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Abstract

This past decade has brought considerable progress towards elucidating the molecular mechanisms of oxygen sensing pathways by
which mammalian cells are able to detect and adjust, or succumb, to hypoxia. In contrast, far less is known about the protein and DNA
constituents that endow many invertebrate species to withstand and recover from even more severe and prolonged O, limitations. In spite
of these differences in hypoxia tolerance, inadequacy in oxygen supply is, from mammals to insects to nematodes, signaled onto the DNA
level predominantly by hypoxia-inducible factors (HIFs). Across the animal kingdom, HIF accumulates in hypoxic, but not normoxic,
cells and functions in a remarkably conserved pathway. Using crustacean (Daphnia magna) and insect (Drosophila melanogaster) models,
work by us and others has implicated HIF in restoring O, delivery via stimulated hemoglobin synthesis (Daphnia) or tracheal remodeling
(Drosophila). HIF is essential for these arthropods to adapt and survive during moderate O, limitations. A similar life-preserving role for
HIF-signaling in hypoxic, but not anoxic, environments had previously been established for another stress-tolerant invertebrate model,
the nematode Caenorhabditis elegans. Exploring regulations of oxygen-dependent Daphnia and Drosophila genes in cell culture and in
vivo have furthermore aided in uncovering novel HIF-targeting mechanisms that might operate to fine-tune the activity of this
transcription factor under steadily hypoxic, rather than changing, oxygen tensions. We conclude our review with yet another addition to
the growing list of HIF’s many functions: the control of cellular growth during fly development.
© 2006 Elsevier Ltd. All rights reserved.
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1. HIF signaling: a brief history

Transducing minutes to hours of a marked shortage in
oxygen supply onto the level of DNA is, throughout the
animal kingdom, mainly mediated by hypoxia-inducible
factors, aka HIFs.! HIFs are a highly conserved family of
basic-helix-loop-helix (bHLH)/PAS? transcription factors
that confer a multifaceted adaptive response to hypoxia
(see Bunn and Poyton, 1996; Taylor and Zhulin, 1999, for
review). In mammals, teleosts, the fruitfly Drosophila
melanogaster and the nematode Caenorhabditis elegans,
HIF is a heterodimer of o- and f-subunits that specifically
binds target gene sequences, so-called hypoxia-response
elements (HREs), in response to low oxygen partial
pressure (pO,) (see Crews, 1998; Huang and Bunn, 2003;
Shen and Powell-Coffman, 2003; Nikinmaa and Rees,
2005, for review). One of the most instructive HIF targets
was, in retrospect, the peptide hormone known to promote
the production of red blood cells: ERYTHROPOIETIN
(EPO). Transcription of the human epo gene is robustly
induced by hypoxia. The tripartite 3’ enhancer of the
human epo gene contains an induction-contributing HRE
that was identified as a *TACGTGCT? octanucleotide
(Blanchard et al., 1992; Semenza and Wang, 1992). This
hypoxia-driven EPO synthesis was soon realized to
represent an ‘iceberg’s tip’ of a far more comprehensive
and widespread oxygen sensing mechanism (Maxwell et al.,
1993; Wang and Semenza, 1993). In 1995, the key signal
transducer of this oxygen sensing cascade was eventually
identified when Wang and Semenza, by utilizing an
immobilized version of the epo enhancer HRE, purified
the binding protein complement from human hepatoma
cells as the HIF-1 protein complex (Wang and Semenza,
1995). HIF-1 was subsequently shown to consist of
120kDa «- and 91-94kDa f-subunits (Wang et al.,
1995). In the wake of these early observations, numerous
additional HRE-flanked HIF target genes (Firth et al.,
1995; Wenger and Gassmann, 1997; Ebert and Bunn, 1999;
Semenza, 1999) implicated this transcription factor in
orchestrating essential cellular and systemic defenses to
falling pO,. In mammals, these HIF targets typically fall
into two effector categories whose main functions aim to
restore energy and oxygen homeostasis by:

(a) increasing anaerobic carbohydrate consumption and
energy production via enhanced glycolysis;

(b) increasing tissue oxygenation through stimulated an-
giogenesis, vasodilation and erythropoiesis.

Approximately 2%-5% of all human genes might be
transcriptionally controlled by HIF in response to hypoxia
(Manalo et al., 2005). While not anywhere close to the

"For better distinction, gene and ¢cDNA names will be given as
italicized/lowercase, while protein names will be in uppercase.

2PAS: acronym for PER, ARNT, SIM, the first proteins discovered to
contain this domain (see Glossary).

expected list of some 500+ effector genes, to date
experimental evidence for HIF-dependent expression has
been provided, through HRE binding assays (i.e. electro-
phoretic mobility shift assay, EMSA), functional transac-
tivation of reporter genes or loss of expression in HIF-o
null cells, for a total of 70 hypoxia-regulated ‘oxy-genes’
(see Wenger et al., 2005, for recent compilation of HIF
targets). Hence, HIF is viewed as global and ubiquitous
regulator in transducing reduced oxygen availability into
changes in gene activity (e.g. Guillemin and Krasnow,
1997; Semenza, 1999; Harris, 2002; Vogelstein and
Kinzler, 2004; Cummins and Taylor, 2005; Wenger et al.,
2005). It is, however, by no means the only pathway linking
pO, with DNA. Depending on the degree, site and
combinatorial nature of stimuli, hypoxic gene expre-
ssion can alternatively be mediated, or modified, by
different oxygen- and redox-sensitive transcription factors
such as:

e nuclear factor-«B (NF-xB),

® tumor suppressor protein p53,

e c-Fos, c-Jun monomer subunits in activating protein-1
(AP-1),

e members of Sp-factor family (i.e. Sp-1, Sp-3),

e carly growth response protein-1 (Egr-1),

e cyclic AMP-response-element-binding protein (CREB),

e metal-transcription factor-1 (MTF-1),

e nuclear factor for interleukin 6 (NF-IL6 aka C/EBPp),

HIF-alternate hypoxia-induced transcription responses
have been extensively reviewed (e.g. Acker and Acker,
2004; Murphy, 2004; Cummins and Taylor, 2005). Yet,
little is known in regard to the activating mechanisms of
these factors or their potential cross-talk with the HIF
pathway (Cummins and Taylor, 2005). In contrast, these
last few years uncovered a wealth of novel insights
particularly in regard to the oxygen-mediated regulation
of the HIF cascade in mammalian cells and tissues
(reviewed in Lando et al., 2003; Acker and Acker, 2004;
Schofield and Ratcliffe, 2004). For these reasons, this
review will revisit adaptive responses mediated specifically
by HIF with a fresh look across taxa. We will start our
comparative survey with a description of the up-to-date
basics of HIF structure, function and regulation as they
have been unraveled in regard to the standard mode of
oxygen sensing and hydroxylase-driven HIF control in
mammalian cells (Sections 1, 2). Subsequently, we will
elaborate on the role of invertebrate models in uncovering
the remarkable ‘worm-to-man’ conservation in the O,
sensing HIF pathway (Section 3). Crustacean and insect
models, however, have also aided in discovering novel,
hydroxylation-independent ways of controlling the activity
of this transcription factor (Section 4). In later sections,
we will apply the mammalian ‘framework’ of the HIF
pathway onto invertebrate physiology and stress tolerance
(Sections 5, 6) and, finally, onto invertebrate development
(Sections 7, 8). Throughout this review, we will strive to
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point to commonalities and differences in HIF signaling
between vertebrate and invertebrate systems.

