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Summary
Cancer ranks as second cause of death in western society. Treating the disease is
complicated by its heterogeneous nature. Various types of cancer can be classified in
malignant or benign, soft or solid, quiescent or fast-growing. All kinds of cells have been
shown to form or to interact with cancerous tissue. In other words: there is no such thing
as “the” cancer. Researchers are examining all steps from formation to growth, trying to
define common features for distinct tumor types for therapy approaches.
In the early 90’s, a novel protein which appeared under reduced oxygen partial
pressures (hypoxia) was isolated and shown to induce expression of the human
erythropoietin gene. This protein was termed hypoxia-inducible factor-1 (HIF-1). Further
experiments showed that the protein consisted of two subunits. One was the aryl
hydrocarbon receptor nuclear translocator (ARNT), since then also known as HIF-1β. The
other subunit, named HIF-1α, was found to be regulated on protein level. In the following
years, many additional HIF-1 target genes were identified. Because fast-growing tissues
were known to lack proper vascularization and therefore oxygenation, research groups
started to examine the importance of HIF-1 for cancer development and/or growth.
Elevated levels of HIF-1 were detected in most solid tumors, which proved to correlate
with resistance to radiation treatment and poor prognosis. Therefore, targeting or
inhibiting HIF-1α (and the closely related HIF-2α and HIF-3α) became a key endeavor in
oncology and remains an important research topic until today.
Embryonic stem (ES) cells have originally been isolated from the inner cell mass of
the pre-implantation blastocyst. They can be maintained to indefinitely proliferate without
loosing pluripotent state. If ES cells are subcutaneously injected into
immunocompromised mice, they aberrantly differentiate and develop tumors that consist
of multiple tissues (neuronal, muscle cartilage, bone, and epidermal-like tissue, among
others), termed teratocarcinomas.
We started the present work on the basis of a previous study by our group that showed
that teratocarcinomas formed from subcutaneously injected ES cells deficient for HIF-1α
(ko) grew significantly more slowly than wildtype (wt) ones. Growth, however, was reestablished when adding 1% wildtype cells to the knockout ES cell population (1:100
mixed, mxd). Furthermore, differentiation of transplanted ES cells was dependent on HIF1α availability, since wildtype ES cell-derived tumors preferentially formed neuronal
tissue, whereas knockout and mixed tumors generated primarily mesenchymal tissue.
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In study at hand, we examined tumor extracts with Western blots for specific marker
proteins of cells of mesenchymal or neuronal lineage to further corroborate the
morphometric analysis. The new experiments did not support all previously established
differentiation patterns. The resulting wt-teratocarcinomas showed a higher amount of
mesenchymal cells than ko ones, and the amount of neuronal lineage cells was similar in
wt- and ko-teratocarcinomas.
In a subsequent experiment, we investigated the proteome of tumor samples for
differentially upregulated pathways between tumors with diverse HIF genotypes. The
significant but moderate regulation patterns found for Transketolase (TKT), T-complex
protein-1 (TCP-1), and Tropomyosin-1/2 (TPM-1/2), could, however, not be corroborated
by Western blots.
To further examine the impact of hypoxia, HIF-1α, and differentiation, we subjected
HIF-1α wt, ko, and mxd ES cell cultures to an established neuronal differentiation
protocol. We were successful in terms of reproducing the morphometric analysis of ES
cell teratocarcinomas when judged by the protein levels of neuron-specific marker class
III beta-tubulin (TUBB-3), that indicated a significantly higher neuronal outcome for wt
cells compared to ko and mxd cultures. In addition, we found that TUBB-3 might be a
HIF-1α target in undifferentiated ES cells. Not unexpectedly, TKT levels were elevated in
ES cells and dropped markedly during neuronal differentiation. Transketolase levels are
also known to be directly linked to tumor growth. Future experiments will show if it is
possible to force-differentiate ES cells towards a defined lineage by TKT inhibition,
thereby providing a putative treatment to poorly curable tumors consisting of
undifferentiated cells.
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Zusammenfassung
Krebs ist die zweithäufigste Todesursache in der westlichen Welt. Das Problem bei
der Therapie dieser Erkrankung ist, dass sie in Ursache und Ablauf sehr unterschiedlich
sein kann. Verschiedene Arten von Tumoren werden beschrieben als bösartig oder
gutartig, weich oder fest, ruhend oder schnell-wachsend. Es wurde für die verschiedensten
Zellen gezeigt, dass sie zu Tumoren entarten oder mit ihnen interagieren können. Mit
anderen Worten, „den“ Krebs gibt es nicht. Wissenschafter untersuchen seit Jahren alle
Schritte von Krebsentstehung und -Wachstum und versuchen, Gemeinsamkeiten für
Therapieansätze zu finden.
In den frühen Neunzigerjahren wurde ein neues Protein charakterisiert, welches bei
Sauerstoffmangel (Hypoxie) in der Zelle akkumuliert und die Expression vom humanen
erythropoetin Gen induziert. Das Protein wurde hypoxie-induzierbarer Faktor-1 (HIF-1)
genannt. Weitere Experimente zeigten, dass HIF-1 aus zwei Untereinheiten besteht. Zum
einen aus dem konstitutiven aryl hydrocarbon receptor nuclear translocator (ARNT),
seither auch HIF-1β genannt, zum anderen aus HIF-1α, welches auf Proteinbasis reguliert
ist. In den folgenden Jahren wurden viele weitere Zielgene von HIF-1 identifiziert. Da
schnellwachsende Gewebe bekannt sind für schlechte Vaskularisierung und Oxygenierung
begann man mögliche Zusammenhänge von HIF-1 und Krebsentstehung und -wachstum
zu untersuchen. Stabilisiertes HIF-1α wurde in den meisten soliden Tumoren
nachgewiesen und mit Resistenz auf Strahlungstherapie und schlechter Langzeitprognose
in Verbindung gebracht. In den darauffolgenden Jahren wurden HIF-1α (und die eng
verwandten HIF-2α und -3α) zu zentralen Schwerpunkten in der Krebsforschung, ein
Trend der bis heute unvermindert angehalten hat.
Embryonale Stammzellen (ES Zellen) wurden ursprünglich aus der inneren Zellmasse
von nicht-implantierten Blastozysten isoliert. ES Zellen können unbegrenzte Zeit
kultiviert werden, ohne dass sie ihre Pluripotenz einbüssen. Wenn ES Zellen
immunokomprimierten Mäusen subkutan injiziert werden beginnen sie unkontrolliert zu
differenzieren und bilden Tumore, welche aus verschiedenartigen Gewebetypen bestehen
(unter anderem neuronales, Muskel, Knorpel, Knochen und Epidermis-ähnliches
Gewebe), und deshalb Teratokarcinome genannte werden.
Das vorliegende Projekt basiert auf einer früheren Arbeit aus unserem Labor, in
welcher gezeigt werden konnte, dass Teratokarcinome aus subkutan injizierten HIF-1defizienten (knockout, ko) ES Zellen signifikant langsamer wuchsen als solche aus
wildtyp Zellen (wt). Jedoch gelang es durch Beimischung von nur 1% wildtyp Zellen zu
den ko-Zellen (1:100 mixed, mxd), die Wachstumsgeschwindigkeit der ko-Zellen zu
erhöhen. Im Weiteren war die Differenzierung der injizierten Zellen durch HIF-1α
beeinflusst. So bildeten die aus wildtyp ES-Zellen entstandenen Tumore vorzugsweise
neuronales Gewebe, während knockout und mixed Tumore primär mesenchymale
Gewebe bilden.
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In der vorliegenden Studie untersuchten wir nun mit Western blots die Tumorextrakte
auf spezifische Markerproteine für mesenchymale und neuronale Zellen, um die
morphometrische Analyse zu erhärten. Die neuen Experimente bestätigten die klaren
Differenzierungsmuster nicht vollumfänglich. Die wt-Teratokarcinome wiesen mehr
mesenchymale Zellen auf als ko-, und die Unterschiede in neuronaler Differenzierung
zwischen wt- und ko-Teratokarcinomen waren vernachlässigbar. In einem
anschliessenden Experiment verglichen wir das Proteom von wt, ko und mxd
Tumorgewebeproben, um differentiell regulierte Gruppen von Proteinen zu finden. Wir
fanden Expressionsunterschiede für Transketolase (TKT), T-complex protein-1 (TCP-1)
und Tropomyosin-1/2 (TPM-1/2) in der Proteomanalyse. Die Verifizierung mit Western
blots konnte die Regulation dieser Kandidatenproteine aber nicht bestätigen.
Um die Verknüpfung von Hypoxie, HIF-1α und Gewebstypisierung weiter zu
untersuchen, differenzierten wir reine und gemischte ES Zellkulturen (wt, ko, 1:100 mxd)
mit einem etablierten Protokoll zu neuronalen Zellen. Wir konnten die morphometrische
Analyse des Tumorgewebes anhand der Expression des Neuronen-spezifischen Klasse III
beta-tubulin (TUBB3) erfolgreich nachvollziehen. Wildtyp Kulturen wiesen im Vergleich
zu den ko und mxd einen signifikant höheren Anteil an neuronalen Zellen auf. Im
Weiteren fanden wir Anhaltspunkte dafür, dass TUBB3 in ES Zellen ein HIF-1α Zielgen
sein kann. Die TKT Levels waren in ES Zellen höher als in ausdifferenzierten Neuronen.
Für Tumorwachstum wurde gezeigt, dass dieses sehr eng mit Transketolase Aktivität
verknüpft ist. Zukünftige Experimente werden zeigen, ob es beispielsweise gelingt, durch
spezifische TKT Inhibition ES-Zellen zur Differenzierung zu zwingen. So könnten
schlecht therapierbare, undifferenzierte Tumore wieder therapeutischen Ansätzen
zugeführt werden.
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1 Introduction
Oxygen is life, but too much, too little, or the wrong, “radical” kind of it can be lethal.
Only when evolution invented the use of oxygen as an electron acceptor in the respiratory
chain, multicellular life could arise. The higher efficiency in the production of ATP
through respiration made this possible. However, higher organisms were now dependent
on a constant availability of oxygen. All organisms dependent on oxygen, from aerobic
bacteria to mammals, have adapted to maintain a supply-and-demand homeostasis which
is key for maneuvering the cell along the fine line between the vital aspects of aerobic
metabolism and the potentially lethal side of reactive oxygen species production and
irreversible cell damage by these free radicals. Insufficient oxygen supply, however, is
equally destructive. There are many possibilities for a reduced oxygenation of tissues or
even the whole body to occur: defective uptake in the lung, impaired oxygen transport
capacity in the blood, or lower oxygen partial pressure (pO2) in the environment, as in
high altitude. All these factors can lead to a state of reduced (i.e. hypoxia), or in extreme
situations, completely lacking supply of oxygen (i.e. anoxia).
The reaction to this life-threatening situation requires hypoxia-dependent gene
regulation which induces a variety of specific adaptation mechanisms that ensure survival
at cellular and systemic levels alike. In hypoxic cells, the molecular survival reactions
underlie the switch towards an increased reliance on glycolytic (i.e. anaerobic) energy
production, concomitant with an overall reduction of the metabolic and the oxygen
consumption rates, and with the up-regulation of multiple survival factors. The main
molecule mediating these molecular responses is the hypoxia-inducible factor-1 (HIF-1).
This factor not only initiates cellular responses, but also confers its transcriptional effects
on the systemic level. As such, HIF-1 was discovered due to its effects in systemic
physiology. When renal cells sense diminished pO2 in blood, HIF-1 leads to up-regulation
and thus increased secretion of the hormone Erythropoietin (Epo). As is widely known
due to the prevalent misuse by professional endurance athletes, Epo binds to Erythroid
progenitor cells in the bone marrow which causes a stimulated proliferation rate and leads
to an increased amount of circulating red blood cells. An elevated oxygen transport
capacity of blood resulting from this higher amount of erythrocytes aims to improve
oxygen delivery to tissues, similar to the HIF-driven angiogenic response during
mammalian embryogenesis and many tumorigenic pathologies [1, 2]. Notably, HIF
induction of a higher oxygen carrying capacity as defense to hypoxia is not reserved to
mammals, but was also observed in phylogenetically lower species such as Daphnia
magna, a freshwater crustacean [3], or the fruit fly Drosophila melanogaster [4, 5], and
other species of a similar rank.
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1.1 The oxygen sensing mechanism
The human epo-gene has been used as a prototype system to study hypoxiaresponsive genes and transcription factors regulated by oxygen levels [6]. Soon, the
existence of a hypoxia-inducible enhancer 3’ to the human epo-gene was discovered and
shown to contain a hypoxia-responsive element (HRE) which was required for hypoxiamediated transcription [7]. This subsequently allowed the isolation and cloning of a factor
binding to the HRE under hypoxia, the hypoxia-inducible factor termed HIF-1 [8-10].
HIF-1 is a ubiquitously expressed heterodimeric transcription factor composed of an α
subunit, unstable under normoxia or reoxygenating conditions, and a common β subunit,
the latter being shared with other transcription factors (for reviews, see [11, 12]). HIF-1β
was earlier identified as the heterodimerization partner of the dioxin receptor/aryl
hydrocarbon receptor (AhR) and was hence called AhR nuclear translocator (ARNT, see
[13]). Later studies revealed, however, that HIF-1α heterodimerization with ARNT is
required for DNA binding and transactivation of target genes [14-16], but not for
translocation into the nucleus [17, 18]. In addition, the closely related HIF-2α and HIF-3α
were identified and found to also heterodimerize with ARNT in response to oxygen
scarcity [19, 20].
The mechanism of the hypoxic stabilization of the alpha subunits was stepwise
elucidated. Since these HIF-α factors are only detected in hypoxia, there must be some
kind of oxygen sensor, which either increases the expression level, or regulates the
amount of protein. While transcription of the hif-1α gene has been reported as O2sensitive for some tissues [21-23], in cell culture the factor is mainly regulated on protein
level. Promptly changing amounts of HIF-α subunits under hypoxia (accumulation), or
normoxia/reoxygenation (degradation), are reflective of a very efficient mode of control.
Illustrating this are publications showing a half-life of HIF-1α < 5 min in normoxia [24]
and accumulation of HIF-1α in the nucleus of HeLa cells already after 2 min of hypoxia
[25]. Delineation of this control came as a succession of several seminal steps. First the
oxygen dependent degradation domain (ODD) was identified for HIF-1α, which, upon
deletion, confers normoxic stabilization to this protein and various fusion constructs [26,
27]. Under normoxic conditions, this domain receives a signal that primes the HIF-1α
protein for ubiquitination and subsequent degradation in proteasomes. The nature of the
oxygen sensor, however, remained unknown for many years and gave rise to a series of
theories reviewed by [28]. The breakthrough in this field was eventually achieved by two
groups simultaneously [29, 30]. They co-discovered an oxygen-dependent enzymatic
modification of specific prolyl residues within the ODD of HIF-1α. The responsible
prolyl-4-hydroxylase activity was able to hydroxylate two proline residues (Pro402 and
Pro564 in human HIF-1α) in the presence of oxygen, ultimately leading to the degradation
of HIF-1α. Subsequently, three HIF-prolyl hydroxylases (named PHD (prolyl hydroxylase
domain containing) 1, 2, and 3, respectively) were cloned [30, 31]. These enzymes require
oxygen and 2-oxoglutarate as co-substrates and contain iron in coordination with two
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histidines and one aspartic acid residue. In order to retain iron in its enzymatically active
ferrous state, ascorbate is also needed.
These findings shed considerable light onto the long known [6] mechanism whereby
hypoxia-mimicking agents such as iron chelators (e.g. desferrioxamine, DFO) or
transition metals such as cobalt can either deplete (DFO) or substitute (Co) the catalytic
iron of PHDs, resulting in the suppressed hydroxylation of the ODD prolyl residues and,
ultimately, the stabilization of HIF-1α/-2α even under normoxic conditions. A reduction
in the HIF-1α hydroxylation under hypoxic conditions, and the genetic loss-of-function
impact on HIF stability of the C. elegans PHD homolog Egl-9, provided the final proof
that the PHDs function as HIF oxygen sensors, from “worm to man” [32]. While
overexpression of all PHDs results in increased HIF-α degradation, only PHD-2 loss-offunction leads to HIF-α accumulation in well-oxygenated cells. Research seeking to
delineate the exact PHD functions is still a hot topic [33, 34]. Another putative regulatory
protein with unclear function is ARD-1. It has been shown that by acetylating Lys532 of
HIF-1α in mouse cells, this protein seems to promote the VHL-dependent ubiquitination
of murine HIF-1α [35]. However, these effects could not yet be reproduced in human
cells [36].
In addition to the well documented role in oxygen sensing of HIF-1α and HIF-2α, the
role of another closely related factor, termed HIF-3α, is less clear. HIF-3α is expressed in
a number of tissues [37, 38] and, remarkably, gives rise to a HIF antagonist. This ODDlacking, thus stable, splice variant of HIF-3α, termed inhibitory PAS protein (IPAS),
functions as hypoxia-induced dominant negative repressor of HIF targets, by, for example,
capping the angiogenic stimulus exerted via HIF-1 in tissues where too much
vascularization would only lead to functional impairment (e.g. human cornea) [37].
However, all three HIF-α subunits are similarly degraded via the proteasomal pathway
under normoxia as described below.
Once high or rising oxygen tensions result in the PHD-2-mediated hydroxylation of
ODD prolyl residues, the degradation pathway is triggered with the immediate binding of
the von Hippel-Lindau tumor suppressor protein (pVHL) to the respective alpha subunit
[29, 30]. pVHL is the recognition component of an E3 ubiquitin-protein ligase and its
binding, in turn, recruits the other involved proteins elongin C, elongin B, cullin 2 and
RBX1 [39]. The complete ligase complex is then capable of interacting with E1 ubiquitinactivating and E2 ubiquitin-conjugating enzymes, thus mediating ubiquitin-tagging of the
target protein (in this case HIF-α) and initiating its subsequent degradation in the 26S
proteasome [40-42] (see figure 1). Concomitant, proteasomal inhibitors or a mutation of
the ubiquitin-activating enzyme E1 stabilize the HIF-α’s and prevent the effective
degradation of the alpha subunits of HIFs under normoxic or reoxygenating conditions
[43, 44]. The loss or mutation of pVHL in vivo stabilizes HIF-1α/-2α under normoxic
conditions and leads to the VHL hereditary cancer syndrome. The most frequent
manifestation of this syndrome are well-vascularized tumors termed hemangioblastomas,
which emphasizes the importance of HIFs in cancers (see below).
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Figure 1
The HIF-pathway
In the presence of oxygen, prolyl hydroxylases catalyze the post-translational modification of the hypoxiainducible factor (HIF)-α, causing the immediate binding of the von Hippel-Lindau tumor-suppressor protein
(pVHL). pVHL binding, in turn, recruits binding of elongin-B, elongin-C, CUL-2 [39], and RBX-1. Upon
hydroxylation of Pro402 and Pro564 within the ODD of HIF-1α, the VHL/elongin-complex, together with
ubiquitin-activating (E1) and ubiquitin-conjugating (E2) enzymes, mediates the ubiquitination of HIF-1α,
leading to subsequent degradation in the proteasome. Under hypoxia, the O2-requiring prolyl hydroxylases
cannot modify HIF-α, and the protein remains stable. Stabilized HIF-α translocates into the nucleus, where
it dimerizes with HIF-1β and cofactors such as CBP/p300 and the DNA polymerase II complex to bind to
hypoxia-responsive elements (HRE’s) and activate transcription of target genes. Figure reprinted with
permission of REF.[45].

