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Introduction

The regulation of oxygen homeostastasis is executed by a genetically conserved signaling 
pathway required for the survival of all oxygen-breathing species and many other 
multicellular organisms. Central in this response are the Hypoxia-Inducible Factors (HIFs) 
that control the transcription of genes involved in angiogenesis, erythropoiesis, glucose 
metabolism and growth and proliferation under conditions of oxygen deprivation (hypoxia). 
Mammalian cells have multiple HIF proteins that play critical roles during normal 
mammalian development and in normal adult tissue physiology [1-3]. HIF transcription 
factors are also involved in physiological and pathophysiological responses to acute and 
chronic oxygen deprivation such as in cardiovascular disease and cancer [4, 5]. 

How HIF was discovered
HIF was identifi ed by studying the regulation of the erythropoietin (EPO) gene, which 
encodes a hormone that is essential for erythropoiesis and the maintenance of erythroid 
progenitors [6, 7]. When oxygen tension drops in tissues, EPO levels rise which leads to 
accelerated erythrocyte production and oxygen (O

2
) delivery. A well characterized model 

to study the regulation of EPO expression was presented by Goldberg and colleagues who 
showed upregulation of EPO mRNA in response to hypoxia (1%O

2
) or cobalt chloride 

(CoCl
2
) [8]. These scientists proposed that the transcription of EPO was probably 

dependent on a, at the time, unknown “heme protein” [9]. 

It were Gregg Semenza and colleagues however that discovered the molecular basis for 
EPO induction in response to hypoxia in vivo through identifi cation of a hypoxia-inducible 
response element (HRE) that functions as an enhancer at the 3’ untranslated region (UTR) 
of the human EPO gene [10]. Next, they demonstrated with DNase-I protection and 
Electrophoretic Mobility Shift Assays (EMSA) that there should be a minimum of two 
nuclear factors, induced under hypoxia, that could bind to the EPO 3`-enhancer elements 
[11]. The minimal 50 nucleotide enhancer element was cloned, and with EMSA they 
showed evidence of binding of a nuclear hypoxia-inducible factor, induced by de novo 
protein synthesis, on this hypoxia-inducible element driving transcription of EPO [12]. 
The term Hypoxia-Inducible Factor-1 (HIF-1) was introduced, albeit unidentifi ed, and 
kinetics of the factor were further investigated and association of HIF-1 to the DNA 
was shown to be rapidly induced in response to hypoxia [13]. By the use of EMSA and 
reporter gene assays, the biological relevance of HIF-1 was further examined in different 
cell lines, and it was established that HIF-1 activation in response to hypoxia was a 
common event in all cells tested [14]. 

In 1995, HIF-1 was biochemically purifi ed [15] and found to be composed of two subunits; 
a 120kDa α-subunit (HIF-1α) and a smaller 90 kDa β-subunit (HIF-1β) that directly 
bound DNA [13, 15]. Contrary to the hypothesis, HIF-1 was not a “heme-protein”, 
but a protein homologous to the Drosophila melanogaster “single minded” (Sim) protein 
[16]. The HIF-1β subunit revealed to be identical to the mammalian Aryl Hydrocarbon 
Receptor Nuclear Translocator (ARNT) [17]. Both of these proteins contain basic 
helix-loop-helix (bHLH) and Per/ARNT/Sim (PAS) domains (Figure 1). These domains 
are required for dimerization and binding to the DNA on the HRE consensus sequence 
5`-RCGTG-3` in target genes [18-20]. To date, over 70 of the known HIF target 
genes contain one or more functional HREs within their genomic context either at 3` or 
5` [21-24]. 
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As shown in Figure 1 the bHLH and PAS domains are located at the N-terminus of the 
protein. Two distinct nuclear localization signals (NLS) can be found at the N- and at 
the C-terminus of the protein (HIF-1α: N-NLS amino-acids aa17-74 and C-NLS aa718-
721) [34]. At the C-terminus several important regulatory domains can be found. There 
are two transactivation domains (N-TAD and C-TAD) within the C-terminus, separated 
by an inhibitory domain (ID) [35]. These domains are not present in (constitutively 
expressed) HIF-1β. Evidence is accumulating that the N-TAD and C-TAD have specifi c 
functions in controlling gene transcription by recruitment of different transcriptional 
co-activators. The N-TAD confers target gene specifi city, whereas the C-TAD promotes 
the transcriptional activation [36, 37]. On the C-TAD, for example, the transcriptional 
co-activator p300/CREB-binding protein (p300/CBP) can bind on the C-TAD which leads 
to enhanced HIF transcriptional activity [38-40]. The best studied domain is the oxygen-
dependent degradation domain (ODDD), also described in chapters 4, 5 and 7. The ODDD 
is encoded by aa401-603 of the HIF-1α protein. The HIF-1α ODDD encompasses two 
regulatory proline residues Pro402 and Pro564 responsible for directing the turnover of 
HIF-1α, whilst HIF-2α these regulatory residues are Pro405 and Pro531. Each of the 
prolines are located within a conserved Leu-X-X-Leu-Ala-Pro motif (LXXLAP) [41]. 
The prolines act as substrate for hydroxylation by the prolyl-hydroxylases (PHDs) under 
normoxic conditions [42-46]. Proline-hydroxylation of HIF-α leads to binding of the Von 
Hippel Lindau (pVHL) tumor suppressor protein that acts as E3 ubiquitin ligase that 
ubiquitinates HIF-α, now destined for proteasomal degradation (described below) [47-
49]. O

2
-dependent pVHL binding and degradation is conserved between the HIFs but 

less is known about HIF-3α, which also contains an ODDD that can be hydroxylated 
[50]. HIF-3α is regulated by alternative splicing, resulting in short forms that lack the 
regulatory domains [51]. One of these splice variants is known as IPAS (Inhibitory 
PAS domain protein) [52]. It is demonstrated that this hypoxia induced form acts as a 
dominant-negative regulator of the other HIFs [53-55]. Recently, it was found that HIF-1 
directly upregulates mRNA transcripts with IPAS-specifi c exon 1a, resulting in IPAS 
protein expression through a mechanism distinct from alternative splicing, providing a 
level of negative feedback on gene regulation in response to hypoxia [56].

Figure 1 Structural layout of the human HIF proteins
The HIF-α subunits contain an N-terminal basic helix-loop-helix (bHLH) domain and two PAS sub-domains, necessary for protein 
dimerization and DNA binding. N- and C-terminal transactivation domains (N-TAD and C-TAD) are separated by an inhibitory 
domain (ID). FIH-1 hydroxylates Asn803 in the HIF-1α C-TAD. Lys532 in the HIF-1α O

2
-dependent degradation domain (ODDD) 

can be acetylated. PHDs hydroxylate Pro402 and Pro564 in the ODDD, leading to HIF-1α degradation. The constitutive HIF-1β 
lacks these regulatory sequences. Numbers indicate aminoacids.
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Posttranslational modifi cations regulate HIF activity
The stability of HIF-α and its activity are in direct relation to the primary structure, 
domains and residues, as described above. The involvement of different regulatory 
proteins on HIF-α is under direct infl uence by the O

2 
and energy status of a cell, which is 

a matter of interplay of association and dissociation of proteins.

1. Hydroxylation
The O

2
-sensing pathway in cells is primarily regulated at the level of HIF-α subunit 

stability. The PHDs sense the levels of O
2
 in a cell and determine the fate and function 

of the HIF-α proteins. The most important post translational modifi cation is prolyl-
hydroxylation; a schematic overview of the molecular regulation of HIF is given in 
Figure 2. Under normoxia, HIF-1α is constitutively expressed in the cytoplasm and 
rapidly degraded, dictated by its post-translational hydroxylation. Essential domains for 
HIF-1α protein function, the ODDD and C-TAD, are enzymatically hydroxyl-modifi ed 
by Factor Inhibiting HIF-1 (FIH-1, see below) and the PHDs, respectively [35, 45]. 
These enzymes are members of a dioxygenase superfamily whose activity requires 2-
oxogluterate (2-OG), Fe(II), ascorbate, and O

2
. As shown in Figure 2, in the presence 

of O
2
, the two regulatory proline are hydroxylated by PHDs which subsequently allows 

pVHL to bind to HIF-1α [41]. pVHL contains two hydrophilic residues, His115 and 
Ser111, that can form hydrogen bonds with the hydroxylated prolines P402 and P564 
in HIF-1α [57, 58]. Newly synthesized HIF-1α is recognized as substrate by the E3 
ubiquitin ligase multiprotein complex, elongin B and C, cullin-2, and Ring-box 1. Upon 
recognition and binding pVHL poly-ubiquitinates HIF-1α marking it for degradation by 
the 26s proteasome [41, 43, 46, 59]. This hydroxyl-mediated degradation is unique as 
most proteins are targeted for degradation by phosphorylation [60]. Prolyl-hydroxylation 
results in a very labile HIF-1α protein under normoxic conditions [16]. Under hypoxic 
conditions, hydroxylation of HIF-1α is inhibited and thereby its degradation [44, 59]. 

Figure 2 Canonical model of HIF-1α induction under hypoxia
The HIF-1α protein is rapidly degraded under normoxia. PHDs hydroxylate HIF-1α and subsequently the E3 ubiquitin ligase 
pVHL can bind and targets HIF-1α for proteasomal degradation through ubiquitination. Under hypoxia HIF-1α becomes no longer 
hydroxylated and degraded, dimerizes with HIF-1β to form HIF-1 that translocates to the nucleus to bind to the HREs in target 
genes and induces transcription after recruiting p300/CBP.

General Introduction



13

As a consequence of stabilization of the HIF-1α protein it dimerizes with HIF-1β to 
form the HIF-1 complex that translocates to the nucleus [61]. The HIF-1 complex binds 
to HREs of target genes and recruit transcriptional co-activators like p300/CBP [11, 40, 
62], inducing transcription. However, this action can be blocked by CITED2 by direct 
competition for p300/CBP [63]. Under normoxia stabilization of HIF by hypoxia can 
be mimicked by chemicals, like iron chelators and metals that inhibit the activity of the 
PHDs [64, 65], and upregulaton on the transcriptional level can be induced by growth 
factors/Receptor Tyrosine Kinases (RTKs) [66-68].

Regulation of HIF-α by PHDs was fi rst discovered in the nematode Caenorhabditis 
elegans. The HIF-α homologue in worms, hif-1, was regulated by a similar mechanism; 
hif-1 was targeted upon hydroxylation by vhl-1 (worm pVHL homologue) for degradation. 
Mutant worms lacking vhl-1 constitutively express hif-1, and vhl-1 can only bind after 
hydroxylation of hif-1 [69-71]. In C.elegans mutations in egl-genes result in a defect 
preventing the ability to lay eggs [72]. Epstein and colleagues identifi ed that the egl-9 gene 
product was responsible for hydroxylation of hif-1 and defi ned a novel class of prolyl-
hydroxylases [71]. Homologue search of egl-9 sequences in mammalians identifi ed: PHD1, 
PHD2, and PHD3. The PHDs can hydroxylate human HIF-1α at Pro564 [71]. PHD1 
and PHD2 can hydroxylate Pro402, the second site of prolyl-hydroxylation necessary 
for pVHL binding [71]. This provided the fi rst mechanistic insight for O

2
 sensing within 

the HIF-pathway. Our lab recently employed the egl-9 mutant strain to identify novel 
members of the HIF-pathway in a genome-wide suppressor screen. We identifi ed the 
TWIST1 gene, known for its role tumor metastasis as a direct target of HIF-2α [22, 73]. 
Another single report identifi ed PHD4 as an O

2
 responsive regulator of HIF-1α making a 

total of four PHDs regulating HIF [74]. 

HIF-1 itself also regulates some of the PHDs. PHD2 and PHD3 mRNA expression is 
also induced directly by HIF-1 [75-78], probably to provide a feedback mechanism to 
limit accumulation under hypoxia and to accelerate its degradation upon re-oxygenation 
[79]. Hypoxia can also induce proteasomal degradation of PHD1 and PHD3 through 
the ubiquitin ligase Siah-2. Mouse fi broblasts lacking Siah-2 have undetectable HIF-1α 
under hypoxia. As Siah-2 is specifi cally induced under hypoxia which leads to PHD1 and 
PHD3 reduction, PHD1 and PHD3 may have a specifi c role in decreasing HIF-1α under 
hypoxia or more moderate O

2
 levels [80]. Recently it was shown that hypoxia induced 

degradation of FIH through Siah-1 [81]. Such fi ndings suggest that Siah ubiquitin ligases 
might play a role as important upstream regulators of the HIF hydroxylases, consequently 
regulating HIF-1 activity.

Factor Inhibiting HIF-1 (FIH-1) is, as aforementioned, another O
2
 dependent dioxygenase. 

This asparaginyl hydroxylase modifi es HIF-α at a highly conserved asparagine residue 
(Asn) in the C-terminal transcription activation domain (C-TAD). Crystal structures have 
been solved for FIH-1 in complex with HIF-1α [82]. C-TAD hydroxylation by FIH-1 
prevents interaction of HIF-1α (Asn803) and HIF-2α (Asn851) with the transcriptional 
coactivators p300/CBP [83-85], required for transcriptional regulation of a specifi c subset 
of HIF-1α target genes [86]. However FIH-1 can also be enzymatic active under hypoxia 
[87]. Other reports indicate that under normoxia HIF-2α is relatively resistant to inhibition 
by FIH-1, when compared to HIF-1α. This is probably by differences in the C-TAD 
structure of the proteins encompassing the Asn hydroxylation site [88-90]. A recent report 
described a synergistic interaction between the cell fate determination gene NOTCH1 and 
HIF-1α in hypoxia induced differentiation [91]. Interestingly, the activity of NOTCH/
HIF bipartite transcriptional complexes seemed modulated by FIH-hydroxylation of both 
proteins [92], linking the HIF pathway and NOTCH signaling pathways [93]. 
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2. Acetylation
Besides hydroxylation, several other posttranslational modifi cations of HIF-α have been 
identifi ed to regulate HIF activity. For instance, acetylation of HIF by Acetyl Transferase 
Arrest Defective 1 (ARD-1) on Lys532 in HIF-1α enhances pVHL-dependent proteasomal 
degradation [94]. However, in other model systems ARD-1 seemed not to regulate HIF 
stability [95]. 

3. Sumoylation
Hypoxia induces expression and activity of Small Ubiquitin like MOdifi er-1 (SUMO-1) 
which binds to HIF-1α [96]. The role of HIF sumoylation on activity is unclear since 
sumoylation has been suggested to enhance as well as attenuate [97, 98] HIF-1 activity. 
Acceptor residues in HIF-1α for sumoylation are lysines Lys391 and Lys477, respectively 
[98, 99]. Perhaps, the most convincing evidence for an important role of sumoylation on 
HIF-1α activity comes from the analysis of mice lacking the SENP1 the SUMO-specifi c 
protease that de-sumoylates HIF-1α. SENP1-defi cient mice suffer from fetal anemia due 
to impaired HIF-induced EPO production. Hypoxia induced sumoylation of HIF promotes 
prolyl-hydroxyl-independent, but pVHL mediated, ubiquitination and degradation. In 
SENP1-defi cient cells there is a marked reduction of HIF-induced target gene expression 
even under hypoxic conditions. Thus HIF sumoylation appears to play a critical role in 
regulating HIF activity [97].

4. Nitrosylation
It was reported that Nitric Oxygen (NO) can stabilize HIF-1α by inhibiting the PHDs and 
subsequent degradation of HIF-1α under normoxia, while pVHL could no longer binds to 
ODDD of HIF-1α [100]. Recently, another mechanism was reported wherein normoxic 
HIF-1 activity can be upregulated through NO mediated S-nitrosylation within the 
ODDD on Cysteine residue 520 (Cys520). In an experimental tumor model it was shown 
that exposure to ionizing radiation stimulated the generation of NO by tumor-associated 
macrophages. As a direct result the HIF-1α protein in tumor cells was S-nitrosylated, 
preventing binding to pVHL and its subsequent destruction. Importantly, this mechanism 
regulates HIF-1 activity and appeared to be independent of hydroxylation by the PHDs 
[101] as was suggested before. 

5. Phosphorylation
Long before HIF-1 was identifi ed, DNA binding was inhibited by alkaline phosphatase, 
suggesting a requirement of protein phosphorylation to perform HIF-1 function [13]. 
In addition it had also been reported that Thr796 in the C-TAD of HIF-1α might be 
phosphorylated because mutation to an alanine strongly reduced the transcriptional 
activity of HIF-1 [102]. Oncoprotein activated kinases that directly phosphorylate HIF-
1α under hypoxia are the Mitogen-Activated Protein Kinases (MAPKs) p42/p44, that 
phosphorylate HIF-1α on Ser641 and Ser643 promoting nuclear accumulation and 
transcriptional activity of HIF-1, independent of prolyl-hydroxylation, pVHL binding 
and degradation [103-105]. However, in contradiction to these fi ndings it has also been 
shown that downstream of the PhosphatidylInositol-3 (PI 3)-kinase and Wnt pathways 
phosphorylation of HIF-1α can initiate its ubiquitin dependent degradation in a pVHL-
independent manner inhibiting its activity. The HIF-1α ODDD (N-TAD), contains three 
additional sites which are subject to direct phosphorylation by Glycogen Synthase Kinase 
3 (GSK-3), including Ser551, Thr555 and Ser589, respectively [106]. The exact role of 
HIF-1 activity through phosphorylation needs further investigation. Interestingly, GSK-3 
was another target gene identifi ed in our egl-9 suppressor screen [22].
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Other modulators of HIF function
Other examples of proteins that interact with PHDs, and subsequently regulate HIF-
1α are MAPK organizer 1 (Morg-1) and amplifi ed in osteasarcoma 9 (OS-9). Morg-1 
interacts with PHD3 by acting as a molecular scaffold and binds directly to PHD3. This 
interaction likely promotes degradation of HIF-1α through PHD3 independent of MAPK 
status [107]. OS-9 interacts with HIF-1α and the prolyl hydroxylases PHD2 and PHD3. 
PHD2 and OS-9 bind independently to HIF-1α promoting hydroxylation and thereby 
pVHL binding and proteasomal degradation and thus regulating HIF-1 activity in an O

2
 

dependent manner [108].

Non-PHD interactors can be involved in O
2
-dependent as well in O

2
-independent 

degradation of HIF-1α. The ubiquitin-independent degradation of proteins is mediated 
by the 20S proteasome that degrades unfolded or damaged proteins. Furthermore the 20S 
proteasome degrades proteins brought about by accessory molecules or by sequences 
within the protein itself [109]. Spermidine/Spermine-N(1)-Acetyltransferase (SSAT) 2 is 
necessary for extremely rapid ubiquitination after reoxygenation of cells. SSAT2 binds 
to HIF-1α and promotes its ubiquitination/degradation by stabilizing the interaction of 
pVHL and Elongin C [110]. A protein involved in O

2
 independent degradation of HIF-

1α is Receptor of Activated protein Kinase C (RACK1) [111]. This protein promotes 
PHD/pVHL-independent proteasomal degradation of HIF-1α by competition with Heat-
Shock Protein 90 (HSP90) a well known HIF-1α stabilizer [112]. However, in contrast 
to SSAT2, SSAT1, its homologue, acts by stabilizing the interaction of HIF-1α with 
RACK1, so SSAT1 and SSAT2 play complementary roles in promoting O

2
-dependent 

and O
2
-independent degradation of HIF-1α [113]. 

Under hypoxia the chaperones HSP90 and HSP70 can be found with HIF-1α in complex 
that prevents unspecifi c degradation, to accelerate accumulation of HIF-1 independent of 
PHD/pVHL mediated degradation [114]. Direct inhibition of HSP90, with geldanamycin, 
17-AAG or 17-DMAG, induces ubiquitin independent degradation of HIF-1α [115, 
116]. Indirect inhibition of HSP90 with histon deacetylase inhibitors (HDACIs) will lead 
to hyperacetylation of HSP90 and inhibition of its chaperone function (together with 
HSP70). As a consequence, this promotes O

2
 independent degradation of HIF-1α probably 

through HDAC-6. It has been suggested that HSP70 is involved in the triage of HIF-1α to 
the 20S proteasome [117, 118]. A novel identifi ed HIF-1α modulator involved in HIF-1α 
stability and activity is Copper Metabolism Gene MURR1 Domain (COMMD1) which is 
described by us in [119] and in chapters 2 and 3 of this thesis [120].

The direct effect of HIF in solid tumors 
The most direct link between HIF-1α and tumor progression can be found within the 
VHL cancer syndrome, were patients carry a germline mutation in one copy of the VHL 
tumor suppressor gene. When the “wild type” VHL allele is lost this leads to a special 
type of highly vascularized cancer of the kidneys, renal cell carcinoma (RCC), that is a 
characteristic of this syndrome [121]. The effects of hypoxia and HIF-1α have however 
been well established in tumor biology in general. HIF-1α expression can be found in 
the majority of human cancers and their metastases [122, 123]. Normal tissues display 
an oxygen tension of approximately 24-66 mmHg, whereas in solid tumors tensions 
can drop to 10-30 mmHg [124], and can even further drop in confi ned tumor areas of 
the tumor to 0-2.5 mmHg [125]. This is because tumors outgrow their blood supply 
and when at a distance beyond 140 microns from the nearest capillary vessel areas of 
hypoxia emerge [126]. This was confi rmed by measurements with oxygen electrodes 
in solid tumors [127]. The response to tumor hypoxia and the direct effect of HIF-1 is 
extensive. 
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To reassure new blood supply to the tumor, factors to stimulate angiogenesis are induced. 
Vascular Endothelial Growth Factor (VEGF), a potent pro-angiogenic factor is direct target 
of HIF-1 [128], in addition the receptor of this factor (VEGFR) [129]. Together, VEGF and 
VEGFR are potent inducers of growth of new vasculature [130, 131]. Other examples of 
angiogenic factors directly regulated by HIF-1 are Angiopoietin (ANGPT) [132], Placental 
Growth Factor (PGF) and Platelet-Derived Growth Factor-B (PDGF-B) [133]. 

To sustain energy supply the tumors will change their O
2
-dependent metabolism to a 

glycolytic one, known as the “Warburg effect” [134]. This anaerobic O
2 
combustion or 

glycolysis, provides however fewer ATP (energy). At the same time glucose uptake is 
increased by the tumor. Although this phenomena is still poorly understood it is thought 
that this is a very effi cient manner for tumor cells to obtain suffi cient ATP, since the 
rate of anaerobic glycolysis is several fold higher than the production of ATP through 
oxidative phosphorylation [135]. In oncology, this increase glucose uptake is exploited to 
visualize tumors by PET scanning after injection of patients with labeled glucose [136]. 
Glucose uptake by the glucose transporters 1 and 3 (GLUT-1 and GLUT-3) is also directly 
controlled by HIF-1 [137, 138]. Other well known direct targets of HIF-1 in the glycolytic 
pathway are Phosphoglycerate Kinase 1 (PGK1) and Lactate Dehydrogenase A (LDHA) 
[139, 140]. 

The waste product of anaerobe combustion is lactic acid, and acid will reduce the cellular 
pH. Carbonic anhydrases play a role in pH maintenance [141]. Carbonic Anhydrase 
IX (CAIX) is a direct target of HIF-1 [142, 143] and will reduce the intracellular pH, 
resulting in extracellular acidosis of the microenvironment [144] stimulating clonal 
selection [145].  

Under hypoxia, malnutrition and acidosis, one would expect tumor cells to die. However, 
hypoxic cells can be protected from apoptosis (programmed cell death) by the hypoxic 
induction of proteins like Protein Phosphatase 5 (PP5) [146] and Nucleophospmin by 
inhibiting p53 [147] and the direct HIF-1 target Myeloid Cell factor-1 (MCL-1) [148]. 
This apoptosis resistance will contribute to the malignant progression of the hypoxic 
tumor. On the other hand, HIF-1 is reported to initiate apoptosis through inducing its 
direct targets and BH3-only proteins, that can sequester, and thus inhibit, the function of 
the pro-apoptotic members like NOXA [149] and BNIP3 [150, 151]. It remains however 
unclear if cell death is the primary role of BNIP3, as it can also induce autophagy and 
many cancers have high expression levels of BNIP3 [152]. The DNA damage repair 
protein p53, facilitates carcinogenesis when mutated. It is also proposed that HIF-1 
might, under anoxia [153], regulate p53 induced apoptosis [154, 155], possibly through 
direct binding [156], but more data between these pathways has to be gathered as p53 can 
also inhibit HIF-1 transcriptional activation [157]. This induced apoptosis will select for 
the most cancerous cells and what will subsequently contribute to the malignancy of the 
hypoxic tumor.

HIF-1 also positively stimulates invasion, and thereby metastasis formation [122, 123], 
leading to poor clinical outcome [158, 159]. HIF-1 directly regulates Stromal Derived 
Factor-1 (SDF-1 or CXCL12) and its receptor CX Chemokine Receptor 4 (CXCR4) 
inducing invasion and metastatic potential [160, 161], and mouse xenograft models 
prove that HIF-1 and its direct target, Lysyl Oxidase (LOX), are responsible for hypoxia 
induced metastases [162]. Recently, in a transgenic mouse model for cancer, where HIF-
1α was conditionally removed, it was shown that HIF-1 is absolutely necessary for tumor 
proliferation and progression. Even more interesting, it turned out that removal of HIF-1α 
lead to a decreased formation of metastases [163].
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Hypoxia and resistance to anti-cancer therapy
In general hypoxic tumors are less sensitive to radio- and chemotherapy [158, 164, 165] 
as further explained.
1.  Ionizing irradiation is less effective for hypoxic tumors, because less reactive O

2
 

species can be formed required to induce DNA damage [166]. Also, HIF-1 plays an 
important role in regulating tumor radio-responsiveness through several processes. 
It was shown in experimental tumor models that inhibiting HIF-1 post-radiation with 
YC-1 signifi cantly increased tumor radio-sensitivity [167, 168]. Additionally, it was 
shown that loss of HIF-1 resulted in reduced tumor growth and angiogenesis and as 
well as increased radio-sensitivity [122, 169]. Altogether, this indicates an important 
role for HIF-1 in resistance to ionizing radiation.

2.  Hypoxic tumor cells are less sensitive to chemotherapy, because therapeutics 
administered to the blood can not properly reach the tumor as a result of aberrant 
vasculature [170, 171]. Furthermore, hypoxic cells display a decreased infl ux and 
increased effl ux of administered chemicals [172, 173] and extracellular acidosis of the 
tumor microenvironment can counteract the effi ciency of these therapeutic compounds 
[174, 175]. There is some evidence from experimental tumor models that HIF-1 may 
contribute directly to resistance to chemotherapy, since dominant negative expression 
of HIF-1 increased sensitivity to certain chemotherapeutics [176].

Clinical outcome and HIFs
It has been well established that tumor hypoxia and HIF-1α expression correlate with 
a poor prognosis in many different types of cancer like breast- [177-184], lung- [185], 
head and neck- [186, 187], cervical- [188, 189], colon- [190], gastric- [191] and renal-
cancer [192]. Furthermore, it has also established that HIF-2α expression correlated with 
a poor prognosis in breast- [193, 194], lung- [195], head and neck- [196], colon- [190], 
bladder- [197, 198] and renal-cancer [199, 200]. To date, HIF-3α expression has never 
been studied in cancer. In contrast, in some tumors HIF-1α expression correlated with a 
favorable clinical outcome [201, 202]. It will be interesting to investigate the unexpected 
underlying biology of HIF-1α function in these latter tumors as caution has to be taken 
against a general approach targeting HIF-α in just any tumor. 

Hypoxia/HIF-1 targeted cancer therapy
Because of the general role of hypoxia in solid tumor development the HIF pathway is 
a potentially interesting therapeutic target [203-206]. Approaches to accomplish HIF-1 
inhibition with shRNA targeting HIF-1α were effective [207-210], but specifi c delivery 
to the tumor is still a challenge [211, 212]. Other therapeutic strategies are based on direct 
degradation of the HIF-1 complex, inhibition of transcriptional activity, DNA binding, 
inhibition of translation or through inhibition of HIF-1 effecting cell signal transduction 
cascades. These drugs concern small molecule compounds, pharmacological agents and 
monoclonal antibodies and some of them are currently in phase I/II clinical trials (nicely 
reviewed in [213]). A new approach to inhibit HIF-1 is by intrabodies, intracellularly 
expressed single domain antibody fragments, as described in this thesis in chapter 5.

The therapeutic strategies to target the hypoxic tumor may also be based on Clostridium 
species. These spore-forming Gram-positive bacteria only grow in the absence of O

2
. 

Non-pathogenic Clostridium strains, when administered intravenously, have shown to 
colonize and lyse hypoxic tumor areas [214-216]. These strains are suitable for producing 
cancer therapeutic proteins (reviewed in [217]) and the effi ciency of Clostridium-based 
cancer therapy by the delivery of pro-drug converting enzymes has been demonstrated 
in experimental models [218, 219]. A specially selected strain, C.novyi-NT, with 
experimental anti-tumor activity [220], has recently been successfully used to enhance the 
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release of liposome encapsulated doxorubicin, an anti-cancer drug, within hypoxic areas 
of experimental tumors [221, 222]. This opens up new possibilities for cancer therapy, 
as many types of drugs can be incorporated in liposomes. In chapter 7 of this thesis, we 
introduce Clostridium-directed antibody therapy or CDAT using genetically engineered 
C.novyi-NT that expresses single domain antibody fragments specifi c for HIF-1α [223].

Camelid single domain antibody fragments
Antibodies, immunoglobulins, can be found in the blood of all vertebrates and are 
produced by B-lymphocytes or B cells. Antibodies are part of our protective immune-
system and can specifi cally recognize and bind “foreign” antigens, proteins of e.g. viruses 
and bacteria and neutralize them [224]. Because of this property, specifi c polyclonal 
antibodies can be isolated from the serum of animals injected with an antigen but can also 
be produced as monoclonal antibodies [225]. The molecular weight of a conventional 
antibody is 150kDa. They consist of two identical heavy chains and two identical light 
chains (Figure 3). Conventional antibodies are used for diagnostics, as human therapeutics 
and as fundamental research tools to identify, locate and inhibit molecules like proteins. 
A limitation is that these antibodies are costly to produce and not suitable for rational 
antibody design through molecular engineering.

In 1993, a report was made that animals belonging to the family of the Camelidae: llamas, 
dromedaries and camels, possess a special subclass of antibodies devoid of light chains, 
the heavy-chain antibodies, in addition to conventional antibodies (Figure 3) [226, 227]. 
The variable domains of this heavy-chain subclass are still capable of binding an antigen. 
This Variable domain of the Heavy chain of a Heavy-chain subclass antibody is referred 
to as VHH (Figure 3), but can also be referred to as single-domain antibody fragment, 
HCAb or nanobody. Throughout this thesis, VHH will be used for these smallest naturally 
occurring intact soluble antigen-binding units, with a molecular weight of about 15kDa 
[228]. Because VHH are encoded by single genes and are not the product of extensive 
chromosomal rearrangement of several genes, they can be cloned and used in a technique 
called phage-display [229]. Large VHH phage display libraries can be made from cDNA 
from the B cell repertoire of either a non- or immunized camelid [230, 231]. VHH 
encoding genes can be amplifi ed and cloned as a fusion to the minor capsid protein gene 

Figure 3 Schematic illustration of a conventional- and heavy-chain antibody.
Indicated by dotted arrows are the entire heavy chains and light chains in a conventional antibody (left). 
On the right a heavy-chain antibody wherein the single domain antibody fragment, or VHH, is circled.
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in a phagemid vector that can be carried by bacteria. Infection of those bacteria with “wild 
type” phages will produce a library of phages that display the VHH repertoire. In this 
way, monoclonal VHH can be easily selected for a desired function, with any selection 
technique [232-234] also described in chapter 6 of this thesis. Furthermore, VHH can be 
produced in large quantities in different microorganisms [235] and are easy to re-format 
into multi-valent or multi-specifi c proteins [236, 237]. 

Additionally, VHH can be used for various immunological applications like conventional 
antibodies [238, 239], they have shown to have more advantageous properties as well. 
VHH can be resistant to thermal [240-242] and chemical [243] denaturation, they 
block enzymatic activity [244], pass the blood-brain barrier [245] and prevent protein 
aggregation [246], also when expressed intracellularly as so called “intrabodies” [247]. 
VHH [248] and VHH intrabodies have also been used to successfully inhibit viruses 
[249].

