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Abstract


About 70% of breast tumors express estrogen receptor alpha (ERα), 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. 


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 ERα 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 ERα structural 


conformations, resulting in variable degrees of receptor downregulation and different 


patterns of systemic properties in animal models and in the clinic.


Introduction


Estrogen receptors (ERα and ERβ) 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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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 


(Howell 2006, Ali et  al. 2011). Properties characteristic 
of pure AEs include induction of accelerated turnover of 
ERα via increased proteasomal degradation; hence, their 
designation as selective estrogen receptor downregulators 
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Figure 1
Chemical structures of estrogen receptor agonists and antagonists. (A) The three most abundant circulating estrogens: estrone, 17β-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. (E) SERDs with steroid-like backbones and a side chain containing an 
acrylic acid.
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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 
ERα 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 ERα 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 


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 ERα 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 
III 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 μg/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 et 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 increases 
overall ERα protein levels, pure AEs accelerate ERα 
turnover through the ubiquitin–proteasome pathway in  
ERα-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 250 mg 
to 500 mg 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  


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 ERα 
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 ERα 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 
ERα 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 ERα 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 ERα down-regulating capacity, whereas some SERM 
analogues reduce ERα 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 α-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 


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 hERα; Glu260, Arg301 and His430 in rERβ). 
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 ERα LBD in a 
manner similar to estradiol. Bulky side chains attached 
at positions 7α or 11β 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 


Figure 2
ERα structure, post-translational modifications 
and conformational changes induced by different 
ligands. (A) Schematic representation of ERα 
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 ICI 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 ERα 
– estradiol (E2) – TIF2 NR box 3 complex 
(Warnmark et al. 2002); (C) LBD ERα – 
4-hydroxytamoxifen complex (OHT) (Shiau et al. 
1998); (D) LBD ERβ – ICI 164,384 complex 
(Pike et al. 2001); (E) LBD ERα – 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 α-helical TIF2 
coactivator motif is shown in gold.


LBD ERa – E2 complex LBD ERa – OHT complex


LBD ERb – ICI 164,384 complex LBD ERa – GW5638 complex
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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 ERα 
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  


(3.8 vs 2.8 Å, 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 ERα, 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 
ERα 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 ERβ LBD reveals that the 
long side chain at position 7α 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, Ile265 and Leu286 in the coactivator-binding 
groove of rat ERβ (Leu354, Met357, Ile358 and Leu379 
in human ERα). 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 ERβ, 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 ERα (lined with amino acids conserved with 
ERβ) 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 ERα, whereas 
the addition of shorter side chains (13 or 14 carbons 
side chains) resulted either in agonist or SERM activity 


2.8 Å
3.8 Å


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 ERα (data from Shiau et al. (1998) and Brzozowski et al. 
(1997), respectively). The distance from Asp351 to the dimethylamine in 
4-hydroxytamoxifen (3.8 Å) is 1.0 Å longer than to the piperidine in 
raloxifene.
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(Hilmi et  al. 2012, Hoffman et  al. 2012). Molecular 
modeling of these ICI 164,384 derivatives in complex 
with the ERβ 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 ERβ (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 ERα in the presence of pure AEs (Mahfoudi 
et al. 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), 


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 GW5638 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, Leu540 and 
Met543) toward the protein exterior, increasing the 
exposed hydrophobic surface of H12 compared with the 
ERα – 4-hydroxytamoxifen structure while preserving 
interaction in the coactivator-binding groove  
(Wu et al. 2005).


Figure 4
Models of ICI 164,384 and derivatives bound to ERβ. 
(A) ICI 164,384 (X = CH2, n = 9, R = C4H9); (B) a 13-atom 
side chain (X = S, n = 8, R = CH3); (C) a 15-atom side 
chain (X = S, n = 8, R = C3H7); (D) a 19-atom side chain 
(X = S, n = 8, R = C7H15); docking was performed using 
the Glide software as previously described 
(Hilmi et al. 2012).


A B


C D
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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 ERα is still 


imperfectly understood.


Impact of AE-induced ERα 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 


complete inhibition of estrogen signaling. Indeed, 


tamoxifen regulates transcription of subsets of estrogen 


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). 


ChIP-seq experiments in MCF-7 cells have shown binding 


of ERα to a significant number of estrogen target sites after 


1 h of ICI 182,780 treatment (Welboren et  al. 2009); in 


contrast, association of ERα with DNA was not observed 


3 h 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 ERα 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.


Impact of SERMs and SERDs on coactivator  
recruitment to ERα


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 ERα 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 ERα 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 2005, 
Johnson & O’Malley 2012). In endometrial Ishikawa 
and ECC-1 cell lines, NCOA1 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 MCF-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 ERα-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 ERα (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 ERα 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 ERα with the corresponding 
region in ERβ abrogated ERα transcriptional activity in the 
presence of tamoxifen in U2OS 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 ERα, but not of ERβ, to recruit NCOA1 via its AF1 region 
in the presence of tamoxifen (Webb et al. 1998, Merot et al. 
2004). It remains unclear whether ERα 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 ERα (Arao et al. 2015).


Impact of SERMs and SERDs on corepressor recruitment


In the presence of tamoxifen, ERα 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 
MCF-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 ERα 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 ERα 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 ERα 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 


groove between H3 and H5, the N-terminus of the peptide 
being packed against the raloxifene side chain. Whether 
the different conformations of H12 in SERD- vs SERM-
bound ERα 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 ERα 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 ERα in MCF-7 cells indicated that the majority 
of interactors are ligand-specific, the interactomes of 
ERα bound to raloxifene and tamoxifen overlapping 
only partially with each other and with that of ERα 
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 ERα, but not ERβ, with luminal cytokeratins  
CK8/CK18, a property that correlated with ERα 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 
ERα 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 ERα and ERβ, the activity 
of signaling pathways leading to post-translational 
modifications of the receptors and/or their coregulators, 
and the extent of ERα 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 
ERα 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 ERα, 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 pS578 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 ERα, 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 ERα ubiquitination by SERDs


SERDs (ICI 182,780, RU 58,668 and GW7604) accelerate 
ERα degradation in uterine and breast cancer cell lines. 
Degradation takes place with faster kinetics than that 
in the presence of agonists in MCF-7 cells. Although 
4-hydroxytamoxifen stabilizes ERα protein levels 
(Wijayaratne & McDonnell 2001, Lupien et  al. 2007, 
Kocanova et al. 2010, Hilmi et al. 2012), decreased steady-
state levels of ERα 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 


(Wardell et al. 2013). Affinity purification of ERα modified 
by tagged ubiquitin showed that ICI 182,780 triggers a 
2-fold enhancement of ERα 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, MDM2,  
BRCA1/BARD1, EFP/TRIM25, SPOP, RBCK1, CUEDC2, 
SKP2, VHL and RNF31 by ERα (Helzer et al. 2015 and refs 
within); some of these proteins are recruited to DNA and 
can act as ERα 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 α-amanitin or other inhibitors prevents the induction 
of ERα 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 ERα protein turnover by estradiol but not 
pure AEs (Borras et al. 1994, 1996, Seo et al. 1998, Marsaud 
et al. 2003). Furthermore, overexpression of ERα 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 
ERα, 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 ERα partially restored the degradation 
of ERα 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 for induction 
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 ERα SUMOylation by SERDs


Although induction of ERα degradation is expected 
to contribute to pure antiestrogenicity, saturating the 
degradation process by overexpressing ERα did not 
appear to affect the capacity of SERDs (bazedoxifene, 
ICI 182,780 and GW7604) to act as AEs in MCF-7 cells 
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(Wardell et  al. 2011). Further, although the steady-state 
levels of transfected ERα 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 ERα activity in these cells. In 
this respect, we have observed that pure AEs strongly 
induce ERα 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 ERα 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 
ERα. 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 ERα and its increased 
degradation rate in the presence of SERDs. Indeed, the low 
level of ERα 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 ERα in the presence of bazedoxifene and GW7604 
would further help assess this hypothesis.


Mass spectrometric analyses led to the identification 
of four SUMOylation sites in ERα 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 ERα 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 ERα 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 ERα is preserved in 
the majority of tumors after development of resistance 
(Johnston 1997), suggesting a continued role of ERα 
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 
ERα and/or its coactivators (Johnston 1997, Nardone 
et al. 2015). Recently, ERα 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 ERα mutant (Y537N) from a breast metastasis 
(Zhang et al. 1997). More recently, several studies have 
reported the identification of mutations in the ERα 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 et  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 ERα activity in reporter gene assays 
or on endogenous estrogen target genes (e.g. GREB1, 
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PGR, TFF1, MYC and XBP1) (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 ERα (Merenbakh-
Lamin et al. 2013, Toy et al. 2013, Fanning et al. 2016). 
Ligand-independent growth of tumors was also seen 
in patient-derived xenografts (PDX) established from 
metastatic ER+ tumors harboring the Y537S mutation 
(Li et al. 2013).


Y537S- and D538G-mutant ERα 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 ERα 
due to mutations should affect binding of ER ligands 
including AEs. Indeed, affinity of mutants Y537S and 
D538G for estradiol and 4-hydroxytamoxifen was 5- to 
10-fold smaller than for wt ERα (Fanning et al. 2016). 
Accordingly, higher doses of 4-hydroxytamoxifen 
and ICI 182,780 were required to inhibit the activity 
of mutant ERα to levels comparable with those 
observed with the wt ERα; 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 ERα 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 
ERα 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 ERα 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.


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 ERα mutations should 
prove extremely useful to better characterize the response 
patterns of each of these ERα mutants to existing AEs and 
to develop novel, more effective therapeutic molecules or 
drug combinations.
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RÉSUMÉ 
70% des tumeurs mammaires expriment le récepteur des œstrogènes ERα, et leur 


croissance est régulée par les œstrogènes. Les anti-œstrogènes (AEs) tels que le tamoxifène 


sont prescrits pour traiter tous les cancers du sein ER-positifs, mais ces composés présentent 


une activité agoniste partielle gène- et tissu-spécifique. Les AEs purs comme le fulvestrant 


(ICI182,780) sont utilisés dans les cas de cancers du sein ER-positifs avancés chez des 


patientes résistantes au tamoxifène. Les AEs purs entrainent la dégradation de ERα par la voie 


ubiquitine – protéasome, mais ces molécules peuvent réprimer l’activité transcriptionnelle de 


ERα indépendemment de la dégradation du récepteur. Notre laboratoire a publié que les AEs 


purs induisent la SUMOylation de ERα, et que l’abrogation de cette modification post-


traductionnelle augmentait l’activité transcriptionnelle de ERα sur un vecteur rapporteur dans 


des cellules transfectées. Nous émettons l’hypothèse que la SUMOylation de ERα contribue 


au profil antagoniste total du fulvestrant comparativement au tamoxifène dans les cellules de 


cancer du sein, en réprimant la transcription des gènes cibles de ERα via la modulation du 


recrutement de cofacteurs en présence d’AEs purs. 


