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1. Introduction

1.1. The helix-loop-helix Id2 proteins

Cell function and tissue homeostasis are dependent on the precise regulation of multiple and
converging pathways that ultimately will control a variety of biological processes such as cell
proliferation, growth arrest, differentiation or apoptosis. Frequently these pathways share one
or several steps in the signal cascade resulting in either redundant or opposing responses.

Chromatin structure is an essential part of the regulatory mechanisms for gene transcription.
Moreover, chromatin has been revealed as a dynamic structure exquisitely regulated through
multiple mechanisms including histone modifications and chromatin remodeling complexes
that finally, will give rise to an open or closed structure changing the accessibility of specific
transcription factors to nucleosomal DNA. Therefore, the protein complexes involved in the
modulation of chromatin remodelers and histone acetyltransferases (HAT) or deacetylases
(HDAC) could be somehow considered as part of a previous sensitization process necessary
for a full and specific biological response.

In the recent literature there is a number of papers describing a variety of biological processes
in which cells from different tissues need to be previously sensitized or “primed” to achieve
a full response to either a chemical or a biological signal. This concept has been extensively
studied in the experimental model of liver regeneration after 2/3 partial hepatectomy (PHx).
Hepatocytes in normal liver are quiescent, resting at the GO phase of the cell cycle, and exhibit
a poor response to potent in vitro mitogens. Once hepatocytes reach the early G1 phase, cells
respond to those mitogens and can progress through the cell cycle. Consequently, itis generally
accepted that hepatocytes need to be previously sensitized to overcome the G1 restriction point
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92 Chromatin Remodelling

and become competent for DNA replication [1]. On the other hand, it has been long known
that apoptosis-inducing cytokines such as TNF-«a are not able to trigger apoptosis in hepato-
cytes unless they are accompanied by chemicals such as actinomycin D or cycloheximide [2].

Accordingly, unveiling the nature of those signals participating in the cell priming events
would be crucial to understand the molecular mechanisms mediating, not only the physiology
of different biological processes, but also the pathogenesis of many diseases. We propose here
that the helix-loop-helix (HLH) protein Id2 has an important role in the process of cell
sensitization by a mechanism affecting chromatin structure of selected genes.

Id2 belongs to a family of HLH proteins identified and named over two decades ago for its
dual role as both, inhibitors of the differentiation process and inhibitors of DNA binding. Id
proteins were initially found during a screen for determination of factors from the family of
basic-helix-loop-helix (bHLH) proteins. Paradoxically, Id proteins lack the basic region
adjacent to the HLH domain [3]. This region rich in basic aminoacids, has been shown to be
essential for specific binding to DNA: It binds to a hexanucleotide E box sequence on the DNA
of target genes (CANNTG) [4].

The HLH proteins are classified into seven groups of factors according to their DNA-binding
motif. The seven classes of HLH proteins share highly conserved amphipatic helices connected
by a loop of variable sequence and length.

Class-I (or class-A) bHLH proteins are also known as the E proteins since they are encoded by
spliced variants from the EA2 gene. This group includes proteins that are ubiquitously
expressed. Class-II (or class-B) bHLH proteins, includes members such as MyoD, NeuroD, or
Hes with a tissue-restricted pattern of gene expression. Class-I and class-II proteins can form
either homo- or heterodimers. Binding of these dimers to "E box" in the promoters of tissue-
specific genes will regulate a number of developmental processes [for review see reference 5].
Id proteins belong to the class-V of HLH factors including four members going from Id1 to
Id4 [3-6]. Id proteins can dimerize with either class-I or class-II proteins but since they do not
contain the DNA-binding motif, this dimerization will inhibit class-I and class-II factor-activity
in a dominant-negative fashion [3]. Consequently, the developmental processes modulated by
Class-I and-II factors will be blocked by Id proteins [6-10]

Over the past few years among all members of Id family of proteins, Id2 has been shown to be
essential for the modulation of biological processes other than its first described function
during cell differentiation and development. Among these functions, Id2 has been found to be
involved in the regulation or coordination of cell proliferation, cell cycle control, senescence,
apoptosis or angiogenesis and metastasis [6,11-16]. Moreover, data in the literature describing
the role of Id2 in different cell types suggest that Id2 function is highly dependent on the cell
microenvironment and that its molecular mechanism of action is far more complicated than it
was thought at first. Since the expression of individual genes is induced in response to a variety
of stimuli and frequently, the same signal participates in so many different biological proc-
esses, the study of all Id2 functions turns out to be extremely complex. In this review we discuss
some of the potential mechanisms by which Id2 has been proposed to modulate cell prolifer-
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ation under both, physiological and pathological conditions. We also present the newest
findings of the signaling network leading to the modulation of 1d2 activity

2. Role of Id2 in cell proliferation

In addition to other functions described for Id2, it seems that its role as a proliferative factor
isnow recognized as one of the most significant. In fact, there is a growing number of evidences
derived from both, in vitro and in vivo experiments in support of this notion. Ectopic over-
expression of Id2 in different cell types enhances proliferation [17,18] and cells acquire some
features of transformation [19]. More importantly, in some human cancers such as pancreatic,
neuroblastoma or colon carcinoma among others, Id2 is over-expressed [20-22]. Partial ablation
of Id2 by antisense oligonucleotides in these tumors decreases cell proliferation. Indeed, Id2
has been proposed as a prognostic factor and a potential therapeutical target for cancer
treatment [15,20, 23].

bHLH bHLH
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AR

__,mm W CDKI
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Figure 1. Model of 1d2 as a dominant-negative factor for the cell cycle control. (Upper) Proteins of the bHLH family
dimerize and bind to the promoter of cdki genes by their basic domain. Transcription of cdki is up-regulated. CDKI
binds to the cyclin/CDK complex and blocks its activity. Cell cycle will be blocked. (Lower) bHLH proteins dimerize with
Id2. Since 1d2 lacks a basic domain, the dimer bHLH/Id2 cannot bind to gene promoters. CDKI transcription is down-
regulated. Cyclin/CDK complex is active and cell cycle will progress.

