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ABSTRACT

Under limited oxygen availability (hypoxia) cells undergo rapid reprogramming in order to survive
in the new environment until normoxic conditions are re-established. The observation that hypoxia
can induce the expression of genes involved in erythropoiesis, angiogenesis and glucose
metabolism among others, led to the identification of the hypoxia-inducible factor-1 (HIF-1) as a
master regulator of the hypoxia-response pathway. HIF-1 is a heterodimeric transcriptional
activator composed of two subunits (HIF-1α and ARNT) that belong to the bHLH/PAS family of
transcription factors. At normoxia, HIF-1 activity is inhibited by rapid degradation of the alpha
subunit, targeted to the 26S proteasome by interaction with the E3 ubiquitin-ligase pVHL. Under
hypoxia, HIF-1α is stabilized and translocates to the nucleus where it dimerizes with ARNT and
activates target gene expression by recruiting coactivator proteins.

The aim of this study was to investigate the structure/function relationship of HIF-1α N- and C-
terminal activation domains (N- and C-TAD) and to analyze the mechanisms of conditional
recruitment of coregulator proteins. Furthermore, we were interested in analyzing the coordinated
subcellular and intranuclear redistribution of proteins involved in the hypoxic response. The
information and reagents obtained in initial studies were used in the identification of new HIF-1-
interacting proteins.

In the study of HIF-1α N-TAD, we identified several amino acid residues critical for the
transactivation and degradation functions of this bifunctional domain. Although we observed a
significant structural overlap between both functions, we demonstrated by mutation analysis that
the transactivation activity is mediated by a longer peptide when compared to the minimal
degradation box, which is circumscribed to the core of the domain. We concluded that HIF-1α N-
TAD functions as an independent transactivation domain in a CBP-dependent manner.

In silico analysis of the secondary structure of HIF-1α C-TAD revealed two putative α-helices
in the initial and terminal regions of this domain. The function of these putative structures was
analyzed by alanine-scanning mutagenesis and revealed two subdomains with disparate
contributions to the overall activity of the C-TAD. The C-terminal helix (helix-2) proved to be
critical for transactivation and for interaction with the CH1 domain of CBP. In this study we
observed that colocalization of CFP-HIF-1α and YFP-CBP in intranuclear colocalization foci was
dependent of the integrity of both HIF-1α transactivation domains.

We have shown that, although SRC-1 is an important coactivator of HIF-1 function, the
interaction between the two proteins needs to be mediated by CBP. In vivo colocalization studies
showed that CBP plays a dominant role in the intranuclear redistribution of the HIF-
1α/ARNT/CBP/SRC-1 complex into foci of colocalization that partially overlapped the
distribution of RNA Pol IIo.

We have characterized a novel interaction interface between HIF-1α and CBP, that is mediated
by direct binding of the N-TAD to the CH3 domain of CBP. In this study we provide evidence
that, under hypoxic conditions, the high affinity of HIF-1α for limiting amounts of CBP, may
interfere with other CBP-dependent pathways.

Finally, we have identified the enzyme C1-tetrahydrofolate synthase as a novel protein that
participates in the regulation of HIF-1α activity. Overexpression of C1-tetrahydrofolate synthase
dramatically increased HIF-1-mediated transactivation due to stabilization of the alpha subunit. We
show that C1-tetrahydrofolate synthase stabilizes HIF-1α by interfering with PHD-mediated
hydroxylation of Pro563 of the N-TAD and inhibiting pVHL-recruitment and protein degradation.
The results from these studies have contributed to a better understanding of the mechanisms that
control HIF-1 activation and provide evidence for novel levels of regulation of HIF activity.
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1 INTRODUCTION

Throughout evolution it is evident that most higher eukaryotes have developed a

variety of strategies to adapt to the increase in animal size, complexity, and metabolic

functions, in an atmosphere with increasing oxygen levels (up to the 21% O2 observed

in modern times). The necessity to maintain a careful balance between the amount of

oxygen delivered to a specific cell or tissue and the need to avoid the generation of

toxic reactive oxygen species by excess oxygen supply, has driven the development of

several efficient mechanisms of homeostasis, both at the systemic and cellular level.

Oxygen is used by cells not only for mitochondrial ATP production but also as a

substrate in a large number of enzymatic reactions that can be strongly affected by

local changes in pO2 (Vanderkooi et al., 1991). Hence, in a poorly oxygenated

environment (hypoxia), cell and tissue viability depends on the activation of several

molecular processes that will ultimately lead to changes in protein activity and gene

expression (Covello and Simon, 2004).

1.1 HYPOXIA, HIFs, AND PHYSIOLOGY

Although most air-breathing organisms are exposed to an oxygen concentration of

21%, the partial oxygen pressures observed in different organs and tissues are

considerably lower (Vanderkooi et al., 1991). Thus, the definitions of normoxia and

hypoxia must be adjusted to the individual oxygen requirements of each tissue, which

mainly reflect differences in vascularization and tissue-specific oxygen consumption.

Importantly, the initial stages of embryonic development progress in a hypoxic

environment (<3% compared to 10% in the maternal arterial blood in mammals)

(Caniggia et al., 2000). As cells continue to divide, oxygen supply can no longer

depend on diffusion processes, and the development of the vascular system becomes a

critical requirement for embryonic growth (Covello and Simon, 2004; Maltepe and

Simon, 1998). At this stage, the hypoxic environment is responsible for the activation

of a series of genes that encode proteins necessary for angiogenesis and

vasculogenesis, such as the vascular endothelial growth factor (VEGF), and its

receptor Flt-1, angiopoietins and Tie-2 (Ferrara and Davis-Smyth, 1997; Fong et al.,

1995; Semenza, 2002). Interestingly, the expression of many of the genes encoding

these growth factors is activated by the hypoxia-inducible factor (HIF) (Covello and
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Simon, 2004). HIF is a transcription factor tightly regulated by cellular oxygen levels

that, in addition to being critical for angiogenesis, is strictly necessary for the

activation of a network of genes that encodes proteins needed to maintain tissue

viability by adjusting cell metabolism (glucose transporters, glycolytic enzymes),

erythropoiesis (erythropoietin), vasomotor control (endothelin 1) and tissue remodeling

(placental growth factor – PlGF) (Semenza, 2002).

In agreement with a critical role in embryonic development and in general

adaptive responses to hypoxia, loss of function of either HIF subunit (HIF-1α or -2α

and ARNT/HIF-1β) results in aberrant embryonic development. Mice lacking ARNT

produce reduced levels of hematopoietic progenitors within the yolk sack and die at

embryonic day 10.5 (E10.5) due to severe defects in vascularization of the yolk sack,

brachial arches and placenta (Adelman et al., 2000; Kozak et al., 1997; Maltepe et al.,

1997). The knock-out of HIF-1α is also embryonic lethal (around E11) due to vascular

defects, cardiovascular malformations, and defects in neural tube closure. In addition,

these mice also exhibit extensive cell death in the cephalic and brachial regions (Iyer et

al., 1998; Ryan et al., 1998). The effects of HIF-2α inactivation are less understood

and several different phenotypes have been described in HIF-2α-/- mice including

defects in catecholamine synthesis and perinatal death due to respiratory distress

syndrome (Compernolle et al., 2002; Peng et al., 2000; Tian et al., 1998).

Intensive research over the last decade on the role of HIF in adaptive responses

to hypoxia has produced a growing number of examples of processes where HIF-1 and

-2 play important roles (Semenza, 2000). For example, HIF-1 has been shown to

participate in the maintenance of the cartilaginous growth plate (a naturally hypoxic

tissue) in developing bone (Schipani et al., 2001) and in the adaptation of skeletal

muscle to hypoxia during physical exercise (Ameln et al., 2005).

The role of HIFs in pathological contexts, such as tumor development and

ischemic diseases, where neoangiogenesis is a critical prognostic factor has also been

the subject of intense study. Fast growing tumors are greatly dependent on an efficient

oxygen supply that can only be ensured by diffusion processes in the very first stages

of tumor development. Thereafter, tumor growth depends on the development and

remodeling of blood vessels to re-establish the supply of oxygen and nutrients

(Carmeliet and Jain, 2000). In these situations, a detailed understanding of the HIF

regulatory mechanisms, could result in the development of antiangiogenic therapeutic

strategies designed to inhibit tumor growth. Proangiogenic therapies can potentially be

useful in situations of interruption of blood supply, such as ischemic diseases.
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Figure 1. Schematic representation of human HIF-1α (hHIF-1α) and HIF-1β/ARNT structural

domains.

Both proteins share an N-terminal basic-helix-loop-helix (bHLH) region that mediates DNA-

binding and dimerization followed by the PAS region. The N- (N) and C-terminal (C)

transactivation domains of HIF-1α are located in the C-terminal region of the protein. ARNT

contains a single glutamine-rich transactivation domain (Q). The oxygen-dependent degradation

domain (ODD) and the inhibitory region (ID) of HIF-1α are indicated.

1.1.1 HIF-1 structural and functional protein domains

HIF-1 is a heterodimer formed by two members of the basic helix-loop-helix (bHLH)

PAS (PER/ARNT/SIM) family of transcription factors: HIF-1α and ARNT (also

termed HIF-1β). ARNT is the previously characterized aryl hydrocarbon receptor

nuclear translocator that can serve as a DNA-binding partner for other bHLH/PAS

proteins such as the aryl hydrocarbon receptor (AhR) or the single-minded proteins

(SIM-1 and -2) (Kewley et al., 2004). HIF-1α is the oxygen-regulated subunit. Both

HIF-1α and ARNT proteins share a similar domain organization at the N-terminal

portion, namely a basic DNA-binding domain followed by a helix-loop-helix

dimerization interface (Figure 1). The function of the contiguous PAS repeats (PAS-A

and PAS-B) present in HIF-1α and ARNT (as well as in their paralogues, HIF-2α,

HIF-3α, and ARNT-2, BMAL1 and BMAL2, respectively) is not yet completely

understood but they clearly contribute to the qualitative composition of bHLH/PAS

dimers in terms of subunits (Lindebro et al., 1995; Pongratz et al., 1998). Recently, the

solution structure of HIF-2α PAS-B has been determined (Erbel et al., 2003). In this

work, the interaction interface between the PAS-B regions of HIF-2α and ARNT was

mapped to the central β-sheet. By homology with other PAS domains, this β-sheet

seems to be critical for the selectivity of interactions between different partner proteins.

The more variable C-termini of HIF-1α and ARNT are involved in

transcriptional regulation (Figure 1). HIF-1α contains two transactivation domains that

have been named according to their relative localization in the protein. Within the C-
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terminus of human HIF-1α (hHIF-1α), the N-terminal activation domain (N-TAD)

spans amino acids 531 to 584, and the C-terminal activation domain (C-TAD)

corresponds to amino acids 776 to 826. The corresponding regions in mouse HIF-1α

(mHIF-1α) span amino acids 532 to 585 and 772 to 822, respectively (Jiang et al.,

1996; Pugh et al., 1997a; Wenger et al., 1997; Wenger et al., 1996). ARNT also

contains a potent glutamine-rich (Q-rich) transactivation domain in its C-terminal

region that can independently drive transactivation in the context of ARNT

homodimers (Antonsson et al., 1995; Sogawa et al., 1995). Interestingly, upon

dimerization with the dioxin receptor (AhR) the transactivation domain of ARNT

seems to be silenced (Ko et al., 1996).

1.1.2 Regulation of HIF-1 activity by oxygen levels

Oxygen levels do not seem to significantly affect the activity of ARNT as a

transcription factor, which is constitutively expressed and localized to the nuclear

compartment due to an N-terminal nuclear localization signal (NLS) (Eguchi et al.,

1997; Pollenz et al., 1994). Hypoxia may, however, indirectly limit the availability of

ARNT as a dimerization partner in the cell nucleus, since at low oxygen concentrations

the ARNT/HIF-α combination seems to be favored above all others due to the

preferred affinity of ARNT for HIF-1α (Gradin et al., 1996). In sharp contrast, the

stabilization and subsequent nuclear localization of the HIF-1α subunit is only

achieved under hypoxic conditions (Kallio et al., 1998).