 


 Nos travaux montrent que fulvestrant induit une liaison rapide de ERα à ses séquences 


cibles dans le génome. La perte de liaison aux temps plus longs de traitement n’est pas due à 


la dégradation du récepteur, ni à son export du noyau. Cette perte de liaison à l’ADN est 


accompagnée d’une compaction locale de la chromatine. Des marques de SUMOylation sont 


détectées au niveau des éléments de réponse des œstrogènes suite à un traitement avec des 


AEs purs de manière corrélant avec la présence de ERα à ces mêmes sites. La surexpression 


d’une deSUMOylase retarde la perte de liaison de ERα à l’ADN, atténue la fermeture de la 


chromatine et dé-réprime l’expression de gènes cibles de ERα en présence de fulvestrant. 


Enfin, des mutations de ERα empêchant sa SUMOylation mènent à une dé-repression de 


l’expression des gènes cibles de ERα 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 ERα dans le génome. Le knockdown de la sous-unité ACF1 de ce complexe 
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abolit la compaction de la chromatine et dé-réprime l’expression de gènes cibles de ERα en 


présence de fulvestrant. Ces résultats lient le recrutement d’ACF au profil antagoniste total des 


AEs purs. Des mutants non-SUMOylables de ERα ne recrutent pas ACF et restent liés à 


l’ADN aux temps longs de traitement, permettant ainsi un faible niveau de transcription des 


gènes cibles de ER.  


 


 Nous proposons un modèle où les AEs purs induisent la SUMOylation de ERα, menant 


au recrutement rapide du complexe de remodelage de la chromatine ACF au niveau des 


séquences régulatrices des gènes cibles des œstrogènes. La compaction de la chromatine qui 


en résulte empêche le recrutement subséquent de ERα sur l’ADN et contribue ainsi à une 


inhibition complète de la transcription des gènes de la voie de signalisation des œstrogènes 


dans les cellules de cancer du sein.  


 


 


Mots-clés : Cancer du sein – Récepteur des œstrogènes alpha – Anti-œstrogènes purs – 


SUMOylation – Répression transcriptionnelle – Remodelage de la chromatine – Complexe 


ACF 
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ABSTRACT 
70% of breast tumours express the estrogen receptor ERα, 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 (ICI182,780) are prescribed to treat advanced ER-


positive breast cancer in patients resistant to tamoxifen. Pure AEs lead to the degradation of 


ERα via the ubiquitin – proteasome pathway, but these compounds can repress ERα activity 


independently of receptor degradation. Our laboratory previously published that pure AEs 


induce SUMOylation of ERα, and abrogation of this post-translational modification increased 


transcriptional activity of ERα on a reporter vector in transfected cells. We hypothesize that 


SUMOylation of ERα contributes to the fuller antagonist profile of fulvestrant compared to 


tamoxifen in breast cancer cells, by repressing transcription of ERα target genes via modulated 


cofactor recruitment in the presence of pure AEs. 


 


Our work shows that fulvestrant induces a rapid initial ERα binding to its target 


sequences in the genome. The loss of binding to DNA at longer time points of treatment is 


independent from ERα 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, ERα 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. ERα mutants non-permissive for SUMOylation do not recruit ACF and 
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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 ERα, 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 ERα 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 4th, 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%) (http://pathology.jhu.edu/breast/types.php; accessed August 4th, 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 


4th, 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, 11). 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) (12); 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 (13), and this technique has been 


used since to classify BC tumours as ER+ or ER- to guide treatment (14-16). 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 (17). 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 (19). Receptor protein levels are measured by immunohistochemistry 


(IHC), while ERBB2 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 


ALDH1 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, PAM50 (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 (AI). AIs 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 AIs, 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). AIs 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 


ERBB2 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 (31). Trastuzumab emtansine (T-DM1) is a conjugate of the antibody and the cytotoxic 


drug DM1 and is currently used as a second-line therapy (31). 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 (5, 19, 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 BRCA1/2 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 ALDH1 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 STAT1 (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 STAT1 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. 
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Table 1.1. Molecular subtypes of breast cancer and their characteristics. 


 


   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 


17β-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).    


 


 
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, 
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46, 47). ERα 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, ESR1 and ESR2 located on chromosomes 6 and 14 respectively, encode two 


paralogues: ERα and ERβ (49, 50). ERα and ERβ present different tissue expression profiles, 


with ERα predominantly found in breast, reproductive tissues and bone, while ERβ 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, 51). In accordance with this hypothesis, ERα 


promotes breast tumourigenesis, while ERβ appears to inhibit the estrogen-induced 


proliferation of BC cell lines (52), suggestive of a protective role instead. Moreover, ERβ 


expression correlated with a better prognosis for ER+ BC patients (53). However, IHC 


screening for breast tumour subtyping only focuses on ERα 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 ERα and ERβ share an overall 44% 


identity, the most highly conserved regions being the DBD (97%) and the LBD (58%) (51) 


(Figure 1.2).  
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Figure 1.2. Schematic representation of ERα and ERβ structures. 


Percentage of amino acid identity between the different functional domains of human ERα and ERβ 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). ERβ 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 ERα) 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 α-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 ERα derivatives ERα(178-282) and ERα(1-282) were shown to form a heterodimer 


on an ERE in gel shift assays (61). Mutagenesis studies demonstrated that residues 222 to 226 


from the second zinc finger (D-box: PATNQ) were important for dimerization, and that this 
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dimerization further stabilizes receptor binding to DNA (61). The very high degree of amino 


acid identity between ERα and ERβ 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 α-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 ERα 
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, 61). 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 ERα(A/B) was phosphorylated, while ERα(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 


ERα (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 ERα transcriptional activity 


(83, 85). Similarly, Ser167 was found to be phosphorylated both in an E2-dependent manner 


(86) and through EGF-mediated pp90rsk1 activity, thus potentiating ERα’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 (89). 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). 







Introduction 


16 


These various ER signalling pathways are intertwined and their combined complementary 


activities mediate cell proliferation (71).  


 


1.2.4 Known transcriptional cofactors of ERα  
 We will focus on the interactome of ERα for this section, due to this paralogue’s role 


as a driver of breast tumourigenesis. Agonist-bound ERα 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 ERα 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 ERα 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 ERα (51, 97). 


CBP/p300 contain NR-boxes as well (93), but appear to mainly be recruited to ERα 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 ERα 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 ERα 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 (106). Further studies described an 


interaction increased by E2 between ERα 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 (109). 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 (109). 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 (109). 


Accordingly, Métivier and colleagues were able to show through MNase digestion kinetics 


assays that the position of the two nucleosomes at the promoter of TFF1 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 (51, 99). 


 


RIP140 was characterized as a protein significantly interacting with the ERα-


LBD/AF2 in the presence of estradiol, but not antiestrogens (112). This interaction depended 


on helix H12 integrity (112). 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 (112). Studies on the impact of RIP140 on the transcriptional activity of 


other nuclear receptors (PPARα/γ, RXRβ, TRα) showed that RIP140 antagonized SRC1 to 


repress transcription in reporter assays (113). 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 ERα, however, RIP140 appears to have co-activator properties. Indeed, ChIP-Seq 


studies revealed a strong overlap (82%) of RIP140 and ERα binding sites throughout the 


genome following E2 treatment (114). ERα 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 (114). 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) (114). The co-activator or 


corepressor role of RIP140 thus depends on context (114).     


 


LCoR was found to interact through its LXXLL motif with the LBD/AF2 region of 


ERα, specifically in the presence of agonists (115). Reporter assays revealed that LCoR 


represses the transcriptional activity of ERα in the presence of E2, as well as the activity of 


other nuclear receptors in the presence of their respective ligands (115). 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 ERα activity and attenuate E2 signalling (115-117).  


 


Pioneering ChIP studies revealed a sequential recruitment of ERα and its cofactors to 


the promoters of target genes TFF1 and CTSD (72, 104, 108). Estradiol treatment of the ER+ 


MCF-7 BC cell line (cultured in estrogen-depleted media) induced a rapid recruitment (<15 


min) of endogenous ERα at EREs upstream of the TSS of target genes (72, 104). Recruitment 


of HATs SRC1, 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 (104). 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 α-amanitin aimed at refining the order of cofactor recruitment to the TFF1 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 (108). The initial 


cycle recruits HATs CBP/p300 and HMT PRMT1, 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 ERα at the next cycle, as well as recruitment of SRC1 (108). Consistently, the 


BAF57 subunit of the SWI/SNF complex was found to interact with SRC1 and was required 


for SRC1-mediated potentiation of transcription (107). In this experimental setting, a 20 min 


delay was observed between SRC1 presence (peak ~ 40 min) and TRAP220 recruitment (peak 


~ 60 min) (108). Finally, Mediator presence led to recruitment of RNA Pol II (peak ~ 70 min) 


(108). The cyclical assembly by E2-liganded ERα 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 ERα 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 (118, 119). Genome-wide ChIP studies in ER+ BC cells 


revealed that ~ 50% of ERα DNA binding events overlap with FOXA1 binding events (120). 


Knockdown of FOXA1 significantly reduced ERα binding to DNA, while silencing ERα did 


not impact FOXA1 association to chromatin (120), supporting a pioneer factor role for 


FOXA1 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 (88).  


 


Tam and its active metabolite 4-hydroxytamoxifen (OHT) (Figure 1.4a) mostly 


antagonize E2 activity in BC cells, limiting cell proliferation (121). 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 (123). 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 (125), 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 (129), and is clinically approved for the prevention and 
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treatment of osteoporosis in post-menopausal women (128). While the partial agonist profile 


of Ral is more favourable than that of Tam, Ral failed as a BC treatment (128). 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). 
 