2. Sensing oxygen via HIF: mammalian lessons

Vertebrate and invertebrate cells alike are able to signal
changes in pO, onto DNA through oxidative modifications
of the o-subunits of HIF. Multiple isoforms of these
regulatory HIF proteins exist in fish, amphibians, birds and
mammals (Nikinmaa and Rees, 2005). Three HIF-«-
subunits have been reported in human and rodent cells:
HIF-1a of 826 amino acids, HIF-2« (870 aa) and HIF-3«
(668 aa) (lengths refer to human proteins, see Fig. 1). All
three factors share, aside from sequence homology within
the N-terminal bHLH and PAS domains, the ability to
heterodimerize with the ubiquitously expressed HIF-1-
subunit, aka aryl hydrocarbon receptor nuclear translo-
cator or ARNT, thus producing HIF-1, -2 and -3. In
hypoxic cell culture, HIF activity is induced at the protein
level by the regulation of both the abundance and
transcriptional activity of the la- and 2w«-subunits. In
contrast, steady-state levels of the ARNT protein, and of
all transcripts, are unaffected by changes in oxygen tension
(Huang et al., 1996). The mammalian HIF oxygen sensing
protein that controls the stabilization, and thus, abundance
of HIF-u« proteins in the cell exists in three isoforms, named
PHD1-3, for the characteristic prolyl hydroxylase domains
contained within the reading frame. These PHDs are novel
members of the 2-oxoglutarate-dependent dioxygenase
superfamily with prolyl-4 hydroxylase activity (Epstein

bHLH NAD “AD
HIF-1a:
® @ ®
bHLH NAD CAD
HIF-20 TR ras ®oon Il
bHLH NAD
HIF-30,
” bHLH
IPAS mammals
bHLH
SIMATL ST Y %
bHLH. .
svSIMA Drosophila

Fig. 1. Structure and function of HIF-a proteins. Top: mammalian HIF-1e,
20, -30. proteins, and -3a splice variant (IPAS); bottom: Drosophila HIF-o
homolog SIMA, as full-length (SIMA'™) and splice variant (svSIMA)
isoform. HIF-o functional domains (with function given in parenthesis):
bHLH = basic region (HRE binding) with helix-loop-helix domain (HIF-
o:HIF-p interaction); PAS = PER/ARNT/SIM domain (HIF-«:HIF-§
interaction) with repeats A and B; ODD = oxygen-dependent degradation
domain (HIF-o stability); NAD/CAD = N-terminal/C-terminal activation
domain (HIF-« stability and transcriptional competence) with prolyl (P)/
asparaginyl (N)-hydroxylation targets being highlighted (see text for
details).

et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001). PHDs
catalyze the Fe(Il)- and O,-dependent hydroxylation of
two prolyl residues (Pro*? and Pro°** in human HIF-10)
(Masson et al., 2001; Hirsila et al., 2003; Acker and Acker,
2004) within the oxygen-dependent degradation domain
(ODD) of HIF-1oo (Huang et al., 1998) and HIF-2a (see
Fig. 1). Once hydroxylated, HIF-1o/-2o rapidly bind to the
von Hippel-Lindau (VHL) protein that is the recognition
component of an E3 ubiquitin ligase complex, thereby
tying prolyl hydroxylation to ubiquitination and protea-
somal degradation of a-subunits’ under high or rising pO,
(e.g. Salceda and Caro, 1997; Maxwell et al., 1999). The
efficacy of this protein-level mode of control is mirrored by
the <S5min half-life of HIF-la upon reoxygenation
(Huang et al., 1996) and, conversely, the instantaneous
accumulation of the transcription factor during declining
oxygen tensions (Jewell et al., 2001).

A second O,-requiring hydroxylation reaction, that of a
single asparagine within the C-terminal activation domain
(CAD) of HIF-la and -2a, governs the transcriptional
activation of HIF-1 and -2 (see highlighted prolyl (P) and
asparaginyl (N) hydroxylation sites in human HIF-1e,
(Fig. 1)). Hydroxylation of this asparagine (Asn®® in
human HIF-1«) by another Fe(Il)/2-oxoglutarate-depen-
dent dioxygenase, an asparaginyl hydroxylase dubbed
FIH-1 (factor inhibiting HIF-1), leads to steric hindrance
of the interaction between a-subunits and the coactivator
proteins p300/CBP, which, in turn, prohibits the transacti-
vation of target genes under high pO, (Lando et al., 2002a,
b). The absolute requirement of PHD- and FIH-1 activities
for oxygen and Fe(Il) (Lando et al., 2003; Acker and
Acker, 2004; Schofield and Ratcliffe, 2004) has made these
hydroxylation reactions susceptible to inhibition not only
by declining pO, but also by hypoxia-mimicking agents
such as transition metals (e.g. Co?") and iron chelators
(e.g. desferrioxamine, DFO) (Goldberg et al., 1988). Upon
exposure to hypoxia, cobalt- or DFO (Epstein et al., 2001),
hydroxylation of prolyl and asparaginyl residues is there-
fore abolished. This inhibition enables the a-subunit to
escape proteolytic degradation, to translocate into the
nucleus and dimerize with ARNT, where the off hetero-
dimer associates with the transcriptional coactivators p300/
CBP to promote target gene transcription via HRE binding
sites. The discovery of the hydroxylase-ubiquitin-protea-
some (named HUP hereafter) cascade clearly was of great
significance in unraveling the regulation between active
(hypoxia) and inactive (normoxia) states of HIF signaling.

3. From oxygen to oxy-genes: a very conserved pathway

The HIF signaling pathway, and its HUP-based regula-
tion, shows striking conservation throughout the animal
kingdom, from nematodes to fish to humans (Bruick and
McKnight, 2001; Epstein et al., 2001; Nikinmaa et al.,
2004). In fact, the discovery that mammalian PHDI1-3
prolyl hydroxylases served as HIF oxygen sensors emerged
from a study in C. elegans. In 2001, Peter Ratcliffe and
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associates (Epstein et al., 2001) identified EGL-9 as a
2-oxoglutarate-dependent dioxygenase that down-regu-
lated C. elegans HIF-o protein levels via VHL-dependent
ubiquitination and subsequent proteasomal degradation in
an oxygen-dependent manner (e.g. Salceda and Caro, 1997,
Maxwell et al., 1999). Rat and human EGL-9 homologs
(i.e. PHD1-3) were subsequently identified to operate as
HIF-o degrading oxygen sensors in mammalian systems
(Epstein et al., 2001). At the same time, Bruick and
McKnight (2001) identified all three human PHDs (termed
HPHs or HIF prolyl hydroxylases) and provided in vitro
and cell culture evidence of their activity in targeting
human HIF-a proteins. Interestingly, this group extended
their studies to a Drosophila system, by showing in a
KC167 fly cell line that silencing of the fly PHD homolog in
normoxia, provoked up-regulation of HIF-controlled,
hypoxia-inducible transcripts (Bruick and McKnight,
2001).