1.1.2.1 Ubiquitylation and proteasomal degradation at normoxia

HIF-1α is continuously expressed in the cell (Figure 2) but under normal oxygen

concentrations it is ubiquitylated and targeted for very rapid degradation by the 26S

proteasome (Huang et al., 1998; Kallio et al., 1997; Kallio et al., 1999; Salceda and

Caro, 1997). Degradation of HIF-1α generated at normoxia occurs in less than 5

minutes, which makes this one of the most short-lived proteins known in the cell. The

HIF-1α degradation process depends on the assembly of a protein complex with E3

ubiquitin-ligase activity (Figure 2), that includes HIF-1α, the von Hippel-Lindau tumor

suppressor gene product (pVHL), elongins B and C, cullin-2 (cul-2) and rbx1, termed
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the HIF-1α/VBC complex (Cockman et al., 2000; Kamura et al., 2000; Maxwell et al.,

1999; Ohh et al., 2000; Tanimoto et al., 2000). Formation of the HIF-1α/VBC complex

is mediated through direct interactions between pVHL and at least two HIF-1α

subdomains that can independently function as degradation boxes (Masson et al.,

2001). Each one of these two degradation boxes includes a proline residue with a

pivotal role in the oxygen-dependent modulation of the affinity between HIF-1α and

pVHL. hHIF-1α Pro402 and Pro564, around which the N- and C-terminal HIF-1α

degradation boxes (N-TDB and C-TDB) have been identified (Figure 1), are able to

switch the recruitment of the VBC complex on and off, according to their

hydroxylation status (Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Yu et

al., 2001). The hydroxylation reaction of these proline residues is catalyzed by Fe(II)

and 2-oxoglutarate-dependent prolyl 4-hydroxylases (PHD1-3) in the presence of

molecular oxygen (Figure 2) (Bruick and McKnight, 2001; Epstein et al., 2001). Thus,

the presence at normoxia of hydroxyprolyl residues within the N- and C-TDBs

correlates with pVHL-mediated HIF-1α ubiquitylation and degradation. Conversely,

inhibition of PHD activity under limiting O2 concentrations permits the generation of

non-hydroxylated HIF-1α, with low affinity for the VBC complex that can escape

proteasomal degradation (Figure 2). The structure of a complex formed between a

subfragment of HIF-1α C-TDB, pVHL, and elongins B and C has been solved

independently by two groups (Hon et al., 2002; Min et al., 2002). Both these structures

show that the hydroxyproline residue is oriented into a hydrophobic pocket in the

pVHL core. Interactions between the hydroxylated proline and conserved pVHL

amino acids (previously identified as targets for tumorigenic mutations, (Kaelin,

2002)) determine the stability of this complex.

Another level of complexity and control is added by the fact that PHD1 and 3 are

themselves targets for proteasomal degradation. The E3 ubiquitin-ligases for these

PHDs have been recently identified (Nakayama et al., 2004) in a study that shows that

the RING finger proteins Siah1a/2 can reduce the levels of PHD1 and 3 under hypoxic

conditions, thereby facilitating the stabilization of HIF-1α. More recently the pVHL-

interacting deubiquitylation enzyme 2 (VDU2) has been shown to deubiquitylate and

stabilize HIF-1α (Li et al., 2005). These findings characterize the control of HIF-1α

protein stability as an extremely dynamic and complex process that can be driven into

the direction of degradation or stabilization according to several, possibly cell type-

specific, parameters based on the availability and activity of several enzymes.
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Figure 2. Mechanisms of regulation of HIF-1 activity.

The activity of HIF-1 is inhibited at normoxia by degradation of the alpha subunit. HIF-1α is

hydroxylated at specific proline residues by prolyl 4-hydroxylases (PHD) that need molecular

oxygen (O2) as a cofactor for this reaction. Proline hydroxylation is a requirement for the

recruitment of the von Hippel-Lindau tumor suppressor (VHL) that functions as an E3 ubiquitin-

ligase together with elongin B (B), elongin C (C), Rbx1, and Culin-2 (Cul2). This interaction

results in rapid ubiquitylation of HIF-1α and in consequent degradation by the 26S proteasome.

The asparaginyl hydroxylase, factor inhibiting HIF-1α (FIH-1), mediates an alternative HIF-1α

repression mechanism by hydroxylating a conserved amino acid residue within the C-TAD.

Hydroxylation of Asn803 of the C-TAD disrupts the interaction between this transactivation

domain and the coactivator CBP. At hypoxia, the limited oxygen availability inhibits PHD-

dependent HIF-1α hydroxylation and recruitment of VHL, resulting in protein stabilization and

nuclear translocation. In the nuclear compartment, HIF-1α can dimerize with ARNT and bind

hypoxia response elements (HRE) present in the regulatory regions of target genes. HIF-1

activates transcription by recruiting coactivator proteins such as CBP and SRC-1.
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1.1.2.2 HIF-1α activation domains: conditional recruitment of coactivators

Stabilization of HIF-1α is the first step in a cascade of events that will ultimately lead

to the recruitment of a variety of proteins involved in the transcriptional activation of

hypoxia-inducible genes, the products of which will participate in the adaptation to the

hypoxic environment. In eukaryotic cells, transcriptional activation mechanisms are

complex events that depend on the modulation of the amount, activity, and localization

of many proteins through posttranslational modification, subcellular redistribution,

DNA-binding and recruitment of coactivator proteins (see 1.2 and 1.3).

The conditional interaction between HIF-1 and coactivator proteins (some of

which have been identified to date, see below) at specific regulatory regions of

hypoxia-inducible genes mediates upregulation of their expression (Figure 2). As

described above, HIF-1α contains two transactivation domains located in the C-

terminal part of the protein: the N-TAD and the C-TAD. Both correspond to short

amino acids stretches (spanning about 50 amino acids each) that, in a hypoxia-

inducible manner, are able to activate the transcription of reporter genes when fused to

a heterologous DNA-binding domain such as the yeast Gal4 protein (Gal4-DBD)

(Carrero et al., 2000; Ema et al., 1999). However, the N- and C-TAD are differentially

regulated by oxygen levels.

HIF-1α N-TAD partially overlaps with the C-terminal degradation box and

consequently, when transiently expressed in cells, the minimal N-TAD fragment is

completely degraded under normoxic conditions (under which no N-TAD-mediated

transactivation activity is observed (Carrero et al., 2000; Ema et al., 1999)). Only upon

hypoxic treatment the protein is stabilized and transactivation increased (Ema et al.,

1999; Srinivas et al., 1999). Several studies have analyzed the N-TAD

structure/function relationship by directed mutagenesis and identified, besides Pro564

which is the target for hydroxylation, other amino acids that are important for protein

stability and/or transactivation activity (Huang et al., 2002; Ivan et al., 2001; Jaakkola

et al., 2001; Yu et al., 2001). Although no direct interactions between HIF-1α N-TAD

and coregulator proteins have been reported to date, functional data indicates that the

activity of this domain can be enhanced by the transcriptional coactivator CBP as a

Gal4-DBD fusion (Carrero et al., 2000). Taken together, these data indicate an

important role of HIF-1α N-TAD, not only in the control of protein stability, but also

in the contribution to the full transactivation activity of the full-length HIF-1α protein.
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In contrast to HIF-1α N-TAD, the C-TAD is not the target for degradation. The

minimal C-TAD fragment is a potent transactivation domain that is constitutively

expressed in cells independently of oxygen concentration (Ema et al., 1999; Gu et al.,

2001; Srinivas et al., 1999). However, hypoxia strongly increases the activity of this

domain, which is significantly higher than that of its N-terminal counterpart (Carrero et

al., 2000; Ema et al., 1999). Activation of the C-TAD is achieved through

posttranslational modifications that enhance the ability of this domain to recruit the

coactivator p300/CBP, specifically through interaction with the CH1 domain (Arany et

al., 1996). In addition to HIF-1α, the CBP CH1 domain mediates the interaction

between CBP and other transcription factors such as Stat2 and p53 (Chan and La

Thangue, 2001). The structure of the HIF-1α C-TAD/CH1 complex has been solved

(Dames et al., 2002; Freedman et al., 2002) further elucidating the contribution of

individual C-TAD amino acids to the interaction interface.

Table 1. HIF-α posttranslational modifications, their effectors and effects.

Amino
acid

Domain HIF
subunit

Modification Modifying
Factor

Effect Reference

Cys25 Basic 2α Reduction Ref-1 DNA-binding Lando et al., 2000

Pro402 ODD 1α, 2α Hydroxylation PHDs Degradation See 1.1.2.2

Lys532 ODD 1α Acetylation ARD1 Degradation Jeong et al., 2002

Pro564 N-TAD 1α Hydroxylation PHDs Degradation See 1.1.2.2

Thr844 C-TAD 2α Phosphorylation N.I. CBP/p300

recruitment

See 1.1.2.2

Cys800 C-TAD 1α, 2α Reduction

S-nitrosation

Ref-1

N.I.

CBP/p300

recruitment

See 1.1.2.2

Asn803 C-TAD 1α, 2α Hydroxylation FIH-1 CBP/p300

recruitment

See 1.1.2.2

The regulatory switch that determines the hypoxia-dependent activation of the C-

TAD has been subject of intense study. To date, several amino acid residues have been

identified within the HIFα C-TADs as critical for the interaction with CBP (Table 1).

hHIF-1α Cys800 (corresponding to hHIF-2α Cys848) was first identified as being the

target for regulation by the thiol-redox regulators Ref-1 and thioredoxin (Ema et al.,

1999). In this study mutation of the cysteine residue to serine resulted in minimal C-

TAD activity and ability to recruit CBP/p300. More recently, it has been shown that S-

nitrosation of the same cysteine residue within HIF-1α-C-TAD enhances the
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interaction with p300 and results in the activation of transcription (Yasinska and

Sumbayev, 2003). Threonine phosphorylation is another modification that has been

implicated in the activity of HIF-2α C-TAD by regulating the ability to interact with

the coregulator CBP, albeit in an oxygen-independent manner (Gradin et al., 2002).

Most significantly, a novel mechanism for activation of HIF-1α C-TAD function has

been reported that involves modification of a conserved asparagine residue (Lando et

al., 2002a; Lando et al., 2002b). Following the identification of the protein factor

inhibiting HIF-1α (FIH-1) as a negative regulator of HIF-1α activity (Mahon et al.,

2001), further characterization of this protein revealed that FIH-1 is a Fe(II)-dependent

asparaginyl hydroxylase that hydroxylates an asparagine residue within the C-TAD

(hHIF-1α Asn803) using molecular oxygen as a cofactor (Figure 2) (Hewitson et al.,

2002; Lando et al., 2002a). If molecular oxygen is available (at normoxia) the

hydroxylation reaction is promoted, resulting in a repressive effect on C-TAD-

mediated activation by inhibiting the interaction with the CH1 domain of CBP. In a

fashion that mirrors the mechanism of regulation of HIF-1α prolyl 4-hydroxylases in

their control of HIF-1α protein stability, limiting oxygen concentrations lead to the

inactivation of FIH-1, and result in HIF-1α C-TAD de-repression followed by stable

interaction with CBP (Figure 2) (Lando et al., 2002a; Lando et al., 2002b).

1.1.2.3 Control of HIF-1 activity by negative feedback mechanisms

The HIF-1/CBP interaction is also a target of indirect regulation by other

transcriptional activators such as Cited2, by competition for the interaction with the

CH1 domain (Freedman et al., 2003). Expression of Cited2 is upregulated in hypoxia

(Bhattacharya et al., 1999), which suggests that Cited2 is part of a negative-feedback

loop that may limit the maximal activation level of HIF-1-responsive genes during

hypoxia (Yin et al., 2002). Cited2 may also participate in the interruption of HIF-1-

dependent activation of transcription upon reoxygenation by destabilizing the HIF-

1/CBP interaction.

The activity of HIF-1 can be the subject of negative regulation by protein-protein

interactions and the abrogation of DNA-binding. In the corneal epithelium of the eye,

the expression of the inhibitory PAS domain protein (IPAS), a truncated form of HIF-

1α with no transactivation domains, can inhibit HIF-1 heterodimer formation and

DNA-binding by competing with ARNT for the alpha subunit (Makino et al., 2001).
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HIF-1α/IPAS dimers are unable to bind HREs and activate the transcription of target

genes, thus acting as a physiological dominant negative form for HIF-1. IPAS

expression in the cornea results from hypoxia-induced alternative splicing of the HIF-

3α locus (Makino et al., 2002). This observation correlates with low levels of VEGF,

which drive the avascular phenotype. In this context, the relative contribution of HIF-

1α and HIF-2α for tissue-specific activation of target genes under hypoxia needs to be

further investigated.