 
Figure 1.4. Chemical structures of antiestrogens. 


a. Tamoxifen, its active metabolite 4-hydroxytamoxifen, and raloxifene are members of the Selective ER 
Modulators (SERMs) family. b. ICI164,384, 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, ICI182,780, 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 


RU58668, are much more efficient than Tam at inhibiting BC cell proliferation in mouse 


xenograft models (136, 137). Remarkably, these pure AEs were shown to induce a rapid 


turnover of ERα 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 (143, 144). Interestingly, BC cell lines resistant to either ICI164,384 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 (148). For example, GDC-0810 


is orally bioavailable and can induce ERα 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 AI therapy 


(https://clinicaltrials.gov/ct2/show/NCT02569801; accessed January 8th, 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 ERα 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 ERα 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/AF2 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 ERα between H3 and H11, 


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 H5 


(His373, Val376, Glu380 and Trp383 in hERα), thus preventing the recruitment of co-


activators through competition (94).   


  



https://clinicaltrials.gov/ct2/show/NCT02569801
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Figure 1.5. Ribbon representation of the ER LBD bound by AEs. 


a. Human ERα LBD – OHT complex. b. Rat ERβ 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 ERβ (153), 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 ERα 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 H12 (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 ERα bound by ICI164,384 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 ERα cofactors  
The different LBD/AF2 conformation adopted by ERα following AE binding prevents 


co-activator interaction with the co-activator binding groove (68, 94, 153). Tam- or Ral-bound 


ERα 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 (156). 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 ERα, 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 ERα 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 (159), 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 (156). 


Immunoprecipitation experiments showed that ICI182,780-liganded ERα recruited the C-


terminal domains of NCoR and SMRT more efficiently than Tam- or Ral-bound ERα (158). 


Further, ChIP experiments revealed that ICI182,780 increased presence of NCoR at the 


promoter of TFF1 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 (51). 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 ERα 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 (155). 


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 (155). 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 ERα LBD/AF2 (51, 99).  


 


Studies have shown that the partial agonist profile of SERMs also depends on the 


promoter context. Tam and Ral inhibit ERα activity more efficiently on genes containing 


EREs, while they can induce transcription of genes regulated by ERα – AP1 complexes (78, 


161). The tissue and promoter context-dependent activity is further attributed to the existence 


of two activation functions within ERα (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 (51, 99). On the contrary, ICI182,780 blocks both AF1 and AF2 


(158). Accordingly, Ser118 was phosphorylated in the presence of OHT, but not ICI182,780, 


consistent with their respective AF1 profile of activity (85). 


 


1.3.4 SERD-induced post-translational modification and degradation of 


ERα 
 Early studies characterizing the mechanism of action of ICI164,384 found that the ERα 


protein was rapidly degraded following treatment in both endometrial and breast cells (138, 


139). The accelerated turnover of ERα 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 ERα, OHT stabilizes receptor protein levels, further highlighting 


the differences between SERMs and SERDs (141, 162). However, E2 and SERDs induce ERα 


degradation through different mechanisms. E2-mediated degradation is dependent on protein 


synthesis (140) and a transcriptionally active ERα (141, 163), while SERD-induced 


degradation does not require either. ERα is modified by ubiquitin regardless of treatment 


condition, but ICI182,780 increases ERα 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 ERα 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 ERα in the nuclear matrix fraction of BC cells (154, 163, 165). 


Aggregation of ICI182,780-liganded ERα in this insoluble fraction (151, 162) correlates with 


ERα 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 (166). Proteasomes can associate with the nuclear matrix 


(163, 166, 167), suggesting that SERD-bound ERα localizes in this subnuclear compartment to 


get degraded (166). In support of this hypothesis, modified forms of ERα, possibly 


corresponding to ubiquitinated receptor, were detected in the nuclear matrix fraction (154, 


163). 


 


Our laboratory characterized SUMOylation of ERα as another post-translational 


modification (PTM) induced following treatment with pure AEs/SERDs (154). 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 ERα were 


found to be modified by SUMO1 and the highly homologous SUMO2 and SUMO3 in ER+ 


BC cell lines and transfected ER- cell lines following pure AE treatment (154). Moreover, 


reporter assays in HepG2 cells showed that abrogating SUMOylation by overexpressing a 


deSUMOylase allowed de-repression of ERα transcriptional activity by pure AEs, without 


affecting E2 or OHT activity (154). Importantly, ERα turnover is not accelerated in this cell 


model (151, 154), implying a role for SUMOylation in pure AE-induced transcriptional shut-


off, independently of ERα degradation. Consistent with this hypothesis, saturating ERα 


degradation by overexpressing the receptor in BC cells did not affect the ability of ICI182,780 


to block ER-mediated transcription (152).  


 


The analysis of deletion mutants of ERα 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 ERα, 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 (154) (S. Mader lab. unpublished data). 


A previous study showed that the hinge domain of ERα was modified by SUMO1 in the 


presence of E2 in COS-7 cells (monkey kidney cells, ER-negative) transfected with expression 


vectors for both ERα and SUMO1 (169). However, Western analysis of a mutant ERα for all 


five Lys of the D region also showed significant SUMOylation of ERα in the presence of 


ICI182,780 in HEK-293 cells (154). Nevertheless, point mutants of ERα 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 ERα might be dependent on 


a conformational aspect of ERα 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 ERα.  


 


1.3.5 Causes of resistance to AEs in ER-positive BC  
 About 30% of patients present de novo resistance to hormonal therapies (AIs and/or 


AEs) and 40% will acquire it (171). Acquired resistance is associated with loss of ERα 


expression only in about 15% of cases, and thus different hormonal treatments, such as 


fulvestrant (28), or combination therapy, like AIs 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 AIs 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 


AIB1, 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 (173). 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 ERα activity in a 


ligand-independent manner (71). Increased EGFR and/or HER2 activity in ER+ BC cells 


results in ERα phosphorylation and activation, thus promoting cell proliferation (71). 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 ESR1 mutations (174). While ESR1 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 AIs) was found to present mutations (174). 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 AIs 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 ERα 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 (176) and growth of xenografts (175). 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 ICI182,780 (181). 


Indeed, mutants have decreased affinity for OHT, and the crystal structure of the D538G 


mutant bound by OHT differs from that of wt ERα (180), consistent with the increased 
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transcriptional activity of ERα mutants in the presence of both OHT and ICI182,780 compared 


to wt ERα (171, 175, 176). Finally, turnover of mutant Y537N in the presence of ICI182,780 


was also reduced compared to wt ERα (176). As the mutants retain some sensitivity to pure 


AEs, novel, more potent compounds might be effective treatment options for metastatic BC 


patients (175). 


 


 
Figure 1.6. ESR1 mutations identified in metastatic BC patients. 


The functional domains of human ERα are shown, with a zoom-in on the LBD/AF2 region. The α-helices are 
represented (from (182)) and mutations identified in tumours of metastatic BC patients having progressed on 
endocrine therapies are indicated in black (171, 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 ε-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) (183, 184). Mammalian cells 


express three main SUMO paralogues: SUMO1 shares 50% sequence similitude with SUMO2 


or SUMO3, while the latter two are 97% identical in humans (184-186) and will be referred to 


as SUMO2/3 henceforth. There are also two pseudogenes encoding for SUMO4 and SUMO5, 


but whether these proteins are actually expressed remains unclear (185, 187). SUMO1 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 SUMO1 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 (183, 


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 E1 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 UBC9, 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 (183, 185, 


187). While only one E1 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, MUL1, RanBP2, Pc2, HDAC4, KPA1, 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 SUMO1 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 (183). 
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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, 


ΨKXE, where Ψ= I, L or V; K will be the modified Lys residue and X is any amino acid (183, 


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 (184, 187), while E3 


SUMO ligases recognize other features of the target protein (183). 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 (187), 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 α-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 


β-strand that positions itself against a β-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.  
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 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 (168). 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 (193). 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 (193). Similarly, Sp3 is SUMOylated through the action of PIAS1 and the 


modification inhibits its transcriptional activity (194, 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 (195). SUMOylated 


Sp3 also partially co-localized with PML nuclear bodies (195). 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 (191). 


 


 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 PPARα 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 PPARγ results in an interaction with NCoR and 


HDAC3 on DNA to form an inhibitory complex (197). Additionally, liganded LXRβ is 


modified by SUMO2/3 in an HDAC4-dependent manner, leading to transcriptional repression 


of inflammatory target genes (198). 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 HDAC1 and HDAC4 increases their corepressor 


activity (199, 200). Similarly, modification of NCoR by SUMO1 enhances its ability to 


repress expression of a reporter vector (201). Co-activators SRC1, SRC2 and p300 are also 


SUMOylated (168). HDAC6 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 (191). The 


combined dynamics of TF and cofactor modifications by SUMO thus dictate the outcome on 


transcriptional regulation (191). 


 


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, Suv39h1 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 His6-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 (214). 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 (214). 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 (215). 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 (216). The main function of these ubiquitin chains is to target proteins 


for degradation through the 26S proteasome (216). 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 STUbL 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 (217). STUbLs were able to 


attach ubiquitin to the end of SUMO chains, thus targeting modified proteins to the 


proteasome for degradation (217). 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 (217). An RNF4 homodimer can then recruit a ubiquitin – E2 


conjugating enzyme complex to modify the poly-SUMOylated substrate (217). The best-


known substrate of RNF4 is PML (217). 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 (218). 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 (218). SUMOylation of PML plays a key role in the 


recruitment of the sequestered proteins through reciprocal SIM – SUMO interactions between 


PML and these partners (218). 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 (218). 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 (219, 220). Other 


characterized substrates of RNF4 are PARP1 and TFs HIF2α 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 ERα 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 ERα in transiently transfected COS-1 cells, leading to accumulation of receptor 


in the cytoplasm and preventing ER-dependent transcriptional activation (221). Other 


studies, however, showed that GFP-tagged human ERα 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 ICI182,780-liganded ERα to 


bind DNA. ChIP experiments in the MCF-7 ER+ BC cells showed no binding of 


endogenous ERα at the ERE in the promoter of target gene TFF1 following 3 h of 


ICI182,780 treatment (163). On the contrary, a ChIP-Seq study in the same cell line 


treated for 1 h demonstrated significant recruitment of ICI182,780-liganded ERα at ~ 


33% of the sites bound by E2-liganded ERα, including the TFF1 promoter (73).  