The high turnover rate of HIF-α subunits, resulting from constant expression and
degradation, enables the very rapid accumulation of HIF-α under hypoxic conditions [25].
Following a further decrease in pO2, the asparagine hydroxylase function of another
enzyme, the factor inhibiting HIF-1 (FIH-1), also becomes impaired, which results in the
reduced load of hydroxylation of a single asparagine residue (Asn803 in human HIF-1α)
within the C-terminal transactivation domain (CAD) of HIF-1α or -2α. Intensive
hydroxylation of the CAD asparagine renders HIF-1α/-2α transcriptionally incompetent
and blocks expression of HIF-target genes during high or rising oxygen concentrations.
Conversely, decreased CAD hydroxylation under hypoxia enables the increased
recruitment of the p300 and CREB binding protein (p300/CBP) transcriptional
coactivators to HIF alpha subunits, and leads to the enhanced transcriptional activation of
HIF target genes [46, 47].
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These complex hydroxylation reactions, executed by the oxygen sensors PHD-1,-2,-3
and FIH-1, involve several other co-factors: oxygen, ferrous iron, 2-oxoglutarate, the
substrate protein (HIF-α), and probably ascorbate. Upon hydroxylation of the HIF-α
substrate, succinate and CO2 are released. The latter renders this process irreversible, and
thus, protein hydroxylases are non-equilibrium enzymes. The many players involved in
this reaction raise the possibility to integrate the input from several different signaling
pathways into oxygen signaling. Indeed, it has been shown that ascorbate [48, 49],
transition metals [49-51], reactive oxygen species (ROS) including NO [49, 52, 53], and
Krebs cycle intermediates [54-56] all influence PHD activity. In addition, direct proteinprotein interactions have been shown, both for PHDs and FIH-1, to result in altered
abundance or activity, and as such, to lead to an altered HIF-α stability and/or activity
(e.g. PHD-2 interactors: ING-4 [57] and FKBP38 [58]).
Increasing efforts have been undertaken to understand the similarities and differences
of the HIF-α subunits. Studies in context with both the full-length protein and isolated
CADs revealed a higher normoxic activity for HIF-2α compared to HIF-1α [59-61]. This
difference is attributable to a higher efficiency in FIH-1-mediated hydroxylation of HIF1α, first reported by [62]. Intriguingly, a growing body of evidence suggests, both for cell
lines and tissues, a variable O2 sensitivity of the HIF signaling pathway, where the
hypoxic state of a given O2 concentration is determined in a cell-specific manner. The
mechanism by which cells acquire unique thresholds to contrast normoxic (i.e. HIFinactive) from hypoxic (i.e. HIF-active) states remains uncertain and may provide an
explanation for conflicting data relating to the role of mitochondria and reactive oxygen
species in O2 sensing. To further complicate the picture, differences in metabolic rate and
oxygen consumption are also likely to have a significant impact.
Another publication reported about cellular differences in the process of HIF-α
stabilization and transactivation, with only a subset of the cell lines used in the study
showing an initial HIF-α stabilization prior to transactivation up-regulation [63], as earlier
predicted from in vitro derived hydroxylation data [62]. Moreover, hydroxylation
independent checkpoints of HIF function (e.g. IPAS) can further factor into cell-specific
sensitivities of oxygen sensing. Many questions regarding stabilities, transcription
activation properties and specificities have yet to be answered. A potential problem with
many of the published data, namely that HIF-1α and -2α are possibly targeting the same
genes under different conditions, as observed by [64], was not addressed.
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1.2 HIF target genes
Under hypoxia, HIF-1α/-2α protein translocates to the nucleus and heterodimerizes
with HIF-β/ARNT to form the now active transcription factor HIF-1 or HIF-2. It then
binds target DNA at the HREs and recruits transcriptional co-activators such as p300/CBP
for the trans-activation of genes. However, growing evidence also points to the HREdriven trans-inactivation of genes, presumably through a complex between HIFs and
unknown co-repressor proteins [65-68]. Besides the required binding of α and β subunits,
a multitude of other proteins are known to interact with HIF-α in hypoxic mammalian
cells in order to control its proper folding (e.g. Hsp90), its phosphorylation status (various
MAP kinases), its association with ARNT (e.g. IPAS), p300 (e.g. Cited-2) and chromatin
remodeling factors (e.g. ING-4) and its docking to HRE-motifs (competing transcription
factors).
Subsequent to the first reports on the DNA binding activity and HRE-mediated
expression of reporter plasmids by HIF-1, both in EPO and non-EPO-producing hypoxic
cells, research started to elucidate the range of HIF target genes other than epo. Several
genes were found to carry regulatory sequences similar to the EPO 3’ HRE, and the
following years of research revealed more than 70 validated HIF target genes such as
glycolytic enzymes, proteins involved in angiogenesis or cell proliferation, transcriptional
regulation and others (for review, see [69-71]). Ten out of twelve enzymes involved in the
glycolytic consumption of carbohydrates in mammalian cells are regulated by HIF-1 (see
Figure 2). Recent studies even suggest that HIF-1 regulates the expression of hundreds of
genes in human cells [72, 73]. As such, HIFs have an important physiological role in the
reaction to hypoxia, both transient (e.g. erythropoesis and glycolysis) and long lasting
(e.g. angiogenesis). However, it became clear that HIFs are also involved in processes not
directly linked to the classical response to hypoxia, including adipogenesis [74], apoptosis
[75], carotid body function [76] and B lymphocyte development [77].
Still, most of the target genes regulated by activated HIF-α aim to improve cellular or
systemic survival. The clearest examples are genes functioning in erythropoesis and
vascular control, where increased expression levels elevate the delivery of oxygen to
tissues by an increased blood oxygen carrying capacity and a higher blood vessel density.
Increased expression of glycolytic enzymes and glucose transporters may transiently
stabilize the cellular energy homeostasis through an enhanced substrate flux in anaerobic
glycolysis (i.e. Pasteur Effect), a mechanism pointed out more in detail in the “HIF’s and
cancer”section (see chapter 1.3). Notable is the fact that HIF-1/-2 rarely upregulate just
one target in a pathway, but rather coordinate the response of all necessary steps to
hypoxia.
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Figure 2
HIF-1 regulated enzymes of the glycolytic pathway
Enzymes up regulated by HIF-1 are indicated in bold letters. GLUT-1 and GLUT-3, glucose transporters;
HK-1 and HK-2, hexokinase 1 and 2; GPI, glucosephosphate isomerase; PFKL, phosphofructokinase L;
ALD-A and ALD-C, aldolase A and C; TPI, triosephosphate isomerase; GAPDH, glyceraldehydephosphate
dehydrogenase; PGK-1, phosphoglycerate kinase 1; PGM, phosphoglycerate mutase; ENO-1, enolase-1;
PKM, pyruvate kinase-M; LDH-A, lactate dehydrogenase-A.

One such example is erythropoesis. The increased level of the EPO hormone induced
by HIF leads to a higher production rate of red blood cells in the bone marrow. However,
the bone marrow also needs more heme, and so iron demand will increase concomitantly
with the erythrocyte production. As a matter of fact, it is often the shortage of iron that
limits erythropoesis. Therefore, HIF also upregulates a series of genes to facilitate the iron
transport to the bone marrow. This includes transferrin, the iron transporter in the blood,
and its receptor [78-80]. Additionally, Ceruloplasmin, the ferroxidase required to oxidize
ferrous to ferric iron (the only form of iron that is bound by transferrin), is a HIF target
too, whose elevated synthesis may also improve iron delivery to Erythroid tissues [51,
81].
Another example is the formation, remodeling and regulation of the tone of the
vascular system, also mediated, at least in part, by HIF-α. The vascular endothelial growth
factor (VEGF) is probably the most powerful molecule acting in these processes, due to
its involvement in a series of important human pathologies that proceed, and worsen, via
hypoxic states such as ischemia/reperfusion, stroke or cancer [82-84]. Although ischemia
involves both decreased levels of energy substrates (O2 and glucose) and increased levels
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of toxic metabolites, hypoxia represents a sufficient signal to trigger a corrective
angiogenic response by the formation of new blood vessels from pre-existing ones [82]. A
number of molecules regulating the vascular tone are also controlled by HIF. Examples
are the up-regulation of the enzymes inducible nitric oxide synthase (iNOS) and heme
oxygenase. Their up-regulation will in turn increase the steady-state levels of the potent
vasodilators NO and CO, respectively, [85-87]. The following table shows a selection of
validated HIF-1α targets and the corresponding references.
Gene Product
α1B-adrenergic receptor
Adenylate Cyclase
Adrenomedullin
Aldolase-A
Aldolase-C
Aminopeptidase-A
Angiopoietin-2
Angiopoietin-4
Autocrine motility factor
Carbonic anhydrase-9
Carbonic anhydrase-12
Cathepsin-D
Ceruloplasmin
Collagen type V
Cyclin G2
CXCR4
DEC1/Stra13
DEC2
Endocrine gland VEGF
Endoglin
Endothelin-1
Enolase-1
Erythroblastosis virus transforming sequence ETS-1
Erythropoietin
Fibronectin-1
Glucose transporter-1
Glucose transporter-3
Glyceraldehyde-3-P-dehydrogenase
Heme oxygenase-1
Hexokinase-1
Hexokinase-2
IGF-binding protein-1
IGF-binding protein-2
IGF-binding protein-3
Insulin-like growth factor-2 (IGF-2)
Keratin-14
Keratin-18
Keratin-19
Lactate dehydrogenase-A
LDL-receptor-related protein-1
Leptin
Matrix metalloproteinase-2
MIC2/CD99
NIP3
Nitric oxide synthase-2
NIX
p21
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Function
Vascular tone
Nucleotide metabolism
Vascular tone, cell survival
Glucose metabolism
Glucose metabolism
Metabolism
Angiogenesis
Angiogenesis
Motility
pH regulation
pH regulation
Extracellular-matrix metabolism
Iron metabolism
Extracellular-matrix metabolism
Cell proliferation
Motility
Transcriptional regulation
Transcriptional regulation
Angiogenesis
Angiogenesis
Vascular tone
Glucose metabolism
Angiogenesis, cancer invasion
Erythropoeisis, cell survival
Extracellular-matrix metabolism
Glucose metabolism
Glucose metabolism
Glucose metabolism
Vascular tone, cell survival
Glucose metabolism
Glucose metabolism
Cell proliferation and survival
Cell proliferation and survival
Cell proliferation and survival
Cell proliferation and survival
Cytoskeletal structure
Cytoskeletal structure
Cytoskeletal structure
Glucose metabolism
Motility
Energy metabolism
Extracellular-matrix metabolism
Cell adhesion
Apoptosis
Vascular tone, cell survival
Apoptosis
Cell proliferation

References
[88]
[89]
[90]
[91, 92]
[91]
[93]
[94]
[94]
[95]
[96]
[97]
[95]
[81]
[93]
[93]
[98]
[93]
[99]
[100]
[101]
[102]
[91]
[103]
[104]
[95]
[89, 91, 92]
[105]
[91, 92]
[85]
[91]
[91]
[106]
[107]
[107]
[107]
[95]
[95]
[95]
[91, 92]
[93]
[108]
[95]
[93]
[75]
[87]
[109]
[110]

Gene Product
p35srj
Phosphofructokinase-L
6-Phosphofructokinase-2-kinase/fructose-2,6biphosphatase
Phosphoglycerate kinase-1
Placental growth factor
Plasminogen activator inhibitor-1
Prolyl-4-hydoxylase α (I)
Pyruvate kinase-M
RTP801
Stanniocalcin-1
Transferrin
Transferrin receptor
Transforming growth factor-α
Transforming growth factor-β3
Transglutaminase-2
Triosephosphate isomerase
Urokinase plasminogen activator receptor (uPAR)
Vascular endothelial growth factor
VEGF receptor-1 (flt-1)
Vimentin

Function
Regulation of HIF-1 activity
Glucose metabolism
Glucose metabolism

References
[111]
[91]
[112]

Glucose metabolism
Cell proliferation
Angiogenesis
Collagen metabolism
Glucose metabolism
Apoptosis/cell survival
Cellular respiration
Iron metabolism
Iron metabolism
Cell proliferation
Angiogenesis, cell proliferation
Amino-acid metabolism
Glucose metabolism
Extracellular-matrix metabolism
Angiogenesis/cell survival
Angiogenesis
Cytoskeletal structure

[91, 92, 110]
[113]
[114]
[115]
[91]
[116]
[117]
[79]
[78]
[95]
[80]
[93]
[91]
[95]
[91, 92]
[118]
[95]

Table 1
List of HIF-1α target genes
An actual list of validated and putative HIF-1α target genes can be derived from [72, 73].