2.1. Molecular mechanisms

From the classical point of view, the role of Id2 as a proliferative factor was thought to be
dependent only on its ability to dimerize with bHLH proteins as a dominant-negative factor
(Figure 1). In this model, Id2 would control cell proliferation by repressing the expression of
cell cycle inhibitors such as p21<P! or p57%iF? [24-26]. Nevertheless, later was demonstrated that
Id2 could bind to proteins different from bHLH factors such as the tumor suppressor pRB and
the pRb-related proteins p130 and p107 [20]. In this sense, it is largely known that RB (referred
to pRb or the pocket proteins) directly associates with E2F on E2F-responsive promoters to
restrain gene expression of cell cycle-related genes [ for review see reference 27]. Therefore,
these data ultimately connect Id2 and E2F-target genes.
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94  Chromatin Remodelling

E2Fs contribution to cell proliferation and the molecular signaling network that converges on
RB proteins has been extensively documented. Although all RB proteins bind to E2F and are
modulated by a cell-cycle dependent mechanism, their pattern of expression is different.
Whereas p130 is most prominent in arrested cells and preferentially binds to E2F4/5, p107 is
mainly expressed in proliferating cells. Finally, pRB is expressed in both proliferating and
quiescent cells. The phosphorylation of RB proteins by specific cyclin/CDK complexes will
render the subsequent waves of E2F-dependent transcription that will guarantee the sequential
transition of cells through the cell cycle (figure 2):

Co-repressor
complex

E2F-target HAT Ac-R 4 E2F target

genes a E2F1/3 a e genes

E2F-target genes
(down-regulation or
transient up-regulation

[ GO | G1 | 3 >

Figure 2. Cell cycle control of E2F-target genes. In GO cells, E2F4/5 associates with RB proteins and RBP. RBP connects
RB to co-repressors (HDAC). E2F-target genes are repressed at this phase. Upon stimulation, sequential phosphoryla-
tion of both, RB and RBP will release the co-repressors and transition GO-G1 will take place. HATs could have access to
chromatin as G1 progress. At late G1 phase cumulative phosphorylation of RB and RBP will result in the loss of RB
function, release of E2F4/5 and the accumulation of newly synthesized E2F1,-2 and -3. These events will drive cells
into the S phase.

In quiescent or differentiated cells, ubiquitously expressed E2F4/5 and p130 can bind simul-
taneously to various co-repressors such as DNA methyltransferase 1 (DNMT1) or histone
deacetylases (HDAC) complexes. p130 will inhibit E2F4/5 transcriptional activity by two
mechanisms, including binding and inhibition of the E2F transactivation domain, and by
recruiting co-repressors such as those mentioned above. These events will lead to chromatin
compaction and transcriptional inhibition of genes necessary to entry into the S phase of the
cell cycle.

Upon a mitogenic stimulus, during G1 phase, phosphorylation of RB binding proteins (RBP)
by cyclinD/CDK4/6 and cyclin E/A/CDK2 will dissociate the transcriptional co-repressors from
E2F allowing the access of acetyltransferases (HATs) to gene promoters [28].
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At the late G1 phase of the cell cycle, the concurrent and cumulative CDK-mediated phos-
phorylation of pRb and/or p107 will result in the loss of RB function.

Finally, during G1 to S phase transition, newly synthesized E2F1, -2 and -3 will substitute
E2F4/5 and, HATs will be recruited to gene promoters. These two events will drive cells into
the S phase.

In this context Id2 seems to take part in a crucial checkpoint for cell proliferation since it can
bind to each of the pocket proteins of the RB family in a cell cycle-regulated fashion [20].
Importantly, Id2 is the only member of Id family of proteins that can bind to hypophosphory-
lated pRB, p107 or p130 [26]. Furthermore, Id2 has been shown to disrupt the growth sup-
pressive activity of RB when the latter is unphosphorylated [17,20,26].

The observation of the pattern of Id2 expression following a mitogenic stimulus suggests
different functional roles for this protein during cell cycle progression. The first peak of 1d2
expression takes place during the transition from G0-G1[13]. Id2 could have a role in the
modulation of p130-E2F4/5 complex activity and in the priming events that occur during this
reversible phase of the cell cycle. The second peak of Id2 expression takes place at late G1
phase, where Id2 could disrupt the repressor activity of p107 and/or pRb facilitating the entry
into the S phase. The link between Id2 and RB has been further confirmed in animal experi-
ments with double knockout mice for both RB and Id2 [20]. The early lethal phenotype shown
in Rb -/- embryos was rescued by Id2 ablation. Several mechanisms not mutually exclusive,
have been proposed to explain the physiological role of Id2 on the RB pathway (figure 3):

1. 1d2 binding to tumor suppressor protein RB would interfere with its anti-proliferative
functions. Expression of 1d2 is induced as a response to mitogenic stimuli in a variety of
cell types. Therefore, a stoichiometric excess of Id2 would block RB by direct binding to
this tumor suppressor [9,12, 29]. E2F is an important factor involved in RB function.
Although the direct binding of Id2 to RB proteins have been demonstrated, the relation-
ship between cellular RB-E2F and RB-Id2 complexes is poorly understood. Immunopre-
cipitation experiments have shown that E2F, RB and Id2 take part of the same complex in
rat liver, most probably bound to gene promoters [30]. These data suggests that Id2 and
E2F can bind simultaneously to the same molecule of RB (figure 3a). Nevertheless, it
cannot be exclude the possibility that Id2 and E2F would compete for binding to RB (figure
3b). In this model, the cellular excess of pocket proteins is the main safeguard mechanism
of negative control on cell cycle progression.

2. Inaddition to RB, the targets of Id2 could be the effectors of RB-mediated cell cycle arrest
(figure 3c). These effectors could be either, PHLH or non-bHLH proteins that can also
modulate the expression or activity of important proteins controlling the cell-cycle.