• Finally, the SERD-induced degradation of ERα 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 ERα 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- 


HepG2 cells in which transfected ERα is not degraded, but rather stabilized (151, 154). 


These results suggest the existence of a mechanism independent of degradation to 


block ERα activity. 


Previous results in our laboratory showed that SUMOylation of ERα 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 ERα 


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 ERα in BC cells. For this, we investigated the link 


between ERα binding to DNA, ERα 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 ERα 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 ERα, that might explain the efficient 


repression of transcription compared to SERMs, and to assess the role of 


SUMOylation of ERα 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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2.1 Authors contribution 
TT and SM designed the project.  


TT performed all the experimental work, except for the BRET assays which were done by 


MEE (Figure 2.9A and Figure S2.9).  


VD and EA performed bio-informatics analyses for the RNA-Seq and ChIP-Seq data sets. 


TT analyzed the results and prepared the figures under the supervision of SM.  


TT and SM wrote the manuscript.  
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2.2 Abstract 
Antiestrogens (AEs) are widely used for treatment of estrogen receptor (ERα) 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 ERα 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 ERα target regions 


prevents transcription in spite of receptor binding. SUMO2/3 marks were detected on 


chromatin at the peak of ERα binding in cells treated with pure AEs, but not SERMs. 


Furthermore, decreasing SUMOylation by overexpressing the deSUMOylase SENP1 


significantly delayed receptor release from DNA and de-repressed expression of estrogen 


target genes in the presence of fulvestrant, both in ERα-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 ERα 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 ERα, a 


ligand-dependent transcription factor that controls expression of proliferative genes in breast 


cancer (BC) cells (226). When bound by estrogens, ERα 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 (51, 59, 226). Antiestrogens (AEs) are small synthetic molecules 


designed to compete with estrogens and block ERα transcriptional activity (28, 69, 128, 148). 


Selective ER Modulators (SERMs) like Tamoxifen (Tam) induce gene- and cell type-specific 


patterns of cofactor recruitment to ERα, 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 (133, 134); it is also more efficient than SERMs at 


suppressing ERα 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 ERα via the ubiquitin – proteasome pathway (69, 148). ERα 


degradation likely contributes to the antiestrogenic profile of pure AEs, but ERα 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, ERα 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 ERα 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 ERα turnover (151, 154). 


 


We previously reported that pure AEs can be distinguished from SERMs by their 


capacity to induce rapid modification of ERα by SUMO1/2/3 in receptor-positive BC cell lines 
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and in transfected ER-negative cell lines following pure AE treatment (154). Reporter assays 


in HepG2 cells showed that abrogating SUMOylation by overexpression of a deSUMOylase 


partially de-repressed ERα transcriptional activity in the presence of pure AEs (154). 


However, the impact of pure AE-induced SUMOylation on transcriptional repression of ERα 


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 ERα association 


with DNA, on chromatin accessibility and transcriptional suppression, to better understand its 


role in the more complete repression of ERα-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 ERα 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 (ICI182,780) than by various SERMs 


in the ERα-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 (126, 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 GREB1, 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 


ICI182,780 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 (133), and with the existence of different mechanisms of 


transcriptional regulation by the two AEs. 
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2.4.2 ERα binding to DNA is biphasic in the presence of ICI182,780.   
While SERMs and E2 induce binding of ERα 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. ERα association to DNA was not detected at the TFF1/pS2 promoter after 3 


h of treatment with ICI182,780 by chromatin immunoprecipitation (ChIP) in MCF-7 cells 


(163), but binding of ERα at this site and at other EREs was observed after 1 h of ICI182,780 


treatment in the same cell line (73). Here, we performed time course ChIP experiments in 


MCF-7 cells to monitor receptor recruitment at EREs upstream of the E2 target genes TFF1, 


GREB1 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 GREB1 and CTSD 


gene bodies (Figure. S2.2B). These results reconcile previous observations (73, 163) and 


contrast the impact of ICI182,780 treatment on ERα association to DNA with that of E2. 


Indeed, increased ERα 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 ERα to the TFF1 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 ERα 


recruitment to these target elements in the presence of E2 as previously reported (108, 163), 


and the timing of the initial peak of ERα association was different from the one in  these 


studies, but this may be due to the different experimental conditions (e.g. lack of α-amanitin 


synchronization in our assays).  


 


We further performed ChIP-Seq analyses of ERα 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 ERα 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 ERα 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 ERα 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 ERα 


ChIP-Seq studies (120), as well as in the presence of ICI182,780 (Figure 2.3B). This suggests 


that ERα recruitment at FOXA1 binding sites is independent of agonist-specific protein-


protein interactions engaged by the receptor. ERα 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, ERα 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 ICI182,780 (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 ERα 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 


ERα to DNA. 
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2.4.3 Rapid loss of binding to DNA precedes loss of ERα 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 ERα in MCF-7 cells, as previously reported for mouse ERα 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 ERα to DNA, 


respectively. No significant difference in ERα nuclear localization was observed over this time 


course of treatment compared to no treatment (Figure S2.4). Thus, loss of ERα 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 ERα via the ubiquitin – proteasome pathway (140, 141, 154, 167). To 


compare the kinetics of ERα binding to DNA to those of receptor degradation, we monitored 


the steady state levels of ERα 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 ERα binding to DNA precedes receptor degradation.  


 


To more directly evaluate the impact of ERα 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. ERα protein levels were 


assessed at the same time points by Western analysis of whole cell extracts. MG132 pre-


treatment stabilized ERα levels (Figure 2.4B, top panel) without affecting kinetics of release 


of receptor from the TFF1 and GREB1 EREs (Figure 2.4C), suggesting that the loss of 


binding to DNA is independent of ERα degradation.  
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2.4.4 SUMO2/3 marks coincide with ERα binding to DNA in the presence of 


pure AEs.  
ERα modification by ubiquitination and SUMOylation is induced by pure AEs / 


SERDs prior to receptor degradation (141, 154). Modified forms of ERα 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 ERα 


antibody and blotting with SUMO antibodies to correspond to SUMOylated forms of ERα 


(154), which, as reported for other proteins (184), represent a small fraction of total ERα at 


any given time. Conversely, blotting with an ERα antibody after an IP with a SUMO2/3 


antibody led to the detection of both unmodified and modified forms of endogenous ERα in 


the ICI182,780-treated, but not the untreated samples (Figure S2.5A). Detection of 


unmodified ERα may be due to deSUMOylation during the IP procedure, or possibly also to 


non-covalent interactions between ERα and SUMO2/3 moieties taking place through putative 


SUMO-Interacting Motifs (SIMs) (184). A more complex ladder of modified ERα 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 ERα to DNA, we 


compared association to DNA of ERα 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 ERα to EREs upstream of TFF1, GREB1 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 ERα for these pure AEs, but not for OHT, by 
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immunoblotting (Figure 2.5B). At 3 h of treatment, ERα 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 ERα (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 GREB1 and CTSD, association of SUMO2/3 with control 


regions in the GREB1 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 ERα ChIP-Seq peaks in the vicinity of 


genes regulated by E2 (Figure S2.5E). Thus, SUMO2/3 recruitment as assessed by ChIP at 


ERα target regions correlates with the SUMOylation pattern and the ERα DNA binding profile 


induced by pure AEs, suggesting that SUMOylated forms of ERα 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 SUMO2/3 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 ERα binding distributions (Figure S2.3C). Interestingly, while CTCF elements 


remained the top enriched motif in SUMO2/3 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 ERα 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 ERα 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 


ERα peaks overlapping with SUMO2/3 peaks after 30 min of ICI182,780 treatment was 


highest for the ERα peaks with a strong confidence level (MACS -log10(q-value)) (Figure 


2.6D-E). Indeed, 42.5% of the Top 5% ERα peaks overlapped with a SUMO2/3 peak in the 


ICI182,780 treated cells, compared to only 7.69% overlap for all ERα 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% ERα peaks, vs. 2-fold for all ERα peaks (Figure 2.6E). A 


heat map representation of SUMO2/3 peak intensities for the Top 5% ERα 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, GREB1, CTSD, CDH26) confirmed an increased SUMO2/3 ChIP-Seq 


signal at DNA regions also bound by ERα following 30 min of ICI182,780 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 ERα contributes to the rapid loss of binding to DNA. 
To further investigate the impact of SUMOylation of ERα 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 ERα 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 TFF1 and GREB1 under these conditions 


revealed that ERα 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 ERα 


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 ERα 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, GREB1 and CTSD was significantly more accessible than in 


the absence of ligand at 1 h, consistent with recruitment of ERα 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 ERα binding and its subsequent release from DNA. Chromatin accessibility 


was also decreased at 20 min in control regions in the GREB1 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 ERα transcriptional activity compared to 


OHT. 


 


To test whether SUMOylation plays a role in chromatin closure in the presence of 


ICI182,780, 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 TFF1, GREB1 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 ERα 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 ERα 


transcriptional activity by ICI182,780.  
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 


SENP1 cells with E2, OHT or ICI182,780 for 8 h and quantified the expression of direct E2 


target genes TFF1, GREB1, XBP1 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 TFF1, XBP1 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 GREB1 


(Figure 2.8A). These results indicate that decreased SUMOylation of ERα reduces the 


antagonistic potential of ICI182,780. 


 


To confirm these results in another BC cell model, we transiently co-transfected wild-


type ERα with GFP-tagged SENP1 or its parental empty vector in the ER-negative SK-BR-3 


cells (Figure 2.8B). Treating ERα-transfected cells with E2 led to induction of target genes 


TFF1 and GREB1 (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 ERα 


SUMOylation by SENP1 overexpression (Figure 2.8B), ERα 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 ERα, we sought to 


use ERα mutants affected in their capacity to be SUMOylated in the presence of pure AEs. 


Mutation of several characterized SUMOylation sites in ERα did not abrogate modification in 


the presence of ICI182,780 (154). However, in a screen of ERα 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 ERα 


coupled to RlucII and SUMO3 fused to YFP in transfected HEK-293 cells revealed a specific 


interaction between ERα and SUMO3 in the presence of ICI182,780 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 ERα in the presence of 


ICI182,780 for TFF1 and GREB1 (Figure 2.9C). Furthermore, contrary to what was observed 


with wt ERα, 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 ERα 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 (126, 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 ERα during our 


experimental time frame in MCF-7 cells. This result contrasts with the observed alteration in 


nucleo-cytoplasmic shuttling of mouse ERα in transfected COS-1 cells (221), but is in 


agreement with differential extraction experiments in MCF-7 cells (154, 165), and with 


localization of transfected GFP-tagged ERα in various BC cell lines treated with ICI182,780 


(222, 223).  