An interesting application of VHH is cancer therapy. In experimental mouse models, 
VHH show low immunogenicity, and VHH have successfully been employed as EGFR 
antagonists inhibiting EGF-dependent tumor growth [250], and also tumor specifi c 
enzyme-linked VHH have been used in combination with prodrugs [251]. Recently, by 
means of intrabodies, Nuclear Factor KappaB-dependent [252] and RAS-dependent [253] 
tumorigenesis was inhibited in experimental mouse models. Altogether, these modes of 
actions show direct interference with specifi c oncogenic pathways in solid tumor growth. 
Perhaps a better and more general approach for cancer therapy might be to target the HIF-
pathway, and HIF-1 in particular, with VHH. Initial steps to do so are described in this 
thesis in chapter 5.
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Outline of this thesis 
Tumor hypoxia is associated with HIF-1α expression and a poor prognosis for the cancer 
patient. Understanding the molecular regulation of HIF-1 will provide new insights and 
may lead to the development of better and “smarter” cancer therapeutics.

In June 2003, the work on this thesis was started under the project name: “Identifi cation 
of proteins involved in stabilization and activation of HIF-1alpha, a hypoxia upregulated 
gene crucial in carcinogenesis and tumor progression.” The project was founded on a 
functional rescue screen to identify novel genes that could regulate HIF-1α. The basis 
and results of this screen are described in chapter 7 of the thesis: “Molecular Response to 
Hypoxia; from C. elegans to cancer”.

The work presented in this thesis can be divided into two sections. The fi rst part focuses 
on the regulation of HIF-1 by COMMD1. Chapter 2 reviews the regulation of proteins by 
COMMD1 and chapter 3 describes the mechanism by which COMMD1 regulates HIF-1. 
The basis and initial results of this work can be found in Molecular and Cellular Biology, 
van de Sluis et al., June 2007 [119].

The second part of this thesis describes the development and use of llama derived 
therapeutic antibodies targeting the HIF pathway: chapters 4 to 7. The selection of llama 
derived antibodies against the HIF-1α protein, and to additional marker proteins specifi c 
for hypoxic cells are presented in chapters 4 and 6 of this thesis. Additional steps towards 
therapeutic applications of these antibodies are described in chapter 5. Finally, in chapter 
8 the results of this thesis are summarized and discussed.
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Abstract

COMMD1 is a protein which is associated with multiple cellular pathways, 
including NF-κB signaling, copper homeostasis and sodium transport. Recently we 
found that COMMD1 is also essential for normal mouse embryogenesis. Embryos 
defi cient for Commd1 are retarded and die between 9.5 and 10.5 dpc. Increased 
HIF-1 activity and elevated HIF-1α protein expression were observed in 9.5 dpc 
Commd1-defi cient embryos. In line with these in vivo data, in vitro studies showed 
that reduced COMMD1 expression caused increased HIF-1α stability and HIF-1 
activity. Functional characterization of COMMD1 in NF-κB signaling and ATP7B-
dependent biliary copper excretion suggested that COMMD1 also has a role in 
regulating the protein degradation of RelA (p65) and ATP7B. The exact function 
of COMMD1 in these pathways remains elusive but these recent studies suggest 
that COMMD1 is associated with the ubiquitin-proteasomal system for regulating 
protein stability.
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COMMD1 and copper toxicosis in Belington terriers
Copper toxicosis [1] in Bedlington terriers is an autosomal recessive disorder [2, 3] and 
was fi rst reported in the USA by Hardy et al.[4]. It is characterized by hepatic copper 
accumulation caused by a defect in copper excretion into the bile, which can lead to 
chronic hepatitis and eventually liver cirrhosis.[5] In addition, acute and severe hemolytic 
crises, caused by elevated hepatic copper levels, have been reported in affected dogs [6]. 
The age of onset of copper toxicosis is between 2 and 6 years old [7, 8]. Copper toxicosis 
shows phenotypic similarities with the copper storage disorder Wilson disease (WD) [9]. 
WD is caused by mutations in the ATP7B gene, which encodes a copper transporting P-
type ATPase expressed primarily in the liver, that mediates hepatic copper excretion into 
bile [10-12]. Using positional cloning we identifi ed a strong association between copper 
toxicosis in Bedlington terriers and a deletion of exon 2 of the COMMD1 (previously 
MURR1) gene [13-15]. COMMD1 is a member of a family of proteins, called the Copper 
Metabolism MURR1 Domain (COMMD) family [16]. The ten family members all share a 
domain (COMM domain) at the carboxy-terminus, which is essential for their interaction 
with each other and with other proteins (Table 1). Different in vitro studies support a role of 
COMMD1 in copper homeostasis. Burstein et al. demonstrated that decreased expression of 
COMMD1 resulted in an increase in intracellular copper levels [17]. In addition, COMMD1 
has been identifi ed as a novel interactor of the ATP7B protein [18, 19]. COMMD1 binds 
to the amino-terminal cytoplasm tail of ATP7B, which contains six metal-binding regions 
[18]. Together, these data suggest that COMMD1 and ATP7B cooperate in the regulation of 
biliary copper excretion. Consistent with this notion, immunofl uorescence microscopy has 
identifi ed a partial overlap between ATP7B and COMMD1 localization [18]. COMMD1 
is ubiquitously expressed and primarily localized at a cytosolic vesicular compartment, 
irrespective of copper levels [18]. The exact identity of this vesicular compartment is 
unknown but COMMD1 partially co-localizes with the lysosomal marker CD63, and the 
early endosomal marker transferrin receptor (TFR) [20]. Under basal conditions, ATP7B 
is localized to the trans Golgi network (TGN) of hepatocytes, where copper is transported 
into the lumen of the secretory compartment and subsequently incorporated into various 
cuproenzymes, such as ceruloplasmin [21-23]. When there is an excess of cellular copper, 
ATP7B traffi cs to pericanalicular vesicles [21-23]. It is believed that this copper-dependent 
translocation of ATP7B provides a functional shift from ATP7B-dependent incorporation 
of copper into cuproenzymes to biliary excretion of excess metal. Indeed, some mutations 
in ATP7B causing WD have been associated with defects in the copper-dependent 
translocation [24-28], demonstrating the importance of this process in biliary copper 
excretion. Recently, in vitro studies assessed whether COMMD1 has a potential role in the 
copper-dependent relocalization of ATP7B, possibly explaining the biliary copper excretion 
defects in copper toxicosis [18]. COMMD1 defi ciency or overexpression did not affect the 
copper-dependent traffi cking of ATP7B. However, overexpression of COMMD1 resulted 
in an increase in protein degradation of newly synthesized ATP7B, which was partly 
dependent on proteasomal activity [18]. In addition, certain ATP7B mutants, which were 
less stable and mis-localized, displayed a stronger binding with COMMD1 than wild-type 
ATP7B. These data suggest that COMMD1 has a possible role in promoting degradation 
of newly synthesized and incorrectly folded ATP7B proteins. Since controlling the quality 
of correctly synthesized and folded protein is essential for normal protein function, 
this may indicate that loss of COMMD1 in Bedlington terriers leads to inappropriately 
reduced degradation of ATP7B protein that is incorrectly folded and synthesized. Thus, 
the high dietary copper intake in dogs [29], combined with an inherited predisposition 
to accumulating incorrectly folded ATP7B, leads to ineffi cient biliary copper excretion, 
extremely high hepatic copper levels and eventually the development of copper toxicosis 
in affected Bedlington terriers. Additional experiments are necessary to further elucidate 
the role of COMMD1 in promoting ATP7B proteolysis.
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COMMD1, a pleiotropic protein
Shortly after COMMD1 was identifi ed as a copper toxicosis susceptibility gene in dogs, 
several proteins interacting with COMMD1 were identifi ed (Table 1). Biasio et al. 
demonstrated that COMMD1 inhibits the amiloride-sensitive sodium current in Xenopus 
oocytes via an interaction with the C-terminal domain of the delta epithelial sodium 
channel (δENaC) [30]. COMMD1 also binds and inhibits sodium current via the subunits 
βENaC and γENaC but not via αENaC. A yeast-two hybrid screen revealed an interaction 
between COMMD1 and the anti-apoptotic factor XIAP [17]. XIAP is a member of the 
Inhibitor of Apoptosis Protein [31] family and specifi cally inhibits several caspases, such 
as Caspase-3, -7 and -9. Functional characterization of this interaction demonstrated that 
XIAP regulates the protein stability of COMMD1 by ubiquitinating COMMD1 via the 
carboxy-terminal RING fi nger, which possesses E3 ubiquitin ligase activity. However, 
Burstein et al. did not observe any effect of COMMD1 overexpression on the anti-
apoptotic properties of XIAP. These data suggest that COMMD1 has no functional role 
in regulating apoptosis via XIAP, but more recent data propose that XIAP regulates the 
expression of COMMD1 in a copper-dependent fashion [32, 33]. Ganesh and co-workers 
were the fi rst to show that COMMD1 is also involved in NF-κB signaling. They found 
that COMMD1 can inhibit HIV-1 replication in CD4+ lymphocytes through inhibition 
of NF-κB signaling [34]. COMMD1 overexpression inhibited the ubiquitination or the 
proteasomal degradation of the NF-κB inhibitor IκBα, thus attenuating NF-κB activity 
[34, 35]. The molecular mechanism responsible for this effect is most likely provided by 
an interaction of COMMD1 with IκBα and Cullin1 (Cul1), a subunit of a SCF ubiquitin 
ligase complex. Maine et al. established that COMMD1 also inhibits NF-κB activity in an 
alternative manner [36]. They demonstrated that COMMD1 forms a complex with the E3 
ubiquitin ligase complex ECSSOCS1 to promote the ubiquitination and the proteasomal 
degradation of the NF-κB subunit RelA [36-38] (reviewed by Maine and Burstein [35]). 
Interestingly, all COMMD proteins have the ability to interact with each other and to 
inhibit NF-κB mediated transcription [16, 39]. Together, these fi ndings indicate that 
COMMD1 is a protein with pleiotropic cellular functions, all probably related to the 
regulation of ubiquitination and protein degradation, but its precise role in the various 
biological processes remains poorly understood.

The function of Commd1 in mice
To understand the biological function of Commd1 we generated Commd1 knockout 
mice mimicking the exon 2 deletion in Bedlington terriers [40]. In contrast to Bedlington 
terriers, Commd1 defi ciency in mice is embryonically lethal. Bedlington terriers and mice 
heterozygous for the COMMD1 deletion are both healthy and fertile. Interestingly, in 
mice Commd1 expression is affected by the expression of the intronic gene U2af1-rs1 
[41]. Similar to many other species such as man and dog, murine Commd1 consists of 
three exons but only in mouse U2af1-rs2 is localized in intron 1 of the Commd1 gene 
[41, 42]. Wang and colleagues demonstrated that U2af1-rs1 expression is paternally 
imprinted, which results in predominantly maternal Commd1 expression in brain tissue 
and, to a lesser extent, in the livers of adult mice (Fig. 1A). 

These fi ndings suggest that loss of the maternal Commd1 allele (Commd1+/M-) together 
with the decreased paternal Commd1 expression would lead to diminished Commd1 
protein expression in livers or brains of Commd1+/M- mice (Fig. 1A), possibly with 
biological effects. In line with these results, we established that Commd1 protein levels 
in the brain of Commd1+/M- mice were approximately eight-fold reduced compared to 
those in wild-type (WT) mice or to mice with paternal inheritance of the mutant null allele 
(Commd1+/P-) (Fig. 2B) [29]. 
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Diminished protein expression compared to WT and Commd1+/P- was the result of 
predominant expression of the null allele in the brains of Commd1+/M- mice (Fig. 2C). 
In Commd1+/P- mice, expression of both alleles was detected at almost equal levels. 
The eight-fold reduction of the Commd1 protein level in the brains of 6-7 week-old 
Commd1+/M- mice had no detectable effect on the copper levels in brains (unpublished 
data). Regardless of the reduced Commd1 expression in the brain tissues of Commd1+/M- 
mice, no apparent phenotype in Commd1+/M- mice has been observed yet. These data 
suggest that proper copper homeostasis in the mouse brain or brain function in general is 
preserved when Commd1 expression is severely reduced.

Commd1 is essential for normal mouse embryogenesis
Commd1 null (Commd1-/-) embryos die in utero between 9.5 and 10.5 days post coitum 
(dpc) [40]. The embryonic development of Commd1-/- embryos was generally delayed 
compared to wild type embryos but no clear defects in the development of the primitive 
organs were observed. It has been established that several developmental abnormalities 
during mid-gestation are associated with embryonic lethality, such as incorrect formation 
of the yolk-sac or placenta [43]. At mid-gestation, the yolk-sac is one of the sites in 
mice embryos where the primitive nucleated red blood cells are formed [44]. Yet, the 
structure of the yolk-sac in Commd1-/- embryos was normal and circulating primitive 
erythrocytes were clearly visible demonstrating that primitive hematopoiesis was not 
affected in Commd1-/- embryos. A critical step in placental development is the formation 
of the labyrinth, which consists of trophoblast cells [45]. As soon the allantois is fused 
with the chorion, folds appear in the chorion where the fetal part of the placental vascular 
network eventually starts to develop. Although the chorioallantoic fusion took place, 

Figure 1 Commd1 expression in brain.
(A) Schematic overview of the specifi c expression of the Commd1 allele and U2af1-rs1 allele in Commd1+/+ (+/+), Commd1+/P- (+/
P-) and Commd1+/M- (+/M-) mice. The three exons of the Commd1 gene are indicated by gray boxes and the intronic gene U2af1-rs1 
is denoted by a white box. Targeted allele with neomycin gene is indicated with a white box with the description Neo. The sizes of 
the arrows represent the expression levels. (B) Protein expression of Commd1 and β-actin in pooled tissue lysates from brains and 
livers from Commd1+/p- (+/P-), Commd1+/m- (+/M-) and Commd1+/+ (+/+) mice was examined using immunoblot analysis using anti-
COMMD1 antiserum (upper panels) and anti-ß actin antibody (lower panels). (C) RT-PCR of brain cDNA from Commd1+/P- (+/P-), 
Commd1+/M- (+/M-) and Commd1+/+ (+/+) and demineralized water (0) as a negative control. RT-PCR was performed using the sense 
primer 5’-CGCAGAACGCCTTTCACGG-3’ and the antisense primer 5’-TTTGCTTGACTTTAACTTCATC-3’, yielding a 453-bp 
product for the wild-type transcript and a 169-bp product for the mutant transcript. 
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the labyrinth development was absent in Commd1-/- placenta at 9.5 dpc. In addition, an 
increase in the amount of maternal erythrocytes was observed, which is indicative for 
the development of hemorrhagic lesions in the placenta. These data suggest that aberrant 
placental development, which leads to decreased exchange between maternal and fetal 
circulations, may eventually cause embryonic lethality in Commd1-/- embryos. Since 
COMMD1 is associated with several cellular pathways, the possibility that defective NF-
κB signaling, sodium transport or XIAP signaling might be responsible for the growth 
delay, placental defect and death in Commd1-/- embryos was considered. However, it is 
unlikely that the Commd1-/- phenotype results from a defect in one of these pathways 
since mice defi cient for NF-κB signaling components are immune defi cient at birth or 
are lethal at an embryonic developmental stage between 13.5 dpc and 16.5 dpc as a 
result of liver apoptosis (reviewed by Li and Verma, 2002 [46]). Mice defi cient for the 
α- or β- subunits of ENaC die soon after birth because of respiratory failure or from 
hyperkalemia, respectively [47, 48], while mice defi cient for XIAP are born healthy 
and do not show any phenotype [49]. As described above, it has been established that 
COMMD1 regulates protein degradation and is a direct binding partner of several Cullins 
(Table 1). These Cullins form the basis of E3 ubiquitin ligase complexes that mediate 
the ubiquitin-dependent degradation of proteins [50, 51]. It has been demonstrated that 
Cullins are important in regulating the protein level of several cell cycle regulators, such 
as cyclin E, p27 and p53 [52, 53]. Deregulation of these protein levels during embryonic 
development leads to death during the peri-implantational period [54-56]. We therefore 
studied the protein expression of these cell cycle regulators (cyclin E, p27, p53) in 
Commd1-/- embryos but no clear difference in protein levels could be detected compared 
to wild-type embryos (unpublished data). Taken together, these fi ndings suggest that 
neither defective NF-κB signaling, sodium transport, cyclin E/p27/p53 pathways nor 
XIAP signaling can explain the early lethality of Commd1-/- defi cient mice. In addition, 
no NF-κB target genes or genes involved in one of these pathways were differentially 
expressed in Commd1-/- embryos compared to normal embryos [40]. 

Increased HIF-1 activity in Commd1 defi cient embryos
In the search for the underlying mechanism causing growth retardation and death in 
Commd1-/- embryos, a whole-genome expression study was performed using microarray 
analysis [40]. The mRNA expression profi le of 9.5 dpc Commd1-/- mice was compared 
to 9.5 dpc normal embryos. Since 9.5 dpc Commd1-/- embryos were slightly retarded 
and morphologically more similar to 8.5 dpc normal embryos, we also included 8.5 dpc 
normal embryos as a control for developmental timing. This allowed us to distinguish 
differentially expressed genes specifi cally caused by the loss of Commd1 from the 
genes that were differentially expressed due to their delay in development. This mRNA 
expression study revealed that the activity of the transcription factor hypoxia-inducible 
factor 1 (Hif-1) in 9.5 dpc Commd1-/- embryos was higher than in 8.5 dpc and 9.5 dpc 
normal embryos. In total 18 Hif-1 target genes, (i.e. 10% of all genes that were shown to 
be signifi cantly differentially expressed) were upregulated in 9.5 dpc Commd1-/- embryos 
compared to 8.5 and 9.5 dpc controls. Increased Hif-1 activity in Commd1-/- embryos was 
correlated with elevated protein expression of Hif-1α, which is the regulatory subunit of 
Hif-1. HIF-1 is a heterodimeric transcription factor that consists of two subunits: HIF-1α 
and HIF-1β [57]. HIF-1α protein stability is tightly regulated by oxygen concentration 
via the ubiquitin-proteasome system [58]. Under normal oxygen tension (pO

2 
~21%), 

posttranslational HIF-1α modifi cation by prolyl-and asparaginyl hydroxylation and 
acetylation increases the affi nity of HIF-1α for the Von Hippel-Lindau (VHL) tumor 
suppressor gene product that acts as an E3 ubiquitin ligase and targets HIF-1α for 
proteasomal degradation [59]. Under hypoxic conditions (pO

2
 < 5%), the activity of prolyl 

hydroxylases (PHD) is attenuated, thus dramatically increasing the half-life of HIF-1α 
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protein. Stabilization of HIF-1α protein results in nuclear translocation and the formation 
of HIF-1α/HIF-1β heterodimers that bind to Hypoxia Responsive Element (HRE) in 
the promoters of HIF-1 target genes, which are involved in oxygen delivery and energy 
metabolism [60-63]. In vertebrates, HIF-1 is critical to many aspects of development 
and physiology, including embryogenesis, cardiovascular development, apoptosis and 
cell proliferation. Hif-1 defi cient mouse embryos display developmental arrest and death 
caused by defects in placental development, cell survival and tissue angiogenesis [64, 
65]. The importance of Hif-1 activity on placental development has been recapitulated 
in several in vivo and in vitro studies.61-69 These studies demonstrated that balanced Hif-
1 activity in the placenta is essential for the differentiation of trophoblasts into either 
spongiotrophoblasts or labyrinthine trophoblasts. Increased Hif-1 activity stimulates 
spongiotrophoblast differentiation, and represses labyrinthine trophoblast differentiation, 
which is crucial for the development of the placental vascular network [66]. As discussed 
above, placental defects were also observed in Commd1-/- embryos and showed striking 
phenotypic similarities with the Vhl knockout embryos. In both mouse models, increased 
Hif-1α expression and defects in placental vascularization were observed. However, 
the Commd1-/- phenotype is more severe than that for mice defi cient for the main Hif-1 
inhibitors, such as Vhl and prolyl hydroxylase 2 (Phd2). Commd1-/- embryos are markedly 
delayed in their development at 8.5 dpc and 9.5 dpc but the embryonic development of 
Vhl-/- and Phd2-/- embryos appeared to be normal until 9.5 dpc. In addition, axial rotation 
occurs in Vhl-/- and Phd2-/- embryos whereas no axial rotation can be noticed in Commd1-

/- embryos. The reason for the differences in phenotypes between these mice remains 
unknown but it may be explained by the fact that loss of Commd1 leads to a general effect 
on Hif-1 activity during embryonic development and that Vhl or Phd2 regulate Hif-1 
activity at a certain stage and/or in particular cell types during the embryonic development. 
More likely, given the many physiological functions of Commd1, the observed phenotype 
is a consequence of deregulation of many cellular pathways including Hif-1 function. 

COMMD1, a novel HIF-1 regulator
In the last two decades, several regulatory factors of HIF-1 activity have been identifi ed. 
These regulatory proteins function under different physiological conditions. The main 
HIF-1 inhibitors, such as VHL, PHDs, amplifi ed in osteosarcoma-9 (OS-9) and factor 
inhibiting HIF-1 (FIH-1) regulate HIF-1α stability or HIF-1 activity in an oxygen-
dependent manner [67-72], whereas the proteins heat shock protein 90 (HSP90), histone 
deacetylase inhibitors, receptor of activated protein C kinase (RACK1), ATP6V0C 
(ATPase, H+ transporting, lysosomal, V0 subunit C) and JAB1/CSN5 (COP9, subunit 
5) control HIF-1 activity in an oxygen-independent fashion [73-80]. The molecular 
mechanism of HSP90 and RACK1 in regulating HIF-1α stability has recently been 
discussed by Liu and Semenza (2007) [76]. Increasing evidence suggests that HIF-1α 
protein stability/expression can also be increased by tumor-specifi c genetic alterations 
in oncogene or tumor suppressor genes independent of O

2
 concentration. The best 

characterized protein involved in HIF-1α protein stabilization is the tumor suppressor 
protein VHL; loss of function of VHL causes Von Hippel-Lindau disease, a rare hereditary 
cancer syndrome [71, 72, 81]. Additionally, it has been established that several signal 
transduction pathways are involved in regulating HIF-1 activity during tumorogenesis. 
Loss of the Tuberous Sclerosis-2 tumor suppressor gene leads to HIF stabilization in 
a VHL-independent manner [82]. In sporadic cancers, loss of PTEN or oncogenic Akt 
expression cause HIF-1α stabilization [83, 84]. Work in our laboratory has established 
a link between PI3-kinase signaling and HIF-1 activity in breast cancer patients [85]. 
HER2-neu overexpression in breast cancer also leads to increased synthesis of HIF-1α 
[86]. Furthermore, HIF stabilization is a critical event during the angiogenic switch of 
tumors and is negatively regulated by p53 tumor suppressor protein [87]. Interestingly, our 
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data suggest that COMMD1 is yet another regulator of HIF-1 activity. Commd1 defi cient 
embryos displayed increased Hif-1 activity and the relation between COMMD1 and HIF-
1 was further investigated using in vitro experiments [40]. GST-pull down assays and co-
immunoprecipitation experiments demonstrated that COMMD1 interacts with HIF-1α. An 
analysis of the functional consequence of the interaction between COMMD1 and HIF-1α 
established that reduced COMMD1 expression by RNA interference in HEK 293T cells 
leads to an increase in HIF-1α protein stability and HIF-1 reporter activity. In addition, 
quantitative RT-PCR analysis showed that reduced COMMD1 expression resulted in an 
increase in the endogenous mRNA expression of the HIF-1 target gene BNIP3. Conversely, 
overexpression of COMMD1 caused inhibition of HIF-1 reporter activity in cells under 
normoxic and hypoxic conditions. The exact mechanism of COMMD1 in mediating HIF-
1α stability and HIF-1 activity is not clear yet, but previous studies showed that COMMD1 
promotes the ubiquitination of RelA via E3 ubiquitin ligase complex ECSSOCS1 [36]. The 
composition of the protein complex ECSSOCS1 is very similar to the VHL-E3 ubiquitin 
ligase complex that regulates the proteasomal degradation of HIF-1α. Both E3 ubiquitin 
ligase complexes consist of Cullin 2 and Elongin B and C (Fig. 2) [51, 88-90]. 

In keeping with this notion, it is possible that COMMD1 promotes the ubiquitination, 
and subsequently the proteasomal degradation of HIF-1α via the VHL-E3 ubiquitin 
ligase complex in a similar manner as was shown for RelA [36]. Recent studies showed 
that besides the metals Fe2+, Co2+ and Ni2+, also Cu2+ can regulate HIF-1α stability and 
HIF-1 activity [91]. It has been suggested that copper-dependent HIF-1α stabilization 
is caused by an inhibitory effect of copper on PHD activity. The mechanism is still 
unknown but a possible role for the copper chaperone for superoxide dismutase (CCS) in 
copper-mediated HIF-1 activity has recently been identifi ed [92]. CCS acts as a copper 
chaperone to mediate the delivery and incorporation of copper into superoxide dismutase 
1 (SOD1) [93, 94]. SOD1 is an important enzyme in antioxidant defense, and gain of 
function mutations in SOD1 are associated with familial amyotrophic lateral sclerosis 
(ALS) [95]. Jiang and co-workers identifi ed an interaction between CCS and HIF-1α. 
They also demonstrated that CCS is essential for copper and IGF-1 induced HIF-1 
activity. Given that COMMD1 is associated with copper metabolism and that COMMD1 
might bind Cu(II) [96], it may be possible that COMMD1 regulates HIF-1 stability in a 
copper-dependent fashion either via PHD or CCS. As already mentioned, HIF-1 plays 
an essential role in embryogenesis, tumor growth, and metabolism. High HIF-1α protein 
expression in tumors has been associated with a poor prognosis of patients with cancer 
and is associated with pre-eclampsia. Therefore, it is important to elucidate the exact 
molecular mechanism by which COMMD1 mediates HIF-1 activity and to determine in 
which HIF-1-dependent biological processes COMMD1 is critical. 

Figure 2
A structural model of the interaction of COMMD1 with the E3 ubiquitin ligase complexes ECSSOCS1 (according to Maine et al. 2007) 
and a possible model for COMMD1-VHL/Elongin C/Elongin B-Cul2 complex.
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Conclusions
Since the COMMD1 mutation was identifi ed as the defect responsible for copper toxicosis 
in Bedlington terriers [14, 97] more functions for COMMD1 are now being revealed [16-
19, 30, 36, 39, 40]. Currently, the best-characterized molecular mechanism of COMMD1 
is its role in NF-κB signaling. COMMD1 promotes the ubiquitination and the proteolysis 
of RelA via ECSsocs1. Recent data suggest that COMMD1 also mediates the protein 
stability of HIF-1α and ATP7B (Fig. 3). It has been well established that the ubiquitin-
proteasome system is also important to regulate ENaC-dependent sodium transport. 
Polyubiquitination or monoubiquitination of ENaC via Nedd4 enzyme, an E6-AP COOH 
terminal (Hect) containing domain, determines whether ENaC is degradated via the 26S 
proteasome or in the lysosomes, respectively [98]. These data suggest that COMMD1 
might also have a function in regulating the ubiquitination and degradation of ENaC (Fig. 
3). The interaction between different Cullin proteins and additional, as yet uncharacterized 
COMMD1-interacting proteins (unpublished data) indicates that COMMD1 may be 
involved in many unidentifi ed pathways. Together these data suggest that COMMD1 has 
a general function in controlling the stability of proteins in various cellular processes 
(Fig. 3) and more studies are needed to delineate the molecular mechanism of COMMD1 
in the different cellular pathways. We have recently generated a conditional Commd1 
knockout mouse, which will help us to translate these molecular mechanisms into the 
biological functions of Commd1.
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Figure 3
Schematic representation of the common function of COMMD1 in the degradation of a wide variety of proteins.
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Abstract

Hypoxia inducible transcription factor (HIF) is a central mediator of the response 
to acute and chronic oxygen deprivation. HIF-1 activity is regulated by prolyl 
hydroxylation (PHDs) and von-Hippel-Lindau (VHL) /Elongin dependent 
ubiquitination and proteasomal degradation. However, recently other proteins 
have been identifi ed to have an important role in HIF-1α degradation. Embryos 
defi cient for the copper toxicosis susceptibility gene COMMD1 have increased 
expression of HIF-1 target genes concomitant with increased HIF-1α stability. 
Here, we identify COMMD1 as a HIF-1α interacting protein that binds in vitro 
and in cells to the N-terminal bHLH/PAS domain of HIF-1α. COMMD1 competes 
with HIF-1β and HSP90β for binding to HIF-1α. Inhibition of HSP90, using 
17-allylaminogeldanamycin (17-AAG) abolished the increased HIF-1α stability in 
COMMD1 knock-down cells and promotes the formation of a tripartite complex 
consisting of HSP70, COMMD1 and HIF-1α. In addition, we identifi ed that 
COMMD1 promotes HIF-1α proteolysis induced by 17-AAG, thus suggesting that 
COMMD1 facilitates proteasomal degradation of HIF-1α by balancing HSP90 and 
HSP70/HIF-1α complex formation. Altogether, COMMD1 controls a non-classical 
ubiquitin independent pathway regulating HIF-1α degradation.
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Introduction
Hypoxia-inducible factors (HIFs) are master regulators of oxygen homeostasis that 
control angiogenesis, erythropoiesis, glycolysis and cell survival/proliferation through 
transcriptional activation of target genes under conditions of chronic and acute oxygen (O

2
) 

deprivation (hypoxia) [1]. In addition, HIF-1 is essential for normal mouse embryogenesis 
and plays an important role in several diseases such as cancer, cardiovascular disorders, 
stroke and pre-eclampsia [2].

HIFs are highly conserved basic-helix-loop-helix (bHLH)-PAS (Per, ARNT, SIM) 
proteins composed of a constitutively expressed β-subunit (HIF-1β or ARNT) and an 
O

2
 regulated α-subunit [3]. The bHLH and PAS domain, which are located at the N-

terminal region of HIF-1α and HIF-1β, are important for the heterodimerization of the 
subunits and binding to the DNA [4]. HIF-1α stability is regulated at the posttranslational 
level by O

2
 concentration. Under normal O

2
 tension (normoxia), HIF-1α subunits are 

continuously hydroxylated at several proline residues in the O
2
-dependent degradation 

domain (ODDD) by prolyl hydroxylases (PHDs). Prolyl hydroxylation triggers binding 
of the Von Hippel-Lindau (VHL) tumor suppressor protein to HIF-1α [5-9]. VHL acts as 
an E3 ubiquitin ligase to mediate HIFα ubiquitination and 26S proteasomal degradation 
[6, 9, 10]. As a consequence, the HIF-1α protein is extremely labile and continuously 
degraded under normoxia. Under hypoxic conditions however the activity of PHDs is 
attenuated, leading to HIF-1α stabilization. HIF-1α/β heterodimers regulate transcription 
by binding to hypoxia responsive elements (HREs) in the regulatory regions of HIF-1 
target genes [4, 11, 12].

Hypoxia is a hallmark of solid cancers and HIF-1 activity correlates with poor prognosis 
in many cancers [13, 14]. The central importance of the VHL-HIF-1 axis in suppressing 
tumor formation is underscored by the frequent loss of VHL function in sporadic renal cell 
carcinoma as well as the inherited predisposition to cancer in familial VHL syndrome [15]. 
Inhibition of HIF function is essential for the tumor suppressive role of VHL protein under 
normoxia [16]. Although canonical regulation of HIF-1 activity appears VHL-dependent, 
it has become apparent that additional pathways are involved in the regulation of basal 
HIF-1α levels in an O

2
 and VHL-independent manner [17]. Several studies have clearly 

demonstrated that the heat shock protein HSP90β is important for proper maturation and 
stability of HIF-1α [18-23]. HSP90 inhibitors such as geldanamycin derivatives (17-
AAG, 17-DMAG) induce O

2
- and ubiquitin independent degradation of HIF-1α and thus 

attenuate transcriptional activity [23-26]. Recently, Receptor of Activated protein Kinase 
C (RACK1) has also been shown to promote O

2
- and VHL-independent proteasomal 

degradation of HIF-1α [22, 27, 28]. RACK1 competes with HSP90β to bind to the PAS-B 
domain of HIF-1α that leads to ubiquitination and proteasomal degradation of HIF-1α in 
a VHL-independent fashion [22]. Although these data clearly demonstrate that HSP90β 
regulates HIF-1α levels in an O

2
-independent manner, additional data show that HSP90β 

also facilitates, together with HSP70, HIF-1α stability in an ubiquitin independent manner 
[23].The molecular basis of this process is not yet fully understood.

Recently we identifi ed COMMD1 (previously MURR1) as novel HIF-1α binding 
protein that regulates HIF-1 activity. COMMD1 defi cient mice are embryonically lethal, 
mimicking VHL defi cient embryos, and show upregulation of HIF-1 target genes [29]. 
In addition, overexpression of COMMD1 resulted in an inhibition of HIF-1 activity. By 
positional cloning, COMMD1 was found to be mutated in Bedlington terriers with copper 
toxisosis, a hepatic copper storage disorder [30-32]. In addition to regulating copper 
homeostasis, COMMD1 has a general role in controlling proteolysis, such as the NF-κB 
subunit RelA, the copper transporter ATP7B and HIF-1α proteins [33-35].

