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Protein posttranslational modifications (PTMs) are signaling alterations that allow coordinating the
cellular responses with the changes in the extracellular environment. In this way, the posttranslationally-
modified protein becomes a switch node in the transduction network activated by the specific
extracellular stimuli. It is now clear that this is the case also for protein ubiquitination: this extremely
versatile PTM controls cell physiology through the modulation of protein stability as well as through the
modulation of the dynamics of the intracellular signaling cascades. Recent evidence clearly indicates that
such a complex scheme appears to be valid also for the 17p3-estradiol (E2):estrogen receptor (ER) « sig-
nal transduction pathways. Indeed, beside the long standing notion that ERa ubiquitination is required
for the regulation of receptor stability, several laboratories, including our own, have clearly indicated
that ERa ubiquitination also serves non-degradative functions. This review will reconsider the role of
ubiquitination in E2:ER« signaling by particularly highlighting how the functions of the non-degradative
ubiquitination impact on ERa activities and contribute to the modulation of E2-dependent physiological
processes.
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1. Introduction physiological responses of cells with respect to the diverse envi-

ronmental stimuli through the modulation of intensity, length and

Reversible posttranslational modification (PTM) is to date  frequency of the intracellular signal transduction pathways. Such

widely recognized as a mean to regulate protein activity. Although
phosphorylation is the best studied PTM in mammalian cells, many
other types of reversible PTMs such as acetylation, methylation,
and ubiquitination exist and contribute to finely coordinate the
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exquisite regulation is achieved because protein PTM is often an
inducible process and because many proteins are multiply modified
by different covalently attached groups, which generate multiple
distinct protein states. Therefore the information content included
in the initial environmental stimuli is increased and amplified
and the posttranslationally-modified protein becomes an highly
versatile node in the transduction of intracellular signaling [1].
PTMs-dependent regulation of protein function occurs because the
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attached group can change protein activity (e.g., enzymatic activ-
ity) and/or alter the molecular landscape of the protein surface thus
creating or even abrogating binding sites for both protein-protein
interactions and protein:subcellular compartment associations.

Among other PTMs, ubiquitination of proteins is emerging as
new mean to regulate different physiological processes not only
by controlling protein stability and turnover through proteolytic
degradation but also by modulating intracellular signaling in a non-
degradative fashion [2]. Thus, understanding how non-proteolytic
functions of ubiquitination impact on protein regulation represents
to date a hot topic. Due to the novel discoveries that impli-
cate non-degradative ubiquitination in the modulation of estrogen
receptor « (ERa) signaling [3-7], this review will summarize the
actual knowledge of the impact of ubiquitination in E2:ERa-based
intracellular signaling, highlighting the new functions of the non-
degradative ubiquitination in ERa activities.

2. The complexity of the ER-based signaling network

A key role in the control of development, sexual behavior, and
reproductive functions is played by the sex hormone 173-estradiol
(E2). Interestingly, E2 is further able to exert a myriad of effects
also in non-reproductive organs such as brain, liver, bone and heart
to name a few. These pleiotropic hormone effects depend on the
peculiar nature of the E2:ERs pathways [8].

ERa and ERP are independent receptors encoded by different
genes, display selective tissue expression, and can be often co-
expressed at different levels in different tissues. In addition, it is
now accepted that E2 can trigger contrasting effects when bound
to the ERx or to the ER[3. For example, E2 is a mitogen when ER« is
engaged in the mammary gland whereas it works as a pro-apoptotic
factor when ER[3 is activated in the colon [8-10].

The multifaceted action of E2 can be further ascribed to the
structural plasticity of the ERs. ERa and ER[3 are ligand-activated
nuclear receptors with a structure composed by six modular
domains. The N-terminal portion of the receptor (i.e., the A and B
domains) does not display a folded structure and thus its intrinsic
flexibility allows intermolecular and intramolecular interactions
that are necessary for the activation of gene transcription. On
the contrary, the DNA binding domain (i.e., DBD or C domain)
consists of the repetition of two ‘zinc finger’ motifs, which are
required for DNA binding to specific estrogen response element
(ERE) whereas the ligand binding domain (i.e., LBD, or E domain)
is mainly made of a-helices and contains the E2 binding sites. The
DBD and the LBD are connected by a hinge region, which is the
target of several different PTMs and appears to be a regulatory
domain. Finally the very terminal C-end of the protein contains
the so-called F domain whose functions are still largely unknown
[8]. Two transcription activation functions (AFs) are endowed
within the ER structure and direct both ligand-independent (i.e.,
the AF-1 region in the N-terminal portion) and ligand-dependent
(i.e., AF-2 in the N-terminal portion) transcriptional activation by
E2. The AF-1 and AF-2 regions allow the receptors to physically
associate with diverse transcriptional co-factors (i.e., co-activators
and co-repressors) that in turn are required to recruit the basal
transcriptional apparatus. Receptors:co-factors association repre-
sents another important mechanism to diversify the E2-dependent
effects. Indeed, several classes of co-activators and co-repressors
with variable tissue expression exist and can act on either the ERa
or the ERB [8,11].