A third example are the cell-autonomous HIF effects that have been shown to take
place in the energy metabolism context. In the attempt to compensate the declining
energy/ATP status caused by reduced oxygen availability as the final electron acceptor in
the mitochondria, glycolytic flux must be drastically stimulated. Remarkably, almost
every enzyme involved in the glycolytic pathway, including glucose transporters that are
central for glucose uptake, are up-regulated by HIF-1α [89, 91, 119]. However, ATP
production through glycolysis is highly inefficient, thus requiring an enormous throughput
of oxydisable substrate. This fact was first seen in the pioneering work of Louis Pasteur,
who observed that yeast growing under anaerobic conditions needed considerably larger
quantities of sugar to produce energy, relative to aerobic controls [120]. Later it was
shown that this inverse relationship between ambient pO2 and rate of glucose utilization is
not restricted to yeast, but occurs in almost any other type of cell, today known as the
Pasteur Effect. HIF-1α has been shown to be an essential mediator of the Pasteur effect in
mammalian cells [121]. As a critical pitfall of this energy compensating defense, such
high-flux glycolysis quickly depletes finite stores of fermentable substrate (e.g., glycogen)
and amasses toxic levels of end products (e.g., H+ per ATP hydrolysis) in sensitive
mammalian cells. In the absence of energy expending reductions, anaerobe fermentations
fail to meet ATP maintenance demands of ionic and osmotic equilibrium, and are thus
unable to prevent an ultimately fatal ATP imbalance in central neurons, renal tubular
cells, or hepatocytes [122-124].
Many hypoxia tolerant lower species thus rather rely on energy conserving strategies
that center around a hypoxia-induced and -maintained, yet fully reversible, suppression of
the metabolic rate (reviewed by [125]). This metabolic suppression down to a newly
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balanced ATP supply = ATP demand steady-state, termed hypometabolism, prevents
lethal falls in cellular ATP levels and is the single most protective and unifying feature of
non-transformed hypoxia tolerant tissues [126, 127]. To match the energy expenditure
with the falling ATP production of O2-depleted cells, hypometabolism requires the
immediate and coordinated down-regulation of every major ATP-consuming function in
the cell, including: (a) protein synthesis and degradation; (b) ion-motive ATPases, notably
the Na+/K+-pump; and (c) gluconeogenesis [128]. Concomitant with the onset of
anaerobic pathways (glycolysis) and the slowing of metabolism, the respiratory uptake of
oxygen also declines in proportion to the dropping pO2 of the environment
(oxyconformance). Mechanistically, the switch from oxyregulated (pO2-independent) to
oxyconforming (pO2-dependent) respiration has, for mammalian cells at least, now been
found to also be orchestrated via HIF-1. During severe hypoxia, the HIF-1-induced
pyruvate dehydrogenase kinase-1 (Pdk-1) was shown to inhibit pyruvate dehydrogenase
from using pyruvate to fuel the mitochondrial tricarboxylic acid (TCA) cycle with
substrate. This TCA block, in turn, is responsible to actively suppress respiration, redirect
both O2 and glucose utilization towards cytosolic sinks, and rescue cells from hypoxiainduced apoptosis [129-131].
These findings provided the first evidence that HIF-1 actively inhibits the oxidative
metabolism of glucose under hypoxic conditions. Conversely, HIF activity, particularly
when uncontrolled (see below), can contribute to generate the predominantly glycolytic
phenotype of even oxygenated tumors, a phenomenon known as Warburg effect. While
reduced amounts of mitochondrial DNA and respiratory chain proteins with
simultaneously increased levels of glycolytic enzymes have been reported in renal cell
carcinoma (RCC) [132-135], the re-introduction of VHL into the same cell line by an
expression vector results in a dramatic increase in mitochondrial mass, mitochondrial
DNA, and O2 consumption [136]. These recent studies suggested that in VHL-deficient
RCC, HIF-1 mediates the Warburg effect by switching the cancer cell from oxidative to
glycolytic metabolism.
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1.3 HIF’s and cancer
HIF transcription factors play an important role in many human diseases, especially in
cancer. Since the capillaries in vascular beds of solid tumors are often disorganized,
tortuous and leaky, the resulting imbalance between this low or erratic supply of oxygen,
and its high demand by growing cancer cells, often triggers the occurrence of severe
regional hypoxia, or anoxia, throughout the growing mass. Markedly reduced tissue
oxygenation, with median pO2 often ≤ 5-10 mmHg, has been firmly documented to occur
in most solid human tumors, and, importantly, hypoxia per se is known to cause resistance
to treatment (reviewed in [137, 138]). The extensive changes in gene expression that are
contributing to tumor progression are controlled mainly through the HIF-1/HIF-2
mediated hypoxia signaling pathways. Active HIF-1/-2 signaling in hypoxic and anoxic
cancer cells is key in conferring heightened cell survival and stress tolerance (see above),
as well as treatment resistance and tumor spreading (to follow). Not surprisingly then,
expression levels of HIF’s regulatory alpha subunits (i.e., HIF-1α, HIF-2α) are frequently
associated with poor treatment and survival prognoses. Anti-HIF strategies are therefore
of considerable clinical interest for yielding heuristic cancer therapies.
Landmark studies by Gray et al. and Thomlinson and Gray [139, 140] in the 1950s
established the direct link between radiosensitivity and oxygen tension in tumor tissue,
thereby launching research around the many aspects of tumorigenesis that are promoted
by hypoxia or anoxia [139, 140]. Through careful measurements of histological sections
of lung cancers, where concentric cords of viable cells surround necrotic centers in a
uniform pattern, the authors found that the radii of these viable cords, i.e. the distance
across tumor tissue between blood vessels and necrotic centers, matched with excellent
accuracy the calculated oxygen diffusion radius, whose approximation of 150 μm was
predicted based on the pO2 in capillaries and the rate of oxygen consumption of the cells.
As one outcome of these measurements, the existence of hypoxic, and thus radioresistant,
cells was implied in the innermost viable layer of the tumors’ concentric cord structure,
adjacent to the necrotic core.
During the five decades following Thomlinson’s and Gray’s pioneering work,
radiobiological hypoxia (i.e. pO2 measures ≤ 5 mmHg (∼0.7% O2; 7.35 mmHg ≅ 1% O2))
has been firmly documented in most solid tumors, including brain, lung, breast,
pancreatic, cervical, prostate, and head and neck cancer [137, 138, 141, 142]. It is now
understood that, as tumors evolve from a single malignant cell into a multicellular mass,
oxygen tension and nutrient delivery in the tumor microenvironment drops as the passive
diffusional capacity of the existing blood supply is surpassed. Tumor hypoxia, therefore,
develops due to the mismatch between high oxygen demands of deregulated growth on
the one hand and inadequate nutrient supply via abnormal vessels, erratic blood flow and
deteriorating diffusion geometry (vessel-necrosis distance > oxygen diffusion radius) on
the other [137, 138, 141, 142]. This high demand-low supply imbalance generates a rather
hostile tumor microenvironment characterized by deprivation of oxygen and nutrients (i.e.
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ischemia), low extracellular pH and reduced growth factor availability [143, 144].
Intratumoral limitation of O2 supply, on the other hand, decreases the efficacy of many
common therapies [145, 146], is a powerful stimulus of angiogenesis [147-149] and
genetic instability [150], selects for expansion of apoptosis-resistant clones [151], and is
linked to tumor progression [152-154] and metastasis [155].
The importance of HIF-signaling in human tumorigenesis is underscored by the
finding that HIF-1α and HIF-2α are commonly overexpressed in multiple human cancers,
whereas normal and oxygenated human tissues, as well as benign, noninvasive growths, in
contrast, often lack evidence for either protein [156]. Lines of evidence which support
HIF as a therapeutic target in cancer include the following. First, genetic inactivation of
HIF in model tumors has reduced growth in most, though not all, different cell
backgrounds. Second, mutations in VHL in humans, which lead to HIF activation, occur
in the majority of familial and sporadic kidney cancers. In experimental studies, activation
of HIF is both necessary and sufficient for tumor growth of VHL defective cells. Third,
genetic lesions in nuclear genes encoding the tricarboxylic acid cycle enzymes fumarate
hydratase (FH) and subunits of succinate dehydrogenase (SDH) also associate with the
development of highly vascularized adrenal or paraganglion tumors and renal cell
carcinoma via a constitutively active HIF pathway [157-160]. Loss of FH and SDH tumor
suppressor function was shown to lead to elevated concentrations of fumarate and
succinate, which competitively block HIF hydroxylase activity, thereby stabilizing and
activating HIF-1/-2. Another example for a dominant role for HIF in neoplasia comes
from its induction by AKT activation in prostate cancer [161].
Further, many other genetic changes and signaling activation events in cancer result in
the amplification of the HIF response to hypoxia and/or activation of a HIF response in
the presence of oxygen. The outcome, hypoxia and/or mutation-linked overexpression of
HIF-1α/-2α subunits in tumors includes cancers of the lung, colon, ovary, brain, prostate,
pancreas, breast, cervix, the gastric system, the renal system and many more ([156, 162]).
Consequentially, many [163-166] clinical reports of HIF-1α/-2α expression levels in
cancers find them to be strong and independent markers for poor treatment and survival
prognoses. This correlation stems from the fact that active HIF signaling in
hypoxic/anoxic cancer cells generally aids in disease progression by promoting the
following key features of malignancy (in italics, reviewed in [69, 70, 142, 167-169]):
a) radio- and chemotherapy resistance, where HIF promotes cell autonomous or
vasculature related defenses;
b) cell proliferation and survival; with the HIF-driven high-flux glycolysis in more
oxygenated regions;
c) cell quiescence and hypoxia tolerance; through HIF-mediated cell cycle arrest,
oxyconforming respiration and enhanced ATP savings in severely O2 deprived
regions; and
d) tumor growth and spreading; via HIF-induced angiogenesis and vascularization.
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As hypoxia is a characteristic feature of both clinical and experimental solid tumors,
the approach is now to develop treatments that exploit this specific attribute of many
cancers. Several research groups are currently examining a number of strategies for
feasibility. Many attempts have been made to circumvent the therapeutic resistance
induced by hypoxia, by improving tumor oxygenation via, for example, application of
recombinant Epo, by using oxygen-mimetic radiosensitizers, by adjuvant therapy with
drugs that are preferentially toxic to hypoxic cells, by using hyperthermia, or by devising
radiation sources and regimens that are less affected by hypoxia. Past clinical trials have
provided tantalizing suggestions that the outcome of therapy can be improved by many of
these approaches, but none has yet produced a significant, reproducible improvement in
the therapeutic ratio, which would be needed for any of these approaches to become the
standard therapy for these diseases. However, three approaches have been developed the
furthest in regards to mechanistic insights of the processes involved. In the first, hypoxia
per se is exploited for selective toxicity. Four classes of bioreductive drugs have been
developed since this concept was first proposed. Compounds that are activated under low
oxygen tension include now aliphatic and heteroaromatic N-oxides, quinines and nitroaromatics. Tirapazamine is the most advanced and is in Phase III clinical trials (for
review, see [170]).
In the second, consequences of the cellular response to hypoxia could be used to
target cells. Within this broad approach several methods are being investigated. Cells
could be physically targeted through a surface protein that is selectively expressed in
hypoxia, such as carbonic anhydrase IX [96]. Alternatively, activation of a pathway, such
as HIF, could be used to drive expression of a therapeutic transgene. However, this
approach requires gene delivery.
The third approach is to prevent an element of the cell’s hypoxic response in order to
decrease viability or proliferation. This might range from an upstream approach (blocking
a whole pathway) to targeting a specific downstream consequence. Illustrating the former
are substantial efforts to inhibit HIF itself. Several classes of anticancer agents developed
for other targets show anti HIF activity – including topoisomerase inhibitors [171], agents
targeting microtubules [172, 173], mTOR inhibitors [174] and proteasomal inhibitors.
Compounds with anti-HIF activity are being sought through unprejudiced screens using
HRE reporter strategies. However, the compounds identified have substantial effects on
other cellular pathways besides HIF. Another strategy has been thus far to target the
HIFα-p300 interaction. This led to identification of chetomin as a nanomolar inhibitor of
HIF transactivation which inhibits xenograft growth; but it disrupts the CH1 pocket of
p300 and therefore antagonizes other pathways (e.g. Stat2) [175]. This illustrates that a
druggable molecular target predicted to lead to HIF downregulation has not yet been
identified. In contrast, there has been some progress towards identifying potential drug
targets which are downstream of the hypoxic response, for example lysyl oxidase. This
protein has been shown to be critical for hypoxia-induced metastasis [176].
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1.4 HIF-1 in tumor models
Cancer research required large and preferably reproducible amounts of tissue to
examine tumor physiology. The use of immunodeficient mice made it possible to induce
teratocarcinoma growth by injecting cell suspensions subcutaneously (sc). The application
of cells with altered genetic background permitted the study of specific physiological
functions of proteins, for instance the influence of HIF-1 on tissue growth. One of the first
reports providing evidence for the importance of the HIF-1 pathway in tumor growth was
published by Jiang et al. [177]. The authors used hepatoma cell lines that were either
wild-type (Hepa-1), defective (c4), or revertant (Rc4) for HIF-1β/ARNT. With this setup,
the authors were able to show that tumors resulting from c4 cells (HIF-1β−/−) grew
significantly more slowly than the ones resulting from wild-type or revertant cells.
Maxwell et al. [178] studied tumors arising from these cells in more detail. In order to
exclude the influence of the xenobiotic pathway (for which HIF-1β/ARNT is also
essential) in the results, they additionally used c31 cells, which form the HIF-1 complex
normally, but have a different defect in the xenobiotic response. They showed that the
HIF-1β/ARNT deficient tumors grew more slowly and were less vascularized than the
tumors arising from all other cell lines injected. Furthermore, on the border of necrotic
areas, up-regulation of GLUT-3 and VEGF mRNA was demonstrated through in situ
hybridization in HIF-1β/ARNT positive tumors [179, 180]. HIF-1β/ARNT defective
tumors showed a clearly less intense regional induction of VEGF mRNA, this difference
being less pronounced than for GLUT-3. This suggests an induction through similar
mechanisms in model- as well as in naturally occurring tumors. This work was the first
one to show the critical involvement of hypoxia, and consequently of the HIF-1 pathway,
in the promotion of tumor growth through up-regulation of genes involved in the control
of the substrate availability and vascularization.
In 1998, two reports were published that were based on sc. injection of HIF-1α–/– cells
into immunocompromised mice, to investigate the importance of HIF-1α in tumor growth.
It has to be emphasized that some of the most important results of these studies were
contradictory. Carmeliet et al. [110] showed that perfusion parameters (vessel density,
diameter, flow rate, among others), oxygenation and VEGF expression levels were
reduced in HIF-1α–/– tumors when compared to wild-type ones. They also demonstrated,
with use of the hypoxia marker EF-5, that HIF-1α–/– tumors contained 3-fold more
hypoxic areas than wt ones. Surprisingly, despite all the above differences, HIF-1α–/–
tumors grew at the same rate as the HIF-1α+/+ tumors during the first 3 weeks of
observation. In the following weeks, knockout tumors even outpaced wt growth, which
was explained by an increased proliferation rate of the HIF-1α–/– cells after 3 weeks of
growth, reduced apoptosis (quantified by the number of oligonucleosomes per mg
protein), and increased cellular stress (quantification of the stress-marker GRP78). They
concluded that the loss of HIF-1α affects tumor growth by progressive selection of highly
proliferative cells, as occurs in the absence of p53 [151]. In striking contrast, Ryan et al.
[92] found in their model that HIF-1α–/– cells are heavily impaired in their ability to form
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tumors, with differences in size of up to 75% becoming apparent after approximately 3
weeks. They also reported a clearly increased apoptosis in non-necrotic, undifferentiated
sections of the HIF-1α–/– teratocarcinomas (by TUNEL assay) and a substantial decrease
(40%) in vessel density in these tumors (measured by CD31 staining).
Some of the differences between the two reports might derive from the use of
different ES-cell lines or different nude mice genetic backgrounds: Ryan et al. used
RAG1–/– males in a FVB/N background whereas Carmeliet et al. used Nu/Nu mice. The
number of injected cells was the same (5x106). However, Carmeliet et al. used G418selected ES clones harboring a randomly integrated HIF-1α gene targeting vector (called
rHIF-1α+/+), as controls, rather than unmodified wt cells as did Ryan and co-workers. This
experimental difference could at least partially account for the contradictory results, since
random integration within the genome can lead to the disruption of genes involved in cell
growth and apoptosis, thereby changing the physiology of the tumors originating from
these cells. The work from Carmeliet et al. is the only report to date in which HIF-1α–/–
tumors grew faster than HIF-1α+/+ ones.
Another feasible explanation for the discrepancy might have been the fact that
injected ES-cells differentiate in a seemingly uncontrolled fashion into a variety of cell
types within the tumor, and diverse differentiation could result in altered proliferation
rates. To follow-up this question, Ryan et al. [181] used mouse embryonic fibroblasts to
form tumors. The fibroblasts had been immortalized by stable transfection of SV40 large
T antigen and transformed by infection with a retrovirus expressing the activated H-ras
allele. As such, possible differences arising from differentiation could be circumvented.
Subcutaneous injection of 107 cells in immunocompromised mice resulted in
fibrosarcomas, with the HIF-1α–/– tumors growing significantly more slowly than the
HIF-1α+/+ ones, confirming the authors’ previous results. The group’s former reports had
focused on the importance of the HIF-1-driven up-regulation of VEGF for the
vascularization and consequent growth of the tumors. Hence it was surprising to find that,
despite significant growth differences between HIF-1α+/+ and HIF-1α–/– tumors, their
vascular density was similar. The authors provided details to these observations with in
situ hybridization experiments, showing a more punctuated and restricted VEGF
expression pattern in HIF-1α–/– fibrosarcomas compared to wildtype ones. They
concluded that VEGF induction might not be as important as assumed. Still, HIF-1 had a
clearly positive effect on tumor growth. This report showed that differentiation of
embryonic stem cells within teratocarcinomas could not fully account for altered tumor
growth patterns. Our lab studied the differentiation patterns in HIF-1α+/+ and HIF-1α–/–
tumors to determine whether they would also be influenced by the presence or lack of
HIF-1α. Using morphometric analysis, our group reported that wildtype teratocarcinomas
preferentially produced cells of the neural lineage, whereas HIF-1α–/– ones favored
mesenchymal differentiation. Interestingly, tissue fractions consisting of carcinomatous or
epithelial components were equally prevalent [182].
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The results of Ryan et al. [181] were supported by experiments of Williams et al.,
who studied the growth of tumors arising from HIF-1α–/– mutated Chinese hamster ovary
(CHO) cells [183]. Again, wt tumors grew faster than the HIF-1α–/– ones and no
difference in the vascularization of the wt versus the HIF-1α–/– tumors was observed. The
apoptotic index, assessed through the use of the TUNEL-assay, and the relative hypoxic
tumor areas, assessed by measuring the binding of the bioreductive hypoxic marker NITP,
were comparable. VEGF did not seem to be the crucial component supporting the growth
of the wt tumors, which lead to the investigation of other target genes of HIF-1α. Glucose
transporter 1 (GLUT-1) was a good candidate, since it is a HIF-1 target and a marker for
the HIF-1-mediated metabolic adaptation. Williams et al. found that HIF-1α–/– and HIF1β–/– (derived from CHO and Hepa-1 cells, respectively) tumors lacked focal expression
of GLUT-1 in their hypoxic regions. This observation suggested that, rather than deficient
vascularization, an impaired metabolic adaptation might be causing the reported
differences in growth between wt and HIF-1α–/– tumors.
Comparing these various models of tumors originating from HIF-1α+/+ and HIF-1α–/–
or HIF-1β–/– cells seems to lead to a consensus: First, the presence of HIF-1α favors tumor
growth in most experimental setups. Second, differences in vascularization do not account
for the observed growth differences, regardless of the importance of the hypoxic upregulation of VEGF in in vitro and in vivo experiments. However, to better appreciate the
aforementioned between-studies controversies, one also needs to stress the tremendous
influence of the tumor microenvironment on the cancers’ growth, survival and
differentiation characteristics. A study by Blouw et al. made that point very clear. Here,
the authors implanted HIF-1α–/– astrocytomas either subcutaneously (sc.) or orthoptically
into the brain parenchyma of mice [184]. HIF deficient tumors growing within the context
of a vessel-poor, nutrient-deprived skin tissue (sc. implantation) yielded poorly
vascularized, extremely hypoxic and necrotic tumors with reduced mass-accumulation and
proliferation rates, compared to HIF-1α+/+ wildtype tumors. In contrast, HIF-1α–/–
astrocytomas implanted into the highly vascularized brain parenchyma grew, relative to
HIF-1α wildtype controls, faster and more aggressively, contained not less, as in the sc.
site, but 50% more blood vessels and lacked the large necrotic centers that were
characteristic of their sc. counterparts. Within the context of these rather oxygenated,
well-perfused neoplasms, HIF might have become dispensable or switched indeed from a
tumor promoter (sc. site) to a tumor suppressor (brain site).
Another study by Leek and colleagues added to this complexity by reporting that the
presence of ARNT (and thus of HIF-1) is able to confer only in 3D spheroid, but not
monolayer, cultures of ARNT wildtype (Hepa-1) versus ARNT deficient (Hepa-C4)
mouse hepatoma cells a distinct growth advantage [185]. This advantage, however, came
out to be the net effect of growing C4 spheroids having 1.5 fold higher proliferation (S
phase BrdU labeling) and 8 fold higher apoptotic indices (caspase-3 labeling), strongly
suggesting that HIF-1 functions in 3D cell masses to repress predominantly apoptosis but
also, to a lesser extent, cell proliferation via the induction of cell cycle arrest (shown as
increased labeling for cyclin-dependent kinase inhibitor p27 in Hepa-1 spheroids
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compared to C4 spheroids, see below). Collectively, these investigations by other groups
provide evidence that HIF-1 in tumors seems to control growth conditionally (i.e.
dependent on microenvironmental influences), rather than categorically, in pro- or antiapoptotic fashion and by balancing both proliferative and apoptotic pathways rates to
ensure a stable, and yet, responsive expansion of the neoplasm.
As mentioned above, our lab also investigated the importance of HIF-1α in tumor
growth and development. Wildtype (HIF-1α+/+) and nullizygous (HIF-1α–/–) HM-1
embryonic stem cells were sc. injected into nude mice to form teratocarcinomas. Despite
large differences in growth rates between the wt and knockout (ko) tumors, the differences
in vascularization – assessed by the parameters vessel density and blood flow – were not
significant. While VEGF expression was reduced at the mRNA level in tumor samples,
confirming other results [92, 110, 181], VEGF protein levels were similar, suggesting that
low levels of VEGF mRNA found in ko tumors were already sufficient to produce similar
amounts to wt tumors. This finding was novel in the field of HIF-1α-associated
tumorigenesis and was supported by the in situ hybridization work of Ryan et al. [181].
Thus, similar vascularization levels of wt and ko tumors found by our lab and others [181,
183] could at least partially be explained with similar VEGF protein levels. An interesting
side note is that in HIF-1α–/– embryos, despite vascular defects that could be attributed to
the lack of hypoxic up-regulation of VEGF, higher amounts of VEGF mRNA per
microgram of total RNA were measured compared to HIF-1α+/+ embryos [186]. Our study
also confirmed a lack of difference in apoptotic levels (using PARP-cleavage). A
parameter that had not been examined before were the intratumoral oxygen levels. No
significant pO2 differences were found between wt and ko teratocarcinomas, further
supporting the notion that these tumors do neither differ in apoptosis, nor in
vascularization.
Turning away from the field of HIF-1α related processes and tumor vascularization,
HIF-1-promoted metabolic adaptation attained more attention. A reduction of about 80%
in ATP content was reported by Griffiths et al. [187] when comparing HIF-1β–/– tumors
with wildtype ones. The energy state (assessed by the ratio between the nucleotide
triphosphate (NTP) and inorganic phosphor (Pi)) and the cellular composition of the
tumors were similar, leading to the conclusion that this ATP reduction was due to a
reduction in the synthesis of the ATP moiety. The connection to the HIF-1 pathway is
glycine, since it is an important precursor of the purine pathway, and the precursors of its
synthesis reside in the glycolytic pathway. The authors suggested that the lack of upregulation of the glycolytic pathway by HIF-1 led to reduced glycine content in the
HIF-1β–/– tumors. They also reported a decreased concentration of metabolites from the
breakdown of membrane phospholipids, an alternative pathway for glycine formation.
This work emphasized that, rather than simply increasing the cells’ energy production,
another role of the up-regulated glycolytic flux in growing cancer cells lies within its
provision of anabolic precursor molecules for the synthesis of crucial metabolites such as
ATP.
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1.5 HIF and cellular (de-)differentiation in tumors
As mentioned above, solid tumors are known to contain poorly vascularized regions
and, consequentially, are composed of regional microenvironments that are characterized
by severe hypoxia, low pH, and nutrient starvation. Tumor hypoxia is typically associated
with poor patient prognosis, partly due to reduced effectiveness of radiation therapy in
low oxygen regions (radiation kills tumor cells by generating reactive oxygen species),
partly because of diffusive losses of blood-born toxins on their way to vessel-remote
hypoxic cells, and partly because hypoxia-adapted cell clones have undergone selection to
augment vital stress resistance mechanisms. Over the past decade, work from many
laboratories has indicated that hypoxic microenvironments contribute to cancer
progression by activating adaptive transcriptional programs that promote hypoxia
tolerance and cell survival, motility, and tumor angiogenesis. A new mechanism has been
suggested by recent reports describing molecular connections between oxygen-regulated
transcription factors and pathways known to control stem cell function. As such, hypoxiainduced transcription factors may drive tumor growth through the generation or expansion
of tumor-initiating cells or cancer stem cells. These results introduced an important new
view to the traditional models of hypoxia and cancer, and emphasize once more the need
for an in-depth understanding of these mechanisms before considering a broad application
of stem cell therapy.
Highly disorganized vascular supply of solid tumors typically produces regions of
severe hypoxia or anoxia closely abutting well-oxygenated areas [144]. Although much
remains to be determined, the extensive analysis displayed in the above “HIF’s and
cancer” section have solidified the central concept that HIF activity in cancer cells drives
tumor progression by inducing the expression of genes that promote adaptation to
hypoxia. An area of intense current research activities is the analysis of HIF activation in
tumor stromal cells, such as infiltrating macrophages and leukocytes, and its contribution
to tumor angiogenesis and progression.
A large number of publications, mainly from clinical disciplines, reported on cellular
dedifferentiation in thyroid cancer. A growing body of evidence now supports the idea
that cell-derived thyroid carcinomas evolve over time, from a curable, well-differentiated
thyroid carcinoma (WDTC) to an undifferentiated or anaplastic thyroid carcinoma with
much poorer treatment outcome [188, 189]. There is epidemiologic and pathologic
evidence supporting the idea of step by step progression and dedifferentiation [190]. As
such, a gradual shift from follicular growth characteristics to solid growth patterns,
accompanied by increased mitosis and necrosis were observed in aggressive thyroid
carcinomas [191]. A similar high-grade transformation was observed in certain adenoid
cystic carcinomas (ACC), where slow growing salivary gland carcinomas can undergo
dedifferentiation and build ACCs featuring necrosis, high mitotic rates, and loss of
epithelial differentiation [192-194].
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A variety of experimental systems has provided evidence that hypoxia can regulate
proliferation and differentiation of different stem cell populations, including embryonic
stem (ES) cells, neuronal and neural crest stem cells, hematopoietic stem cells (HSCs),
and trophoblast stem cells. The direct role of HIFs in controlling these effects has been
demonstrated in some, but not yet all, of these stem cell types [195-198]. The hypoxic
responses of different stem cell populations is consistent with the idea that oxygen levels
may be an important component of particular stem cell “niches”, and that HIF activity can
regulate the defining features of stem cells, including self renewal and multipotency [199].
The following section, therefore, will explore the current understanding of mechanisms by
which hypoxia and HIFs might mediate these effects on stem cell biology and their
implication for cancer progression.
Tissue stem cells, characterized by their maintained ability to self-renew and remain
multipotent, reside in particular locations or microenvironments called stem cell niches. In
the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans, germ
stem cell niches have been described in remarkable detail. Germ stem cells in the
Drosophila ovariole and testis require physical interaction with supporting cap or hub
cells, respectively, to retain stem cell identity [200]. In the C. elegans gonad, the niche
consists primarily of a single distal tip cell with long cytoplasmic outgrowths, which make
extensive physical contact with germ stem cells [201]. In mammals, regional stem cell
niches have also been identified in multiple tissues, including the gonad [202], brain
[203], intestine [204], and skin [205], notwithstanding some cases where the cells
composing the niche have not yet been clearly identified [206]. Supporting cells within
the niche can control stem cell identity by releasing molecular factors. This includes
components of the Wnt, Sonic hedgehog (Shh), Notch, JAK-STAT, and BMP pathways,
which provide intracellular means to regulate stem cell identity and differentiation [200,
204-206]. These signaling functions have been highly conserved through evolution. An
example is the Notch pathway, where an altered signaling affects the function of intestinal
stem cells in Drosophila and germ stem cells in C. elegans, and also of mammalian
hematopoietic, intestinal and skin stem cells [200, 206, 207]. Contributing to the
coordinate regulation of genes controlling stem cell function is the activity of chromatin
remodeling factors, including Bmi-1 and PRC-2 [206, 208].
Local oxygen concentrations can directly influence stem cell self renewal and
differentiation. Relevant in this context are recent publications from the Påhlman lab
which demonstrated the role of hypoxia, and prominent HIF-2α signaling, to
dedifferentiate human neuroblastoma and breast cancer cell lines towards an immature
and aggressive phenotype [209]. Moreover, stem cells, especially in long-lived animals,
have repeatedly been found residing in hypoxic niches to reduce oxidative DNA damage
[210]. Hematopoietic- (HSCs) and several other stem cells are well adapted to cope with
low oxygen levels. As point in case, human bone marrow HSCs react to hypoxia (1.5%
O2) with enhanced ability to engraft and repopulate the hematopoietic compartment of
immunodeficient NOD/SCID mice [211]. Comparably, cultivation of neuronal SCs or
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neural crest SCs under hypoxic conditions (~5% O2) boosts their proliferation rate and
promotes cellular differentiation toward specific fates [212, 213].
Some of the effects of hypoxia on stem cell function are directly mediated by the HIF
proteins. Several experiments provided supporting evidence to this idea: Targeted
mutation of HIF-1β eliminates both HIF-1α and -2α function, ultimately leading to a
decreased number of progenitor cells of all hematopoietic lineages in the embryonic yolk
sac of Arnt−/− mouse embryos. This result was repeated in vitro when Arnt−/− ES cells
were induced to form hematopoietic progenitor cells in embryoid bodies [214]. Detailed
examination of mouse embryos from Arnt−/− or HIF-1α−/−/HIF-2α−/− double mutants
revealed that despite a number of developmental defects, they die at E10±0.5 due to a
defective placenta. Analysis of these placentas showed that HIF activity influences the
differentiation of trophoblastic stem cells into either spongiotrophoblasts, which occupy a
particularly hypoxic zone, or into trophoblast giant cells, which lie close to the oxygenrich maternal spiral arteries [215]. The influence of HIF activity on trophoblast cell-fate
determination was also recapitulated in vitro, using trophoblast stem cell lines. Together,
these experiments strongly suggest that the HIF proteins are controlling the HSC and
trophoblast stem cell function. To date, only a few HIF target genes that can potentially
mediate these effects have been identified. Expression of the VEGF gene accounted for
many of the HIF-conferred effects on hematopoietic progenitors [214], but there is little
doubt that other factors and signaling pathways are involved.
Recent reports have identified new molecular mechanisms by which HIFs directly
modify stem cell differentiation and function. Gustafsson et al. [216] reported that
hypoxia blocked the differentiation of myogenic satellite cells, a myogenic cell line
(C2C12), and primary neural stem cells in a Notch-dependent manner. Upon interaction of
Notch receptors with the Jagged or Delta family of ligands, two proteolytic cleavage
events cause the release of the Notch intracellular domain (ICD) from the plasma
membrane with subsequent transport to the nucleus. There, it forms a DNA-binding
complex with other coactivators including MAML, CSL, and p300, consequently
inducing target-gene expression [217]. The authors demonstrated that hypoxic treatment
increased stabilization of the transcriptionally active Notch-ICD and stimulated Notch
target genes. Chromatin immunoprecipitation (ChIP) provided evidence that in hypoxic
cells, HIF-1α was physically recruited into a DNA-binding complex containing the
Notch-ICD. Remarkably, hypoxic induction of Notch target genes was dependent both on
the intracellular domain of Notch and the functional C-terminal transactivation domain of
HIF-1α. Moreover, it appears that this property was not unique to HIF-1α, as HIF-2α also
increased Notch target-gene expression in hypoxic A-498 renal carcinoma cells. However,
the exact mechanism of how HIF-α proteins are incorporated into the NotchICD:MAML:CSL complex is not yet understood, nor is known whether this response
modulates the expression of all Notch target genes, or only a subset [216]. Whatever the
detailed mechanisms, this research clearly elaborated one way for HIF factors to control
the expression of genes via regulatory DNA sequences unrelated to HRE binding sites.
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As mentioned above, Notch pathway signaling [217] has profound effects on cellular
differentiation in Drosophila, C. elegans, and mammals, hence the crosstalk to HIF
signaling mentioned above has raised the issue of its relevance to underlie differentiation
processes in general. Of note here, the differentiation of a variety of cell types was
inhibited by hypoxia through Notch signaling, thereby maintaining undifferentiated stem
and progenitor cell populations [218]. In hematopoietic bone marrow and T cell
progenitor cells, forced Notch activation can block differentiation and results in T cell
acute lymphoblastic leukemia [219]. On the other hand, Notch activation does promote
final differentiation in certain neural stem cells and in epidermal keratinocytes. This
emphasizes that Notch signaling might be cell-type specific, and is not the single
multipotency-maintaining pathway [218, 220].
In an attempt to evaluate the functional redundancy between HIF-1α and HIF-2α,
Covello et al. [195] found that expression of HIF-2α under the promoter of HIF-1α
(named “knockin”) was not only incapable of complementing HIF-1α function, but
actually caused resorption of embryo even earlier than what was observed in the
embryogenesis of “normal” HIF-1α–/– animals. Further analysis indicated that the
phenotype of recovered embryos correlated to phenotypes observed with oct-4
overexpression, a master regulator controlling ES cell identity. Subsequently they showed
by immunoprecipitation experiments that only HIF-2α was able to bind to the oct-4
promoter region, but not HIF-1α.
Many genes associated with cellular differentiation in ES cells are regulated by a
transcriptional network consisting of Oct-4, Sox-2, and Nanog [208, 221]. All three
factors have been shown to occupy and activate genes that promote growth and self
renewal in human ES cells, while simultaneously repressing genes that promote
differentiation [208]. Small changes in Oct-4 protein levels have tremendous effects on
ES cell differentiation: While a 2-fold increase in Oct-4 expression causes ES cells to
differentiate towards mesodermal cell types, a 2-fold decrease induces differentiation into
trophectoderm [222]. The HIF-2α knockin experiments indicated that terminal
differentiation of somatic cells is prevented by sustained Oct-4 expression, suggesting that
elevated HIF-2α expression and activity contributes to the observed embryo phenotypes
by increasing Oct-4 levels. Kehler et al. showed that HIF-2α-deficient embryos have
severely reduced numbers of primordial germ cells [223]. This is consistent with a normal
in vivo role of HIF-2α in regulating Oct-4 expression and stem cell function.
The pathways of HIFs, Notch, and Oct-4 disclose molecular mechanisms whereby
oxygen responses can inhibit differentiation and, possibly, affect stem cell identity. They
also raise the possibility of crosstalk between hypoxia and other stem cell signaling
pathways. As such, TGF-β has been reported to induce HIF-α stabilization by inhibiting
PHD-2 [224]. And a recent paper describes a physical interaction of β-catenin and HIF1α, suggesting a mechanism by which HIF activity might be affected by Wnt signaling in
stem cells [225]. The degree of crosstalk between the HIFs and these important signaling
networks in stem cells has yet to be determined.
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1.6 The cancer stem cell concept
Several publications over the past decade support the concept that cancers can grow
from a discrete subset of malignant cells with stem cell properties, termed cancer stem
cells [226, 227]. Comparable to normal stem cells, these transformed cells self renew and
eventually differentiate, though aberrantly, to produce the bulk of the tumor. To date, cells
with these and other stem cell properties have been identified in human hematopoietic,
brain, and breast cancers, and will potentially be found in many more tumors [226-228].
A recent publication supports the notion that only a small number of genetic
alterations in differentiated cell types are sufficient to acquire stem cell characteristics.
One paper shows the conversion of murine fibroblasts into cells bearing ES cell-like
properties with directed expression of only four transgenes [229]. Fibroblast cell clones
were engineered to express KLF-4, Sox-2, Oct-4, and c-Myc transgenes, resulting in
remarkable ES-cell-like morphology and ES cell-specific gene expression. Moreover,
these cells did not senesce, even in prolonged in vitro culture. In addition, these cell
clones revealed multipotency characteristics when injected into wildtype mouse
blastocysts, as they contributed to a variety of differentiated cell types in the developing
embryos. Of note, two of the four expressed factors (Oct-4 and c-Myc) are direct HIF-2α
targets, yet the gene control proceeds by different mechanisms. Tai et al. could show that
oct-4 expression is induced by hypoxia in a HIF-2α expressing renal carcinoma cell line
[230]. These results suggested that oct-4 gene expression can be de-repressed in cancer
cells to promote an undifferentiated cellular phenotype. In contrast, in normal somatic
cells, oct-4 is silenced. This concept was further supported by a paper showing that
inducible expression of oct-4 led to epithelial dysplasia, which was reversed when Oct-4
levels dropped [231]. Together, these data support a role for Oct-4 in promoting the
proliferation of undifferentiated progenitor and/or stem cells, thereby contributing to
tumor growth.
In tumors, only a small fraction of the cells are cancer stem cells, which can be
enriched on the basis of cell-surface marker expression. These cells were successfully
used to generate serially transplantable tumors in immunodeficient mice [226]. Some
cancer stem cells possess the detrimental feature of ATP-binding cassette (ABC)
glycoprotein transporter expression at the cell surface, an attribute in common with
normal hematopoietic stem cells. Unfortunately, these transporters are also able to export
chemotherapeutic drugs, thus promoting the multidrug resistance (MDR) observed in a
large number of cancer cell lines. At least two of these ABC glycoprotein transporters,
MDR1 and BCRP/ABCG2, have been shown to be regulated by HIF in a number of
cancer cells [232, 233]. HIF might further contribute to the formation of cancer stem cells
by regulating Notch activity, notwithstanding that Notch activity appears to be of biased
nature in mammals: While manifesting oncogenic effects in intestinal tumors, it has
oppositional, tumor suppressor properties in keratinocytes [218, 234].
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These findings clearly outline that tumor hypoxia can impinge on the cancer
phenotype in ways far beyond the long known role of induced angiogenesis and
glycolysis. Eradication of cancer stem cells is thought to be an important step in curing
cancer. Interfering with HIF activity in cancer stem cells may cause them to differentiate,
ultimately preventing them from reforming tumors after chemo and radiation therapies.
Therefore, HIF pathways and effector genes are as attractive targets for therapeutic
intervention as ever [70]. However, it will be important to dissect the function of HIF-1α,
HIF-2α, Notch, Oct-4, and other pathway components in clearly defined tumor models.