The existence of homologous oxygen sensing cascades in
various animal phyla includes, of course, HIFs per se.
Among invertebrates, homologous o« and f HIF subunits
have been reported in C. elegans (Powell-Coffman et al.,
1998; Jiang et al., 2001), Drosophila (Nambu et al., 1996;
Ohshiro and Saigo, 1997; Sonnenfeld et al., 1997; Ma and
Haddad, 1999) and the branchiopod crustacean Daphnia
magna.® Not surprisingly, all examined Aif transcripts were
found to be, unaffected by changes in pO,, ubiquitously
expressed throughout embryogenesis and in nearly all
tissues (Nambu et al., 1996; Sonnenfeld et al., 1997; Jiang
et al., 2001). In contrast, functional HIF protein is confined
to within the lower hypoxic pO, range through the action
of HUP and possibly non-HUP control modes (see
“Hydroxylation-independent control of HIF’). In nema-
todes (C. elegans), waterfleas (Daphnia) and fruitflies
(Drosophila), HIF activity peaks, as it does in mammals
(Jiang et al., 1996), in hypoxic tissue, while it sharply
declines towards both normoxic and anoxic pO, (e.g.
Drosophila  HIF: maximal HRE-binding activity at
~3%—-4% O, in fly embryos (Lavista-Llanos et al., 2002)
and at ~1% O, in cell culture, (Gorr et al., 2004b). Along
similar lines, the hif-loc gene product of C. elegans is
essential to ensure growth and survival in hypoxic
conditions (0.5%-1% 0O,), whereas it is fully dispensable
for the reversibly arrested growth and development (i.e.
suspended animation) that is induced by a complete lack of
oxygen (Jiang et al., 2001; Padilla et al., 2002; Shen and
Powell-Coffman, 2003; Shen et al., 2005). From ‘worm’ to
man, anoxic defenses, along with some, albeit less well
characterized, hypoxia signaling pathways (see above), are
known to occur in HIF-independent fashion (e.g. An et al.,
1998; Wenger et al., 1998; Padilla et al., 2002; Shen and
Powell-Coffman, 2003; Ameri et al., 2004).

Our own studies on oxygen sensing in fly SL2 cells
(Schneider, 1972) revealed that the activity of Drosophila

3Cloning of Daphnia magna HIF-o and - c¢DNAs is currently
underway; H. Yamagata, pers. communication; Tokyo University.
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Fig. 2. Fly HIF activity and HIF-o abundance. Drosophila cell HIF (dHIF)
activity (measured by electrophoretic mobility shift assay (EMSA)), and
abundance of SIMAFL protein (Western Blot) as function of hypoxic (H:
1% O,, 16h), CoCl, (C: 100 uM, 16h) or desferrioxamine (D: 100 puM,
16 h) exposure, relative to normoxic (N: 21% O,, 16 h) controls (see text
for details).

HIF (dHIF, Fig. 2, see “EMSA”’) and the abundance of the
HIF-o-subunit homolog SIMA (Fig. 2, “Western blot™) are
both inversely correlated to oxygen levels. These findings
underscored for dipteran cells the importance of HIF-o-
subunit accumulation in determining HIF activity, thereby
stressing once again the conservation of fly and human O,
sensing machineries. Upon closer inspection, however, one
realizes that the properties of insect and mammalian
systems are similar, yet not identical (Gorr et al., 2004b).
In cultured mammalian cells, iron chelation (e.g. by DFO)
or exposure to transition metals (e.g. Co>") are able to
mimic hypoxia by inhibiting both prolyl and asparaginyl
hydroxylations of a-subunits (Epstein et al., 2001; see
Maxwell and Salnikow, 2004, for discussion), which
induces HIF activity to a similar degree in response to all
three experimental conditions (Goldberg et al., 1988).
dHIF, on the other hand, when assessed through target
gene regulation or in vitro HRE-oligonucleotide binding
studies, is predominantly activated by hypoxia, weakly so
by DFO treatment, and refractory to Co®>" ions (Fig. 2,
“EMSA”) (Nagao et al., 1996; Gorr et al., 2004b; Dekanty
et al., 2005). The potency of various stimuli in inducing
Drosophila HIF activity, therefore, scales in the following
relative order: hypoxia (H) > DFO(D) > normoxia(N) =~
cobalt(C). Interestingly, this scaling of stimuli appears to
be directly linked to the relative abundance of SIMA
protein (see SIMA-immunodetection in Fig. 2, “Western
blot”), where hypoxia and DFO, but not cobalt, yielded
measurable SIMA accumulation (Gorr et al., 2004b).
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Further support for a tight conservation of the O,/HUP-
mediated control of HIF signaling was provided by the
occurrence of homologous amino acid motifs around the
proline® candidate hydroxylation site within SIMAs
ODD (highlighted in Fig. 1) (Ivan et al., 2001), thereby
confirming earlier studies on the narrowed oxy-regulatory
peptide regions within the fly HIF-o factor (Bacon et al.,
1998; Srinivas et al., 1999). Eventually, proline®’ was
substantiated to confer at least part of SIMAs normoxic
instability through the documented interaction of Droso-
phila’s PHD and VHL homologs with the hydoxylproline
in this position (Arquier et al., 2006). Evidence for a
physiological role of Drosophila’s PHD homolog was
provided in 2002, when we demonstrated that this oxygen
sensor also controls abundance of SIMA in living embryos.
RNAi-mediated silencing or genetic inactivation of the phd
gene caused accumulation of SIMA in normoxia, which, in
turn, led to the constitutive induction of a hypoxia-
responsive transgenic reporter gene (Lavista-Llanos et al.,
2002). In addition, Drosophila’s phd gene is robustly
induced by hypoxia in a HIF-dependent manner (see
Lavista-Llanos et al., 2002 and Gorr et al., unpublished
data), similar to equivalent inhibitor inductions that
operate on mammalian (phd2 and phd3; but not phdl) or
nematode (egl-9) HIF prolyl hydroxylase genes (Berra
et al., 2003; del Peso et al., 2003; Marxsen et al., 2004; Shen
et al., 2005). In all cases, this hypoxia-induced negative
feedback loop apparently evolved to limit HIF-o accumu-
lation even under moderate O, deprivation. The Drosophila
PHD homolog, that we named “FATIGA” after its lack-
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of-oxygen phenotype, was later shown to be required for
developmental progression, regardless of oxygen tension,
and was also implicated in the cell autonomous regulation
of growth (Frei, 2004; Frei and Edgar, 2004; Centanin et
al., 2005); (see below: “HIF and prolyl hydroxylases
regulate cellular growth™).

However, cross-taxa conservation of the HIF pathway
involves, with HIF-1a/SIMA not only a-subunits. Droso-
phila’s protein TANGO mirrors its common ancestry with
the mammalian ARNT factor, by being able to form tissue-
and stage-specific heterodimers with multiple (at least five)
partner proteins. Contrary to this functional promiscuity,
only the SIMA:TANGO (i.e. dHIF) heterodimer was
found to be absolutely required to regulate the transcrip-
tion of HRE-reporter constructs in hypoxic flies (Lavista-
Llanos et al., 2002) (see Fig. 3, “hypoxic nucleus”). Other
o-like bBHLH/PAS partners of TANGO (see Crews, 1998,
for review), necessary for the tissue-specific nuclear
translocation of TANGO under normoxic pO, (Ward et
al., 1998), were unable to elicit this hypoxic response
(Lavista-Llanos et al., 2002) (see Fig. 3, ‘“‘normoxic
nucleus”). These TANGO partners include the neurogenic
factor SINGLE-MINDED (SIM) (Nambu et al., 1991);
TRACHEALESS (TRH), the master regulator of tracheal
development (Isaac and Andrew, 1996; Wilk et al., 1996);
SPINELESS (SS), that is involved in antenna, leg and
bristle development, and DYSFUSION (DYS), another
bHLH/PAS factor with roles in tracheal development
(Emmons et al., 1999; Jiang and Crews, 2003). However,
this growing list of TANGO heterodimers with close, or
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Fig. 3. Fly HIF signaling. Model of Drowphzla HIF (dHIF) signaling in hypoxia (see [O,] gradient,

‘hypoxic nucleus”) with SIMA (SIMAFY, HIF-x),

TANGO (ARNT), svSIMA and HRE (* TACGTGAT?) constituents. Indicated are: SIMA inhibition under reoxygenation and normoxic-moderately
hypoxic oxygen tensions, in response to proline hydroxylation (P-OH) by PHD/FATIGA and VHL-assisted ubiquitination plus proteolytic (proteasome)

degradation. Also shown: alternate TANGO pathways under high oxygen (see [O,] gradient, *

dimerization partners: TRH, SIM, SS and DYS (see text for details).

normoxic nucleus’) with various, tissue- or stage-specific
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even overlapping, DNA specificities also begs the question
as to how the signaling pathways mediated by each a-like
bHLH/PAS protein are maintained as distinct cascades
when several co-expressed TANGO partners might com-
pete for TANGO or binding sites (Zelzer et al., 1997).