 


Our observation of a transient phase of increased association of ERα 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 ERα 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. ERα 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 ERα protein levels and happens irrespective of proteasome inhibition. Of 


note, saturation of the ERα degradation process was also found not to prevent transcriptional 


suppression of target gene TFF1 by ICI182,780 in MCF-7 cells (152).  


 


Building on our previous report that ERα SUMOylation is induced by pure AEs, but 


not by the SERM OHT (154), we investigated the impact of this post-translational 
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modification on the ability of endogenous ERα 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 ERα, it is not possible to conclude that SUMO-modified proteins 


detected at EREs correspond specifically to modified forms of ERα. Receptor-associated co-


factors and histones may be additional modification targets at ERα-bound DNA sites (201, 


203, 232, 233). However, the SUMO marks detected at EREs disappeared with release of ERα 


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 ERα complexes 


rather than with histones assembled on EREs. The observations that modified ERα 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 ERα 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 ERα on DNA. Possible reasons for the 


partial overlap between ERα peaks and SUMO2/3 peaks could include differences in 


SUMO2/3 association strength / kinetics at different ERα-bound regions, but also likely the 


lower number of SUMO2/3 peaks detected (~ 4 500 SUMO2/3 peaks compared to ~ 12 000 


ERα 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 ERα 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 ERα peaks is consistent with the presence of SUMO2/3 marks on only a fraction of ERα 


bound at a specific site, resulting in better detection at DNA sites with a more stable 


association with ERα.  


 


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 HDAC1, 
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HDAC2, DNMT1, and ATRX, induces chromatin closure (211-213). 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 ERα SUMOylation. Specific 


corepressors recruited by SUMOylated ERα remain to be identified, but increased recruitment 


of the corepressor NCoR by ICI182,780-liganded ERα has been reported (158). Of interest, 


SUMOylation of PPARγ and GR was shown to increase recruitment of NCoR/SMRT (196, 


234), and SUMOylation of NCoR itself enhances its activity as a transcriptional repressor 


(201). Receptor modification, in addition to altered conformation (153), may also contribute to 


the loss of co-activator recruitment (165). We propose that ERα SUMOylation leads to release 


of ERα from DNA, either directly, or via the resulting rapid compaction of chromatin at the 


regulatory regions of E2 target genes. Parallel increased ubiquitination of ERα (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 ERα SUMOylation levels delayed the kinetics 


of loss of binding, reduced chromatin closing, and led to a partial de-repression of ERα 


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 ERα 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 


ERα 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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ERα binding to its target response elements. Future studies will address the identity of 


cofactors recruited by pure AE-liganded ERα and the connection between SUMOylation and 


ubiquitination / degradation of ERα.  


 







Role of SUMOylation in pure antiestrogen action 


61 


2.6 Material and Methods 
Reagents and plasmids. MG132 (Millipore #474790 (Etobicoke, ON, Canada)), doxycycline 


(Sigma D-9891 (Oakville, ON, Canada)), 17β-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 pSG5-


ERα plasmid for wt ERα 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). ERα-RlucII was generated by PCR 


amplification of ERα cDNA. The PCR product was cloned between the NheI and BamHI 


restriction sites in the pcDNA3-RlucII plasmid (gift from Dr. M. Bouvier, IRIC), in order to 


fuse RlucII to the C-terminus of ERα. 
  
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% CO2 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 µg of ERα expression plasmid 


and 6 µg of SENP1 expression plasmid per 5x106 cells at 240 V and 950 µF (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 (1.5x105 cells/well) and co-transfected the next day with a 


constant amount of plasmid expressing ERα-RlucII 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 ΔΔCt 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 ERα ligands for various times with the following antibodies: ERα 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 



https://github.com/maderlab/Oncogene2018-scripts
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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/mugqic/mugqic_pipelines.  
 


Western Analysis. Whole cell extracts were prepared as described (154) using a lysis buffer 


containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 2% SDS, 0.5% Triton, 1% 


NP40. 30 μg of samples were resolved by SDS-PAGE (8% acrylamide). Antibodies ERα 60C 


(Millipore 04-820), β-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 


μg/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. 
 


BRET1 Assays. Cells were detached using PBS, re-plated in white 96 well-plates 


(ThermoFisher 07-200-628) and supplemented with Coelenterazine H (10 µM, 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, BRET1) was determined by calculating the ratio of the light intensity 


emitted by the YFP fusion over that emitted by the RlucII fusion (154). Values were corrected 


by subtracting the background BRET1 signal (RlucII fusion expressed alone). BRET1 ratios 


were expressed as a function of the [YFP]/[RlucII] 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.  



https://bitbucket.org/mugqic/mugqic_pipelines.
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2.7 Figures 


 
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 (q-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 
(q<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 ERα to DNA. 
ERα binding to target gene regulatory regions was determined by chromatin immunoprecipitation (ChIP) in 
MCF-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 ERα binding as a 
function of time for vehicle (blue), E2 (green) and ICI (magenta) conditions, while the bar graphs compare ERα 
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 ERα to a subset 


of E2-induced sites. 
ChIP-Seq was performed with an antibody against ERα on MCF-7 cells treated with estradiol (E2, 5 nM) or 
ICI182,780 (ICI, 100 nM) for the indicated time points (minutes) (N=3). A. The overlap between the ERα 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 
ERα ChIP-Seq peak after 30 min of treatment (0, E2, ICI) in various windows centered on their TSS was 
determined for each category. 
 


 


 
Figure 2.4. Loss of binding to DNA occurs irrespective of ERα 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 ERα and β-actin levels were assessed by Western analysis. Two 
different film exposures are shown to reveal ERα 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 μM) for 2 h then treated with ICI (100 nM) for the indicated time points (minutes). Whole 
cell extracts were resolved by SDS-PAGE, and ERα and β-actin levels were assessed by Western analysis. Two 
different film exposures are shown to reveal ERα degradation (short exposure) and receptor modification (long 
exposure). A representative experiment is shown (N=3). C. MCF-7 cells were treated as in (B). ERα binding to 
target gene regulatory regions was determined by ChIP-qPCR. Graphs compare ERα 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 ERα from DNA. 
A. Binding of ERα or SUMO2/3 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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ERα and β-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 ERα degradation (short exposure) and receptor 
modification (long exposure). A representative experiment is shown (N=3). C. ERα, SENP1 and β-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 μg/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. ERα binding to target 
gene regulatory regions was determined by ChIP-qPCR in MCF-7 Tet-ON SENP1-FLAG cells treated as in (C). 
Graphs compare ERα 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 ERα in the presence of 
ICI182,780. 


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 ERα and SUMO2/3 peaks. ERα 
ChIP-Seq peaks (common between E2, 30’ and ICI, 30’) were ordered according to their -log10(q-value) 
provided by MACS. The proportion of ERα peaks overlapping with SUMO2/3 ChIP-Seq peaks following 
treatment with ICI for 30 min is indicated. E. The overlaps between the Top 5% ERα peaks (ICI, 30’) and 
SUMO2/3 peaks (0 or ICI, 30’) (top) or between all ERα peaks (ICI, 30’) and SUMO2/3 peaks (0 or ICI, 30’) 
(bottom) are indicated using Venn diagrams. F. UCSC browser snapshots of ERα and SUMO2/3 ChIP-Seq peaks 
at EREs near E2 target genes TFF1 and GREB1 for the vehicle and ICI conditions. 


 


 


 


 


 
 


 
 


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 μg/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 ERα 
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 μg/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. ERα, SENP1 and β-actin levels were assessed in whole cell extracts from SK-BR-3 
cells transiently transfected with plasmids coding for ERα and for GFP-tagged SENP1 and treated with ICI (1 
µM) 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 µM) or ICI (1 µM) 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. 







Role of SUMOylation in pure antiestrogen action 


73 


 
 
Figure 2.9. The ERα V534E mutation prevents SUMOylation and abrogates differential gene repression by 


ICI182,780 and OHT. 
A. Interaction between ERα and SUMO3 was determined by BRET1 assays (N=2) in HEK-293 cells transfected 
with a constant amount of wt or mutant ERα-RlucII expression vector and increasing amounts of YFP-SUMO3 
plasmid, and treated with ICI182,780 (ICI, 1 µM) or vehicle only (0) for 1 h. B. ERα and β-actin levels were 
assessed in whole cell extracts from SK-BR-3 cells transiently transfected with wt ERα, mutant receptor 
ERα(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 TFF1 and GREB1 were 
determined by RT-qPCR in SK-BR-3 cells similarly transfected and treated with E2 (5 nM), OHT (1 µM), ICI (1 
µM) 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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Figure 2.10. Proposed mechanism of action of pure AEs in ER-positive breast cancer cells. 


Pure AE treatment leads to transient binding of ERα 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 ERα and efficiently repressing transcription. ERα 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 hg19 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 using 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 hg19 genome size = 2 451 960 000) with a 


maximum fragment length set at 600 bp. Peaks were called using MACS software 


(https://github.com/taoliu/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 



http://broadinstitute.github.io/picard/

http://samtools.sourceforge.net/

https://github.com/taoliu/MACS

http://homer.ucsd.edu/homer/
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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 2.75x105 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-ERα 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 μg) were incubated with an antibody (2 μg) 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 


 
Figure S2.1. Differential effects of 4-hydroxytamoxifen and ICI182,780 on MCF-7 cell proliferation. 


MCF-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 ERα binding to EREs, but not to control regions. 


A. ERα 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 ERα binding over four hours 
after addition of E2 (green), ICI (magenta), or vehicle only (blue), while the bar graph on the right compares ERα 
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. ERα binding to randomly chosen 
regions devoid of EREs inside the gene body of ER target genes GREB1 and CTSD was evaluated by ChIP-
qPCR. Data points from 3 independent experiments, as well as means ± SEM, are represented. 
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Figure S2.3. Occupancy and differential binding analysis of ERα ChIP-Seq data. 
ChIP-Seq was performed with an antibody against ERα on MCF-7 cells treated with estradiol (E2, 5 nM) or 
ICI182,780 (ICI, 100 nM) for the indicated time points (minutes) (N=3). A. Correlation heatmap using 
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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 after subtraction of control (input DNA) read counts. 
C. The location of ERα 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 ERα 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. 
 