CDK inhibitors (CDKIs) enhance the suppressor activity of RB proteins blocking cell cycle
progression. Therefore, proteins involved in the modulation of CDKI expression or activity
could be considered as part of the RB effectors. As mentioned above, Id2 blocks the expression
of cell cycle inhibitors such as p21<P! or p57%r2. Over-expression of Id2 was able to reverse
p575P2- and p21“Pl-induced cell cycle arrest [24,25] The expression of these inhibitors is
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modulated by bHLH transcription factors. Id2 heterodimerization with these factors will lead
to CDKI repression and activation of CDKs. Moreover, MyoD a class II

a.1d2 and E2F4 simultaneously binding to RB

Co-represssor

complex
E2F-target
genes

Co-represssor
complex

E2F-target
genes

Figure 3. Models for I1d2 function associated to RB proteins.(a) Id2 and E2F4 simultaneously bind to the same mole-
cule of RB on gene promoters. Id2 excess gets restrain the repressive activity of RB. (b).E2F4 and 1d2 compete for bind-
ing to RB. When RB is in excess prevents binding of 1d2 to E2F and keeps its repressive activity. An excess of 1d2
prevents binding of RB to E2F and restrains its repressive activity recruiting HATs to gene promoters. (c) Id2 targets the
effectors of RB-mediated cell cycle arrest. Id2 dimerization with bHLH factors down-regulates the expression of CDKls.
RB hyperphosphorylation by free cyclin/CDKs will lead to the transcription of E2F-target genes. In addition, Id2 dimeri-
zation with non-bHLH transcription factors will block their DNA-binding activity necessary to modulate transcription
of E2F-target genes.

bHLH protein known to induce p21 “¥! transcription, has been shown to act by itself as a CDKI.
MyoD binds to and inhibits CDK4 [31]. Therefore, Id2 heterodimerization with MyoD would
block MyoD function as a CDKI.

In addition to bHLH proteins, Id2 (and other members of the Id family of proteins) also binds
to other classes of transcription factors. A brief example of these non-bHLH factors includes
Pax [32] or factors from the ternary complex (TCF) sub-family of ETS-domain proteins. TCF
proteins such as Elk-1, SAP-1 and SAP-2 modulate the expression of immediate-early genes
following a mitogenic stimulus by binding to serum response factor (SRF). Id2 binding to the
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ETS DNA binding domain of TCFs prevents the interaction TCF/SRF and disrupts binding of
this complex to the serum responsive element on gene promoters [33].

In all these models, Id2 activity could be restrained by RB to keep its anti-proliferative function
as shown by Lasorella [20]. The negative role of RB proteins on Id2 could be essential to keep
cell cycle arrest for two reasons: First RB would be free to bind to and to restrain the expression
of E2F-target genes, and second it would prevent Id2 binding to other targets. On the other
hand, a high concentration of Id2, as it occurs in neoplastic transformation, may relieve E2F-
driven transcription from the repressive influence of RB. In addition, Id2 would enhance cell
proliferation modulating the expression and/or activity of other targets.

2.2.1d2 in cancer: Increased cell proliferation and survival

The role of Id proteins in cancer has been of much interest in the last decade. Variations in
expression levels of Id proteins have to be integrated into the whole cellular equilibrium. An
upstream deregulation of Id activity, going from Id gene transcription to Id protein, can result
in the downstream deregulation of diverse genes. The first evidence connecting Id2 expression
and cancer came from the observation that Id2 is a transcriptional target of both N-Myc and
c-Myc [20]. Id2 transcription is induced by Myc via binding to E-boxes on Id2 promoter. It has
been suggested that Myc increases Id2 expression to bypass the inhibitory activity of RB. TGF-
[, a cytokine known to induce a cytostatic program, inhibits Id2 expression in epithelial cells
and in human keratinocytes by induction of the Myc antagonistic repressors Mad2 and Mad4.
Replacement of Myc-Max complexes with Mad-Max complexes on the Id2 promoter drives
Id2 downregulation [34].

Additional evidence for the oncogenic role of Id2 came from studies in which ectopic over-
expression of Id2 in developing thymocytes caused a rapid development of lymphomas [35].
On the other hand, aberrant Id2 expression has been reported in squamous cell carcinoma,
primary human colorectal adenocarcinomas, pancreatic and prostate cancer or neuroblastoma
[11-16].Id2 has also been related to cancer progression, showing that Id2 expression was higher
in high-grade astrocytic tumors than in low-grade tumors [36].

Data in the literature point out to the transcriptional control of Id2 as a key event in the
modulation of its function. In this sense, a highly expressed Id2 is not only involved in cell
proliferation, but it also promotes cell survival in different cell types. Over-expression of 1d2
blocks the TGF-B-induced apoptosis [37]. The role for Id2 as a survival factor in mammary
gland development has also been demonstrated [38]. On the other hand, IGF-I known to be a
survival growth factor, induces Id2 expression in murine hematopoietic cells [39]. Further-
more, knockdown of Id1 and Id2 gene expression have been shown to induce apoptosis in gut
epithelial cells [37]. These observations, together with the fact that ectopic over-expression of
Id2 enhances cell proliferation, would suggest that a highly expressed Id2 could confer a
proliferative advantage to tumor cells through the modulation of both, growth and survival
pathways.

Although it is generally accepted that deregulated expression of Id2 maintains a highly
proliferative state and/or extends the half-life of cells in culture [13], Id2 over-expression is not
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sufficient for cell transformation. Actually, we must be careful to distinguish between events
in cell culture and in animals, because the requirements for the modulation and role of Id2 in
culture may be mainly related to its requirements in a transformed state more than the
requirements in a normal physiological situation. Finally, even though Id2 over-expression
has been detected in the above mentioned cancer types and its oncogenic activities cannot be
denied, its deregulation is relatively rare. In contrast, Id1 over-expression has been detected
in a larger number of cancer types [23] and seems to have a more prominent role during cancer
progression.

2.3.1d2 during G0-G1 transition

Since Id2 appears to facilitate and not to support cell cycle progression, it is possible that Id2
could have a role in the process of cell priming, sensitizing cells to a proliferative stimulus.
This priming events take place during the GO to G1 transition and, as already mentioned, are
needed to obtain a fully proliferative response to mitogenic stimuli. The pattern of 1d2
expression during the priming events support this hypothesis: During G0-G1 transition there
is a transient increase of Id2 mRNA levels [13,30].