4. Hydroxylation-independent control of HIF

General similarities in oxygen sensing cascades across
taxa seem to extent even beyond the HUP-system onto
additional HIF checkpoints. The requirement for further
controls, which might operate even under steady and
severely hypoxic pO,, can best be inferred from the
significance of physiological levels of HIF signaling for
controlled cell growth and function. In many human
malignancies, for example, a HIF-hyperactive (i.e. HIF-
la/-20 over-expressing) pathway is associated with tumor-
igenesis, increasing metastatic potential, resistance to
radio- and chemo-therapy and an overall worsening of
clinical outcomes (see Harris, 2002; Semenza, 2002, 2003;
Hopfl et al., 2004; Vaupel, 2004, for recent reviews). Yet,
several studies on cancer cells noted a transient induction of
HIF-1a protein levels under hypoxic or even anoxic
conditions with peak abundance after 4-8 h of exposure,
followed by progressively declining levels during prolonged
treatment (Wiesener et al., 1998; Graven et al., 2003; Ameri
et al., 2004). This decline of HIF-1a levels by prolonged
anoxia is noteworthy, since it occurs under conditions
known to abolish (Epstein et al., 2001; D’Angelo et al.,
2003; Stolze et al., 2004; Arquier et al., 2006) the O,-
dependent activity of PHD/FIH-1 enzymes (Hirsild et al.,
2003; Koivunen et al., 2004) and suggests the action of
additional, and hydroxylation-independent HIF-targeting
mechanisms.

A point in case was recently made with the discovery of
hypoxia-induced variant HIF-a peptides. In both mammals
and Drosophila, it was reported that HIF signaling can be
blocked through the expression of truncated HIF-o forms
that exert a dominant negative effect over the full-length
HIF-o-subunit. In mammals, an endogenous HIF antago-
nist was found in 2001 that consists of the inhibitory PAS
domain protein, aka IPAS (Makino et al., 2001). IPAS, a
hypoxia-induced splice variant of the mouse hif-3o gene,
encodes a 307 amino acid (aa) HIF-« truncated product.
This HIF-o variant lacks the ODD (i.e. AODD) and
C-terminal transactivation regions and only retains the
N-terminal bHLH and PAS domains (Makino et al., 2001,
2002). Intense IPAS expression was predominantly seen
within the epithelial layer of the cornea. Interestingly, IPAS
formed abortive complexes with HIF-1¢z and was able to
suppress expression of pro-angiogenic cytokines (e.g.
vascular endothelial growth factor (vegf)). Thus, IPAS has
been implicated in the maintenance of the avascular
phenotype of the corneal epithelium by exerting a
dominant negative effect over full-length HIF (Makino
et al., 2001, 2002).

Similar to the link between hif-3x and IPAS, we have
recently described the agonist/antagonist relationship
among expressed products of the Drosophila sima gene
(Gorr et al., 2004b). In cultured SL2 fly cells, the sima gene
is expressed into at least two mRINAs: one constitutive
transcript, encoding the 1510 aa full-length peptide (see
Fig. 1: SIMA'Y), and one hypoxia-induced shorter iso-
form. This shorter transcript is a sima splice variant which
lacks four exons close to the C-terminus and, in
consequence, encodes a 426 aa AODD ‘mini-HIF’ that
was termed svSIMA (see Fig. 1). SIMA full length
(SIMA'Y) and svSIMA proteins are identical in sequence
throughout the entire N-terminal portion (419 amino
acids), including all of the bHLH and PAS domains. In
hypoxia, the transcriptionally competent SIMA'™" accu-
mulates in the nucleus (see Fig. 3), where it either induces
or suppresses the expression of target genes (Gorr et al.,
2004b). In contrast, over-expressed svSIMA is constitu-
tively cytosolic and fails to stimulate HRE-dependent
transcription, yet is capable to inhibit SIMA"“:TANGO-
mediated reporter transactivation in a dose-dependent
manner (Gorr et al., 2004b). We speculate, therefore, that
the biological role of this ODD-deleted HIF-o truncation
might serve to down-regulate HIF activity in hypoxic fly
cells by creating a cytosolic ‘sink’ for TANGO (see Fig. 3).
Elucidating the in vivo role of svSIMA will be of particular
interest to understand its physiological function. These
findings suggest that, like murine hif-3¢, the Drosophila
sima gene can generate, specifically under low pO,,
SIMA'Y and svSIMA products to fine-tune hypoxic
signaling. Cross-taxa explorations of hypoxia-sensitive
splicing mechanisms of hif-a transcripts will surely be
launched by these studies. These findings make also clear
that hydroxylation-independent mechanisms are at work,
even under conditions of extreme O, deprivation, to
maintain HIF signaling within physiological limits, per-
haps as a necessary requirement for the prevention of
derailments in cellular growth and function that are usually
associated with hyperactivity of this pathway. Enhancing
our knowledge of these additional, PHD/FIH-independent
HIF checkpoints is potentially of considerable biomedical
relevance for the development of future HIF targeting
therapies.

5. Invertebrate HIF: different framework, different
functions?

As outlined above, HIF-mediated transcriptional reg-
ulation of oxy-genes and -genomes operates in the hypoxia-
tolerant toxicological and genetic models Daphnia, Droso-
phila and C. elegans. Further, cloned or predicted, HIF-a
cDNAs and expressed sequence tags have been reported
from the honeybee Apis mellifera (Genbank accession XM
392382), the goldenrod gall fly Eurosta solidaginis (Gen-
bank accession AY 845427; Morin et al., 2005), the silk
moth Lonomia obliqgua (Genbank accession CX 817129)
and the grass shrimp Palaemonetes pugio (Genbank
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accession AY 655698). Based on this preliminary sampling,
one can tentatively deduce that the HIF pathway is
common amongst arthropod (e.g. Daphnia, Palaemonetes,
Drosophila, Eurosta, Apis, Lonomia) and bilaterian (e.g.
C. elegans) invertebrates. Of course, future work needs to
resolve more finely the representation of HIF signaling as
functional environment/DNA interface by looking at other
major metazoan groups (e.g. arachnids, myriapods, anne-
lids, mollusks, deuterostomes, etc.).

