrogen receptor alpha by the
selective estrogen receptor degrader (SERD) fulvestrant is a saturable process that is not required
for antagonist efficacy. Biochemical pharmacology. 2011;82(2):122-30.

153. Pike AC, Brzozowski AM, Walton J, Hubbard RE, Thorsell AG, Li YL, et al. Structural
insights into the mode of action of a pure antiestrogen. Structure. 2001;9(2):145-53.

154. Hilmi K, Hussein N, Mendoza-Sanchez R, El-Ezzy M, Ismail H, Durette C, et al. Role of
SUMOylation in full antiestrogenicity. Molecular and cellular biology. 2012;32(19):3823-37.
155.  Shang Y, Brown M. Molecular determinants for the tissue specificity of SERMs. Science.
2002;295(5564):2465-8.

156. Rosenfeld MG, Glass CK. Coregulator codes of transcriptional regulation by nuclear
receptors. The Journal of biological chemistry. 2001;276(40):36865-8.

157. Huang HJ, Norris JD, McDonnell DP. Identification of a negative regulatory surface
within estrogen receptor alpha provides evidence in support of a role for corepressors in
regulating cellular responses to agonists and antagonists. Molecular endocrinology.
2002;16(8):1778-92.

158. Webb P, Nguyen P, Kushner PJ. Differential SERM effects on corepressor binding
dictate ERalpha activity in vivo. The Journal of biological chemistry. 2003;278(9):6912-20.

159. Keeton EK, Brown M. Cell cycle progression stimulated by tamoxifen-bound estrogen
receptor-alpha and promoter-specific effects in breast cancer cells deficient in N-CoR and
SMRT. Molecular endocrinology. 2005;19(6):1543-54.

160. Konduri SD, Medisetty R, Liu W, Kaipparettu BA, Srivastava P, Brauch H, et al.
Mechanisms of estrogen receptor antagonism toward p53 and its implications in breast cancer
therapeutic response and stem cell regulation. Proceedings of the National Academy of Sciences
of the United States of America. 2010;107(34):15081-6.

161. Cheung E, Acevedo ML, Cole PA, Kraus WL. Altered pharmacology and distinct

coactivator usage for estrogen receptor-dependent transcription through activating protein-1.

158





Proceedings of the National Academy of Sciences of the United States of America.
2005;102(3):559-64.

162. Kocanova S, Mazaheri M, Caze-Subra S, Bystricky K. Ligands specify estrogen receptor
alpha nuclear localization and degradation. BMC cell biology. 2010;11:98.

163. Reid G, Hubner MR, Metivier R, Brand H, Denger S, Manu D, et al. Cyclic, proteasome-
mediated turnover of unliganded and liganded ERalpha on responsive promoters is an integral
feature of estrogen signaling. Molecular cell. 2003;11(3):695-707.

164. Casa AJ, Hochbaum D, Sreekumar S, Oesterreich S, Lee AV. The estrogen receptor alpha
nuclear localization sequence is critical for fulvestrant-induced degradation of the receptor.
Molecular and cellular endocrinology. 2015;415:76-86.

165. Stenoien DL, Mancini MG, Patel K, Allegretto EA, Smith CL, Mancini MA. Subnuclear
trafficking of estrogen receptor-alpha and steroid receptor coactivator-1. Molecular
endocrinology. 2000;14(4):518-34.

166. Long X, Nephew KP. Fulvestrant (ICI 182,780)-dependent interacting proteins mediate
immobilization and degradation of estrogen receptor-alpha. The Journal of biological chemistry.
2006;281(14):9607-15.

167. Stenoien DL, Patel K, Mancini MG, Dutertre M, Smith CL, O'Malley BW, et al. FRAP
reveals that mobility of oestrogen receptor-alpha is ligand- and proteasome-dependent. Nature
cell biology. 2001;3(1):15-23.

168. Seeler JS, Dejean A. Nuclear and unclear functions of SUMO. Nature reviews Molecular
cell biology. 2003;4(9):690-9.

169. Sentis S, Le Romancer M, Bianchin C, Rostan MC, Corbo L. Sumoylation of the
estrogen receptor alpha hinge region regulates its transcriptional activity. Molecular
endocrinology. 2005;19(11):2671-84.