Liver regeneration after PHx is a unique model to study cell cycle events that take place in a
synchronized manner in vivo. The protein c-Myc, proposed as part of the priming events in
liver regeneration, modulates the expression of proteins important to progress into the cell
cycle. The expression of very-early genes such as c-fos, c-jun, or c-myc takes places in a coordi-
nated and sequential way. The up-regulation of some genes will trigger the next wave of gene
expression. c-Myc was suggested to use Id2 as a mediator to bypass the suppressive activity
of RB [19,20]. During GO0-G1 transition after PHx in rat liver there is a concomitant and short
up-regulation of both Id2 and c-myc mRNA.

In the last decades, c-Myc has been the object of intense study in an attempt to unveil the
molecular mechanism behind the control of its abundance [review in ref 40]. c-Myc levels can
be subject to several modes of regulation, going from posttranslational control to mRNA
stability and transcriptional regulation [41-44]. The c-myc gene, although it contains a dual
promoter, is predominantly transcribed from the P2 promoter [45]. It is shown to harbor a
promoter-paused RNApol II [46] In addition to other important regulatory sites upstream of
P2 promoter, an E2F binding site at position -58 from the P2 transcription start site has been
identified [45,47]. This E2F site has been demonstrated to be essential for c-myc transcription.
It negatively controls c-myec transcription by recruitment of pocket proteins such as p130 that
will function as a scaffold for HDAC complexes [48]. Overlapping with the E2F site there is an
element essential to remodel nucleosome structure and to open c-myc promoter [45].

c-Myc expression, like Id2 expression, is induced in two stages following PHx. The first
induction during G0-G1 phase, takes place at the onset of liver regeneration and the second
peak is observed during the transition into the S phase. However, both peaks of c-myc
expression are the result of different modes of regulation. While the first increase of c-myc
expression is caused by a transcriptional and posttranscriptional up-regulation of the gene,
the second peak results as a consequence of enhanced mRNA stability [49]. During G0-G1, c-
myc transcriptional initiation increases at 1h after PHx in mice liver. Strikingly, this transcrip-
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tional initiation has been shown to be compensated by a concomitant block of transcriptional
elongation [46,49]. Elongation blockage of c-myc transcription has been considered as a
mechanism to prevent over-expression of the mRNA [50].

The puzzling observation that both pausing and transcriptional initiation of c-myc are
enhanced in the regenerating liver lead to hypothesize that increased transcriptional initiation
of c-myc in this growth process might be driven by a component of a more general response
[49]. Several genes that share common target sequences could be simultaneously activated by
a common mechanism, but only additional and specific factors will render the final pattern of
gene expression. Indeed, there are hundreds of E2F-target genes that, although transcription-
ally dependent on RB proteins, do not show the same gene expression profile. This suggestive
idea make us wonder about the identity of that "component of a more general response”
involved in transcription initiation.

Closed Open Closed
chromatin structure: chromatin structure : chromatin structure:
Transcription repressed in G0 c-myc and Id2 transcription soon after PHx Transcription repressed

c-myc promoter

c-myc promoter c-myc promoter

DN

1d2 promoter

Figure 4. Model for the role of Id2 on c-myc expression in rat liver after PHx. In liver under basal conditions hepato-
cytes rest at GO. E2F4, p130, I1d2 and the HDAC complex are bound on the c-myc promoter. RNApol Il is paused on
gene promoter. Since chromatin is deacetylated and closed, paused RNApol Il cannot progress and c-myc transcription
is repressed. Soon early after PHx, I[d2 and the HDAC complex are released. Chromatin will be acetylated and opened.
This chromatin structure will allow paused RNApol Il to progress. c-myc transcription will be transiently up-regulated.
c-Myc protein will bind to Id2 promoter inducing its expression. High levels of Id2 will favor its reassemble on c-myc
promoter together with the HDAC complex. Chromatin structure will be closed and RNApol Il will remain paused on c-
myc promoter. Consequently, c-myc expression is shut off.

Id2 could play such a role as part of a common mechanism for transcription of E2F-driven
genes. Id2 has been shown to bind to a repressor complex on c-myc promoter that affects
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chromatin structure (figure 4) [30]. On quiescent hepatocytes Id2, mSin3A (a co-repressor that
constitutes the core of HDAC1 and HDAC2 complex), E2F4 and p130 remain bound to the c-
myc promoter repressing its expression. Additionally, immunoprecipitation experiments
revealed that Id2 is bound to mSin3A(HDAC), E2F4 and p130. Upon stimulation after PHx,
Id2 and mSin3A(HDAC) are released from the c-myc promoter concurrently with a, at least
in part c-myc transcriptional up-regulation. On the other hand, the transient c-myc up-
regulation is followed by an increase of Id2 mRNA. Since c-Myc modulates Id2 transcription
and Id2 modulates c-myc expression, a possible regulatory loop would finally control c-myc
abundance. These observations lead to propose Id2 as part of the priming events described for
liver regeneration and perhaps for some other processes [30].

This hypothesis would go further from the initial idea of Id2 as a simple effector of c-myc to
bypass the repressive activity of RB. In this sense, endogenous levels of activated 1d2 were
shown to enhance but not to support the rate of proliferation in oligodendrocyte precursor
cells at the time that slows the rate of differentiation [51]. The authors suggested that Id2 takes
part of an intrinsic timing mechanism to control or limit cell proliferation in biological
processes highly dependent on a sequential chain of signals that must be transiently synthe-
sized to coordinate the process.