While hypoxia tolerance (see Hochachka, 1986a,b, for
concept) is widespread amongst invertebrates (Wegener,
1988, 1993), including some crustaceans and especially
insects (Hoback and Stanley, 2001; Schmitz and Harrison,
2004), such ability to survive and recover from hours to
days or weeks of exposure to little or no oxygen is rarely
found in endothermic vertebrates, i.e. birds and mammals
(with possible exceptions amongst neonatal developmental
or hibernating physiological stages; see Singer, 1999; Drew
et al., 2004; Heldmaier et al., 2004; Mortola, 2004, for
review). For the most part, adult endotherms are oxyregu-
lators and succumb to even slight degrees of oxygen
deprivation lasting only minutes (e.g. Duffy et al., 1972).
Notably in stress-sensitive mammalian organs (e.g. brain,
kidney, heart; Hansen, 1985; Jaeschke et al., 1988; Buck et
al., 1993; Erecinska and Silver, 2001; Rosenberger et al.,
2005), HIF has acquired a critical role in promoting cell
survival during hypoxic challenges. Such adaptation
utilizes two main homeostatic strategies: (a) a systemic
strategy in mild hypoxia (Ebbesen et al., 2004) based on
enhancing oxygen delivery to the hypoxic tissue via
induced angiogenesis, vasodilation, and erythropoiesis
(restoring O, homeostasis); and (b) a cell autonomous
strategy during more severe O, deprivation (Ebbesen et al.,
2004) based on the enhanced uptake and breakdown of
glucose through anaerobic glycolysis (restoring of
energy homeostasis). The inverse relationship between
glycolytic flux and oxygen availability is known as
Pasteur effect (Storey, 1985; Schmidt and Kamp,
1996) and marks the switch from aerobic (mitochondrial)
to anaerobic (fermentative) metabolism and energy
production. In primary and transformed mammalian
cells exposed to 0%—2% O,, this switch is regulated by
HIF (Seagroves et al., 2001) and manifests itself in the
enhanced transcription of genes encoding specific glucose
transporters and most glycolytic enzymes (Webster,
1987, 2003; Iyer et al., 1998). However, prominent
stimulation of fermentative carbohydrate consumption by
low pO, is a typical short-term attempt of hypoxia-
sensitive and oxyregulating tissues to compensate for
continuing ATP utilization demands (Suarez et al.,
1989; Buck et al., 1993). Anaerobic glycolysis soon amasses
toxic levels of end products (e.g. lactic acid), while it still
fails to meet the ATP demands for ionic and osmotic
equilibrium, thus producing an ultimately fatal ATP
imbalance in the cell (Hochachka et al., 1996; Boutilier
and St-Pierre, 2000; Hochachka and Somero, 2002) (see
Fig. 4, hatched line).
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Fig. 4. ATP turnover. Simplified comparison of ATP-turnover schemes
between hypoxia-sensitive (“HS”, e.g. endothermic vertebrates) and
hypoxia-tolerant (“HT”, e.g. facultative anaerobe invertebrates) organ-
isms during hypoxic challenges (adopted from Hochachka et al., 1996;
Boutilier and St-Pierre, 2000; Hochachka and Somero, 2002; reprinted
here with permission from Elsevier). In HS animals/tissues, loss of
oxidative ATP production during O, limitation meets continually high
ATP demands. The resulting energetic deficit ultimately manifests in a
lethal drop of [ATP] (hatched line), despite various compensatory defenses
orchestrated by HIF. In HT animals/tissues, a drastic, yet controlled,
metabolic depression yields a new steady-state between ATPg,,,, and
ATPgemana processes (continuous line) as premier defense against hypoxia
(see text for details).

In hypoxia-tolerant animals or stages, markedly differ-
ent survival strategies are employed. These are primarily
based upon energy conservation rather than on energy
compensation. Here, the ability to reversibly enter a state of
a regular metabolic depression, characterized by a drasti-
cally reduced, yet balanced, steady-state between ATP
supply and ATP consumption, prevents lethal falls in
cellular ATP levels. This is the single most protective and
unifying feature of hypoxia-tolerant organisms (Hochach-
ka et al., 1996; Boutilier and St-Pierre, 2000; Hochachka
and Somero, 2002) (see Fig. 4, continuous line). The extent
of this metabolic depression (aka hypometabolism) is
inversely related to the period of hypoxia tolerance (see
Guppy and Withers, 1999, for review). Since ~80% of
mitochondrial O,-consumption is coupled to ATP synth-
esis (Rolfe and Brown, 1997), metabolic depression,
monitored as a drastically reduced oxygen consumption
rate, occurs immediately in these animals when exposed to
hypoxia. At the molecular level, sustained hypometabolism
involves the coordinated suppression of every major ATP-
utilizing function in the cell (i.e. protein synthesis (~30%
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of normoxic ATP turnover rate); protein degradation
(~20%); ion-motive ATPases, notably Na"-K "-ATPase
(~25%)) to match the concomitant decline in ATP
production (Land et al., 1993; Land and Hochachka,
1994; Hochachka et al., 1996; Rolfe and Brown, 1997,
Hochachka and Somero, 2002). During hypometabolic
states, glycolytic flux only needs to be elevated and provide
for ATP as much as the residual energy expenditures
require. It should come as no surprise then, that
particularly hypoxia-tolerant aquatic or intertidal inverte-
brates (e.g. Sipunculus peanut worms, Mytilus mussels,
Cardium cockles, Chironomus midge larvae) display only
weak or absent Pasteur effects (see Storey, 1985; Grie-
shaber et al., 1994; Schmidt and Kamp, 1996; Scholz and
Zerbst-Boroffka, 1998, and papers cited therein). Indeed,
bivalve muscles and insect brains (Wegener, 1993; Grie-
shaber et al., 1994) develop even a glycolytic rate inhibition
during episodes of oxygen deprivation (i.e. reverse Pasteur
effect), despite the occasional up-regulation of genes
encoding glycolytic enzymes in hypoxic flies or fly cells
(Gorr et al., 2004b; Dekanty et al., 2005).

6. Strata of tolerance: hypoxic responses in Daphnia and
Drosophila

Daphnia and Drosophila exhibit a remarkable resilience
to oxygen deprivation, as the adult stages are able to
remain fully viable throughout a 4 h (Drosophila, Krishnan
et al., 1997) or 24h (Daphnia, Paul et al., 1998) anoxic
challenge. As expected, late-stage embryos and larvae of
Drosophila withstand even day-long exposures of lack of
oxygen (Wingrove and O’Farrell, 1999). Despite this
tolerance, adult daphnids (Kobayashi and Hoshi, 1982;
Paul et al., 1997) and drosophilids (Csik, 1939; Chadwick
and Gilmour, 1940) display oxyregulation in O,-uptake or
behavior as long as ambient pO, levels are non-limiting to
sustain oxidative metabolism. Commonplace occurrence of
oxygen independent respiratory rates amongst crustaceans
(Childress, 1975; McMahon, 2001) or insects (Keister and
Buck, 1974; Loudon, 1988; Hoback and Stanley, 2001) is,
thus, faithfully reflected by waterflea and fruitfly models.
However, once oxygen concentrations have sufficiently
dropped to levels near or beyond the critical pO, (pC) of
the species (~1.6%—-3% O, for adult Drosophila melano-
gaster, Csik, 1939; Chadwick and Gilmour, 1940), both
models express a multifaceted repertoire of defenses in
correspondence to the severity of the stress signal. These
defenses, listed below, include both systemic and cellular
responses that range from epigenetic to behavioral changes
(“fly” = Drosophila melanogaster):

e sensing and avoidance of hypoxia via a nitric oxide/
cyclicGMP signaling pathway in fly larvae (Wingrove
and O’Farrell, 1999),