 
 
 
 
 
 
 
 
 
 


 


Figure S2.4. ERα remains in the nucleus of MCF-7 cells following ICI182,780 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 ERα (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 ERα and accumulation of SUMO marks at EREs, 
coinciding with induced binding of ERα. 


A. Interaction between endogenous ERα and SUMO2/3 in MCF-7 cells was assessed by co-immunoprecipitation 
experiments. Cells were pre-treated with the proteasome inhibitor MG132 (10 μM) for 2 h and then treated with 
ICI182,780 (ICI, 100 nM) or vehicle only (0) for 30 min. ERα 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 ERα 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. ERα 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 (RU58) 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 GREB1 and CTSD was 
determined by ChIP-qPCR. Data points from 2 independent experiments, as well as means ± SEM, are 
represented. E. ERα (N=3) and SUMO2/3 (N=2) binding to EREs of E2 target genes was determined by ChIP-
qPCR 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 SUMO2/3 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 
SUMO2/3 binding at 30 min of treatment with ICI or vehicle. Heatmap represents the TMM-normalized counts 
for the Top 5% ERα peaks (ICI, 30’, see Figure 2.6D.). Samples are linearly ordered based on the ranksum of 
normalized counts. E. UCSC browser snapshots of ERα and SUMO2/3 peaks at EREs near E2 target genes CTSD 
and CDH26 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 CTSD 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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μg/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 
GREB1 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. 
 
 
 
 
 


 
 
 
Figure S2.8. ICI182,780 induces transient binding of ERα to DNA and leads to chromatin closure at EREs 


in MCF-7 cells grown in full-media. 
A. ERα binding to EREs upstream of the TFF1 and GREB1 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. ERα(V534E) is not SUMOylated in the presence of ICI182,780. 
Interaction between ERα and SUMO3 was assessed by BRET1 assays (N=2) in HEK-293 cells co-transfected 
with wt or mutant ERα-RlucII and YFP-SUMO3 and treated with ICI182,780 (ICI, 1 µM) 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 ICI182,780      
(q-value<0.05). 
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Table S2.2. ChIP-Seq alignment and duplication metrics. 
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Table S2.3. Motif enrichment in SUMO2/3 peaks. 
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Table S2.4. Primers used for RT-qPCR. 


 


Studied region Primers 


UPL probe 


(Roche) 


mRNA RPLP0 
Forward TCCCACTTGCTGAAAAGGTC 


#74 
Reverse AGCAGGAGCAGCTGTGGT 


mRNA TBP 
Forward GAACATCATGGATCAGAACAACA 


#87 
Reverse ATAGGGATTCCGGGAGTCAT 


mRNA GREB1 
Forward CCACAAAGGGTGGTCTCCAGAA 


#77 
Reverse CACTGGCTTGGCCTTGCATATT 


mRNA XBP1 
Forward CCCTGGTTGCTGAAGAGG 


#62 
Reverse TGGAGGGGTGACAACTGG 


mRNA CTSD 
Forward GCCTACTGGCAGGTCCAC 


#10 
Reverse GTGTCCACAATGGCCTCAC 


mRNA AGR3 
Forward AGGCTCATATGTGTACAATCTGTTAGA 


#11 
Reverse TGGGCAATATGTGCCTAGAA 


mRNA E2F1 
Forward TCCAAGAACCACATCCAGTG 


#5 
Reverse CTGGGTCAACCCCTCAAG 


mRNA MYBL2 
Forward CCCGAGAAGCAGAAGAGGA 


#26 
Reverse GCCAGAGACTTCCGGACTTT 


mRNA TFF1 
Forward ACCATGGAGACAAGGTGAT 


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


 


Studied region Primers 


UPL probe 


(Roche) 


ERE -400bp TFF1 
Forward TTGGCCGTGACAACAGTG 


#12 
Reverse CTAGACGGAATGGGCTTCAT 


ERE -1.5kb GREB1 
Forward CTGACCTAGAAGCAACCAAAATACT 


#84 
Reverse GGCAGCAAACTTGTTTAGGTATG 


ERE -9kb CTSD 
Forward CTCCCTCCTCTTAGGGCTGA 


#49 
Reverse AGCCCCCTTTCTCTTGAGG 


GREB1 ctrl region 
(non-ERE site +55kb) 


Forward ACACGAGCCGTTCCAGAAT 
#19 


Reverse CCAGGGTAGCCAAAATAGCA 


CTSD ctrl region 
(non-ERE site +4.5kb) 


Forward GTGCTTCACAGTCGTCTTCG 
#25 


Reverse GGTTCGTGACTCACAGCAAG 


ERE +1.2kb CA12 
Forward GAGGCTCAGAGCTTTTATGCTG 


#77 
Reverse GAAAGTGATTTTACTGGCTGAAACT 


ERE +30kb CDH26 
Forward AGATTCGCCTGCCCATTT 


#24 
Reverse CTGGTGCAGCGTCTACAGAG 


ERE -1kb FOXA1 
Forward TCTGCACTGCGAAAGAGATG 


#29 
Reverse GGTCACAGACAGGACCAAGC 


ERE -22kb ITGB6 
Forward GAATGTGGGTGAAGGGTGAG 


#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 ERα 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 3.2c, 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 (ERα) 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 ERα degradation through the ubiquitin – proteasome 


pathway, but differential repression of ERα 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 ERα 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 ERα 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 ERα. 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 ERα 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 ERα 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 ERα, a 


transcription factor with a ligand-induced activity (226). Antiestrogens (AEs) were designed to 


compete with endogenous agonists such as 17β-estradiol (E2) and inhibit ERα 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 


ERα 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 ERα activity in the mammary gland. Conversely, Tam-bound ERα can 


recruit the co-activator SRC1 in endometrial cells (155) and promote ERα transcriptional 


activity in the uterus (125) as well as in bones (122).  


 


Pure AEs like ICI164, 384 and ICI182,780 (fulvestrant) are, on the other hand, devoid 


of the partial agonist properties of SERMs. Crystallographic analysis of rat ERβ complexed to 


ICI164,384 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 (158), 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 (148). Degradation 


of ERα is however not sufficient to explain the fuller antagonism of pure AEs, as these 


compounds can still inhibit transcription in cell models where ERα 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 ERα. Indeed, 
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both endogenous and exogenous ERα were shown to be modified by SUMO1/2/3 in the 


presence of pure AEs, but not SERMs (154). Moreover, abrogating SUMOylation by 


overexpressing the deSUMOylase SENP1 alleviated transcriptional repression in the presence 


of ICI182,780 both for reporter gene systems (154) and endogenous ER targets (Chapter 2). 


This post-translational modification (PTM) further leads to the release of ERα 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 


ERα, 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 ERα 


significantly binds DNA between 20 and 40 min of ICI182,780 treatment, followed by loss of 


binding. On the other hand, ERα 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 ERα 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 ERα 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 ERα and the C-terminal domains of 


NCoR or SMRT revealed a stronger interaction in the presence of the only clinically approved 


pure AE, fulvestrant (ICI182,780), than in the presence of SERMs or agonist (158). Finally, 


co-treatment of MCF-7 cells with E2 and ICI182,780 increased NCoR presence at the TFF1 


promoter compared to E2+Tam (160). 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 TFF1 and GREB1 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 3.1c), 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 ERα at 


EREs.  
Previous studies have highlighted the existence of ligand-specific effects on protein – 


protein interactions engaged by ERα (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 ERα-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 ERα-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 (251, 252). Interaction between ERα 


and the two ACF subunits was validated by Western analysis with specific antibodies against 


ACF1 or SNF2H following IP of ERα 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) (251). However, we could not detect an 


interaction between ERα 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 ERα, 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 ERα 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 ERα 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 ERα at EREs upstream of the TFF1 and GREB1 genes specifically 


in the presence of ICI182,780 (Figure 3.2c). Together, these results suggest the recruitment of 


the ACF chromatin remodelling complex at EREs by ICI182,780-liganded ERα. 


 


3.4.3 Helix H12 of ERα plays a role in ACF recruitment. 
The LBD/AF2 domain of ER is organized in 12 α-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 ERβ 


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 ERα or the deletion mutant ERα(ΔH12) and found that only wt receptor could recruit 


both ACF1 and SNF2H in the presence of ICI182,780 (Figure 3.3a). An interaction between 


ERα(ΔH12), 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 ERα 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 ERα or point mutants ERα(L536A), 


ERα(L539A), ERα(L540A) and ERα(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 ERα 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 ERα, and that point mutants ERα(L539A) and ERα(L540A) are not 


modified by SUMO (154). As these mutants also abrogate the interaction between ERα and 


the ACF complex (Figure 3.3b), we investigated whether modification of ERα 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 ICI164,384 led to an 


interaction between ERα and ACF, while the SERM OHT did not (Figure 3.4a), correlating 


with the ERα modification pattern induced by these molecules (154).  