COMMD1 promotes oxygen-independent proteolysis of HIF-1α engaging the HSP70/90 axis.
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The exact mechanism how COMMD1 regulates HIF-1α stability and activity is still 
unresolved. Here we report how COMMD1 regulates HIF-1α stability in a VHL-
independent manner by competing with HSP90β for binding to HIF-1α. Our fi ndings 
suggests that COMMD1 acts directly upstream of the HSP90β/HSP70 chaperone 
regulatory axis in regulation of the HIF-1 pathway, and explain why loss of COMMD1 
attenuates O

2
-dependent proteolysis of HIF-1α, highlighting a previously unappreciated 

manner of HIF regulation.

Material and methods

Construction of expression constructs. 
All HIF-1α deletion mutants were amplifi ed from template Flag-HIF-1α [29] using the 
primers HIF-1α-1-300: forward 5`-CGGGATCCATGGAGGGCGCCGGCGGCGCGAA-
3` and reverse 5`-CGGGATCCTCAGACTTGTCCTTTAGTAAACA-3`, HIF-1α-373-
605: forward 5`-CGGGATCCCAGCTATTCACCAAAGTTGAATC-3` and reverse 
5`-CGGGATCCTCAGTTAACTTGATCCAAAGCTCTG-3`, HIF-1α-543-826 and HIF-
1α-657-826 with forward primers: 5`-CGGGATCCGACACAGAAGCAAAGAACCC-
3` and 5`-CGGGATCCCCATATAGAGATACTCAAAG-3` in combination with reverse 
primer: 5`-CGGGATCCTCAGTTAACTTGATCCAAAGCTCTG-3`. PCR products were 
subcloned into p3XFLAG-CMV™-10 expression vector (Sigma-Aldrich Co., St Louis, 
MO, USA) by using the BamHI restriction sites. Mutants for full length HIF-1α P564A 
and P564A/P402A were generated using the QuickChange® XL Site directed Mutagenesis 
Kit (Stratagene, La Jolla, CA, USA) according to the manufacturer’s protocol using the 
primers P564A forward 5`-CTTGGAGATGTTAGCTGCCTATATCCCAATGGATG-
3` and P564A reverse 5-CATCCATTGGGATATAGGCAGCTAACATCTCCAAG-3` 
and P402A forward 5`-CTTTAACTTTGCTGGCCGCAGCCGCTGGAGACAC-3` 
and P402A reverse 5`-GTGTCTCCAGCGGCTGCGGCCAGCAAAGTTAAAG-3`. 
Recombinant HIF-1α full length protein was previously described [47]. Recombinant 
HIF-1α protein aa1-300 was amplifi ed from Flag-HIF-1α with the primers: forward 
5`-CGGGATCCATGGAGGGCGCCGGCGGCGCGAA-3` and reverse 5`-GGAGCG
GCCGCGACTTGTCCTTTAGTAAACA-3`. PCR products were subcloned into 
pETλHIS [47] using the restrictions sites BamHI and NotI. All constructs were verifi ed 
by restriction and sequence analysis. Recombinant proteins are fused to both T7 and HIS6 
tags and were purifi ed with immobilized metal ion affi nity chromatography (IMAC). 
pcDNA3-Ha-VHL was kindly provided by dr. R.H. Giles (Department of Medical 
Oncology, UMC Utrecht, The Netherlands).VHL was amplifi ed from pcDNA3-Ha-VHL 
using the primers forward 5’-GGATCCGCCACCATGCCCCGGAGGGCGGAGAAC-3’ 
reverse 5’- GGTACCATCTCCCATCCGTTGATGTG-3’. The PCR product was subcloned 
into pEBB-GST by using the BamHI and KpnI restriction sites. pcDNA3.1-Ha-HSP90β 
was kindly provided by dr. D. Manor (Case Western Reserve University, Cleveland OH, 
USA), pcDNA3-HSP70 was kindly provided by dr. H. Kampinga (Department of Cell 
Biology, UMC Groningen, The Netherlands). pBM5-HIF-1β was kindly provided by 
dr. G. Semenza originating from dr. O. Hankinson’s lab [48].

Cell culture, transfections, GST-pull down assay, co-immunoprecipitation, 
and immunoblotting, ubiquitination assay.
HEK 293T and HeLa cells were cultured in Dulbecco’s modifi ed Eagle medium 
supplemented with 10% fetal bovine serum, penicillin-streptomycin, L-glutamine. Cells 
were cultured at 5% CO

2
, 20% O

2
 for normoxia and 1% O

2 
for hypoxia in an Invivo

2
 

Hypoxia Workstation 1000 (Biotrace International, UK) at 37ºC. Stable HeLa COMMD1 
knockdown cells were generated as previously described [29]. Monoclonal were selected 
by culturing on a medium supplemented with 1 μg/ml puromycin (Sigma-Aldrich). 
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For the induction of HIF-1α with desferrioxamine (DFO), cells were stimulated with 
0.1mM DFO. Linear polyethylenimine (P-PEI, Polysciences Inc, Warrington, PA, USA) 
was used for tranfections. After transfection, cells were lysed in lysis buffer (0.4 M NaCl, 
0.1% NP-40, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA) supplemented with 1 mM Na

3
VO

4
, 

protease inhibitors (Roche, Basle, Switzerland), and 10 mM dithiothreitol. Precipitations 
with glutathione-sepharose and immunoprecipitation were performed as previously 
described [29]. Ubiquitination assay was performed as previously described [49]. Cell 
line extracts representing 30 μg protein were transferred onto Hybond-P membranes as 
explained previously [29]. Immunoblots were probed with anti-COMMD1 antiserum 
(1:5,000) [50], anti-glutathione S-transferase (anti-GST) antiserum (Santa Cruz, Santa 
Cruz, CA), monoclonal antibodies anti-Flag (F1804; Sigma-Aldrich), anti-Ha (clone 
HA-7, Sigma-Aldrich), anti-β-actin (clone AC-74; Sigma-Aldrich, Zwijndrecht, The 
Netherlands), anti-VHL (IB3.B11, a gift of dr. R.H. Giles), anti-HIF-1α (clone 54; BD 
Bioscience, Alphen aan de Rijn, The Netherlands), anti-HSP70 (sc-1060, Santa Cruz), 
anti-HSP90β (SPA-843, Stressgen, Victoria, British Columbia, Canada). 
 
ELISA for direct binding of COMMD1
NUNC MAXISORP (NUNC, Roskilde, Denmark) plates were absorbed O/N at 4°C with 
1mM 100 μl per well of HIS6-purifi ed recombinant proteins: Full length and HIF-1α, 
aa1-300. Wells were blocked with 2% BSA in PBS/0.1% Tween-20 (BSAT) for 2hrs 
in a TERMOstar incubator (BMG LABTECH, Offenburg, Germany) shaking at 25°C. 
All following incubation steps were performed under similar conditions. Next, after two 
washes, the wells were incubated with either 100μl 62.5nM COMMD1-MBP or MBP 
in BSAT for 1 hr [50]. Wells were washed 3 times with PBST (PBS, 0.1% Tween-20) 
and incubated with a rabbit anti-COMMD1 (1:2000) in BSAT for 1hr min, and washed 
3 times with PBST followed by incubation with HRP conjugated goat anti-rabbit IgG 
(H+L) antibodies (1:5000, BioRad) in BSAT for 30 min. The plates were washed 5 times 
with PBST and 1 time with PBS, followed by staining using ImmunoPure TMB Substrate 
kit (Pierce) according to the manufacturer’s instructions. The signal intensities were 
measured using an ELISA reader (BioRad, Hercules, CA, USA) at 450 nm. Binding of 
the proteins is expressed as absorbance at 450nm. MBP signals were subtracted from 
MBP-COMMD1 signals. Data represents the mean of duplicate experiments.

Results

COMMD1 directly interacts with the HIF-1α PAS domain.
We previously demonstrated that COMMD1 physically interacts with HIF-1α and that 
loss of COMMD1 is associated with increased HIF-1α protein stability in vivo and in 
vitro. To further defi ne the role of COMMD1 in HIF-1α regulation we generated stable 
HeLa COMMD1 knock down by transfection of pSuper–shRNA as described previously 
[29]. This cell line and a control HeLa cell line were cultured for 18h at 1% O

2
, which 

resulted in comparable HIF-1α protein stabilization in both cell lines (Figure 1A). Upon 
reoxygenation (ambient O

2
) HIF-1α levels decreased in both cell lines but in COMMD1 

knock down cells the rate of HIF-1α degradation was markedly reduced. After 5 min of 
normoxic exposure high levels of HIF-1α were still detectable in COMMD1 knockdown 
cells whereas in control cells HIF was undetectable. These fi ndings are in line with the 
data shown with the HEK 293T cell lines [29] and corroborate that COMMD1 defi ciency 
improves HIF-1α stability, and suggests this may be a more general phenomenon.

To understand how COMMD1 regulates HIF-1α stability we investigated the interaction 
domain of COMMD1 with HIF-1α. We co-expressed GST-fusion proteins of full 
length and truncated COMMD1 proteins with HIF-1α Flag in HEK 293T cells. GST 
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pull down from lysates and immunoblotting for Flag-tagged HIF-1α demonstrated that 
exon 2, which encodes a large part of the COMM domain, was necessary and suffi cient 
for robust interaction with HIF-1α, which was almost completely abrogated in ∆exon2 
COMMD1 proteins (Figure 1B). Since HIF-1α contains multiple functional domains, 
which are associated with protein stability, transcriptional activity, hetero-dimerization 
or DNA binding, we determined the domain of HIF-1α that is essential for COMMD1 
interaction. To address this, we performed the reciprocal experiment by expressing 
HIF-1α deletion constructs with COMMD1-GST in HEK 293T cells. The presence 
of HIF-1α deletion constructs in the precipitates was determined by immunoblotting 

Figure 1 COMMD1 mediates HIF-1α protein stability via a direct binding to the N-terminal of HIF-1α 
(A) The stability of HIF-1α protein was determined in HeLa COMMD1 knockdown (KD) and control (EV) cells by immunoblotting. 
After oxygen-depletion (1% O

2
) for 8 hours the cells were reoxygenized (20% O

2
) for the indicated times. Asterisks indicate 

high-molecular mass-proteins detected by anti-HIF-1α antibody. β-actin expression was used as a loading control (WB, Western 
blot) (B) Glutahione-sepharose precipiations using HEK 293T whole cell lysates expressing COMMD1-ex1-2-3-GST, COMMD1-
ex1-2-GST, COMMD1-ex1-3-GST, COMMD1-2-3-GST, COMMD1-ex2-GST, Flag-HIF-1α, or GST. (C) HEK 293T cells were 
transfected with cDNA constructs encoding COMMD1-GST, GST, Flag-HIF-1α(1-300), Flag-HIF-1α(373-605), HIF-1α(543-
826), or HIF-1α(657-826), prior to glutahione-sepharose precipitations as described in Figure 1. (D) Recombinant COMMD-
1-MBP (62.5 nM) or MBP was incubated with immobilized recombinant HIF-1α full-length (FL), HIF-1α fragment (1-300), or 
uncoated plates. Background interaction of MBP alone was subtracted from the observed binding between COMMD1-MBP and 
HIF-1α full-length, fragment (1-300), or uncoated. Binding of the proteins is expressed as absorbance at 450nm. Data represents 
the mean of duplicate experiments.
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using anti-Flag antibody. As shown in Figure 1C COMMD1 is capable to bind to the 
N-terminal (amino acids (aa) 1-300) region of HIF-1α, which contains the bHLH 
and PASA/B domains, which are involved in HIF-1β heterodimerization and DNA 
binding [36]. No binding was observed between COMMD1 and HIF-1α fragments 
containing only the transactivation domains (C-and N-TAD) (aa543-826, aa657-826) 
or ODDD (aa373-605). To determine whether the interaction of COMMD1 to HIF-1α 
is direct we purifi ed recombinant COMMD1, full-length (aa1-826) or aa1-300 HIF-1α, 
which were used in a solid-phase ELISA binding assay. Using 62.5 nM of COMMD1, 
a clear binding with recombinant HIF-1α was observed with either full length or aa1-300 
(Figure 1D). 

COMMD1-VHL interaction does not promote the ubiquitination of HIF-1α. 
Recently, it has been shown that COMMD1 promotes the ubiquitination of RelA via E3 
ubiquitin ligase complex ECSSOCS1 [33]. Since the ECSSOCS1 is very similar to the VHL-E3 
ubiquitin ligase complex regulating proteasomal degradation of HIF-1α, we investigated 
whether COMMD1 also interacts with VHL as shown for SOCS1. GST-pull down 
studies were performed using lysates from HEK 293T cells co-expressing COMMD1-
GST and VHL-Ha. VHL was clearly detected in COMMD1-GST samples precipitated 
by glutathione sepharose but not in precipitates from cells co-expressing GST and 
VHL-Ha (Figure 2A). Association of COMMD1 with VHL was also seen in GST-pull 
downs using lysates from cells expressing VHL-GST and COMMD1-Flag but not in 
cells expressing GST and COMMD1-Flag, confi rming the physical association between 

VHL and COMMD1 (Figure 2A). Moreover in non-transfected cells, endogenous 
COMMD1 and VHL also co-immunoprecipitated (Figure 2B). To investigate whether 
the binding between COMMD1 and HIF-1α was dependent on VHL we co-expressed 
COMMD1-GST with Flag-HIF-1α in a VHL-defi cient doxycycline-inducible VHL-
expressing renal carcinoma cell line (KC12 TR/VHL-line, [37]. We found that COMMD1 
and HIF-1α proteins interacted similarly both in the presence and absence of VHL 
(Figure 2C).

Figure 2. COMMD1 is associated with VHL 
(A) Glutahione-sepharose precipiations using lysates of HEK 293T cells expressing VHL-Ha, GST, COMMD1-GST, COMMD1-
Flag or VHL-GST. (B) Endogenous COMMD1 immunoprecipitation using HEK 293T whole cell lysates. (C) Glutahione-sepharose 
precipiations using whole cell lysates of doxycycline-inducible VHL-expressing renal carcinoma cell line expressing Flag-HIF-1α, 
COMMD1-GST or GST in the presence (+) or absence (-) of doxycycline (DOX). All precipitates were washed, separated by 
SDS-PAGE, and imunnoblotted as indicated. Input indicates direct analysis of cell lysates, Ig, immunoglobulin. Sizes of molecular 
markers are given in kDa on the left. 
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It has been demonstrated that VHL binds and ubiquitinates HIF-1α at the oxygen-dependent 
degradation domain (ODDD). Since COMMD1 interacts with VHL we examined the 
effect of COMMD1 expression on the ubiquitination of HIF-1α. We observed that 
overexpression of COMMD1 did not result in an increase in the ubiquitination of the 
ODDD of HIF-1α as was observed for cells overexpressing VHL (Figure S1). Similar 
results were obtained when full-length HIF-1α was used instead of HIF-1-ODDD (data 
not shown). These data show that COMMD1 mediates HIF-1α proteolysis but does not 
promote the ubiquitination of HIF-1α. 

COMMD1/HIF-1α binding is oxygen-dependent but hydroxyl-independent
To further characterize the binding of COMMD1 to HIF-1α we investigated whether 
O

2
 and/or proline hydroxylation affects the interaction between COMMD1 and HIF-1α. 

Proline hydroxylation of residues 402 and 564 is essential for the O
2
-dependent interaction 

between VHL and HIF-1α [38]. As expected, under hypoxic conditions binding of VHL 
with HIF-1α is reduced in transfected cells (Figure 3A). Similar results were obtained 
using desferrioxamine (DFO), an iron chelator, which reduces the proline hydroxylation 
of HIF-1α via inhibiting PHD activity (Figure 3A). Using HEK 293T cells co-expressing 
COMMD1-GST and Flag-HIF-1α we investigated whether DFO or hypoxia (1% O

2
) 

affects the binding of COMMD1 to HIF-1α. As shown in Figure 3B the interaction between 
HIF-1α and COMMD1 was clearly reduced under hypoxia compared to normoxia but not 
in the presence of DFO suggesting that PHD activity is not essential for the COMMD1-
HIF-1α interaction in cells. To directly address whether HIF-1α prolyl hydroxylation 
is involved in this interaction we co-expressed COMMD1-GST with a hydroxylation-
defi cient mutant HIF-1α containing a single or double proline-to alanine substitution 

Figure 3. The interaction between COMMD1 and HIF-1α is 
oxygen-dependent.
(A) HEK 293T cells expressing Ha-VHL and Flag-HIF-1α were cultured under 
normoxia (20% O

2
), hypoxia (1% O

2
, 8 hr) or treated with DFO (0,1mM, 8 hr), prior 

to immunoprecipiations using anti-Ha antibody. (B) HEK 293T cells expressing 
COMMD1-GST, GST or Flag-HIF-1α were cultured under normoxia (20% O

2
), 

hypoxia (1% O
2
, 8 hr) or treated with DFO (0,1mM, 8 hr), prior to glutahione-

sepharose precipitations. (C) Glutahione-sepharose precipiations using HEK 293T 
whole cell lysates expressing COMMD1-GST, HIF-1α, HIF-1α (P564A) or HIF-1α 
(P402A/P564A) were performed as described for Figure 1. (D) HEK 293T cell were 
transfected with COMMD1-Ha, Flag-HIF-1α and with or without ARNT. Whole 
cell lysates were used for immunoprecipiation using anti-Flag antibody. Whole cell 
lysates and immunoprecipitates were subjected to western blot analysis.
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P564A or P402A/P564A, respectively. Proline to alanine substitutions however did not 
affect the binding between COMMD1 and HIF-1α (Figure 3C). Recent fi ndings showed 
that the interaction between HIF-1β and HIF-1α increases upon O

2
 deprivation [20]. Since 

COMMD1 binds to the N-terminus of HIF-1α where HIF-1β interacts we investigated 
if elevated levels of HIF-1β affect the binding between COMMD1 and HIF-1α. We co-
expressed COMMD1-Ha and Flag-HIF-1α with or without exogenous HIF-1β (ARNT) 
and studied the interaction between COMMD1 and HIF-1α by co-immunoprecipation 
using anti-Flag. As shown in Figure 3D HIF-1β co-transfection diminished the interaction 
between COMMD1 and HIF-1α. Taken together, these data show that COMMD1 binds 
to HIF-1α in an O

2
-dependent manner albeit independent of the prolyl hydroxylation but 

dependent of HIF-1β.

Figure 4. HSP90β competes with COMMD1 for binding to HIF-1α.
(A). HEK 293T cells were transfected with cDNA constructs encoding COMMD1-Ha, Flag-HIF-1α, or Ha-HSP90β with increase 
amounts of plasmid DNA as indicated. Whole cell lysates were used for immunoprecipiations using anti-Flag antibody. Whole 
cell lysates and immunoprecipitates were subjected to western blot analysis. (B) Anti-Flag immunprecipitations using HEK 293T 
whole cells lysates expressing Ha-HSP90β, COMMD1-Ha, Flag-HIF-1α. Prior to cell lysis and immunoprecipitations cells were 
treated with vehicle, 17-AAG (2 μM, 8 hr), or MG132 (5 μM, 8hr) as indicated. (C) Cells were cotransfected with Ha-HSP90β, 
COMMD1-Ha, Flag-HIF-1α and treated with MG132 (5 μM, 8hr). Whole cell lysates were subjected to immunprecipations with 
anti-Flag antibody. (D) HEK 293T whole cells lysates expressing Ha-HSP90β, COMMD1-Ha, Flag-HIF-1α (P402A/P564A) were 
used for immunprecipations with anti-Flag antibody. Prior to cell lysis and immunoprecipitation cells were treated with vehicle, 
17-AAG (2 μM, 8 hr) and MG132 (5 μM, 8hr).
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HSP90 competes with COMMD1 for binding to HIF-1α 
Recent studies demonstrated that HSP90β binds to the N-terminal region of HIF-1α and 
is essential for HIF-1α stability. Since both proteins bind to same region we examined 
the interaction between HIF-1α and COMMD1 in relation to HSP90β levels. COMMD1-
HA and Flag-HIF-1α were transfected in HEK 293T cells in the presence of increasing 
amounts of HA-HSP90β. COMMD1-HA co-immunoprecipitated by anti-Flag antibody 
under all conditions, but the level of COMMD1-HIF-1 binding gradually decreased 
with increasing HSP90β levels (Figure 4A). Next we investigated whether the affect 
of HSP90β on HIF-1α-COMMD1 binding could be reversed using a HSP90 specifi c 
inhibitor 17-Allylamino-17-demethoxygeldanamycin (17-AAG), which interferes with 
HSP90 activity. As shown in Figure 4B, the competition between HSP90β and COMMD1 
for HIF-1α binding could be prevented by 17-AAG (2 μM for 8h). Moreover in 17-AAG 
treated cells we observed enhanced COMMD1 and HIF-1α binding compared to untreated 
cells or cells not expressing HSP90β. This interaction was even more pronounced 
when the cells were treated with the proteasome inhibitor MG132 and 17-AAG under 
conditions where the levels of HIF-1α, COMMD1and HSP90β were unaffected (Figure 
3B). Conversely overexpression of COMMD1 also decreased co-immunoprecipitation of 
HSP90β with HIF-1α in the presence of MG132 (5μM for 8 hr) but to a lesser extent as 
shown for the effect of HSP90 expression on COMMD1 binding to HIF-1α (Figure 4C). 
Similar results were obtained with the hydroxy-prolyl HIF-1α mutant (P402A/P564A), 
where HSP90β decreased binding of COMMD1 to HIF-1α. Also this interaction was 
completely abrogated in the presence of 17-AAG (Figure 4D). These results indicate that 
the binding of COMMD1 to HIF-1α is competed by active HSP90β in a dose-dependent 
manner. In addition, this competition is independent of prolyl hydroxylation and VHL-
mediated ubiquitination of HIF-1α. 

Figure 5. Increased HIF-1α stability in COMMD1 knockdown cells is dependent on active HSP90β.
The stability of HIF-1α protein, in the absence (A) or presence of 17-AAG (B) was determined in HeLa COMMD1 knockdown 
(KD) and control cells (EV) by immunoblotting. After culturing the cells under normoxic conditions (20% O

2
) cells were treated 

with 2 μM 17-AAG for 4 hr prior exposing to 1% O
2
 for the indicated times. HSP90β expression was determined and β-actin 

expression was used as a loading control. This experiment was repeated for three times with similar results.
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COMMD1 regulates HIF-1α stability in an HSP90-dependent manner 
We previously demonstrated that decreased COMMD1 expression results in diminished 
proteasomal degradation of HIF-1α (Figure 1A [29]). To decipher how COMMD1 affects 
the HIF-1α stability we investigated the dynamics of HIF-1α regulation at several time-
points after O

2
 deprivation in control or COMMD1 knock down cells. These cells, cultured 

under normoxia (20% O
2
), were exposed to hypoxia (1% O

2
) after removal of the culture 

medium to obtain rapid deoxygenation. Upon O
2
 deprivation the level of HIF-1α rapidly 

increased in both cell lines in a time dependent fashion (Figure 5A). However, HIF-
1α levels in COMMD1 silenced cells were consistently several fold higher at all time-
points than in control cells (Figure 5A). Since HSP90β is essential for HIF-1α protein 
stability and competes with COMMD1 for HIF-1α binding we studied whether inhibition 
of active HSP90β could counteract the increased HIF-1α stability in cells with silenced 
COMMD1. HeLa COMMD1 knock down cells and control cells were pretreated with 2 
μM 17-AAG for 4 hours before the cells were exposed to 1% O

2
. Similar to Figure 5A, 

deoxygenation raised HIF-1α levels in both cell lines in a time dependent manner (Figure 
5B). However 17-AAG clearly suppressed HIF-1α levels in COMMD1 knockdown cells 
compared to untreated cells (Figure 5B). Interestingly, under these conditions no apparent 
effect of 17-AAG on HIF-1α expression was seen in the control cell line, whereas in both 
cell lines similar HSP90β expression was observed. 

Figure 6. COMMD1 overexpression decreased HIF-1α stability in a HSP90-dependent manner.
HEK 293T stably overexpressing COMMD1-Flag (OV) and control cells (EV) (A) were transfected with Flag-HIF-1α (P402A/
P564A). Cells were untreated (A) or untreated with 17-AAG (2 μM) (B) and CHX (40μg/ml) was added to the cells. HIF-1α levels 
were determined by western blot analysis. Bands were quantifi ed by densitometry using Quantity One (Bio-Rad) to calculate the 
approximate half-life values of HIF-1α (P402A/P564A). The data represent three experiments with comparable results. 
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To further examine the function of COMMD1 in HSP90-dependent HIF-1α stability we 
generated HEK 293T cells stably overexpressing COMMD1-Flag (Figure 6A). HEK-
293- COMMD1 cells expressed approximately 3.5 fold higher COMMD1 levels than 
control cells. The endogenous COMMD1 protein was repressed in HEK293-COMMD1-
Flag cells (Figure 6A). Since HSP90 regulates HIF-1α stability in an O

2
- and VHL-

independent manner we expressed Flag-HIF-1α (P402A/P564A) in both cell lines in the 
presence or absence of 17-AAG. After the addition of cyclohexamide (CHX), to block 
new protein synthesis, we assessed whether COMMD1 overexpression resulted in a 
decrease of HIF-1α levels. In the absence of 17-AAG no clear difference on HIF-1α 
stability could be detected between COMMD1 overexpression and control HEK 293T 
cells. In the presence of 17-AAG the half-life of HIF-1α was reduced in control cells and 
COMMD1 overexpression cells (Figure 6B). However, inhibition of HSP90 in COMMD1 
overexpression cells signifi cantly further decreased the half-life of HIF-1α by 1.5 fold 
(Figure 6B). The fact that HIF-1α stability in COMMD1 overexpression cells was only 
observed with concurrent inhibition of HSP90 by 17-AAG may be explained by the high 
concentration of endogenous cellular HSP90 in the presence of only modest COMMD1 
overexpression, which was insuffi cient to compete. Altogether, these data show that 
COMMD1 mediates HIF-1α stability and suggest that its role in HIF-1α stability is 
dependent on HSP90 activity in a VHL-independent manner. 

COMMD1 forms a tripartite complex with HSP70 and HIF-1α. 
Recent studies showed that the heat shock protein HSP70 binds to the ODDD of HIF-
1α in an HSP90β-dependent manner. It has been suggested that HSP70 facilitates the 
proteolysis of misfolded and immature HIF-1α after inhibition of HSP90 activity [23]. 
Inhibition of HSP90 enhances the interaction between HIF-1α and HSP70 (Figure 7A) 

Figure 7. COMMD1 forms a tripartite complex with HSP70 and HIF-1α.
(A) HEK 293T whole cells lysates expressing HSP70 and Flag-HIF-1α were 
used for anti-Flag immunprecipitations. Prior to cell lysis cells were treated 
with vehicle or 17-AAG (2 μM, 8 hr) as indicated. (B) HEK 293T cells were 
transfected with plasmids encoding HSP70, COMMD1-Ha and Flag-HIF-1α. 
Lysates of cells, which were treated with 17-AAG (2 μM, 8 hr), were used for 
sequential immunoprecipiations. Anti-Flag precipitates were eluted with Flag-
peptides and eluates were used for immunoprecipitation using anti-Ha. Whole 
cell lysates, supernatant and immunoprecipitates were subjected to western blot 
analysis.
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Figure 8. Schematic representation of the mechanism of COMMD1-associated HIF-1α degradation. 
Under normoxic conditions newly synthesized HIF-1α binds to HSP70 and HSP90 for proper maturation but it is immediately 
degradated by the 26S proteasome after it has been hydroxylated and ubiquitinated. Under hypoxic conditions HIF-1α is not 
subjected to hydroxyl- and ubiquitin- dependent degradation and heterodimerizes with ARNT, and binds to hypoxia response 
element (HRE) DNA sequences for transcriptional activation. Upon reoxygenation HIF-1α dissociates from ARNT and is targeted 
for proteasomal degradation. Inactivation of HSP90 (e.g. using 17-AAG or TSA) leads to incorrect folding of HIF-1α and the 
formation of a heterocomplex consisting of HSP70 and COMMD1, and targeting for 20S proteasomal degradation. In this study we 
suggest that COMMD1 facilitates the proteasomal degradation of HIF-1α independent of oxygen, PHD and VHL.

COMMD1 promotes oxygen-independent proteolysis of HIF-1α engaging the HSP70/90 axis.

similar as we demonstrated for COMMD1 (Figure 4B,D) this prompted us to investigate 
whether HSP70 and COMMD1 are in a trimeric complex with HIF-1α. To address this we 
sequentially immunoprecipitated Flag-HIF-1α from cell lysates, which were treated with 
17-AAG and MG132 to block HSP90 activity and proteasome prior to cell lysis. These 
cells co-expressed Flag-HIF-1α, HSP70 and COMMD1-Ha. Flag-immunoprecipitates 
were eluted with fl ag peptide and subsequently re-immunoprecipitated with anti-Ha to 
precipitate COMMD1. As shown in Figure 7B, HSP70 could be found in complex with 
COMMD1 only in the presence of HIF-1α. Although HSP70 and HIF-1α could still be 
detected in supernatant of sequential precipitates these data show that COMMD1 can 
form a tripartite complex with HIF-1α and HSP70. Based on these results we hypothesize 
that COMMD1 assists, in complex with HSP70, in the O

2
-independent proteolysis of 

HIF-1α (Figure 8).

Discussion
COMMD1 was identifi ed as the gene affected in copper toxicosis in Bedlington terriers 
[31]. However, COMMD1 mediates a wide variety of cellular processes through different 
protein-protein interactions [34]. We recently identifi ed COMMD1 as a novel protein in 
mediating HIF-1 activity and HIF-1α stability. Embryos defi cient for Commd1 mimic 
Vhl-defi cient embryos and have transcriptional upregulation of HIF-1 target genes with 
corresponding HIF-1α stability [29]. Here we show that COMMD1 binds directly to HIF-
1α and has a crucial role in regulating HIF-1α stability, both in an O

2
-dependent and 

independent manner.
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The well known regulator of HIF-1α stability is the E3 ubiquitin ligase complex VHL-
ElonginB/C-Cullin 2 (VBC) [1, 10]. The composition of this complex is very similar 
to the COMMD1-associated E3 ubiquitin ligase complex ECSSOCS1 that mediates the 
ubiquitination and proteasomal degradation of the NF-kB subunit RelA [39-42]. Although 
COMMD1 and VHL interact (Figure 2B,C) this does not lead to increased ubiquitination 
of HIF-1α (Figure S1). These data are in agreement with our fi nding that COMMD1 
silencing leads to a decrease in O

2
-dependent HIF-1α degradation but not in a reduced 

HIF-1α ubiquitination (Figure 1A, [29]). Furthermore the binding between COMMD1-
VHL is not required for its role in regulating HIF-1α activity described here. COMMD1 
and VHL bind to different domains of HIF-1α, the bHLH/PAS domain and ODDD domain, 
respectively. The bHLH/PAS domain of HIF-1α has a pivotal role in HIF-1 signaling 
[3]. Proteins such as ARNT, HSP90β and RACK1, compete for binding to this region 
to regulate HIF-1α stability and/or HIF-1 activity. RACK1 competes with HSP90β for 
binding to HIF-1α and mediates the ubiquitination and proteasomal degradation of HIF-
1α in a PHD/VHL- and O

2
-independent fashion by recruiting the Elongin C-ubiquitin 

ligase complex [22]. Although RACK1 and COMMD1 bind to a similar domain on HIF-
1α we could not demonstrate competition between RACK1 and COMMD1 for HIF-1α 
binding (data not shown). Furthermore, COMMD1 overexpression or silencing does not 
affect HIF-1α ubiquitination excluding involvement of COMMD1 in RACK1-mediated 
HIF-1α ubiquitination. These data implicate that COMMD1 does not promote the 
ubiquitination of HIF-1α via the E3 ubiquitin ligase complexes consisting of either VHL 
or RACK1 and facilitates HIF-1α proteolysis in an alternative pathway. Moreover, these 
results demonstrate that the regulatory role of COMMD1 in HIF-1 signaling is dissimilar 
to that described for RelA [33].