170. Long X, Fan M, Nephew KP. Estrogen receptor-alpha-interacting cytokeratins potentiate
the antiestrogenic activity of fulvestrant. Cancer biology & therapy. 2010;9(5):389-96.

171. Robinson DR, Wu YM, Vats P, Su F, Lonigro RJ, Cao X, et al. Activating ESR1
mutations in hormone-resistant metastatic breast cancer. Nature genetics. 2013;45(12):1446-51.
172.  Finn RS, Crown JP, Lang I, Boer K, Bondarenko IM, Kulyk SO, et al. The cyclin-

dependent kinase 4/6 inhibitor palbociclib in combination with letrozole versus letrozole alone as

159





first-line treatment of oestrogen receptor-positive, HER2-negative, advanced breast cancer
(PALOMA-1/TRIO-18): a randomised phase 2 study. The Lancet Oncology. 2015;16(1):25-35.
173. Burandt E, Jens G, Holst F, Janicke F, Muller V, Quaas A, et al. Prognostic relevance of
AIB1 (NCoA3) amplification and overexpression in breast cancer. Breast cancer research and
treatment. 2013;137(3):745-53.

174.  Angus L, Beije N, Jager A, Martens JW, Sleijfer S. ESR1 mutations: Moving towards
guiding treatment decision-making in metastatic breast cancer patients. Cancer treatment
reviews. 2017;52:33-40.

175. Toy W, Shen Y, Won H, Green B, Sakr RA, Will M, et al. ESR1 ligand-binding domain
mutations in hormone-resistant breast cancer. Nature genetics. 2013;45(12):1439-45.

176. Jeselsohn R, Yelensky R, Buchwalter G, Frampton G, Meric-Bernstam F, Gonzalez-
Angulo AM, et al. Emergence of constitutively active estrogen receptor-alpha mutations in
pretreated advanced estrogen receptor-positive breast cancer. Clinical cancer research : an
official journal of the American Association for Cancer Research. 2014;20(7):1757-67.

177. Pakdel F, Reese JC, Katzenellenbogen BS. Identification of charged residues in an N-
terminal portion of the hormone-binding domain of the human estrogen receptor important in
transcriptional activity of the receptor. Molecular endocrinology. 1993;7(11):1408-17.

178. Weis KE, Ekena K, Thomas JA, Lazennec G, Katzenellenbogen BS. Constitutively active
human estrogen receptors containing amino acid substitutions for tyrosine 537 in the receptor
protein. Molecular endocrinology. 1996;10(11):1388-98.

179. Eng FC, Lee HS, Ferrara J, Willson TM, White JH. Probing the structure and function of
the estrogen receptor ligand binding domain by analysis of mutants with altered transactivation
characteristics. Molecular and cellular biology. 1997;17(8):4644-53.

180. Fanning SW, Mayne CG, Dharmarajan V, Carlson KE, Martin TA, Novick SJ, et al.
Estrogen receptor alpha somatic mutations Y537S and D538G confer breast cancer endocrine
resistance by stabilizing the activating function-2 binding conformation. eLife. 2016;5.

181. Harrod A, Fulton J, Nguyen VTM, Periyasamy M, Ramos-Garcia L, Lai CF, et al.
Genomic modelling of the ESR1 Y537S mutation for evaluating function and new therapeutic

approaches for metastatic breast cancer. Oncogene. 2017;36(16):2286-96.

160





182. Pike AC, Brzozowski AM, Hubbard RE, Bonn T, Thorsell AG, Engstrom O, et al.
Structure of the ligand-binding domain of oestrogen receptor beta in the presence of a partial
agonist and a full antagonist. The EMBO journal. 1999;18(17):4608-18.

183. Johnson ES. Protein modification by SUMO. Annual review of biochemistry.
2004;73:355-82.

184. Geiss-Friedlander R, Melchior F. Concepts in sumoylation: a decade on. Nature reviews
Molecular cell biology. 2007;8(12):947-56.

185. Pichler A, Fatouros C, Lee H, Eisenhardt N. SUMO conjugation - a mechanistic view.
Biomolecular concepts. 2017;8(1):13-36.