1.1.2.4 HIF-1 activity in a cell- or promoter-specific context

Although HIF-1 is ubiquitously expressed and activated by hypoxia (Wang and

Semenza, 1993), the pattern of tissue-specific expression of HIF-1 target genes, such

as erythropoietin (Epo), is not altered upon activation. Epo is expressed in the kidney

and liver in a hypoxia-inducible manner, which is mediated by an enhancer situated in

the 3’ region of the gene (Semenza and Wang, 1992). Early observations determined

that binding of HIF-1 to an HRE present in the 3’ enhancer was critical for Epo

induction under hypoxia (Wang and Semenza, 1995). It was subsequently

demonstrated that HIF-1 cooperates with the tissue-specific orphan nuclear receptor

HNF-4 to fully activate Epo gene expression in a CBP-dependent process (Fandrey,

2004; Galson et al., 1995). Other examples of cooperation between HIF-1 and other

transcription factors to activate gene expression in a hypoxia-inducible way, are the

activation of the glucokinase gene by HIF-1 and HNF-4 (Roth et al., 2004) and of the

CAIXG250/MN (an isoenzyme of the carbonic anhydrase IX family) gene where both

HIF and Sp1 have been shown to be necessary for the activation of transcription

(Grabmaier et al., 2004). An alternative mechanism for HIF-1α-dependent activation

of gene expression has been recently described (Koshiji et al., 2004) that does not

involve HIF-1α DNA-binding or the activity of its transactivation domains. HIF-

1α was shown to activate expression of the cyclin-dependent kinase inhibitor p21cip1

by displacing the transcriptional repressor c-myc from the promoter region, resulting in

cell cycle arrest.

The reported critical role of HIF-2α for erythropoietin gene expression in the

retina (Morita et al., 2003) strongly indicates that target gene specificity is likely to be

cell-type-dependent. Protein-chromatin interaction assays can therefore be a valuable

tool for the analysis of differential promoter occupancy by HIF-1α and HIF-2α and
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associated cofactors. The identification and characterization of the HIF-specific

coactivatorsome represents a scientific challenge that can provide important

information, in particular, for the development of pro- or antiangiogenic therapeutic

strategies that can regulate HIF activity at the transcriptional level. As previously

shown, the detailed definition of the interaction interfaces between HIF-α and

associated proteins can lead to the design of specific peptides or small molecules that,

when delivered into the cell, can block the assembly of HIF-α-containing complexes

and regulate protein stability (Willam et al., 2002), DNA-binding (Olenyuk et al.,

2004) or transactivation activity (Kung et al., 2000; Kung et al., 2004).

1.2 TRANSCRIPTIONAL ACTIVATION AND COACTIVATOR PROTEINS

Transcriptional regulation in eukaryotic cells is a complex and highly controlled event

that involves a large number of proteins. Ultimately, gene expression depends on the

assembly of a competent preinitiation complex (PIC) containing one of three RNA

polymerases (RNA Pol) responsible for the transcription of ribosomal RNA (rRNA),

protein-coding, and transfer RNA (tRNA) genes (RNA Pol I, II and III, respectively)

(Roeder and Rutter, 1969; Weinmann et al., 1974; Weinmann and Roeder, 1974). PICs

are assembled by several general transcription factors (GTFs) that contribute to the

recruitment and correct positioning of RNA Pol onto promoter regions (Hochheimer

and Tjian, 2003; Reese, 2003; Roeder, 2005). In addition to their functions in PIC

assembly, GTFs play important roles in transcription initiation (e.g. promoter melting)

and some also contribute to transcript elongation (Sims et al., 2004).

Another level of complexity in the regulation of gene expression is added by an

increasingly large number of proteins that recognize and bind specific DNA sequences

present in gene regulatory regions. These transcription factors respond to specific

changes in the cellular environment and communicate information to the basal

transcription machinery, thereby enhancing or repressing the expression of specific

genes (Patikoglou and Burley, 1997). A third group of transcriptional regulators, that

act in a DNA-binding-independent manner, is responsible for integrating the

information from DNA-bound transcription factors present at multiple regulatory

regions of a specific gene. These coregulator proteins (coactivators/corepressors) are

recruited through the activation or repression domains of transcription factors and

affect gene expression by remodeling chromatin structures (through ATP-dependent
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activities or by covalent modification of histone tails) or by directly interacting with

the RNA Pol II holoenzyme (Lonard and O'Malley, 2005; Roeder, 2005; Sif, 2004).

1.2.1 RNA polymerase II-dependent transcription

RNA Pol II is a protein complex composed of twelve subunits capable of synthesizing

RNA and proofreading the nascent transcript (Roeder and Rutter, 1969). This complex

is recruited to the promoter regions of protein-coding genes through interactions with

the general transcription factors TFIIA, -B, -D, -E, -F, and -H (Matsui et al., 1980;

Roeder, 1996; Weil et al., 1979). Of these, TFIID is one the few GTFs that mediates

sequence-specific recognition of promoter regions through either the TATA-binding

protein (TBP) or TBP-associated factors (TAFs) (Muller and Tora, 2004). In a general

situation, TBP-mediated recruitment of TFIID to the TATA element is stabilized by

TFIIB that interacts directly with TFIID and DNA (Peterson et al., 1990; Nikolov et

al., 1995). Binding of TFIIA to this complex can further stabilize TBP-DNA

interactions (Buratowski et al., 1989; Zawel and Reinberg, 1993). The positioning of

TFIIB in the complex leads to the recruitment of TFIIF/RNA Pol II and places the

active site of the enzyme in the vicinity of the transcription start site (Leuther et al.,

1996). TFIIF establishes interactions with TFIIB and Pol II, thereby contributing to the

recruitment of the TFIIF/RNA Pol II to the PIC (Leuther et al., 1996). TFIIF is the

only GTF that remains associated with RNA Pol II during the elongation process

(Zawel et al., 1995). Assembly of the PIC is completed with the recruitment of TFIIE

(through direct interactions with RNA Pol II) and consequently TFIIH (Maxon et al.,

1994; Ohkuma et al., 1995) . These last two factors are critical for promoter melting

events mediated by the ATP-dependent helicase activity of TFIIH and the formation of

an open complex between RNA Pol II and DNA (Goodrich and Tjian, 1994; Holstege

et al., 1996; Kim et al., 2000). TFIIH is also responsible for phosphorylating the C-

terminal domain (CTD) of the largest subunit of RNA Pol II (Rbp1) that had been

recruited to the PIC in its hypophosphorylated form (RNA Pol IIA) (Zawel and

Reinberg, 1993). In the presence of all nucleoside triphosphates (NTPs), RNA Pol II

can then clear the promoter and initiate transcript elongation (Dvir et al., 1996).

Promoter clearance is a critical step between initiation and elongation that coincides

with the transition from an unphosphorylated to a hyperphosphorylated RNA Pol II

form (RNA Pol IIO) (Dahmus, 1981). The CTD of the largest subunit of RNA Pol II
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(Rbp1) contains several YSPTSPS repeats in which serine residues 2 and 5 are the

major targets for phosphorylation mediated by P-TEFb and TFIIH, respectively (Sims

et al., 2004). Phosphorylation of serine 5 has been associated with early elongation

steps, whereas serine 2 phosphorylation has been shown to increase towards the 3’-end

of the gene (Komarnitsky et al., 2000; O'Brien et al., 1994). Furthermore, the CTD of

RNA Pol II coordinates several cotranscriptional processes by recruiting proteins

involved in elongation, messenger RNA (mRNA) maturation, and export (Hirose and

Manley, 2000; Orphanides and Reinberg, 2000; Proudfoot et al., 2002).

1.2.2 Transcription factors as environmental sensors

Despite the large number of proteins involved in promoter recognition and PIC

assembly, the expression of most protein-coding genes is regulated by proteins that

bind enhancer regions located both proximal and distal to the core promoter. These

regions are recognized by transcription factors that interact with DNA in a sequence-

specific manner in response to environmental and developmental stimuli (Patikoglou

and Burley, 1997). Transcription factors can affect the expression of a specific gene by

direct interactions with the basal transcription machinery (affecting, for example, the

stability or rate of assembly of the PIC) or, more commonly, by recruiting other protein

complexes involved in the modulation of chromatin accessibility and/or recruitment of

RNA Pol II (see 1.2.3).

The hypoxia-inducible factor is one example of a transcription factor that

functions as an environmental sensor (see also 1.2 and 1.3.3). Another important

member of the bHLH/PAS family of transcription factors, the dioxin/aryl hydrocarbon

receptor, responds to levels of environmental pollutants such as polyaromatic

hydrocarbons (PAH) and polychlorinated biphenyls (PCB) (Okey et al., 1984; Safe,

1990). These compounds interact with the ligand-binding domain of the transcription

factor. Thus the dioxin receptor functions as a ligand-dependent transcription factor

that, upon activation, translocates to the nucleus, dimerizes with ARNT, and binds to

xenobiotic response elements (XREs) present in target genes (such as the xenobiotic

metabolizing enzyme-encoding CYP1A1 gene) (Whitelaw et al., 1993).

The role of the transcription factor NF-κB in the immune system illustrates

another situation, in which a set of proteins is responsible for the regulation of gene

expression in response to a variety of stimuli. Activation of NF-κB is induced by
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ligand-activated receptors such as T-cell and B-cell receptors, tumor necrosis factor

receptor (TNFR), CD40, and the Toll/IL-1R family of receptors (Hayden and Ghosh,

2004). Liganded receptors set in motion a cascade of events (see 1.3.1) that results in

the binding of NF-κB dimers to κB consensus sites present in target genes and the

modulation of gene expression. Depending on the subunit composition of NF-κB,

DNA-binding can precede activation or repression of transcription, since some proteins

are able to recruit coactivators, whereas others lack activation domains and therefore

act as repressors (Hayden and Ghosh, 2004).

The study of the nuclear receptor (NR) superfamily of transcription factors has

greatly contributed to our understanding of how transcriptional regulators can mediate

disparate effects on the activity of the basal transcription machinery (Aranda and

Pascual, 2001). NRs recognize specific DNA sequences and regulate the expression of

a number of genes critical for development, growth, and homeostasis (Aranda and

Pascual, 2001). The activity of NRs is regulated by the binding of steroid, thyroid and

retinoid hormones, and other lipophilic molecules, to specialized ligand-binding

domains. Furthermore, not only the presence but also the nature of the ligand can

determine the activity of the receptor since the same domain (activation function 2,

AF-2) can mediate activation or repression effects on transcription by interacting with

coactivators or corepressors (Hermanson et al., 2002; Lonard and O'Malley, 2005).

Although the mechanism of regulation by ligand-binding is well conserved within the

NR superfamily, different NRs show different behaviours in the transition from the

inactive to active or repressor to activator states. Analogous to the dioxin receptor

(mentioned above), the glucocorticoid receptor (GR) only translocates to the nucleus

upon ligand-binding (Pratt et al., 1989). After accumulating in the cell nucleus,

activated GR can mediate DNA-binding-dependent activation of transcription (Beato

et al., 1995) or participate in mechanisms of transrepression through interaction with

other transcription factors (Jonat et al., 1990; Scheinman et al., 1995). Other NRs can

be found, in the absence of ligand, bound to DNA in a repressive state. Thyroid and

retinoid hormone receptors can localize to the nuclear compartment and bind to their

DNA consensus sequences even in the unliganded state. However, an unoccupied

ligand-binding pocket promotes a protein conformation favorable to the interaction

with corepressors and results in transrepression. Upon exposure to ligand, the receptor

adopts an alternative conformation that accomodates the recruitment of coactivator

proteins and permits the activation of transcription (Horlein et al., 1995; Kurokawa et

al., 1994). In conclusion, regardless of the mechanism of activation (e.g. ligand-
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binding, protein stabilization, nuclear translocation), transcription factors must, in the

end, interact with specific regions of the genome and recruit coactivator or corepressor

proteins to regulate gene expression.

1.2.3 Transcriptional coregulators

Genomic DNA is organized together with nucleosomes in chromatin structures, and as

such is considerably resistant to protein-binding and transcription. To facilitate the

access to DNA of the various protein complexes necessary for the regulation of gene

expression, chromatin needs to be remodeled by enzymes that affect nucleosome

stability by either disrupting histone/DNA contacts or by covalently modifying

histones and/or DNA. These enzymatic activities can be divided into two distinct

categories: histone-modifying enzymes capable of covalently acetylating,

phosphorylating, ubiquitylating or methylating histones (Fischle et al., 2003), and

ATP-dependent chromatin remodeling complexes which can disrupt nucleosome

structure and increase the accessibility to DNA as well as histones (Sif, 2004). These

enzymatic complexes are recruited to the necessary genomic regions, in a DNA-

binding-independent manner, through interactions with transcription factors that

recognize specific DNA sequences (see 1.3.2). DNA-bound transcription factors can

also interact with the TRAP/Mediator complex (with no identified enzymatic activity)

that acts as a communication bridge with the GTFs and the RNA Pol II (Malik and

Roeder, 2005). In many cases, the concerted action of all these complexes is necessary

to achieve full activation of transcription. However, it is still not clear if they act

sequentially or simultaneously.