Interestingly, interaction between COMMD1 and HIF-1α attenuates under hypoxia, 
similar to HSP90β-HIF-1α interaction [43]. In this study we identifi ed that both 
COMMD1 and HSP90β bind to the same region of HIF-1α by using a competition assay 
with HSP90β. Increased HSP90β levels almost completely abrogated the interaction 
of COMMD1 with HIF-1α but could be restored upon pharmacological inhibition of 
HSP90β with 17-AAG (Figure 4). HSP90β is associated with HIF-1α and is necessary for 
proper maturation of HIF-1α under normoxic and hypoxic conditions. Direct inhibition 
of HSP90β, with geldanamycin, 17-AAG or 17-DMAG [25, 43], or indirect inhibition 
of HSP90β with histone deacetylase inhibitors [23, 26] induces ubiquitin-independent 
degradation of HIF-1α in addition to ubiquitin-dependent degradation via RACK1. 
It has been suggested that in an ubiquitin-independent fashion, HSP70 assists HIF-1α 
for 20S proteasomal degradation upon inhibition of HSP90 [23]. HSP70 interacts with 
the ODDD of HIF-1α [19, 23] and a HSP70/HIF-1α complex is formed upon HSP90 
inhibition. Here we show that the rate 17-AAG induced-degradation of HIF-1α depends 
on COMMD1 in a PHD/VHL/ubiquitin-independent manner (Figure 6). Furthermore, we 
show that COMMD1 is in a complex with HSP70 and HIF-1α, destined for degradation 
suggesting that COMMD1 acts in concert with HSP70 to facilitate HIF-1α proteolysis. 
Finally, the observation that 17-AAG counteracts the increased HIF-1α stability in 
COMMD1 knockdown cells (Figure 5) implicates COMMD1 in HSP90-dependent 
degradation of HIF-1α. It has been shown that the proteins such as Bag1 and CHIP are 
involved in HSP90/HSP70 pathway and mediate the ubiquitination of misfolded proteins 
for proteasomal degradation. It has been suggested that CHIP also participates in the 
transport of ubiquitinated proteins to the proteasome [44]. The Tat-binding protein-1 
(TB1), a component of the 19S proteasome, assists VHL-dependent HIF-1α degradation 
[45]. The mechanism how proteins are targeted and/or transported to the proteasome in 
an ubiquitin-independent manner is not completely resolved yet. Although HIF-1α can 
bind to the 20S proteasome subunit PMSA7 [46] it is not clear whether this is a direct 
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process or facilitated by other proteins, in addition to HSP70. Based on our observation 
that COMMD1 can interact with the 20S proteasome (data not shown) one can speculate 
for a direct role of COMMD1 in the transport of HIF-1α to the proteasome.

Of interest, the binding of COMMD1 with HIF-1α under hypoxia was clearly reduced 
compared to normoxic conditions (Figure 3B) independent of prolyl hydroxylation. 
Katschinski and colleagues demonstrated an increased binding between HIF-1β and HIF-
1α during hypoxia [20]. HIF-1β and HSP90β also compete for binding to the HIF-1α 
PAS domain to regulate HIF-1α stability and activity [18, 20]. In a similar manner as 
described for HSP90β, HIF-1β overexpression displaces COMMD1 from HIF-1α (Figure 
3C). Based on these data we propose that COMMD1 competes with HIF-1β and HSP90β 
to mediate the transition of HIF-1α stabilization and activation to degradation depending 
on the physiological condition (Figure 8). Further studies are needed to elucidate the 
exact mechanism and conditions by which COMMD1 assists HIF-1α proteolysis. 
Interestingly, we have shown that COMMD1 is also implicated in the proteolysis of 
the copper transporting p-type ATPase ATP7B [35]. This study established a stronger 
binding between COMMD1 and ATP7B mutants that are associated with mis-localization 
and protein instability than compared to wild-type ATP7B. It has been postulated that 
COMMD1 is involved in the quality control of protein folding of new synthesized ATP7B 
proteins. Whether HSP70 and HSP90β together with COMMD1 are also required for 
correct folding and localization of ATP7B remains to be elucidated. 

Taken together, this study indicates that COMMD1, together with HSP70, contribute to 
the proteasomal degradation of HIF-1α in an HSP90β-dependent manner. We hypothesize 
that COMMD1 facilitates the proteolysis of HIF-1α under conditions of HIF-1α with 
reduced HSP90β and/or those with loss of binding of HIF-1β to the PAS domain (Figure 
8) in a PHD/VHL-independent manner. In addition, these data show for the fi rst time that 
COMMD1 controls a non-classical ubiquitin independent pathway regulating HIF-1α 
degradation. Further elucidation of this regulatory pathway may reveal new opportunities 
for targeting HIF-1 activity in mammalian diseases.
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Abstract

Hypoxia triggers the transcription of genes responsible for cell survival via 
the key player transcription factor Hypoxia-Inducible factor 1alpha (HIF-1α). 
Overexpression of this protein has been implicated in cardiovascular disorders, 
carcinogenesis and cancer progression. For functional and diagnostic studies on 
the HIF-1α protein we have identifi ed single-domain antibody fragments directed 
against this protein using a llama-derived non-immune phage display library. This 
library displays the variable domains of the heavy-chain antibody subclass, found 
in these animals. Phage display selection with six recombinant HIF-1α proteins 
yielded fi ve different antibody fragments. By epitope-mapping we show that all 
fi ve antibody fragments bind within the functionally important oxygen-dependent 
degradation domain of the HIF-1α protein. Two of these antibody fragments 
were engineered into bivalent antibodies that were able to detect human HIF-1α 
by immunohistochemistry, Western blotting and immunoprecipitation and mouse 
HIF-1α by immunofl uorescence and immunoprecipitation. These are the fi rst single-
domain antibody fragments that may be used in exploration of HIF-1α as a possible 
therapeutic target through molecular applications.
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Introduction
The half-life of Hypoxia Inducible Factor-1alpha protein (HIF-1α) is regulated by a 
sophisticated system of degradation, which involves binding to the von Hippel-Lindau tumor 
suppressor protein (pVHL), controlled by prolyl hydroxylases. During hypoxia HIF-1α forms 
a complex with HIF-1β resulting in an active HIF-1 transcription activation complex. Genes 
that contain a specifi c Hypoxia Responsive Elements (HRE) in their promoter sequences are 
activated during hypoxia in a HIF-1α dependent way. In order to secure cell survival, these 
hypoxia responsive target genes are triggered to regulate metabolic adaptation to compensate 
for the reduced oxygen levels [1]. This metabolic adaptation allows tumors, that reach a 
certain size and therefore outgrow their blood supply, to continue thriving with subsequent 
tumor progression and unfavorable outcome for the patient [2, 3]. High HIF-1α expression 
plays a role in ischemic heart disease and different types of cancer [4, 5], where HIF-1α is 
considered to be a potential target for therapy [6-10]. We have shown the involvement of 
HIF-1α in breast carcinogenesis [11], and in drug resistance [12]. Furthermore, we have 
shown that high HIF-1α expression [13], especially of the perinecrotic type [14] correlates 
with bad prognosis. This latter fi nding has recently been confi rmed by Dales et al. in 745 
breast cancer tissue samples [15]. Studies on the role of HIF-1α are however, hampered by 
the small range of available antibodies. In this study we have identifi ed a set of llama heavy-
chain antibody-derived, variable single-domain antibody fragments, also referred to as VHH 
[16-18], against both human and mouse HIF-1α. These VHH are the smallest naturally 
occurring intact soluble antigen-binding units with a molecular weight about ~15kDa [16]. 
VHH are stable at high temperatures [19, 20], can bind antigen in high salt concentrations 
[21, 22], cripple intracellular viral replication [23], block enzymatic activity [24], are able 
to pass the blood-brain barrier [25], and can be used for various immunological applications 
like classical antibodies. We have selected a non-immune VHH phage display library 
against six different recombinant HIF-1α protein fragments. These fragments span across 
the human full-length HIF-1α protein (Figure 1). One of the fragments partially represents a 
described alternative, transcriptionally active, splicing product of HIF-1α: HIF-1α isoform 
2 [26]. Here we report the identifi cation of fi ve novel monoclonal anti HIF-1α VHH. These 
VHH were mapped to epitopes within the oxygen-dependent degradation domain (ODDD) 
[1, 27], that contains both target sites of prolyl hydroxylation [28, 29], essential for pVHL-
dependent proteasomal degradation of the HIF-1α protein (Figure 1). These anti HIF-1α 
VHH were engineered into higher affi nity bivalent VHH [30, 31], and validated for their use 
in several molecular techniques and histological studies.

Figure 1
Schematic representation of the recombinant HIF-1α fragments, used for selection of VHH. From top to bottom A aa1-490, B 
aa375-605, C aa543-605, D aa543-826, E aa375-455 and F aa543-736, in correspondence to the amino acid sequence of the human 
HIF-1α protein. Pro402, Lys532 and Pro564 in the ODDD (aa402-603), are the regulatory target residues. Approximate positioning 
of VHH AG1-5 recognition sites within the HIF-1α protein are shown at the top of the fi gure.
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Material and methods
Construction of prokaryotic protein production vector pET λHIS
For VHH selection strategies, a new prokaryotic protein production vector was engineered. 
This vector allows the production of recombinant proteins with an N-terminal T7 tag and 
a C-terminal HIS6 tag. The pET-28a vector (Novagen, Madison, WI, USA) was modifi ed 
for this purpose by removing the N-terminal HIS6 sequence. The rest of the original 
reading frame of pET-28a was unmodifi ed and the optional C-terminal HIS6 tag was used 
for protein purifi cation.

Synthesis of the recombinant HIF-1α fragments
PCR with primers from Sigma-Genosys Ltd. (Cambridge, UK) using pCEP4/HIF-
1alpha [32] plasmid as template, resulted in the following products: Fragment A coding 
for amino acids 1 to 490 of the human HIF-1α protein was amplifi ed using forward 
primer: 5`-CGGGATCCATGGAGGGCGCCGGCGGCGCGAA-3` and reverse 
primer 5`-GGAGCGGCCGCGGTAAAAGAAAGTTCCAGTGAC-3`. All restriction 
enzymes and buffers were purchased from Roche (Basel, Switzerland). After digestion 
with BamHI and NotI this fragment was ligated into the BamHI and NotI digested 
pETλHIS vector. Fragment B coding for amino acids 375 to 605 and fragment E coding 
for amino acids 375 to 455 of the human HIF-1α protein were amplifi ed with forward 
primer 5`-CGGGATCCCAGCTATTCACCAAAGTTGAATC-3` in combination 
with reverse primers: 5`-GGAGCGGCCGCGTTAACTTGATCCAAAGCTCTG-
3` and 5`- GGGAAGCTTGGTGGGTAATGGAGACATTGC-3`, respectively. 
Fragment C encoding for amino acids 543 to 605 and fragment D for 543 to 826 of 
the human HIF-1α protein were amplifi ed with primer combinations forward: 5`- 
CGGGATCCGACACAGAAGCAAAGAACCC-3` and with reverse primers: 5`-
GGGAAGCTTAGTCTGCTGGAATACTGTAAC-3` and: 5`-GGGAAGCTTGTTAAC
TTGATCCAAAGCTCTG-3`, respectively. The fragments were digested with 
BamHI and HindIII and cloned into a BamHI and HindIII digested pETλHIS 
vector. Fragment F codes for amino acids 543 to 736 of the HIF-1α isoform 230 
and was amplifi ed by PCR with the latter forward primer and reverse primer: 
5`GGGAAGCTTTCAAATAATTCCTACTGCTTGAAAAAG-3` The constructs were 
transformed into BL21(DE3)-RIL CodonPlus Competent cells (Stratagene, La Jolla, CA) 
for protein expression. After induction with 1mM of Isopropyl-β-D-thiogalactopyranoside 
(Sigma-Aldrich Co., St. Louis, MO) cells were lysed with Bacterial Protein Extraction 
Reagent (Pierce Co, Rockford, IL). Recombinant fragments were purifi ed with 
immobilized metal ion affi nity chromatography (IMAC). Fragments that were insoluble 
were recovered using buffers with high urea contents. The produced recombinant HIF-
1α fragments were dialyzed against PBS. Concentrations of the purifi ed fragments were 
calculated from a BSA standard range using the BCATM Protein Assay Kit (Pierce Co, 
Rockford, IL). The fragments were checked by Western blot and Coomassie staining for 
the presence of tags and their purity. A construct with BamHI restrictions sites fl anking 
full-length HIF-1α was kindly provided by prof. G. Simos [33] and cloned into pETλHIS. 
This full-length recombinant HIF-1α was also purifi ed using IMAC and used in Western 
blot experiments. An expression construct coding for amino acids 401 to 603 (ODDD) of 
the HIF-1α protein fused to the yellow fl uorescence protein (YFP) was a kind gift of dr. 
T. Brummelkamp and was used for immunoprecipitation based epitope mapping.

Selection of VHH
The library used for VHH selections is a llama-derived non-immune VHH library 
(Hermans et al., in preparation) which was kindly provided for this study by Unilever 
Research, Vlaardingen, The Netherlands. This phage display library was generated 
essentially as described before [34]. Peripheral blood lymphocytes collected from the 
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blood of 8 non-immunized llamas were used for mRNA extraction. cDNA was synthesized 
and VHH genes were PCR amplifi ed introducing appropriate restriction sites for cloning. 
Phagemids carrying the VHH genes were then transformed in TG1 E. coli and plated on 
selective plates. This resulting non-immune library with a clonal diversity of 5x109 was 
used for phage preparations. VHH selections were performed according to an optimized 
selection protocol as described by Verheesen et al., (submitted for publication) [35]. This 
protocol utilizes different modes of antigen presentation to the phage antibody library 
that favors isolation of a diverse group of VHH against the antigen. HIF-1α specifi c VHH 
were selected in two successive rounds of selection utilizing T7-tagged recombinant 
produced HIF-1α fragments. A selection round with presentation of the antigen in solution 
by capturing with a T7-tag-directed monoclonal antibody was followed by a second 
selection round were direct panning of the recombinant fragments was used. The excess 
of non-captured protein was removed by washing and the coated antigens were incubated 
with the phage-VHH library. For capturing selections, 10% normal mouse serum (NMS) 
was added to the phage incubation to reduce binding of phage-VHH to the capturing 
agent. After removal of non-binding phages by extensive washing, bound phages were 
eluted and rescued. At the end of selection procedures enrichment for the six recombinant 
HIF-1α fragments was observed. 96 wells masterplates were picked from corresponding 
second round phage outputs [36].

Screen for VHH
For each masterplate, monoclonal VHH fragments were screened for their recombinant 
HIF-1α binding ability in ELISA. To assess genetic diversity between positive clones 
they were subjected to DNA fi ngerprint analysis [36] and those with different digestion 
patterns were sequenced on an ABI3100 (Applied Biosystems Inc., Foster City, CA).

VHH production
VHH clones of interest were cultured, IPTG induced, and VHH were purifi ed from 
the periplasm using IMAC [35]. Purifi ed fractions were pooled and dialyzed to PBS. 
Concentrations of the purifi ed VHH were calculated from a BSA standard range using the 
BCATM Protein Assay Kit (Pierce Co, Rockford, IL). The purifi ed monoclonal VHH were 
stored at -20ºC for further use.

Western Blot on HeLa total cell lysate with monovalent VHH
Desferrioxamine (DFO) (Sigma) is an iron chelator that mimics the effect of hypoxia 
and stabilizes the HIF-1α protein [37]. All cell culture necessities were purchased 
from Gibco BRL (Paisley, UK). HeLa cells were grown to near confl uency in 225cm2 
cell culture fl asks and stimulated for twelve hours with 0.1mM DFO or left untreated 
before lysis in 2ml of Laemmli loading dye. Both samples were sheared with a common 
insulin syringe and 50μl was loaded onto a 6% SDS-PAGE gel for separation of the 
proteins. Proteins were transferred to a PVDF membrane (Millipore Co, Bedford, MA) 
and blots were blocked with 5% MARVEL (dried skimmed milk, Premier International 
Foods, Coolock, UK) in PBS/0.025% Tween-20 (MPBST) at room temperature for 1h 
and incubated overnight with 1μg/ml VHH in 15ml of 0.1% MPBS at 4ºC. Next, the 
membranes were washed in PBS and incubated with a HRP-conjugated mouse anti 
6xHIS monoclonal antibody (BD Biosciences, San Diego, CA) in 0.1% MPBS. ECL 
(Amersham Biosciences, Buckinghamshire, UK) was used for visualization as described 
by the manufacturer.

VHH AG1 and AG2 solid-phase competition assay
NUNC MAXISORP (NUNC, Roskilde, Denmark) plates were absorbed o/n at 4ºC with 
VHH AG1 (0.48μM) in 100μl per well in PBS. Wells were blocked with 200μl 1% 
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BSA in PBS /0.1%Tween-20 (BSAT) for one hour at 25ºC at 300 rpm in a TERMOstar 
incubator (BMG LABTECH, Offenburg, Germany). All following incubation steps were 
performed under these conditions in this incubator. A nonrelated VHH (VHH-R2), that 
kindly provided by dr. E. Dolk [38], was used as a negative control in this experiment. 
Recombinant HIF-1α fragment C (4μM) was incubated with immobilized AG1 in the 
absence or presence of increasing concentrations of AG1 or AG2 (0-17μM) in BSAT in a 
volume of 100μl 25ºC. After three rapid washes with PBST, bound recombinant HIF-1α 
fragment C was detected by incubation with HRP-conjugated mouse anti-T7 tag antibody 
in a volume of 100μl (Novagen) (1:5000 in BSAT) for 20min. followed by staining using 
the ImmunoPure TMB Substrate kit (Pierce Co) according to fabricant instructions. Data 
were corrected for binding to empty microtiter wells, which was less than 5% relative 
to binding to wells containing immobilized AG1. The signal intensities were measured 
using an ELISA reader (BioRad) at a wavelength of 450nm.

Immunoprecipitation with monovalent VHH
HeLa cells grown to near confl uence in 225cm2 cell culture fl asks were stimulated 
for twelve hours with 0.1mM DFO, or left untreated. The cells were scraped and collected 
in 2ml immunoprecipitation buffer (IPB) 40mM Tris pH 8.0, 1% Triton, 10% Glycerol, 
280mM NaCl supplemented with a protease inhibitor cocktail (Roche). Collected 
cell lysates underwent three freeze-thaw cycles and were subsequently spun down at 
14 000 rpm for 10 min. at 4ºC. 200μl supernatant of both lysates was incubated with 
1μg of VHH. Simultaneously, 1μg mouse anti 6xHIS monoclonal was bound (BD 
Biosciences, San Diego, CA) to 7.5μl protein A/G plus-agarose beads (Santa Cruz Biotech, 
Santa Cruz, CA) in 200μl IPB at 4ºC head-over-head for 1h. Antibody coated protein 
A/G beads were blocked with 1% BSA in IPB at 4ºC for 15 min. and washed once 
with IPB buffer. Next, the pre-incubated VHH containing lysates were added to the beads 
and were incubated, head-over-head, overnight at 4ºC. Beads were washed ten times with 
IPB and resolved in 50μl Laemmli loading dye. Samples were loaded onto a 6% SDS-
PAGE gel for separation of the proteins and analyzed with mouse anti-human HIF-1α 
(clone 54, BD Transduction Laboratories, San Diego, CA) and HRP conjugated goat anti 
mouse IgG + IgM (Biosource, Camarillo, CA) by Western blot. All fi ve VHH were tested 
whether binding sites were confi ned to the ODDD of the HIF-1α protein. An expression 
construct coding for the ODDD of the HIF-1α protein fused to YFP was transfected 
into HeLa cells with LipofectamineTM 2000 (Invitrogen, Carlsbad, CA) according to 
the manufacturers’ instructions. Cells were collected in IPB and immunoprecipitation 
protocol was continued as described above, replacing the 6xHIS for a mouse anti- Myc 
antibody (Invitrogen). For detection of the immunoprecipitated ODDD-YFP a rabbit 
polyclonal anti-green fl uorescent protein (anti-GFP, cross-reacts with YFP, Santa Cruz 
Biotech, Santa Cruz, CA) and HRP conjugated goat anti rabbit IgG (H+L) (BioRad, 
Hercules, CA) was used.

Western Blot with monovalent VHH against recombinant HIF-1α proteins
100ng of purifi ed full-length recombinant HIF-1α and recombinant HIF-1α fragment B 
containing the ODDD domain of HIF-1α were loaded onto a 6 respectively 12% SDSPAGE 
gel using a one slot comb. Separated proteins were transferred to a PVDF membrane. 
Blots were blocked with 5% MPBST/0.025% and incubated with 1.5μg/ml VHH in 
0.1% MPBST at 4ºC. Next, the membranes were washed in PBST and incubated with a 
mouse-anti-c-Myc monoclonal antibody (kindly provided by P.W. Hermans, Biotechnology 
Application Centre BV, Bussum, The Netherlands) and HRP-conjugated goat anti 
mouse IgG + IgM. As a positive control a HRP conjugated mouse anti 6xHIS 
monoclonal antibody was used. VHH-R2 was used as a negative control in this 
experiment.
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Determination of the VHH binding affi nity to HIF-1α
NUNC MAXISORP plates were absorbed o/n at 4ºC with 100 μl per well recombinant 
HIF-1α fragment B at a fi nal concentration of 5μg/ml in PBS. Wells were blocked with 
1% BSA in 200μl PBS /0.1%Tween-20 (BSAT) for one hour at 25ºC at 300 rpm in a 
TERMOstar incubator (BMG LABTECH). All following incubation steps were performed 
under these conditions in this incubator. VHH were incubated at various concentrations 
(0-18μM) with immobilized HIF-1α fragment B in a volume of 100μl in BSAT for 
one hour at 25ºC. After three rapid washes with PBST, bound VHH were detected by 
with HRP conjugated mouse anti-Myc antibody (Invitrogen) (1:5000 in BSAT) for 15 
min. at 25ºC. The signal intensities were measured using an ELISA reader (BioRad) at 
a wavelength of 450nm. The apparent affi nities of the interaction between VHH and 
HIF-1α were approximated from the determined concentration yielding half-maximum 
binding to HIF-1α fragment B.

Engineering of mono- and hetero-bivalent VHH
X22 is a VHH production vector for expression of c-Myc and HIS6 tagged bivalent VHH. 
The encoded bivalent VHH are fusion proteins of two VHH in tandem. The vector is 
like the described pKC6 [30] and shares the same plasmid backbone. In the X22 vector 
the NcoI site is replaced by a Sfi I site and the BstEII and NotI sites are interchanged. 
Also the X22 has an additional c-Myc tag. A two step cloning procedure was performed 
to create these bivalent VHH. The fi rst step involves cloning of the C-terminal VHH in 
the PstI and BstEII sites of X22 followed by a Sfi I and NotI cloning for introduction of 
the N-terminal VHH. To introduce a necessary PstI site VHH were amplifi ed by PCR 
with forward primers: 5`-GGGCTGCAGATGGCCCAGGTAAAGCTGGA-3`; 5`-
GGGCTGCAGATGGCCGATGTGCAGCTGGT-3` in combination with reverse primer: 
5`-CGCTTGCGGCCGCTGAGGAGACGGTGACCTG-3` using the corresponding 
library phagemid vectors as template (clones AG1 and AG2). Reading frames were 
confi rmed by sequencing. Monovalent VHH AG1 and AG2 were fused bivalent with their 
analogue hinge and an ten amino acid linker: ~AAAQVQLQMA~ instead of the described 
[30] “long hinge” linker. Purifi cation was performed as described in VHH production. 
The result was a hetero-bivalent VHH AG-1N2C-MYC that was also re-cloned into the 
X22-VSV: a bivalent VHH production vector in which the c-Myc tag was replaced for a 
VSV-G tag (AG-1N2C-VSV).

Recombinant HIF-1α fragment competition assay
Protein A/G plus-agarose beads (7μl) were coated overnight with 20μg of purifi ed hetero-
bivalent VHH AG-1N2C-MYC in 200μl IPB. Antibody coated beads were blocked with 
1% BSA-IPB at 4ºC for 15 min. DFO stimulated HeLa lysates together with quantities of 
recombinant HIF-1α protein fragments C and E were added to the coated beads, and the 
protocol was continued as described above Immunoprecipitation with monovalent VHH. 
The presence of recombinant proteins in DFO stimulated HeLa lysates was confi rmed by 
Western blotting with the HRP-conjugated mouse anti 6xHIS monoclonal after separation 
of the total lysates on a 12% SDS-PAGE gel.

Immunoprecipitation with bivalent VHH AG-1N2C-VSV
Purifi ed hetero-bivalent VHH AG-1N2C-VSV (7μg) was incubated at 4ºC head-overhead 
overnight with 7μl protein A/G plus-agarose beads in 200μl IPB. Antibody coated 
beads were blocked with 1% BSA-IPB at 4ºC. for 15 min. and washed once with IPB 
buffer before adding lysates of HeLa cells or NIH 3T3 cells and protocol was continued 
according to Immunoprecipitation with monovalent VHH. For detection of the mouse 
HIF-1α protein we used the rabbit anti mouse HIF-1α polyclonal (Novus Biologicals Inc, 
Littleton, CO) and goat anti rabbit IgG (H+L) HRP conjugated (BioRad).

Identifi cation by phage display of single-domain antibody fragments specifi c for the ODD domain in hypoxia-inducible factor 1alpha



69

Immunohistochemistry
Paraffi n embedded material from renal cell cancer was obtained from the archives of 
the Department of Pathology, UMC Utrecht. Immunohistochemistry was performed on 
4-μm thick sections. All sections were dewaxed and rehydrated. For the detection of 
HIF-1α with the hetero-bivalent VHH AG-1N2C-VSV, antigen retrieval was performed 
in sodium citrate buffer (pH 6.0) at 96ºC for 20 min. After a period of cooling down the 
sections were incubated with the primary antibody (AG-1N2C-VSV; 40ng/ml) for 60 
min. at 20ºC. This was followed by the incubation with mouse-anti-VSV monoclonal 
(dilution 1/400, Roche) for 60 min. at 20ºC. The PowerVision histostaining kit (Poly-HRP-
Goat-anti-mouse/rabbit/rat IgG, ready to use, ImmunoVision Technologies, Daly City, 
CA) was used for detection. HIF-1α staining was performed as described previously.11 
Antigen retrieval was performed for 45 min. at 96ºC in target retrieval solution (DAKO, 
Glostrup, Denmark). The primary mouse antibody (anti-HIF-1α; 1/500 dilution, clone 54, 
BD Transduction Laboratories) was incubated for 30 min. at 20ºC. The Catalyzed Signal 
Amplifi cation System (DAKO) was used for detection. All sections were developed using 
diaminobenzidine, and subsequently counterstained with haematoxylin. Before the slides 
were mounted, all sections were dehydrated in alcohol and xylene.

Immunofl uorescence microscopy
NIH 3T3 mouse fi broblast cells were cultured on glass slides using Dulbecco’s Modifi ed 
Eagle’s Medium supplemented with 10% Fetal Calf Serum, 100U/ml penicillin-
streptomycin and 100U/ml L-Glutamine at 5% CO2 and 37ºC. For the induction of HIF-
1α cells were stimulated with 0.1mM DFO for 12 hours. Slides were rinsed with PBS 
and cells were fi xed with 3.7% formaldehyde-PBS for 10 min. Cells were permeabilized 
with 0.1% Triton X-100 for 10 min. and incubated with 50mM glycine-PBS for 10 min. 
and blocked with 1% BSA-PBS for 30 min. Subsequently, the cells were incubated with 
different concentrations (2-100ng/μl) hetero-bivalent VHH AG-1N2C-MYC at RT for 
one hour followed by incubation with 0.44ng/ml mouse-anti c-Myc monoclonal and 1μg/
μl DAPI in 1% BSA-PBS at RT for 1 hour. FITC conjugated polyclonal goat-anti-mouse 
(DAKO, dilution 1/75) in 1% BSA-PBS was used for the detection. VectaShield (Vector 
Laboratories Inc, Burlinghame, CA) mounted microscope slides were assessed with 
fl uorescence microscopy (LEICA DMR, Mannheim, Leica Geosystems, Germany).

Results
Generation of recombinant HIF-1α proteins
Recombinant proteins produced from HIF-1α specifi c constructs that span across the full-
length HIF-1α protein (Figure 1) resulted in six HIF-1α fragments of expected molecular 
weight (data not shown). Fragments A, B, C, D and E were expressed with an N-terminal 
T7 and a C-terminal HIS6 tag. Fragment F was expressed from the unmodifi ed pET28a 
vector, which resulted in a recombinant protein with an N-terminal T7 and HIS6 tag. 
This fragment ends with an extra Isoleucine, to distinguish from HIF-1α isoform 2. 
Recombinant proteins B, C and E appeared in the soluble protein fraction; A, D and F 
appeared to be insoluble and were purifi ed under denaturing conditions. The integrity and 
molecular weight of these fragments was determined with Coommasie blue staining and 
on Western blot using tag specifi c antibodies. Homogeneity was >95% (data not shown). 
These purifi ed recombinant HIF-1α fragments were used for the selection of VHH from 
the phage display library.

Selections and screening for anti HIF-1α VHH
Signifi cant enrichments in phage outputs were observed after two rounds of selection 
against different HIF-1α fragments, except for fragment E. 170 ELISA positive clones for 
fragments A, B, C, D and F from selected VHH subpopulation were identifi ed. Fingerprint 
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analyses followed by sequence analyses of the VHH cDNA reading frames revealed that 
an identical VHH clone was selected against fragments B, D and F. These fragments 
contain an overlapping part of HIF-1α. This VHH was coded AG1. 

Surprisingly, from the selected phage subpopulation from the recombinant fragment C, a 
VHH with identical coding complementarity determining regions (CDR), but with different 
coding framework regions (FR), was identifi ed as AG2 (Table 1)[39]. cDNA sequences 
between AG1 and AG2 differed even more (data not shown). Identifi cation of AG2 validates 
the use of different fragments in our selection procedure. Had we used only fragment B for 
selection we would never have identifi ed VHH AG2 representing a completely different 
frame works compared to AG1 (Table 1). We are the fi rst to report selection of VHH with 
identical CDR and different FR from a non-immune VHH phage display library.

Table 1 Selected anti-HIF-1  VHH with FR1–4 and CDR1–3 

    FR1                              CDR1     FR2               CDR2 
Name
VHH                                                               52A 
    1                    22          31       36                50 | 
AG1 QVKLEESGGGLVQPGGSLRLSCAASGSIS    INAMG    WYRQAPGKQREFVA    AIT TSGSTRYANSAKG 
AG2 DVQLVESGGGLVQPGGSLRLSCAASGSIS    INAMG    WYRQAPGKQREFVA    AIT TSGSTRYANSAKG 
AG3 AVQLVDSGGGLVHPGGSLRLSCAASGSIF    INTMG    WFRQAPGKEREFVA    AISGSNGKTYYADSVLG 
AG4 QVQLVESGGGLVQPGGSLRLSCAASGSIF    INAMA    WYRQAPGKQRELVA    RIN  RDGSTYADSVKG 
AG5 EVQLVESGGGLVHPG GSLRLSCAASESIA   ASALG    WYRQIPG GRELVA    GIS SSGHTRYVDSVKG 

    FR3                                 CDR3                FR4 
Name
VHH                82ABC                   100ABCDEFGH 
    66              |                   95   |              103 
AG1 RFTISRDNAKNTVYLQMDSLIPEDTAVYYCMS    RAFDRTEPWR    DY    WGQGTQVTVSS 
AG2 RFTISRDNAKNTVYLQMNSLRPEDTAVYYCMS    RAFDRTEPWR    DY    WGQGTQVTVSS 
AG3 RSTISRDNAKSTVYLQMNSLKPEDTAVYYCAA    SGPYGSVWLTGRSYDY    WGQGTRVTVSS 
AG4 RFTISRDNAKRSVYLQMNSLKPEDTAVYYCNA    RQIISHT       EY    WGQGNQVTVSS 
AG5 RFTISRDNTENTVYLQMNSLKPEDTAVYYCRY    IGRPN         NV    WGQGTQVTVSS 

Amino-acid sequence alignment of framework 1–4 and complementarity detemining region 1–3 for the five anti-HIF-1  VHH; 

sequence numbering according to Kabat et al.[39] Shaded: different amino acids in framework 1 and 3 of VHH AG1 and AG2. 

Figure 2 VHH AG1 and AG2 compete for binding 
to HIF-1α.
Recombinant HIF-1α fragment C was incubated 
with immobilized VHH AG1 in the absence or 
presence of increasing concentrations of VHH 
AG1 and AG2. Residual binding is expressed as 
percentage of binding in the absence of competitor 
and is corrected for non-specifi c binding. VHH-R2 
was used as a negative control. Data represent the 
mean ± S.D. of three experiments.
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Competition of VHH AG1 and AG2 for binding to HIF-1α
We used a solid-phase competition assay to address the question whether or not VHH 
AG1 and AG2 can compete for binding to HIF-1α. As demonstrated in Figure 2, both 
monovalent VHH compete for binding to the recombinant fragment C. These data imply 
that AG1 and AG2 bind a similar region within HIF-1α.

Screening of anti HIF-1α VHH by immunoprecipitation
We used immunoprecipitation analysis to select for additional VHH that could recognize 
the native HIF-1α protein. This approach revealed three additional VHH that could 
recognize the native HIF-1α protein: AG3, AG4 and AG5. VHH AG5 could also, like 
AG1, be identifi ed from phage subpopulations corresponding to recombinant HIF-1α 
fragments B, D and F (Table 2). In addition, ELISA and Western blot cross-reactivity 
experiments between these VHH and the recombinant HIF-1α fragments showed that 
all fi ve novel anti HIF-1α VHH could bind to their overlapping recombinant HIF-1α 
fragments, as expected (Table 2). 