186. Gareau JR, Lima CD. The SUMO pathway: emerging mechanisms that shape specificity,
conjugation and recognition. Nature reviews Molecular cell biology. 2010;11(12):861-71.

187. Wilkinson KA, Henley JM. Mechanisms, regulation and consequences of protein
SUMOylation. The Biochemical journal. 2010;428(2):133-45.

188. Wang Y, Dasso M. SUMOylation and deSUMOylation at a glance. Journal of cell
science. 2009;122(Pt 23):4249-52.

189. Mukhopadhyay D, Dasso M. Modification in reverse: the SUMO proteases. Trends in
biochemical sciences. 2007;32(6):286-95.

190. Pichler A, Knipscheer P, Oberhofer E, van Dijk WJ, Korner R, Olsen JV, et al. SUMO
modification of the ubiquitin-conjugating enzyme E2-25K. Nature structural & molecular
biology. 2005;12(3):264-9.

191. Muller S, Ledl A, Schmidt D. SUMO: a regulator of gene expression and genome
integrity. Oncogene. 2004;23(11):1998-2008.

192. Lyst MJ, Stancheva 1. A role for SUMO modification in transcriptional repression and
activation. Biochemical Society transactions. 2007;35(Pt 6):1389-92.

193. Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F, Grosschedl R. PIASy, a nuclear
matrix-associated SUMO E3 ligase, represses LEF1 activity by sequestration into nuclear bodies.
Genes & development. 2001;15(23):3088-103.

194. Sapetschnig A, Rischitor G, Braun H, Doll A, Schergaut M, Melchior F, et al.
Transcription factor Sp3 is silenced through SUMO modification by PIAS1. The EMBO journal.
2002;21(19):5206-15.

161





195. Ross S, Best JL, Zon LI, Gill G. SUMO-1 modification represses Sp3 transcriptional
activation and modulates its subnuclear localization. Molecular cell. 2002;10(4):831-42.

196. Pourcet B, Pineda-Torra I, Derudas B, Staels B, Glineur C. SUMOylation of human
peroxisome proliferator-activated receptor alpha inhibits its trans-activity through the
recruitment of the nuclear corepressor NCoR. The Journal of biological chemistry.
2010;285(9):5983-92.

197. Pascual G, Fong AL, Ogawa S, Gamliel A, Li AC, Perissi V, et al. A SUMOylation-
dependent pathway mediates transrepression of inflammatory response genes by PPAR-gamma.
Nature. 2005;437(7059):759-63.

198. Ghisletti S, Huang W, Ogawa S, Pascual G, Lin ME, Willson TM, et al. Parallel
SUMOylation-dependent pathways mediate gene- and signal-specific transrepression by LXRs
and PPARgamma. Molecular cell. 2007;25(1):57-70.

199. David G, Neptune MA, DePinho RA. SUMO-1 modification of histone deacetylase 1
(HDACI1) modulates its biological activities. The Journal of biological chemistry.
2002;277(26):23658-63.

200. Kirsh O, Seeler JS, Pichler A, Gast A, Muller S, Miska E, et al. The SUMO E3 ligase
RanBP2 promotes modification of the HDAC4 deacetylase. The EMBO journal.
2002;21(11):2682-91.

201. Tiefenbach J, Novac N, Ducasse M, Eck M, Melchior F, Heinzel T. SUMOylation of the
corepressor N-CoR modulates its capacity to repress transcription. Molecular biology of the cell.
2006;17(4):1643-51.

202. Girdwood D, Bumpass D, Vaughan OA, Thain A, Anderson LA, Snowden AW, et al.
P300 transcriptional repression is mediated by SUMO modification. Molecular cell.
2003;11(4):1043-54.

203. Garcia-Dominguez M, Reyes JC. SUMO association with repressor complexes, emerging
routes for transcriptional control. Biochimica et biophysica acta. 2009;1789(6-8):451-9.

204. Shin JA, Choi ES, Kim HS, Ho JC, Watts FZ, Park SD, et al. SUMO modification is
involved in the maintenance of heterochromatin stability in fission yeast. Molecular cell.

2005;19(6):817-28.