 


To assess the role of pure AE-induced SUMOylation of ERα in the recruitment of the 


ACF complex, we performed an IP from HEK-293 cells co-transfected with ERα and SENP1 


and found that SENP1 overexpression strongly decreased ERα 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 ERα 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 ERα modification (Figure 3.4b). ChIP experiments showed that ERα could 


significantly bind EREs following 40 min of ICI182,780 treatment in both the induced and 


non-induced cells (Figure 3.4c). 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 3.4c). 
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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 ICI182,780. 
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 (251, 


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 TFF1 and GREB1 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 3.5b). 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 ERα 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 ERα transcriptional activity. We found that 


siRNAs targeting ACF1 did not significantly alter expression levels of GREB1, XBP1, CA12 


and E2F1 in the presence of agonist E2 and SERM OHT compared to non-target siCtrl 
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(Figure 3.5c). 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 ERα prevents SUMOylation, ACF1 


recruitment and loss of receptor association to DNA following ICI182,780 


treatment.  
To investigate the impact of ACF1 recruitment on binding of ERα to DNA, we 


transiently transfected SK-BR-3 cells with wt ERα and the point mutant ERα(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 (175). ChIP for the ACF1 subunit in these cells 


revealed that only wt ERα 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 


ERα could bind DNA following 30 min of ICI182,780 treatment, while binding was strongly 


decreased after 3 h (Figure 3.6c), mimicking the DNA binding profile of endogenous ERα in 


MCF-7 cells (Chapter 2). The SUMOylation refractory ERα(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 3.6c). Together, our results are compatible with a model wherein pure AE-


induced SUMOylation of ERα leads to the recruitment of the ACF complex, which compacts 


chromatin at regulatory regions of ER target genes and prevents subsequent association of 


ERα 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 ERα by pure AEs 


remain poorly understood. Here, we identified a novel interacting partner for pure AE-bound 


ERα, 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 ERα 


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 ERα (141), 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 ERα specifically in the presence 


of pure AEs, and leads to chromatin compaction at EREs (Figure 3.5b), accompanied by loss 


of ERα 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 ERα 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 ERα to 


DNA (Figure 3.6). Furthermore, disrupting the ERα – ACF interaction, either by knocking-


down the ACF1 subunit, by preventing ERα SUMOylation by a variety of point mutations 


(ERα(L539A), ERα(L540A), ERα(V534E)) or by SENP1 overexpression leads to partial 


transcriptional de-repression following ICI182,780 treatment (Figure 3.5c) (154) (Chapter 2). 


Enabling prolonged ERα binding to DNA may indeed allow weak transcription of some ER 
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target genes, similar to basal or OHT levels (Figure 3.5c) (Chapter 2), possibly via 


AF1dependent 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 ERα and CK8/CK18 in the presence of pure AEs (166). 


Crystallographic studies of rat ERβ 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 ERα (154). 


Further, the point mutations that prevent ERα 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 ERα 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 


ERα  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 ERα 


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 ERα 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 ACF1 


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 ERα (Figure 3.7). Our 


ERα point mutant data strongly link pure AE-induced SUMOylation with ACF recruitment, 


loss of ERα 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), 17β-estradiol (Sigma E2758), (Z)-4-


hydroxytamoxifen (ThermoFisher #341210), ICI182,780 (abcam ab120131) and raloxifene 


(Sigma R1402) were used to treat cultured cells. ICI164,384 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 pCDNA3-ERα-Flag, or H12 mutants, PCR-


amplified ERα was inserted instead of EGFP between PacI and PmeI restriction sites in 


pCDNA3-EGFP-Flag. Mutations L536A, L539A, L540A, Y537A and V534E were generated 


by site-directed mutagenesis of the wt ERα cDNA and confirmed by sequencing. pSG5-


ERα(ΔH12) was generated by deleting amino acids 535 to 545 in wt pSG5-ERα, obtained 


from Dr. P. Chambon (Université de Strasbourg). pCDNA3-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% CO2 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 (11x106 in 15 cm-plates) and transfected the 


next day with 6 μg of pCDNA3-ERα-FLAG and 6 μg 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. 5x106 MCF-7 cells were electroporated with 6 µg of 


pCDNA3-ERα-FLAG plasmid at 250 V and 975 µF (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-ERα plasmid (2 µg for 5x106 


cells, 240 V and 950 µF). 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 1.66x106 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 μg 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), ERα 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 4ºC 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 4ºC. 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% Na2S2O3 for 1 


min, the gel was stained for 20 min with 0.1% AgNO3. De-staining was performed using 3% 


Na2CO3, 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), ERα 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 SENP1 cells were washed with and then harvested in cold 


PBS. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl 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 μg of 


samples were resolved by SDS-PAGE (8% polyacrylamide). Antibodies ERα 60C, SENP1 C-


12 (Santa Cruz Biotechnology sc-271360), β-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 NaCl, 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 μg 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 (154). 


30 μg of samples were resolved by SDS-PAGE (8% acrylamide). Antibodies ERα 60C, β-


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 


μg/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 ΔΔCt method using two endogenous control genes (RPLP0 and TBP). Samples were 


normalized to the “siCtrl, Vehicle” condition.   
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3.7 Figures 


 
Figure 3.1. Recruitment of corepressors and chromatin compaction at ER target regions in the presence of 


pure antiestrogen ICI182,780. 
MCF-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 ERα. 


(a) HEK-293 cells were transiently transfected with a plasmid coding for ERα-Flag or EGFP-Flag (EV) and 
treated with estradiol (E2, 25 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERα-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 ERα-Flag or EGFP-Flag (EV) and treated with ICI182,780 
(ICI, 100 nM) or vehicle only (0) for 1 h. ERα-Flag was immunoprecipitated from cell extracts and presence of 
the ACF complex subunits ACF1 and SNF2H was revealed by Western analysis (N=1). (c) MCF-7 cells were 
treated with E2 (5 nM), OHT (100 nM), ICI (100 nM) or vehicle only (0) for 40 min. ERα, 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 ERα plays a role in ACF recruitment. 
(a) HEK-293 cells were transiently transfected with a plasmid coding for wt ERα, deletion mutant ERα(ΔH12) or 
corresponding empty vector (EV) and treated with estradiol (E2, 25 nM), ICI182,780 (ICI, 100 nM) or vehicle 
only (0) for 1 h. ERα 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 ERα, point mutants ERα(L536A), ERα(L539A), 
ERα(L540A), ERα(Y537A) or corresponding empty vector (EV) and treated with estradiol (E2, 25 nM), 
ICI182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERα-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 ERα. 
(a) HEK-293 cells were transiently transfected with a plasmid coding for ERα-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). ERα-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 μg/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 ERα, SENP1 and β-actin levels were assessed by Western analysis. A representative experiment is 
shown (N=2). (c) MCF-7 Tet-ON SENP1-Flag cells were treated as in (b). ERα 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 ICI182,780. 


(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), ICI182,780 (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. (c) MCF-7 cells were 
transfected and treated as in (a). mRNA levels of selected endogenous E2 target genes were determined by RT-
qPCR. 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 ERα(V534E) mutant does not induce ACF1 recruitment and remains bound 
to EREs longer than wt ERα in the presence of ICI182,780. 


(a) SK-BR-3 cells were transiently transfected with a plasmid coding for wt ERα or point mutant ERα(V534E) 
then treated with ICI182,780 (ICI, 100 nM) for the indicated time points (minutes). Whole cell extracts were 
resolved by SDS-PAGE, and ERα and β-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. (c) SK-BR-3 cells were 
similarly transfected and treated. ERα 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 ERα to DNA and induces post-translational modifications of the 
receptor by SUMO and ubiquitin. Modified ERα 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 ERα 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 


 


Figure S3.1. Identification and validation of the recruitment of the ACF complex by ERα in the presence of 
ICI182,780. 


(a) HEK-293 cells were transiently transfected with a plasmid coding for ERα-Flag or EGFP-Flag (EV) and 
treated with estradiol (E2, 25 nM), ICI182,780 (ICI, 100 nM) or vehicle only (0) for 1 h. ERα-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). (c) 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). 


 
 
 
 
 
 
 
 
 


 
Figure S3.2. SUMOylation contributes to the recruitment of the ACF complex. 


HEK-293 cells were transiently transfected with plasmids coding for ERα-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. ERα-
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) 


ERE -400bp TFF1 Forward TTGGCCGTGACAACAGTG #12 Reverse CTAGACGGAATGGGCTTCAT 


ERE -1.5kb GREB1 Forward CTGACCTAGAAGCAACCAAAATACT #84 Reverse GGCAGCAAACTTGTTTAGGTATG 


mRNA RPLP0 Forward TCCCACTTGCTGAAAAGGTC #74 Reverse AGCAGGAGCAGCTGTGGT 


mRNA TBP Forward GAACATCATGGATCAGAACAACA #87 Reverse ATAGGGATTCCGGGAGTCAT 


mRNA GREB1 Forward CCACAAAGGGTGGTCTCCAGAA #77 Reverse CACTGGCTTGGCCTTGCATATT 


mRNA XBP1 Forward CCCTGGTTGCTGAAGAGG #62 Reverse TGGAGGGGTGACAACTGG 


mRNA CA12 Forward GCTCCTGCTGGTGATCTTAAA #11 Reverse CCAAAATAAGTCCACTTGGAACC 


mRNA E2F1 Forward TCCAAGAACCACATCCAGTG #5 Reverse CTGGGTCAACCCCTCAAG 
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4.1 Pure AE ICI182,780 induces transient ERα binding to DNA  
 Our work has shown that pure AEs induce significant binding of ERα 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 ERα 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 


ERα 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 ERα binding to 36% of the sites bound by ERα in the 


presence of E2 at 30 min (Chapter 2). Moreover, 97% of ERα peaks in the ICI182,780 condition 


overlapped with the E2 condition peaks, consistent with the notion that ICI182,780 does not alter 


ERα 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, ERα peaks were 


found within 25 kb of the TSS for 37% of genes significantly regulated by E2 at 16 h. This 


association of ERα 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). 


 


 ERα 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 2nd ranked motif for the E2 condition corresponded to a sequence bound by the estrogen 


related receptor ERRβ, which is very similar to a half ERE (TGACCTT).  
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 The FOXA1 binding site was the 3rd and 2nd ranked for E2 and ICI182,780 respectively 


(Chapter 2). Previous ChIP-Seq studies have demonstrated that half of ERα binding events in 


MCF-7 cells overlap with a FOXA1 binding event, and proposed that FOXA1 acts as a pioneer 


factor for ERα (120). This suggests that the molecular mechanisms leading to the presence of 


ERα at FOXA1 response elements are insensitive to the nature of ligand bound to ERα, and may 


therefore not reflect transcriptional activity of the receptor. ERα’s initial increased ability to bind 


DNA in the presence of ICI182,780 might be sufficient for its interaction with FOXA1 / FOXA1 


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 


ERα 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 ERα 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 ERα. 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 ERα 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 ERα 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 ERα with FOXA1 could lead to SUMOylation of the pioneer factor, 


resulting in the release of both ERα and FOXA1 from DNA, thus further preventing the 


subsequent association of ERα to the regulatory regions of its target genes.  
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4.2 Pure AE-induced SUMOylation affects ERα binding kinetics 


and alters its interactome  


 Our laboratory had previously described the specific induction of SUMOylation of ERα 


by pure-AEs (154). Our results now show that this PTM impacts the ability of ERα to bind DNA. 