Remarkably, additional complexity is due to the mechanisms
of the E2-ERs intracellular signaling, which are strictly dependent
on ERs cellular localization. Nuclear and cytoplasmic localization
defines the classic actions of E2. This model dictates that, in the
absence of ligand, the ERs in the cytoplasm of E2-target cells asso-

ciates with the heat shock proteins (e.g., Hsp90), which maintain
the receptor in an inactive state. Binding of E2 to ERs induces the
dissociation of the receptor from Hsps, dimerization, and transloca-
tion to the nucleus, where the ERs directly bind to the ERE sequence
in the promoter of related genes and gene transcription occurs
[12,13]. Remarkably, ERs can regulate gene transcription through
the association to specific transcription factors such as Sp-1 and
AP-1, without directly contacting DNA [11]. On the other hand,
plasma membrane localization of the nuclear ERs allows E2 to elicit
also extranuclear effects [14]. These E2 effects are independent
on ER transcriptional activity, are activated quickly (i.e., in sec-
onds to minutes) and are insensitive to transcription inhibitors.
From a functional point of view, the E2-triggered extranuclear
signaling (e.g., ERK/MAPK; PI3K/AKT) is necessary and sufficient
for the E2-dependent control of several physiological processes
(e.g., proliferation, apoptosis and differentiation) and occurs in vivo
[8,14,15].

Whether the extranuclear and nuclear mechanisms of E2 inte-
grate in a unique picture or represent parallel and synergic
pathways still remains to be firmly clarified. Nonetheless, rapid
E2-evoked activation of signaling pathways impinges on ERa
phosphorylation and nuclear ERs co-regulatory proteins also play
important roles in the modulation of ERs extranuclear effects.
Therefore the interplay among the E2-ERs dependent nuclear and
extranuclear mechanisms further demonstrate the intricacy of ER-
signaling [11].

3. The complexity of the ubiquitin-based signaling network

Ubiquitination is a reversible PTM which occurs through the
sequential activation of the enzymatic reactions that lead to the
covalent attachment of the 8 kDa protein ubiquitin (Ub) via an
isopeptide bond between the Ub C-terminal glycine (Gly) residue
and the e-amino group of a lysine (Lys) residue on the target
protein. Three types of enzymes mediate this process: the Ub-
activating enzyme (E;) catalyzes the ATP-dependent conjugation
of Ub on a cysteine (Cys) residue (i.e., thiol-ester conjugate) on E;
and then transfers Ub to another Cys residue on a Ub-conjugating
enzyme (E;). In the final step of the ubiquitination cascade the E;s
work in concert with Ub-ligases (E3) to specifically attach Ub to
the target protein. Two types of Ub ligases exist. The RING-type E3s
bridge the E; and the substrate thus facilitating the direct transfer of
Ub from the E;. On the other hand, the HECT-type Ess are first mod-
ified with Ub by E, and then transfer the Ub moiety on the target
protein. Accordingly, the specificity of the ubiquitination cascade
is ultimately due to the action of the E3 alone or in association with
its E; [16,17].

Additional complexity of the ubiquitination pathway is given by
the possibility of the substrate to be modified with Ub in diverse
ways: monoubiquitination (monoUbq) or multimonoubiquitina-
tion happen when Ub is appended to the target protein through
one or several Lys residues, respectively [18]. Furthermore, E3s
can also form polyubiquitin (polyUb) chains on the substrate since
Ub contains seven lysines that are available for chain formation.
PolyUb chains can be different in nature since different Lys link-
ages give rise to different three-dimensional topologies of the
resulting polyUb chain. Although all Lys residues are used for
chain formation in vivo [19,20], structural data are available only
for Lys48- and Lys63-based polyUb chains. Indeed, Lys48-linked
chains adopt a closed conformation [21] whereas Lys63-linked
Ub chains are linearly arranged head to tail [22]. From a func-
tional point of view, each different Ub modification determines a
different signaling outcome and thus a different possibility of mod-
ulation of the physiological process in which the modified protein is
involved in [2]. Remarkably, all the Ub modifications are reversible
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since the isopeptide bond can be targeted by the action of several
de-ubiquitinating enzymes (i.e., isopeptidases, DUBs) that act on
ubiquitinated substrates by removing Ub moieties [23]. Therefore,
the ubiquitination cascade is a dynamic and modular process.