162





205. Uchimura Y, Ichimura T, Uwada J, Tachibana T, Sugahara S, Nakao M, et al.
Involvement of SUMO modification in MBDI- and MCAFI1-mediated heterochromatin
formation. The Journal of biological chemistry. 2006;281(32):23180-90.

206. Stielow B, Sapetschnig A, Wink C, Kruger I, Suske G. SUMO-modified Sp3 represses
transcription by provoking local heterochromatic gene silencing. EMBO reports. 2008;9(9):899-
906.

207. Maison C, Quivy JP, Almouzni G. Suv39hl links the SUMO pathway to constitutive
heterochromatin. Molecular & cellular oncology. 2016;3(6):e1225546.

208. Poukka H, Karvonen U, Janne OA, Palvimo JJ. Covalent modification of the androgen
receptor by small ubiquitin-like modifier 1 (SUMO-1). Proceedings of the National Academy of
Sciences of the United States of America. 2000;97(26):14145-50.

209. Abdel-Hafiz H, Takimoto GS, Tung L, Horwitz KB. The inhibitory function in human
progesterone receptor N termini binds SUMO-1 protein to regulate autoinhibition and
transrepression. The Journal of biological chemistry. 2002;277(37):33950-6.

210. Tian S, Poukka H, Palvimo JJ, Janne OA. Small ubiquitin-related modifier-1 (SUMO-1)
modification of the glucocorticoid receptor. The Biochemical journal. 2002;367(Pt 3):907-11.
211. Lin DY, Fang HI, Ma AH, Huang YS, Pu YS, Jenster G, et al. Negative modulation of
androgen receptor transcriptional activity by Daxx. Molecular and cellular biology.
2004;24(24):10529-41.

212.  Lin DY, Huang YS, Jeng JC, Kuo HY, Chang CC, Chao TT, et al. Role of SUMO-
interacting motif in Daxx SUMO modification, subnuclear localization, and repression of
sumoylated transcription factors. Molecular cell. 2006;24(3):341-54.

213.  Shih HM, Chang CC, Kuo HY, Lin DY. Daxx mediates SUMO-dependent transcriptional
control and subnuclear compartmentalization. Biochemical Society transactions. 2007;35(Pt
6):1397-400.

214. Paakinaho V, Kaikkonen S, Makkonen H, Benes V, Palvimo JJ. SUMOylation regulates
the chromatin occupancy and anti-proliferative gene programs of glucocorticoid receptor.
Nucleic acids research. 2014;42(3):1575-92.

215. Neyret-Kahn H, Benhamed M, Ye T, Le Gras S, Cossec JC, Lapaquette P, et al.
Sumoylation at chromatin governs coordinated repression of a transcriptional program essential

for cell growth and proliferation. Genome research. 2013;23(10):1563-79.

163





216. Fang S, Weissman AM. A field guide to ubiquitylation. Cellular and molecular life
sciences : CMLS. 2004;61(13):1546-61.

217.  Sriramachandran AM, Dohmen RJ. SUMO-targeted ubiquitin ligases. Biochimica et
biophysica acta. 2014;1843(1):75-85.

218. Lallemand-Breitenbach V, de The H. PML nuclear bodies. Cold Spring Harbor
perspectives in biology. 2010;2(5):a000661.

219. Tatham MH, Geoffroy MC, Shen L, Plechanovova A, Hattersley N, Jaffray EG, et al.
RNF4 is a poly-SUMO-specific E3 ubiquitin ligase required for arsenic-induced PML
degradation. Nature cell biology. 2008;10(5):538-46.

220. Lallemand-Breitenbach V, Jeanne M, Benhenda S, Nasr R, Lei M, Peres L, et al. Arsenic
degrades PML or PML-RARalpha through a SUMO-triggered RNF4/ubiquitin-mediated
pathway. Nature cell biology. 2008;10(5):547-55.

221. Dauvois S, White R, Parker MG. The antiestrogen ICI 182780 disrupts estrogen receptor
nucleocytoplasmic shuttling. Journal of cell science. 1993;106 ( Pt 4):1377-88.

222.  Htun H, Holth LT, Walker D, Davie JR, Hager GL. Direct visualization of the human
estrogen receptor alpha reveals a role for ligand in the nuclear distribution of the receptor.
Molecular biology of the cell. 1999;10(2):471-86.