The significance of the mechanism proposed for the role of Id2 in the regulation of c-myc
expression, might be extended to the modulation of other genes. To ask whether Id2 plays a
global role on transcriptional regulation and/or if it is restricted to E2F4 target genes, we
performed genome-wide ChIP-on-chip experiments with antibodies specific for mouse 1d2
and E2F4 in quiescent mouse liver [manuscript in preparation]. Promoter arrays contained
approximately 28,000 known mouse genes centered on the region from -6 kb to +2.5 kb relative
to the transcription start site at an average resolution of 35 bp. Analysis of at least three
independent experiments for each factor identified 871 target regions for Id2, and 9307 for
E2F4. A comparison of Id2 and E2F4 target regions indicated a limited overlap of 550 target
regions for both factors. Moreover, a genome-wide factor location analysis and region
classification for E2F4 and Id2-bound regions compared to the genome revealed that although
E2F4-alone showed a 100% overlap with gene promoters, positive probes for E2F4/Id2 were
partially overlapping with the first exon of genes. This observation suggests that there is a
common structure in those genes modulated by E2F4/Id2 that differs from those bound by
E2F4 alone. Moreover, E2F4 and 1d2 seem to mutually influence each other’s binding position
and behave like a complex on chromatin. Finally, an in silico gene expression analysis for E2F4
or Id2 positive genes showed that Id2/E2F4-bound genes were mostly repressed in liver basal
conditions versus those bound by E2F4 alone.

ChIP-on-chip data confirm that although not all E2F-target genes bind Id2, a subset of
these genes might be modulated by the same mechanism as c-myc. This would be a
promising molecular mechanism to explain the pleiotropic activities of Id2 affecting the
expression of a variety of genes. Id2 could be one of those signals shared by a plethora
of biological responses to different stimuli and part of a common mechanism for tran-
scription initiation of different genes.
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Most of papers in the literature are focus on the role of I1d2 in proliferating, undifferentiated
or otherwise transformed cells. However, the behavior of Id2 seems to be quite different
depending on the microenvironment, its expression levels, compartmentalization and/or
phosphorylation. In other words, the role of Id2 in quiescent cells seems to be different from
the one observed in long term proliferating cells. While "activated" Id2 seems to promote cell
cycle progression after a proliferative stimulus, "inactivated" Id2 seems to limit or to control
the number of cell divisions in quiescent cells

3. Signals involved in the molecular regulation of Id2 activity and function

Id2 expression levels have been classically described as a key event for Id2 function. In general,
Id2 expression is high in proliferating cells and low or almost absent in non-proliferating cells
such as terminally differentiated cells. However, Id2 is a pleiotropic protein involved in many
other functions different from cell proliferation. TGF-{ (a cytokine whose function is highly
dependent on the microenvironment) represses Id2 expression in epithelial cells [34] but
induces Id2 up-regulation in dendritic cells [52]. Glucocorticoids [53], starvation [54], antidia-
betic agents and peroxisome proliferator-activated receptor (PPAR) gamma agonists or
members of HDAC family including HDAC1-8 [9] are some of the many examples reported
to inhibit Id2 expression in specific cell types. Furthermore, this signals can be connected and
coordinated. For instance, it seems that HDAC is involved in the modulation of Id2 expression
through the interaction with several signaling pathways such as the HDAC/Ying Yang], the
Wnt-p-catenin-TCF7L2 and the BMP pathways that can be mutually coordinated in a different
way in different cell types.

On the other hand, Id2 expression can be up-regulated by many factors such as glucose [55]
insulin-like growth factor, estrogen, progesterone, thyroid hormone or hypoxia-inducible
factor-1a [review in ref 9]. Moreover, recently it has been published a large-scale RNAi screen
to characterize genes involved in the regulation of Id2 expression [56]. To further complicate
it, in addition to a growing list of up- and down-regulators of Id2 expression, the protein
undergoes a rapid turnover, having a reported half-life of 20-60 min, depending on the cell
type [57,58]. Thus, Id2 can be regulated at several levels, i.e. transcriptional regulation and
protein stability. Although the importance of these modes of regulation cannot be denied, they
do not explain the underlying mechanisms for the regulation of Id2 activity. It is important to
highlight that there are reports describing an important role for Id2 in conditions in which its
protein levels do not substantially change [51].

3.1. Id2 phosphorylation and cell compartmentalization

An important mechanism proposed to regulate Id2 activity is the phosphorylation of specific
residues. There is a phosphorylation site for CDK-type kinases close to the amino-terminal
domain of Id2 proteins. This site comprises the consensus sequence for CDK substrates (S/T-
P-X-K/R) that is conserved among other members of the Id family. Id2 has been shown to be
phosphorylated in Ser5 within this consensus sequence by cyclin A/E/CDK2. This phosphor-
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ylation was reported to prevent Id2 binding to some bHLH factors and to block the activity of
Id2 in serum stimulated human fibroblasts. In vitro experiments with a mutant form of Id2 in
which Ser5 was change to Ala (Id2-S5A), showed that when Id2 phosphorylation was blocked,
Id2 was able to interact with the bHLH protein MyoD. In agreement with this, cyclinA/CDK2
phosphorylation of wild type Id2 prevented its binding to MyoD. The relation between cell
proliferation and Id2 phosphorylation state was also established. Indeed, expression of 1d2-
S5A caused a 50% reduction in colony formation, suggesting that sustained unphosphorylat-
ed-Id2 is growth inhibitory [59]. Nevertheless, it seems that Id2 phosphorylation do not
necessarily blocks Id2 interaction with other proteins. A latter report suggested that CDK2
phosphorylation of Ser5-1d2 is necessary for the interaction of Id2 with factors that allow
nuclear transport such as E47 [60].

From these observations we should infer that Id2 phosphorylation at Ser5 does not block any
of its possible interactions with other proteins. Interestingly,Id2 phosphorylated in vitro and
in vivo was subject to a tryptic peptide mapping. The unique phosphopeptide found in vitro
resulted to be phosphoSer5-Id2. However, two phosphopeptides were observed in the 1d2
recovered from the experiment in vivo. Whereas the first phosphopeptide was also phosphoS-
er5-1d2, the identity of the second phosphopeptide in metabolically labeled Id2 needs to be
determined. The authors suggested that it might reflect the action of a non-CDK kinase such
as PKA or PKC on Id2 [59]. Although this possibility needs to be confirmed in vivo, these two
kinases have been reported to phosphorylate Id2 in vitro [61]. In that case, it is reasonable to
think that the different activities of Id2 or its interaction with other proteins could be dependent
on the type or number of residues phosphorylated by specific kinases.