1.7 Differentiation of embryonic stem (ES) cells
Since the early 1980’s ES cells have been isolated from the inner cell mass of the preimplantation blastocyst [235-237]. They can be maintained in a pluripotent state for
indefinite periods of time in the presence of the leukemia inhibitory factor (LIF) or in coculture with mouse embryonic fibroblasts (MEFs). LIF is a cytokine normally expressed
in the trophectoderm of the developing embryo. LIF binding to its receptor LIFR-α
ultimately activates JAK/STAT and MAPK cascades, thereby preventing differentiation
of cultivated mouse ES cells. When cultured in the absence of LIF, ES cells start to form
three dimensional aggregates called embryoid bodies (EBs) which spontaneously begin to
differentiate. EBs recapitulate many aspects of cell differentiation during early
mammalian embryogenesis [238, 239], with ectodermal, mesodermal and entodermal
cellular fates all being represented. Great efforts have been made to define protocols to
preferentially direct ES cell differentiation towards one single cell fate, mostly using the
formation of EBs as an initial step. The idea was to provide a source of normal cells and
raise opportunities for therapeutic intervention to correct cell/tissue damage and/or
dysfunction. While the latter did produce positive results in several animal models, it is
still far from being implemented. A yet unsolved problem is the risk of uncontrolled
proliferation of transplanted cells in vivo. Some of these cells can maintain the ability of
indefinite proliferation and thus cause tumorigenic tissue. However, the elaboration of
these specific protocols made it possible to study the implications of genetic defects for a
specific cell type or organ, where the loss-of-function is lethal to the developing organism
and can as such not be studied in an animal model.
A detailed introduction of the above mentioned in vitro-differentiation ES cell
protocols would go beyond the scope of this chapter. Instead, the following table aims to
summarize these works and to illustrate the diversity of cell types that were generated
starting from ES cells. In addition, a focus on neural differentiation protocols is laid, as
one of these was used in this work to derive a high yield in neuronal lineage cells.
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Cell or tissue type
Hematopoietic cells
Hematopoietic stem cells
Erythroid primitive precursors
Erythroid definitive precursors
Erythroid definitive precursors, macrophages and
mixed colonies
Lymphoid precursors
Lymphoid precursors
Lymphoid precursors
Endothelial cells
Endothelial cells
Cardiomyocytes
Adipocytes
Skeletal muscle
Smooth muscle
Vascular smooth muscle
Neuronal and glial cells
Astrocytes
Neuronal lineage
Neuronal lineage
Neuronal lineage
Neuronal lineage
Neuronal lineage
Dopaminergic neurons
Epithelial cells
Endothelial cells
Osteoblasts
Chondrocytes
Natural killer cells
B cells
Mast cells
Macrophages
Dendritic cells
Hepatocytes
Pancreatic lineage
Pancreatic-like islets
Alveolar epithelium
Table 2

ES cell lines
CCEG2, D3
CCE
CCE
CCE
CCE
BL/6 III
D3
CCE, CJ7
W4
D3
ZIN 40, E14TG2a, CGR8
BLC6
CCE
D3
BLC6
CRG8
D3
J1
R1
R1 and MPI-II
J1, CJ7, D3, R1
D3, R1
D3
CCE, CJ7
CRG8
D3
R1, A3-1, CJ7
A3-1, CJ7
W9.5
(129S1x129X1)F1
ESF116
R1, SEK1, W9.5
E14.1, B5

References
[240-243]
[244]
[245]
[245]
[245]
[246]
[247]
[248]
[249]
[250]
[251-256]
[257]
[258]
[259]
[260]
[261-263]
[264]
[265, 266]
[267]
[268]
[269]
[270-272]
[270, 273, 274]
[275]
[259, 276, 277]
[278, 279]
[280]
[281, 282]
[282-284]
[285]
[286]
[287]
[288, 289]
[290, 291]
[292]
[293]

Distinct protocols for differentiation of ES cells into defined cell types

28

1.8 Aim of the Thesis
Our lab showed in a previous study that teratocarcinomas purely consisting of HIF1α (ko) ES cells grew more slowly compared to pure HIF-1α+/+ (wt) tumors [182].
Interestingly, in mixed tumors, HIF-1α expressing cells were able to reconstitute tumor
growth at a ratio as low as wt:ko = 1:100. Subsequent analysis did not identify the source
of this growth recovery: HIF-1α +/+ cells did not overgrow the deficient ones, and no
significant differences were observed in the tumor vascularity. While VEGF expression
was altered, VEGF protein levels were the same, as were the levels of apoptotic proteins
(cleaved vs. uncleaved PARP) or expression levels of target genes of p53 (p21 RNA). We
postulated one or several soluble factor(s) excreted by wt cells, which enabled ko cells to
proliferate normally.
We now analyzed tissue samples of HIF-1α+/+(wt), HIF-1α–/– (ko) and wt:ko = 1:100
mixed (mxd) teratocarcinoma samples on the proteome level by Western blot to further
characterize their differential state on the basis of specific markers for cells of either
neuronal or mesenchymal lineage. Furthermore, we used 2-D PAGE technology aiming to
identify proteins potentially involved in the differential growth behavior of the tumors. It
was hypothesized that even though a direct identification was unlikely due to generally
low copy numbers of such proteins in cells and low sensitivity of the method, an indirect
identification by altered abundance of several proteins belonging to one pathway seemed
feasible.
In addition, we subjected the same cellular composites to a neuronal differentiation
protocol in vitro, thereby addressing potential mechanisms behind the observed shift
towards neuronal tissue in HIF-1α+/+ teratocarcinomas, compared to favored
mesenchymal differentiation in the HIF-1α–/– ones.
–/–
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2 Materials and Methods
Materials
Unless stated otherwise, all chemicals were obtained from Amersham Biosciences
and Sigma. Disposable plastic ware was obtained from TPP, Corning and Sarstedt. ES cell
culture medium ingredients were obtained from Gibco and Calbiochem. LIF was
produced in our lab by transfection of COS-7-cells with the pC10-6R plasmid [294]. LIF
is constitutively expressed and secreted into the medium. Supernatant was collected
(=LIF-conditioned medium), and working dilution to maintain ES cell stemness was
assessed. The used Laminin was isolated from Engelbreth-Holm-Swarm sarcoma (Roche).
N2 medium and components were purchased from Stem Cell Technologies.
Antibodies
For Western blotting, we used the following antibodies: Transketolase: rabbit
polyclonal IgG-enriched anti-TKT serum (gift from J. Piatigorsky [295]), 1:5000. AntiHIF-1α, polyclonal IgY, 1:500, produced in our lab [296], and rabbit polyclonal, 1:500,
Novus Biologicals NB100-479. Anti-Nestin, rabbit polyclonal, 1:1000, Abcam ab27952;
anti MAP2, rabbit polyclonal, 1:500, Cell signalling #4542; anti-Fibronectin 1, rabbit
polyclonal, 1:500, Novus Biologicals NB100-92247; anti N-Cadherin, mouse monoclonal,
1:500, Zymed 33-3900; anti-Tie-2, rabbit polyclonal, 1:500, Santa Cruz Biotechnology sc324; anti-GLUT-1, rabbit polyclonal, 1:250, Calbiochem; anti-Fumarate hydratase, goat
polyclonal, 1:200, Santa Cruz sc-27995(C-16); anti-β-actin, mouse monoclonal, 1:10000;
Sigma AC-15; anti-TCP-1α, rat polyclonal, 1:1500, Calbiochem; anti-β-III Tubulin,
mouse Tuj-1, 1:5000, Covenance; anti-Tropomyosin, sheep polyclonal, 1:500, Chemicon
International AB5441.
ES cell culture
HM-1 ES cells were cultured on gelatin-coated Petri dishes (coating: 0.75% gelatine
solution for at least 30 minutes in incubator). ES medium was based on DMEM high
glucose containing 15% FBS (Gibco BRL, certified), 1 mM sodium-pyruvate, 1x
nonessential amino acids and 1.7 μl β-Mercaptoethanol per 500 ml medium. Conditioned
LIF-medium (1:500) was added to prevent differentiation of ES cells. General cultivation
conditions were 37° C and 140 mm Hg (20% O2, v/v; normoxia) or 7 mm Hg (1% O2, v/v;
hypoxia) oxygen. For EB formation (EB medium), LIF-medium was omitted, and FBS
was reduced to 10%.
In vitro growth curves
ES cells were seeded at a density of 104 cells/well (day 0) in a 12–well plate (TPP)
and cultivated for a maximum of 5 days in the presence or absence of LIF under normoxic
or hypoxic conditions. Triplicate samples from HIF-1α+/+ cells, HIF-1α-/- cells, and 1:100
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mixtures thereof (HIF-1α+/+ : HIF-1α−/− = 1:100) were used, and medium was exchanged
every second day to prevent nutrient exhaustion. Wells were rinsed twice with 2 ml
preheated (37° C) PBS and incubated with crystal violet solution (0.1% crystal violet in
H2O) for 10 minutes at room temperature. The solution was removed and the plate
carefully washed two times in tap water by immersion in a large beaker, with water
exchange in between. The plate was drained upside down on paper towels, and 1 ml 1%
SDS solution per well was added to solubilize the stain. The plate was agitated on an
orbital shaker until color distribution was uniform. 200 μl were transferred in duplicates
into a 96-well plate and absorbance was measured at 550 nm.
Differentiation assays
For successful neuronal differentiation, short passage cycles and high cell densities
were required (protocol from [272]). The differentiation protocol was followed step by
step without alterations. Briefly, after a minimum of two passages subsequent to thawing,
high cell density was achieved by plating 3x106 cells per 100 mm non-adherent bacterial
dish (Sterilin) in EB medium (no LIF, and only 10% FBS). This cultivation step lasted for
8 days, and medium was exchanged every 2nd day (at days 2, 4 and 6). When changing the
medium on days 4 and 6, EB medium supplemented with Retinoic acid (RA, 5 µM) was
used. After a total of 8 d in EB medium (including 4 d with RA), the embryoid bodies
(EBs) that had formed were harvested by centrifugation and washed twice with 5 ml prewarmed PBS. EBs were treated with trypsin (freshly prepared 0.05% trypsin solution in
0.04% EDTA/DMEM) at 37° C for 3 min and were dissociated by gentle, but thorough,
resuspension in 10 ml EB medium. Single pre-differentiated cells were harvested by
centrifugation at 1’000 rpm for 5 min in an Eppendorf 5804 centrifuge at room
temperature. After resuspension of the pellet in N2 medium (DMEM w/o Glucose and F12, 1:1, 50 µM human-Transferrin, 25 µM Insulin, 50 µM BSA, 20 nM Progesterone, 100
nM Putrescine, 2 mM L-Glutamine, 1 x Penicillin/Streptomycin, 30 nM Sodium Selenite),
cells were filtered though a 40 µm cell constrainer and cell viability was assessed.
For final neuronal differentiation, 1.5 x 105 cells per cm2 were plated on specially
coated dishes: Plates were coated o/n at 37° C with 10 µg/ml PDL (Poly-D-lysine) in
borate buffer (150 mM, pH 8.4). PDL was removed and the plates washed three times
with PBS. Next, laminin (0.5 µg/cm2) was added to PBS, and the plates were incubated
for at least 2 hours, again at 37° C. Coating solution was then removed, and the cell
suspension was directly added. The N2 medium was exchanged after 2 hours and again
after 1 day. After 2 days, the N2 medium was replaced by the B18 medium described by
Brewer and Cotman [297], with the modification that glutamate, HEPES, corticosterone,
lipoic acid and tri-iodothyronine were omitted. After 4 d in B18 medium (14 d since startoff), neuronal differentiation was completed.
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2-D PAGE
All steps of the 2-D PAGE protocol were carried out at the Functional Genomics
Center Zurich (www.fgcz.ethz.ch), except for tumor protein isolation, which was done in
our lab. The experiment was performed as a 2-D Fluorescence Difference Gel
Electrophoresis (2-D DIGE) using an Ettan™ DIGE System. Tumor tissue (100-150 mg)
was homogenized in 500 µl solubilization buffer: 7 M Urea, 2 M Thiourea, 2% CHAPS,
20 mM Tris-base, 2 mM Tributylphosphine, 20 mM DTT, 0.4% Carrier ampholytes (BioLytes; BioRad), 1 x Proteinase inhibitor (Roche). After centrifugation of the homogenates
at 16’000 x g for 20 min at 4° C, supernatants were recovered and processed as follows.
The isolated proteins were first desalted with a 2-D Clean-Up Kit (Amersham
Biosciences). The procedure works by quantitatively precipitating proteins while leaving
behind in solution interfering substances such as detergents, salts, lipids, phenolics and
nucleic acids. The proteins were resuspended in a solution compatible with first
dimension isoelectric focusing (IEF). The desalted samples were quantified with the 2-D
Quant Kit (Amersham Biosciences). The assay is based on the specific binding of copper
ions to proteins. Precipitated proteins are resuspended in a copper-containing solution and
unbound copper is measured with a colorimetric agent. The absorbance at 480 nm is
inversely related to the protein concentration.
Thereafter, proteins were stained with CyDye™ DIGE Fluors (50 µg per sample)
according to protocol. For isoelectric focusing, Immobiline DryStrips pH 3-10, 24 cm
were rehydrated overnight. 450 µl rehydration buffer (same as solubilization buffer,
without Tris base) minus sample volume were used. The following day, strips were
recovered from the rehydration tray, rinsed with water and placed in the focusing tray. For
isoelectric focusing (IPGphor™, GE Healthcare Life Sciences), an overnight program
with progressively increasing voltage was employed to separate the protein mixture
according to the isoelectric point. A low starting voltage avoids sample aggregation and
precipitation, or overheating in some strip areas. The voltage is slowly raised to reach
electric field strength as high as possible in the focusing phase:
Cycle
Step 1
Step 2
Step 3
Step 4
Step 5
Step 6
Step 7
Step 8
Step 9

Voltage
0-500 V
500 V
500-1000 V
1000 V
1000-2000 V
2000 V
4000 V
4000-8000 V
8000 V

Duration
15 min
2h
1 min
2h
30 min
2h
2h
1h
9 h*

Table 3
Voltage levels of overnight isoelectric focusing program
*: Time was adjusted to reach a total of 80’000 to 100’000 Vh.