223. Gushima M, Kawate H, Ohnaka K, Nomura M, Takayanagi R. Raloxifene induces
nucleolar translocation of the estrogen receptor. Molecular and cellular endocrinology.
2010;319(1-2):14-22.

224. Wardell SE, Nelson ER, Chao CA, McDonnell DP. Bazedoxifene exhibits antiestrogenic
activity in animal models of tamoxifen-resistant breast cancer: implications for treatment of
advanced disease. Clinical cancer research : an official journal of the American Association for
Cancer Research. 2013;19(9):2420-31.

225. Cirillo F, Nassa G, Tarallo R, Stellato C, De Filippo MR, Ambrosino C, et al. Molecular
mechanisms of selective estrogen receptor modulator activity in human breast cancer cells:
identification of novel nuclear cofactors of antiestrogen-ERalpha complexes by interaction
proteomics. Journal of proteome research. 2013;12(1):421-31.

226. Flach KD, Zwart W. The first decade of estrogen receptor cistromics in breast cancer.

The Journal of endocrinology. 2016;229(2):R43-56.

164





227. Hu XF, Veroni M, De Luise M, Wakeling A, Sutherland R, Watts CK, et al.
Circumvention of tamoxifen resistance by the pure anti-estrogen ICI 182,780. International
journal of cancer. 1993;55(5):873-6.

228. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq
quantification. Nature biotechnology. 2016;34(5):525-7.

229. Pimentel H, Bray NL, Puente S, Melsted P, Pachter L. Differential analysis of RNA-seq
incorporating quantification uncertainty. Nature methods. 2017.

230. Lemieux S, Sargeant T, Laperriere D, Ismail H, Boucher G, Rozendaal M, et al. MiSTIC,
an integrated platform for the analysis of heterogeneity in large tumour transcriptome datasets.
Nucleic acids research. 2017.

231.  Simon JM, Giresi PG, Davis 1J, Lieb JD. Using formaldehyde-assisted isolation of
regulatory elements (FAIRE) to isolate active regulatory DNA. Nature protocols. 2012;7(2):256-
67.

232. Shiio Y, Eisenman RN. Histone sumoylation is associated with transcriptional repression.
Proceedings of the National Academy of Sciences of the United States of America.
2003;100(23):13225-30.

233. Nathan D, Ingvarsdottir K, Sterner DE, Bylebyl GR, Dokmanovic M, Dorsey JA, et al.
Histone sumoylation is a negative regulator in Saccharomyces cerevisiae and shows dynamic
interplay with positive-acting histone modifications. Genes & development. 2006;20(8):966-76.
234. Hua G, Ganti KP, Chambon P. Glucocorticoid-induced tethered transrepression requires
SUMOylation of GR and formation of a SUMO-SMRT/NCoR1-HDAC3 repressing complex.
Proceedings of the National Academy of Sciences of the United States of America.
2016;113(5):E635-43.

235. Heideker J, Perry JJ, Boddy MN. Genome stability roles of SUMO-targeted ubiquitin
ligases. DNA repair. 2009;8(4):517-24.

236. Rahman S, Zorca CE, Traboulsi T, Noutahi E, Krause MR, Mader S, et al. Single-cell
profiling reveals that eRNA accumulation at enhancer-promoter loops is not required to sustain
transcription. Nucleic acids research. 2017;45(6):3017-30.

237. Eeckhoute J, Lupien M, Meyer CA, Verzi MP, Shivdasani RA, Liu XS, et al. Cell-type
selective chromatin remodeling defines the active subset of FOXA1-bound enhancers. Genome

research. 2009;19(3):372-80.

165





238. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for [llumina sequence
data. Bioinformatics. 2014;30(15):2114-20.

239. Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler transform.
Bioinformatics. 2010;26(5):589-95.

240. Ramirez F, Ryan DP, Gruning B, Bhardwaj V, Kilpert F, Richter AS, et al. deepTools2: a
next generation web server for deep-sequencing data analysis. Nucleic acids research.
2016;44(W1):W160-5.

241. Huber W, Carey VIJ, Gentleman R, Anders S, Carlson M, Carvalho BS, et al.
Orchestrating high-throughput genomic analysis with Bioconductor. Nature methods.
2015;12(2):115-21.