Indeed, decreasing ERα modification levels by overexpressing the deSUMOylase SENP1 


delayed the receptor’s release from EREs (Chapter 2). Moreover, unlike wt ERα, the non-


SUMOylated ERα(V534E) mutant remains bound to DNA after 3 h of ICI182,780 treatment 


(Chapter 3). However, SUMOylation does not appear to prevent ERα 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 ERα bound DNA (Chapter 2). Nuclear fractionation assays also detected 


modified ERα in the chromatin-bound fraction (154), supporting the fact that ERα – 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 (214).  


 


 Of interest, deletion of the C domain of ERα prevented modification, while deletion of 


the A/B domain was permissive for SUMOylation (154). The DBD of ERα thus appears to be 


required for modification of the receptor. Using DBD point mutants that disrupt ERα binding to 


EREs, 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 ERα in transfected cells.  


 


A preliminary ChIP experiment detected a weak recruitment of SUMO enzymes SAE1, 


SAE2, UBC9 and PIAS1 at the TFF1 promoter ERE, but not at the GREB1 -1.5kb ERE after 30 


min of ICI182,780 treatment, at which point both ERα 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 ERα modification can occur on DNA. 


 


 ERα does not contain a SUMO consensus motif (154, 169). Through proteomics 


experiments, we identified four SUMOylated Lys residues of ERα 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 (158), and to the overall stronger antagonist profile of 


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


 


 
Figure 4.1. Identified ERα SUMOylation sites and mutations affecting ERα modification. 


SUMOylated Lys residues in the presence of ICI182,780 identified by mass spectrometry (154) are indicated in 
purple. Mutations that abrogate ERα 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 ERα still recruits the SUMO conjugating machinery and modification 


can likely occur at alternative Lys residues (there are 29 Lys residues in human ERα). 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 (184, 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 


H12 in the presence of pure AEs (94, 153). Interestingly, ERα 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 (187). 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 ERα SUMOylation than the 


combined mutagenesis of Lys residues.  


 


   In agreement with a role of SUMOylation in modulating ERα transcriptional activity, 


abrogating SUMOylation, either through SENP1 overexpression or by using ERα mutants, 


alleviated transcriptional repression in the presence of ICI182,780 both in reporter assays in 


transiently transfected HepG2 cells (154) and in ER+ MCF-7 BC cells (Chapter 2). In the 


absence of SUMOylation, levels of transcriptional activity of ICI182,780-liganded ERα 


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 PPARα, PPARγ and GR enhances their interaction with 


NCoR (196, 197, 234) and SUMOylation may have a similar impact on corepressor recruitment 


by ERα. 


 


 Taken together, our data favour a model where SUMOylation of ERα 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 ERα, 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 ERα (Chapter 3). ERα 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 ERα 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 


ERα(V534E), ERα(L536A), ERα(L539A) and ERα(L540A) (Chapter 3), consistent with the 


importance of H12 integrity for SUMOylation of ERα and pure antiestrogenicity.  


 


 ACF 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 TFF1 promoter after 


2 h of ICI182,780 treatment compared to vehicle or OHT (257). Moreover, ERα(V534E) does 


not recruit ACF and can remain bound to EREs at longer time points than wt ERα in the 


presence of ICI182,780 (Chapter 3). In accordance with the requirement for ERα 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 


ICI182,780 (Chapter 3). These results suggest that one of the main roles of ERα 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. 


 


 
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 ERα 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 ERα 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 ERα. Relatedly, SUMOylated TF Sp3 


can recruit the chromatin remodeller Mi-2 to compact chromatin (206), and ERα 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 ERα 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 ERα in the presence of ICI182,780.  
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 We performed preliminary experiments to narrow down which domains of the catalytic 


subunit SNF2H interact with ICI182,780-liganded ERα. 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 ERα. 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 ERα fused to 


RLucI and the GFP-tagged fragments suggested that the SANT domain, but not SLIDE alone, 


was involved in the interaction with ERα 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 ERα and SANT could thus further indicate that ERα interacts with SNF2H 


on chromatin. 


 


We also performed an IP experiment between these GFP-tagged SNF2H fragments and 


ERα in transfected HEK-293 cells and found that the small SANT domain interacted with ERα 


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 ERα – 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 ERα in the presence of 


ICI182,780 (Annexe III). These results suggest that SANT can interact with ERα, but that other 


regions of SNF2H contribute to the specificity for ICI182,780-liganded ERα. Accordingly, the 


ERα(ΔH12) mutant was able to faintly recruit SNF2H in the presence of vehicle and E2 


(Chapter 3), implying that ERα and SNF2H can interact, especially in the absence of H12, but 


that ICI182,780 treatment enhances this recruitment, potentially through H12-dependent 


interactions between ERα 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 ERα 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-ERα 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 ERα 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 ERα 


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 (166), while our less 


harsh extraction conditions (1% NP40) did not, but allowed detection of interactions between 


transfected ERα 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 ERα remain to be 


identified. A way of bypassing the extraction and IP wash buffer impediments could be the use 


of the BioID technique, by fusing ERα 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 ERα, 


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 


ICI182,780 treatment could be performed with this technique to better elucidate the order of 


recruited partners to ERα. Identified partners would ideally be confirmed by IP with endogenous 


ERα in MCF-7 cells.  


 







Discussion 


138 


4.4 Does pure AE-induced SUMOylation lead to accumulation of 


ERα at the nuclear matrix for degradation by the proteasome?   
Studies on ERα 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 ERα and receptor insolubility following ICI182,780 treatment. 


Indeed, modified ERα 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 (154).   


 


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


 


 
a (154), b Chapter 2, c Chapter 3, d (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 ERα (151, 


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, ERα was shown to strongly interact with intermediate filament components cytokeratins 


CK8 and CK18 in the presence of ICI182,780, but not E2 or OHT (166).  


 


 
Figure 4.3. Schematic representation of ERα’s H12 amino acids organization. 


Positioning of human ERα’s H12 residues on an α-helical wheel is shown (from (151)). 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 ERα 


mobility in the presence of ICI182,780 (167), further highlighting the role of H12 conformation 


for pure antiestrogenicity. Moreover, modified ERα significantly accumulated in the nuclear 


matrix fraction in the presence of ICI182,780 (154), suggesting that SUMOylation could target 


ERα to this compartment. Indeed, the H12 point mutants which abrogate SUMOylation remained 


both mobile and soluble (151) (Table 4.1). The potential role of SUMOylation for the interaction 


of ERα with CK8/CK18 could be assessed by co-immunoprecipitation experiments using the 
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characterized ERα mutants non-permissive for SUMOylation. Interestingly, residues L536, L539 


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 (151). 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 (151) and would not 


impact H12 structure as severely, allowing ERα 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 (193, 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 ERα 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 ERα in the 


insoluble fraction (151, 263). Furthermore, CK8/CK18 knockdown in MCF-7 cells decreased 


ERα 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 ERα could aid, along with receptor ubiquitination (141), in targeting ERα to the 


proteasome for degradation. Casa et al showed that the sequence itself of the ERα NLS, and not 


only nuclear localization, was required for ICI182,780-dependent degradation (164). Although 


not identified in our mass spectrometry experiments with ICI182,780 (154), Lys residues K266 


and K268, were found to be SUMOylated in the presence of E2 (169), and their mutation 


impaired ERα degradation in the presence of ICI182,780 (164). Note, however, that 
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SUMOylation levels of wt and mutant ERα forms were not assessed in this study. These results 


would nonetheless be compatible with a model where pure AE-induced SUMOylation targets 


ERα to the nuclear matrix for degradation. Interestingly, our mass spectrometry experiments 


identified K299 as a SUMOylated residue in the presence of ICI182,780 (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 ERα degradation. Preliminary BRET 


experiments in HEK-293 cells show that SENP1 overexpression reduces the efficacy of ERα 


ubiquitination (El Ezzy M., unpublished data), which would be compatible with conjugation of 


ubiquitin at Lys residues of either ERα 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 ERα(E203A;G204A) did not prevent ICI182,780-


dependent degradation (164), which could imply that SUMOylation of ERα can occur 


irrespective of receptor binding to DNA and target ERα to the nuclear matrix. On the other hand, 


proteasome inhibition did not affect the kinetics of ERα’s loss of binding to DNA (Chapter 3), 


suggesting that SUMOylation of ERα contributes to transcriptional suppression via two parallel 


mechanisms, i.e. enhanced recruitment of corepressors at EREs and relocation of ERα to the 


nuclear matrix for proteasome-mediated degradation, thus efficiently shutting-off transcriptional 


activity of ERα 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 ERα transcriptional 


activity compared to SERMs. The unique dynamic positioning of ERα 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 ERα functional properties in multiple ways. The model that emerges 


from our studies is that ERα-SUMO recruits the ACF chromatin remodelling complex, resulting 


in local loss of chromatin accessibility that prevents subsequent ERα binding to DNA. 


SUMOylation may also increase recruitment of chromatin modifiers NCoR and SMRT. 


SUMOylation may in addition promote ERα interaction with CK8/CK18 and receptor 


accumulation at the nuclear matrix. Finally, ERα 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 ERα degradation, ensures an efficient long-term 


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


 ERα mutations that affect the pure AE-specific conformation of H12 would abrogate 


SUMOylation and reverse its impact on ERα 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 ERα 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 ERα 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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Figure 4.4. Proposed mechanism of action of pure AEs in breast cancer cells. 
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ANNEXE I – ChIP of SUMOylation enzymes 


 


 
 


MCF-7 cells were treated for 30 min with ICI182,780 (ICI, 100 nM). Binding of ERα, SUMO2/3, SAE1, SAE2, 
UBC9 or PIAS1to EREs upstream of TFF1 and GREB1 TSS was determined by ChIP. N=1. 
 
Antibodies: ERα 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 


 
 
Putative SUMO-Interacting Motifs for a. ERα, b. ACF1 and c. 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 ERα 
 


 
a. HEK-293 cells were cultured in estrogen-depleted media and transfected with a plasmid coding for RLucI-ERα 
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 μM) for 1 h and interaction between ERα 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 ERα 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 ERα was 
determined by Western analysis (N=1). Experiment was performed by Margaux Tual (M.Sc. Intern). 
 


Antibodies: ERα 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). 







 


 


ANNEXE IV – Antiestrogens: structure-activity 


relationships and use in breast cancer treatment 
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