Another important consequence of Id2 phosphorylation on Ser5 has been pointed out above.
This phosphorylation seems to be necessary for Id2 nuclear localization and proliferating
activity. Ectopic over-expression of Id2-S5A and wild type Id2 in smooth muscle cells show a
different subcellular distribution. While wild type Id2 localization was predominantly nuclear,
mutant Id2-S5A was excluded from the nucleus,. Moreover, over-expression of wild type 1d2
in smooth muscle cells leads to increase Id2 phosphorylation, down-regulation of p21 and
enhanced cell proliferation. In contrast over-expression of unphosphorylated Id2-S5A could
not promote cell proliferation [60].

The subcellular distribution is one of the major points for the regulation of Id2 activity and
function. During differentiation of oligodendrocyte precursor cells (OPC) into oligodendro-
cytes, Id2 protein levels are similar. Interestingly, the cellular distribution of Id2 dramatically
changed as OPC differentiate. Id2 was localized into the nucleus of undifferentiated OPC
whereas in fully differentiated oligodendrocytes Id2 was localized in the cytoplasm [51].
Moreover, the authors show that Id2 needs to translocate from the nucleus to the cytosol prior
to cell differentiation.

Id2 contains two export signals (NES1 and NES2) in the HLH domain and the C-terminal
domain respectively. NES1 was found to be conserved among all members of the Id family,
and NES2 was shown to be specific for Id2. Although Id2 transport between nucleus and
cytosol had been proposed to be by passive diffusion, the recent data point out also to an active
transport of Id2. Id2 export from the nucleus is mediated by NES2. However, Id2 does not
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contain a nuclear localization signal (NLS) and translocation from the cytosolic compartment
into the nucleus should be mediated by its interaction with a NLS-containing protein. In this
way, translocation can be mediated by interaction of Id2 with E proteins such as E47[60].
Phosphorylation of 1d2 favors Id2/E47 interaction and nuclear translocation. Nevertheless, it
is important to highlight that interaction with E proteins can also function sequestering Id2 in
the cytosol [61]. Moreover, since Id2 can bind to non-HLH proteins, other factors up-regulated
during cell differentiation can sequester Id2 preventing its transport into the nucleus. A
cytoskeleton-associated protein enigma homolog (ENH) is a good example of a number of
proteins described to retain Id2 in the cytosol. ENH is a member of the enigma family of PDZ-
LIM domain proteins that is associated to the actin cytoskeleton by direct interaction between
its PDZ domain and the a-actinin. Id2 binds to ENH through specific interaction between the
ENH-LIM domain and the Id2-HLH domain. ENH, up-regulated during neural differentia-
tion, sequesters Id2 in the cytoplasm preventing cell-cycle progression and releasing bHLH
factors from the restrictive activity of 1d2 [62]

3.2. Role of GSH on I1d2 modulation

Id2 expression and interaction with other proteins has been shown to be modulated by GSH
content [63,64]. The tripeptide glutathione is one of the most important systems against
oxidative stress in the organism. Alteration of redox balance can affect cell signaling pathways
through the induction of protein posttranslational modifications or, in an indirect manner, by
the modulation of transcription factor binding activity and signal transduction pathways [65].
However, while the role of cell GSH content in the synthesis of DNA and protection against
oxidative damage has been long established, little is known about its sub-cellular distribution
and functions in specific compartments. Moreover, the nucleus of dividing cells dramatically
change throughout progression into the cell-cycle. It has been recently shown that nuclear GSH
content is high in proliferating cultured cells. On the contrary, quiescent cells show similar or
lower GSH levels in the nucleus than in the cytosol [66]. In this sense, although most of data
describe a significant increase in the hepatic GSH content at 12h after PHx [67], at earlier times,
when the priming events take place, there is a 49% reduction in GSH content [68]. Finally, an
increasing number of evidences establish a correlation between GSH content and gene
expression. Interestingly, it has been speculated that ROS generation induced by a shift in the
redox status of cells could affect gene expression by altering chromatin configuration [69,70].

3.2.1. GSH depletion and 1d2 up-regulation

The nature of a rapid response triggered by a stimulus suggests pre-existing signals within the
tissue that could modulate the expression of Id2 and/or its activity. Moreover, the role of GSH
as part of a sensitization process has been already described. GSH depletion sensitizes cells to
c-myc-induced apoptosis or proliferation in a variety of cell types, such as myoblasts, mela-
noma cells or hepatocytes [65,71]. Treatment of rats with I-buthionine-(S,R)-sulfoximine (BSO),
the inhibitor of y-glutamil-cysteine synthetase, induces a rapid GSH depletion in liver that in
some way resembles the one observed after PHx (figure 5). Interestingly, BSO treatment also
induces two marked peaks of c-myc and Id2 expression in rat liver [69]. The first peak of c-
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myc expression after GSH depletion shows a short up-regulation also described for other
stimuli, a stereotypical transcriptional pulse that lasts for 2-3h and is followed by a shutoff [72].
The second peak of c-myc mRNA was shown to be the result of a posttranscriptional mRNA
up-regulation.
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Figure 5. GSH content in rat liver after PHx or in BSO-treated animals. White squares represent GSH levels in rat liver
during the time course of BSO experiment (Torres et al. refer 63) Black squares represent GSH levels in rat liver during
the time course of liver regeneration after PHx (Lee et al. ref. 68).

GSH depletion seemed to be involved in the release of the repressor complex Id2/
mSin3A(HDAC) from the c-myc promoter as it occurred after PHx (figure 4). The proteins Id2
and mSin3A are released from the c-myc promoter as soon as the GSH content decreases 20%
under basal levels. Concomitantly with the release of the repressor complex, c-myc expression
is induced. When Id2 and mSin3A turns back to the c-myc promoter, the transcription of the
gene is down-regulated. Nevertheless it could not be established a relationship between GSH
content and the return of Id2 to the c-myc promoter. However, linking these observations to
liver regeneration, it would be possible that a decrease in GSH content very early after PH
could promote the release of Id2/mSin3A(HDAC) from the c-myc promoter.