242, Lun AT, Smyth GK. csaw: a Bioconductor package for differential binding analysis of
ChIP-seq data using sliding windows. Nucleic acids research. 2016;44(5):e45.

243. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential
expression analysis of digital gene expression data. Bioinformatics. 2010;26(1):139-40.

244. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential
expression analyses for RNA-sequencing and microarray studies. Nucleic acids research.
2015;43(7):e47.

245. Consortium EP. An integrated encyclopedia of DNA elements in the human genome.
Nature. 2012;489(7414):57-74.

246. Robinson MD, Oshlack A. A scaling normalization method for differential expression
analysis of RNA-seq data. Genome biology. 2010;11(3):R25.

247. Zhang X, Jeyakumar M, Petukhov S, Bagchi MK. A nuclear receptor corepressor
modulates transcriptional activity of antagonist-occupied steroid hormone receptor. Molecular
endocrinology. 1998;12(4):513-24.

248. Smith CL, Nawaz Z, O'Malley BW. Coactivator and corepressor regulation of the
agonist/antagonist activity of the mixed antiestrogen, 4-hydroxytamoxifen. Molecular
endocrinology. 1997;11(6):657-66.

249. Lavinsky RM, Jepsen K, Heinzel T, Torchia J, Mullen TM, Schiff R, et al. Diverse
signaling pathways modulate nuclear receptor recruitment of N-CoR and SMRT complexes.
Proceedings of the National Academy of Sciences of the United States of America.

1998;95(6):2920-5.

166





250. Hong W, Chen L, Li J, Yao Z. Inhibition of MAP kinase promotes the recruitment of
corepressor SMRT by tamoxifen-bound estrogen receptor alpha and potentiates tamoxifen action
in MCF-7 cells. Biochemical and biophysical research communications. 2010;396(2):299-303.
251. Dirscherl SS, Krebs JE. Functional diversity of ISWI complexes. Biochemistry and cell
biology = Biochimie et biologie cellulaire. 2004;82(4):482-9.

252. Toto M, D'Angelo G, Corona DF. Regulation of ISWI chromatin remodelling activity.
Chromosoma. 2014;123(1-2):91-102.

253. Bartholomew B. ISWI chromatin remodeling: one primary actor or a coordinated effort?
Current opinion in structural biology. 2014;24:150-5.

254. Corona DF, Tamkun JW. Multiple roles for ISWI in transcription, chromosome
organization and DNA replication. Biochimica et biophysica acta. 2004;1677(1-3):113-9.

255. Wu YL, Yang X, Ren Z, McDonnell DP, Norris JD, Willson TM, et al. Structural basis
for an unexpected mode of SERM-mediated ER antagonism. Molecular cell. 2005;18(4):413-24.
256. Ewing AK, Attner M, Chakravarti D. Novel regulatory role for human Acfl in
transcriptional repression of vitamin D3 receptor-regulated genes. Molecular endocrinology.
2007;21(8):1791-806.

257. Giamarchi C, Chailleux C, Callige M, Rochaix P, Trouche D, Richard-Foy H. Two
antiestrogens affect differently chromatin remodeling of trefoil factor 1 (pS2) gene and the fate
of estrogen receptor in MCF7 cells. Biochimica et biophysica acta. 2002;1578(1-3):12-20.

258. Lan L, Ui A, Nakajima S, Hatakeyama K, Hoshi M, Watanabe R, et al. The ACFI
complex is required for DNA double-strand break repair in human cells. Molecular cell.
2010;40(6):976-87.

259. Codina A, Love JD, Li Y, Lazar MA, Neuhaus D, Schwabe JW. Structural insights into
the interaction and activation of histone deacetylase 3 by nuclear receptor corepressors.
Proceedings of the National Academy of Sciences of the United States of America.
2005;102(17):6009-14.

260. Boyer LA, Langer MR, Crowley KA, Tan S, Denu JM, Peterson CL. Essential role for
the SANT domain in the functioning of multiple chromatin remodeling enzymes. Molecular cell.
2002;10(4):935-42.