3.1. Ubiquitin as an intracellular second messenger

In general, ubiquitination influences the functions of the target
proteins by either affecting their stability or endowing them with
additionally signaling properties as well as by creating new sur-
faces for intermolecular interactions [24]. Thus Ub is acknowledged
as an intracellular messenger, whose nature as a signal resides in
several aspects of the Ub modification. For example, single or mul-
tiple Ub moieties or polyUb chains attached to the substrate create
structural determinants that can be further used for molecular
interactions.

For this reason, cells have evolved specific proteins that are
able to decipher the message included in the new surfaces cre-
ated by ubiquitination [2]. These proteins, which are called Ub
receptors, bind to the ubiquitinated protein by contacting the Ub-
modification through specific ubiquitin-binding domains (UBDs).
Although many different UBDs exist and several new UBDs are
being discovered, no specific conservation in terms of UBDs three-
dimensional structure has still been recognized. As a matter of
fact, UBDs appear to share a common ‘shape’: structural folds that
have a regular secondary structure (e.g., a-helix) or a ‘zinc-finger’
motif, or both, are thought to be the only UBDs common features.
Furthermore, UBDs are able to bind to both monoubiquitin and
polyubiquitin with an affinity constant in the micro molar range
(i.e., the UBD binding to Ub is very weak) but to date no sin-
gle domain has been indicated to exclusively bind to one specific
Ub modification [25], although preferential binding for Lys48- or
Lys63-linked chains has been reported [26].

The UBDs located in the Ub-receptors work as signal transduc-
ers via protein-protein interaction in the ubiquitination pathway
through several mechanisms. As examples, multiple UBDs in the
ubiquitin receptors may recognize multiple monoUb moieties on
the ubiquitinated substrate [27]. Alternatively, a ubiquitin recep-
tor can simultaneously engage a single monoubiquitin through two
different UBDs [28]. Thus, despite the UBDs weak binding affinity
towards Ub, these high avidity modes of association among ubiqui-
tinated substrates and ubiquitin receptors determine high affinity
interactions relevant for cell physiology. UBDs also contribute to the
amplification of the Ub-based signal since some ubiquitin recep-
tors are able to bind to monoubiquitin and undergo monoUbq in a
molecular process (i.e., coupled monoUbq) that requires an intact
UBD [29].

3.2. Non-degradative ubiquitination contributes to intracellular
signaling

Classically, the modification of intracellular proteins with a
polyUb chain based on Lys48 linkage is the signal for the activation
of the intracellular proteolytic pathway through the 26S protea-
some. Thus ubiquitination is a mean to regulate protein stability
and turnover. This concept is firmly established in the scientific
community and a systematic description of such a mechanism (fora
mechanisticreview, see also[30]) is beyond the scope of the present
review and thus will not be presented.

However, in recent years non-degradative functions of Ub as
diverse as endocytosis, intracellular trafficking and DNA dam-
age tolerance have been ascribed to modification of proteins via
Lys63-linked polyUb chains as well as to the modification of
the target substrate via monoubiquitin [2]. For example, one of
the best characterized pathway in which the non-degradative
function of Ub occurs is the ligand-induced intracellular traffick-

ing of the epidermal growth factor (EGF) receptor (EGFR). Upon
ligand activation, EGFR dimerizes and becomes phosphorylated.
Besides creating binding sites for several signaling molecules (e.g.,
ERK/MAPK; PI3K/AKT), receptor phosphorylation also determines
the recruitment of the RING E3 Ub ligase c-Cbl to the EGFR [31]. As
a consequence, EGFR becomes both multimonoubiquitinated and
polyubiquitinated through Lys63-linked chains [32-34]. Ubiquiti-
nation of the EGFR drives receptor internalization and trafficking
to the endosomal and the lysosomal compartments [24,35,36]. In
parallel, ligand stimulation triggers the monoubiquitination of sev-
eral ubiquitin receptors (e.g., eps15) which belong to the EGFR
trafficking machinery and contribute to EGFR internalization and
endosomal sorting [31]. As a net result, EGFR cellular levels are
reduced and the ligand-dependent cellular processes (e.g., cell pro-
liferation) occur.