After four hours, the filter pads at the ends of the strip were replaced with new ones,
to lower the conductivity and hence enable higher voltages. After isoelectric focusing,
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strips were equilibrated in SDS equilibration buffer (50 mM Tris/HCl pH 8.8, 6 M urea,
30% (v/v) glycerol, 2% SDS, 0.002% bromophenol blue (bpb)). This buffer was
supplemented either with 64.8 mM DTT or 135.2 mM iodoacetamide respectively. The
focused strips were equilibrated in each of these buffers for 15 min, starting with the DTT
containing one, in order to first reduce cysteines to thiols, and then irreversibly
carbamidomethylate resulting cysteins with iodoacetamide to prevent reoccurrence of
disulfide bridge formation. The strips were then placed on top of the SDS gel (12%), and
sealed with agarose sealing solution (25 mM Tris, 192 mM glycine, 0.1% SDS, 0.5%
agarose, pH 8.3). The second dimension separation was done in two steps with constant
Watts at 10° C (Ettan™ DaltTwelve, GE Healthcare Life Sciences). First, 2.5 W/gel was
applied for 30 minutes. In the second step this was increased to 17 W/gel for 5 hours (until
the bromophenol blue front reached the end of the gel). The gels were scanned with a
Typhoon scanner immediately after completion of second dimension separation.
Thereafter gels were fixed (Fixing solution 10% methanol, 7% acetic acid) and stained
with Sypro Ruby for later spot picking.
Identified differentially regulated protein spots were automatically picked (GelPix,
Genetix), partially trypsinized and spotted on a MALDI plate by robots (Genesis ProTeam
150, Tecan). After the sequence analysis in a MALDI-TOF-TOF device (ABI 4700
MALDI TOF/TOF™), the result was matched with the hmr database (date of release:
January 5th, 2004; 63042 protein sequences) and the five best matching proteins were
reported. For all search results, protein scores greater than 57 for gel 1, 58 for gel 2, 57 for
gel 5, and 53 for gel 6 were considered to be significant (p < 0.05).
Western blot
Tumor protein isolation was done according to previous publication from our lab
[182] as follows: Tumor tissue (100-150 mg) was homogenized in 500 µl tumor extraction
buffer (TEB: 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10 mM EDTA, 0.25% Triton X100, 0.1% NP-40, and the proteinase inhibitors PMSF (1 mM), aprotinin (1 µg/ml)
leupeptin (1 µg/ml), pepstatin (1 µg/ml), and the phosphatase inhibitor sodium vanadate
(1 mM)). Homogenates were centrifuged at 16’000 g and 4° C for 30 minutes. The
supernatant was used for Western blots.
For protein isolation of EBs and monolayers, a modified RIPA cell lysis buffer was
used: 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% NP-40 and 1% Triton X-100, stored a
4° C. Before each isolation, fresh proteinase inhibitors were added: 1 mM DTT, 1 mM
PMSF, 1 mM Sodium-orthovanadate, 0.1% Protease inhibitor cocktail set III,
Calbiochem.
Monolayer cells grown in 10 cm TPP cell culture plates were washed twice with icecold PBS and harvested in 200 µl ice-cold lysis buffer by scraping. For complete
disruption, the collection tubes were vortexed every 2 minutes for 10 seconds during a
total incubation time of 10 minutes on ice. The lysate was pipetted up and down and
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centrifuged at 16’000 g and 4° C for 30 minutes. The supernatant was recovered and
protein concentrations measured with BioRad protein assay.
EBs were poured from the Petri dish directly into a 15 ml Falcon tube and centrifuged
at >3000 g and 4° C for 2 minutes. Medium was removed, and the cells were washed with
ice-cold PBS and centrifuged again. EBs were then dissolved in lysis buffer and processed
further like monolayer cells.
Realtime-PCR
The RNA used for expression analysis by Realtime-PCR was isolated with a
NucleoSpin® RNA II Kit (Macherey-Nagel), and the protocol was strictly followed. RNA
concentration was measured with a ND-1000 (NanoDrop Technologies).
For first-strand cDNA synthesis, the SuperScript™ III Reverse Transcriptase kit
(Invitrogen) was used. Besides the oligo(dT) Primer used to catch all poly-A mRNA, we
used an S18 rRNA-specific primer (Co-RT; 5’-GAGCTGGAATTACCGCGGCT-3’, 50
µM, Microsynth Switzerland) to transcribe this rRNA as a hypoxia-nonresponsive internal
control. Briefly, we proceeded as follows (per 250 µl PCR tube, 20 µl final volume:
Volume
1 µl
1 µl
1 µl

Ingredient
Final conc.
oligo(dT)20
50 µM
Co-RT
50 µM
dNTP’s
10 mM
RNA diluted in RNAse
50 ng/µl
12 µl
free water
65° C, 5 min, then on ice (>1 min)
1 µl
1st strand buffer
5x
1 µl
DTT
0.1 M
0.5 µl
SuperScript™ III
200 units/µl
Incubation at 50° C for 60 min
Short-term storage at 4° C, longterm -80° C
Table 4

RT-PCR protocol to produce cDNA from total RNA

To check for genomic DNA contamination, -RT controls were run. Six samples at a
time were pooled and run with the other reactions, but without adding SuperScript™
reverse transcriptase.
For the Real-Time PCR, we used TaqMan® Gene Expression Assays (Applied
Biosystems) for Transketolase (Mm00447559_m1), Fumarate hydratase 1
(Mm00802588_m1), TCP-1 (Mm00496706_m1), β3-tubulin (Mm00727586_s1),
Tropomyosin 1 alpha (Mm00600378_m1), and S18 RNA (TaqMan® Ribosomal RNA
Control Reagents No 4308329). The cDNA reactions were 1:10 diluted, and 5 µl was used
per vial. 15 µl of prepared reaction solution (per vial: 10 µl Master Mix, 1 µl TaqMan®
assay, 4 µl H2O). The plates were run with a standard protocol in an ABI PRISM 7700
Sequence detection apparatus (Applied Biosystems).
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3 Results
3.1 Previous results of our group
The results of Höpfl et al. from our lab, which were published in 2002 [182], formed
the basis for this thesis. When growing mouse ES cells in vitro, either as monolayers or as
spheroids (embryoid bodies), significant growth differences were observed between HIF1α+/+ (wildtype, wt) and HIF-1α–/– (knockout, ko) cultures in hypoxia and under
differentiating conditions.

Figure 3
In vitro growth analysis of HM-1 ES cells and EBs
HIF-1α+/+ () and HIF-1α–/– clones C (S), L (), and M (z) ES cells were plated in 12-well plates (104
cells/well) and cultivated in the presence (A and B) or absence (C and D) of LIF 103 units/ml). At the time
points indicated, the cells were washed, stained with crystal violet, and solubilized in 1% SDS. The results
are expressed as mean absorbance ± SD (bars; n = 3).
Statistical significance was determined using the unpaired t test. Welch’s correction was applied when
necessary. E and F, HIF-1α+/+ () and HIF- 1α–/– () ES cells (clone L; 400 cells/20-µl drop) were grown
without LIF as three-dimensional EBs in normoxia (E) or in hypoxia (F). The diameters (mm) of at least 50
EBs/cell line were measured every day. Results are representative of at least three independent experiments,
and values are expressed as mean ± SE (bars). P versus control: ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.0001,
Mann-Whitney test. From Ref. [182].
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To determine the role of HIF-1α in solid tumor formation, 5 x 106 HIF-1α+/+ and HIF1α–/– ES-cells were injected sc. into BALB/c nu/nu mice (n = 10/ES cell line). Because
tumors are not only constituted of neoplastic cells, but also of, e.g., endothelial cells or
infiltrating cells, ES cells were mixed with HIF-1α–/– ES cells at a ratio of 1:10 and 1:100
(n = 10/ES cell mixture). A tumor size of 2 cm3 was defined as termination criteria.

Figure 4
Effect of HIF-1α loss on mouse survival and tumor volume
A, Kaplan-Meier survival analysis for mice inoculated with HIF-1α+/+, HIF- 1α–/– (clone L), and mixed cells
HIF-1α–/–/HIF- 1α+/+ at ratios of 1:10 and 1:100. Tumor volume equal to 2 cm3 was considered a death
event (n = 10 for all groups);∗, P < 0.05 for log rank test overall and log rank test for HIF-1α–/– versus HIF1α+/+. B, analysis of tumor volume of HIF- 1α+/+, HIF-1α–/–, and 1:10 and 1:100 mixed tumors (left to right)
at day 33 [mean ± SE (bars)]. ∗, P < 0.05, Mann-Whitney test for HIF- 1α–/– versus HIF-1α+/+ and for HIF1α–/– versus 1:100. ∗∗, P < 0.01, Mann-Whitney test for HIF-1α–/– versus 1:10 (P < 0.0001 in overall
Kruskal-Wallis test). From Ref. [182].

The median survival time for the mice bearing HIF-1α+/+, 1:10 mixed, and 1:100
mixed tumors was 46, 43, and 43 days, respectively. At day 49, all mice with tumor sizes
smaller than the 2 cm3 termination volume had been sacrificed. By that time, 70 % of the
HIF-1α–/– tumor-bearing mice still had tumor volumes smaller than 2 cm3. In line with
this, tumor volumes were also significantly larger in HIF-1α+/+, 1:10 mixed, and 1:100
mixed tumors compared with HIF-1α–/– teratocarcinomas at day 33, when all mice were
still alive. These experiments and similar ones with Hepa1C4 wildtype and ARNT mutant
Hepa1C4 cells provided good evidence that the absence of HIF-1α significantly impairs
tumor growth and that tumor growth can be rescued by adding wildtype ES cells to HIF1α–/– ES cells (or wildtype Hepa1C4 cells to ARNT mutant Hepa1C4 cells, respectively)
in vivo, at a ratio of only 1:10 or 1:100.
First, the authors were interested if the increased growth rates of mixed tumors were
simply a result of the wildtype cells proliferating faster than the knockout ones. Such a
difference would have lead to an altered final cellular composition in the injected 1:10 and
1:100 ratios. To examine the relative contribution of the cell strains to the tumor mass,
genomic DNA was extracted from all tumors and analyzed by Southern blotting. As
shown in Figure 5, the HIF-1α wild-type allele was present in HIF-1α+/+ tumors (Lanes 1–
4), whereas the recombinant allele (Lanes 5–8) was present in HIF-1α–/– tumors.
However, in all mixed tumors tested (Figure 5, Lanes 9–16), the wild-type allele was
faintly detected only in one of ten 1:100 tumors (Figure 5, Lanes 13–16) and in none of
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the 1:10 tumors (Figure 5, Lanes 9–12). HIF-1α+/+ cells in the 1:10 and 1:100 tumors
contributed <50 % to the tumor mass compared with the control representing an in vitro
1:1 mixture of HIF-1α+/+ and HIF-1α–/– genomic DNA (Figure 5, Lane 17). These data
provided convincing evidence that HIF-1α+/+ cells did not overgrow HIF-1α–/– cells. In
support of these data, Hepa1 wild-type cells irradiated with a dose of 25 Gy to prevent
subsequent proliferation were able to rescue the growth of ARNT mutant Hepa1C4
tumors at the same extent as in untreated Hepa1 wild-type cells.1

Figure 5
Southern blot analysis of genomic DNA from HIF-1 +/+, HIF-1 –/– (clone L), and
1:10 and 1:100 mixed tumors
Genomic DNA was digested with BamHI, and the membrane was hybridized with a 5’ external probe.
Lanes 1–4, HIF-1α+/+ tumors; Lanes 5–8, HIF-1α–/– tumors; Lanes 9–12, 1:10 mixed tumors; Lanes 13–16,
1:100 tumors; Lane 17, in vitro 1:1 mixture of HIF-1α+/+ and HIF-1α–/– genomic DNA digested with BamHI
as a control. The 13.1-kb band represents the endogenous locus, and the 5.1-kb band the targeted allele.
Four of 10 genomic DNA extracts analyzed of each tumor type are shown. From Ref. [182].

Second, another putative source for enhanced proliferation was a superior
vascularization of pure wildtype and 1:10 and 1:100 mixed tumors over the knockout
ones. The vascularity was assessed in two ways. First, noninvasive power Doppler
ultrasound analysis was performed before and after i.v. ultrasound contrast medium
injections. Both the average tumor cross-sectional area containing blood flow (FA) and
the product of FA and the mean number of moving red blood cells (CWFA) were
compared. Second, blood vessels were visualized by fluorescent microscopy after tissue
harvest by immunofluorescent staining with the endothelial cell marker PECAM-1
(CD31). None of these experiments did revealed significant differences among the HIF1α+/+, HIF-1α–/–, and mixed tumors.
In conjunction with these results, VEGF mRNA and protein levels were analyzed.
The mRNA measurement by Northern blotting revealed a significantly lower expression
of the vegf gene in the HIF-1α-deficient and mixed tumors compared to the wildtype ones.
In contrast, ELISA-based VEGF protein measurement did not support this difference, and
resulted in comparable levels for all tumor types. Hence, in this set-up, vegf mRNA
expression did not reflect VEGF protein synthesis.
For further details on these ES cell derived tumors, the cellular composition of the
tumors was analyzed by immunohistochemistry and histopathology. This characterization
of the teratocarcinomas derived from HIF-1α+/+, HIF-1α–/–, and mixed ES cells revealed
1

K.J. Williams and I.J. Stratford, unpublished observations
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that they were all composed of mixed cell populations. These included mature epithelial
structures (epidermis-like, skin appendages, glands of different type), mature
mesenchymal tissue (connective tissue, muscle, cartilage, bone), mature neuronal tissue
(round nuclei with abundant fibrillary matrix), immature neuronal tissue (large mitotic
nuclei, scanty cytoplasm; cells forming rosettes), and carcinomatous tissue (large mitotic
nuclei, scanty eosinophilic cytoplasm; undifferentiated cells forming sheets). However,
the ratio of these cell types revealed significant differences between the teratocarcinomas
of different origin: HIF-1α+/+ tumors contained significantly more mature neuronal tissues
compared with the HIF-1α–/– tumors, whereas there was no significant difference in the
epithelial, immature neuronal and carcinomatous components (Figure 6, A). In contrast,
HIF-1α–/– tumors contained significantly more mature mesenchymal tissue. Interestingly,
examination of the 1:10 and 1:100 mixed tumors showed similar distribution of
contributing tissue components when compared to the proportion in the pure HIF-1α–/–
tumors. Despite that the mixed tumors were comparable to the pure knockout
teratocarcinomas from a cell-type point of view, their growth was equivalent to the one of
HIF-1α+/+ tumors (Figure 6, B).

Figure 6
HIF-1α–/– and HIF-1α+/+ teratocarcinomas have a distinct cell-type distribution
within tumor tissue
Comparison of cellular composition between HIF-1α+/+ and HIF-1α–/– teratocarcinomas (Figure 6, A) and
among HIF-1α–/–, 1:10, and 1:100 teratocarcinomas (Figure 6, B; n > 9). Results are shown as mean average
± SE (bars). Mann-Whitney test for HIF- 1α+/+ versus HIF-1α–/– mesenchymal or neuronal component: ∗, P
< 0.05; ∗∗∗, P < 0.004. From Ref. [182].

Since the authors had still not found a reasonable explanation for the observed growth
differences, they performed immunohistochemical staining of the mouse Ki-67 antigen
(TEC-3). This should allow the determination of the proliferating components of the
teratocarcinomas. Two highly proliferative components were stained, identified as the
immature neuronal and carcinomatous cell fractions. By marking representative areas in
all tumors, these components were examined separately. Using a morphometric device, all
cells were counted and the proportion of TEC-3 stained cells was calculated. The
immature neuronal and carcinoma compartments in the HIF-1α+/+ tumors had a
proliferative activity 2.5 and 2.4 times, respectively, that of HIF-1α–/– tumors. The 1:10
mixed tumors showed an increased proliferation rate 2.0 times the rate of the immature
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neuronal tissue and 1.8 times the rate of the carcinoma tissue in the HIF-1α–/– tumors.
However, 1:100 mixed tumors did not show a significant increase in the proliferation rate
of the cells of these components (data not shown). Hence, while enhanced proliferation
rates of certain cell types would have explained growth differences of distinctly composed
teratocarcinomas, the result was not consistent (lack of detection of cells with enhanced
proliferation rates in 1:100 mixed tumors). In addition, this would only explain how, but
not why these teratocarcinomas grew faster.
As such, despite these extensive analyses, the nature of the enhanced growth rate of
mixed tumors over knockout ones remained uncovered. Höpfl et al. suggested that
superior growth of mixed tumors is mediated by soluble factor(s) secreted by HIF-1α+/+
cells. Such a factor would have to stimulate cells to proliferate faster compared to those in
the HIF-1α–/– tumors.
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3.2 In vitro growth curves of Embryonic stem (ES) cells
As a continuation on the project described, we went back to the in vitro stage and
performed new cell culture growth curve experiments. Towards our aim to identify the
postulated growth recovery effector-protein, we first investigated whether this in vivo
recovery effect was reproducible in vitro. As such, we repeated the in vitro growth curves
of ES cells with exactly the same experimental layout and measurement technique as
published previously. A successful reproduction of the HIF-1α-dependent enhanced
proliferation rate in vitro meant that we could study this behavior in a well defined setup,
and as such, utilize the wt, ko and mixed (mxd) cultures of ES cells as a renewable source
of material.

Figure 7
In vitro growth analysis of HM-1 ES cells
HIF-1α+/+ (z), HIF-1α−/− ({) and HIF-1α+/+ : HIF-1α−/− 1:100 mixed (d) ES cells were plated in 12-well
plates (104 cells/well) and cultivated in normoxia (A) or hypoxia (= 1% O2, B). At the time points indicated,
the cells were washed, stained with crystal violet, and solubilized in 1% SDS. Absorbance readings were
obtained at 550 nm. The results are expressed as mean absorbance ± SD (bars, n = 3).

We cultivated wt, ko and mxd cultures as pluripotent stages (LIF present in medium)
for five days in normoxia or hypoxia (Figure 7). Student t-test was applied for the
statistical comparison of the mean absorbance increase between HIF-1α+/+, HIF-1α−/− and
1:100 mixed ES cell cultures. There was no significant difference at any time point,
neither in normoxic nor hypoxic data sets. Increasing the number of replicates to an n=5
did not bring the expected improvement; the ES cells always proliferated with a high
culture-to-culture variance. Therefore, we can speak here only of trends. The growth
trajectories in normoxia (Figure 7, A) and hypoxia (Figure 7, B) delineated differences in
partial agreement with the previously published results. Wildtype cells grew faster than
HIF-1α-deficient ones both under high and reduced levels of oxygen. This constitutive
growth advantage of wt cells is in contrast to the past experiment, where HIF-1α deficient
cells proliferated faster than the wildtype ones in the presence of oxygen. Of note, the
growth curve of the wt:ko = 1:100 mxd cell population proceeds clearly with a slower rate
compared to wt cells, but is indistinguishable to ko cultures, both under normoxia and
hypoxia (Figure 7, A and B). These results suggest that to investigate putative growth
differences between knockout and mixed cultures, cultivation periods longer than 5 days
were necessary. This is difficult to achieve in vitro: when we lowered the starting cell
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densities, we observed a significantly increased and uncontrollable lag time, undermining
consistent results. On the other hand, simply continuing the cultivations over the shown
termination time point was impossible, as the cell culture dishes were 100% confluent on
day 5, leading to a rapid and irregular slowdown for longer cultivation times (data not
shown).
We also repeated this experiment with a different counting method: We used Trypan
blue staining to discriminate viable from dead cells, and counted cell viability. However,
this method proved not to be ideal for our setup, as one has to harvest the adherent cells
by trypsinization. Especially the cells already challenged by several days of hypoxic
cultivation did survive this procedure only with a high run-to-run variability. Hence the
results were inconsistent and observations irreproducible.
Clearly, the recovery effect observed in the in vivo tumor experiment by Höpfl et al.
[182], where mixed tumors grew significantly faster than knockout ones and almost
approached the proliferation rate of wildtype masses, was not reproducible with this in
vitro setup. Either the recovery needs longer to take effect than 5 days and is therefore not
yet visible after this short period. Or it is a physiological phenomenon that depends on
intratumoral cell-cell signaling factors whose production or interplay cannot be
reproduced by in vitro techniques.
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3.3 Characterization of tumor composition by Western blot
For further verification of the cellular composition of the nude mice tumors, on top of
the morphometric analysis, we decided to subject tumor samples to a more specific
analysis. As such, we ran a set of Western blot experiments with specific markers. We
used antibodies against HIF-1α target genes to verify the functionality of the HIF-1α
knockout in the pure-population tumors and its availability in the mixed tumors, since this
aspect had previously only been assessed by Southern blot method. In addition, we used
antibodies directed against proteins specific for either mesenchymal or neuronal cells,
allowing us to assess the relative size of respective cellular subpopulations within the
teratocarcinomas. These experiments provided a direct way of measuring the amount of
cells of distinct origin when comparing protein abundance to total protein (β-actin).