® stupor, ranging from loss of coordination to complete
immobility—used to define pC in adult drosophilids
(Csik, 1939; Chadwick and Gilmour, 1940);

e stimulated synthesis of extracellular hemoglobin in
daphnids (Pirow et al., 2001; Gorr et al., 2004a);

@ increased heart rate and hemolymph perfusion rates in
daphnids (Paul et al., 1998);

e remodeling of the tracheal respiratory system during
development in fly larvae (Jarecki et al., 1999);

e induced expression of hypoxia/HIF-responsive genes in
fly cells and embryos (Bruick and McKnight, 2001;
Lavista-Llanos et al., 2002; Gorr et al., 2003, 2004b; and
references cited therein);

e glycogen-fueled anaerobiosis with lactate as arthropod-
typical endproduct in daphnids and flies (Wegener,
1993; Grieshaber et al., 1994);

e reduced O,-consumption rates to ~20%-30% of
normoxic controls in adult flies (Krishnan et al., 1997;
Ma et al., 1999);

e cell cycle arrest in fly embryos (Foe and Alberts, 1985;
Wingrove and O’Farrell, 1999; DiGregorio et al., 2001;
Douglas et al., 2001);

e general and reversible chromatin condensation in fly
embryos (Foe and Alberts, 1985).

In contrast to the recent transcriptome analyses of HIF-
dependent and -independent hypoxic responses in
C. elegans (Bishop et al., 2004; Shen et al., 2005), the
impact of HIF on most of the above defenses in Daphnia or
Drosophila has not been studied. A notable exception is a
short list of HIF/SIMA-dependent targets in flies (see
above). In addition, HIF was recently implicated in the
hypoxic induction of Daphnia magna globin genes. From a
systemic point of view, the transcriptional induction of
hemoglobin synthesis in daphnids mirrors mammalian
vascular and erythropoietic responses, since it has been
shown to serve as ‘first line of defense’ of multiple vitality
parameters by extending aerobic metabolism deeper into
hypoxic pO, ranges (Pirow et al., 2001). Owing to the
extracellular nature of this hemoglobin, the induction was,
however, expected to operate on the level of the globin
genes per se. Indeed, as we were able to show, elevated
transcription of /4b2, one of the four existing Daphnia
magna globin genes, in response to low oxygen was entirely
dependent upon three motifs within the promoter of this
gene when monitored in heterologous transfection assays
(Gorr et al., 2004a). While two of these cis-elements were
shown to be standard HIF binding sites (i.e. HREs), the
third motif, a *CACGTG?® E-box palindrome, acted as a
docking sequence for a non-HIF, constitutive complex.
Interaction between the CACGTG-sequence and this
constitutive factor was found to restrain binding of HIF
to nearby HREs. Thus, at least one Daphnia magna globin
gene promoter appears to attract both inducing and
inhibitory complexes via HREs and E-box palindromes,
respectively (Gorr et al.,, 2004a). It remains to be
determined, if the interplay between these complexes
evolved to allow for a graded, rather than the stereotypical
ON/OFF, activation of gene expression in response to
declining pO..
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Collectively, HIFs key role in hypoxia-sensitive organ-
isms during standard homeostatic responses of improved
oxygen supply (i.e. activated angiogenesis, erythropoiesis)
and metabolic switches (i.e. activated anaerobic glycolysis)
is beyond doubt. In contrast, our understanding of HIFs
contribution to stress-resilience within tolerant systems is
still very sketchy. We do not know, if, and to what extent,
HIF controls, for example, the down-regulation of ATP-
costly processes such as cell proliferation, apoptosis or
macromolecular turnover in hypometabolic states of
hypoxia-tolerant/invertebrate cells.

7. Fly HIF: a driver of tracheal remodeling?

Mammalian and teleost HIF proteins have been
implicated in many developmental processes, including
the formation of the vascular system, and development of
the heart, brain, cartilages and placenta (Iyer et al., 1998;
Adelman et al., 2000; Tomita et al., 2003; Covello and
Simon, 2004; Pfander et al., 2004; Vuori et al., 2004). The
underlying mechanisms are not well understood and
whether local oxygen availability is relevant for these
processes is not entirely clear. Nevertheless, the role of
hypoxia in angiogenesis (i.e. formation of vascular
capillaries from pre-existing blood vessels) has long been
appreciated to involve the activity of oxygen-dependent
angiogenic cytokines (Pugh and Ratcliffe, 2003). Steady-
state levels of VEGF, a potent inducer of angiogenesis, are
increased up to 10-15 fold in hypoxic cells (Shweiki et al.,
1992, 1995; Levy et al., 1995). Part of this induction is due
to increased mRINA stability and part due to transcrip-
tional induction; the latter clearly depending on HIF
activity. Therefore, in hypoxic tissues, inhibition of the
HUP-cascade discussed above yields HIF activation, and
consequently, the up-regulation of angiogenic growth
factors like VEGF. VEGF over-production, in turn,
attracts the outgrowth of blood capillaries towards hypoxic
areas and improves oxygenation of the tissue.

Owing to the widespread absence of respiratory hemo-
lymph pigments amongst insects, it is widely held for the
majority of these animals that their circulatory system does
not play a role in transporting oxygen to organs and
tissues. Instead, oxygen is thought to be directly delivered
to every cell in the organism through a complex, ramified
network of epithelial tubes termed the tracheal system
(Ghabrial et al., 2003). In Drosophila, development of the
tracheal system begins at mid-embryogenesis when epithe-
lial primordial, under the control of TRACHEALESS (see
above), differentiate into a tracheal cell fate (Isaac and
Andrew, 1996; Wilk et al., 1996). Thereafter, the whole
tubular network is generated by a process relying
exclusively on guided cell migration since no cell divisions
occur throughout the entire tracheal development (Sama-
kovlis et al., 1996). In Drosophila, cell migration is guided
by the fibroblast growth factor (FGF) homolog
BRANCHLESS (BNL), which is dynamically expressed
in clusters of epidermal cells surrounding the tracheal

primordia (Sutherland et al., 1996). At the molecular level,
it has been shown that BNL binds to the FGF receptor
homolog BREATHLESS (BTL), which is expressed in the
plasma membrane of migrating tracheal cells (Sutherland
et al., 1996; Ribeiro et al., 2003). Consistent with a
guidance function of the FGF homolog, ectopic expression
of BNL in an unusual ectodermal location causes tracheal
cell migration and branch outgrowth towards the new
location of expression (Sutherland et al., 1996). Thus, the
shape of Drosophila’s tracheal tree is set up by the BNL
expression pattern in target tissues (outside the tracheae)
and the activation of its receptor BTL on the membrane of
tracheal cells. By the end of embryogenesis, this hardwired
migratory process has been completed. In larval stages,
terminal tracheal branches are plastic and have the
capacity to sprout-out projections towards oxygen-starved
areas in the surrounding tissues (Jarecki et al., 1999), in a
process which appears to resemble capillary outgrowth
during mammalian angiogenesis (Metzger and Krasnow,
1999; Wappner and Ratcliffe, 2001).