4. The ERa and the Ub-based signaling network

From what mentioned above, the extracellular stimuli-
mediated activation of the Ub-based network modulates different
physiological processes through an intricate system of ubiquiti-
nated proteins. This system creates a plethora of protein-protein
interactions where the Ub-based modification, the activity of the
Ub-modified protein and both the specific protein and Ub interac-
tors all contribute to the signaling network dynamics.

Mounting evidence indicates that this molecular scheme can be
operative also for the ERa-based signaling network. Indeed, ERa
is a ubiquitinated protein, binds to UBDs containing proteins (i.e.,
RAP80; CUEDC2) [37,38] and may also have Ub-binding surfaces
(our unpublished results), thus this hormone receptor also belongs
to the Ub-based signaling network. Moreover, the ERa has long
been recognized as a polyubiquitinated protein and more recently
ERa monoubiquitination as well as multimonoubiquitination has
been reported. As a consequence, degradative and non-degradative
ubiquitination of the ERa occurs and impacts on receptor activities
[3-7,39-41].

4.1. Degradative functions of the ubiquitin network in ERx
signaling

The ERa is a polyubiquitinated protein. Indeed, ERa polyu-
biquitination happens as a result of E2 binding and receptor
degradation occurs [39-41]. Furthermore, also the apoER« (i.e.,
unliganded receptor) undergoes polyubiquitination and prote-
olytic degradation [12,13]. Interestingly, these two different
proteasomal-dependent pathways play different roles in the reg-
ulation of ERa degradation: polyubiquitination of the apoERa
works as quality control system since it targets the misfolded neo-
synthesized ERa for proteasomal degradation whereas E2-induced
ERa polyubiquitination and its resulting proteasomal-dependent
degradation are necessary for receptor nuclear functions [42].
The role of 26S proteasome in the ability of ERa to regulate
E2-dependent gene expression has been the object of debate.
Indeed, the group of Gannon [12,13] defined that both the unli-
ganded receptor and the E2-activated ERa pools contribute to
the ability of ERa to act as a transcription factor since recep-
tor polyubiquitination is the signal to allow ERa to cycle on and
off its natural target promoters (i.e.,, ERE-containing promoters).
As a consequence, inhibition of proteasome activity prevents E2-
induced ER« transcriptional activity [12,13]. On the contrary, the
group of Nephew reported that the inhibition of proteasomal
proteolysis sustains E2-induced ER« transcriptional activity [43].
However, besides differences in the experimental settings [43],
the group of Alarid showed that ERa transcriptional regulation
and proteolysis represent a point of divergence that is controlled
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by the phosphorylation of the Ser-118 ERa residue [41]. Because
Ser-118 phosphorylated ER« is recruited to ERE containing pro-
moters [44] and is necessary for enhanced association of ERa
of transcriptional cofactors in the cell nucleus [45], it is possi-
ble that ERa polyubiquitination and proteasomal degradation may
be dissociated while the ERa-mediated transcriptional process
is actually occurring. Nevertheless, polyubiquitination-dependent
26S proteasome-mediated ERx breakdown not only determines the
amount of ERa intracellular levels by controlling receptor turnover
but also synchronizes E2-dependent ERa-mediated gene transcrip-
tion with the E2-induced receptor degradation, which thus appears
to be required for limiting the cellular response to E2 [39-41,43].
Hence, it should not be surprising that several enzymes of the ubiqg-
uitination cascades (i.e., E; and E3) have been shown to be either
associated with ERa or to be recruited together with ER« to its
responsive promoters [12,46].

Three Ub conjugating enzymes (i.e., UBCH7, ubc4, ubc9) have
a role in ERa signaling network. UBCH7 modulates steroid hor-
mone receptor transcriptional activity and in particular upon E2
administration UBCH7 is recruited to ERE-containing gene pro-
moters, thus contributing to the ERa-mediated activation of gene
transcription [47]. A similar effect has been reported for ubc4,
which is also recruited to ERa-responsive promoters but further
promotes receptor degradation [48]. Remarkably, ubc9, which is
the conjugating enzyme also for the small ubiquitin-like modifer-1
(SUMO-1),directly interacts with the ERa in an E2-dependent man-
ner, enhances receptor transcriptional activity and contributes to
the regulation of ERa proteasomal degradation [49,50].