Complexes that use ATP hydrolysis to remodel chromatin structures have been

identified in several organisms, from flies (Ito et al., 1997; Tamkun et al., 1992; Varga-

Weisz et al., 1997) to humans (Khavari et al., 1993; Muchardt and Yaniv, 1993). In

yeast two such complexes have been characterized: the RSC (remodeling the structure

of chromatin) and the SWI/SNF complex (mating-type switching/sucrose non-

fermenting) (Cairns et al., 1996; Winston and Carlson, 1992). All these organisms

contain homologues of the yeast SWI2/SNF2 gene (Brahma in Drosophila and

BRG1/hBrm in humans), which encodes a protein with DNA-dependent ATPase

activity (Laurent and Carlson, 1992). SWI/SNF complexes have been shown to be

critical for the activation of transcription mediated by several sequence-specific
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transcription factors such as the glucocorticoid and estrogen receptors (Chiba et al.,

1994; Muchardt and Yaniv, 1993).

Chromatin structure can also be remodeled by proteins that catalyze

posttranslational modifications of the N-terminal regions of histones, thereby

regulating access to DNA (Fischle et al., 2003). Nucleosomes are repetitive chromatin

units formed by the wrapping of 146 base pairs of DNA around an octamer of core

histones (corresponding to two copies of H2A, H2B, H3, and H4) (Luger et al., 1997).

H1 linker histones associate with DNA between nucleosomes establishing a higher

order of chromatin organization into helical fibers (30 nm fibers) (Adkins et al., 2004).

The N-termini of core histones (histone tails) protrude from the nucleosome and are

the target of several posttranslation modifications including acetylation, methylation,

and ubiquitylation of lysine residues, phosphorylation of serine and threonine residues

and methylation of arginine residues (Fischle et al., 2003). The identification of

proteins with histone acetyltransferase (HAT) activity involved in the regulation of

transcription, provides a mechanistic explanation for the observation that the presence

of acetylated histones correlates with transcriptionally active genes, when compared to

poorly acetylated regions of the genome (Pazin and Kadonaga, 1997). Proteins that

contain functional HAT domains such as the CREB-binding protein CBP (Bannister

and Kouzarides, 1996; Ogryzko et al., 1998), the E1A-binding protein p300 (Ogryzko

et al., 1998), the p300/CBP-associated factor P/CAF (Yang et al., 1996), and TAF1

(Mizzen et al., 1996) have been shown to participate in the activation of expression of

a large number of genes through interactions with a variety of transcription factors.

The reverse mechanism results in transcription repression and is mediated by

proteins with histone deacetylase activity (HDACs). HDACs can be found in protein

complexes with corepressor functions that, together with DNA-binding transcription

factors, participate in the repression of transcription (Glass and Rosenfeld, 2000). The

association with coactivator and corepressor complexes is well documented for nuclear

receptors, since ligand-induced conformational changes in these proteins can result in

the recruitment of different protein complexes (Hermanson et al., 2002). NRs interact

directly with proteins from the p160/SRC (steroid receptor coactivator) family of

coactivators that share with HIF-1α and Arnt the bHLH/PAS N-terminal domain

organization (Xu and Li, 2003). SRCs possess weak HAT activity (Spencer et al.,

1997) but can mediate the recruitment of additional coactivators to the transcriptional

complex such as CBP, P/CAF and the protein arginine methyltransferases CARM1

and PRMT1 (Chen et al., 1999; Koh et al., 2001; Li et al., 2000). Methylation of



17

arginine residues in histone tails results in transcriptional activation and, like

acetylation, methylation marks can be removed by a deimination reaction catalyzed by

the enzyme peptidylarginine deiminase 4 (PAD4) (Cuthbert et al., 2004; Wang et al.,

2004). The combination of posttranslational modifications of histone tails is emerging

as an epigenetic code that affects the recruitment and activity of several proteins

involved in the regulation of gene expression (Jenuwein and Allis, 2001). This

“histone code” represents another important level at which information from different

sources can be integrated and converted into the fine tuning of specific genes.

The TRAP/Mediator complex represents another important coactivator that

participates in the transduction of information from transcription factors bound to

DNA to the RNA Pol II transcription machinery (Björklund and Gustafsson, 2005;

Conaway et al., 2005; Malik and Roeder, 2005). Although the role of this multisubunit

complex is not yet completely understood, it has been shown to be critical for the

expression of the majority of yeast genes (Holstege et al., 1998). In mammalian cells,

the Mediator was originally identified as protein complex associated to the thyroid

hormone receptor (Fondell et al., 1996). However, since then, it has been demonstrated

that this complex participates in the control of transcriptional activation and repression,

together with several other transcription factors (Malik and Roeder, 2005). The

macromolecular structure of the Mediator complex (that includes ~20 polypeptides)

has been determined by electron microscopy studies. Among other aspects, these

studies have provided important insights into how Mediator interacts with RNA Pol II

and indicate that major conformational changes occur upon this interaction (Chadick

and Asturias, 2005). Further elucidation of the structure/function of Mediator may

provide explanations for the critical role of this macromolecular complex in the

regulation of transcriptional events.

1.3 SUBCELLULAR TRAFFICKING OF TRANSCRIPTIONAL

REGULATORS

Regulation of gene transcription depends on the assembly of several large protein

complexes with distinct compositions and functions. In eukaryotic cells, proteins are

synthesized in the cytoplasm and in order to participate in transcription regulatory

events must first translocate to the nuclear compartment (Cartwright and Helin, 2000).

Within the nucleus, transcription factors and other coregulator proteins must establish
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protein-protein and protein-DNA interactions to bring together all necessary

components to specific DNA regions (Zaidi et al., 2005) and activate transcription of

target genes. The cyclic nature of nuclear translocation events depends on export

mechanisms that can also contribute to gene regulation by either reducing the nuclear

concentration of limiting proteins or by promoting recycling of critical factors in the

cytoplasm (Cartwright and Helin, 2000).

1.3.1 Nucleocytoplasmic shuttling

Cellular compartmentalization of transcription and translation processes offers multiple

levels of control in the regulation of gene expression. mRNAs synthesized and

processed in the cell nucleus are exported to the cytoplasm to be translated into the

proteins they encode. Amino acid signatures present in synthesized peptides are then

responsible for targeting certain proteins to a particular cellular compartment. Proteins

destined for the nucleus must cross the nuclear membrane through specialized pores

composed of large protein complexes termed nuclear pore complexes (NPCs)

(Fahrenkrog et al., 2004). Together with the NPC, several soluble cytoplasmic and

nuclear proteins regulate the access to the nuclear compartment. A critical player in

this process is the small GTPase (Ran-GTPase) and its cyclic association with GDP

and GTP (Koepp and Silver, 1996). In the cytoplasm, Ran-GDP coordinates the

assembly of the nuclear import complex containing the cargo molecule. Interactions

between Ran-GDP and the cargo are mediated by importins, a family of carrier

proteins that recognize the nuclear localization signals in the protein to be imported

(Koepp and Silver, 1996). Importin-α binds simultaneously to the NLS of the cargo

molecule and to importin-β, which in turn mediates the docking of the complex to the

NPC (Gorlich et al., 1996). Once the cargo is delivered to the nucleus, Ran associates

with RCC1, which mediates nucleotide exchange and promotes the formation of Ran-

GTP complexes that can be exported again to the cytoplasm.

Most nuclear localization signals recognized by importins are homologous to

either the SV40 large T antigen (single-site motif (Kalderon et al., 1984)) or the

nucleoplasmin (bipartite motif (Robbins et al., 1991)) signals. Nuclear export signals

(NES) seem to be less well conserved but are usually characterized by leucine-rich

regions (Fischer et al., 1995; Wen et al., 1995). One of the major pathways of nuclear

export is mediated by Crm1/exportin1/Xpo1 (Stade et al., 1997). Crm1 interaction with
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the NES can be disrupted by the cytotoxic drug leptomycin B (Fukuda et al., 1997),

which has been used as a tool in the identification of Crm1-dependent export targets.

Subcellular compartmentalization is an important component in the regulation of

the activity of several transcription factors (Cartwright and Helin, 2000). Of these, the

NF-κB family of transcriptional regulators is one of the best described. NF-κB proteins

have important roles in the regulation of expression of several genes involved in

inflammation and the immune response (Bonizzi and Karin, 2004). In their inactive

state, NF-κB proteins are trapped in the cytoplasm by interacting through the

dimerization domains with the ankyrin repeats of inhibitors of κB (IκBs) (Hatada et al.,

1992). Upon stimulation, a cascade of events leads to the phosphorylation and

proteasomal degradation of IκB that releases NF-κB, unmasking its NLS (Hayden and

Ghosh, 2004). Once released from the cytoplasmic retention, NF-κB forms a complex

with importins α and β and translocates to the nuclear compartment, where it activates

transcription of target genes. In a feedback loop mechanism of regulation, NF-κB

activates transcription of the IκBα gene resulting in the nuclear accumulation of the

corresponding protein (Hayden and Ghosh, 2004). Newly synthesized IκBα associates

with NF-κB and, through an NES localized in its C-terminus, induces nuclear export of

the IκBα/NF-κB complex in a Crm1-dependent fashion (Arenzana-Seisdedos et al.,

1997).

In a related mechanism, HIF-1 is controlled by subcellular compartmentalization

in response to oxygen levels (Kallio et al., 1998). At normoxia, formation of the HIF-

1α/ARNT heterodimer is inhibited proteasome-mediated degradation of HIF-1α (see

1.1.2.1). However, upon stabilization at hypoxia, HIF-1α undergoes nuclear

translocation due to a C-terminal NLS. Although an interaction between HIF-1α and

importins has never been reported, the characteristic SV40-like C-terminal NLS

suggests a classic mechanism of nuclear import. Another NLS has been identified in

the basic domain of HIF-1α (located in the N-terminus of the protein). This N-terminal

NLS is of the bipartite type and does not seem to be hypoxia-inducible (Kallio et al.,

1998). The mechanism of nuclear export of HIF-1α is poorly understood. However it

has been suggested that upon reoxygenation, HIF-1α is ubiquitylated in the nucleus

and undergoes nuclear export in a pVHL-dependent process (Groulx and Lee, 2002).

No NES has been identified to date in either HIF-1α or pVHL. In agreement with these

observations, export of these proteins has been shown to be insensitive to treatment

with Leptomycin B, indicating a Crm1-independent pathway (Groulx and Lee, 2002).
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1.3.2 Subnuclear trafficking between intranuclear domains

A characteristic of complex organisms is the ability to develop timely adaptive

responses to a great variety of environmental stimuli. These changes can be sensed at

the cellular level and are integrated by complex signal transduction pathways that

rapidly transmit new information to the relevant cellular compartments and elicit the

appropriate response. Frequently this information is communicated to the repository of

genetic information, the cell nucleus, and results in changes in gene expression

patterns. As outlined above (see 1.2), in order to regulate the expression of target

genes, arriving signals must activate or mobilize several proteins involved in chromatin

remodeling, promoter recognition, transcription, and RNA processing (Teruel and

Meyer, 2000). Multiple events must therefore be coordinated within the nucleus to

assemble macromolecular protein complexes at the correct DNA regions. In order to

regulate gene expression, these protein complexes must mediate the communication

between discrete gene regulatory regions through protein-protein and protein-DNA

interactions. Our understanding of the nuclear architecture and functional organization

supporting these events has been greatly improved by the recent development of new

imaging and image analysis techniques.

Nuclear architecture is largely conditioned by the space occupied by the genome.

DNA/histone complexes organized into different chromosomes define large domains

within the nucleoplasm known as “chromosome territories” (Spector, 2003). Each of

these territories is organized in a functional manner since genes actively transcribed

seem to localize predominantly in the interior of the nucleus whereas the periphery of

these domains corresponds mainly to more condensed chromatin structures

(heterochromatin) (Spector, 2003). The nucleolus represents another important nucleic

acid-based nuclear microenvironment, organized around clusters of rRNA genes,

which define a major function of the nucleolus in rRNA synthesis and ribosome

assembly (Olson et al., 2002).

Functional association between several nuclear processes and discrete subnuclear

domains has been illustrated by the visualization of focal accumulation processes of

protein complexes involved in DNA replication and repair (Cook, 1999; Scully and

Livingston, 2000), transcription (Verschure et al., 1999) and RNA processing (Misteli

and Spector, 1999; Smith et al., 1999; Wagner et al., 2003). Nuclear

microenvironments can be created by protein-protein interactions, usually coordinated

by scaffolding proteins, such as RUNX, that possess specific nuclear matrix targeting
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signals (NMTS) (Zaidi et al., 2001; Zeng et al., 1997b). Scaffolding proteins such as

RUNX and ALL1 (acute lymphoblastic leukemia 1) ensure the proper representation

of DNA regulatory sequences and regulatory machineries in a spatially and temporally

coordinated manner. For example, ALL1 provides a platform for the focal association

and assembly of a large complex of proteins that includes basal transcription factors,

chromatin-remodeling factors and histone-modifying proteins (Nakamura et al., 2002).