3.3.1 HIF-1α and HIF-1 targets
3.3.1.1 HIF-1α
We first aimed to provide indication of HIF-1α protein in the wildtype tumors,
thereby providing a second source of evidence for the genetic composition of the tumors
after the Southern blot analysis undertaken by Höpfl et al [182].

Figure 8
Western blot for HIF-1α in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, extracts of neuronal-, normoxic HeLa- (16 h,
21% O2, negative control), hypoxic HeLa-cells, (16 h, 1% O2, positive control), rat liver extracts.
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Corresponding loading control (β-actin):

Figure 9
β-actin loading control to the HIF-1α Western blot
Legend: see above.

The control experiment with β-actin suggested that there was no significant loading
difference between the protein lanes. HIF-1α could only be shown in fresh extracts of
hypoxic HeLa cells (positive control: 16 h 1% O2). Neither normoxic HeLa extracts
(negative control: 16 h air) nor tumor extracts showed a corresponding band at the same
molecular weight (see Figure 8).
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3.3.1.2 HIF-1 targets: VEGF
The verification of respective levels of this direct HIF-1α target [91, 92] was already
published by Höpfl et al., 2002, [182]. Below, figure and legend from the original
publication are shown.

Figure 10
Analysis of VEGF mRNA and protein levels in teratocarcinoma samples
Measurement of VEGF mRNA and protein levels in HIF-1α+/+, HIF-1α–/– (clone L), and 1:10 and 1:100
mixed teratocarcinomas. Shown are representative mRNA blot analyses of VEGF mRNA expression in
tumors (A) and quantification of relative mRNA levels (B). ∗∗∗, P < 0.0001 in Mann-Whitney test for HIF1α+/+ versus 1:10 and 1:100. ∗∗, P < 0.01 in Mann-Whitney test for HIF-1α+/+ versus HIF-1α–/– (P < 0.0001
in overall Kruskal-Wallis test). C, measurement of VEGF by ELISA as described by the manufacturer
(pg/mg of total cellular protein). Means ± SD (bars) of triplicates were calculated. From Ref. [182].

While a significant difference of VEGF mRNA levels in differently composed
teratocarcinomas was measured, the protein abundance alteration was not significant.
Also, as outlined in section 3.1, there was no physiological sign for elevated VEGF levels,
as neither the power Doppler ultrasound analysis of the tumor blood flow nor the
immunofluorescent staining of vessels with the endothelial cell marker PECAM-1 (CD31)
was significantly different between the teratocarcinomas.
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3.3.1.3 HIF-1 targets: GLUT-1
Glucose transporter-1 is a known direct target of HIF-1α [89, 91, 92] with an
expected band size of 50 kDa.

Figure 11
Western blot for GLUT-1 in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, and C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, neuronal differentiation extracts, Hep3B and
HeLa extracts (normoxic and hypoxic, positive controls).

Corresponding loading control (β-actin):

Figure 12
β-actin loading control to the Glut-1 Western blot
Legend: see above.

Glucose transporter-1 was only observed in fresh HeLa and Hep3B extracts. No
expression was observed in any tumor extract, although β-actin Western blot suggested an
even loading pattern with comparable total protein amounts.
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3.3.1.4 HIF-1 targets: Fibronectin-1
Fibronectin-1 is a known direct target gene of HIF-1α [95] with an expected band size
of 260 kDa.

Figure 13
Western blot for Fibronectin-1 in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, Astrocytes extract, neuronal extracts (negative
control), both from primary rat brain preparations, RBE 4 cells extract (positive control), mouse liver extract
(saline perfused).

Corresponding loading control (β-actin):

Figure 14
β-actin loading control to the Fibronectin-1 Western blot
Legend: see above.
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Figure 15
Normalization of Fibronectin-1 signal to the corresponding β-actin blot
The values were normalized to the wildtype ratio (wildtype Fibronectin-1 : β-actin = 1). Student t-test for
Fibronectin-1 amount: The protein abundance difference between HIF-1α+/+ and HIF-1α–/– and between
HIF-1α+/+ and 1:100 mixed tumor extracts is significant, the one between HIF-1α–/– and 1:100 mixed tumors
is not.

Fibronectin-1 protein analysis was in good agreement to the previously published
cellular distribution within the teratocarcinomas. While high levels of this direct HIF-1α
target were measured in the wildtype tumors, significantly lower levels were found in both
knockout and 1:100 mixed ones. Fibronectin-1 levels in knockout and 1:100 mixed
tumors were not different.
In the following two sections, the results from teratocarcinoma tissue characterization
by specific markers are shown. The utilized antibodies targeted proteins specific for cells
of subpopulations for which the variations between wildtype and knockout tumors were
most pronounced. As shown in Figure 6 (page 38), knockout tumors contained
significantly more cells of mesenchymal lineage, while wildtype ones exhibited
significantly larger areas with cells of neuronal lineage.
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3.3.2 Mesenchymal markers
We established the relative amounts of mesenchymal cells in the ES teratocarcinomas
with three antibodies, anti-Vimentin for immature cells, and anti-N-Cadherin as well as
anti-Tie-2 for mature cells.
3.3.2.1 N-Cadherin
N-cadherin is expressed early during embryonic development in different tissues
[298, 299] and has been implicated in many biological processes. As such, N-cadherin is
involved in the commitment, condensation and chondrogenic differentiation of
mesenchymal cells as well as the formation of cartilaginous matrix [300-302], and during
osteogenic and myogenic differentiation [303-306]. During development, cells of the
neuronal tube loose E-Cadherin expression and acquire N-Cadherin. Although the exact
function remains to be elucidated, N-cadherin may play a role also in angiogenesis during
neuroectoderm vascularization and in cancer angiogenesis [307, 308]. Altered levels of Ncadherin in carcinomas, in some cases downregulated, in others upregulated, have been
linked to clinical findings such as invasiveness, metastasis, inhibition of cell migration,
formation of metastasis, and dissemination of tumors.
Significant differences in N-cadherin levels between the mouse ES teratocarcinomas
with different genetic composition would have suggested that they represented different
biological states and were therefore not comparable in a protein abundance analysis. The
predicted size of N-Cadherin is 135 kDa.

Figure 16
Western blot for N-Cadherin in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, neuronal and Astrocytes extracts from primary
rat brain preparations, mouse liver extract (saline perfused).
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Corresponding loading control (β-actin):

Figure 17
β-actin loading control to the N-Cadherin Western blot
Legend: see above.

Normalization to β-actin:
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Figure 18
Normalization of N-cadherin signal to the corresponding β-actin blot
The values were normalized to the wildtype ratio (wildtype N-cadherin:β-actin = 1). Student t-test for Ncadherin amount: The protein abundance difference is not significant between any of the teratocarcinoma
composition types.

These data suggested that there was no significant difference in N-cadherin protein
levels between any of the tumor composition types. At least in terms of this marker, the
samples represented an analogous differential state with presumably comparable amount
of mesenchymal cells.
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3.3.2.2 Tie-2
Tie-2 is an endothelial cell surface receptor tyrosine kinase and is almost exclusively
expressed in endothelial cells [309, 310]. The receptor binds Angiopoietin 1 as a ligand.
We used a polyclonal rabbit antibody raised against a peptide mapping at the Cterminus of Tie-2 of mouse origin (Santa Cruz Biotechnology, Tie-2 (C-20): sc-324).
Predicted band size: 140 kDa. Observed band size: ~160 kDa.

Figure 19
Western blot for Tie-2 in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, Astrocytes and neuronal extracts from primary
rat brain preparations (negative controls), RBE 4 cells extract (positive control), mouse liver extract (saline
perfused).

Corresponding loading control (β-actin):

Figure 20
β-actin loading control to the Tie-2 Western blot
Legend: see above.
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Normalization to β-actin:
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Figure 21
Normalization of Tie-2 signal to the corresponding β-actin blot
The values were normalized to the wildtype ratio (wildtype Tie-2:β-actin = 1). Student t-test for Tie-2
amount: The protein abundance difference between HIF-1α+/+ and HIF-1α–/– is significant, the ones between
HIF-1α+/+ and 1:100 mixed tumors and between HIF-1α–/– and 1:100 mixed tumors are not.

These results suggested significantly lower Tie-2 levels in pure knockout-ES-cell
derived tumors compared to wildtype ones. This provided evidence that there were less
mesenchymal cells in the knockout tumors. The difference between knockout and 1:100
mixed tumors was not significant.
3.3.2.3 Vimentin
Unfortunately, we were not able to get the Vimentin Western blots to work. We can
therefore not comment on expression levels of early mesenchymal markers in the
teratocarcinoma samples.
Still, it is noteworthy that Vimentin is known to be often co-expressed with Nestin at
a very early differential stage. As shown below, the early neuronal marker Nestin was
absent in the tumor samples. It is therefore likely that all injected ES cells have at least
partially differentiated and passed this early differentiation stage. Hence there is no
expression of such markers at the time of tissue harvest.
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3.3.3 Neuronal markers
We used three antibodies to establish the relative amounts of neuronal lineage cells in
the ES teratocarcinomas. These were anti-cIII β-tubulin and anti-MAP2 for mature
neuronal cells, and anti-nestin for immature neuronal cells.
3.3.3.1 cIII β-tubulin
Class III β-tubulin is a protein predominantly expressed by mature neurons, and hence
a marker for the amount of mature neuronal cells within the tumor samples [311, 312].

Figure 22
Western blot for cIII β-tubulin in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M1, C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, and C4M3:
HIF-1α–/– tumor extracts; C7M3, C8M1, C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, neuronal
extract (primary rat neurons, positive control).

Corresponding loading control (β-actin):

Figure 23
β-actin loading control to the cIII β-tubulin Western blot
Legend: see above.
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Normalization to β-actin:
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Figure 24
Normalization of cIII β-tubulin signal to the corresponding β-actin blot
The values were normalized to the wildtype ratio (wildtype β-tubulin:β-actin = 1). Student t-test for cIII
β-tubulin levels: The protein abundance difference between HIF-1α+/+ and HIF-1α–/– is not significant, the
ones between HIF-1α+/+ and 1:100 mixed tumor extracts and between HIF-1α–/– and 1:100 mixed tumor are
significant. For statistical analysis, the sample C8M1 was omitted, as there was neither a cIII β-tubulin nor a
β-actin signal.

In contrast to the histopathological analysis performed by Höpfl et al., which reported
a higher amount of neuronal cells in wildtype-ES-cell derived tumors compared to all
knockout-ES-cell dominated tumors, our Western blot suggested significantly less
neuronal cells only for 1:100 mixed tumors in regard to both wildtype and pure knockout
tumors. The difference between knockout and wildtype tumors was not significant.
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3.3.3.2 MAP2
Microtubule-associated protein 2 (MAP2) is a protein of the microtubule-associated
protein family, the proteins of which are thought to be involved in microtubule assembly,
being an essential step in neurogenesis. MAP2 serves to stabilize microtubules (MT)
growth by crosslinking MT with intermediate filaments and other MTs [313]. MAP2 is
hence a marker for neuronal differentiation in the teratocarcinomas. MAP2 protein bands
are expected at 280 kDa and 70 kDa (high molecular mass and low molecular mass
isoforms).

Figure 25
Western blot for MAP2 in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, Astrocytes extracts, neuronal extracts (positive
control), RBE 4 cells extract (negative control), mouse liver extract (saline perfused).

Corresponding loading control (β-actin):

Figure 26
β-actin loading control to the MAP2 Western blot
Legend: see above.

MAP2 protein was only observed in the lane of extracts from mature neurons. None
of the teratocarcinoma samples showed expression of MAP2. This suggested that none of
the tumors had established a microtubule network, and this marker did not allow further
evaluation of presumable differences of neuronal cells in teratocarcinomas.
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3.3.3.3 Nestin
Nestin is the characteristic intermediate filament (IF) protein of rapidly proliferating
progenitor cells and regenerating tissue. Nestin copolymerizes with class III IF-proteins,
mostly Vimentin, into heteromeric filaments. Its expression is downregulated with
differentiation.
Although Nestin is not a specific marker of neural stem cells because it is also
transiently expressed in muscle progenitors and in some epithelial derivatives [314], the
analysis of neurospheres obtained from ES cells (which are known to be Nestin-negative
in vivo) demonstrates that in such spheres, all the cells express Nestin. Hence, Nestin
expression is at least correlated to or is coincident with sphere formation [315].
Western blot bands are expected at 177 kDa. (Source: Abcam):

Figure 27
Western blot for Nestin in mouse ES teratocarcinoma and in control extracts
Legend: Lanes C1M4, C2M3, C2M4: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF-1α–/– tumor
extracts; C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, Astrocytes extracts, neuronal extracts, SHSY5Y cell extracts (positive control), mouse liver extract (saline perfused), neuronally differentiated ES
cells.
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Corresponding loading control (β-actin):

Figure 28
β-actin loading control to the Nestin Western blot
Legend: see above.

A significant Nestin signal was only achieved in the positive control lane, and to a
lower level also with extracts from neuronally differentiated ES cells. While there seemed
to be a signal at the same size in lane C4M3, the β-actin control blot indicated that there
was something wrong with the sample loading. There was a set of bands at about 80 kDa.
The nature of these bands was not clear. There is nothing known from the manufacturer,
and there is no literature about splice variants of Nestin. This set of bands could represent
the signal of partially degraded Nestin. However, since there was no signal at the
published size for Nestin (177 kDa), this remained highly speculative.
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3.4 Proteomic analysis of tumor proteins
The above experiments led to the notion that pure knockout and 1:100 mixed
teratocarcinomas were overall not significantly different considering their cellular
composition and their vascularization, yet showed significantly different tumor growth.
In our quest for the postulated HIF-1α-dependent growth recovery factor, we decided
to analyze the complete proteome of these teratocarcinomas, to get a better understanding
on aberrant protein composition or altered pathway activities. As a control and for reasons
of completeness, we co-analyzed wildtype tumor samples.
We chose Two-Dimensional Fluorescence Difference Gel Electrophoresis (2-D
DIGE) for this approach. Two-Dimensional Gel Electrophoresis was the only available
method for a complete proteome analysis at that time. We expected to either find a set of
wt:ko or wt:mxd differentially expressed putative growth factor candidate proteins, or a
set of downstream effector proteins that would indicate the activation of a given signaling
pathway, and thus narrow the range of possible stimulating factors.
We isolated the proteins from the tumor tissue samples with the same method and
buffer as was used for the Western blot analysis of the corresponding samples by Höpfl et
al. [182]. The performed 2-D DIGE technique facilitated analysis of abundance
differences. All samples on one gel are exposed to the same chemical compounds and
electrophoretic conditions, which ensures co-migration of identical proteins. The ratio of
protein expression could hence be obtained from a single gel. We analyzed a total of six
gels, each having been used to separate three protein samples: two differently stained
tumor samples (CyDye DIGE Fluors: Cy 3 and Cy 5, respectively), and the internal
standard, a proportional pooling of all present tumor samples (CyDye Cy 2). As such, we
could separate four biological replicates per tumor genotype (HIF-1α +/+, −/−, 1:100) on
a total of six gels. Subsequent image analysis and cross-comparison of all individual gels,
followed by an elaborate statistical analysis included in the software, revealed a total of 54
proteins whose expression levels significantly (p < 0.05) differed between the HIF-1α−/−
and 1:100 mixed tumor types.
After a second staining step used to visualize the mass peak of the spots, the spots
were picked, partially digested with Trypsin, and spotted on a MALDI (Matrix Assisted
Laser Desorption/Ionization) plate. These steps were automatically processed by robots
(see Materials and Methods), where only the solutions had to be formulated. For quality
assurance, and to avoid loosing target proteins, the amount of pellets was counted after the
picking process. The spotted candidate proteins were processed in the mass spectrometry
device, and the resulting peptide fingerprint was analyzed by a database matching
program (target database was hmr-db, release date January 5th, 2004, number of protein
sequences: 63042). For peptide mapping to protein IDs, a protein score greater than 58
was considered to be significant (p < 0.05). The search returned multiple identifications of
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a single protein, which meant that a single protein was located at different places on the
gel. Several other spots that were picked resulted in inconclusive allocations, where the
identification of an originating protein was statistically not ensured. After applying all cutoff criteria, we obtained a final list of 21 assigned proteins with significantly different
abundance between the knockout and the 1:100 mixed tumor types:
Protein
ATP synthase alpha subunit
Annexin 3
Peroxiredoxin 2
TCP-1, subunits alpha, beta, eta
FUSE binding protein 1/2
Cytosolic malate dehydrogenase
Serotransferrin precursor
hnRNP K/L
Pyruvate kinase, isozymes M1/M2
Transketolase
Transitional endopl. ret. ATPase
Serine proteinase inh. A3K prec.
Proteasome subunit β
Heat shock 110 kDa
Annexin 5
Complement C3 precursor
Elongation factor-2
Actin-like protein-2
Glutamate dehydrogenase-1
Tropomyosin 1/2
Fumarate hydratase-1

Protein score
86
121
60
276
518
197
145
153
200
206
305
116
83
189
164
193
288
147
310
75
254

p value
0.00044
0.00230
0.00230
0.00270
0.00300
0.00410
0.00410
0.00460
0.00560
0.00640
0.00690
0.0088
0.0110
0.0140
0.0140
0.0140
0.0210
0.0210
0.0270
0.0300
0.0430

fold-change
3.1
1.7
3.8
2.1
2.1
2.1
1.5
1.6
2.6
2.0
2.9
4.0
2.4
1.8
2.2
2.0
2.4
1.5
1.4
6.4
1.8

ko→mxd
down
down
down
up
up
down
down
up
up
up
up
up
down
down
down
down
up
down
down
down
down

Table 5
Result of the 2D DIGE proteome analysis of HIF-1α+/+, HIF-1α–/– and 1:100 mixed
teratocarcinomas
P-values, fold-changes and regulation patterns are calculated between ko and mxd spots of the same protein.
Values are given for each significantly and consistently regulated protein. Left-most column indicates the
MALDI-TOF-TOF identification of the corresponding spot.
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Figure 29
Example of analysis window from the DeCyder-BVA program for DIGE experiments
This Figure shows an example for the regulation pattern of a single spot, as measured by fluorescence
difference between the stained samples. This spot was later identified as TCP-1α. The difference in
expression levels between knockout and 1:100 mixed tumors was significant (p=0.0027) for this
spot/protein. The logarithmic scale, however, implied a stronger induction from knockout to mixed tumor
samples than actually present: the increase of TCP-1α protein levels from HIF-1α-/- to mixed tumor samples
was only 2 fold.

A detailed literature study revealed a connection to HIF-1 for several proteins of our
list, with numerous publications available. We selected four candidate proteins with a
reported relevance for, or dependency on, the HIF-1 pathway: Transketolase (Tkt),
Annexin 3 (Ann3), T-complex polypeptide-1 (TCP-1), Fumarate hydratase (Fh). Because
of the known limitations of the 2-D technology (see discussion) and, since during the time
of the experiment, an increasing number of articles argued against the use of such a setup
for a broad proteome analysis, we planned to check for the stated protein abundance
differences with a second, more specific method. We chose Western blotting, a standard
technique, to evaluate protein abundance. We also included Tropomyosin-1/2 (TPM-1/2)
in this re-analysis since its original spot on the 2D-DIGE gel showed the highest
abundance difference across the tumor samples. The observed 6.4-fold downregulation of
TPM-1/2 protein levels in ko→mxd tumor comparisons suggested that we had a control
protein at hand. Measuring a 6-fold difference between samples by Western blots was
considerably more likely than the ko/mxd abundance differences of the other target
proteins that ranged from 1.5- to 2- fold (see Table 5). Another reason to include
Tropomyosin in the re-analysis was due to the fact that these cytoskeletal proteins are
expressed at the tip of growth cones and axons of neuronal cells. Therefore, assessing
TPM-1/2 levels could potentially provide further insight into these data on protein level
(initial assessment was done by morphometric analysis). As such, we expected to gain
further understanding on why HIF-1α proficient teratocarcinomas not only grew faster,
but also contained a higher proportion of ES cells undergoing neuronal differentiation,
whereas ko and mixed tumors preferentially showed mesenchymally fated tissues. Was
this difference in the cellular fates of the main teratocarcinoma components HIF-1
dependent?
We started the Western blot evaluation with Annexin 3. Since there was no specific
antibody commercially available at the time of the experiment, we had to evaluate the
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suitability of an Annexin 3 antibody specific against the rat protein (kind gift from F.
Russo-Marie, Institute of Ophthalmology, Cell Biology Department, UCL) for binding
activity against the mouse protein. We used total protein extracts from rat liver as a
control, because hepatocytes are known to express large amounts of Annexin 3 [316]. The
titration of rat liver protein worked well, with decreasing band intensities corresponding to
the loaded protein amount. The band sizes also matched the published Annexin 3 size of
about 33 kDa. However, we neither obtained a signal for mouse liver extract, nor for
teratocarcinoma extracts. This suggested that the concerned antibody is specific to the rat
protein only and therefore not suitable for our analysis. As such, we were not able to
provide confirmative Western blot data to the data from the 2D DIGE experiment.

Figure 30
Western blot analysis of Annexin 3
The antibody produced a strong, dose-dependant signal when applied to a dilution series of whole rat liver
extracts (Figure 30, A). A dilution series of whole mouse liver extracts under the same conditions did not
produce a signal (Figure 30, B). The presence of a signal for rat liver extract on the same membrane
indicated that the procedure worked, and the lack of signal could be ascribed to a lack of reactivity of the
concerned antibody with mouse protein.