Furthermore, numerous Ub Ej ligases take part in the ERa-
based signaling pathway. The Ub ligase complex containing the
carboxyl terminus of Hsc70-interacting protein (CHIP) is respon-
sible for polyubiquitination and proteasomal degradation of the
apoERa [51]. Interestingly, E2 triggers the dissociation of CHIP from
the ERa and addresses the receptor to the action of other ligases,
which are required for the E2-dependent proteasomal degradation
[42]. Besides CHIP, the human murine double minute 2 (hMdm?2)
influences ERa stability. Indeed, hMdm?2 regulates breast cancer
cell basal and E2-induced ERa degradation by mediating recep-
tor polyubiquitination [52]. Furthermore, the physical interaction
of hMdm?2 with ERa is mediated by a bridge created by p53 and
contributes to the enhancement of E2-induced ERa target gene
transactivation [52]. The binding between ERa and the E3 Ub
ligase E6-associated protein (E6-AP), which is required for ERx
proteolytic breakdown, has also been reported [53]. Moreover, E2
triggers the association of E6-AP with ERE-containing gene pro-
motes and enhances gene transcription [13,53]. Similar functions
have also been found for the estrogen-responsive finger protein
(EFP) [54,55],an E3 Ub ligase that can directly be induced by E2 [56].
Furthermore, ERa degradation can be triggered by receptor associ-
ation with specific components of the cullin-based E3 Ub ligase SCF
complexes, which further play a role in the regulation of ER« tran-
scriptional activity [57,58]. Remarkably, this picture is additionally
complicated by the fact that some E3 Ub ligases can even protect
ERa from degradation. Indeed, siRNA experiments have revealed
that the reduction in both Breast Cancer 1 (BRCA1) and in the WW
domain containing the E3 Ub protein ligase 1 (WWP1) results in a
significant reduction in ERa intracellular levels [59,60], thus sug-
gesting that ubiquitination has pleiotropic roles in ERa signaling.

This evidence clearly indicates that the 26S proteasome-based
proteolytic pathway is intrinsically connected with ERa signaling
and that receptor polyubiquitination is particularly required for
receptor intra-nuclear dynamics as well as for the ERa nuclear
functions and in turn for the E2:ERa-modulated physiological pro-
cesses. As a consequence, targeting the Ub system in breast cancer
isbecoming an appealing pharmacological option especially in light
of the fact that the expression of several E3 Ub ligases often corre-

lates with ERa expression [59,61-63]. Indeed, ERa-positive breast
cancers are treated with drugs that destroy ERa thus reducing
receptor tumor levels and tumor responsiveness to circulating E2
[64].

Finally it is interesting to note here that no information is avail-
able on the possible interplay between ERa polyubiquitination and
E2:ERa-mediated extranuclear signaling.

4.1.1. The topology of the ERx polyubiquitin chain

Notwithstanding the huge amount of information that clearly
indicates polyubiquitination of the ERa to be the signal for 26S
proteasome-based receptor degradation, the direct evidence for
the modification of the ERa with a chain of ubiquitins based on
the Lys48 linkage has never been reported. Interestingly, the first
evidence of an E2-induced ubiquitination of ER traces back more
than 15 years ago when the Ub 26S proteasome system was start-
ing to emerge as a mean to regulate protein turnover. At that time,
immunoprecipitation of ER from cytoplasmic extracts of uterine
cells revealed that E2 treatment induces a rapid (1-4h) accumu-
lation of high molecular species, which were detected by both ER
and Ub antibody. Remarkably, modification of ER with Ub paralleled
the decrease in total ER content, thus suggesting a Ub-dependent
proteasomal degradation of ER induced by E2 stimulation [65].