RUNX has served as a model for the study of the biological relevance of

subnuclear targeting using mouse models. In these studies, mice expressing RUNX

proteins deficient in subnuclear targeting showed phenotypes similar to the observed in

RUNX-null mice (Choi et al., 2001; North et al., 1999). This indicates a strong

correlation between the ability to localize to specific subnuclear domains and the

biological activity of these proteins. Another example of the importance of subnuclear

localization of transcription factors comes from studies on the acute myeloid leukemia

1 (AML1/RUNX1) transcription factor involved in regulation of hematopoiesis. In

AML patients a chromosomal translocation creates a fusion protein with several

subnuclear targeting signals (acute myelogenous leukemia-eight twenty one

translocation protein, AML-ETO). The multiplication of NMTS motifs in the AML-

ETO fusion causes the protein to organize microenvironments different from those

observed with AML1 (Barseguian et al., 2002; McNeil et al., 1999). In a similar

fashion, the fusion between the promyelocytic leukemia-retinoic acid receptor (PML-

RAR) causes multiplication of PML bodies in the cell nucleus and results in the

inhibition of RAR target genes (Zelent et al., 2001). PML bodies have been shown to

associate with a number of proteins involved in transcriptional regulation such as CBP,

TIF1α, HDACs, Rb, and p53 (Lin et al., 2001). To date, several different subnuclear

domains have been identified which mediate a variety of functions within the cell

nucleus (Zaidi et al., 2005). Although the biochemical nature and function of these

structures needs to be further elucidated, existing data provide strong evidence of a

complex intranuclear organization necessary to support gene regulatory events.
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2 AIMS OF THE PRESENT INVESTIGATION

The overall focus of the work presented in this thesis was on the mechanisms of

regulation of HIF-1 by cellular oxygen levels. We aimed to analyze the

structure/function relationship of HIF-1 transactivation domains and, in particular,

assess their contribution to the process of conditional recruitment of transcriptional

coregulators.

Specific aims:

 To analyze the structure of the HIF-1α N-TAD and to identify amino

acid residues which define the degradation and transactivation functions

of this bifunctional domain.

 To analyze, at the amino acid level, the structure of the HIF-1α C-TAD

and its contribution to the hypoxia-inducible recruitment of coactivator

proteins.

 To investigate the architecture of the known HIF-1-transcriptional

complex, and to study the subcellular and intranuclear trafficking of the

different components.

 To characterize the interaction between HIF-1α N-TAD and CBP

observed in functional studies, and to identify the relevant CBP

domain(s), in case of a direct interaction.

 To identify and characterize novel proteins which participate in the

regulation of HIF-1α activity.
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3 RESULTS AND DISCUSSION

3.1 HIF-1α N-TAD: A BIFUNCTIONAL DOMAIN CONTROLLING

PROTEIN STABILITY AND TRANSACTIVATION (PAPER I).

Control of HIF-1α protein stability is dependent on the hydroxylation of two proline

residues (Pro402 and Pro563, in mHIF-1α) located in the C-terminal half of the protein

(Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Yu et al., 2001). These

two proline residues define two independent degradation boxes (Masson et al., 2001)

that mediate HIF-1α ubiquitylation and degradation by the 26S proteasome (Huang et

al., 1998; Kallio et al., 1999) by recruiting pVHL and the associated E3 ubiquitin-

ligase complex. Pro563 is located within the N-terminal activation domain of HIF-1α,

which contributes to the stability and transactivation function of the full-length protein.

In order to better understand the structure/function of this domain, we have analyzed

the role of selected amino acid residues within the N-TAD in the degradation and

transactivation functions.

In Paper I, we have identified, besides Pro563 (Ivan et al., 2001; Jaakkola et al.,

2001; Yu et al., 2001), several amino acids that are critical for the degradation and/or

transactivation function. Our results indicate that, although a significant overlap exists

between N-TAD regions involved in pVHL-interaction and transactivation, it is

possible to some extent, to structurally discriminate between both functions. For

example, mutation of Leu556-Leu558, located N-terminally to Pro563, had no effect on

pVHL-recruitment but significantly reduced N-TAD-mediated transactivation. This

indicates that amino acids that compose the minimal degradation box can be limited to

a central N-TAD region, whereas full transactivation activity is mediated by a longer

peptide. In agreement with this observation, transactivation mediated by a Gal4-fusion

of the HIF-1α 564-574 region (29 amino acids within the N-TAD) was significantly

weaker when compared to the observed with HIF-1α N-TAD. Since loss of pVHL

recruitment results in protein stabilization, mutations that affect this interaction should

be expected to increase transactivation. However, our results indicate that Tyr564, Ile565,

Asp568-Asp569-Asp570, Phe571 and Leu573 are important for both the degradation and the

transactivation functions of HIF-1α N-TAD, since mutation of these amino acids

resulted in protein stabilization but reduced transactivation. An exception to this was

mutation of Pro563 which abolished pVHL binding, but resulted in a dramatic increase
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in transactivation activity, both at normoxia and hypoxia. The activity of both the wild-

type N-TAD and P563A mutant could be enhanced by the coactivator CBP. CBP/p300

has also been shown to enhance the activity of the C-terminal activation domain of

HIF-1α (Carrero et al., 2000; Ema et al., 1999). However, it remains to be investigated

if the P563A effect on transactivation is exclusively due to protein stabilization or if

hydroxylation of Pro563 per se, affects the transcriptional activity of HIF-1α N-TAD.

The crystal structure of the complex between pVHL-BC and a fragment of HIF-1α N-

TAD (amino acids 556-575 (Min et al., 2002) and 549-582 (Hon et al., 2002)) has

been solved in two independent studies (Hon et al., 2002; Min et al., 2002). In both of

these studies, several of the HIF-1α N-TAD amino acids identified by our laboratory

were shown to contribute to the interaction with pVHL by establishing direct contacts

with pVHL residues.

In the context of full-length HIF-1α, the effect of selected amino acid mutations

on protein stability and transactivation was analyzed in transient transfection

experiments. In agreement with what was observed with the minimal HIF-1α N-TAD,

mutation of Leu556-Leu558 did not alter HIF-1α protein stability but resulted in

decreased transactivation of an HRE-driven luciferase reporter gene. Other mutations

that reduced transactivation in the context of the N-TAD (such as Y564G) had a

similar effect on HIF-1α without significantly affecting protein stability. Importantly,

mutation of Pro563 in the context of full-length HIF-1α, did not result in protein

stabilization at normoxia as previously reported (Masson et al., 2001). Furthermore,

this mutant transactivated as well as wild-type HIF-1α. HIF-1α(P402A/P563A)

resulted in higher protein expression levels and transactivation activity at normoxia but

proved to be hypoxia-responsive when tested in HEK293 cells. These results suggest

that, although prolines 402 and 563 are critical amino acids in the regulation of HIF-

1α protein stability and activity, other, possibly cell-type-specific, mechanisms may

exist that contribute to the hypoxia-dependent activation of this transcription factor.

Additional HIF-1α degradation boxes that mediate pVHL-dependent or -independent

mechanisms of protein degradation remain unidentified.
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3.2 ANALYSIS OF THE INTERACTION INTERFACE BETWEEN HIF-1α

C-TAD AND CBP: IMPLICATIONS FOR HIF-1α INTRANUCLEAR

DISTRIBUTION (PAPER II).

In order to characterize the structure/function relationship of the HIF-1α C-TAD, we

performed alanine-scanning mutagenesis based on secondary structure prediction

results obtained with a peptide corresponding to this transactivation domain (mHIF-

1α(772–822)). In silico analysis of the amino acid sequence of the HIF-1α C-TAD

revealed two putative α-helical structures corresponding to amino acids 772-782

(helix-1) and 806-820 (helix-2). To study the contribution of each region to the overall

transactivation activity of the HIF-1α C-TAD, we generated deletion constructs of

either helix-1 or -2 fused to the Gal4 DNA-binding domain. Deletion of helix-1

resulted in increased C-TAD-mediated transactivation both at normoxia and hypoxia.

This effect could be reproduced by mutation of the di-leucine repeat present in helix-1.

These results suggest that helix-1 mediates a repressive effect on the activity of the

HIF-1α C-TAD. Repression of C-TAD activity at normoxia has been shown to be

mediated by the asparaginyl hydroxylase FIH-1 (Lando et al., 2002a; Lando et al.,

2002b; Mahon et al., 2001) (see also Introduction, 1.1.2.2). The crystal structure of

FIH-1 in complex with a peptide corresponding to the HIF-1α C-TAD has been solved

(Elkins et al., 2003). In this report, only the C-TAD region corresponding to predicted

helix-2 was shown to be important for the interaction with FIH-1. However, it was

demonstrated that the hydroxylation activity of FIH-1 on C-TAD peptides

corresponding to the deletion of either helix-1 or -2 was significantly reduced (30%

and 40% respectively, when compared to the activity on hHIF-1α 786-826) (Elkins et

al., 2003). It is therefore possible that the de-repression effect on C-TAD activity

observed in our studies by deletion of predicted helix-1 is due to deficient Asn799

hydroxylation (corresponding to hHIF-1α Asn803). Interestingly, point mutation of

Leu778-Leu779 to alanine resulted in an effect similar to that observed with deletion of

helix-1, suggesting that these residues may contribute to the stability of the C-

TAD/FIH-1 complex. The stability of this interaction may have additional influence on

HIF-1α activity since it has been suggested that FIH-1 can form a complex with

histone deacetylases (HDACs), which are know transcriptional repressors (Mahon et

al., 2001).

Deletion of the predicted helix-2 had a dramatic effect on HIF-1α C-TAD

activity resulting in a complete loss of the transactivation function at both normoxia
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and hypoxia. HIF-1α C-TAD has been shown to interact with the transcriptional

coactivators CBP/p300 through the CH1 region (Bhattacharya et al., 1999; Gu et al.,

2001; Kung et al., 2000), and this interaction is critical for the transactivation activity

of the C-TAD. In previous reports using hHIF-1α, deletion of the last 13 amino acids

of the C-TAD has been reported to result in loss of transactivation (Carrero et al.,

2000). In this study, we evaluated the individual contribution of selected amino acid

residues within helix-1 of the C-TAD to the transactivation function of this domain.

We identified several hydrophobic amino acid residues (Ile802, Leu808, Leu814, Leu815

and Leu818) that are critical for C-TAD-dependent activation of transcription. The

binding affinity of HIF-1α C-TAD and mutants to the CBP-CH1 region was analyzed

under normoxic and hypoxic conditions. Whole cell extracts prepared from HEK293

cells transiently expressing Flag-Gal4-fusions of either HIF-1α C-TAD or point

mutants, were used in GST pull-down experiments together with bacterially expressed

GST-fusions of the CH1 domain of mouse CBP. As expected (Lando et al., 2002b), C-

TAD/CH1 interaction was strictly dependent on hypoxia, and no interaction was

detected at normoxia. In agreement with results obtained in transactivation assays,

mutation of hydrophobic residues within helix-2 resulted in the abrogation of

interaction with CBP-CH1 region. These results support a role of these residues in the

formation of a stable C-TAD/CBP-CH1 complex.

Two laboratories have independently solved the structure of a complex between

the HIF-1α C-TAD and the CH1 domain of CBP (Dames et al., 2002; Freedman et al.,

2002). In one of these reports (Dames et al., 2002) the C-TAD was shown to undergo

local folding transitions forming three short α-helices (αA, αB and αC), as opposed to

the two predicted in our report. Nonetheless, predicted helices-1 (mHIF-1α 772-782;

hHIF-1α 776-786) and -2 (mHIF-1α 806-822; hHIF-1α 812-826) partially overlap

with helices αA and αC of the solution structure (hHIF-1α 784-788 and 816-825,

respectively). HIF-1α C-TAD helix αB (hHIF-1α 796-804), which was not included in

our study, since it was not predicted by the used software, contains an asparagines

residue (Asn803) that is hydroxylated at normoxia by FIH-1 (Lando et al., 2002a; Lando

et al., 2002b). Oxygen-dependent hydroxylation of hHIF-1α C-TAD Asn803 has been

proposed to inhibit the interaction with the CH1 domain of CBP/p300, and therefore

constitute the hypoxic switch that regulates C-TAD activity (see also Introduction

1.2.2.2).
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Introduction of selected leucine to alanine mutations within helix-2 in full-length

HIF-1α resulted in decreased transactivation activity. These observations are in

agreement with inactivation of the C-TAD. Complete abolishment of transactivation

activity was achieved only by inactivating both HIF-1α transactivation domains. The

transactivation activity of HIF-1α C-TAD mutants was enhanced by both CBP and

SRC-1, although to a lesser extent than the wild-type protein. These results indicate

that HIF-1α N- and C-TADs can function independently to mediate activation of

transcription by recruiting a coactivator complex that includes CBP and SRC-1.