The ability of insect tracheal cells to undergo remodeling
in response to oxygen needs throughout the organism has
been discovered more than five decades ago (Wigglesworth,
1954; Locke, 1958). In a classical experiment performed by
V.B. Wigglesworth on the blood sucking bug Rodnius
prolixus, a major abdominal tracheal branch was surgically
severed, giving rise to an extensive hypoxic area in one of
the abdominal segments (Wigglesworth, 1954, 1983). A few
days later, a dramatic compensatory response was ob-
served, with branches from neighboring segments extend-
ing terminal projections into the hypoxic zone
(Wigglesworth, 1954; Locke, 1958). Much more recently,
by taking advantage of the genetic tools available in
Drosophila, it was shown that the embryonic guidance cue
BNL is also responsible for driving the extension of
oxygen-dependent tracheal terminal branches during larval
stages, and consistent with this observation, BNL protein
accumulates in hypoxia (Jarecki et al., 1999). These lines of
evidence suggest for Drosophila larvae that tracheal
plasticity is induced via BNL by the SIMA:TANGO dimer
in hypoxic tissues (outside the tracheae), thus promoting
tracheal terminal sprouting (see Fig. 5B). Although, this
model is attractive and agrees with well-established
mechanisms of VEGF-regulated mammalian angiogenesis,
further experiments are required to confirm whether the
branchless gene is indeed activated by HIF in response
to hypoxia outside of tracheal cells (Fig. 5B). In fact there
is evidence suggesting a somewhat more complex picture.
Contrary to the prediction, expression of SIMA-dependent
reporters in Drosophila larvae is induced by mild hypoxic
exposure in tracheal cells, rather than in the surrounding
tissues (Lavista-Llanos et al., 2002) (Fig. SA). Non-tracheal
expression of the transgenic reporters was weak and only
noted when the larvaec were exposed to a more severe
oxygen deprivation. At the same time, the pattern of
accumulation of endogenous SIMA protein paralleled
perfectly the expression of these hypoxia-inducible reporters
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Fig. 5. The SIMA:TANGO dimer functions as fly HIF (dHIF) specifically in hypoxic tracheae. (A) A Drosophila first instar larva, that is transgenic for a
SIMA:TANGO-inducible green fluorescent protein (GFP) reporter, has been exposed to a 5% oxygen atmosphere. The GFP reporter, that bears a nuclear
localization signal, is expressed in the nuclei of the tracheal system (the arrow marks one nucleus), while no expression of the reporter is observed outside
the tracheal system. (B) Model for oxygen-dependent plasticity of the Drosophila larval tracheal system: under low pO,, the chemo-tactic ligand
BRANCHLESS (BNL)/FGF is expressed in non-tracheal tissues, thereby binding to the BREATHLESS (BTL)/FGF receptor and promoting the
extension of thin tracheal projections (tracheoles) towards the hypoxic tissue; the molecular mechanism that mediates oxygen-dependent BNL induction is
unknown. In hypoxic tracheal cells, the Drosophila HIF (dHIF) o-subunit, SIMA accumulates, thereby inducing the transcription of tracheal-specific

unknown genes that might contribute to O,-dependent tracheal remodeling.

(Lavista-Llanos et al., 2002) (Fig. 5A). Based on these
findings, tracheal cells seem to respond with a heightened
sensitivity to declining pO, as compared to other cell types
(Lavista-Llanos et al., 2002; Arquier et al., 2006), albeit
neither the reason(s) nor the mechanism(s) for such tissue-
specific thresholds of oxygen sensing and the HIF-signaling
pathway are currently understood. Tackling the molecular
bases of oxygen-dependent tracheal plasticity awaits novel
conceptual approaches and experimental strategies.

8. HIF and prolyl hydroxylases regulate cellular growth

Hypoxic insects, including drosophilids, generally grow
at reduced rates and remain smaller relative to normoxic

control animals (Frazier et al., 2001). Until recently,
however, very few insights had been uncovered in regard
to the molecular interface between hypoxic responses and
growth control of cells and organisms. Now, studies in the
field of cell growth regulation have arrived at the
unexpected conclusion that the Drosophila PHD homolog,
a protein we named FATIGA (FGA) (Centanin et al.,
2005), is involved in the determination of cell size. While
looking for genes that might mediate the established
growth- and proliferation stimulation by hyperactive
CYCLIN D/CDK4 cyclin-dependent protein kinase com-
plexes (CYCD/CDK4), Frei and Edgar discovered that
partial loss of function of fga dominantly suppressed the
growth, but not the proliferation, phenotype provoked by
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the ectopic expression of cycD (Frei, 2004; Frei and Edgar,
2004). Moreover, mitotic clones of fga homozygous mutant
cells in the fat body exhibited clear size reduction, revealing
that FGA/PHD is likely to function as a cell autonomous
positive regulator of cell growth. Consistent with this
hypothesis, the same study also showed that ectopic
expression of FGA/PHD is sufficient to increase cell size
in wing imaginal discs, suggesting that not only decreasing
but also increasing FGA/PHD levels can affect cell size
(Frei, 2004; Frei and Edgar, 2004).

Extensive work over the last seven years by Hafen’s
group and other labs has characterized the role of the
insulin-triggered phosphoinositol-3-kinase (PI3K)/target of
rapamycin (TOR) pathway in Drosophila cell and body size
regulation (Bohni et al., 1999; Oldham and Hafen, 2003).
Increased activity of this pathway enhances growth, while
diminished PI3K/TOR signal transduction leads to cell and
body size reduction. It was therefore suggested that the
main function of this pathway is to coordinate the extent of
cellular and organismal growth in accordance with
environmental conditions and the nutritional status of
the organism (Britton et al., 2002). Since hypoxic flies
remain small in size (Frazier et al., 2001), potential cross-
talks between the PI3K/TOR and the hypoxia/HIF path-
ways in Drosophila are currently under active investigation.
A genetic screen has recently implicated a hypoxia-
inducible gene named scylla as a negative regulator of
TOR signaling, thereby providing a mechanistic explana-
tion for the well-known link between oxygen scarcity and
body size reduction (Reiling and Hafen, 2004). Interest-
ingly, this regulation is evolutionary conserved as the
mammalian homolog of SCYLLA, a hypoxia-inducible
product named REDDI/RTP801, has exactly the same
effect on TOR signaling and growth control (Brugarolas et
al., 2004). Taken together, these recent results suggested
that fatiga loss-of-function causes SIMA protein up-
regulation, which in turn could be a negative regulator of
cellular growth. A relevant question in this regard is as to
whether over-accumulation of SIMA can account by itself
for the cell size reduction of fga mutant clones. Our own
results revealed that this is indeed the case. Over-expression
of SIMA in random clones throughout different larval
polytenic tissues provoked a dramatic cell autonomous
reduction of cell size, revealing that SIMA does indeed
convey the fga cell growth phenotype (Centanin et al.,
2005). In support of this conclusion, homozygous pupae
for a hypomorphic fga allele were much smaller than their
wild-type siblings, whereas fga sima double mutant pupae
had reverted to a normal size (Centanin et al., 2005).

Nevertheless, the cross-talk between the HIF/SIMA and
insulin/PI3K/TOR pathways appears to be far more
complicated. We have recently shown, both in Drosophila
SL2 cells and in living embryos, that insulin is a potent
activator of SIMA-dependent transcription. The effect is
mediated by the PI3K/TOR pathway and involves
accumulation of SIMA protein as well as its enhanced
nuclear localization (Dekanty et al., 2005). Thus, in vitro

and in vivo, SIMA can inhibit cell growth by down-
regulating the TOR pathway, while paradoxically, SIMA
signaling is activated by the same pathway. What is the
physiological meaning of this apparent negative feedback
loop from hypoxia via SIMA to the insulin/PI3K/TOR
cascade? Is the SIMA-dependent inhibition of cellular (and
organismal) growth conferred entirely by SCYLLA, or do
other SIMA targets contribute to this effect as well? These,
and other, important issues related to the novel and
exciting role of HIF/SIMA in growth regulation remain
unresolved for now.