However, it is interesting to note that these data still hold up as
the unique clear evidence for a direct time-dependent polyubiqui-
tin modification of ER by E2 in vitro and in vivo. Indeed, ‘endogenous’
ERa ubiquitination has been next studied by exploiting exper-
imental settings in which either the ubiquitination machinery
(i.e., Ub and ligases) and/or the substrate (i.e., ERa) were over-
represented with respect to the physiological conditions or the
26S proteasome was chemically inhibited (e.g., MG-132 cell treat-
ment) [13,39,40,48,49,66-68]. However, given the complexity of
the Ub-based system (see above), exogenous overexpression of
those components in cells as well as the inhibition of the mech-
anism by which cells regulate the turnover of the intracellular
proteins (i.e., 26S proteasome inhibition) could not accurately reca-
pitulate endogenous protein ubiquitination [69]. Remarkably, this
technical issue has been recently bypassed by the development of
polyubiquitin linkage-specific antibodies, which are able to selec-
tively recognize proteins polyubiquitinated through either Lys48-
or Lys63-based polyUb chains [69].

Therefore, we recently used these two powerful reagents to ana-
lyze the topology of the polyUb-modification of the endogenous
ERa in ductal carcinoma cells (MCF-7) [6]. In our experimental
model (i.e., ductal carcinoma cells, MCF-7), immunofluorescence
staining did not demonstrate any direct modification of the ERa
with either a Lys48- or a Lys63-based polyubiquitin chain both
under basal as well as under E2-treated conditions while the intra-
cellular localization for the Lys48-based chains (i.e., nuclear) and
for the Lys63-based chains (i.e., cytoplasmic) ([6]; unpublished
results) corresponded to what originally reported [69]. However,
co-localization of the ERa with Ub was observed when cells were
stained with an anti-Ub antibody that recognizes all the Ub-based
modifications [6]. On this basis, we concluded that polyubiqui-
tination is not the major form of the Ub-based modification of
the endogenous ERa (see below). These observations do not dif-
fer from the ones made by many other investigators who used
26S proteasome inhibitors to emphasize the basal and E2-induced
ERa polyubiquitination [13,39,40,48,49,66-68] but rather indicate
that only a small pool of the receptor could be polyubiquitinated
with Lys48-based polyUb chains (or possibly Lys63-based polyUb
chains) and suggest that the ERa proteolytic clearance is a very fast
process. Accordingly, E2 reduces the ERa half-life from 24h to 2 h
[13], thus rapidly down-regulating receptor intracellular levels.
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4.2. Non-degradative functions of the ubiquitin network in ERx
signaling

The first evidence for a non-degradative Ub-based modifi-
cation of the ERax came by the pioneering work from Klevit’s
group [3]. In an attempt to identify the ubiquitination substrates
of the BRCA1/BARD1 complex, the authors noticed that BRCA1
interacts with and regulates ERa and progesterone receptor (PR)
transcriptional activation and that among all the known BRCA1-
interactors, only ERa and PR have expression profiles similar to
BRCA1 mutation-associated breast tumors. Subsequent in vitro
ubiquitination assays coupled with mass spectrometry analysis
revealed that the Lys302 (and most likely also Lys303) of the
ERa LBD is monoubiquitinated by the BRCA1/BARD1 complex and
that BRCA1 breast cancer-predisposing mutations prevent ERa
monoUbq [3]. Consistently with the in vitro data, ERe monoUbq
was later confirmed to occur also in cell lines [4-7]. These discover-
ies not only suggested that the regulation of ERa activity by BRCA1,
possibly through receptor monoUbq, could have significant impli-
cations in controlling E2-dependent breast cancer cell proliferation
but also opened the possibility that ERe monoUbq may impact on
ERa signaling.

As a consequence, subsequent work was aimed at understand-
ing the impact of ERae monoUbq in ER« activities. However, the
analysis of the ability of monoUbq in modulating ERa nuclear
functions and receptor turnover produced contrasting results
[4,5,68,70]. Indeed, the mutation in the ER« in vitro monoUbq sites
(i.e., Lys302 and Lys303 residues) determines a mutant receptor
that can have either an increased or a decreased transcriptional
activity depending on the cell type used [4,68,71,72]. Furthermore,
since in addition to monoUbq the BRCA1/BARD complex is able
to direct the synthesis of Lys63- or Lys48-linked polyUb chains
depending on the E; that interacts with BRCA1 [73], a role for ERa
monoUbq in receptor turnover was also evaluated. Although the
mutation of in vitro ERa monoUbq sites protects ERa from ligand-
induced proteolytic degradation as much as the reduction in BRCA1
cellular levels does [5,68], siRNA-dependent reduction in BRCA1
expression has been also found to cause a concomitant reduction
in ERa expression levels [70].