Nevertheless, this event would not be enough to induce the transient transcription initiation
of c-myc observed after GSH depletion with BSO. However, the release of Id2 and
mSin3A(HDAC) from the c-myc promoter would induce profound changes in chromatin
structure to become accessible to transcription factors. Indeed, a deeper insight into the
molecular mechanisms involved in the regulation of transcription at the first peak of c-myc
expression after GSH depletion, suggested an important role for STAT3 at this peak. GSH
depletion induces STAT3 phosphorylation, recruitment of CBP/p300 (HAT) and binding to a
region that overlaps the E2F site in the c-myc gene P2 promoter shown to be important for
nucleosomal structure [73]. These observations are in agreement with the idea of GSH and 1d2
as part of a general mechanism to sensitize cells to respond to a given stimulus (figure 6): Id2
release would lead to an open chromatin structure allowing transcription factors to gain access
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to gene promoters. The specificity of the response would be achieve by the precise combination
of activated-transcription factors and their binding to a particular gene promoter, like in this
case occurs with STAT3 and c-myc promoter.

Physiological Acute GSH
GSH levels depletion

c-myc promoter

c-myc promoter

Closed Open
chromatin structure: chromatin structure :
c-myc transcription repressed c-myc transcription induced

Figure 6. Model for the role of GSH on the modulation of Id2 activity. In quiescent cells, under physiological GSH con-
tent E2F4, p130, Id2 and the HDAC complex are bound on the c-myc promoter. Chromatin structure will be closed,
inaccessible to transcription factors. RNApol Il is paused on the c-myc promoter and unable to transcribe the gene.
Early after an acute GSH depletion, Id2 and HDAC would be released from c-myc promoter. Chromatin will be now
open and accessible for transcription factors like STAT3 that could now specifically induce transcription initiation.
These events would enhance an open hyperacetylated chromatin structure and RNApol Il progression.

3.2.2. GSH depletion and I1d2 down-regulation

It has been demonstrated that drugs, infections, inflammation, or cell proliferation can alter
GSH levels and cause a shift in the GSH/GSSG redox status of cells [65]. Over-expression of c-
myc and GSH depletion has been described in a variety of both experimentally induced and
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naturally occurring liver diseases including hepatocarcinoma, HCV infection, liver cirrhosis,
apoptosis and drug-induced toxicity [74]. The information about the signals mediating the
induction or repression of Id2 transcription in response to different stimuli is scarce and
sometimes contradictory. GSH depletion by BSO has been shown to induce Id2 expression by
c-Myc [63]. Conversely, TGF-f3 which decreases the concentration of GSH in a variety of cell
types [75], has been shown to induce Id2 down-regulation through the modulation of c-Myc
[34]. I1d2 is always defined as a pleiotropic protein whose behavior depends on its expression
levels, cell type, stimulus and in general on the cell microenvironment. In addition, Id2 is a
downstream target of multiple signaling pathways that can converge or interact with each
other giving rise to a specific response. Taking into account all these considerations, it is not
surprising that under pathological conditions the effect of GSH depletion on Id2 regulation
could be quite different.

Acetaminophen (APAP)-induced intoxication, the main cause of drug-induced liver failure in
the United States and Great Britain, produces a dramatic GSH depletion in the liver. The
deleterious effect of APAP excess has been attributed to its metabolization by the cytochrome
P450 system, which gives rise to the formation of N-acetyl-p-benzoquinoneimine (NAPQI).
This derivative of APAP will then react with GSH, inducing its rapid depletion within the liver
and generating oxidative stress. Moreover, when the formation of NAPQI exceeds the GSH
content, NAPQI will covalently bind to cellular proteins. Therefore, the hepatotoxicity of
APAP overdose is the consequence of the additive effect of NAPQI formation, GSH depletion,
oxidative stress and the generation of protein adducts (figure 7) [76].

Concomitantly with the GSH depletion there is a dramatic transcriptional-dependent decrease
of Id2 expression in response to APAP toxicity [64]. RNApol-II is released from Id2 coding
region and, the promoter is hypoacetylated. These data might suggest that the combination of
GSH depletion, oxidative stress and APAP derivatives that are produced after APAP intoxi-
cation (depicted in figure 7) may be responsible for the observed Id2 repression.

Id2 expression is known to be dependent on c-Myc binding to its promoter [19,20], but
surprisingly GSH depletion stimulated by APAP-overdose increases c-myc transcription.
However, the mRNA steady state levels do not correlate with the protein levels and consis-
tently, c-Myc does not bind to Id2 promoter in response to APAP-overdose. Although APAP
induces c-myec transcription, it also triggers the proteasome pathway leading to decreased c-
Myc half life, which is in agreement with other observations showing the APAP-induced
degradation of specific proteins [77,78]. On the other hand, it has been shown that c-Myc down-
regulation is involved in the Id2 repression [34]. Accordingly, a decreased in c-Myc half life
induced by APAP overload would lead to Id2 repression.

Data from these experiments support the idea of a regulatory loop between Id2 and c-myc:
The down-regulation of Id2 would favor the release of the repressor complex mSin3A(HDAC)
from c-myc promoter and would render a peak of c-myc expression.

On the other hand, although APAP-overdose induces c-myc mRNA up-regulation, it decreases
c-Myc protein half life and therefore protein levels are diminished.
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Figure 7. Model for the regulation of 1d2 expression in rat liver after acetaminophen overdose and protection by N-
acetylcysteine. APAP-overdose is metabolized by the cytochrome P450 system giving rise to the highly reactive deriva-
tive NAPQI. This derivative will be detoxified by covalent binding to GSH, which will be soon depleted inducing c-myc
expression. When NAPQI exceeds GSH stores, oxidative stress and protein adducts formation will induce c-Myc degra-
dation. The absence of c-Myc from 1d2 promoter will block Id2 basal expression. NAC replenishes GSH stores thus pre-
venting GSH depletion, protein adduct formation and the proteasome pathway activation. In the presence of NAC, c-
Myc degradation is prevented. Therefore, c-Myc binds to Id2 promoter supporting its basal expression.