Based on previous observations indicating that coexpression of HIF-1α and

coactivators such as TIF2 leads to colocalization of both proteins in discrete

intranuclear domains in COS7 cells (Carrero et al., 2000), we investigated the effect of

inactivation of either N- or C-TAD on the subcellular distribution of HIF-1α in the

presence and absence of overexpressed CBP. For these in vivo colocalization studies,

HEK293 cells were transiently transfected with CFP-fusions of either wild-type or

mutant HIF-1α together with a YFP-CBP expression vector. As expected (Kallio et al.,

1998), CFP-HIF-1α underwent rapid nuclear translocation upon hypoxic treatment of

HEK293 cells (i.e. treatment with the hypoxia-mimicking agent, CoCl2), accumulating

in the nucleus in a diffuse distribution pattern. YFP-CBP exhibited exclusive nuclear

distribution in a characteristic punctate pattern (von Mikecz et al., 2000) at both

normoxia and hypoxia. Coexpression of CFP-HIF-1α and YFP-CBP led to the intra-

nuclear redistribution of both proteins into discrete foci of colocalization. More

importantly, colocalization between HIF-1α and CBP proved to be dependent on the

integrity of the HIF-1α transactivation domains. Inactivation, by deletion or point

mutation of either the N- or the C-TAD, led to a significant reduction in the percentage

of cells presenting intranuclear colocalization foci. Consequently, the CFP-fusion of a

transactivation-deficient HIF-1α mutant (HIF-1α (532Δ583)(L808A/L809A)) that

proved to be non-responsive to CBP or SRC-1, did not colocalize with YFP-CBP in

any of the tested conditions.

Taken together, these results demonstrate the functional relevance of two

predicted α-helical regions within HIF-1α C-TAD in terms of transactivation and

interaction with the coactivators CBP and SRC-1. We show that both HIF-1α

transactivation domains can work independently in a CBP- and SRC-1-responsive

manner. Furthermore, we show that CBP influences the intra-nuclear distribution of

HIF-1α in a way that depends on the integrity of the HIF-1α transactivation domains.
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3.3 CBP AS A LIMITING FACTOR IN THE ASSEMBLY OF THE HIF-1α

TRANSCRIPTIONAL COMPLEX (PAPER III).

In the previous studies (Papers I and II) we have characterized the N- and C-terminal

activation domains of HIF-1α and identified amino acid residues critical for the

regulation of HIF-1α protein stability and/or transactivation activity. We have shown

that the activity of HIF-1α transactivation domains can be enhanced by the

transcriptional coactivators CBP and SRC-1 (Carrero et al., 2000) (see also Papers I

and II). CBP recruitment by HIF-1α is dependent on direct interactions between HIF-

1α C-TAD and the CH1 domain of CBP (Bhattacharya et al., 1999; Dames et al.,

2002; Freedman et al., 2002; Gu et al., 2001; Kung et al., 2000) (see also Paper II).

Although the interaction between HIF-1α N-TAD and CBP or SRC-1 has not been

characterized, we and others have presented evidence that these proteins can

functionally interact (Carrero et al., 2000; Ema et al., 1999) (see also Papers I and II).

This study was designed to investigate the dynamic organization of the HIF-1-

associated transcriptional complex. In particular, we have analyzed the contribution of

individual proteins for the formation of the HIF-1α/Arnt/CBP/SRC-1 complex by

performing protein-protein interaction assays and CFP/YFP-based in vivo

colocalization studies. We have previously shown that colocalization between CFP-

HIF-1α and YFP-CBP is mediated by interactions between the two proteins (Paper I).

Since functional evidence indicates that SRC-1 is an important coactivator of HIF-1,

we used a similar approach to study the effect of YFP-SRC-1 expression on CFP-HIF-

1α localization. Interestingly, the subcellular distribution of YFP-SRC-1 alone was

significantly affected by hypoxic treatment. At normoxia, YFP-SRC-1 was found in

both the cytoplasmic and the nuclear compartments. Upon treatment with CoCl2, YFP-

SRC-1 accumulated in the nucleus, suggesting that hypoxia may induce nuclear

retention of this protein through an unidentified mechanism. Contrary to the

colocalization results previously obtained upon coexpression of CFP-HIF-1α and YFP-

CBP, coexpression of CFP-HIF-1α and YFP-SRC-1 did not result in protein

redistribution or colocalization. These results suggest that, under the tested conditions,

these proteins do not interact in vivo. Since CBP has been extensively characterized as

a HIF-1α- and SRC-1-interacting protein (Arany et al., 1996; Bhattacharya et al., 1999;

Dames et al., 2002; Freedman et al., 2002; Gu et al., 2001; Kung et al., 2000; Yao et

al., 1996) (see also Paper II), we asked if CBP could serve as limiting factor in the

assembly of the HIF-1α/CBP/SRC-1 complex. Nuclear hormone receptors are known
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to directly interact with SRC-1, which in turn recruits CBP to the transcriptional

complex (Li et al., 2003; Liu et al., 2001; Xu and Li, 2003). In agreement with the

proposed hypothesis, overexpression of CBP together with CFP-HIF-1α and YFP-

SRC-1 led to the colocalization of the chimeric proteins in discrete accumulation foci,

thus suggesting the formation of a HIF-1α/CBP/SRC-1 ternary complex. Protein-

protein interaction assays using whole-cell extracts prepared from cells transiently

expressing Flag-tagged HIF-1α showed that HIF-1α could be found in SRC-1-

associated protein complexes. However, if cell extracts were depleted of CBP (by

immunoprecipitation using specific anti-CBP antibodies), the association between

HIF-1α and SRC-1 was impaired. These results indicate that, although SRC-1 is a

component of HIF-1α-associated protein complexes in the cell nucleus, it does not

interact directly with HIF-1α.

The proposed model, in which CBP bridges the interaction between HIF-1α and

SRC-1, was further examined by generating a CBP point mutant deficient in SRC-1

interaction (CBP(F2101P/K2103P), herein referred to as CBP-H3P). YFP-CBP-H3P

localized exclusively in the nuclear compartment but lacked the characteristic punctate

distribution pattern observed with wild-type CBP. These data suggest that the CBP

domain that mediates interaction with SRC-1, may have additional functions, such as

regulating the intranuclear distribution of the protein. No colocalization was observed

between YFP-CBP-H3P and CFP-HIF-1α or CFP-SRC-1. Moreover, CBP-H3P was

unable to mediate colocalization of CFP-HIF-1α and YFP-SRC-1. To evaluate the

effect of CBP-H3P on HIF-1α transactivation, we performed luciferase reporter gene

assays using either the full-length HIF-1α or a Gal4-fusion of the C-terminal activation

domain (C-TAD). In contrast to CBP, CBP-H3P was unable to enhance HIF-1α- or

HIF-1α C-TAD-dependent activation of transcription in the presence or absence of

overexpressed SRC-1. These results indicate that SRC-1 is an important coactivator of

HIF-1α-mediated transcriptional activation, necessary for full HIF-1 activity.

Nonetheless, participation of SRC-1 in the formation of HIF-1α/CBP/SRC-1 ternary

complexes is critically dependent on direct interactions between HIF-1α and CBP, as

well as CBP and SRC-1.

The DNA-binding partner of HIF-1α, ARNT, also carries a potent

transactivation domain in its C-terminal region (Antonsson et al., 1995; Sogawa et al.,

1995). ARNT has been shown to directly interact with the KIX domain of CBP

(Kobayashi et al., 1997) and has been reported to interact with SRC-1 via the bHLH
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domain (Beischlag et al., 2002). We next examined the role of ARNT in the in vivo

assembly of HIF-1 transcriptional complexes. Both CFP- and YFP-ARNT localized

exclusively in the nucleus of HEK293 cells in a characteristic distribution in few large

dot-like structures. Coexpression of YFP-CBP and CFP-ARNT resulted in

redistribution of both proteins into a distinct colocalization pattern composed of

multiple accumulation foci. CBP seems to have a dominant effect over the localization

of other proteins, even when these proteins (i.e. SRC-1 and ARNT), per se, show

distinct intranuclear localization patterns. A hierarchical relationship in terms of

intranuclear relocalization was also observed between CFP-ARNT and YFP-SRC-1.

Coexpression of these proteins led to perfect colocalization, however, only YFP-SRC-

1 was redistributed into a pattern that completely overlapped with the one previously

observed following expression of CFP-ARNT alone. YFP-CBP-H3P was able to

displace ARNT from its characteristic distribution but no accumulation foci were

observed, and both proteins displayed a diffuse pattern. This is in agreement with the

dominant effect of CBP over ARNT localization and with the fact that CBP-H3P was

unable to form the punctate distribution observed with the wild-type protein. The

intranuclear distribution of these interacting proteins suggests a hierarchy where CBP

has a dominant effect over all others, followed by ARNT, and finally by SRC-1. In

agreement with this model, under conditions where no colocalization was observed

between CFP-HIF-1α and YFP-ARNT, overexpression of CBP, but not of SRC-1, was

able to induce colocalization between the two proteins. Since HIF-1α and ARNT can

interact with CBP through distinct domains (the CH1 and KIX regions, respectively)

these results suggest that CBP may have a stabilizing effect on the formation of HIF-1

heterodimers.

To try to better understand the nature and function of the accumulation foci

observed upon colocalization of interacting proteins, we analyzed the intranuclear

distribution of RNA Pol IIO (the hyperphosphorylated form of RNA Pol II). The

localization of RNA Pol IIo has been shown to colocalize (although not completely)

with sites of active transcription (Zeng et al., 1997a). Using a similar experimental

approach as before, we combined immunocytochemistry for endogenous RNA Pol IIO,

with expression of different CFP- or YFP-fusions, and analyzed the colocalization

patterns in single cells using laser scanning confocal microscopy. As expected,

endogenous RNA Pol IIO was distributed in the nucleus in discrete foci (von Mikecz et

al., 2000; Zeng et al., 1997a). A significant colocalization with RNA Pol IIO was

observed upon expression of YFP-CBP, in agreement with the function of CBP as a
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transcriptional coactivator. Colocalization between YFP-SRC-1 and RNA Pol IIO was

observed in just a few foci. Expression of YFP-ARNT alone led to no colocalization

with RNA Pol IIO. Although ARNT can form functional homodimers in vitro, this

transcription factor seems to function mainly as a DNA-binding partner for other

bHLH/PAS proteins (Antonsson et al., 1995; Sogawa et al., 1995). However,

coexpression of CFP-HIF-1α and YFP-ARNT or YFP-CBP resulted in several foci of

colocalization with the hyperphosphorylated form of RNA Pol II.

This study indicates that the intranuclear localization of HIF-1α, ARNT, CBP,

and SRC-1 in hypoxic cells is a highly dynamic process, regulated by the subcellular

and intranuclear trafficking of different partner proteins. Protein relocalization proved

to be dependent on the levels of specific proteins in a strictly hierarchical fashion with

CBP occupying a dominant position. In conclusion, we show that CBP affects HIF-1α-

transactivation at multiple levels, including intranuclear distribution, recruitment of

SRC-1, and stabilization of the HIF-1α/ARNT in vivo interaction.

3.4 FUNCTIONAL COOPERATION BETWEEN THE HIF-1α N- AND C-

TADs IN THE RECRUITMENT OF CBP (PAPER IV).

In the previous studies we have demonstrated that the activity of both HIF-1α

transactivation domains can be enhanced by the coactivators CBP and SRC-1 in

transient transfection assays. In addition, we have shown that both the N- and C-TADs

participate in CBP-dependent HIF-1α intranuclear relocalization events and SRC-1

recruitment (Paper III). The interaction of HIF-1α C-TAD with the CBP-CH1 domain

has been extensively characterized at both the functional (Arany et al., 1996;

Bhattacharya et al., 1999; Carrero et al., 2000; Ema et al., 1999; Gu et al., 2001) and

structural levels (Dames et al., 2002; Freedman et al., 2002). In contrast, the

mechanism by which the HIF-1α N-TAD recruits CBP is poorly understood.