To detect mouse transketolase, we used a polyclonal rabbit anti mouse transketolase
antibody (kindly provided by J. Piatigorsky, National Institutes of Health, Bethesda).
Anti-Fumarate hydratase, anti-TCP-1α, and anti-Tropomyosin antibodies were purchased
from Santa Cruz, Calbiochem, and Chemicon International, respectively. After
establishing the working conditions (antibody dilutions, blotting buffers), we received
strong signals for TCP-1α, Fumarate hydratase, and Tropomyosin with tumor and in vitro
ES culture extracts, and for Transketolase with in vitro ES culture extracts alone. Despite
extensive alterations of all Western blot parameters, we failed to get a signal for
transketolase protein with teratocarcinoma extracts. In contrast, we achieved bands for in
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vitro extracts of mouse ES cells and for rat liver extracts on the same membranes. These
Western blots indicated constant in vitro Transketolase protein levels, unaffected by
oxygen tension or genotypic composition (see Figure 31).

Figure 31
Western blot of Transketolase protein levels of in vitro-cultivated ES cells
Extracts from two independent ES cultures per genotype (HIF-1α wildtype and knockout) were analyzed. 5
µg protein were loaded per lane. Side by side loading of normoxic and anoxic samples visualized that
Transketolase levels are neither dependent on oxygen tension, nor on HIF-1 availability.

The results for TCP-1, Fumarate hydratase and Tropomyosin, as illustrated in Figures
32-34, did also not bring clarity in regard to their putative regulation and/or involvement
in the observed growth recovery effect.
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TCP-1:

Figure 32
Protein abundance analysis of TCP-1 in tumor samples
A, DeCyder-BVA spot analysis result, as described above. B, respective example for TCP-1α Western blot
analysis, using the same tumor extracts as for the 2-D DIGE experiment. C, corresponding loading control
with β-actin. D, normalization of the band intensities of TCP-1 to β-actin with Quantity One. No statistical
analysis was performed.
Legend: Lanes C1M1, C2M4, C2M5, C2M3: HIF-1α+/+ tumor extracts, C3M2, C4M2, and C4M3: HIF-1α–
/–
tumor extracts; C7M3, C8M3, C8M4, C8M5: 1:100 mixed tumor extracts.
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Fumarate hydratase:

Figure 33
Fumarate hydratase protein levels in mouse teratocarcinomas
DeCyder-BVA spot analysis window (Figure 33, A), as described above. B, Indicative Western blot for
Fumarate hydratase of tumor extracts. C, corresponding loading control with β-actin. Upper right (Figure
33, D): Normalization of the band intensities of Fumarate hydratase to β-actin with Quantity One. No
statistical analysis was performed.
Legend: Lanes C1M1, C2M3, C2M4, C2M5: HIF-1α+/+ tumor extracts, C3M2, C4M2, and C4M3: HIF-1α–
/–
tumor extracts; C7M3, C8M3, C8M4, C8M5: 1:100 mixed tumor extracts, ANC: Astrocyte normoxic
cytosolic extract; AAC: Astrocyte anoxic cytosolic extract; LE: Rat liver extracts (positive control).

63

Tropomyosin-1/2:

Figure 34
Analysis of Tropomyosin-1/2 levels in tumor samples
DeCyder-BVA spot analysis suggested a significant 6.4-fold abundance difference in TPM-1/2 protein
levels between HIF-1α–/– and 1:100 mixed tumors (Figure 34, A). Indicative Western blot for Tropomyosin1/2 of tumor extracts is shown in Figure 34, B. Corresponding loading control with β-actin Figure 34, C.
Upper right (Figure 34, D): Normalization of the band intensities of Tropomyosin 1 to β-actin with Quantity
One. No statistical analysis was performed.
Legend: Lanes C1M1, C1M4, C2M3, C2M4, C2M5: HIF-1α+/+ tumor extracts, C3M2, C4M2, C4M3: HIF1α–/– tumor extracts; C7M1, C7M3, C8M1, C8M3, C8M4, C8M5: 1:100 mixed tumor extracts.
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Figures 32-34 indicated that for TCP-1, Fumarate hydratase, and Tropomyosin-1/2,
the regulation pattern observed in the 2-D DIGE experiment could not be reproduced by
Western blotting. The proteomic data, although always characterized by significantly
(p<0.05) different expression changes of a given protein between HIF-1α ko and mxd
genotypes, corresponded for the most part (17/21 proteins) to ≤3-fold changes which
could be hard to validate by error-prone Western blots. In particular, the 2-D DIGEdetermined relative abundances between the ko and the mxd background revealed 2.1-fold
and 1.8-fold differences for TCP-1α and Fumarate hydratase at p values of 0.0027 and
0.043, respectively. Thus, we faced the problem that significant changes in relative protein
abundance translated into marginal fold-differences that are difficult to reproduce.
Presumably, this was the main reason why the supposed regulation of candidate proteins,
as seen in 2-D DIGE experiments, was overall not supported by Western blot results.
However, one cannot rule out that some of the proteins in table 3 were even missidentified in the proteomic approach which could have only exacerbated our data
incongruence.
At this point, there were no tissue samples left from most tumors. We could hence not
repeat the tumor composition analysis with the same number of samples as had been done
for the morphometric analysis. We hypothesized that the Western blots with the small,
limited number of remaining biopsies (n=3 versus n=9 in the morphometric analysis) were
not fully representative, and that HIF-1α does have an influence on the differential
outcome of ES teratocarcinomas. Thus, we set out to actively differentiate ES cells in
vitro, and determine the success of the protocol in dependence on the availability of HIF1α in the cultures. Additionally, we planned to test if the in vitro differentiation impinges
upon the expression patterns of TCP-1, Tkt, Fh and TPM-1/2 proteins.
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3.5 Expression levels of target genes in differentiation experiment
To verify the dependence of differentiation outcome (in our case, directed
differentiation towards neuronal lineage) on the availability of HIF-1 protein, and to
investigate if this influence on differentiation is exerted through the three examined
proteins TCP-1, Tkt and Fh, we differentiated ES-cells in vitro. Thereby, protein levels
could be assessed before, during and after differentiation. We subjected the embryonic
stem cells to an established neuronal differentiation protocol, in order to see if the
outcome reflected the distinct cellular proportion in the tumor experiment of Höpfl and
co-workers. The protocol was adapted from Bibel et al. [272]. Comparable to the tumor
experiment, we used three differently composed ES cell cultures: wildtype, knockout, and
a 1:100 mixture thereof (wt:ko = 1:100). During the protocol, we isolated RNA and total
protein at three different time points, and, for the first two, from normoxically (Nx) and
hypoxically (Hx) cultivated cells, since differentiated neuron-like cells no longer survived
hypoxic treatment. Therefore, cells were harvested in pluripotent states after 6 hours (Nx
and Hx), in spontaneously differentiated states within embryoid bodies after 4 days (Nx
and Hx), and in neuron-like states after 14 days (Nx only).

Figure 35
Neuronal differentiation of HIF-1α+/+, HIF-α–/–, or 1:100 wt:ko mixed embryonic stem
cell cultures
ES cells were cultivated free-floating for 8 days, where they formed embryoid bodies (Figure 35, A, 48 hrs).
After disruption at day 8, cells were plated on coated dishes in N2 medium, to further push cells toward
neuronal lineage (Figure 35, B, 8d + 3hrs). These conditions induced the cells to form radial glial cells.
After 2 days in N2 medium (10 days after protocol start), N2 medium was replaced with final medium
(B18), in which cells could be kept for several weeks. At day 14, cells had formed a visible network of
dendrite-like structures (Figure 35, C).
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The first normoxic value represented the starting (or base) value for both the protein
and mRNA expression analysis, as we assumed this to be the time necessary for the cells
to recover after the culture splitting and experiment preparation process. Protein levels
from the 6 h hypoxia cells were examined in order to understand short-term adaptation
mechanisms in these cultures, dependent on HIF-1. While a 6 h period of hypoxic
cultivation was unlikely to be sufficient for differentiation processes to start, it is well
known that it can stabilize HIF-1α. Therefore, after 6 h oxygen deprivation, direct and
oxygen-dependent influence of HIF-1 on Fumarate hydratase, TCP-1, Tropomyosin and
Transketolase expression was examined.
The second time points at 4 days (96 h) were chosen to represent the mid-term of the
non-adherent cultivation period. One reason for this choice was because after day 4,
retinoic acid (RA) was added for four consecutive days (a total of eight day cultivation on
non-adherent plates). Pilot studies had shown that with the addition of RA to the medium,
total cellular mass dropped tremendously within days in the hypoxic cultures. Since we
intended to compare normoxia and hypoxia also for the second time point, total protein
had to be harvested before the addition of RA to the medium. The second reason for
choosing day 4 as 2nd sampling point was that this time point enabled us to examine
various triggers. First, the influence of undirected differentiation with its spontaneously
formed cellular components could be examined in regard to our target proteins. Second,
during this long-term 4-day hypoxia, the interplay of hypoxia, spontaneous differentiation
under hypoxia, and embryoid body driven cell-cell signaling could be examined. The last
time point after 14 days marked the final state of the neuronal differentiation protocol. It
provided insights into the dependence of TCP-1, Tkt, Fh, and TPM-1/2 expression on
directed differentiation (= neuronal outcome in our case) plus HIF-1 availability. Figure
35 A-C illustrates the change in cellular morphology throughout the process of
differentiation. It shows that the ES cells, after having been kept in free-floating cultures
for 8 days (4 with RA), during which time they had turned into embryoid bodies, started
to form spindle-like cells after spheroid disruption and plating on adherent dishes in N2
medium. Subsequent to these triggers of neuronal differentiation, the cells, now kept in
B18 medium, developed a dendrite-like network, which exhibited spontaneous or
depolarization-induced action potentials in the original publication [272].
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Figure 36
Representative Western blots of target proteins during neuronal differentiation
protocol
Protein levels are shown per time point (6 h, 4 d, 14 d) and oxygen levels (Nx for normoxia = air, Hx for
hypoxia = 1% O2) for all cell culture types (HIF-1α+/+, HIF-1α–/–, HIF-1α+/+ : HIF-1α–/– = 1:100). Examples
are given for Western blots with antibodies against TCP-1 alpha (Figure 36, A), Transketolase (Figure 36,
B), Fumarate hydratase (Figure 36, C), Tropomyosin (Figure 36, D), Neuron-specific β-tubulin 3 (Figure 36,
E), and β-actin (Figure 36, F), which was used to normalize the band intensities of the aforementioned
proteins.

In Figure 36, representative Western blots of our proteins in question in response to
the differentiation assay are shown. In Figure 37, the ratios resulting from the Western
blot target protein band normalized to β-actin are shown in the left panel (Figure 37, A, C,
E, G, I). The right panel shows the corresponding mRNA expression levels, as measured
by RT-PCR (Figure 37, B, D, F, H, J). All experiments for Figure 37 were carried out in
n=3 independent harvests. Mean values of expression levels were calculated after
normalization to β-actin and run-by-run normalization to the chosen starting value
(expression level of each protein/gene in HIF-1α+/+ cultures at 6 hours normoxia).
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Figure 37
Protein abundance and mRNA expression of candidate proteins during in vitro
differentiation
Protein and mRNA levels of HIF-1α+/+, HIF-1α–/–, and 1:100 mixed cell cultures were measured during the
neuronal in vitro differentiation experiment. Protein extracts (50 μg) were analyzed by Western blotting for
candidate and neuronal specific proteins, shown in the left “column” (Figure 37 A, C, E; G, I). Target and
control protein mRNA expression levels were also assessed in the differentiation experiment. Graphical
overview of this expression analysis is given in the right “column” (Figure 37 B, D, F, H, J). In both assays,
the Y axis represents fold-change compared to wildtype 6 hours normoxia, while the x axis indicates time
points.
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Figure

Comparison

p value

Statistical test

12 C

6h Nx vs. 14d

P<0.013

Student’s t-Test

12 C

4d Nx vs. 14d

p<0.05

Student’s t-Test

12 G

6h Nx: wt vs. ko/mxd

p<0.001

Kruskal-Wallis One-Way Analysis of Variance

12 G

6h Hx: wt vs. ko/mxd

p=0.011

Kruskal-Wallis One-Way Analysis of Variance

12 H

6h Nx: wt vs. ko/mxd

p=0.001

Kruskal-Wallis One-Way Analysis of Variance

12 H

6h Hx: wt vs. ko/mxd

p=0.003

Kruskal-Wallis One-Way Analysis of Variance

12 I

6h Hx: wt vs. ko

p=0.005

Student’s t-Test

12 I

14d Nx wt vs. ko

p=0.003

Student’s t-Test

12 I

14d Nx wt vs. mxd

p=0.02

Student’s t-Test

12 J

6h Nx vs. 4d Nx

p<0.05

Student’s t-Test

12 J

6h Hx vs. 4d Hx

p<0.05

Student’s t-Test

Table 6
Summary of statistical analysis of Western blot and RT-PCR data of differentiation
experiment
When all cultures from a timepoint group were compared to another group, a “p<…” indicates the p-value
of the least-significant change of the corresponding group.