Table 2 VHH properties 

                                                                                    Detection of recombinant HIF-1  fragments 
                                                                                                                 A–F in ELISA/Western blot
VHH found in pool selected against recombinant fragment                                  
                                    A   B   C   D   E   F 
Name
VHH
AG1   BDF                           -   +   +   +   -   + 
AG2   C                             -   +   +   +   -   + 
AG3   A                             +   +   -   -   +   -
AG4   A                             +   +   -   -   +   -
AG5   BDF                           -   +   +   +   -   + 

VHH antibodies found in VHH subpopulations. Recombinant HIF-1  fragment recognition of the five VHH in ELISA and Western 

blot experiments: cross-reactivity +/- between VHH and recombinant HIF-1  fragments. 

Figure 3 Detection of HIF-1α by Western blot.
a. Western blot with monovalent VHH AG2 on non-/DFO stimulated HeLa cell lysates. An induced band representing the 
endogenous HIF-1α protein is indicated by the arrow. Remaining bands are endogenous HeLa proteins recognized by the anti 6xHIS 
antibody. Western blot with the different anti HIF-1α monovalent VHH AG1-5, negative and positive control VHH-R2/HIS6 for: 
b. recombinant HIF-1α fragment B (aa375-605) c. recombinant full length HIF-1α (aa1-826).
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VHH AG1 and AG2 detected DFO induced HIF-1α at 120kDa on Western blot (Figure 
3a and data not shown). All identifi ed VHH, could immunoprecipitate the human native 
HIF-1α and could detect recombinant HIF-1α fragment B as well as recombinant full-
length HIF-1α using Western blot analysis (Figure 3b/c).

The ODDD-YFP fusion protein was used to show that all described VHH bind specifi c to 
an epitope in the ODDD of HIF-1α. All of the VHH were able to immunoprecipitate this 
fusion protein from HeLa cells indicating that each one of those VHH recognize epitopes 
located in this domain (Figure 4). A well defi ned non-related VHH was used as a negative 
control in all of these experiments (VHH-R2) [38].

Engineering of Bivalent VHH
An additional advantage of the used phage display technique is that the coding cDNA 
sequence of the selected VHH is known. This feature makes these VHH easy to clone for 
other applications. VHH antibodies AG1 and AG2 showed a stronger signal on Western 
blot than the other selected VHH (Figure 3b/c) and had the highest affi nity (Figure 5). 

Figure 5 Apparent affi nities for 
binding of VHH to HIF-1α.
VHH were incubated with 
immobilized recombinant HIF-1α 
fragment B. Binding is expressed 
as percentage of maximum binding 
for each VHH to recombinant 
HIF-1α fragment B. The apparent 
affi nity is approximated from 
the determined concentration 
yielding half-maximum binding 
to HIF-1α. VHH-R2 is used as a 
negative control. AG1≈ 0.48μM, 
AG2≈ 0.45μM, AG3≈ 1.82μM, 
AG4≈ 4.26μM, AG5≈ 7.75μM and 
AG-1N2C-MYC≈ 0.09μM. Data 
represent the mean of duplicate 
experiments.

Figure 4 All selected VHH bind within the ODDD of the HIF-1α protein.
Immunoprecipitation from HeLa cells of an ODDD-YFP fusion protein by the different anti HIF-1α monovalent VHH AG1-5. 
As a negative control VHH-R2. All fi ve VHH recognize specifi c epitopes within the ODDD of the HIF-1α protein.
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For this reason, we selected those two VHH to be cloned as bivalent VHH. VHH were 
cloned in tandem, either with two identical VHH as mono bivalent VHH or as hetero 
bivalent VHH with combinations of different VHH. The four combinations we cloned 
were: AG1-AG1, AG2-AG2, AG1-AG2 and AG2-AG1. All bivalent VHH combinations 
were expressed in E. coli. Differences in expression levels of bivalent VHH, when isolated 
from the periplasm, were considerable. The bivalent VHH combinations with an N-
terminal AG2 produced very poor. A combination of AG1 produced fair, but a combination 
of an N-terminal AG1 and a C-terminal AG2 produced exceptional well. Both of these 
monovalent VHH recognize an identical epitope in the HIF-1α region spanning amino 
acids 543 to 605, represented in fragment C, and this combination resulted in a hetero-
bivalent VHH called AG-1N2C-MYC. For this bivalent VHH yields up to 20mg/l were 
obtained. To show the specifi city of hetero-bivalent VHH AG-1N2C-MYC for native 
HIF-1α protein, a competition experiment was performed to verify once again specifi city 
for native HIF-1α after engineering of the bivalent VHH. DFO stimulated HeLa lysates, 
with native HIF-1α, were incubated with two different recombinant fragments in an 
immunoprecipitation experiment. The fragments used were fragment E (aa375-455) and 
fragment C (aa543-605) without homology to and non-overlapping with fragment E. 
Fragment C could compete with the native HIF-1α protein for binding to the bivalent 
VHH, as expected, because monovalent VHH used for cloning of the bivalent VHH 
preferentially bind to this fragment as has been shown in previous experiments (Table 2). 
This experiment indicates specifi c binding of native HIF-1α protein with hetero-bivalent 
VHH AG-1N2C-MYC (Figure 6).

Determination of the VHH binding affi nity to HIF-1α
To study the binding capacity of the VHH to HIF-1α, the apparent affi nity was determent 
by calculation of half-maximum binding concentrations of VHH (Figure 5). The observed 
apparent affi nities were ≈ 0.48μM for AG1, 0.45μM for AG2, 1.82μM for AG3, 4.26μM 
for AG4 and 7.75μM for AG5. The hetero-bivalent VHH AG-1N2CMYC a fusion of AG1 
and AG2 had an apparent affi nity of 0.09μM. Consistent with the Western blot analysis 
(Figure 3b/c), the highest apparent affi nities are observed for VHH AG1 and AG2. In 
addition, the bivalent VHH AG-1N2C-MYC shows a fi ve fold increase of apparent 
affi nity for binding to HIF-1α as compared with the corresponding monovalent VHH.

Figure 6 Bivalent VHH AG-1N2C-MYC is specifi c for native HIF-1α.
Recombinant HIF-1α fragment C competes with native HIF-1α for binding with hetero-bivalent VHH AG-1N2C-MYC in 
immunoprecipitation of HIF-1α protein from DFO stimulated HeLa cell lysates, indicating specifi c binding to the native HIF-1α 
protein. Recombinant HIF-1α fragment E, non specifi c for bivalent AG-1N2C-MYC VHH did not compete at all with the native 
HIF-1α protein. ng: range/amount of the recombinant HIF-1α protein added a. Western blot for HIF-1α detection b. Western blot 
for recombinant proteins E and C to illustrate how much of the recombinant protein was added to the HeLa cell lysates. Combined 
panels a. and b. show that the more fragment C is added, the less native HIF-1α protein can be immunoprecipitated as addition of 
fragment E to the lysate has no effect on the immunoprecipitation.
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Optimisation of human and mouse HIF-1α protein detection with VSV-tagged 
bivalent VHH
The bivalent VHH AG-1N2C-MYC produced well in our bacterial expression system and 
is more effi cient in the interaction with HIF-1α as compared to the monovalent VHH. For 
increase of detection variety and avoidance of background signals we chose to replace 
the c-Myc tag of the bivalent VHH AG-1N2C-MYC by a VSV-G tag, which resulted in 
a hetero-bivalent VHH called AG-1N2C-VSV. This antibody could immunoprecipitate 
native human as well as mouse HIF-1α protein from DFO treated cell lysates (Figure 7).

Endogenous human HIF-1α detection by immunohistochemistry
Paraffi n embedded tumour sections of renal cell cancers that express mutant VHL 
protein and consequently high HIF-1α protein levels due to impaired proteasomal 
degradation were used to test the usefulness of hetero-bivalent VHH AG-1N2C-VSV in 
immunohistochemistry. This bivalent VHH could detect specifi c HIF-1α nuclear staining 
in these tumours similar to a positive control antibody (clone 54, BD Transduction 
Laboratories) (Figure 8a/b).

Endogenous mouse HIF-1α detection with anti HIF-1α VHH by immunofl uorescence
microscopy
We investigated whether anti HIF-1α VHH was able to recognize endogenous mouse 
HIF-1α in cultured cells with fl uorescence microscopy. Upon DFO stimulation, stabilized 
HIF-1α translocates to the nucleus and induces transcription of target genes [37]. Indeed, 
we could visualize translocation of the mouse HIF-1α protein into the nucleus in DFO 
stimulated mouse NIH 3T3 fi broblasts (Figure 8c/d). Both the monovalent VHH AG1 
and AG2 could detect a similar nuclear signal (data not shown). In agreement with the 
observed higher affi nity for HIF-1α (Figure 5) heterobivalent VHH AG-1N2C-MYC 
could be used at a lower concentration, as compared with monovalent VHH.

Discussion
Now that the human genome has been largely mapped, the next challenge will be to 
uncover the proteome. To this end, a wide range of specifi c antibodies to each protein 
is needed to detect the level, localization, splice variants and various post translational 
modifi cations that are crucial to protein function. As HIF-1α is almost exclusively post-
transcriptionally regulated, antibodies are of particular interest to study its function. In 
this manuscript we describe the generation of llama-derived antibodies for diagnostics 
and molecular research on the HIF-1α protein. Currently, available antibodies and their 
performance in certain immunological applications are mostly limited. 
Selection of VHH against HIF-1α by phage display, an important target in cardiovascular 
disease and human cancer, showed to be very successful. We identifi ed fi ve monovalent 

Figure 7 Hetero-bivalent VHH AG-1N2C-VSV 
is specifi c for the human and mouse HIF-1α 
protein.
Immunoprecipitation of the native HIF-1α protein 
from human and mouse cell lysates with hetero-
bivalent VHH AG-1N2C-VSV. a. untreated NIH 
3T3 lysate and lane b. DFO stimulated NIH 3T3 
lysates. In lane c. untreated HeLa lysates and lane 
d. DFO stimulated HeLa lysates. The band detected 
in lanes b (mouse) and d (human) corresponds to the 
induced endogenous HIF-1α protein.
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VHH able to recognize HIF-1α within the ODDD (Figure 1 and Figure 4). Some of 
these isolated VHH recognize epitopes more N-terminal on the HIF-1α protein than the 
commercial mouse monoclonal (clone 54, BD Transduction Laboratories, San Diego, 
CA) that was used. Two of the monovalent VHH (AG1 and AG2) harbour identical CDR 
topped on different FR (Table 1) and competed for binding to HIF-1α (Figure 2).

This strongly suggests that both VHH recognize the same region within the ODDD. Fusion 
of AG1 and AG2 into a heterobivalent VHH markedly increased the binding affi nity for 
HIF-1α (Figure 5). We proved specifi city of the engineered hetero-bivalent VHH AG-
1N2C-MYC for the native human HIF-1α protein by competition with recombinant 
fragment C (aa543-605) (Figure 6). This bivalent antibody detected mouse endogenous 
HIF-1α protein in NIH 3T3 fi broblasts after DFO stimulation (Figure 8c/d). Furthermore, 
engineered hetero-bivalent VHH AG-1N2C-VSV was useful in immunohistochemistry 
of human renal cell cancer (Figure 8a/b) and could immunoprecipitate native human and 
mouse HIF-1α protein (Figure 7). This is one of the fi rst engineered antibodies recognizing 
mouse HIF-1α that may be used in multiple molecular applications in human as well as 
mouse HIF-1α model studies.

Figure 8 Hetero-bivalent VHH AG-1N2C-VSV detects specifi c nuclear signal in renal cell cancer specimens. 
Immunohistochemistry on paraffi n embedded slides with; a. commercial mouse monoclonal (BD Transduction Laboratories); 
b. hetero-bivalent VHH AG-1N2C-VSV. Both antibodies recognize identical nuclear HIF-1α staining patterns. HIF-1α negative 
nuclei stain blue and HIF-1α overexpressing nuclei stain brown, as indicated by the arrow heads. Bivalent VHH AG-1N2C-MYC 
detects specifi c nuclear signal in NIH 3T3 cells after DFO stimulation, representing endogenous HIF-1α protein.
Immunofl uorescence microscopy on cultured NIH 3T3 mouse fi broblasts. Cells were stained with of 12.5ng/μl hetero-bivalent 
VHH AG-1N2C-MYC c. untreated NIH 3T3 cells with negative nuclei indicated by the arrow heads d. DFO stimulated NIH 3T3 
cells with positively stained nuclei indicated by the arrow heads.
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The signifi cant advantage over conventional antibody generation is that phage display, 
allows setting defi ned parameters, during selection, for the desired type of antibody. 
Selection strategies with altered presentation of the used recombinant HIF-1α antigen 
proteins in VHH selection rounds in combination with the used nonimmune library 
showed to be very effective for isolating HIF-1α specifi c monovalent VHH against the 
HIF-1α protein. Furthermore, it generates infi nite sources of monoclonal antibody. 

The newly identifi ed anti HIF-1α VHH were cross validated with a widely employed and 
accepted anti HIF-1α mouse monoclonal. This latter monoclonal antibody was raised 
against amino acids 610 to 727 of the human HIF-1α protein (clone 54, BD Transduction 
Laboratories, San Diego, CA). Therefore this commercial antibody would not recognize 
all splice products or homologues of the HIF-1α protein [27]. We might have limited 
ourselves, in the identifi ed number of HIF-1α binding VHH, by using this antibody in our 
validation screen by immunoprecipitation. Further investigation of the selected pool of a 
170 VHH from the present study may lead to the identifi cation of VHH that can recognize 
these homologues and different splice variants of the HIF-1α protein. 

We attempted to isolate a VHH that could discriminate a one amino acid difference 
(Ile736) between isoform 2 [26] and the full-length HIF-1α protein. However, we did not 
succeed due to the fact that recombinant fragment F (543-736), that represents isoform 
2, also contained an epitope that appeared to be very immunogenic to the used phage 
display library. This epitope is located in the overlap of recombinant fragments B, C, 
D, and F (Figure 1). This is underlined by the fact that most of the available antibodies 
recognize the same confi ned region within the HIF-1α protein. However, the use of phage 
display may allow selecting VHH to less immunogenic epitopes. This could in theory be 
established by pre-clearing the VHH phage display library with recombinant fragment D 
(aa543-826), or by blocking the immunogenic epitope in recombinant fragment F (aa543-
736), with identifi ed anti HIF-1α VHH AG1, AG2 and AG5 during selections [40, 41].  

In our selection procedures we used six recombinant HIF-1α fragments, taking into 
account important amino acid residues within the HIF-1α protein, especially the residues 
in the ODDD spanning amino acid sequence aa401-603 [1, 8, 27] (Figure 1). Fragments A 
(aa1-490) and E (aa375-455) contain amino acid residue Pro402 and fragments C, D and 
F amino acid residue Pro564. Fragment B (aa375-605) contains both of these important, 
for hydroxylation targeted residues, necessary in regulation HIF-1α degradation [28, 
29]. This fragment also contains amino acid residue Lys532 a target for acetylation 
also important in the regulation of the stability of HIF-1α protein [42]. We show that 
all selected VHH bind within the ODDD (Figure 1 and Figure 4). Therefore binding 
of these VHH to HIF-1α may block crucial functions of protein and may contribute to 
the elucidation of the functions of the HIF-1α protein. If indeed interference with the 
functions of the HIF-1α occurs it may be worthwhile to explore the possible therapeutic 
potential of the identifi ed anti HIF-1α VHH. Currently, we are investigating the effect on 
HIF-1α stability and transcriptional activity by expressing these VHH intracellularly as 
intrabodies [23, 43].
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Abstract

Hypoxia is a hallmark of solid cancers and triggers the transcription of genes 
responsible for cell survival. The transcription factor Hypoxia-Inducible Factor 1 
(HIF-1) is a key regulator in this response and frequently activated in human cancer. 
HIF-1 activation is associated with tumor aggressiveness and poor clinical outcome 
and therefore may provide an attractive therapeutic target. Here we provide a novel 
approach for HIF-1 targeted therapy using single-domain llama antibodies directed 
against the HIF-1α oxygen dependent degradation domain which encompass the 
N-terminal transactivation domain. Conditional expression of HIF intrabodies in 
mammalian cells interfered with binding to pVHL and inhibited hypoxia induced 
activation of endogenous target genes. Inducible intrabody targeting is a highly 
specifi c strategy for temporal protein inactivation and may have applications for 
disease treatment.
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Introduction
Normal tissues maintain a balance between growth and proliferation and oxygen supply. 
This balance is altered during solid tumor growth where focal regions of low oxygen 
(hypoxia) arise and tumor growth disrupts normal vasculature. Cancer cells undergo 
genetic and adaptive changes that allow them to survive and proliferate under hypoxic 
conditions. These genetic changes contribute to aggressive tumor behaviour and clinical 
response. For example, hypoxic tumors have a higher resistance to radiotherapy [1, 43, 
45], chemotherapy [36] acquire genetic instability [20, 23] and intratumoral hypoxia 
selects for a more metastatic phenotype [15, 44]. Cancer cells adapt to hypoxic conditions 
by converting to glycolytic energy metabolism, induction of angiogenesis and other 
cellular survival programs [28]. Thus intratumoral hypoxia can be considered as a major 
hallmark of solid tumor growth [29, 24] important in carcinogenesis [3, 16] and prognosis 
of cancers [2]. The cellular response to hypoxia is mediated by the Hypoxia Inducible 
Factor (HIF) family of transcription factors [10]. HIF complexes are heterodimers of an 
α-and β-subunit, both of which belong to the basic helix-loop-helix (bHLH)-PAS (Per, 
ARNT, SIM) protein family. Mammalian cells have three α-subunits HIF-1α, HIF-2α 
and HIF-3α. All heterodimerize with the ubiquitously expressed bHLH protein HIF-1α 
or ARNT (aryl hydrocarbon receptor nuclear translocator) [30]. The stability of the alpha 
subunit is tightly regulated by oxygen concentration via the ubiquitin-proteasome system. 
Under normal oxygen tension (pO

2 
~21%), HIFα modifi cation by (prolyl-and asparaginyl) 

hydroxylation [8] and acetylation [19] increases the affi nity of HIFα for the VHL (Von 
Hippel-Lindau) tumor suppressor gene product that acts as an E3 ubiquitin ligase [34] 
and targets HIFα for proteasomal degradation. Under hypoxic conditions (pO

2
 < 5%) 

the activity of oxygen-dependent Prolyl hydroxylases (PHD) is attenuated, dramatically 
increasing the half-life of HIFα proteins [33]. Stabilization of HIFα proteins results in 
nuclear translocation and the formation of HIFα/ARNT heterodimers that bind to an 
enhancer element called the Hypoxia Responsive Element (HRE) in the promoters of 
target genes [25]. HIFα can also be stabilized under normal oxygen tension by oncogene 
or tumor suppressor gene mutation. For example, in hereditary and sporadic renal cell 
carcinoma loss of VHL leads to HIFα stabilisation, which at least partly accounts for 
tumor development [22, 21]. Moreover, hypoxic HIF activation is highly relevant for 
solid tumor progression [31]. Therefore silencing of HIF activity in tumor cells may 
provide an attractive therapeutic target in cancer treatment. Anti-cancer therapies using 
antibodies have been extremely successful in targeting cell surface molecules [32, 27]. 
Standard antibody mediated therapy is however not amendable to target cytoplasmic or 
nuclear proteins.
 
VHH are small (15kDa), naturally occurring single chain polypeptides from camellids 
with full antigen-binding capacity and specifi city [14]. Because of their small size, 
specifi city, low toxicity and immunogenicity and ease of molecular engineering, VHH 
antibodies have the potential to act like small molecule drugs. VHH can be expressed 
in mammalian cells and retain full antigen binding capacity and are also referred to as 
intrabodies [26]. Intrabodies have been shown to be able to block viral replication [6], 
prevent polyA-binding protein aggregation [40], and to protect cells from apoptosis after 
oxidative stress [13]. We recently reported the identifi cation of VHH antibodies against 
HIF-1α [12]. Epitope mapping revealed that antibody VHH-AG2 mapped within the 
HIF oxygen-dependent degradation domain (ODDD) in close proximity to the hydroxyl 
acceptor residue: Proline 564 critical for HIF-1α degradation [18, 17]. We hypothesized 
that such HIF intrabodies could be used to conditionally express and bind HIF in vivo and 
provide a selective and inducible approach to interfere with HIF transcriptional activity. 
Here, we provide evidence for this rationale by showing how nuclear localized HIF 
intrabodies bind HIF on active promoters and inhibit transcriptional activation. These 
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intrabodies provide a highly specifi c strategy and universally applicable approach for 
temporal regulation of endogenous protein activity in mammalian cells. When applied to 
oncogenes, such targeted protein inactivation may provide complementary strategies for 
anti cancer treatment.

Material and methods
Construction of expression plasmids 
To generate our IB-AG2 expressing construct, the cDNA of VHH-AG2 (kindly provided 
by Unilever Research Vlaardingen, The Netherlands) was retrieved by PstI and BstEII 
digestion from the previously described plasmid X22 [12] and cloned in an eukaryotic 
expression vector for intrabody expression, a kind gift of dr. P. Verheesen [40]. The cDNA 
of VHH-AG2 was in frame with the SV40 T-antigen nuclear localization signal (NLS), 
green fl uorescent protein (GFP) and HIS6 tag, for detection and pull down purposes. An 
unrelated VHH (G5) specifi c for the nuclear protein PABPN1 was used as a control: IB-
UR. [39]. A construct with BamHI restriction sites fl anking full-length HIF-1α was kindly 
provided by dr. G. Simos [4] and cloned into the p3XFLAG-CMV™-10 expression vector 
(Sigma-Aldrich Co., St Louis, MO, USA), resulting in FLAG-HIF-1α [37]. Mutants for 
HIF-1α P564A were generated using the QuickChange® XL Site directed Mutagenesis 
Kit (Stratagene, La Jolla, CA, USA) according to the manufacturer’s protocol with 
forward primer 5`-CTTGGAGATGTTAGCTGCCTATATCCCAATGGATG-3` and 
reverse primer 5-CATCCATTGGGATATAGGCAGCTAACATCTCCAAG-3` on 
templates of FLAG-HIF-1α and pETλHIS coding HIF-1α fragment B (aa375-605), 
as described in [12]. This resulted in plasmids FLAG-HIF-P564A and recombinant 
fragment B P564A. Recombinant HIF-2α (aa508-591) resulted from a PCR with 
primers forward 5`-CGGGATCCGACACAGAGGCCAAGGACCAATGC-3` and 
reverse 5`-GGGAAGCTTCTGCTGCTGAAACTTGTCCAGG-3` on FLAG-HIF-
2α [9] as template. Recombinant HIF-3α (aa468-531) was PCR cloned using primers 
forward 5`-CGGGATCCGACACTGAGGCAGTGGAGACAG-3` and reverse 5`-
GGGAAGCTTTGACAGGCCATGGAAGCTCCGAG-3` from pcDNA3.1 hHIF3a1 
kindly provided by dr. Michael Ohh. Both fragments were cloned after BamHI-HindIII 
digestion in pETλHIS. Recombinant fragments were purifi ed with immobilized metal ion 
affi nity chromatography (IMAC) as described in [39]. To make an inducible intrabody 
construct, under control of the Tet-ON system, IB-AG2 was digested with NotI and XhoI 
and cloned into pcDNA4/TO (Invitrogen, Carlsbad, CA, USA) Restriction enzymes and 
buffers were purchased from ROCHE (Basel, Switzerland). Cloning was controlled by 
restriction analysis and verifi ed by sequencing.

Cell culture, transfections 
U2OS and HeLa cells were cultured with DMEM. LS174TR1 cells expressing the 
tetracycline repressor (kind gift of dr. M. van de Wetering [38]), were cultured with 
RPMI (Gibco BRL, Paisley, UK). All media were supplemented with 10% Fetal Calf 
Serum (Gibco), 100U/ml penicillin-streptomycin (Gibco) and 100U/ml L-Glutamine 
(Gibco) and cells were cultured at 5% CO

2
, 21% O

2
 for normoxia and 1% O

2 
for hypoxia 

in an Invivo
2
 Hypoxia Workstation 1000 (Biotrace International, UK) at 37ºC. For the 

induction of HIF-1α with desferrioxamine (DFO), cells were stimulated with 0.1mM 
DFO. Cells were transfected with linear polyethylenimine (P-PEI, Polysciences Inc, 
Warrington, PA, USA). For the IB-AG2 selection of the inducible cell line LS174TR1/
IB-AG2, the medium was supplemented with 500ug/ml zeocin and 10ug/ml blasticidin, 
and for induction 1ug/ml of doxycyclin was added to the medium. For luciferase assays, 
U2OS cells were seeded in 12-well plates in triplicate for each treatment group. Cells 
were cotransfected with a HIF-1α-dependent 3xHRE-EPO-luciferase reporter plasmid 
(kind gift of dr. R. Bernards), and expression a vector encoding TK-renilla [37], NLS-
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GFP, IB-AG2 and IB-UR. 24 hours after transfection, cells were exposed to normoxic 
or hypoxic conditions (1% O

2
) for 24 hours. A microplate luminometer (Veritas, Turner 

BioSystems Inc. Sunnyvale, CA, USA) has been used to determine the Firefl y and Renilla 
luciferase reporter activity as described by the manufacturer (Promega, Madison, WI, 
USA). Luciferase activity was normalized for Renilla luciferase activity to correct for 
transfection effi ciency. As a control for transfection we used H2B-GFP (kind gift of dr. 
A. Shvarts). For our reoxygenation experiment with LS174TR1/IB-AG2, with or without 
doxycyclin, we exposed those cells to hypoxic conditions (1% O

2
) for 24 hours and then 

reoxygenated at normoxic conditions for variable times.

Pull down and immmunoprecipitations
Pull down and immunoprecipitation (IP) were done in immunoprecipitation buffer 
(IPB): 40mM Tris pH 8.0, 1% Triton X-100, 10% Glycerol, 280mM NaCl, 10mM PMSF 
supplemented with a protease inhibitor cocktail (Roche). Methods for IP were performed 
as previously described with bivalent VHH-AG2 antibodies (AG-1N2C-MYC) from 
transfected U2OS cells [12]. For the pull down, from HeLa cells with intracellular 
expressed IB-AG2 or IB-UR, Ni-NTA Magnetic Agarose Beads were used (QIAGEN, 
Hilden, Germany). For the GST pull down we used Glutathione Sepharose™ 4B (GE 
Healthcare, Uppsala, Sweden) were we coexpressed FLAG-HIF-1α, H2B-GFP and 
VHL-GST a kind gift of dr. B. van de Sluis. 48 hours after transfection cells were lysed in 
IPB and incubated O/N, at 4ºC, with the sepharose. The next day sepharose was washed 
for 8 times and sepharose was incubated with no VHH, bivalent VHH AG-1N2C-VSV 
[12] or an unrelated (VHH EME7E [41]) bivalent VSV tagged VHH O/N, at 4ºC. Next, 
immmunoprecipitated complexes were washed trice with IBP and supplemented with 
Laemmli loading dye and analysed by Western blotting. 

ELISA with VHH-AG2 on wild type and mutant recombinant HIF-1α  /2α  /3α
For a comparison between binding of bivalent AG-1N2C-MYC to HIF-1α and HIF-2α and 
HIF-3α, we immobilised HIF-1α fragment C (aa543-605), recombinant HIF-2α (aa508-
591) and recombinant HIF-3α (aa468-531) at a concentration of 500ng/well, 100μl per 
well, O/N, at 4ºC in a NUNC MAXISORP (NUNC, Roskilde, Denmark). As a negative 
control we used recombinant HIF-1α fragment E (aa375-455). Wells were blocked with 
1% BSA in PBS/0.1%Tween-20 (BSAT) for 1hr at 25ºC at 500 rpm in a TERMOstar 
incubator (BMG LABTECH, Offenburg, Germany). All following incubation steps were 
performed under these conditions in this incubator. Wells were incubated with VHH AG-
1N2C-MYC in BSAT (0-7.5μM). After three rapid washes with PBST, bound VHH was 
detected by incubation with HRP-conjugated mouse anti-Myc (Invitrogen) 1:5000 in 
BSAT for 20min, followed by staining using the ImmunoPure TMB Substrate kit (Pierce 
Co) according to fabricant instructions. The signal intensities were measured using an 
ELISA reader (BioRad) at a wavelength of 450 nm. Determination whether the mutation 
of P564A infl uenced binding of VHH-AG2 we performed an ELISA experiment as 
previously described above. We used wild type and mutant recombinant HIF-1α fragment 
B (aa375-605) and VHH-AG4, specifi c for amino acids 375-455, as an internal control 
[12].  

Western blotting
Laemmli loading dye was used in preparation of samples for all Western blot procedures, 6% 
and 12% SDS-PAGE gels were used for separation of the proteins. Proteins were transferred 
onto PVDF membranes. Protein detection was performed with subsequently primary 
antibodies: anti-Flag (SIGMA), anti HIF-1α and ARNT (BD Transduction Laboratories 
San Diego, CA, USA), anti-VSV-G, anti-GFP antibodies (both ROCHE), anti GST (Santa 
Cruz Biotech, Santa Cruz, CA, USA) and anti-β-actin (USBiological), Bivalent VHH 
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AG-1N2C-MYC [12], HRP-conjugated mouse anti-T7 (Novagen, Madison, WI, USA) 
and HRP-conjugated mouse anti-Myc antibody (Invitrogen). Secondary antibodies used 
were: goat anti rabbit IgG (H+L) (BioRad, Hercules, CA) and goat anti mouse IgG + IgM 
(Biosource, Camarillo, CA, USA) both HRP conjugated. ECL (Amersham Biosciences, 
Buckinghamshire, UK) was used for visualization as described by the manufacturer. 

Immunofl uorescence microscopy
Transfected U2OS, with IB-AG2 and IB-UR or stable U2OS cell lines expressing IB-
AG2 were grown on glass slides. Slides were rinsed with PBS, and fi xed with 3.7% 
formaldehyde-PBS for 10min, blocked with 50mM glycine-PBS for 10min and rinsed 
with PBS. Next, nuclear DNA was stained with TO-PRO Iodide (Molecular Probes Inc., 
Eugene, USA.) in PBS, rinsed and VectaShield (Vector Laboratories Inc., Burlinghame, 
CA, USA) mounted microscope slides were assessed by confocal microscopy (LEICA 
DMRXA2, Leica Geosystems, Mannheim, Germany).

Chromatin immunoprecipitation with intrabodies
U2OS cells were transiently transfected with IB-AG2 or IB-UR. 24 hours after transfection, 
cells were exposed to normoxic or hypoxic conditions for 24 hours. Cells were washed at 
room temperature (RT) with PBS and cross-linked at RT for 20min in 11% HCHO, 0.1M 
NaCl, 1mM EDTA, 0.5mM EGTA and 20mM HEPES. Reaction was stopped with 1.25M 
glycine. Cells were scraped, collected and spun down at 500g for min at 4ºC. Cells were 
resuspended in the above described buffer supplemented with a protease inhibitor cocktail 
(ROCHE). DNA was fragmented by sonication using a Bioraptor sonicator (Diagenode, 
Liège, Belgium): power- high, temp- water 0oC, intervals- 30 sec sonication/2min pause, 
30 min in 15ml polypropylene tubes. Samples were centrifuged at 14000rpm for 5min. 
Chromatin IP (ChIP) was then performed with Protein G Agarose (Upstate Cell Signaling 
Solution, Lake Placid, NY) anti GFP antibodies (ROCHE) or a anti-acetyl-Histone H3 
rabbit polyclonal IgG (Upstate Cell Signaling Solution) as a positive control, overnight at 
4ºC in 0.15% SDS, 1% triton X-100, 150mM NaCl, 1mM EDTA pH8.0, 0.5mM EGTA 
pH8.0, 20mM HEPES pH8.0, supplemented with protease inhibitors cocktail and BSA 
(fi nal concentration 0.1%). The next day, immmunoprecipitated complexes were washed 
twice with 0.1% SDS, 0.1% DOC, 1% triton X-100, 150mM NaCl, 1mM EDTA pH8.0, 
0.5mM EGTA pH8.0, 20mM HEPES pH8.0. Twice with 0.1% SDS, 0.1% DOC, 1% 
triton, 500mM NaCl, 1mM EDTA pH8.0, 0.5mM EGTA pH8.0, 20mM HEPES pH8.0, 
twice with 0.25M LiCl, 0.5% DOC, 0.5% NP-40, 1mM EDTA pH8.0, 0.5mM EGTA 
pH8.0, 20mM HEPES pH8.0, and twice with 1mM EDTA pH8.0, 0.5mM EGTA pH8.0, 
20mM HEPES pH8.0. Protein complexes were eluted with 1% SDS, 0.1M NaHCO

3
 for 

20min, RT, being rotated. Beads were centrifuged and supernatants were transferred to a 
new tube. 5M NaCl (fi nal 200mM) was added, mixed; incubated for 4 hours at 65oC, while 
shaking. DNA was extracted with phenol-chloroform-isoamyl ethanol and chloroform-
isoamyl ethanol. Glycogen was added together with 0.1vol. 3M NaAc, pH5.2 in 2.5 vol. 
100% ethanol and precipitated o/n at -20oC. The next day samples were centrifuged for 
25 min and washed with 70% ethanol. DNA pellets were dissolved in water and stored 
at -80oC. PCR on DNA samples was performed with primers fl anking the HRE in the 
Erythropoietin promotor as previous described [42]. PCR products were analysed by gel 
electrophoresis on a 2% ethidium bromide stained gel. 