To evaluate the interaction between HIF-1α N- and C-TADs and CBP in HeLa

nuclear extracts, we performed GST pull-downs using GST-fusions of HIF-1α

transactivation domains. As a control, GST was fused to the transactivation domain of

VP16. As expected, a robust interaction between HIF-1α C-TAD and CBP was

detected only under hypoxic conditions. The affinity of this interaction was

comparable to that observed with the GST-VP16 fusion indicating that, under hypoxic

conditions, HIF-1α is a major CBP-interacting protein. A specific but weaker
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interaction was also detected between GST-N-TAD and CBP. However, this

interaction was not hypoxia-dependent compared to the one observed between CBP

and GST-C-TAD. The role of CBP in HIF-1α N-TAD-mediated activation of

transcription was assessed in E1A-dependent inhibition assays. E1A has been shown to

interfere with CBP-dependent activation of transcription by binding directly to

multiple CBP domains and inhibiting the HAT activity of this coactivator (Chakravarti

et al., 1999; Hamamori et al., 1999; Kurokawa et al., 1998). In cells transfected with a

Gal4-driven luciferase reporter, overexpression of increasing amounts of E1A led to a

proportional inhibition of both Gal4-N-TAD and Gal4-C-TAD transactivation. At the

highest expression level, E1A completely inhibited the N-TAD but only partially the

C-TAD. These observations may reflect the differences observed above in affinity of

CBP for the N- and C-TADs.

In order to identify the domain(s) of CBP with which HIF-1α N-TAD interacts,

we used GST-fusions of different CBP fragments in protein-protein interaction

experiments. Full-length HIF-1α and deletions of either transactivation domain were

expressed in a coupled cell-free transcription-translation system and labelled with

[35S]methionine. These experiments showed that HIF-1α could interact with the highly

homologous CH1 and CH3 domains of CBP, but not with the C-terminal Q-domain.

Importantly, deletion of the N-TAD abolished binding to CH3 and deletion of the C-

TAD abrogated CH1 interaction, suggesting that full-length HIF-1α targets CBP

through a C-TAD/CH1 and an N-TAD/CH3 mode of interaction. To investigate the

interaction between HIF-1α N-TAD and CBP-CH3, we expressed and purified a Flag-

CH3 fusion in SF9 cells using a baculovirus system. A specific and direct interaction

between Flag-CH3 and GST-N-TAD was observed in pull-down experiments using

purified proteins.

To analyze the HIF-1α C-TAD/CH1 and N-TAD/CH3 interactions in vivo, we

used CFP- and YFP-fusions of the different domains in FRET experiments, using

acceptor photobleaching techniques (Siegel et al., 2000). In the presence of the

hypoxia-mimicking agent CoCl2, coexpression of CFP-C-TAD and YFP-CH1 resulted

in a FRET efficiency of 17.3% (10/10 cells). CFP-C-TAD(L808A/L809A) was used

together with YFP-CH1 as a specificity control, and no FRET signal was observed

(<1%, 10/10 cells) upon coexpression of these proteins. C-TAD(L808A/L809A) has

been previously shown to be deficient in transactivation and binding to CBP-CH1

(Paper II). Cells expressing CFP-N-TAD and YFP-CH3 generated a FRET signal of
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9.4% efficiency (10/10 cells). These results strongly suggest that the HIF-1α N-TAD

and C-TAD can interact in vivo with the CH3 and CH1 domains of CBP, respectively.

In functional studies, a CH3 deletion mutant of CBP (CBPΔCH3) was unable to

enhance HIF-1α-mediated activation of an HRE-driven luciferase reporter gene

construct, underscoring the importance of the CBP CH3 domain for the overall

transactivation activity of HIF-1α. We performed mammalian two-hybrid experiments

using VP16-fusions of the CH1 and CH3 domains of CBP, and either wild-type HIF-

1α or HIF-1α(L808A/L809A) (corresponding to the inactivation of the C-TAD, Paper

II). These experiments showed a significant interaction between HIF-1α and both

CH1-VP16 and CH3-VP16. However, upon inactivation of the C-TAD, only CH3-

VP16 was able to interact with this mutant HIF-1α protein, further supporting the

proposed bipartite mode of interaction between CBP and HIF-1α.

Next, we sought to determine whether the N-TAD-mediated recruitment of CBP

through the CH3 domain represents a mechanistic alternative to the highly hypoxia-

inducible C-TAD/CH1 interaction, or if both interactions happen simultaneously in a

cooperative mode. To this end, we incubated GST-N-TAD with whole cell extracts

prepared from HEK293 cells transiently expressing Flag-Gal4-C-TAD. GST-N-TAD

interacting proteins were analyzed by SDS-PAGE followed by immunobloting using

anti-Flag antibodies. GST-N-TAD was able to efficiently precipitate Flag-Gal4-C-

TAD in a hypoxia-inducible manner and no interaction was observed with the control

protein. This indicates that, under hypoxic conditions, both HIF-1α transactivation

domains interact simultaneously with CBP through distinct but homologous domains,

thus contributing to the formation of the HIF-1α/CBP complex.

CBP/p300 has been shown to interact with a long list of transcriptional

activators, in particular through the CH1 and CH3 domains (Chan et al., 2001). For

this reason we investigated the ability of the isolated CH1 and CH3 domains of CBP to

interact with endogenous HIF-1α in HeLa nuclear extracts prepared under normoxic or

hypoxic conditions. As a control, we used aliquots from the same extracts to analyze

the binding of p53 to the same CBP domains since the interaction between these two

proteins has been extensively characterized (Avantaggiati et al., 1997; Grossman et al.,

1998; Gu et al., 1997; Wadgaonkar and Collins, 1999). In these assays we used

bacterially expressed GST-fusions of either CBP-CH1 or -CH3 domains and analyzed

the associated protein complexes by Western blotting using monoclonal anti-HIF-1α

and anti-p53 antibodies. Both CBP domains were able to efficiently precipitate HIF-1α
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from HeLa nuclear extracts in a hypoxia-inducible fashion. At normoxia, low levels of

p53 were detected and, in agreement with previous studies (Pan et al., 2004), hypoxic

treatment led to protein stabilization. The mechanism of hypoxia-induced stabilization

of p53 is not completely understood. However, HIF-1α has been reported to participate

in this process (An et al., 1998; Chen et al., 2003). Moreover, p53 was precipitated

from nuclear extracts by GST-CH1 and more efficiently by GST-CH3. p53 has been

reported to interact with CBP-CH1 together with Mdm-2, forming a complex that

results in p53 degradation (Grossman et al., 2003; Grossman et al., 1998). The

interaction with the CH3 region correlates with transcriptional activation (Avantaggiati

et al., 1997; Barlev et al., 2001; Espinosa and Emerson, 2001). The low affinity

observed between p53 and the CH1 region may reflect low levels of Mdm-2

recruitment in these cells.

Since both HIF-1α and p53 can interact with CBP through common domains

(i.e. the CH1 and CH3 regions), we asked if, under hypoxic conditions, a hierarchy

exists between these pathways in terms of CBP recruitment. We therefore used specific

anti-CBP antibodies to immunoprecipitate CBP-associated protein complexes from

HeLa nuclear extracts and determined the recovery of HIF-1α and p53 under normoxic

and hypoxic conditions by immunobloting. Under hypoxic conditions, 20% HIF-1α

was recovered by CBP immunoprecipitation, compared to 2% p53 recovery. This

indicates that the CBP/HIF-1α interaction is favoured over the interaction between

CBP and p53, under hypoxic conditions.

In conclusion, we demonstrate here that HIF-1α is a major CBP-interacting

protein in the hypoxic cell and that this interaction is mediated by coordinated binding

of HIF-1α N- and C-TADs to the CH3 and CH1 regions of CBP, respectively. The

high affinity of the HIF-1α/CBP complex seems to have a dominant effect over other

CBP-dependent transcriptional activators such as p53. We suggest that HIF-1α co-

occupation of the CH1 and CH3 regions of CBP by HIF-1α through high-affinity

interactions may interfere with other CBP-dependent pathways in situations of oxygen

deprivation. This mechanism may potentially contribute to the control of energy use

under stress situations.
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3.5 C1-TETRAHYDROFOLATE SYNTHASE AND THE CONTROL OF

HIF-1α ACTIVITY (PAPER V).

In Papers I-IV, we have characterized the structure/function relationship of the

HIF-1α transactivation domains and, in particular, the interaction with the coactivators

CBP and SRC-1. In an attempt to identify novel cofactors that participate in the

regulation of HIF-1α activity, we have performed GST pull-down experiments using

HeLa nuclear extracts prepared from cells kept at normoxia or treated with the

hypoxia-mimicking agent 2,2’-Dipyridyl. These extracts were then incubated with

bacterially expressed GST-fusions of HIF-1α N- or C-TAD. Precipitated protein-

complexes were first screened by SDS-PAGE followed by silver staining. After

scaling-up the procedure to reach levels detectable by Coomassie staining, selected

bands were identified by mass spectrometry. In C-TAD-associated complexes, three

proteins were identified, corresponding to the coactivators CBP and p300 and to the

negative regulator of HIF function, FIH-1. Both CBP and p300 were identified only

under hypoxic conditions, in agreement with previous results (Lando et al., 2002b) (see

also Papers II and III). Also in agreement with the results presented in Paper IV, a band

of lower intensity corresponding to CBP/p300 could also be detected among GST-N-

TAD-precipitated proteins. Two other bands were selected from GST-N-TAD-

associated complexes. A 46 kDa band was identified as the prolyl 4-hydroxylase

PHD2 and a 100 kDa band corresponding to the enzyme C1-tetrahydrofolate synthase.

Both these bands were not detected in GST-N-TAD(P563A)-precipitated complexes

where only CBP/p300 was identified. The interaction between HIF-1α N-TAD and

PHD2 has been previously shown to be dependent on Pro563 (corresponding to Pro564

in hHIF-1α). Moreover, PHD2 appears to be the most abundant prolyl 4-hydroxylase

in many cells (Berra et al., 2003). C1-tetrahydrofolate synthase is a novel HIF-1α

interacting protein the relevance of which for hypoxia signaling we have analyzed in

this study.

C1-THF synthase is a trifunctional enzyme involved in folic acid metabolism

(Blakley, 1969) (Figure 3). It has been characterized as a predominantly cytoplasmic

protein that catalyzes the inter-conversion of one-carbon units such as the one carried

by tetrahydrofolate (the biologically active form of folic acid) between different

oxidation states. These folic acid derivatives are used as cofactors in important cellular

processes such as nucleic acid biosynthesis, amino acid and vitamin metabolism, and

methyl group  biogenesis (MacKenzie, 1984).  In addition, C1-THF  synthase has been
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Figure 3. C1-tetrahydrofolate structural and functional domains.

The products and substrates of the reactions catalyzed by the synthetase and

dehydrogenase/cyclohydrolase (D/C) domains are shown in blue. Pathways that generate or

utilize folate coenzymes are represented in red. Dashed arrows indicate multistep reactions.

(Adapted from Wahls et al., 1993).

shown to be critical for cell survival, growth, and differentiation (MacKenzie, 1984).

C1-THF synthase exists as a homodimer of 100 kDa subunits, each composed of two

subdomains with discrete catalytic activities (Figure 3). The N-terminal portion

(corresponding to a peptide of 30 kDa) carries the dehydrogenase and cyclohydrolase

domains, whereas the C-terminus of the protein (about 70 kDa) consists of a 10-

formyl-C1-THF synthetase domain (Tan and Mackenzie, 1977; Villar et al., 1985)

(Figure 3).

In order to investigate the influence of hypoxia on C1-THF synthase we

analyzed protein and mRNA levels under normoxic and hypoxic conditions. In

fractionated HeLa extracts, C1-THF synthase could be detected in both cytoplasmic

and nuclear compartments, in a hypoxia-independent fashion, indicating that this

enzyme is not a target for oxygen regulation at the protein level. In a similar fashion,

C1-THF synthase mRNA levels were not affected by hypoxia.

Since C1-THF synthase seems to localize predominantly in the cytoplasm, we

performed GST pull-down experiments using either cytosolic or nuclear extracts under

the same conditions used for protein identification. After separation by SDS-PAGE,
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precipitated proteins were analyzed by immunobloting using specific anti-C1-THF

synthase antibodies. The results from these experiments confirmed the specificity of

the interaction between C1-THF synthase and HIF-1α N-TAD, since no interaction

was detected with either the C-TAD or the N-TAD(P563A) mutant. However, the

HIF-1α N-TAD/C1-THF synthase interaction was only detected in nuclear extracts

and was hypoxia-dependent. These results suggest that, although oxygen availability

does not seem to regulate C1-THF synthase mRNA and protein levels, other

mechanisms may exist that confer nuclear compartment-specificity and hypoxia-

inducibility to this interaction.