Remarkably, these contrasting results can be ascribed to the
fact that most of the experiments were done under conditions
in which either ERax or BRCA1 were exogenously overexpressed
and/or the 26S proteasome was inhibited [4,5,68]. As a consequence
the activity of the Ub-based signaling network could have been
unbalanced because the experimental systems become saturated
with the components required for the Ub-based reactions [6,7].
Accordingly, under conditions in which both ERa and BRCA1 are
overexpressed, the Lys302,303Ala mutation strongly reduces ERa
monoUbq [4] whereas under condition in which both ERa and Ub
are overexpressed, the Lys302,303Ala mutation greatly enhances
ERa ubiquitination [68].

For these reasons, we decided to minimize the manipulation
of the Ub system by using an alternative approach. The use of the
double ubiquitin binding domain (RUZ:MIU) of the Rabex5 [28] as a
powerful Ub-binding reagent suited to this purpose and allowed us
to demonstrate that ERa monoUbq is the main Ub-based modifica-
tion of the endogenous ERa [6,7]. More importantly, monoUbq does
not function as a proteolytic mark in ERa signaling since E2 rapidly
reduces the amount of the pool of the monoubiquitinated ERa with
a kinetic (30 min) faster than the one required for the E2-triggered
ERa degradation (2 h) [6]. Considering that ERe monoUbq could
play arole in ERa nuclear functions [4,68], and that the rapid mod-
ulation of this ERoe PTM suggested a role for monoUbq in ERa rapid
extranuclear signaling, the analysis of the impact of monoUbq in
E2:ERa signaling was conducted in stable clones expressing either
the wild type ERa or the receptor mutated in the monoUbq sites

[6,7]. Remarkably, we observed that monoUbq is required for the
E2-induced association of ERa to the insulin like growth factor
receptor (IGF-1-R) and for the activation of the E2-induced ERa
extranuclear signaling (i.e., AKT activation) that controls cyclin D1
transcription, G1-to-S phase transition, cell cycle progression and
cell proliferation. Moreover, lack of ERoee monoUbq also prevents the
E2-dependent ERa Ser-118 phosphorylation and consequently ERa
transcriptional activity [6,7]. In turn, endogenous ERae monoUbq is
critical for the E2-dependent nuclear and extranuclear ERa activ-
ities. In particular, monoUbq appears to be a limiting signal for
the activation of the ERa-mediated E2 effects. Indeed, on E2 bind-
ing, ERa monoUbq is removed and as a consequence, the extent
of the E2-activated ERa extranuclear signaling is limited. In paral-
lel, since the monoubiquitinated ERa displays a particulate nuclear
localization, which may correspond to the sites where the recep-
tor is transcriptionally active, the E2-dependent reduction in ERa
monoUbq would address the receptor to the sites where transcrip-
tion needs to efficiently take place and at the same time limit the
ERa transcriptional activity, thus synchronizing the nuclear ERa
effects [6,7].

This evidence, together with the discovery that BRCA1
breast cancer-predisposing mutations determines a non-
monoubiquitinated ERa  [3], strongly indicates that
monoubiquitination must be regarded as a new signaling modifier
for the E2:ERa-based signal transduction pathway required to
elicit the regulation of cell proliferation. Therefore targeting ERa
monoUbq could represent a new potential pharmacological option
for the treatment of E2-related cancers.

5. The ERa and the ubiquitin-like modifiers (Ubls) network

In addition to ubiquitin, other ubiquitin-related proteins inter-
sect the ERa-based signaling network. These proteins, which are
known as ubiquitin-like modifiers (Ubls) (e.g., SUMO, Nedds,
ISG15), possess a biochemistry that is very similar to Ub although
some differences exist [74,75]. Indeed, Ubls all have essentially the
same Ub three-dimensional structure, are attached to substrates via
enzymatic pathways similar to the ubiquitination cascade that cat-
alyze the formation of an isopeptide bond between the Ubl terminal
glycine and the target Lys of the substrate. Interestingly, there are
also many ubiquitin-related proteins in which the ubiquitin-like
domain (ULD) is part of a larger polypeptide but, usually, is nei-
ther processed nor covalently attached to other proteins. Such ULDs
confer properties on a protein that are similar to those from a trans-
ferable UBL, including the ability to bind to specific target proteins.
Like Ub, Ubls function as modifiers of different signal transduction
pathways by targeting many different substrate proteins and thus
they play critical roles in the regulation of many cellular processes,
including transcription, DNA repair, and cell-cycle control (for more
detailed reviews, see also: [74,75]).