Quantitative PCR for HIF-1α induced target genes 
LS174TR1/IB-AG2 cells were cultured with or without doxycyclin and exposed to normoxic 
or hypoxic conditions (1% O

2
) for 8 hours. RNA from total cell lysates was prepared by 

homogenation in Trizol reagent (Invitrogen) followed by chloroform/phenol extraction. 
cDNA was prepared from 1 μg of RNA using Reverse Transcriptase (ROCHE) and oligo-
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(dT) primers (Invitrogen). Quantitative Taqman PCR for PGK1 was performed using 
commercially available assays for PGK1 (Hs99999906_m1) and hydroxymethylbilane 
synthase (HMBS) (Hs00609297_m1) (Applied Biosystems, Foster City, CA, USA) using an 
ABI7900 analyzer (Applied Biosystems). HMBS was used for normalization. Quantitative 
PCR for BNIP3 was performed using SYBR green (Applied Biosystems) according to 
manufacturer s’ protocol using primers BNIP3F 5’-AATATTCCCCCCAAGGAGTTCC-3’ 
and BNIP3R 5’-CTGCAGAGAATATGCCCCCTTT-3’ or GUSBF 5’-GAAAATATGTGG
TTGGAGAGCTCATT-3’ and GUSBR 5’-CCGAGTGAAGATCCCCTTTTTA-3’. GUSB 
was used for normalization. Data were analyzed using the SDS2.2.1 program (Applied 
Biosystems).

Results 
We previously mapped the intrabody IB-AG2 to amino acid residues 543-605 of the 
human HIF-1α [12] that encompasses the N-TAD domain and the regulatory Proline 564 
(P564) (boxed in Fig. 1) that acts as a recognition and binding site for pVHL mediated 
proteasomal degradation (Fig. 1). 

Since this domain is highly conserved between HIF-1α, HIF-2α and HIF-3α (Fig. 1), 
we investigated whether the AG2 could also directly bind HIF-2α and HIF-3α using 
recombinant purifi ed proteins. Half maximum binding (½ Bmax) of VHH-AG-1N2C-
MYC (a VHH-AG2 bivalent) to recombinant HIF-1α was approximately 600 fold more 
effi cient than to recombinant HIF-2α or HIF-3α fragments. We calculated the apparent 
affi nities at ½ Bmax for HIF-1α (5.0 nM), HIF-2α (4.26 μM) and HIF-3α (3.10 μM) and 
compared this with an N-terminal HIF-1α fragment (aa375-455) not containing the epitope 
(285.44 μM) (Fig. 2a). This difference in affi nity was confi rmed by Western blot analysis 
with VHH-AG-1N2C-MYC using recombinant proteins where only the recombinant 
HIF-1α fragment was detectable and not purifi ed control and HIF-2/3α fragments (Fig. 
2b). Although we could immmunoprecipitate overexpressed full length Flag-tagged HIF-
1, -2 and 3α with VHH-AG-1N2C-MYC, we could only detect endogenous protein in the 
case of HIF-1α [12] (data not shown).

Since the regulatory P564 residue in HIF-1α lies within the epitope recognized by AG2 
we next investigated whether this proline was necessary for binding by testing whether 
AG2 still bound HIF-1α-P564A a hydroxyl-defi cient constitutive active HIF mutant [17]. 
We found that in vitro purifi ed wild type and HIF-1α-P564A proteins bound equally 
effi ciently to AG2 as well as by immunoprecipitation of Flag-tagged proteins from 
transfected cells (Fig. 3a/b).

Figure 1 Schematic representation of the minimal binding site of VHH-AG2 to HIF
HIF-1α (aa543-577), HIF-2α (aa508-544) and HIF-3α (aa468-504). Identical residues are shown with asterisk. 
Indicated are residues defi ning the N-TAD and residues important for pVHL binding. The regulatory hydroxy-Proline is boxed.
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To direct HIF intrabodies to the nucleus and to follow their fate we engineered VHH-AG2 
with an N-terminal Nuclear Localization Signal (NLS) and a C-terminal GFP and HIS6 tags 
constructing IB-AG2. After transfection of IB-AG2, strong nuclear GFP expression could 
be detected (Fig. 4a). To address whether IB-AG2 was still able to bind to endogenous 
stabilized HIF-1α, we immunopurifi ed HIS-tagged IB-AG2 from IB-AG2 transfected 
cells and confi rmed that it was still functional in HIF-1α binding. Empty vector and a 

Figure 3 P564 is not necessary for 
binding of VHH-AG2 to HIF-1α
(a) ELISA VHH binding assay to wild 
type and mutant recombinant HIF-1α. 
VHH-AG2 (binds to aa543-605), and 
as an internal control VHH-AG4 binds 
to (aa375-455), were incubated with 
immobilized recombinant wild type 
and mutant P564A HIF-1α fragment 
B (aa375-605). Binding is expressed 
as OD at 450 nm and expressed as 
mean of duplicate experiments. (b) 
Immunoprecipitation of FLAG-HIF-
1alpha and mutant FLAG-HIF-1alpha- 
P564A with bivalent VHH-AG2 (AG-
1N2C-MYC) from U2OS transfected 
cells with H2B-GFP as a control. Cells 
were exposed to normoxic (21%) or 
hypoxic conditions (1% O

2
) for 24 hours 

after transfection. Total lysates and IPs 
were submitted to immunoblot analyses 
with anti FLAG and GFP antibodies.

Chapter 5

Figure 2 VHH-AG2 binds 
specifi cally to HIF-1α
(a) Binding of bivalent AG-1N2C-
MYC to immobilized recombinant 
HIF-1α fragment C (aa543-605), 
HIF-2α (aa508-591), HIF-3α 
(aa468-531) and HIF-1α fragment 
E (aa375-455). The apparent 
affi nity is approximated from the 
determined concentration yielding 
half-maximum binding to HIF-1α 
(aa543-605) at Bmax (OD450nm) 
≈1.188. Data represent the mean + 
SD of three experiments. (b) Western 
blot analysis on recombinant HIFs 
with anti-T7 and AG-1N2C-MYC 
(VHH) antibodies. 
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Figure 4 Characterization of HIF intrabodies
(a) Immunofl uorescence confocal microscopy with cultured U2OS cells transfected with either nuclear localized GFP fused IB-
AG2 or control IB-UR intrabodies, DNA is stained with TO-PRO-3 (red), scale bar = 10μm. (b) Western blot analysis of Ni-NTA 
intrabody pull down of Hela cell lysates transfected with IB-AG2, IB-UR or nls-GFP un –or stimulated with DFO. (c) U2OS cells 
were transfected with either IB-AG2 or IB-UR and 24 hours after transfection exposed to normoxia (21%) or hypoxia (1% O

2
) 

for 24 hours. Separate culture dishes were used for either protein expression analysis for input with HIF-1α, GFP and β-actin, or 
subjected to ChIP. (d) Ethidium bromide stained gel with PCR products from GFP ChIP isolates from IB-AG2 or control IB-UR 
transfected cells on endogenous EPO promoter. (H

2
O as a negative control and as positive control ChIP with anti-acetyl-Histone 

H3 antibody). (e) HIF reporter assay with HRE-EPO-luc in U2OS cells transfected with IB-AG2 or control intrabody, IB-UR. IB-
AG2 inhibits hypoxia induced HRE activity. All luciferase experiments were performed in triplicate and values were corrected for 
TK-renilla expression. Error bars represent mean + SD. (f) Corresponding immunoblot analyses to 4e of HIF-1α and GFP fusions, 
with β-actin as a loading control.
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control intrabody IB-UR did not pull down HIF-1α (Fig. 4b). These results indicate that 
VHH are functional when expressed in mammalian cells and that the NLS and GFP tags 
do not impair HIF binding and permit visualization in living cells. To address whether the 
observed IB-AG2 binding of HIF-1α did not occur post-lysis and whether it was able to 
detect HIF-bound DNA complexes, we performed ChIP making use of the GFP tag on the 
IB-AG2, using an anti-GFP antibody. IB-AG2 transfected cells showed enrichment for 
binding to the canonical HIF-1α target gene erythropoietin (EPO), whereas an unrelated 
intrabody did not (Fig. 4c/d). We also confi rmed binding to two other known HIF targets 
carbonic anhydrase IX (CAIX) and vascular endothelial growth factor (VEGF) (data 
not shown). To address the functional consequence of IB-AG2 binding to endogenous 
HIF-1α on transcriptional activation we conducted luciferase based reporter gene assays. 
IB-AG2 markedly reduced hypoxia induced reporter activity on a synthetic reporter 
with optimized HRE sites, whereas NLS-GFP or an irrelevant intrabody did not (Fig. 
4e/f). Thus, IB-AG2 directly binds to HIF/DNA transcriptional complexes and attenuates 
transcriptional activation. To investigate the effects of prolonged IB-AG2 expression in 
mammalian cells we derived several monoclonal and polyclonal cell lines expressing 
IB-AG2, that bound to HIF-1α and reduced hypoxia induced transcriptional activity in 
reporter gene assays (data not shown). Importantly, cell lines with constitutive IB-AG2 
were maintained in culture for several months indicating little toxicity. 

Unexpectedly, IB-AG2 cells showed high levels of HIF-1α under normal oxygen tension 
compared to parental wild type U2OS cells (data not shown). We therefore hypothesized 
that normoxic HIF-1α could be explained by interference of IB-AG2 with pVHL binding. 
To address this we performed a pull down for GST-tagged pVHL and FLAG-HIF-1α 
from transfected cells, and added purifi ed bivalent AG2 or an unrelated bivalent VHH 
to the precipitated GST complexes. Whereas adding a control VHH to GST purifi ed 
complexes did not affect binding of pVHL to HIF-1α in normoxic cell lysates, AG2 
almost completed blocked recovery of Flag tagged HIF-1α from GST purifi ed pVHL, 
indicating high affi nity of AG2 for the pVHL binding site on HIF-1α (Fig. 5). 

To further refi ne this system of (HIF-1α) protein inactivation, we generated doxycycline 
(dox) inducible cell lines expressing IB-AG2. Dox rapidly induced nuclear IB-AG2 
expression, which was reversible upon removal of dox. (Fig. 6a). In these conditional 
cells dox-regulated IB-AG2 inhibited both normoxic and hypoxia induced HRE- reporter 
activity (Fig. 6b/c) as well as hypoxic induction of endogenous HIF-1α target genes; 
PGK1 and BNIP3 (Fig. 6d/e). 

Figure 5: VHH-AG2 competes for 
pVHL binding to HIF-1α
GST pull down for VHL-GST and FLAG-
HIF-1α. Pull downs were incubated with 
antibodies, VHH AG-1N2C-VSV an AG2 
bivalent or an unrelated (UR) VSV tagged 
bivalent. Supernatant of the pull down 
was immunoblotted for VSV as a control 
for antibodies added. Input and pull down 
was immunoblotted for H2B-GFP, FLAG-
HIF-1α and VHL-GST. 
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Interestingly we never observed normoxic build up of HIF-1α after dox administration, 
in contrast to the stable transfected U2OS cell lines. To further understand the mechanism 
of IB-AG2 interference with HIF-1 activity we addressed whether the kinetics of HIF-
1α degradation were affected by expression of IB-AG2. Whereas HIF-1α accumulated 
in hypoxic cells is rapidly degraded upon oxygenation, this was markedly impaired in 
IB-AG2 expressing cells (Fig. 6f).

Figure 6 Functional consequences of intrabody 
expression 
(a) Immunofl uorescence confocal microscopy with 
cultured LS174TR1/IB-AG2 cells with or without 
doxycyclin (dox), DNA is stained with TO-PRO-3 
(red), GFP in green, scale bar = 20μm.
(b) HRE-luc reporter assay in LS174TR1/IB-AG2 cells 
exposed to normoxic (21%) or hypoxic conditions (1% 
O

2
) for 24 hours. Luciferase activities in the lysates were 

measured and expressed as relative light units (RLU). 
IB-AG2 attenuates hypoxia induced HRE- activity. All 
luciferase experiments were performed in triplicate. Error bars represent mean + SD. (c) Corresponding immunoblot analyses to 6b 
of HIF-1α and IB-AG2 GFP fusion, with β-actin as a loading control.
(d,e) LS174TR1/IB-AG2 cells were cultured with or without dox and were exposed to normoxic (21%) or hypoxic conditions (1% 
O

2
) for 8 hours. Q-PCR for endogenous HIF-1α targets PGK1 and BNIP3 on prepared cDNA was performed. IB-AG2 inhibits the 

hypoxic induction of both endogenous targets PGK1 and BNIP3. Experiments were performed in triplicate. Error bars represent 
mean + SD. 
(f) Reoxygenation experiment with LS174TR1/IB-AG2 cells with or without doxycyclin. Cells were exposed to hypoxic 
conditions (1% O

2
) for 24 hours and than reoxygenated at normoxic conditions (21% O

2
) for indicated time. Total cell lysates were 

immunoblotted and analysed for HIF-1α, ARNT, IB-AG2 (GFP fusion) and with β-actin.
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Discussion
Hypoxia is a hallmark of solid cancer development and unfavourably affects therapeutic 
response. The transcription factor HIF-1α is the principal mediator of this response 
and high expression and activity of HIF-1α correlates with poor clinical outcome. 
Inactivation of HIF-1α in tumor cells may therefore provide an attractive therapeutic 
target to halt tumor progression. Currently, no small molecule inhibitors are available 
specifi c for HIF-1α. Antibody therapeutics provide highly specifi c drugs that can be used 
in targeting tumor antigens at the cell surface. To date, however, only a handful of HIF 
targets have been identifi ed at the cell surface that can be used for such approaches. With 
the development of single variable chain antibodies highly specifi c antibodies can be 
generated, using high throughput approaches that can be expressed in mammalian cells. 
Here we demonstrate that llama derived single variable heavy chain antibodies (VHH) 
against HIF can be inducibly expressed and inactivate hypoxia inducible transcription of 
endogenous HIF-1 targets in mammalian cells. Our data show that the inhibitory mode of 
action of HIF intrabodies is likely by occupying the pVHL binding region in HIF thereby 
causing increased stabilization of HIF-1α. This however does not lead to transcriptional 
activation suggesting that binding of intrabody interferes with proper assembly of 
transcriptional complexes. By further analyzing of HIF-1 targets it will be interesting to 
investigate whether N-TAD is required for overall HIF transcription and whether residual 
C-TAD mediated transcription is not affected by the HIF intrabody binding.

Several strategies can be envisioned to deliver therapeutic intrabodies to tumors in 
vivo [35]. For example adenoviral transduction may enable tumor cell infection and 
intracellular delivery of intrabodies. In such an approach non-hypoxic tumor cells and 
wild type cells are infected but lack stabilized HIF and therefore IB-AG2 is not expected 
to have any effect. The fact that we have maintained IB-AG2 constitutive expressing cells 
in culture for several months without any apparent detrimental consequence supports this. 
We have recently explored an alternative approach termed Clostridium-directed antibody 
therapy (CDAT) [11] using the obligate anaerobic oncolytic bacterium C. Novyi-NT 
that has been shown to home specifi cally into hypoxic tumors and induce non-specifi c 
oncolysis [5]. Expression of HIF intrabodies in such C. Novyi strains may further enhance 
such approaches for the treatment of hypoxic tumors if such antibodies can be made to 
enter hypoxic cells. We are currently investigating whether intrabody expression in tumor 
cells affects their tumorigenic potential in vivo.

Small single chain antibodies like those reported here have several advantages over 
traditional antibodies. They are not very immunogenic and because of their small size 
(15 kDa) are more likely to target complex folded proteins and catalytic pockets [7]. 
Furthermore high throughput selection using phage-display and mutagenesis allows 
selection and enrichment for high affi nity binders. Intrabodies can be easily cloned and 
modifi ed with epitope tags and expressed and visualized in living cells as shown here. 

More generally inducible protein inactivation using intrabodies provides a powerful 
highly specifi c alternative to other loss of function strategies like RNAi with temporal 
and spatial control. The ability to use GFP-fused intrabodies offers the possibility for 
combing highly specifi c protein inactivation with in vivo imaging. Such approaches may 
be helpful in pre-clinical models where the therapeutic effi cacy of targeted knockdown 
of diseases-related gene products can be quantitatively monitored and visualized at the 
cellular or organism level. 
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Abstract

Intratumoral hypoxia is a hallmark of solid cancer. Hypoxic tumors have a higher 
tendency to metastasize and are clinically characterized by resistance to therapy 
and a poor prognosis. Therapeutic approaches aimed at targeting tumor hypoxia 
may provide alternative or complementary strategies in cancer treatment. Well 
defi ned surface markers specifi c to hypoxic cells that could be employed in such 
approaches are currently lacking. Here we report selection of single variable 
domains (VHHs) of llama heavy chain antibodies (HCAb) against hypoxia inducible 
cell surface markers, using a VHH phage-display library. A reverse proteomic 
approach was used to identify the proteins recognized by enriched VHHs. One of 
these VHHs recognized the integrin α3β1 (VLA-3) complex and is characterized 
in detail in this manuscript. The approach described here provides a fast method 
for screening hypoxia inducible cell surface markers. Simultaneously, it yields high 
affi nity antibodies with application potential in molecular imaging, diagnostics and 
immunotherapy of cancer.
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Introduction
Human solid tumors are invariably less well-oxygenated than the normal tissues from 
which they arose [1]. This so-called tumor hypoxia leads to resistance to ionizing 
radiation and chemotherapeutic drugs [2] and predisposes for increased tumor metastases 
[3, 4]. In mammalian cells, the Hypoxia Inducible transcription Factors (HIFs) are the 
key regulators of the local and systemic responses to hypoxia [5]. HIFs are heterodimeric 
basic Helix-Loop-Helix (bHLH) transcription factors composed of an oxygen regulated 
α-subunit and a ubiquitously and constitutively expressed β-subunit. Under normal 
oxygen tension HIF-α subunits are continuously hydroxylated on proline residues by 
the prolyl hydroxylases (PHD) that target HIF for VHL-mediated ubiquitination and 
proteosomal degradation [6, 7]. Under hypoxia the oxygen dependent PHDs cannot 
hydroxylate HIF-α which now becomes stabilized and associates with HIF-β. Stable 
HIF heterodimers translocate to the nucleus and activate gene transcription. Cancer cells 
adapt to hypoxic microenvironments by expression of several cellular survival programs 
that drive malignant progression (Gort et al., 2008, in press) including angiogenesis and 
switching to anaerobic glycolysis. Tumor-specifi c cell surface receptors are ideal anti-
cancer targets for monoclonal antibody therapy, because they can well be reached by 
circulating antibodies without intracellular transport. Hypoxia induces the expression of 
many cell surface receptors such as glucose transporters (e.g. GLUT-1) and carbonic 
anhydrase IX (CAIX) through HIF-1. Therefore, selective targeting of tumor hypoxia may 
be exploited for cancer treatment since severe hypoxia normally does not occur in adult 
tissues [8] except for chondroid tissues. Both hypoxia-induced surface receptors GLUT-
1 and CAIX have been explored as drug targets in cancer treatment [9, 10]. Besides the 
expression and function of these proteins in hypoxic tumors, expression in normal tissues 
(especially of GLUT-1) however may pose diffi culties for their systemic application in 
cancer treatment [11-14], urging for more selective antigens to target. The development 
of robust screening assays for therapeutic monoclonal antibodies is hampered because 
conventional antibodies are large molecules, which undergo several specifi c maturation 
and modifi cation events that are constrained to vertebrates. Camelidae dispose of a 
naturally occurring heavy single chain antibody repertoire (HCAb) next to conventional 
heavy- and light chain antibodies [15, 16]. The variable domain of such HCAbs (VHH) 
retains the binding specifi city and affi nity of the intact HCAb. Due to their small size (15 
kDa), stability and the single polypeptide nature devoid of sophisticated modifi cations, 
VHHs are perfectly suited for molecular and biotechnological techniques, such as phage-
display and production in microorganisms at industrial scale [17]. The intrinsic folding 
stability of VHHs is suffi cient to keep them functional in the absence of the disulfi de 
bond, when they are expressed inside cells [18, 19]. Due to their small size, low toxicity 
and immunogenicity, VHHs have the potential to act as small molecule drugs entering 
and drugging ’active’ sites [20]. Furthermore, VHHs may act as agonist or antagonist of 
several cellular processes [21, 22]. Here we applied VHH phage-display for the discovery 
and selection of novel monoclonal VHHs that target hypoxia induced cell surface markers 
on intact human cells. We describe the isolation and characterization of one of these 
VHH antibodies targeting α3β1 (VLA-3) integrin; a novel hypoxia induced cell surface 
marker.

Material and methods
Immunization and immune library construction
The phages were produced from a VHH-phage library constructed from the peripheral 
blood lymphocytes of a llama that was immunized with membrane vesicles of a human 
epidermoid squamous carcinoma cell line (A431) [25] described by Hofman et al. 
(submitted).
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Escherichia coli strain TG1 was used for the maintenance of the plasmids, infection of 
the phages and expression of proteins. E. coli TG1 was grown in LB or 2×YT medium 
supplemented with glucose and antibiotics as indicated. VHH-phages were rescued 
by incubation of the phages with log-phase E. coli TG1 at 37oC for 30 min (static 
conditions), followed by incubation in the presence of selection (ampicillin) overnight 
at 37oC (shaking). Phages were produced from E. coli TG1 containing phagemids with 
VHH genes fused to M13 gene3, by infection of log-phase bacteria with the helper 
phage VCSM13 (Stratagene, La Jolla, CA, USA) for 30 min at 37oC (static conditions), 
followed by incubation in the presence of both ampicillin and kanamycin overnight at 
37oC. Produced phages were isolated by PEG precipitation of the culture supernatant 
[23]. 

Cell culture
HeLa cells were cultured with DMEM, supplemented with 10% Fetal Calf Serum (Gibco), 
100U/ml penicillin-streptomycin (Gibco) and 100U/ml L-Glutamine (Gibco) at 5% CO

2
, 

21% O
2
 for normoxia and 1% O

2
 for hypoxia in a Invivo

2
 Hypoxia Workstation 1000 

(Biotrace International, UK) at 37ºC. 

Selection of VHH that differentiate between cells grown under hypoxic and normoxic 
conditions
A selection procedure was designed to select VHHs against surface markers displayed 
differentially under hypoxic and normoxic conditions in two rounds. In the fi rst round, 
membrane proteins isolated from HeLa cells grown under hypoxia or normoxia for 
24 hrs using the vesicle isolation protocol [24] were coated overnight at 4ºC in 96-wells 
Nunc Maxisorp plate (NUNC, Roskilde, Denmark). Different amounts of membrane 
proteins (10μg, 5μg, 1μg and no protein at all) were coated in phosphate buffered saline 
(PBS) into each well. Coated wells were blocked with 4% Marvel (dried skimmed milk, 
Premier International Foods, Coolock, UK) in PBS for 1 hour at room temperature prior 
to the addition of phages. About 1011 phages were added to each well. Phages were 
pre-incubated in 2% Marvel in PBS for 30 min in the presence of an excess of memb
rane proteins (15μg/well) isolated from the condition opposite to the condition used in 
order to counter select for common antigens between the two conditions. Subsequently, 
phage/protein mixtures were added to the wells and incubated for 2 h at room temperature. 
The plate was then washed for 15 times with PBS containing 0.05% tween-20 (PBST) 
(the 5th, 10th and 15th wash steps were done for 10 min) and 3 times with PBS. Bound 
phages were eluted from the wells with 100mM triethylamine (TEA) and neutralized with 
1M Tris-HCl pH 7.5. DNA information of the selected phages was rescued by infection of 
E. coli TG1 strain and subsequent selection for ampicillin resistance.

The number of eluted phages was determined by plating serial dilutions of the different 
infections. Phages were produced from selections on the highest membrane protein 
concentrations from both hypoxia and normoxia, which both resulted in a high enrichment 
factor compared to empty wells. Phagemid containing E. coli TG1 were infected with the 
helper phage VCSM13 and phage particles were produced overnight in medium containing 
both ampicillin and kanamycin and no glucose. These phages were precipitated with PEG 
and used in the second round selection. In the second round of selection, live HeLa cells 
were used as antigen. HeLa cells were cultured in a 6 wells format for 24 hrs under 
normoxia (21% O

2
) or hypoxia (1% O

2
) (Figure 1). Wells contained before the start of the 

selection procedure 1.1x106 cells grown 60-70% confl uence. Prior to hypoxic selections 
all used buffers were put overnight in a hypoxic environment. Cells for counter selection 
were trypsinized and spun down at 1200 rpm in cold DMEM-bicarbonate buffered + 10% 
FCS. The cells were resuspended in cold binding buffer (DMEM-bicarbonate buffered 
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Figure 1 Schemetic representation of the second round of selection on whole cells. 
Sub-libraries of VHH-phages enriched on membrane fractions isolated from HeLa cells grown under nomoxic (21% O

2
) or hypoxic 

(1% O
2
) conditions from the fi rst round were incubated with live adherent HeLa cells in the corresponding conditions. Phages 

were preincubated with suspension cells, which were incubated under conditions opposite to the adherent cells (i.e fi rst normoxic 
than hypoxic and vice versa). The counter selection was maintained during the time of selection. N denotes Normoxia, H denotes 
Hypoxia.

+10% FCS and 25mM Hepes) and pre-incubated with 10 μl phages/ml (~1010 phages/ml) 
for 30 min. The phage-counter selection cell mixtures (2 ml) were added to adherent cells 
from the opposite conditions and incubated for 30 min on ice at the indicated conditions. 
The excess of cells in suspension compared to adherent cells was 5 to 6-fold for hypoxia 
and normoxia, respectively. Wells with no adherent cells were used as a control.

Unbound phages were washed for 15 times with cold PBS supplemented with 1mM Ca2+ 
and 1mM Mg2+. Surface bound phages were stripped with three consecutive washes (S1, 
S2 and S3) of 1ml of cold glycine buffer (500mM NaCl; 100mM glycine pH 2.5) for 
5 min on ice. S1, S2 and S3 were neutralized with 0.5ml 1M Tris-HCl pH 7.4. In a fi nal step 
remaining phages were eluted by scraping the adherent cells and incubation with 1ml of cold 
100mM TEA for 4 min (E). E was also neutralized with 0.5ml 1M Tris-HCl pH 7.4. Phages 
from the different fractions were rescued by infecting E. coli TG1. Monoclonal phages from 
successful selections were screened in a 96 well ELISA using HeLa cells that were grown 
for 24 hrs under normoxia (21% O

2
) or hypoxia (1% O

2
) and fi xed with 3.7% formaldehyde 

in PBS. Bound phages were detected with an anti-M13 antibody coupled to the enzyme 
horseradish peroxidase (HRP) (Amersham Pharmacia Biotech, Uppsala, Sweden).

Immunofl uorescence microscopy and immunohistochemistry
HeLa cells were grown on microscope slides for 24 hrs under the indicated oxygen 
conditions. Slides with cells were rinsed with PBS, and fi xed with 3.7% formaldehyde 
in PBS for 10min. After rinsing with PBS, remains of formaldehyde were neutralized 
with 50mM glycine in PBS for 10min and blocked with 1% bovine serum albumin 
(BSA) in PBS for 30min. Subsequently, slides were incubated with 60μg/ml of purifi ed 
VHHs in 1% BSA for 1h, followed by incubation with 0.44μg/ml mouse monoclonal 
anti-c-Myc antibody in 1% BSA for 1h. Next, cells were incubated with Alexa Fluor 
488 conjugated goat anti–mouse IgG (Molecular Probes, Eugene, OR, USA, dilution 
1/500) in 1% BSA. Frozen skin sections were fi xed with methanol, blocked with 1% 
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BSA in PBS and incubated with 0.6mg/ml VHHs in PBS for 1h. After one wash with 
PBS sections were incubated with a rabbit anti-llama HCAbs serum (a generous gift 
from Unilever Research, Vlaardingen, The Netherlands), dilution 1/25 in 1% BSA for 1h. 
Sections were washed once with PBS and incubated with FITC conjugated polyclonal 
swine-anti-rabbit (DAKO, Glostrup, Denmark. Dilution 1/50). All incubations were 
at room temperature. Nuclei were visualized by staining DNA with TO-PRO Iodide 
(Molecular Probes) in PBS. VectaShield (Vector Laboratories, Burlingame, CA, USA) 
was used to prevent bleaching of fl uorescence. Mounted microscope slides were assessed 
by confocal microscopy (LEICA DMRXA2, Leica Geosystems, Mannheim, Germany). 
For immunohistochemistry: frozen skin sections were air dried for 1 hr and fi xed for 
10 min in acetone, air dried and rinsed with PBS. Endogenous peroxidase was blocked 
with methanol/0.3% H

2
O

2
. Next, slides were incubated with 0.6mg/ml VHHs in PBS for 

1 hr at room temperature, rinsed with PBS and treated with formaldehyde (37%) for 
10 min. Slides were rinsed with PBS and incubated with the rabbit anti-llama HCAbs 
serum (Dilution 1/50) in 1% BSA for 1h. The PowerVision histostaining kit (Poly-HRP-
Goat-anti-mouse/rabbit/rat IgG, ready to use) (ImmunoVision Technologies, Brisbane, 
CA, USA) was used for detection. All slides were developed with diaminobenzidine 
followed by haematoxylin counterstaining. Before slides were mounted and assessed 
under a light microscope (Nikon Eclipse E800, Nikon Inc, Tokyo, Japan) sections were 
dehydrated in alcohol and xylene.

Identifi cation of the VHH targets by immunoprecipitation
Total cell lysates were prepared from HeLa cells grown under hypoxic or normoxic 
conditions by rinsing the cells with cold PBS and scrapping them in immunoprecipitation 
buffer (IPB); 40mM Tris pH 8.0, 1% Triton X-100, 10% Glycerol, 280mM NaCl and 10mM 
phenylmethylsulfonyl fl uoride (PMSF) supplemented with a protease inhibitor cocktail 
(Roche, Basel, Switzerland). Cells suspensions were lysed by sonication for 3 times 10 
seconds at 22 amplitude microns on ice and cell debris was cleared by centrifugation. 
Protein amounts in supernatants were measured with a BCA™ Protein Assay Kit (Pierce 
Co, Rockford, IL, USA)[21]. For immunoprecipitation, about 1μg of the mouse anti 
Myc monoclonal antibody (9E10) was bound to 7μl protein A/G plus-agarose beads 
(Santa Cruz Biotech, Santa Cruz, CA, USA) in 200μl IPB at 4ºC head-over-head for 1h. 
Subsequently, 9E10 coated protein A/G beads were blocked with 1% BSA in IPB at 4ºC 
for 15min and washed once with IPB buffer. The anti Myc coated beads were next pre-
incubated with 10μg of either VHH-H6 or VHH-B4, or no VHH at all, for 2h. The beads 
were washed once with IPB and lysates (corresponding to 0.5mg of protein) were added to 
the beads and incubated, headover-head, overnight at 4ºC. Beads were washed ten times 
with IPB and dissolved in 50μl Laemmli loading dye. Suffi cient amounts of proteins for 
mass-spectrometry were immunoprecipitated from three reactions. Immunoprecipitated 
proteins were analyzed with SDS-PAGE, using a gradient gel (4-15%, BioRad, Hercules, 
CA, USA) for the separation of the proteins. Proteins were stained with SimplyBlue 
(Invitrogen, Carlsbad, CA, USA) according to the manufactures instructions. The bands 
of interest were excised and delivered to the Netherlands Proteomics Center (Utrecht, 
The Netherlands) for further processing to identify the proteins by mass-spectrometry.

Western blotting
Proteins were fractionated using 6%, 12% or 4-15% gradient polyacrylamide gels 
(BioRad). Proteins were transferred onto PVDF membranes (Millipore Co, Bedford, MA, 
USA) and detected by the subsequent incubation of the membranes with the following 
primary antibodies: mouse anti-HIS6 (Clontech, Mountain View, CA, USA), mouse anti 
HIF-1α, mouse anti β1 integrin (BD Transduction Laboratories San Diego, CA, USA), 
mouse anti α3 integrin (29A3, a gift of dr. A. Sonnenberg), rabbit anti GLUT-1 (Abcam, 
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Cambridge, UK), rabbit anti CAIX (Novus Biologicals Inc, Littleton, CO, USA) and 
mouse anti-β-actin (USBiological, Swampscott, MA, USA), and the corresponding goat 
anti mouse IgG + IgM (Biosource, Camarillo, CA, USA) and goat anti rabbit IgG (H+L) 
(BioRad), both conjugated to HRP, were used as a secondary antibodies. ECL (Amersham) 
was used for visualization as described by the manufacturer.