To determine if C1-THF synthase could directly interact with HIF-1α N-TAD or

if this interaction was mediated by any other cofactor present in nuclear extracts, Flag-

C1-THF synthase was expressed in SF9 cells using a baculovirus system and purified

by immunoaffinity chromatography. We then performed protein-protein interaction

assays using GST-N-TAD and purified Flag-C1-THF synthase. The results from these

experiments demonstrated that C1-THF synthase could interact directly with the N-

TAD of HIF-1α with relatively low affinity. Although the kinetics of this interaction

need to be further investigated, the observed low affinity suggests a dynamic

interaction (resulting for example from an enzymatic reaction) or that an additional

cofactor is necessary to stabilize the complex. Interaction of Flag-C1-THF synthase

and different sub-fragments of HIF-1α was tested in immunoprecipitation assays. No

interaction was detected between C1-THF synthase and a C-terminal fragment of HIF-

1α corresponding to the inhibitory domain (ID) and to the C-TAD. C1-THF synthase

interacted specifically with full-length HIF-1α and with a fragment corresponding to

the oxygen-dependent degradation domain (ODD) that includes Pro402 and Pro563 (as

well as the N-TAD). Interestingly, a significant interaction was observed between C1-

THF synthase and the bHLH/PAS region of HIF-1α indicating the presence of another

interaction interface. Together these results indicate that C1-THF synthase interacts

with at least two HIF-1α sub-domains, the bHLH/PAS region and the ODD (which

includes the N-TAD).

To investigate the relevance of the interaction between HIF-1α and C1-THF

synthase, we analyzed the effect of overexpressing Flag-C1-THF synthase on HIF-1α-

mediated activation of an HRE-driven luciferase reporter. Transient expression of

increasing amounts of Flag-C1-THF synthase in HepG2 cells resulted in a dramatic

increase of HIF-1α transcriptional activity at normoxia (23-fold over control, i.e.
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mock-transfected cells kept at normoxia) and more importantly at hypoxia (33-fold

over values obtained with mock-transfected cells kept in hypoxia). These results

strongly indicate that C1-THF synthase is a positive regulator of HIF activity. Since

protein stabilization is a limiting step in the activation of HIF-1α (Masson et al., 2001)

(see also Paper I) we asked whether the C1-THF synthase-dependent increase of HIF-

1α transcriptional activity observed in the previous experiments could be due to

enhanced protein stabilization. To this end, we compared the levels of endogenous

HIF-1α observed in HepG2 cells transiently expressing Flag-C1-THF synthase or

mock-transfected cells under either normoxic or hypoxic conditions. Whole-cell

extracts prepared from these cells were directly analyzed by SDS-PAGE and

immunoblotting using anti-HIF-1α antibodies or used in immunoprecipitation

experiments with anti-Flag antibodies. As expected, no HIF-1α was detected in

normoxia in mock-transfected cells, whereas treatment with 2,2’-Dipyridyl resulted in

stabilization of the protein. In cells expressing Flag-C1-THF synthase and kept in

normoxia, HIF-1α could be detected at levels similar to those observed in mock-

transfected cells exposed to hypoxic conditions. Treatment of pFlag-C1-THF synthase-

transfected cells with 2,2’-Dipyridyl resulted in further stabilization of HIF-1α to

levels significantly higher than those observed in any of the previous conditions. These

results strongly suggest that C1-THF synthase participates in the regulation of HIF-1α

activity by promoting protein stabilization and transcriptional activation. Similar

results were obtained in cells expressing Flag-C1-THF synthase and the minimal N-

TAD, which has been shown to act as an independent degradation box (Cockman et

al., 2000; Ohh et al., 2000; Tanimoto et al., 2000) (see also Paper I). In these

experiments, expression of Flag-C1-THF synthase in HepG2 cells led to the

stabilization of a Gal4-N-TAD chimera at both normoxia and hypoxia.

HIF-1α ubiquitylation and proteasomal degradation at normoxia is dependent on

the hydroxylation of HIF-1α prolines 402 and 563 and on the subsequent recruitment

of pVHL (Cockman et al., 2000; Ivan et al., 2001; Jaakkola et al., 2001; Masson et al.,

2001; Ohh et al., 2000; Tanimoto et al., 2000) (see also Paper I). This process is

promoted by prolyl 4-hydroxylases that use molecular oxygen as a cofactor in the

hydroxylation reactions (Bruick and McKnight, 2001; Epstein et al., 2001). Since

expression of C1-THF synthase in our experiments had a positive effect on HIF-1α

protein stabilization under both normoxic and hypoxic conditions, we next examined if

C1-THF synthase could interfere with PHD activity and/or pVHL recruitment to HIF-
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1α N-TAD. To address this, we expressed and purified Flag-tagged PHD3 and pVHL.

The activity of the purified Flag-PHD3 was tested and confirmed in GST pull-down

assays for its activity to promote GST-N-TAD/pVHL interaction in the presence of

cofactors necessary for proline hydroxylation (i.e., ascorbate, 2-oxoglutarate, and

FeCl2). As expected, no interaction was observed between GST-N-TAD and pVHL

alone. However, pre-incubation of GST-N-TAD and Flag-PHD3 (in the presence of

the relevant cofactors) resulted in efficient pVHL capture. This assay was then used to

analyze the effect of C1-THF synthase on pVHL capture by GST-N-TAD. Sequential

incubations of GST-N-TAD with Flag-PHD3 and then with Flag-C1-THF synthase

had no effect on pVHL capture. However, simultaneous incubation of GST-N-TAD

with Flag-PHD3 and Flag-C1-THF synthase resulted in no detectable capture of

pVHL. These results show that C1-THF synthase can inhibit the interaction between

HIF-1α N-TAD and pVHL by interfering with PHD activity. It remains to be

investigated if this effect results from direct interactions between C1-THF synthase

and PHDs or from competition between these proteins for interaction with HIF-1α N-

TAD.

Hypoxia-dependent stabilization of HIF-1α has been proposed to result mainly

from inhibition of PHD activity by limited oxygen availability (Bruick and McKnight,

2001; Epstein et al., 2001). However, transient overexpression of PHDs has been

reported to inhibit HIF-1α activity at both normoxia and hypoxia (Oehme et al., 2002).

This suggests the existence of active mechanisms of HIF-1α stabilization that can be

overruled by PHD overexpression, even under hypoxic conditions. More recently, two

other mechanisms have been proposed to contribute to HIF-1α stabilization (Li et al.,

2005; Nakayama et al., 2004). Deubiquitylation of HIF-1α by the pVHL-interacting

deubiquitylation enzyme 2 (VDU2) has been reported to contribute to protein

stabilization (Li et al., 2005). However, since VDU2 uses pVHL as a molecular

adaptor in the interaction with HIF-1α, this event should depend on proline

hydroxylation and therefore on PHD activity. In this context, VDU2 activity should be

important for regulation of HIF-1α protein stability at normoxia but not at hypoxia,

when proline hydroxylation is inhibited. Another study has shown that, under hypoxic

conditions, PHDs 1 and 3 are targeted for proteasomal-degradation by the E3

ubiquitin-ligases Siah1a/2 (Nakayama et al., 2004), which facilitates HIF-1α

stabilization. Here, we provide evidence for another level of regulation of HIF-1α

activity, which occurs predominantly in the nuclear compartment. Both PHD 2 and 3
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have been found in the cell nucleus (Metzen et al., 2003). Our results suggest C1-THF

synthase may participate in the inactivation of PHD activity in the nucleus, therefore

contributing for HIF-1α stabilization at hypoxia. Furthermore, since HIF-1α N-TAD

functions both as a degradation box and transactivation domain, by inhibiting PHD

interaction, C1-THF synthase may have a role in facilitating the recruitment of

coactivators to HIF-1α by inhibiting PHD interaction, thus enhancing its

transcriptional activity. In conclusion, the present data identify C1-THF synthase as a

novel player in the complex regulation of HIF-1α activity at hypoxia. This mode of

regulation seems to operate by a mechanism that interferes with PHD activity and

disrupts pVHL recruitment to HIF-1α N-TAD.
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4 CONCLUSIONS AND FUTURE PERSPECTIVES

The general aim of the studies presented in this thesis was to investigate the

structure/function relationships of the HIF-1α transactivation domains and their

contribution to the hypoxia-inducible recruitment of coregulator proteins. To this end

we have used a combination of biochemical and cell biology techniques, which

allowed us not only to determine the protein-protein interactions involved in the

recruitment of coactivators such as CBP and SRC-1 to HIF-1, but also to examine the

behaviour of these protein complexes in living cells under different conditions of

activation. Based on information obtained in the initial studies, we have characterized

the interaction between the HIF-1α N-TAD and CBP. Several reagents generated

during these studies were used in an attempt to identify new HIF-1α-partner proteins.

This screening resulted in the characterization of the enzyme C1-tetrahydrofolate

synthase as a novel regulator of HIF activity. The results can be summarized as

follows:

 HIF-1α N-TAD is a bifunctional domain involved in the control of HIF-1α

protein stability and transactivation potency. The degradation function is

mediated by amino acid residues that surround a conserved proline residue,

and contribute to the interaction with the E3 ubiquitin-ligase pVHL.

 HIF-1α C-TAD contains two α-helical regions that are important for

transactivation potency but mediate opposite effects. Inactivation of helix-1

results in de-repression of C-TAD activity, whereas mutation of leucine

residues within helix-2 abrogates transcriptional activation. Helix-2 of the C-

TAD is critical for the recruitment of CBP through interactions with the CH1

domain.

 HIF-1α N-TAD contributes to the overall transactivation activity of HIF-1

by interacting with the CH3 domain of CBP.

 The complex between HIF-1α and CBP is mediated by direct C-TAD/CH1

and N-TAD/CH3 interactions. The high affinity of this complex may interfere

with other CBP-dependent pathways under hypoxic conditions.
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 Both HIF-1α N- and C-TADs participate in the regulation of the

intranuclear distribution of HIF-1α by CBP into colocalization foci. HIF-1α

transactivation correlates with interaction and colocalization with CBP,

suggesting another level of regulation in hypoxia signaling.

 CBP is a limiting factor for the function of HIF-1 as a transcriptional

activator and mediates the recruitment of SRC-1. CBP coordinates the

intranuclear trafficking of several proteins involved in the formation of HIF-

1-containing complexes, as well as their accumulation in discrete foci that

partially colocalize with the distribution of the RNA Pol IIO.

 C1-tetrahydrofolate synthase is a positive regulator of HIF-1α activity that

enhances protein stabilization under normoxic and hypoxic conditions. C1-

THF synthase interferes with PHD-dependent hydroxylation of HIF-1α N-

TAD and leads to protein stabilization by inhibiting the recruitment of pVHL.

Activation of HIF-1α under hypoxic conditions has been associated not only with

the physiological processes of development, erythropoiesis and metabolic adaptation to

low oxygen levels, but also with several disease situations characterized by limited

oxygen supply (e.g. ischemia). Conversely, it has been suggested that HIF activation

contributes to tumor growth, by mediating neoangiogenesis induced by the hypoxic

cores of solid tumors (see Introduction 1.1).

The observation that, at hypoxia, HIF-1α can efficiently compete with other

transcription factors for limiting amounts of the coactivator CBP, may have significant

implications. It would be interesting to investigate if this represents a more general

mechanism of inactivation of gene expression at hypoxia, through a HIF-1 DNA-

binding-independent activity.

Although HIF-1 is ubiquitously expressed in cells, it can activate hypoxia-

inducible gene expression in a tissue-specific manner (see Introduction 1.1.2.4). The

study of HIF-1 in a promoter-specific context and eventually in a cell-type specific

environment could potentially improve our understanding of these processes.

The possibility to develop novel therapeutic strategies based on modulation of HIF

activity, in order to induce angiogenic or antiangiogenic effects is gaining increasing

attention. However, the efficiency and, more importantly, the specificity of these
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approaches depend on a detailed understanding of the mechanisms that control HIF

activation in conditions of limited oxygen availability, and its inactivation upon tissue

reoxygenation. In this context, the present work has revealed yet another level of

complexity in regulation of HIF-1 signaling, i.e. the potential role of C1-

tetrahydrofolate synthase in counterbalancing negative regulation by PHD enzymes

and pVHL.

In essence, the identification of C1-tetrahydrofolate synthase as a HIF-1α positive

regulator opens new and exciting areas to study. In particular, since C1-THF synthase

uses cofactors (such as NADP+, NADPH and ATP), the concentrations of which are

considerably affected by hypoxia, it remains to be investigated if this contributes to the

regulation of the enzyme or of HIF-1 activity in hypoxic cells. Enzymes involved in

folic acid metabolism are among the most common targets of cytostatic therapy, since

cellular proliferation is strictly dependent on this metabolic pathway for the production

of nucleic acids. Conversely, HIF-1 has been implicated in tumor progression and

apoptosis. It would now be very interesting, and potentially medically very relevant, to

investigate if the observed relationship between these two pathways contributes to

regulation of tumor growth and malignancy.
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