The ERa has been found to be modified with SUMO-1 on the
Lys266, Lys268, Lys299, Lys302, and Lys303 residues by the SUMO-
1 E5 ligases PIAS1 and PIAS3 (protein inhibitor of activated signal
transducer and activator of transcription). Interestingly, this recep-
tor modification is E2-dependent, occurs on overexpressed and
endogenous ERa and is important for the modulation of the ERa-
based nuclear activity [76,77]. Remarkably, the role of SUMOylation
in mediating the proteolysis of the SUMO-modified protein is not
clear [78,79]. However, BRCA1 can be SUMOylated by ubc9 and
BRCA1 SUMOylation may play arole in E2-induced ERa degradation
[80]. Nonetheless, if modification of the ERax with SUMO targets the
receptor for 26S proteasome-mediated degradation has not been
clarified. As in the case of other proteins [79], ERae SUMOylated Lys
residues act as acceptors not only for SUMO-1 but also for Ub and
for methyl and acetyl groups [81]. It is therefore possible that a
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cross-talk among the different PTMs, acting sequentially and/or in
concert, as a mechanism to regulate ERa functions could occur but
this still remains to be elucidated [81]. Alternatively, different ERo
pools of differentially posttranslationally modified receptors may
exist and differentially modulate ERa activities.

Other Ubls [74] i.e, the neural precursor cell expressed
developmentally down-regulated (NEDD8) [82,83], the interferon-
stimulated gene product of 15 kDa (ISG15)[84] and the spliceosome
component splicing factor 3a p120 (SF3aP120) [85] are not cova-
lently attached to ERa but have been found to meet the ERa-based
signaling network. In this respect, the NEDD8 pathway appears
to work in concert with the ubiquitin proteasome system to
modulate ERa turnover and cellular responses to E2. Indeed,
the ubiquitin-activating enzyme (Uba)3, the catalytic subunit of
the NEDDS8-activating enzyme, binds to ERa and inhibits its
transcriptional activity through a process involving receptor polyu-
biquitination and degradation by the 26S proteasome [82,83].
Furthermore, the E3 Ub ligase EFP, which is inducible upon E2
administration and regulates some ER« activities [54,55], can work
also as an ISG15 E; ligase [84] and the SF3aP120 is a ERa co-
activator that physically associates with Ser-118 phosphorylated
receptor and enhances ERa -mediated RNA splicing [85].

Finally, it is important to note here that the possible influence
of Ubls in the regulation of the ERa extranuclear functions has
not been evaluated. Moreover, whether or not ER3, which is not
ubiquitinated [6,7], may be modified with other Ubls is completely
unknown.

6. Conclusions and perspectives

The estrogen receptors (ERa and ER[3) are devoid of any enzy-
matic activity but are able to mediate the pleiotropic effects of
the sex steroid hormone E2 by activating a complex network of
intracellular mechanisms. Interestingly, it is becoming increasingly
clear that the PTM pattern of the estrogen receptors as well as its
ligand-dependent modulation is critical for the regulation of ER
activities.

Indeed, many PTMs occur on the ERa: this hormone recep-
tor is either phosphorylated, basically on all serine, threonine
(Thr)and tyrosine (Tyr) residues, palmitoylated, acetylated, methy-
lated, myristoylated, nitrosylated, or glycosylated [8,86]. Moreover,
the amount of the posttranslationally-modified receptors can be
hormonally modified: as examples, E2 changes both the phospho-
rylation and the palmitoylation status of the ERa [8,87,88], thus
controlling ERa activation. ERa ubiquitination also follows this
scheme with E2 inducing on one hand receptor polyubiquitination
and 26S proteasome-dependent degradation and on the other hand
reducing ERoe monoubiquitination and the extent of the ERa-based
signaling. Finally, although less is known for the ER[, this other
ER isoform also undergoes different PTMs (e.g., phosphorylation,
palmitoylation) [89,90]. However, ER3 has never been found to be
ubiquitinated [7,10], thus suggesting that the difference in ERo/ER[3
ubiquitination pattern may further recapitulate the differences in
ERa/ER signaling and functions.

In conclusion, a ‘code’ of PTMs on ER exists [81]. The challenge
is now to understand how the receptor PTMs cross-talk to finely
tune nuclear and extranuclear ER activities which are required for
the E2 pleiotropic functions.
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