9. Conclusions and outlook

Invertebrate species will provide for exciting new
directions and paradigms in future studies of HIF-
mediated oxygen sensing. As outlined in this review, a
homologous HIF pathway operates, with a remarkable
degree of conservation from nematodes to flies to fish to
humans, by governing essential aspects of physiological
and developmental adaptations to oxygen limitation.
Parallel and different responses alike are mediated via
HIF when comparing our standard, hypoxia-sensitive
human or rodent models with hypoxia-tolerant inverte-
brates. As overarching theme during the onset of hypoxic
challenges, HIF signaling aids in maintaining systemic O,
homeostasis and aerobic metabolism across a wide range of
taxa by improving oxygen carrying capacities through
hemoglobin- (Daphnia), tracheal remodeling- (Drosophila)
or angiogenesis-/erythropoiesis-centered (vertebrates) stra-
tegies. Deeper into hypoxia, however, HIF-driven regula-
tion of target genes might be instrumental in switching
cellular metabolism to either energy compensation- (mam-
mals) or energy conservation-based (many invertebrates)
defenses. Exploring invertebrate HIF, therefore, might
allow us to understand its significance in inducing and
maintaining physiological adaptations such as hypometa-
bolism and cellular quiescence that underlie the phenotypic
tolerance towards reduced oxygen. These insights will
subsequently enable us to compare the molecular basis of
stress resilience between physiological (i.e. in these lower
metazoans) and pathological states (e.g. quiescent regions
in solid human tumors) and to interfere with it. Further-
more, the hypoxia-induced presence of an endogenous
‘anti-HIF” molecule in fly cells (e.g. ODD-deleted HIF-a
splice variant) suggests the need for fine-tuning, or even
terminating, the activity of this transcription factor under
all pO,, including prolonged and severe O, deprivation.
Understanding the physiological role of these a-subunit
derivatives will certainly benefit us in generating novel and
clinically relevant HIF-targeting mechanisms. Finally,
HIFs control of invertebrate development is clearly seen
in Drosophila, where it was shown to act as a growth
inhibitor in response to hypoxia, presumably by antag-
onizing the growth-promoting function of the insulin/
PI3K/TOR pathway. Thus, invertebrate models have
yielded the first details of the molecular crosstalk between
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HIF and insulin pathways to coordinate growth of cells
and organisms in accordance with ambient oxygen tension.
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Glossary

Angiogenesis: growth and proliferation of capillaries from pre-existing
vasculature

Anoxia: lack of oxygen; decline of [O,] down to trace amounts (i.e.
[0,]<0.1%)

ARNT: aryl hydrocarbon receptor nuclear translocator, constitutive HIF-f
subunit and common partner protein of various other bHLH/PAS
proteins

bHLH: basic helix-loop-helix region; function of basic region: DNA
(HRE) binding; function of HLH region: protein:protein (HIF-o:HIF-
p) interaction

BNL: BRANCHLESS, Drosophila’s fibroblast growth factor (FGF)
homolog, ligand to BTL and guidance cue during tracheal outgrowth,
expressed in epidermal cells adjacent to tracheal primordia

BTL: BREATHLESS, Drosophila’s FGF-receptor homolog, expressed by
tracheal cells

CBP: CREB binding protein, CBP and its paralog p300 are protein/
histone acetyltransferases and coactivators of HIF and numerous
other transcription factors

Co’*: cobalt salt, transition metals Co®>*, Ni?*, Mn?" can inhibit PHD
and FIH enzymes and stabilize HIF-z, mimetics of mammalian
hypoxia response

CYCLIN D/CDK4: CYCLIN-DEPENDENT KINASE 4, activated by
CYCLIN D; cell growth and proliferation promoting complex

DFO: desferrioxamine, iron chelator; inhibits PHD and FIH enzymes and
stabilizes HIF-o; iron chelating agents are general mimetics of hypoxia
responses

E-box: family of short cis-elements of general SCANNTGY denotation;
HREs are E-box members

EMSA: electrophoretic mobility shift assay, in vitro assay for trans-factor
binding to a specific DNA sequence (e.g. detection of HIF/HRE
interaction)

Erythropoiesis: formation of red blood cells

FGA: FATIGA, Drosophila’s PHD (HIF prolyl hydroxylase) homolog

FIH-1: factor-inhibiting HIF; dioxygenase with asparaginyl hydroxylase
activity, HIF oxygen sensor

HIF: hypoxia-inducible factor, heterodimer of o- and f-subunits,
recognizes specific cis-elements (HREs)

HIF-o: oxy-sensitive, regulatory HIF subunit

HRE: hypoxia-response element, HIF binding site; current consensus:
SVNVB(A/G)CGTG(C/cTA)N?, with B = all bases except A; V = all
bases except T; N =any base; core, essential for HIF binding:
underlined

HUP: hydroxylase-ubiquitin-proteasome cascade, role, e.g. in HIF-a
regulation

Hypoxia: marked decline of [O,] below normoxic levels of 20.95% O,;
(e.g, 0.1%—-5% O, is typically used as HIF-activating hypoxia for in
vitro or in vivo studies)

IPAS: inhibitory PAS domain protein, hypoxia-induced ODD-deleted
splice variant of murine HIF-3o

NAD/CAD: N-terminal (NAD) and C-terminal (CAD) transcriptional
activation domain of HIF-a-subunits; CAD contains asparaginyl
residue, which, upon hydroxylation, blocks interaction between HIF
and coactivator proteins in normoxia, thereby terminating HIF-
mediated gene transcription

ODD: oxygen-dependent degradation domain in HIF-z-subunits; contains
NAD and prolyl residue(s), which, upon hydroxylation, confer
normoxic instability of a-subunit via ubiquitination and proteasomal
degradation

Oxyconformity: O,/energy demands of metabolism decrease in accordance
with falling pO,; this respiratory regulation can occur even with fully
oxygenated mitochondria (i.e. is independent from oxidative limita-
tions)

Oxyregulation: O,/energy demands of metabolism are high and unaffected
by changing pO, values until oxygen tensions have declined to, or
beyond a, critical threshold (pC)

Palindrome: DNA sequence that reads the same on opposite strands

¥'cacaTe®

¥aTacac

PAS: PER-ARNT-SIM domain (see footnote #2); contains A and B
repeats, function of PAS domain: protein:protein (e.g. HIF-a: HIF-f)
interaction

PHD: prolyl hydroxylase domain containing dioxygenase, HIF oxygen
sensor

PI3K: phosphoinositol-3-kinase, insulin pathway component involved in
growth regulation

pC: critical pO,, marks the physiological transition from oxyregulatory to
oxyconforming O,/energy demands, and the biochemical transition
from an oxidative (mitochondrial) to anaerobic (glycolytic) metabolism

pO5,: oxygen partial pressure

SIMA: bHLH/PAS factor named “SIMILAR” (abbrev. SIMA) in
Drosophila, HIF-a homolog

SL2: schneider line 2, macrophage-like cell line of late stage Drosophila
embryos

svSIMA: hypoxia-induced ODD-deleted splice variant of Drosophila’s
full-length (SIMA®™) HIF-¢ homolog

TANGO: bHLH/PAS factor in Drosophila, homologous to mammalian
ARNT proteins

TOR: target-of-rapamycin, kinase with reported roles in growth control

VHL: von-Hippel-Lindau protein; tumor suppressor and E3 ubiquitin
ligase component

(in opposite directions), e.g.
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