Administration of N-acetycysteine (NAC) prior to APAP-overload prevents GSH depletion.
Moreover, it has been suggested that NAC interferes with the proteasome pathway induced
by APAP toxicity. NAC inhibits the 26S proteasome activity in cultured cells increasing the
stability of IkBa and p53 [79]. Furthermore, the proteasome has been described as a redox-
sensitive system [80]. Interestingly, NAC pretreatment prevents c-Myc degradation and
accordingly, RNApol-II release from Id2 coding region is also prevented. Consistently, Id2
promoter is hyperacetylated and Id2 repression prevented. It is noteworthy to mention that

there is a parallelism between NAC protection and keeping Id2 expression at baseline levels.
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Covalent binding of NAPQI to mitochondrial proteins has been shown to induce mitochon-
drial dysfunction and to enhance the formation of reactive oxygen species. The effective
protection of high doses of NAC on APAP-induced liver damage has been attributed to the
recovery of hepatic and mitochondrial GSH levels. Nevertheless, NAC is not only a GSH
precursor, but it is also a reducing and antioxidant agent acting as a direct scavenger of free
radicals. Altogether this data suggest that NAC by itself and/or GSH seem to improve the
efficiency of the detoxifying system preventing, among other events, Id2 down-regulation. But
more importantly, the effect of GSH and oxidative stress in the modulation of Id2 in the context
of a wide spread pathology such as the intoxication by APAP seems to be the result of
cumulative and converging pathways. These observations highlight the importance of
establishing the correct landscape to study the role of Id2, the molecular mechanisms govern-
ing its functions, and the physiological and pathological consequences of its regulation and
deregulation.

4. Conclusions and perspectives

Among the four members of Id family of proteins, Id2 is a key player in the modulation
of cell proliferation. However, many questions about its function in vivo remain unre-
solved. Most of data about the role of Id2 as a proliferating factor are referred to either
tumors or cultured and/or transformed cells that might reflect conditions far away from
a physiological situation. This is especially relevant since it is well known and generally
accepted that the modulation of Id2 activity and its many functions depend on the cell
microenvironment. We already discussed the diametrically opposing effects of GSH de-
pletion on Id2 in a pathological condition such as APAP-induced toxicity and in an ex-
perimental condition of BSO-induced GHS depletion [63,64].

In addition, the functions of Id2 are not exclusively dependent on its abundance, but also on
its posttranslational modifications, sub-cellular distribution and its interaction with a number
of different proteins [5,6,11-15 ]. Nevertheless, most studies use ectopic over-expression of 1d2
as a tool to determine its functions and molecular mechanisms with independence of its
microenvironment. To understand the role of Id2 during cell proliferation, we should take into
account that the enzymatic activities, signaling networks and redox status of cells dramatically
change throughout the different phases of the cell cycle. A static image of Id2 during cell cycle
would lead to confusion. Id2 gene expression is exposed to a tight control, restrained by a
precise timing and coordinated with the expression of other proteins to interact with (i.e. ENH
is induced during cell differentiation to sequester Id2 within the cytoplasm).

Following this rational, we can deduce that Id2 functions will change as the cell progress
through the cell cycle. Actually, Id2 shows two marked peaks of gene expression during GO-
G1 and G1-S respectively that will have different effects on the regulation of the cell cycle. In
quiescent cells Id2 binds to hypophosphorylated p130, E2F4 and a co-repressor complex. Id2
expression is low at this stage. The role of Id2 at this phase is most probably to limit the number
of cell divisions enhancing repression of E2F-target genes.
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During GO0-G1 transition, at the onset of the mitogenic stimuli there is a rapid change in both,
cytosolic and nuclear compartments (i.e. redox status, signaling networks, enzymatic activi-
ties) that will change the preferential Id2-p130 interaction. Initial studies suggested that HDAC
complexes directly bound to RB proteins. Nevertheless, subsequent studies revealed that
recruitment of HDAC complexes to RB was mediated by RBP1 [28]. As already discussed, the
release of RB restrictive activity is the result of cumulative CDK-mediated phosphorylations.
These phosphorylations do not have an effect exclusively on RB proteins, but also on RBP1
that bridges SAP30/mSin3(HDAC) to RB proteins. CDK-mediated phosphorylation of RBP1
induces its dissociation from RB [28]. It seems that during G1 phase the multiple and cumu-
lative CDK-mediated phosphorylations of cell cycle-dependant proteins would set a threshold.
This ensures that the G1 phase can only be overcome when CDKs reach a critical phosphory-
lation threshold for efficient dissociation of HDAC and RB from E2F. Therefore itis not a matter
of "all or nothing", but the binding affinities between co-repressors, E2F and RB gradually
change. Following the same rational, it is tempted to speculate that Id2 could remain bound
to the repressor complex SAP30/mSin3/HDAC in quiescent cells and upon a stimulus, a CDK-
mediated phosphorylation of Id2 or its interacting proteins would release Id2 and the repressor
complex from p130. As already referred, Id2 is known to be phosphorylated during G1 phase
by cyclin A/CDK2 and cyclin E/CDK2 [24,59]. This phosphorylation may target 1d2 for
ubiquitn-mediated proteasomal degradation and/or change its affinity for specific bHLH
proteins [81,82]. Alternatively, other posttranslational modifications of Id2 or Id2-interacting
proteins might condition Id2 release from E2F4/5 and p130 during GO-G1 transition. In the
future it will be crucial to determine those signals that modulating Id2-binding activities can
condition the transition from GO0 to G1.

It is important to highlight that independently of the molecular mechanism that trigger 1d2
release, this event seems to have a profound effect on chromatin structure changing its
accessibility to specific transcription factors that on their behalf could recruit HATs (as
depicted in figure 6). This mechanism seems to operate not only in a small subset of genes, but
on the contrary it can be extended to a larger group of genes (we have observed almost 400
Id2/E2F4-bound genes in our ChIP-on-chip experiments). We propose here the suggestive
hypothesis that Id2 could take part of a common mechanism for cell sensitization or priming
to fully respond to a mitogenic stimulus inducing an open chromatin structure. The resultant
expression of a particular gene will depend on the activation and DNA-binding of the precise
combination of transcription factors for the specific gene. Nevertheless, this hypothesis
remains as a challenge to cover and understand the molecular mechanisms of Id2 regulation
and more importantly to unveil Id2 role during GO-G1 transition.
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