261. Bacart J, Corbel C, Jockers R, Bach S, Couturier C. The BRET technology and its
application to screening assays. Biotechnology journal. 2008;3(3):311-24.

167





262. Roux KJ, Kim DI, Raida M, Burke B. A promiscuous biotin ligase fusion protein
identifies proximal and interacting proteins in mammalian cells. The Journal of cell biology.
2012;196(6):801-10.

263. Marsaud V, Gougelet A, Maillard S, Renoir JM. Various phosphorylation pathways,
depending on agonist and antagonist binding to endogenous estrogen receptor alpha (ERalpha),
differentially affect ERalpha extractability, proteasome-mediated stability, and transcriptional
activity in human breast cancer cells. Molecular endocrinology. 2003;17(10):2013-27.

264. Nickerson J. Experimental observations of a nuclear matrix. Journal of cell science.

2001;114(Pt 3):463-74.

168





1.000

0.800

0.600

% input

0.400

0.200

0.000

0.005

0.004

0.003

% input

0.002

0.001

0.000

0.006
0.005
0.004
0.003
0.002
0.001

% input

0.000

ANNEXE I — ChIP of SUMOylation enzymes
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MCEF-7 cells were treated for 30 min with ICI182,780 (ICI, 100 nM). Binding of ERa, SUMO2/3, SAEI1, SAE2,
UBC?9 or PIAS1to EREs upstream of 7FF/ and GREBI TSS was determined by ChIP. N=1.

Antibodies: ERa HC-20 (Santa Cruz Biotechnologies sc-543); SUMO2/3 (Cedarlane M114-3); SAE1 (abcam
ab56957); SAE2 (abcam ab22104), UBC9 N-15 (Santa Cruz Biotechnologies sc-5231); PIAS1 (abcam ab-32219);
Rabbit IgG (Cedarlane 011-000-003); Mouse IgG (Cedarlane 015-000-003); Goat IgG (Cedarlane 005-000-003).





ANNEXE II — Identification of putative SUMO-Interacting Motifs

a. Putative ERa SIMs

b. Putative ACF1 SIMs

1D \ Position Peptide Score \ Cutoff | P-value \ Type
] FPEFL LYLTSLTE 29.82 Interaction
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c. Putative SNF2H SIMs
‘ Position | Peptide Score \ Cutoff | P-value ‘ Type
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= LRLD GRLVD 31.985 29.92 0.148 Interaction
1 = RRCNTLITLIERENMELE 32.169 2 2 JMO Interaction

Putative SUMO-Interacting Motifs for a. ERa, b. ACF1 and ¢. SNF2H were identified by uploading the FASTA
protein sequences from NCBI into the GPS-SUMO 2.0 online service (http://sumosp.biocuckoo.org/online.php).
The SUMO Interaction threshold was used on Medium (default setting).




http://sumosp.biocuckoo.org/online.php



ANNEXE III — Identification of the SNF2H domains interacting with ERa
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a. HEK-293 cells were cultured in estrogen-depleted media and transfected with a plasmid coding for RLucl-ERa
and GFP-tagged SNF2H fragments (shown on left). GFP was used as a negative control. 48 h post-transfection, cells
were treated with ICI182,780 (ICI, 1 pM) for 1 h and interaction between ERo and SNF2H fragments was
determined by BRET assays. The means from 2 independent experiments = SEM are represented. Experiments were
performed by Rachel Morin (B.Sc. intern) and Simon Bergeron-Fortier (M.Sc. Intern). b. HEK-293 cells were
cultured in estrogen-depleted media and transfected with a plasmid coding for ERo and GFP-tagged SNF2H
fragments. GFP-SUMO2 was used as a positive control. 48 h post-transfection, cells were treated with ICI182,780
(ICI, 100 nM) for 1 h. GFP-tagged proteins were immunoprecipitated from cell extracts and presence of ERa was
determined by Western analysis (N=1). Experiment was performed by Margaux Tual (M.Sc. Intern).

Antibodies: ERa 60C (Millipore 04-820); GFP B-2 (Santa Cruz Biotechnologies sc-9996); Mouse IgG (Upstate 12-
371); HRP-conjugated anti-rabbit (Cedarlane 111-035-003); HRP-conjugated anti-mouse (Cedarlane 115-035-003).
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