Enzyme linked immunosorbent assay (ELISA) for target validation
Pure recombinant human α3β1 (VLA-3) and α5β1 (VLA-5) [26, 27] (R&D Systems, 
Minneapolis, MN, USA) were coated into wells (0.5μg) of a 96-wells Nunc Maxisorp 
plate at 4ºC overnight. The wells were blocked with 2% BSA in PBS at 25ºC and 500 
rpm in a TERMOstar incubator (BMG LABTECH, Offenburg, Germany). All following 
incubation steps were performed under the same conditions in the same incubator. 
Subsequently, 30μg of VHH-H6 was incubated with the coated wells or with empty 
control wells for 1 hr. A mouse anti-β1 integrin monoclonal antibody was used to monitor 
coating. Wells incubated with VHH-H6 were washed 10-times with PBS and incubated 
with anti Myc-HRP (Invitrogen). Wells incubated with anti β1 integrin were incubated 
with an anti-mouse IgG + IgM HRP (Biosource). ImmunoPure TMB kit (Pierce) was used 
for detection of bound antibodies according to manufacturer’s instructions. The signal 
intensities were measured using an ELISA reader (Biorad) at a wavelength of 450 nm. 

FACS analyses with VHH
HeLa cells were exposed to normoxic or hypoxic conditions for 24 hrs. Cells were briefl y 
trysinesed and spun down in cold culture medium at 1200 rpm for 5min. Erythroleukemia 
K562 and K562A3 cells [28] (a kind gift of Dr A. Sonnenberg) were cultured under 
normoxic conditions and spun down similar, medium was discarded. Cells were washed 
with 5ml ice cold 0.2% BSA in PBS (BP) and divided over different tubes (approximately 
500.000 cells per tube). Cells were incubated with VHH-B4 or VHH-H6 at a concentration 
of 300μg/ml in BP, or BP alone, for 1 hr on ice. Cells were washed with 5ml of BP, spun 
down and incubated with 20ng/μl of FITC conjugated anti-HIS6 (C-term) (Invitrogen) 
for 30 min on ice. Next cells were washed again with 5ml of BP, resuspended in 0.5ml of 
BP and transferred into FACS tubes. Additional controls were performed with an anti-α3 
integrin antibody (CD49c) (clone C3 II.1, BD Pharmingen, San Diego, Ca, USA), an anti-
β1 integrin antibody (TS2/16, a kind gift of dr. E.H. Danen), and anti GST (Santa Cruz). 
Antibodies were all used at 1/10 dilution, except for TS2/16 (1/2, supernatant of hybridoma), 
in combination with rat anti- mouse IgG1 PerCP (Becton Dickinson, San Diego, CA, USA) 
diluted 1/50. FACS analysis was performed a fl ow cytometer (FACSCALIBUL, Becton 
Dickinson). The relative cell number was plotted against a Log fl uorescence scale.

Results
Llama VHHs to hypoxia or normoxia induced cell surface markers
To obtain llama VHHs to cell surface markers, which distinguish between cells exposed 
to hypoxic conditions and cells grown under normal oxygen (21%), a two-round phage-
display selection was performed. The VHH phage-library used for selection was generated 
from a llama immunized with the membrane vesicles from the A431 cell line. In the 
1st round, phages that were in solution preincubated with an excess of membrane proteins 
isolated from hypoxic or normoxic HeLa cells, were added to wells coated with different 
amounts of immobilized membrane proteins from hypoxic or normoxic HeLa cells. Hypoxia 
was confi rmed by HIF-1 activity using a reporter gene assay and HIF-1α immunoblotting 
(data not shown). Furthermore, expression of the key hypoxia-induced cell surface markers 
GLUT-1 and CAIX were markedly upregulated by Western blotting under hypoxic 
conditions (Figure 2). CAIX expression was strictly induced upon hypoxia, whereas some 
GLUT-1 expression was also detectable under normoxic conditions (Figure 2).
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The numbers of phages selected under these 
counter selection conditions are depicted in Table 
1. Substantial enrichments from 4- to 60-fold for 
normoxic and from 32- to 500-fold for hypoxic 
membrane proteomes were obtained when compared 
to PBS controls (Table 1). The selected VHH phage 
sub-libraries eluted from the 10μg of immobilized 
membrane proteins were used for the second round 
of selection.

In the 2nd round, amplifi ed enriched sub-libraries 
phages were incubated with live HeLa cells grown 
under hypoxic or normoxic conditions (Figure 
1). From the different elution steps, the highest 
enrichments could be found in the fi nal elution 
step (E) from 8-times on normoxic cells to 13-
times on hypoxic cells compared to controls (data 
not shown), indicating the successful selection of 
VHHs that recognize cell surface markers specifi c 
for normoxic or hypoxic conditions.

From the hypoxic phage-library monoclonal VHH-
phages were selected from the elution steps (E) for 
further analysis by means of phage ELISA. HeLa 
cells grown in 96-wells under hypoxic or normoxic 
conditions were and fi xed with formaldehyde. The 
phage ELISA revealed that 6-7% of the selected 
96 clones showed a strong positive signal and 
about 20-30% showed a moderate signal (data not 
shown). Surprisingly, the selected clones could 
not distinguish between cells under hypoxic and 
normoxic conditions (data not shown). Two strong 
binders, called VHH-B4 and VHH-H6, were 

selected for monoclonal VHH production and further analysis. VHHs were purifi ed with 
immobilized metal ion affi nity chromatography [23]. These clones were also recloned in 
a yeast production vector for better yield [29]. VHH antibodies are fused to a Myc-HIS6 
double tag [21].

Table 1. Number of phages bound to the indicated conditions in the fi rst round of selection.

Membrane Proteins 10μg 5μg 1μg PBS

Normoxia 8x104 1.4x104 5.7x103 1.3x103

Hypoxia 1x105 1x105 6.4x104 2x102

Immunofl uorescence microscopy
To investigate their subcellular localization we incubated HeLa cells with recombinant 
purifi ed VHH-B4 and VHH-H6 and observed a membranous staining at the cell junctions 
in particular (Figure 3). Interestingly, the localization of both VHH-B4 and VHH-H6 did 
not apparently differ between normoxic and hypoxic cells (dat not shown).

Figure 2 Hypoxia induced cell surface markers. 
Immunoblot analysis of membrane proteins isolated 
from HeLa cells grown under normoxic (21% O

2
) 

or hypoxic (1% O
2
) condition. The expression of 

GLUT-1 and CAIX was analyzed using specifi c 
antibodies. Molecular weight marker proteins (in 
kDa) are indicated on the left.
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Figure 3 Membrane staining by the VHH on fixed 
HeLa cells.
Immunofl uorescence using VHH-B4 or VHH-H6 as primary 
antibodies. VHHs were detected by their Myc-tag and a 
secondary antibody coupled to Alexa Fluor 488 (green). DNA 
was counterstained with TO-PRO-3 (red).

Table 2. Assigned Mascot score after mass spectrometry and 
peptide blast search from immunoprecipitates with VHH-H6.

NORMOXIA

acc.no. Protein Mascot score

Gi|19743813 integrin beta 1 isoform 1A 
precursor

999

Gi|220141 VLA-3 alpha subunit 732

HYPOXIA

acc.no. Protein Mascot score

Gi|124963 Integrin beta-1 precursor 
(Fibronectin receptor subunit 
beta)

1257

Gi|220141 VLA-3 alpha subunit 888

Figure 4 Immunoprecipitation of the VHH targets from HeLa cell lysates. 
VHH-H6, VHH-B4 or no VHH (Myc) were coupled to ProtA/G beads through the anti-Myc antibody (9E10), and used to pulldown 
cognate antigens from the lysate of HeLa cells. Bound proteins were analyzed with SDS-PAGE gels stained with SimplyBlue. 
The expected heavy and light chains of IgGs, BSA (smear) and VHH are indicated on the right. A protein band of approximately 
150 kDa (denoted by *) represents the VHH-H6 target antigen. Lane M represents molecular weight marker proteins (in kDa), and 
are indicated on the left.

VHH target identifi cation
Reverse proteomics was used to identify the antigen(s) of VHH-B4 and VHH-H6. Only 
VHH-H6 clearly immunoprecipitated a single 150 kDa band (Figure 4). This protein 
band was equally precipitated in both normoxia (Figure 4) and hypoxia (Figure 5) lysates. 
Mass spectrometry analysis assigned the highest scores to integrin β1 for this 150 kDa 
protein. The alpha subunit (the heavy chain) of VLA-3 was the second highest hit (Table 
2). These highly signifi cant scores strongly suggest VHH-H6 specifi cally recognizes the 
α3β1 (VLA-3) integrin complex.

VHH-H6 binds α3β1-integrin in vitro and in vivo
To confi rm that α3β1 integrin was immunoprecipitated with VHH-H6, lysates from 
HeLa cells grown under hypoxia or normoxia were immunoprecipitated in the presence 
or absence of VHH-H6 and the precipitated proteins were analyzed by SDS-PAGE and 
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Western blotting using conventional anti-α3 and anti-β1 integrin antibodies. VHH-H6 
immunoprecipitated both α3 light chain and β1 (Figure 5). Trace amounts of the integrin 
α3 light chain were detected independently of the VHH-H6 pulldown. However the 
amount of α3 light chain subunit increased markedly by VHH-H6 pulldown, suggesting 
that the α3 subunit was immunoprecipitated in complex with the β1 subunit, probably in 
the VLA-3 protein complex. No difference in the total amount of the α3 and β1 subunits 
nor in VLA-3 complex formation between these two proteins at the cell surface was 
observed in HeLa cells grown under normoxic or hypoxic conditions (Figure 5). This 
fi nding was in accordance with the mass spectrometry and immunofl uorescence data. 
Furthermore, VHH-H6 was found to directly interact with the protA/G beads, a property 
displayed by some VHHs [21] (Figure 6, lanes 5 and 6).

Figure 5. Detection of α3 and β1 
integrin subunits in the VHH-H6 
immunoprecipitated samples.
 Immunoblot analyses of samples that 
were immunoprecipitated with VHH-H6 
(lanes 2, 4, 5 and 6) or no VHH (lanes 1 
and 3) at all (as described in Figure 4). 
The blots were probed with antibodies to 
β1 integrin subunit (upper), α3 integrin 
subunit (middle) or HIS6 tag (lower) 
panels of the fi gure. VHH-H6 was 
also coupled directly to ProtA/G beads 
and used to pulldown cognate antigens 
(lanes 5 and 6). The heavy and light 
chains of the antibodies present in the 
sample and reacted with the secondary 
antibody in Western are indicated on the right. β1 and α3 integrin subunits together with VHH (anti-HIS6) are indicated on the right 
as well. No difference in the amount of immunoprecipitated integrin subunits was found between lysates made from cells grown 
under normoxic (21%) or hypoxic (1%) conditions. Molecular weight marker proteins (in kDa) are indicated on the left.

Figure 6 Direct binding of VHH-H6 
to recombinant α3β1 integrin.
Recombinant VLA-3 (α3β1 integrin) 
or recombinant VLA-5 (α5β1 integrin) 
were coated into Maxisorb plates at 
0.5μg/well, and binding with VHH-H4, 
VHH-H6 or no VHH (in which anti-
Myc was used) was assayed in ELISA. 
Binding of the VHHs to the integrins is 
expressed as absorbance at 450nm. Data 
represents the mean ± standard deviation 
of three independent experiments
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Figure 7 Labeling of native α3β1 integrin 
with VHH-H6.
The parental K562 cell line and the stable 
α3β1 integrin expressing cell line K562A3 
were incubated with PBS, FITC conjugated 
anti-HIS6 alone or in combination with 
VHH-B4 or VHH-H6. The presence of α3 
subunit, and α3β1 integrin, on the surface 
of the cells was analyzed by fl ow cytometry. 
Relative cell number is plotted against Log 
fl uorescence intensity.

Figure 8 Upregulation of α3β1 
integrin expression in HeLa cells 
grown under hypoxic conditions.
Flow cytometry was used to analyse 
the surface expression of α3β1 integrin 
on HeLa cells using FITC conjugated 
anti-HIS6 alone or in combination 
with VHH-H6. Normoxic (grey) and 
hypoxic (solid lines) signals, from 
the left two panels, were overlaid in 
the right panels. Arrow indicates the 
increase in the expression of α3β1 
integrin during hypoxia. Relative 
cell number is plotted against Log 
fl uorescence intensity.

Since α3 and β1 proteins are heterodimers in complex with many different proteins [30], 
we analyzed the binding of VHH-H6 to purifi ed recombinant VLA-3 in vitro by ELISA to 
confi rm the direct interaction of VHH-H6 with VLA-3. VHH-H6 detected α3β1 (VLA-3) 
integrin but not α5β1 (VLA-5) integrin (Figure 7) suggesting that VHH-H6 binds directly 
to the α3β1 integrin. Furthermore, since VLA-5 also contained the β1 subunit, VHH-H6 
interacts with the extracellular domain of α3, alone or in complex with β1. Additionally, 
VHH-B4 did not interact with either recombinant VLA-3 nor VLA-5.

To further substantiate this fi nding we performed FACS analysis with K562 cells that 
lack α3 and compared those with the α3A transfectant line K562A3 [28]. Whereas the 
K562A3 transfectants expresses α3β1 and α5β1 on the surface, K562 cells only express 
α5β1. FACS analysis demonstrated that VHH-H6 only stained K562A3, indicating that 
VHH-H6 recognizes α3β1 (Figure 7). Additionally, VHH-B4 did not show any difference 
in staining between K562 variants (Figure 7).
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The α3β (VLA-3) integrin complex is upregulated under hypoxia
Thus far our analysis had shown that VHH-H6 recognizes the α3β1 integrin complex. 
However, no differences in expression of the α3β1 integrin between normoxic and 
hypoxic cells were found. This was surprising, since our phage selection scheme was 
aimed at identifying differences between normoxic and hypoxic cells. When FACS was 
used to analyze the expression of α3β1 in HeLa cells growing under normoxia or hypoxia 
conditions, a small but reproducible increase in the expression of cell surface α3β1 as a 
consequence of hypoxia was found (Figure 8). Integrin α3β1 analysis using conventional 
α3 and β1 antibodies showed little if any difference between normoxia and hypoxia in 
immunofl uorescence, FACS (data not shown) or immunoblot (Figure 9).

Detection of α3β1 integrin with VHH-H6 in human skin
VHH-H6 was used to detect integrin α3β1 in frozen human skin section using 
immunofl uorescence and immunohistochemistry. Consistent with the known expression 
and localization pattern of integrin α3β1 in the basal epithelium of the human epidermis 
[31], we observed staining of basal layer keratinocytes with VHH-H6 (Figure 10). 

Figure 10 α3β1 integrin staining 
with VHH-H6 in the basal layer 
keratinocytes in human skin 
frozen section.
Immunofl uorescence on a frozen 
skin section using VHH-H6 as the 
primary antibody. VHH was detected 
with a polyclonal serum raised 
against llama heavy chain antibodies 
and a secondary antibody coupled 
to FITC (green). Nuclear DNA was 
counter stained with TO-PRO-3 
(red). Samples were analyzed with 
a confocal fl uorescence microscope. 
Alternatively, the sections were 
treated for immunohistochemistry 
(IHC) and developed using the 
PowerVision histostaining kit. 
The samples were analyzed with a 
light microscope. Arrows indicate 
specifi c staining of the basal layer 
keratinocytes in skin. 

Figure 9 Amount of α3β1 integrin protein does not change under normoxic 
and hypoxic conditions. 
Lysates were prepared from HeLa cells grown under normoxia (21% O

2
) or 

hypoxia (1% O
2
). Proteins were fractionated with SDS-PAGE and blotted onto 

PVDF membranes. Immunoblots were probed with antibodies for β1-, α3 integrin, 
HIF-1α or β-actin (as a loading control). The expected proteins are indicated on the 
right. Molecular weight marker proteins (in kDa) are indicated on the left.
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Discussion
Here we employed phage display to identify antigen binding fragments of llama heavy 
chain antibodies (VHHs) that discriminate between important disease associated 
phenotypes such as those associated with tumor hypoxia. We identifi ed and characterized 
a VHH against the extracellular domain of VLA-3. Phage ELISA based screening of the 
selected sub-libraries revealed ~30-40% of specifi city to surface markers on HeLa cells. 
Validation of the hypoxic signature of these VHH phages may reveal many new hypoxia-
induced cell surface antigens.

The designed selection method was aimed at identifying differences between cell surface 
markers displayed on HeLa cells grown under normoxia and hypoxia. However, when 
using ELISA-based screening, all selected phage clones hardly discriminated between cell 
surfaces of the two conditions. Nevertheless, FACS analysis with VHH-H6 for the labeling 
of its cognate antigen showed a small, but reproducible increase of this antigen under 
hypoxic conditions. Apparently, based on the method used for screening, subtle hypoxia-
induced differences in the expression or modifi cation of the surface antigen may not be 
discriminating enough in phage-ELISA or immunofl uorescence. Therefore, FACS analysis 
seems to be mandatory in these screens and discarding VHH based on immunofl uorescence 
or phage-ELISA screening may result in discarding VHHs against interesting antigens with 
high potential in detection and targeting of hypoxia cells. Importantly, with the exception 
of Western blotting, VHH-H6 was found to be suitable for different applications, such 
as immunofl uorescence, immunoprecipitation and FACS. VHH-H6 is probably directed 
against a conformational epitope present in the native VLA-3 complex. The selection 
of an anti-VLA-3 VHH from a VHH library constructed from a llama immunized with 
membrane vesicles of A431 cell line was possible because both HeLa and A431 cells are 
derived from the epithelium, and both express α3β1 (VLA-3) integrin [32, 33].

α3β1-integrin plays crucial roles in the organization of epithelial and endothelial tissues 
by exerting functions related to cell adhesion and migration [34-39] and angiogenesis [40]. 
Integrin α3β1 function depends on various types of associated molecules, including other 
membrane proteins, intracellular signalling molecules, and cytoskeleton proteins [30]. 
However the exact regulatory mechanisms exerted by these molecules on α3β1 integrin 
function, remain to be elucidated (nicely reviewed in [30]). It will be interesting to study 
the expression pattern of integrin α3β1 in relation to the function of hypoxic markers, 
such as HIF-1, in the context of carcinogenesis. A single report described upregulation 
of α3β1 integrin by hypoxia in kidneys infl icted with unilateral ischemic injury. These 
authors hypothesized that kidney regeneration induced the expression of α3β1 integrin 
[41]. Our fi ndings suggest that the induced integrin α3β1 expression may be a direct 
effect of hypoxia and not a consequence of a regeneration process.  

Other integrins have also been reported to be regulated by hypoxia. For instance, in 
trophoblast cells and in B16F0 melanoma cells αvβ3 integrin expression is regulated in a 
HIF-1 dependent manner and induced upon hypoxia [42]. Our fi ndings suggest that α3β1 
integrin is upregulated on the cell surface of HeLa cells under hypoxia conditions. However, 
the total cellular protein levels of α3 and β1 subunits were not changed (Figure 10). Cell 
surface expression of the integrin heterodimer complexes are regulated by Furin processing. 
Furin maturates integrin complexes by cleavage of the α chain [43]. Interestingly, Furin is 
a direct HIF-1 dependent target strongly induced upon hypoxia [44]. Additional regulatory 
mechanisms of hypoxia on the α3β1 integrin levels could be envisaged, since posttranslational 
processing of integrins by Furin is required for its maturation and cell surface localization. 
Therefore hypoxia induced upregulation of Furin may explain why we found enrichment of 
α3β1 integrin on hypoxic cells versus normoxic conditions in our screen.
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Recently, we demonstrated the expression of VHHs in the obligate anaerobic tumor 
colonizing bacterium Clostridium: a property that can be exploited for the delivery of 
VHH-therapeutics to the hypoxic microenvironment of solid cancers [45]. VHH-H6 (and 
its highly homologous relatives present in the libraries after the second round of selection, 
data not shown) may be such a therapeutic. However, it will be interesting to see whether 
VHH-H6 can also block the function of VLA-3 in living cells, and whether such blocking 
results in inhibiting the malignant phenotype of tumors. Alternatively, VHH-H6 may 
function as a specifi c carrier for therapeutics, which will be targeted to α3β1 integrin 
displayed on the cell surface of hypoxic tumors. 
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Abstract

Hypoxia is a hallmark of solid cancer and characterized by regions of low oxygen 
and necrosis due to insuffi cient blood perfusion. Intratumoral hypoxia triggers 
the transcription of genes responsible for cell survival. The transcription factor 
Hypoxia-Inducible Factor 1alpha (HIF-1α) is a key regulator of this response. HIF 
activation is associated with resistance to radio- and chemotherapy and poor clinical 
outcome, and may therefore provide an attractive therapeutic target. Clostridium-
based oncolysis is a promising therapeutic strategy for the treatment of hypoxic 
tumors where these microorganisms naturally home. Here, we report for the fi rst 
time the isolation of transconjugants of two excellent tumor colonizing Clostridium 
strains C.novyi-NT and C.sporogenes, expressing single chain antibodies specifi c for 
human HIF-1α. This is a fi rst step towards Clostridium-directed antibody therapy 
(CDAT) that holds promise as a carrier of cancer therapeutics targeting the most 
resistant regions in human solid cancer. 
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Introduction
When solid tumors outgrow their vasculature, regions of very low oxygen concentrations 
(hypoxia) develop, which leads to necrotic areas [1]. Hypoxic tumor cells are resistant to 
chemotherapy and radiotherapy and their presence is thereby indicative of poor clinical 
outcome [2]. Furthermore, hypoxia increases mutation rate, local angiogenesis, motility 
and invasion leading to aggressive local tumor behavior and increased predisposition to 
metastases [3, 4]. Hypoxia is therefore a hallmark of solid tumor development and strategies 
targeting hypoxia have thus evolved as a conceptual strategy for anti-cancer treatment by 
utilizing hypoxia-specifi c delivery of pro-drugs and small molecules [5] (reviewed in [6]) 
targeting the hypoxia-inducible factor 1alpha (HIF-1α), the key regulator of the hypoxia 
response in many solid cancers [7, 8]. Delivery of cancer therapeutics to hypoxic tumors is 
hampered by their limited perfusion due to poor vascularization. Non-pathogenic strains 
of the obligate anaerobic bacterium clostridia produce spores that naturally colonize and 
lyse hypoxic tumour areas [9] 10, 11]. Since oncolysis in these experimental models 
never completely eradicated tumor growth, improved non-toxic bacteriolytic clostridia 
strains have been generated suitable for producing cancer therapeutic proteins (reviewed 
in [12]). The effi cacy of Clostridium-based cancer therapy has been demonstrated in 
experimental models as a vehicle for tumor-specifi c delivery of pro-drug converting 
enzymes [13, 14] and to enhance radio- and chemotherapy [15-17]. Antibody-based 
therapeutics have several advantages over cytotoxic agents; most importantly their high 
affi nity and specifi city for tumor antigens. Their application, however, is hampered by 
tumor heterogeneity and the diffi culty to obtain high specifi city antibodies against tumor 
antigens that can be coupled to tumor selective carriers. VHH are small (15kDa), naturally 
occurring, single chain antibodies from camellids with full antigen-binding capacity and 
specifi city [18]. Because size, specifi city, low toxicity and immunogenicity and ease of 
molecular engineering, VHH have the potential to act as therapeutic antibodies [19-21]. 
We have generated VHHs against HIF-1α that, when expressed in mammalian cells, bind 
and inhibit HIF activity [22] (and unpublished results). Here, we show for the fi rst time 
heterologous gene expression of VHH antibodies targeting HIF-1α by the non-pathogenic 
Clostridium strain C.novyi-NT. Clostridium-directed antibody therapy (CDAT) combines 
the oncolytic properties of Clostridium and the target selectivity of antibody therapeutics 
and has the potential to target the most resistant parts in human solid tumors.

Material and methods
Construction of an universal VHH expressing Clostridial vector 
VHH-AG2 cDNA (a gift from Unilever Research Vlaardingen, The Netherlands) 
was amplifi ed by standard PCR with primers from Sigma-Genosys Ltd, restriction 
sites are underlined, (Cambridge, UK) using forward primer 5`-GGGTGCGC
AAAGGCCCAGCCGGCCATGGCCGATGTGCAGCTG-GT-3` and reverse primer 
5`-GGGCTCGAGCGCGAATTCCTATGCGGCCCCATGGTG-ATG-3` introducing 
an MstI site to fuse the VHH with the eglA signal sequence exactly as described [23, 
24]. This plasmid was used as a template to generate the SS

eglA
 VHH fusion using 

PCR with primers forward 5`-ATATACATATGATGTTGTTTACAGTATTAGG-
AACAAATACTTATAAAGC-3` and reverse 5`-TATACCCCGGGCTACTATGCGGCC-
CCATGGTGATG-3` introducing an NdeI and SmaI site and ligated in the NdeI and 
SmaI digested pMTL-555 shuttle vector [14] generating pMTL-555-VHH. Cloning was 
controlled by restriction analysis and verifi ed by sequencing. With the restriction sites Sfi I 
and BstEII any VHH cDNA can be cloned as an eglA fusion with Myc and HIS6 tags.
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Clostridial Conjugation procedure
Conjugation of the E.coli donor strain CA434 (HB101 carrying the IncPβ conjugative 
plasmid, R702) carrying pMTL-555-VHH with C.novyi-NT [15] or C.sporogenes NCIMB 
10696 with pMTL-555-VHH was performed exactly as described [14]. Plasmids were 
isolated from erythromycin resistant clostridia and retransformed into E.coli followed by 
restriction digest and sequencing to verify their integrity.

Isolation and characterization of VHH from strains
Transformed clostridia were grown in a volume of 1L BHI media under strictly anaerobic 
conditions in a MACS Anaerobic Workstation (Don Whitley Scientifi c, Shipley, UK) 
overnight at 37°C. Cells were harvested, resuspended in 25ml sonication buffer (50 mM 
Tris-HCL, 30mM NaCl pH 8.0) and lysed by sonication on ice. Unsoluble debris was 
spun down twice for 20min at 12.000rpm at 4°C. Recombinant VHH were purifi ed with 
immobilized metal ion affi nity chromatography (IMAC) as previously described [25] 
and dialysed to PBS. Protein concentration was determined with a BCA™ Protein Assay 
Kit (Pierce Co., Rockford, IL, USA). Isolated proteins were analyzed by Western blot 
procedures (15% SDS-PAGE gels). Gels were stained for protein content with either 

Figure 1 Schematic representation of the universal shuttle vector pMTL-555-VHH. 
Indicated are restriction sites, and important motives, and highlighted from the vector are the promoter, ribosomal binding site 
(rbs), ATG start codon, the N-terminal secretion signal (SS), VHH, and the used Myc and HIS6 tags followed by a double stop 
codon (**).
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SimplyBlue, according to manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA), 
or proteins were transferred onto PVDF membranes (Millipore Co., Bedford, MA, USA). 
Protein detection was subsequently performed with a HRP conjugated mouse anti-
6xHIS monoclonal antibody (BD Biosciences, San Diego, CA, USA). ECL (Amersham 
Biosciences, Buckinghamshire, UK) was used for visualization as described by the 
manufacturer.

Identifi cation of recombinant strains
To identify colonies of C.sporogenes NCIMB 10696 and C.novyi-NT harbouring 
pMTL-555-VHH we performed colony PCR. We used primers for the VHH, 
forward 5’-GGGCTGCA GATGGCCGATGTGCAGCTGGT-3’ and reverse 5’-
CGCTTGCGGCCGCTGAGGA GACGGTGACCTG-3’ (385 bp). Primers specifi c for 
C.novyi fl agellin (fi lA) gene: forward 5’-AACAAATGTACAAAAAGAAATAGC-3’ and 
reverse 5’-CTAATCTATTTTGGA TAGCTCC-3’. Primers specifi c for E.coli thymidine 
kinase (TK) gene: forward 5’-TGAT GAAAAGTAGAACAGTCG-3’ and reverse 5’-
ATCAAGACGCAGCACCATG-3’ with expected fragment sizes of 305 and 770 bp 
respectively. PCR fragments were resolved by agarose gel electrophoresis. 

ELISA
NUNC MAXISORP (NUNC, Roskilde, Denmark) plates were absorbed O/N at 4°C 
with 5μg per well of HIS6-purifi ed VHH from C.novyi-NT and C.sporogenes or with 
control VHH (AG2, AG4) isolated from E.coli or left empty. Wells were blocked with 
2% BSA in PBS/0.1% Tween-20 (BSAT) for 2hrs in a TERMOstar incubator (BMG 
LABTECH, Offenburg, Germany) shaking at 25°C. All following incubation steps were 
performed under these conditions in this incubator. Next, after two washes, the wells 
were incubated with 5μg recombinant HIF-1α fragment E (aa375-455) or C (aa543-605) 
for 2 hrs (recombinant proteins carry an N-terminal T7 and C-terminal HIS6 tag [22]). 
Wells were washed 8 times with PBST (PBS, 0.1% Tween-20) and incubated with a 
HRP-conjugated mouse anti-T7 (1:5000, Novagen, Madison, WI, USA) in BSAT for 30 
min, and washed 7 times with PBST and 1 time with PBS, followed by staining using 
ImmunoPure TMB Substrate kit (Pierce) according to the manufacturer’s instructions. 
The signal intensities were measured using an ELISA reader (BioRad, Hercules, CA, 
USA) at 450 nm. Coating of the VHHs in the wells was detected with a HRP conjugated 
anti-Myc antibody (Invitrogen) and rabbit anti-Llama serum (a kind gift of dr. M. El 
Khattabi) in combination with HRP conjugated goat anti-rabbit IgG (H+L) antibodies 
(BioRad). 

Results
Clostridial VHH expression
To enable Clostridium specifi c expression of VHH-AG2, an anti HIF-1α VHH [22] 
we modifi ed pMTL555 to drive VHH expression from the constitutive ferrodoxin fac2 
promoter. To enable secretion of VHH into the microenvironment, we made an N-terminal 
fusion of AG2 with the secretion signal of eglA. To allow detection and purifi cation of 
VHH from clostridia, we added C-terminal Myc and HIS6 epitope tags (Figure 1). By 
including Sfi I and BstEII restriction sites any VHH cDNA can be cloned and expressed 
by clostridia. 

Identifi cation of transconjugants
Strain-specifi c PCR was employed to ascertain that upon transfer of the pMTL555-VHH 
construct the obtained erythromycin-resistant colonies of C.sporogenes NCIMB 10696 
and C.novyi-NT were pure. Especially, contamination by the E.coli donor strain used 
for transconjugation should be avoided, as the fac2 promoter is also active in E.coli. 
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Both Clostridium strains were negative for the E.coli specifi c TK gene and positive for 
presence of the shuttle plasmid (VHH). To ensure C.novyi-NT specifi c transformation 
we performed PCR amplifi cation for the fi lA gene (Figure 2). Single pure colonies from 
both C.sporogenes and C.novyi-NT were expanded under anaerobic conditions and used 
throughout this study. These results demonstrate for the fi rst time transformation of 
bacteriolytic C.novyi-NT with heterologous gene sequences.

.

Isolation and characterisation of VHH from Clostridium strains
Lysates from AG2 containing C.sporogenes and C.novyi-NT grown under anaerobic 
conditions were analysed for the presence of the VHH by immunoblotting with HIS6 and 
Myc antibodies. In both strains two distinct bands could be detected at 18 and 16 kDa, 
respectively. The predicted unprocessed VHH form with the signal peptide (ssVHH) has 
a calculated molecular weight of 18kDa and the cleaved form of the VHH has a mass 
of 16 kDa. Purifi cation of HIS6 tagged VHH directly from whole Clostridium lysates, 
yielded 130μg of protein per liter culture. Purifi ed fractions were analysed and visualized 
by PAGE. Both 16 and 18kDa forms could be isolated and confi rmed by SimplyBlue 
staining and HIS6 immunoblot. Although affi nity purifi ed isolated fractions from both 
strains were not 100% pure, there was signifi cant enrichment of VHH in both cases 
(Figure 3).

VHH produced by Clostridium are functional
After having established the expression and processing of VHH in Clostridium, we 
sought to determine whether the purifi ed VHH (AG2) from Clostridium was functional 
in binding to HIF-1α. To do so we conducted ELISA with the HIF-1α antigen fragment 
C (HIF543-605) and a control HIF-1α fragment E (HIF375-455). VHH-AG4 specifi c for 
fragment E isolated from E.coli was used as positive control for binding [22]. Coating of 
VHH was controlled for by anti-Myc and with anti-Llama antibodies (data not shown). 
AG2 isolated from both C.novyi-NT and C.sporogenes specifi cally bound to HIF-1α 
fragment C and not E (Figure 4). We could not determine which of the VHH isoforms 
(cleaved or uncleaved) were binding. However, we determined that the uncleaved form 
ssVHH is also functional when isolated from E.coli, where it was not cleaved (data not 
shown).