The Western blot bands were normalized twice, first to the β-actin expression, then to
the 6 h normoxia value of the HIF-1α+/+ culture. An exception is the Western blot for
TUBB-3, where, because of the low signal intensity after 6 h, only the normalization to βactin was calculated. The mRNA levels, measured by realtime-PCR, were also normalized
twice: first to 18S ribosomal RNA, second to the internal “base value” (wildtype, 6 h
normoxia, leftmost column). Therefore, all graphs in Figure 37 delineate relative and not
absolute values. Summarizing the differentiation experiment outcome as a whole, it has to
be stated that we did not find consistent support for the hypothesis of the involvement of
candidate proteins in differential outcome.
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TCP-1α
Neither gene expression measurement (Figure 37, B) nor protein level measurements
(Figure 37, A) revealed a significant regulation of this candidate in response of the
differently composed cultures throughout the 14 day period.
Transketolase
Noteworthy are two observations from protein measurements (Figure 37, C). First, no
differences in the steady state protein levels were found between wildtype, knockout and
1:100 mixed cultures at any time point. The processes controlling Tkt expression and
abundance as a function of O2 concentration or spontaneous differentiation appear, in ES
cells at least, to be HIF-1 independent. Second, Transketolase protein levels at 14d Nx
were significantly lower compared to both 6 h Nx (p ≤ 0.013) and 4 d Nx (p ≤ 0.05)
across all three genotypes. This result suggested a significant down-regulation of
Transketolase protein levels in differentiated neuron-like cells compared to pluripotent
stages of ES culture. Analysis of the qPCR results (Figure 37, D) did not reproduce this
significant drop in Transketolase levels. As such, p-values for the diminished expression
levels at 14 d Nx compared to 4 d Nx corresponded to 0.059 for wildtype, 0.045 for
knockout, and 0.087 for mixed cultures, respectively.
Fumarate hydratase
Base levels were in a close range for all cultures. No significant regulation patterns
were found for this candidate, neither at protein nor at gene regulation level.
Tropomyosin
The pattern of mRNA expression and protein abundance of Tropomyosin suggested,
similar to neuron-specific β-tubulin 3, a partial dependence on HIF-1α availability. After
six hours, TPM-1/2 protein could only be detected in wildtype cultures (Figure 36, D and
Figure 37, G). Likewise, RNA levels for wildtype cultures were significantly stronger
compared to knockout and 1:100 mixed ones (Figure 37, H, p<0.05 for both wt:ko and
wt:100 in 6 h Hx). The differences between normoxic and hypoxic protein samples at 6
hours culture time suggested a down-regulation of this product by lack of oxygen.
However, the mRNA expression showed no pO2 dependence at this time point. This data
suggested that HIF-1α impacts Tropomyosin levels in pluripotent ES cells both at
transcriptional (constitutive gene activation) and post-transcriptional level (hypoxiadriven protein reduction). From 6 hours to 4 days, TPM-1/2 mRNA transcripts
approximately doubled, but without significance to previous levels or between wt and ko
or mxd cultures. Protein levels also clearly increased, 1.7 fold for wt (insignificant), and
from undetectable to visible bands for ko and 1:100 mixed cultures. All time point groups
until 4 days suggested that TPM-1/2 levels correlated with HIF-1α availability. However,
differences between wildtype and knockout or 1:100 mixed cultures were non-significant.
Protein abundance and mRNA levels after 14 days closely resembled those for neuron-
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specific β-tubulin 3. In contrast to TUBB-3, the TPM-1/2 protein levels did not reproduce
the significant difference between wildtype and knockout culture samples, but were
merely unchanged.
Neuron-specific β-tubulin 3
The result of Western blotting and realtime PCR pointed in the same direction. Only
limited amounts of protein (only visible by overexposing the film when measuring horse
radish peroxidase (HRP) light production in Western blotting) and mRNA transcripts
(Figure 37, J) were detected for 6 hours and 4 days. Notwithstanding the low-level
expression, a significant dependence of TUBB-3 protein levels on HIF-1α availability
was detected in undifferentiated hypoxic ES cells, with a significant difference between 6
h wt vs. ko cultures. The transcription pattern of TUBB-3 mRNA also indicated a lowlevel expression of this neuron-specific gene in pluripotent ES cells, a drop thereof during
spontaneous differentiation, and a final sky-rocketing expression in mature neurons. A
concomitant increase in protein level was observed after 14 days of the in vitro
differentiation protocol. These data suggested that pluripotent embryonic stem cells
express a limited number of TUBB-3 transcripts, which are furthermore significantly
affected by HIF-1α availability (Figure 36, E, and Figure 37 J, 6 h Nx, Hx). Thereafter,
the level of neuronal β-tubulin 3 mRNA and protein dropped approximately 7-fold during
the onset of cell differentiation. This drop was significant for Nx 6 h to 4 d for -/(p=0.041), for Hx 6 h to 4 d for -/- (p=0.040) and for 1:100 (p=0.013). The successful
outcome of the differentiation protocol was clearly illustrated by the strong increase of
mRNA and protein abundance of TUBB-3 after 14 days. While the qPCR result was
highly variable, Western blotting strongly suggested that the final amount of neuronal
cells was dependent on the occurrence of HIF-1α (+/+ to -/-: p=0.003, +/+ to 1:100:
p=0.02). The “recovery” of neuronal outcome by 1% wildtype cells was not significant.
Notwithstanding, it has to be emphasized that it was also possible to derive neuronal cells
in the complete absence of HIF-1α, albeit at half the level than in wildtype cultures.
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4 Discussion, Conclusions and Outlook
4.1 In vitro growth curves
The goal of performing the in vitro growth curves was two-fold. First, we wanted to
reproduce the growth recovery effect in a better defined environment. Working in vitro,
we could ensure that all the cells grew in exactly the same culture conditions, and by
adding LIF to the medium, cellular differentiation was circumvented. Therefore, the
growth rate was determined for a homogenous population of pluripotent ES cells without
any confounding influences by HIF-dependent or -independent differentiation processes.
Second, we aimed to reproduce the recovery of HIF-1α−/− cell proliferation rate by a 1%
fraction of HIF-1α+/+ cells in order to identify putative mediators by various proteomic
and gene expression profiling techniques. However, our in vitro growth curves did not
reproduce the growth recovery effect seen in 1:100 mxd tumors [182] and were hampered
by high culture-to-culture variances (pronounced standard deviations) at each of the
considered timepoints. We observed similar trends as reported previously by Ryan et al.
[92], where growth rates slowed already after 48 h in hypoxia. In our setup, this did not
occur before 96 h in hypoxic environment. Another source of the assay variability might
have resulted from the small differences in culture conditions or medium-preconditioning
conditions, which presumably were increasing as throughout the culture period.
This in vitro/in vivo discrepancy was yet another example of the complexity of threedimensional cell-cell interactions, signaling reactions, microenvironments and growth
dynamics that all come to play in controlling cell proliferation. Clearly, for ES cells in
particular, players and effects of these variables are not yet understood. Our results
provided evidence that the reproduction of the in vivo growth recovery effect by an in
vitro system was not easily achieved, and that cellular interactions (3-D growth) and
differentiation aspects, along with tissue vascularization and whole body physiology, were
all involved in modulating the outcome “growth”.
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4.2 Tumor characterization by Western blot analysis
HIF-1α and HIF-1α target genes
The Western blots for HIF-1α and HIF-1α target genes provided further evidence in
support of the Southern blot experiments performed by Höpfl et al. They had been able to
show that the cellular distribution was the same after tumor harvest as it had been on
injection day. This suggested that all ES cells (wildtype and knockout) had comparable
proliferation rates. For HIF-1α, we achieved a strong signal for the positive control,
extracts from hypoxic HeLa cells (Figure 8). However, no protein was detected in any of
the teratocarcinoma extracts, suggesting that either the protein had been degraded during
the years the samples were kept in the -80° C freezer, or that local partial oxygen pressure
in those well-vascularized tumors (as shown by Höpfl et al. [182]) was insufficiently
hypoxic to stabilize HIF-1α in these cells.
In addition, we analyzed the expression profile of three direct HIF-1α target genes:
VEGF-A, GLUT-1 and Fibronectin-1. VEGF-A had already been looked at by Höpfl et al.
(Figure 10). While all teratocarcinomas predominantly consisting of knockout cells
showed significantly lower levels of VEGF-A mRNA, the changes on protein level
reflected the trend, but were not significant. The authors therefore concluded that VEGFA could not account for the highly significant growth changes, especially because possible
down-stream effects of VEGF signaling, e.g. tumor vascularization, were equally
unchanged.
Western blots for GLUT-1 as a HIF-1α target did not provide further evidence about
the cellular distribution of the transcription factor within the tumors (Figure 11). While
low levels of Glut-1 protein were observed in the control extracts, none of the tumor
extracts showed a band at the respective size. Since the same buffers were used for protein
isolation and blotting of all samples, the lack of signal for tumor extracts was not
attributable to methodical differences. Two speculated explanations might account for the
missing GLUT-1 signal in teratocarcinoma samples: either this protein was much less
abundant in the tumor extracts compared to monolayer HeLa cells, or it had been partially
or fully degraded, at least in the epitope region of the antibody.
For Fibronectin-1, another HIF-1α target, the measured expression levels were in line
with the dominant genotype of the tumor samples (Figure 13). While the drop of
Fibronectin-1 levels from wildtype to knockout and wildtype to 1:100 mixed tumors was
significant, the difference between knockout and 1:100 mixed tumors was not significant.
As such, the results from the VEGF-A ELISA and the Fibronectin-1 Western blot
both suggested reduced or absent levels of HIF-1α in knockout and mixed tumors. This
provided good evidence that the knockout of the HIF-1α gene was functional in the
targeted ES cells, and that even 30 and more days after injection of the cell mixtures, HIF-
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1α distribution was not different in the samples than would be expected from the initial
1:100 ratio. This was convincing additional evidence that the observed growth recovery
was not due to higher proliferation rate of the HIF-1α-proficient cellular subpopulation.
Mesenchymal markers
It is important to emphasize that when analyzing mesenchymal markers in tumor
samples, a clear allocation of the protein origin is difficult. Proteins can either stem from
the sprouting vessels of the teratocarcinoma host or from the mesenchymally
differentiated ES cells.
Unfortunately, the two utilized markers N-Cadherin and Tie-2 yielded inconsistent
results. While N-Cadherin levels suggested marginal changes with no significance
between the three differently composed tumors (Figure 16), Tie-2 protein levels indicated
significant lower amounts in knockout teratocarcinomas compared to wildtype ones
(Figure 19 and Figure 21). This result was in contrast to the analysis of Höpfl et al, who
had reported a higher amount of mesenchymal tissue in knockout and 1:100 mixed
teratocarcinomas compared to wildtype ones. The protein abundance change was not
significant for wt to 1:100 and ko to 1:100 tumor samples.
Together, these data suggested that the differentiation pattern might have been biased,
and multiple markers would have been necessary to achieve a clearer picture. However,
these two experiments indicated that expression profile differences between knockout and
1:100 mixed tumors were small, as suggested by the morphometric analysis performed by
Höpfl et al.
Neuronal markers
Only one neuronal marker (cIII β-tubulin) produced an interpretable result. In
contrast, MAP2, a specific marker for mature neurons, and Nestin, a marker for early
neuronal lineage cells, both failed to produce a signal in any tumor samples. We also
undertook a Western blot for GFAP (glial fibrillary acidic protein, an Astrocyte marker),
and again, failed to detect a measurable expression of this protein in our tumor samples
either (data not shown).
According to the Western blot for cIII β-tubulin, ES cells in teratocarcinomas can
differentiate along the neuronal lineage (Figure 22), while these neuronal-like cells may
not express all markers specific to functional neurons (i.e. missing MAP2 signal in
teratocarcinoma extracts; Figure 25). This data suggested that ES cells, while acquiring
some properties of neurons, do not, or only to a very limited extent, form a microtubule
network.
The results from the cIII β-tubulin blot contradicted to those published by Höpfl et al.
While these authors found a significantly higher proportion of neuronal cells in the
wildtype tumors compared to all other ones, our Western blots suggested that wildtype
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and knockout tumors produced comparable amounts of neuron-like cells, and 1:100 mixed
tumors produced markedly less. From a methodical point of view, the Western blot results
were more reliable. Histological analysis left room for assumptions and
misinterpretations, since cells and tumor section areas were assigned to cell types by
factors such as shape, staining for proliferating nuclei, shape of nuclei and cytoplasm.
Western blots measured the amount of a specific protein with a specific antibody, which
left much less room for methodical variance and was generally more precise.
While the Western blot results are presumably more reliable than the microscopical
analysis, the latter analysis, as performed by Höpfl et al., examined nine tumors per
genotype and multiple sectional areas per tumor, which provided a broad basis for
statistical analysis, and limited the possible influence of outliers. In contrast, our Western
blots generally used three different biological replicates, for cIII β-tubulin four for
wildtype and 1:100 mixed tumor extracts. The small pieces of tumor tissue used for
extract preparation did not necessarily represent the cellular distribution throughout that
respective tumor. Therefore, while the Western blot results were certainly more precise,
they were not based on an equally broad amount of biological replicates. Hence the result
of both experiments must be considered.
As such, the Western blot experiments disagreed with the result of Höpfl et al. in
terms of one neuronal marker, class III β-tubulin. Otherwise, they supported the
assumption that despite the heterogeneity of the teratocarcinomas, the pure knockout and
1:100 mixed ones did not significantly differ. We therefore judged that these tumors
closely resembled each other in terms of cellular composition, and that it was valid to
compare their proteomic profiles.
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4.3 Proteomic profiling with 2D DIGE
To identify potential HIF-dependent growth recovery factors with a differential
abundance between ko versus wt and mxd teratocarcinomas, we employed a 2-D gel
electrophoresis proteomic approach. During the time of this project, this 2-D PAGE
approach for proteome profiling was widely used. In 2000 and the following years,
numerous publications used 2-D protein separation and subsequent protein identification
by mass spectrometry to investigate differences between two cellular states. To date,
several thousand scientific reports on PubMed have used this technology to investigate
their questions. Our experiments faced the same drawbacks as published previously [317].
First, products expressed from a single gene do not necessarily migrate to one single spot
on 2-D gels, because differential protein processing and posttranslational modifications
can alter mass and isoelectric point of a protein. In this study, we encountered numerous
examples of this complication in spot identification. In return, the protein products from
multiple genes also can run to the same coordinates on a gel. Several picked spots
returned significant hits for more than one originating protein in our experiment,
suggesting comigrating proteins to that spot. Both differential migration and comigration
of proteins complicate comparative, quantitative pattern analyses to achieve reliable
results. While 2-D DIGE was able to reduce gel-to-gel variation and thus simplified spot
identification, the protein migration problem persisted. In addition, as reviewed by Patton
[318], quantitative changes, at least for lower-abundance proteins, are likely to be
overpowered by dye-dependent photophysical effects. As pointed out by Gygi et al. [317],
it theoretically takes 0.2 mg of protein on a gel to detect silver-stained proteins of
intermediate abundance (1000 copies/cell), and double (0.4 mg) for fluorescence-stained
proteins. Since we applied 150 µg total protein, we were not likely to find proteins far
below 10’000 copies per cell. Therefore, growth factors (GF) and cytokines were unlikely
to be detected directly. Upregulated downstream effector proteins, in response to an
activated GF signaling, however, could potentially be detected with this technique.
Of note, several proteins found to be differentially regulated between HIF ko and mxd
tumors were also reported by other groups. Five of the proteins from our list
(Peroxiredoxin-2, Elongation factor-2, Transketolase, Annexin V, Pyruvate kinase M1)
were also identified by Alge et al. [319], when comparing differentiated and
dedifferentiated human retinal pigment epithelial (RPE) cells, and a similar subset of
“our” effector proteins (Peroxiredoxin-1/4, proteasome subunit β, malate dehydrogenase,
ATP synthase, Transketolase, TCP-1 beta subunit, heterogeneous nuclear
Ribonucleoprotein (hnRNP L), Elongation factor-2) was differentially regulated between
undifferentiated versus differentiated neural stem cells [320]. In this set, the proteins TCP1, TKT, hnRNP L, and Elongation factor-2 were found up-regulated during the in vitro
neurogenic differentiation process. Inberg et al. [321] found TCP-1 (subunits alpha,
gamma, eta, theta and zeta) and Annexin A5 to be up-regulated during neuronal
differentiation of P19 cells. These data suggest that these proteins are regularly being
detected for differential abundance, possibly due to their abundance and involvement in
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cellular reactions that adapt quickly to changed environment (transcription, protein
folding, and cell metabolism).
We failed to corroborate the suggested regulation pattern of 2-D DIGE-identified
proteins by Western blotting, likely due to the above mentioned limitations regarding
sensitivity and log10-based relative expressions levels and significances that translated into
mediocre fold-regulations plus possible miss-identifications of some spots (see results).
While the regulation of a spot might be significant, total protein can be unchanged, and
only the differentially processed fraction ratios change. An additional reason for the
observed lack of congruency between the methods is that the sample-to-sample variations
for one and the same protein are much larger in immunoblot than in proteomic analyses.
This leads to pronounced error bars for the Western data on one side, and a “false” sense
of certainty on the other. The possibility that differences between the tumors and the
confirmative Western blots were due to different tumor areas being analyzed could be
ruled out, however. We used the same extracts for 2D DIGE analyses as we used later for
candidate protein evaluation.
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4.4 In vitro differentiation of ES cells toward neuronal fate
The in vitro differentiation experiments were designed to further evaluate the
interplay of HIF-1 and differentiation, since wt versus ko/mxd tumors displayed clear
differences among the main cellular components of their developing target tissues. The
outcome of the 14-day-protocol was successful in terms of reproducing the morphometric
analysis of ES cell teratocarcinomas when judged by the protein levels of neuron-specific
marker class III beta-tubulin (TUBB-3). HIF-1α wt cultures developed a significantly
higher amount of TUBB-3 positive neuronal lineage cells compared to HIF-1α ko or mxd
populations. This protein had been used for many years for neurofilament detection and
quantification of neuronal content, since its expression is highly restricted to neurons
[311, 312]. This suggested a connection between HIF-1 availability and neuronal
differentiation/protein expression. Indeed, detailed examination of the Western blot for
TUBB-3 (Figure 36 E) provided evidence that, after six hours in hypoxia
(= undifferentiated ES cells), wildtype cultures already expressed higher amounts of cIII
β-tubulin than knockout or mixed cultures (statistically significant for 6 h wt vs. ko). In
good agreement, a recent publication by Ferlini and colleagues provided convincing
evidence that hypoxia could induce TUBB-3 through HIF-1, at least in one cell line
(human ovarian cancer cell line A2780) [322]. Further publications suggested a role of
HIF-1 in the stabilization of cellular beta-tubulin [323], even though a direct role of HIF-1
had not been shown. In contrast, HIF-1 was proposed as the target, not the inducer, by
Giannakakou and colleagues. In their study, both microtubule-stabilizing and
-destabilizing drugs inhibited HIF-1 accumulation [172, 324]. In PC12 cells, hypoxia did
not have an effect on TUBB-3 protein levels [325]. These controversial reports highlight
the need for further examination of the mechanisms between HIF-1 and tubulins in
microtubule-forming cells, including neurons. Our data suggested that the efficiency of
neuronal differentiation is impaired by the lack of HIF-1. Nonetheless, using a protocol
based on application of the vitamin A derivative retinoic acid, also HIF-1α−/− and 1:100
mixed cultures produced neuronal cells, suggesting only an enhancing role for HIF-1.
Similarly, Tropomyosin-1/2 levels, a protein expressed in microfilaments and
neurites, were elevated in HIF-1 proficient cultures compared to ko/mxd ones, as
measured by protein abundance and mRNA expression levels. Block and colleagues
showed that hypoxia could induce Tropomyosin (TPM) in porcine pulmonary artery
endothelial cells [326]. There is no literature available about TPM levels in stem cells, or
showing a direct link between HIF-1 and TPM. Our data provided good evidence that
Tropomyosin RNA expression and protein synthesis were partially HIF-1-dependent, as
shown for undifferentiated ES cells. The data from later timepoints suggested that HIF-1
availability was not the main regulator of Tropomyosin in differentiating ES cells and
neuronal cells, since mRNA and protein levels were not significantly different between
wt, ko and mxd cultures.
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Our data suggested that neuronal differentiation (TUBB-3) and microtubule formation
(TPM-1/2) was in part dependent on HIF-1 availability. During early stages, cells could
possibly be pre-disposed to neurogenesis through HIF-mediated elevation of TPM protein,
whereas
the
neuronal
differentiation
was
clearly
amplified
via the
HIF-1/TUBB-3 link. While these data offered interesting mechanistic insights to the
predominantly neuronal-differentiation of HIF-1 positive tumors, HIF-1α was likely not
to be the only regulatory protein, since ko and mxd cultures also developed neuronal
lineage cells. We, therefore, proposed a HIF-dependent normoxic and hypoxic expression
of Tropomyosin in undifferentiated stem cells, where neuronal lineage-specific regulatory
mechanisms are not (yet) activated, yet where the cells are primed to undergo
neurogenesis. To further evaluate this hypothesis, differentiation and HIF-1-availability
needed to be dissected, i.e. with cultivation of wt and ko cultures for 4 days in presence of
LIF, thereby avoiding differentiation.
Several publications provide evidence for the importance of TCP-1 protein for
pathways underlying neuronal outgrowth, thereby suggesting a key role of TCP-1 in
maintaining healthy functional neurons [321, 327]. Our data did not provide further
support to this hypothesis, as neither mRNA nor protein levels of TCP-1 correlated with
the amount of neuronal cells after 14 d. Rather, our data suggested a 50% drop in TCP-1
subunit levels from ES cells towards differentiated cells, seemingly earlier in HIF-1deficient cultures than in proficient ones. However, it is well known that ES cells have a
higher metabolic rate, including protein turnover, than mature cells. The drop of
abundance of a molecular chaperone is likely to be associated with such slow-down of
metabolic activities.
Similar to TCP-1, we found significantly reduced Transketolase protein levels after 14
days when compared to both six hours normoxic, pluripotent cultures and four days
normoxic and spontaneously differentiating embryoid bodies (Figure 37, C). It had been
shown that the Transketolase branch of the pentose phosphate cycle (PPC) accounts for
more than 70% of nucleic acid ribose synthesis in tumor cells [328-330], whereby this
enzyme is highly associated with tumor growth. For example, specific noncompetitive
TKT-inhibition by oxythiamine yielded a 92% reduction in TKT activity, and, due to the
stunted DNA synthesis, was able to reduce growth in Ehrlich’s ascites tumors by 82%.
This linkage suggests a TKT control coefficient of tumor cell proliferation of 0.9 [331]
(where 1 would correspond to a direct, 1:1 effect between enzyme activity and tumor
growth).
As for TCP-1, it was likely that the drop in TKT levels observed in our differentiation
experiment occurred in reflection of the lower proliferation rates of differentiated versus
pluripotent ES cells. A hypothesis currently under investigation in our lab is the following
question: is it possible to force ES cells and teratocarcinomas towards neuronal
differentiation accompanied with higher sensitivity to hypoxia and/or therapeutic agents
by specifically inhibiting TKT, and thus, cellular proliferation? By forcing ES cells and
ES-derived tumors to lower proliferation rates through the inhibition of an enzyme
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involved in intermediary metabolism, we are currently exploring this novel approach to
see if these ES cells/tumors would undergo increased rates of neuronal differentiation. As
mentioned in the introduction, tumors originating from poorly differentiated cells are
more difficult to treat and have a poorer patient outcome than those with highly
differentiated ones. Therefore an applicable “forced-differentiation” treatment could
potentially improve the overall outcome of common anti-cancer strategies against tumors
containing poorly differentiated or dedifferentiated cells.
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5 Critical reflection of experimental layout and –sequence
One of the key drawbacks of the whole experimental layout was that all experiments
were based on HM-1 ES cells. While the results from Höpfl et al. [182] provided an
interesting hypothesis, there arose also considerable pitfalls, most of which associated
with the nature of the material, as discussed in section 4 in conjunction with individual
analysis techniques (substantial diversity within a given tumor, single tumor sections not
being comparable, etc.).
A general challenge when working with ES cells is their tendency to differentiate.
Since it is not possible to judge the stemness of ES cells visually, it is important to always
maintain undifferentiating condition during the cultivations. Specific tests need to be run
on markers for stem cells, and the baseline levels assessed for undifferentiated stem cell,
because subtle changes in expression levels can have dramatic effects on ES cells. One
example is Oct-4: a 2-fold decrease in oct-4 levels induced mouse ES cells to differentiate
into trophectoderm, whereas a 2-fold increase resulted in differentiation towards
mesodermal cell types [222]. To avoid constant monitoring of the cell state, practitioners
tend to use fresh aliquots of low passage number cultures, where they can be certain of a
homogeneous, pluripotent cell population. Despite cultivating and splitting such fresh
populations for several days prior to use for establishing a regular cell division and growth
cycle, one cannot be sure that cells from different biological replicates are in the same preexperimental stage. Therefore, it is much more difficult to achieve reliable, low-variation
results when measuring cell culture growth over short periods like five days compared to
using immortalized cultures of cancer cells such as HeLa cells.
The other drawback is the differentiation of the ES cells in vivo. In terms of a lowcost, time-savings approach it was the right decision to take the ES-derived
teratocarcinoma material at hand and start researching for the postulated growth recovery
factor right away. From today’s perspective and knowing all the difficulties of the project,
it would have been worth to repeat the tumor growth experiment with an established
cancer cell line, available as HIF-1α+/+ and HIF-1α–/– genotypes. As such, altered
differentiation patterns would not occur and could be ruled out as putative source for
growth differences. Also, subsequent analyses were easier, because tumor samples would
consist of exactly the same cell type and produce lower variations in applied analysis
techniques. Such cancer cell lines are also less difficult to handle in vitro, allowing an
isolated observation of changes caused by culture conditions and cell ratios, and excluding
the third variable – differential states. Furthermore, to detect HIF-dependent low copy
number growth recovery factors, an approach more sensitive and specific than 2Dproteomics should have been used.
Finally, there is evidence that even the transplantation site is an important and
effective modulator of experimental outcome. One point in case is the work by Bergers
and colleagues, who showed that astrocytomas derived from HIF-1α+/+ or HIF-1α−/−
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astrocytes resulted in completely different growth characteristics depending on the
transplantation site (subcutaneously versus brain parenchyma) [184]. Growth of HIF-1αdeficient transformed astrocytes in the vessel-poor subcutaneous environment resulted in
reduced vessel density and growth, and severe necrosis. On the other hand when the same
cells were implanted in the vascular-rich brain parenchyma, the growth of HIF-1α
knockout tumors was reversed. These tumors deficient in HIF-1α grew faster, and
penetrated the brain faster and more extensively. While astrocytes are central nervous
system cells and a subcutaneous implantation is not “physiological”, the result still
indicated that using transplantation sites for the ES cells other than sc. at the hip used by
Höpfl et al., might have led to a different outcome.
In the light of today’s skills and equipment, also the tissue harvest could be
considerably improved. New equipment in our lab and the knowledge of new lab
members would allow the perfusion of the mice before the tumor is harvested. In this
technique, animals are put under anesthetic, and its blood is replaced by other liquids with
the desired properties. These can be fixation solutions (for cross-sectional tissue analysis),
or simply physiological saline, which is highly beneficial to blood containing samples for
subsequent visual, histochemical or proteomic tissue analysis. It allows minimizing
degradation events before the tissue is frozen, and for all proteomic approaches, one does
not have to deal with low solubilization of proteins and high abundance of blood
components.
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7 Abbreviations
2D PAGE
AhR
ANG-1
ARNT
bHLH
CBP
CHO cells
CREB
DIGE
EGF
ENO-1
EPAS-1
EPO
ES cells
FH
FIH-1
FLK-1
GAPDH
GLUT-1
HIF-1
HRE
IGF-1
IPAS
ko
MALDI
MEFs
mxd
NTP
ODD
PDGF
PHD
Pi
PI3K
PGK
pO2
pVHL
ROS
TCP-1
TKT
TOF
TPM
TUBB3
TUNEL
VEGF
wt

Two-dimensional polyacrylamide gel-electrophoresis
Aryl hydrocarbon receptor
Angiopoietin-1
Aryl hydrocarbon receptor nuclear translocator
Basic helix loop helix
CREB-binding protein
Chinese hamster ovary (cells)
Cyclic-AMP response element
Fluorescence difference gel-electrophoresis
Epidermal growth factor
Enolase-1
Endothelial PAS protein
Erythropoietin
Embryonic stem cells
Fumarate hydratase
Factor inhibiting HIF-1
VEGF receptor-2
Glyceraldehyde-3-phosphate dehydrogenase
Glucose transporter-1
Hypoxia inducible factor-1
Hypoxia response element
Insulin-like growth factor-1
Inhibitory PAS domain protein
knock-out
Matrix-assisted laser desorption/ionization
Mouse embryonic fibroblasts
wildtype : knockout 1:100 mixed tumors/cultures
Nucleotide triphosphate
Oxygen-dependent degradation domain
Platelet-derived growth factor
Prolyl hydroxylase domain containing
Inorganic phosphor
Phosphatidylinositol 3-kinase
Phosphoglycerate kinase
Oxygen partial pressure
Von Hippel-Lindau tumor-suppressor protein
Reactive oxygen species
T-complex polypeptide-1
Transketolase
Time-of-flight
Tropomyosin
Neuron-specific beta-tubulin 3
Terminal deoxynucleotidyl transferase-mediated d-UTP transferase nick-end labeling
Vascular endothelial growth factor
wildtype
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