Figure 2 Characterization of Clostridium conjugates. 
Single colony PCR with primers specifi c for the VHH-AG2, fi lA and TK genes for both C.novyi-NT and C.sporogenes. Both strains 
carry the pMTL-555-VHH shuttle vector and are free of the E.coli donor strain shown by absence of TK amplifi cation. The fi lA 
gene is specifi c for C.novyi-NT
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Figure 3 VHH purifi cation from 
C.novyi-NT and C.sporogenes. 
SimplyBlue stained gel to show the purity of 
the VHH isolates from both strains (SB) in 
combination with an anti-HIS6 Western blot 
(IB) showing uncleaved VHH with signal 
peptide (ssVHH) and the processed cleaved 
form (VHH). Inset is the calculated protein 
size of both forms, proteins sizes are indicated 
in kDa.

Figure 4 HIF-1α antibodies produced by Clostridia are functional. 
Isolated VHH-AG2 from C.novyi-NT, C.sporogenes and E.coli bind specifi cally T7-tagged HIF543-605 (black bars), and not 
HIF375-455 (open bars). Control VHH-AG4 binds HIF375-455 fragment only demonstrating specifi city. Binding is expressed as 
absorbance at 450nm and corrected for background signals. Data represents the mean ± standard deviation of three experiments.
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Discussion
Here, we demonstrate for the fi rst time heterologous gene transfer into the obligate 
anaerobic C.novyi-NT strain. We show that HIF-1α targeting VHH antibodies isolated 
from clostridia retained their binding capacity and specifi city for the HIF-1α antigen. 
With the current methodology we demonstrate cleavage of the anti-HIF-1α VHH, 
suggesting that VHH are being secreted. For therapeutic use several improvements can 
be envisaged.

First, the high AT content of C.novyi-NT [26] suggests that molecular engineering of VHH 
codon usage that are GC rich may improve translation of GC rich VHH. In addition, with 
the complete C.novyi-NT genome sequence available, new promoters may be explored to 
obtain high-level expression of therapeutics antibodies in Clostridium.

The ease of VHH antibody design and selection using phage display makes this an 
attractive strategy to explore antibody-based therapeutics. We envisage that expression 
and secretion of antagonistic VHH targeting mutant cell surface receptors may further 
enhance CDAT approaches [21].

Altogether, this study demonstrates the feasibility of Clostridium based antibody therapy 
against HIF-1α, the key regulator of the hypoxic response, by showing successful 
conjugation, expression and functionality of therapeutic antibodies. Since the secreted 
antibodies may target the hypoxic rim of tumor cells surrounding the necrotic areas, 
which provides a haven for Clostridium species, this may have an additive or synergistic 
therapeutic effect. We expect that further improvements in VHH antibody design and 
expression by anaerobic bacteria may lead to novel approaches in cancer treatment that, 
when used in combination with existing therapies targeting aerobic tumor growth, may 
lead to improved clinical outcome.
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General summary, discussion and future perspectives

This thesis is the result of work on hypoxia in general, the Hypoxia Inducible transcription 
Factors (HIFs), and the α-subunit of the HIF-1 complex in particular. Cellular adaptation 
to hypoxia (low oxygen levels) is primarily mediated by the HIFs, which become activated 
under hypoxia. As described in chapter 1, hypoxic tumors are more resistant to cancer 
therapy and activation of HIFs in response to hypoxia is frequently observed. Expression 
of target genes driven by the HIFs encode proteins involved in the adaptation to the 
hypoxic microenvironment resulting in increased glucose transport and metabolism, 
and induced vascularization to secure tumor cell survival [1]. Therefore, hypoxia and 
expression of these HIFs correlate with a poor prognosis for the cancer patient [2], and 
can be considered important proteins to study at the molecular level. Resolving HIF 
regulation is critical and better insights could ultimately lead to therapeutic intervention 
of the HIF-mediated hypoxic response in cancer. 

COMMD1 and HIF-1
COMMD1 is a member of a family of proteins, called the Copper Metabolism MURR1 
Domain (COMMD) family [3]. In chapter 2, a comprehensive overview is given on all 
known COMMD1 functions including NF-κB signaling, copper homeostasis and sodium 
transport [4]. Furthermore, COMMD1 seems to have a general function in controlling 
the stability of proteins in various cellular processes in the different cellular pathways. 
Important in this chapter is the regulation by COMMD1 of HIF-1, in the HIF-pathway. 
Discovery of this regulation is described by us in [5], where increased HIF-1 activity 
and elevated HIF-1α protein expression were observed in Commd1-defi cient mouse 
embryos. In line with in vivo data, in vitro studies showed that reduced COMMD1 
expression caused increased HIF-1α protein stability and HIF-1 activity. The exact 
molecular mechanism by which COMMD1 mediates HIF-1 activity remains unclear but 
it is suggested that COMMD1 possibly promotes the ubiquitination, and subsequently 
proteasomal degradation of HIF-1α via the VHL-E3 ubiquitin ligase complex. In chapter 
3 experiments are presented showing how COMMD1 regulates HIF-1α stability in a VHL 
independent manner. COMMD1 interacts directly with HIF-1α and promotes ubiquitin-
independent degradation by competition with the chaperone HSP90. Since knockdown 
of COMMD1 dramatically increases HIF-1 activity together with its ability to regulate 
oxygen independent degradation of HIF-1 makes COMMD1 a likely candidate tumor 
suppressor to be mutated in a variety of tumors, as gain of HIF-1 function results in 
malignant progression [6, 7]. Screening of tumors for inactivating mutations in COMMD1 
and for protein expression of COMMD1, HIF-1α and HIF target genes would therefore 
be interesting. 

In addition to cancer, it would be valuable to study COMMD1 and HIF-1 in embryogenesis, 
as we demonstrated that Commd1 is essential for normal mouse embryogenesis, including 
placental vascularization [5]. Commd1 defi cient (Commd1-/-) embryos die in utero and 
vascularization of the placenta was absent. Furthermore COMMD1 is highly expressed in 
normal mouse [5] and human [8] placentas. We describe how COMMD1 regulates HIF-1 
activity in chapter 3 of this thesis. Taken together, it can be hypothesized that COMMD1 
is a critical upstream regulator of HIF-1 function in placental and vascular development, 
and can have tissue specifi c functions in general. To substantiate this hypothesis and 
to overcome early embryonic lethality in Commd1-/- mice, a conditional COMMD1 
knockout mouse can be generated using the Cre/loxP recombination system. The Cre/
loxP system is a tool for tissue-specifi c knockout of genes [9, 10]. A transgenic mouse 
strain with “fl oxed” Commd1 can be crossed in with transgenic mice expressing Cre 
recombinase in specifi c cell types. As recombination and thus excision of Commd1 only 
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occurs in tissues expressing Cre recombinase, the biological function of Commd1 and the 
relation to the Hif-1 pathway can be studied. These studies will provide insights in the 
biological role and function of Commd1 and the regulatory effects of Commd1 on Hif-1 
signaling in different stages of normal development. 

Single-domain antibodies
The use of engineered therapeutic antibodies as drugs is currently increasing. Especially 
single-domain antibodies are promising because of their properties [11]. As described 
in chapter 1 the Camelidae possess a heavy-chain subclass of antibodies [12], and 
the variable single domains of this subclass, VHH, can be selected by phage-display. 
In chapter 4 we show that fi ve selected VHH can bind the functionally important oxygen-
dependent-degradation-domain (ODDD) of the HIF-1α protein. We engineered two of 
those VHH into hetero-bivalent antibodies that could be used in a number of immunological 
applications. Three VHH, AG1, AG2 and AG5 respectively, of which AG1 and AG2 have 
identical complementarity determining regions, but different frameworks, mapped in the 
ODDD and N-terminal transactivation domain (N-TAD) of HIF-1α. VHH-AG1 and AG2 
have similar properties in binding to HIF-1α and are superior to AG5 [13]. In addition to 
immunological applications of those VHH we hypothesized that ODDD binding of these 
VHH in living cells might modulate HIF-1α stability and transcriptional activity when 
expressed as intrabodies. Described in chapter 5 we conditionally direct the expression of 
anti-HIF-1α VHH-AG2 to the nucleus as intrabody: IB-AG2. Intrabody expression leads 
to inhibition of HIF-1 activity in reporter assays and of HIF-1 target gene expression of 
PGK [14] and BNIP3 [15]. However, we could not totally exclude cross reactivity of 
VHH-AG2 with HIF-2α and HIF-3α, because minor interactions between VHH-AG2 and 
recombinant fragments of these two HIFs were observed. Furthermore VHH-AG2 could 
immunoprecipitate all three HIF-α subunits from cell lysates while being overexpressed, 
but endogenous protein could only be immunoprecipitated for HIF-1α (chapter 4, and 
data not shown). This strengthens the assumption that although the HIF-α subunits are 
highly homologues, VHH-AG2 has highest affi nity for HIF-1α. The mechanism, how 
IB-AG2 inhibits HIF-1 activity remains unresolved. However, in HIF-1α deletion mutant 
studies the N-TAD is suffi cient to maintain transcriptional activity without the C-TAD, 
whereas deletion of the C-TAD alone reduces HIF-1 activity only in the absence of 
N-TAD. This suggests that the N-TAD contributes more than the C-TAD in regulating 
HIF-1 transcriptional activation of some target genes. Furthermore the N-TAD domain 
also determines the target gene specifi city between HIF-1α and HIF-2α [16]. It is evident 
that the N-TAD is extremely important for HIF activation and it is likely that it serves as 
an interaction site for transcriptional cofactors, although, no direct interactors with this 
domain have been reported besides pVHL. Altogether the most plausible explanation why 
IB-AG2 inhibits HIF-1 activity would be because it binds to the N-TAD domain. Further 
research is needed to unravel the mechanism of IB-AG2 inhibition. In addition it would be 
worthwhile to investigate the therapeutic potential of IB-AG2 to inhibit hypoxic tumors. 
We have made fi rst attempts based on the hypoxic outgrowth of hepatic micro-metastases 
in a standardized mouse model [17]. In this model, mouse C26 colon carcinoma cells 
are seeded in the liver and subsequently liver lobes are clamped to induce hypoxia. The 
clamped lobes show a strong stimulus in tumor outgrowth. Furthermore, this induced tumor 
growth can be reduced by 70% by indirectly inhibiting HIF-1α by the HSP90 inhibitor 
17-DMAG, strongly suggesting a role for HIF-1α in hypoxia induced tumor outgrowth 
[18]. The model seemed suitable to test the inhibitory effect of IB-AG2 on HIF-1. To 
further substantiate this we transduced C26 cells with lenti-viral IB-AG2 or control GFP. 
Unfortunately, no obvious inhibitory effect of IB-AG2 on hypoxia induced HIF-1 activity 
could be observed in reporter gene assays (data not shown). This was further confi rmed 
in a second lenti-viral transduced mouse colon carcinoma cell line MC38 (Figure 1A/D). 
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Figure 1 Characterization of HIF intrabodies in virally transduced mouse cells
A Immunofl uorescence confocal microscopy with cultured cell sorted virally tranduced MC38 with GFP and IB-AG2 (green), DNA 
is counter stained with TO-PRO-3 (red). IB-AG2 localises to the nucleus. 
B HIF-1 responsive reporter gene assay in MC38/GFP/IB-AG2 cells exposed to normoxic (21%) or hypoxic conditions (1% O

2
) 

for 24 hours. Luciferase activities in the lysates were measured and expressed as relative light units (RLU). IB-AG2 cannot reduce 
normoxic or hypoxia induced HRE- activity. All luciferase experiments were performed in triplicate. Error bars represent mean + 
SD. 
C Alignment of human and mouse HIF-1α amino acid residues. Numbers as indicated, stars identify identical and dots differences 
in residues. In red minimum binding sequence of VHH-AG2 
D Corresponding immunoblot analyses to 2B of HIF-1α, GFP, with β-actin as a loading control.

In our reporter gene assays MC38 shows normoxic HIF-1 activity that can be induced 
under hypoxia. IB-AG2 is neither able to diminish this normoxic activity nor inhibit the 
hypoxic induction (Figure 1C). Although VHH-AG2 is able to bind mouse HIF-1α in 
immunological applications [13], the inhibitory effect when expressed as intrabody in 
different mouse colon carcinoma cell lines has not been observed. However, inhibition 
of HIF-1 activity is more obvious in human colon carcinoma LS174 cells (chapter 4). 
Perhaps an explanation for this observed discrepancy is the difference between mouse 
and human HIF-1α proteins. Although the minimal binding epitope for VHH-AG2 is 
100% identical, the surrounding amino-acids differ substantially (Figure 1B). 

To further explore the therapeutic value of IB-AG2, a human hypoxia dependent model 
system is needed. For instance, human breast MDA-MB-231 cells which form metastases in 
mice with orthotopically grown tumors in a HIF-1 dependent way [19]. This experimental 
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model may be suitable to test IB-AG2 on the inhibition of HIF-1 dependent metastasis 
formation. New approaches are needed to specifi cally deliver such viral therapeutics to 
the hypoxic tumors [20]. To overcome this obstacle new strategies are developed, mostly 
based on tumor hypoxia itself, through hypoxia responsive elements (HREs), the DNA 
binding site of the HIFs, that selectively activate the therapeutic gene carried by a virus 
[21]. However, such strategy is not feasible for IB-AG2 since it will inhibit its own 
expression and therapeutic effect.  

Instead of targeting a nuclear factor with a virus, it would be easier to target more 
accessible surface molecules. In chapter 6 we employed VHH-phage display to identify 
such molecules. With VHH-H6 we identifi ed α3β1 (VLA-3) integrin by use of reverse 
proteomics as upregulated under hypoxia: a new fi nding. Whether VHH-H6 can block 
and inhibit the malignant phenotype of hypoxic tumors with immunotherapy will be a 
very interesting subject of study. Furthermore, it would be worthwhile to explore if VHH-
H6 may be employed for imaging of hypoxic tumors. 

As described in chapter 1 the bacterium Clostridium is an obligate anaerobe that can 
colonize the hypoxic regions of tumors and causes partial destruction of the cancer by 
bacteriolysis [22]. We proposed the use of such strains as a vehicle to deliver therapeutic 
antibodies to hypoxic tumors. In chapter 7 we explore this approach for immunotherapy: 
Clostridium directed antibody therapy or CDAT. We combined the specifi city of antibodies 
with the effi cacy of Clostridium to target hypoxic tumors. As a proof of principle we used 
our anti-HIF-1α VHH-AG2, since expression of HIF-1α is high in hypoxic tumors. We 
showed for the fi rst time transformation and expression of functional VHH in C.novyi-NT 
and C.sporogenes. Unfortunately, we were not able to detect signifi cant amounts of VHH 
in the culture medium although the VHH was actively processed for secretion [23]. Further 
optimization will therefore be required. We propose the use of VHH with nanomolar 
affi nity, with strong therapeutic effects on specifi c surface markers and expression under 
control of better promoters in combination with other signal sequences. Recently the 
genomic sequence of C.novyi-NT was determined [24], and a perfect candidate gene to 
use for promoter and secretion signal sequences would be the Clostridium NT01CX2047 
gene that encodes a lipase. This lipase was characterized and showed in addition to its 
lipase activity the capability to alter the structure of lipid bilayers, change membrane 
permeability and thereby be potentially cytotoxic [25]. C. novyi-NT should be genetically 
engineered with the promoter of this gene and the N-terminal secretion signal peptide 
encoding cDNA, fused to the cDNA of a VHH. This lipase is highly expressed by C.novyi-
NT in infected hypoxic tumors [24, 25]. In addition to bacteriolysis, specifi c therapeutic 
VHH may be secreted and target surrounding hypoxic tumor cells.

Material and methods
Construction of lenti-viral expression plasmids 
To generate our pWPT-IB-AG2 lenti-viral expression construct the intrabody plasmid 
with the cDNA of VHH-AG2, in frame with the SV40 T-antigen nuclear localization 
signal (NLS), green fl uorescent protein (GFP) and HIS6 tag as described in chapter 5 of 
this thesis, was digested with NotI and XhoI of which the NotI overhang was blunted with 
Klenow (New England Biolabs, Hitchin, UK). This DNA fragment contains the whole 
reading frame of IB-AG2: including NLS, VHH-AG2, GFP and HIS6 tag. The fragment 
was ligated into a BamHI and SalI digested pWPT-GFP vector of which the BamHI 
overhang was blunted with Klenow, removing the original GFP and replacing it with 
IB-AG2, resulting in pWPT-IB-AG2. Restriction enzymes and buffers were purchased 
from ROCHE (Basel, Switzerland). The integrity of this plasmid was verifi ed by DNA 
sequencing.
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Cell culture, transfections and infections 
MC38 and COS-7 cells were cultured under DMEM (Gibco BRL, Paisley, UK), 
supplemented with 10% Fetal Calf Serum (Gibco), 100U/ml penicillin-streptomycin 
(Gibco) and 100U/ml L-Glutamine (Gibco). Cells were cultured at 5% CO

2
, 21% O

2
 

for normoxia and 1% O
2 
for hypoxia in an Invivo

2
 Hypoxia Workstation 1000 (Biotrace 

International, UK) at 37ºC. For lenti-viral production COS-7 cells were co-transfected 
at 70% confl uence with packaging plasmids pMDLg/pRRE, pMDG.2 and pRSVrev 
in combination with either pWPT-GFP or pWPT-IB-AG2, using FuGENE (ROCHE) 
according manufactures instructions. After 48 hrs viruses were harvested through a 0.22 
micron fi lter, polybrene was added at a fi nal concentration of 10μl/ml, and MC38 cells at 
10% confl uence were infected for 48 hrs. Infection with GFP and IB-AG2 was confi rmed 
with fl uorescent microscopy. MC38 cells transduced with either pWPT or IB-AG2 were 
grown for 2 weeks and GFP positive cell populations were sorted with a FACSvantage 
fl owcytometer (Becton and Dickinson Immunocytometry Systems, Mountain View, CA).

Immunofl uorescence microscopy, HIF-1 dependent reporter gene assays and Western blot 
analysis on virally transduced MC38 cells were performed as described in the Material 
and methods section in chapter 5 of this thesis. 
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Een van de kenmerken van kwaadaardige gezwellen is het ontstaan van gebieden met 
een lage zuurstofspanning (hypoxie). Door snelle groei van tumorcellen is de afstand 
tot een nabijgelegen bloedvat namelijk te groot geworden voor de aanvoer van zuurstof 
en andere voedingsstoffen naar de cellen. Niet alleen kan zuurstoftekort in tumoren 
zorgen voor resistentie tegen radiotherapie en chemotherapie, het kan ook bijdragen aan 
de agressiviteit van een tumor. De kankercellen reageren namelijk op de zuurstofarme 
omgeving door het activeren van een cellulair overlevingsprogramma door aanmaak 
van eiwitten die ervoor zorgen dat er met een alternatieve verbrandingsvorm energie 
wordt gegenereerd, en eiwitten die een rol spelen bij de aanmaak van nieuwe bloedvaten 
(angiogenese), waardoor de aanvoer van zuurstof weer mogelijk wordt gemaakt. Deze 
processen worden gedicteerd door een zeer belangrijke factor die als zuurstofsensor dient: 
Hypoxie Induceerbare Factor-1 of HIF-1. Deze factor bestaat uit twee eiwitten, HIF-
1alpha en HIF-1beta. In cellen is HIF-1beta altijd aanwezig, terwijl HIF-1alpha instabiel 
is en onder normale omstandigheden voortdurend wordt afgebroken door middel van 
een zuurstofafhankelijk proces. Bij dit proces is het Von Hippel Lindau (VHL) eiwit 
betrokken, dat in sommige erfelijke tumoren van de nier is geïnactiveerd, wat leidt tot 
zuurstof onafhankelijk stabiel HIF-1alpha. Naast deze indirecte stabilisatie van HIF-
1alpha wordt HIF-1 normaal gesproken alleen actief door stabilisatie onder lage zuurstof 
spanning. HIF-1 is een transcriptie factor en reguleert dus het afl ezen (transcriptie) van 
genen tijdens de ontwikkeling van organismen, maar is dus ook betrokken bij het overleven 
van de kankercel tijdens een crisissituatie zoals zuurstof tekort. HIF-1 speelt daarmee een 
centrale rol als overlevingsfactor voor de cel in nood. Verrassend is dat HIF-1 ook kan 
worden aangetoond in kwaadaardige tumoren waar (nog) geen zuurstoftekort kan worden 
vastgesteld als gevolg van activatie van andere signalerings routes. Mogelijk wordt HIF-1 
hier actief door andere voor de tumor specifi eke genetische veranderingen. Het complete 
mechanisme van de activering van HIF-1 is nog niet helemaal bekend, maar de stabiliteit 
en activiteit, lokalisatie in de kern en de activiteit als transcriptie regulator worden dus 
gereguleerd door zuurstoftekort en/of in combinatie met/of door andere eiwitten. Het is 
door onze onderzoeksgroep aangetoond in borstkanker dat de aanwezigheid van HIF-1 
in een tumor correleert met een slechte prognose voor de kankerpatiënt. Deze observatie 
en de centrale regulerende rol van HIF-1 impliceert dat het ingrijpen van de natuurlijke 
regulatie van HIF-1 in tumoren interessant voor kankertherapie kan zijn.

In hoofdstuk 1 van dit proefschrift wordt een introductie gegeven over hypoxie en de 
regulatie van de verschillende HIF eiwitten. Tevens wordt een overzicht van de literatuur 
gegeven over de rol van HIF in kanker en waarom hypoxie resistentie tegen therapie 
veroorzaakt. Vervolgens worden anti-HIF therapieën besproken en wordt een introductie 
gegeven over speciale antilichamen die gevonden kunnen worden in kameelachtigen die 
gebruikt kunnen worden als therapeutische HIF-1 antilichamen.

Hoofdstuk 2 is een review artikel, of literatuur overzicht, over het COMMD1 eiwit. Dit 
eiwit is oorspronkelijk gevonden in honden met een genetische afwijking, waarin het gen 
dat codeert voor dit eiwit geïnactiveerd bleek te zijn, hetgeen resulteerde in koperstapeling 
in de lever. Om dit defect verder te bestuderen werden muizen zonder COMMD1 gemaakt. 
De resultaten van dit onderzoek worden beschreven in Molecular and Cellular Biology 
(van de Sluis et al., Juni 2007). Muizen embryo’s zonder COMMD1 eiwit bleken niet 
levensvatbaar, maar verrassend genoeg bleek dit gepaard te gaan met stabilisatie van HIF-
1alpha en verhoogde HIF-1 activiteit. De relatie van COMMD1 en HIF-1 regulatie werd 
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verder onderzocht zoals beschreven wordt in hoofdstuk 3 van dit proefschrift. Het blijkt 
dat COMMD1 de stabilisatie van HIF-1alpha onafhankelijk van zuurstof reguleert, en dat 
daar andere zogenoemde “chaperon” eiwitten bij betrokken zijn. Het was al lang bekend 
dat één van deze chaperon eiwitten, HSP90, de stabiliteit van HIF-1alpha kan reguleren 
maar niet dat daar een rol voor COMMD1 in weggelegd was door een directe interactie 
met HIF-1alpha. Dit is een belangrijke vinding die COMMD1 in verband kan brengen 
met de tot nu toe onverklaarde observaties van HIF-1 aanwezigheid in niet-hypoxische 
tumoren. Met het ophelderen van dit nieuwe moleculaire mechanisme is de basis gelegd 
voor verdere studies op patiënten materiaal. Het zou namelijk heel goed kunnen zijn dat 
verlies van COMMD1, en dus meer activiteit van HIF-1, tot agressievere tumoren leidt.

Antilichamen zijn onderdeel van het immuunsysteem. Je immuunsysteem beschermt je 
lichaam tegen vreemde stoffen bacteriën en virussen. Als je met een vreemde stof in 
aanraking komt reageren antilichaam-producerende cellen. Een antilichaam herkent dan 
heel specifi ek de lichaamsvreemde indringer en zal hier aan binden waarna je lichaam 
met verdere mechanismen deze onschadelijk maakt. Het vermogen om heel precies 
een specifi eke stof te herkennen wordt toegepast in de wetenschap voornamelijk voor 
eiwitonderzoek. Je kunt een specifi ek antilichaam tegen een bepaald eiwit voor diagnostiek 
en andere moleculaire technieken gebruiken maar de meest voorkomende technieken zijn 
om de aanwezigheid, grootte en locatie van een eiwit bepalen. De wetenschap maakt 
gebruik van dieren om deze antilichamen te verkrijgen. Voornamelijk muizen en konijnen 
worden hiervoor gebruikt. Deze dieren worden geïnjecteerd met eiwitten, waartegen de 
onderzoekers antilichamen willen verkrijgen, waarop hun antilichaam producerende 
cellen deze zullen aanmaken. Dit proces heet actief immuniseren door vaccinatie en bij 
mensen worden op deze manier vaccins toegediend om bijvoorbeeld bescherming te 
geven tegen polio, difterie en kinkhoest. Uiteindelijk worden de dieren aan de wetenschap 
geofferd waarna antilichaam producerende cellen geïsoleerd en verwerkt worden voor 
kunstmatige antilichamen productie. 

Onderzoekers hebben ontdekt dat de kameelachtigen, (kamelen, dromedarissen en 
lama’s) over een extra speciale soort antilichamen beschikken. De moleculaire opbouw 
deze extra antilichamen is anders dan die van gewone antilichamen. Normaal gesproken 
wordt de opbouw en bindingscapaciteit van een gewoon antilichaam bepaald door een 
combinatie van verschillende genen, maar de opbouw van de bindingscapaciteit van deze 
antilichamen wordt bepaald door één gen. Van deze extra antilichamen kunnen bindende 
fragmenten verkregen worden, terwijl ze slechts uit één domein bestaan, VHH genaamd. 
Deze eigenschap leent zich voor de toepasbaarheid in een speciale moleculaire techniek, 
die faag-display genoemd wordt. Fagen zijn bacteriële virussen en je kunt deze fagen 
gebruiken om individueel een verschillende VHH te laten presenteren op het oppervlak aan 
de buitenkant. Door het VHH repertoire van een niet- of geïmmuniseerde kameelachtige 
met deze techniek te combineren kun je zo faag “banken” of “bibliotheken” genereren 
met oneindig veel verschillende VHH “antilichamen”. Vervolgens kun je specifi eke 
VHH’s uit deze banken selecteren met je eiwit van interesse. Individuele VHH’s die 
specifi ek zijn voor je eiwit kun je vervolgens limietloos opgroeien en vervolgens zuiveren 
uit bacteriën of bakkersgist. Een voordeel is dat je je VHH selectie methode naar wens 
kunt beïnvloeden om een VHH met bepaalde eigenschappen te verkrijgen. Ondanks 
dat VHH’s tien keer kleiner zijn, wat ze extra mogelijkheden geeft, beschikken ze over 
dezelfde eigenschappen als normale antilichamen. Verder is gebleken dat VHH’s ook 
stabieler zijn, maar nog belangrijker is dat de DNA code van een VHH te achterhalen 
valt. Door de beschikbaarheid van deze code kunnen VHH’s gemakkelijk aangepast en 
verbeterd worden door middel van DNA manipulatie wat een belangrijk voordeel is ten 
opzichte van normale antilichamen.
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In hoofdstuk 4 van dit proefschrift worden geselecteerde VHH’s beschreven die specifi ek 
zijn voor het HIF-1alpha eiwit. Twee van deze VHH’s werden gemanipuleerd waardoor 
ze nog sterker menselijk en muis HIF-1alpha konden binden, en geschikt waren in 
verschillende moleculaire technieken. In hoofdstuk 5 wordt één van deze VHH’s tegen 
HIF-1alpha verder gekarakteriseerd en in levende kankercellen tot expressie gebracht. 
Het bleek mogelijk op deze manier de activiteit van het cruciale HIF-1 te remmen. Een 
belangrijke vinding, die mogelijk zijn toepassing kan vinden in het behandelen van 
tumoren met hypoxie. 

In hoofdstuk 6 wordt beschreven hoe VHH’s geselecteerd kunnen worden op levende 
kankercellen onder hypoxie. Er werd gekeken of het mogelijk was door middel van deze 
nieuwe onderzoeksmethode onbekende eiwitten met deze VHH’s te identifi ceren die een 
rol spelen in de reactie van een kankercel op hypoxie. Er werd een eiwit gevonden dat 
meer aanwezig was op het membraan van een hypoxische kankercel, een zogenoemd 
integrine eiwit. Tot nu toe was het onbekend dat dit eiwit een rol speelt in de reactie van 
een kankercel op hypoxie. Naast dat het bewijs dat werd geleverd dat de nieuwe methode 
bruikbaar is werd er tegelijkertijd een stukje biologie van de hypoxische cel opgelost. 
Uit de literatuur bleek dat integrines een rol spelen bij het vormen van cel laagjes en de 
bewegelijkheid van cellen. Het zou dus heel goed mogelijk kunnen zijn dat dit eiwit een 
bijdrage levert aan de potentie tot uitzaaien (metastasering) van een hypoxische tumor. 

Zoals eerder genoemd vertonen hypoxische tumoren in het algemeen resistentie tegen 
radio- en chemotherapie en daarom moet er naar alternatieve behandelingen gezocht 
worden. Bepaalde bacteriën, zoals Clostridium, kunnen zich alleen vermenigvuldigen 
in de afwezigheid van zuurstof. In een zuurstofrijke omgeving vormen deze bacteriën 
sporen en blijven in een rusttoestand. Onderzoekers hebben gevonden dat onschadelijke 
Clostridium sporen, wanneer ingespoten in het bloed van muizen met hypoxische tumoren, 
de hypoxische tumor kolonialiseren. Eenmaal aangekomen in de tumoren, worden de 
sporen weer actieve bacteriën, en kunnen de tumor deels doen oplossen, men noemt 
dit bacteriolysis. Een voordeel ten opzichte van de gangbare behandelmethoden is dat 
gezonde weefsels met normal zuurstof spanning buiten schot blijven, omdat deze bacteriën 
zich daar niet kunnen vermenigvuldigen. Als extra toepassing is het ook mogelijk deze 
Clostridium bacteriën te gebruiken als vervoersmiddel voor een antikanker eiwit naar de 
hypoxische tumor. Het gen zal in de tumor worden afgelezen tot therapeutisch eiwit en 
daar zijn werk doen. In de behandeling van kanker wordt al gewerkt met therapeutische 
antilichamen. Deze behandelingen zijn bijzonder kostbaar en niet toepasbaar op elke vorm 
van kanker. Het zou daarom een elegante aanpak zijn om de eigenschappen van hypoxie, 
met actief HIF-1, te combineren met blokkerende antilichamen uit tumor kolonialiserende 
bacteriën. In hoofdstuk 7 wordt beschreven dat het inderdaad mogelijk is deze Clostridium 
bacteriën te veranderen met een gen dat codeert voor een VHH tegen HIF-1alpha. Dit zou 
nooit voor een normaal antilichaam mogelijk zijn. Verder blijken deze VHH’s volledig 
functioneel wanneer gemaakt door Clostridium. Dit nieuw geïntroduceerde systeem laat 
toe elke therapeutische VHH te gebruiken tegen wat voor eiwit dan ook. 
   
In hoofdstuk 8 van dit proefschrift wordt een bondige samenvatting van dit proefschrift 
gegeven en worden er suggesties voor verbeteringen en vervolg onderzoek aangedragen.   
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Onderzoek doe je samen. Voor het voltooien van dit proefschrift hebben velen hun steentje 
bijgedragen, in wat voor vorm dan ook. Ik wil dan ook graag van de gelegenheid gebruik 
maken om een aantal mensen te bedanken.

Beste Paul en Elsken, promotoren, bedankt voor al het vertrouwen dat jullie in mij 
hebben getoond en dat jullie mij deze unieke kans hebben geboden. Het was me een waar 
genoegen om me onder jullie te mogen scharen. Jullie zijn met recht “the good guys” en 
ik ben altijd zeer onder de indruk geweest van jullie bevlogenheid en passie voor het vak. 
Ontzettend bedankt voor jullie inzet en enthousiasme. 

Beste Marc, co-promotor, mentor en inmiddels groot voorbeeld. Ik ben je onmiskenbaar 
veel dank verschuldigd. Ik wens je daarom ook het allerbeste voor de toekomst, en ik had 
graag nog wat meer van je geleerd.

Beste Eelke, kerel, het was me een eer en genoegen dat ik met jou heb mogen werken de 
afgelopen jaren. Door weer en wind. Ik ben erg trots op wat we samen hebben neergezet. 
Ik kan me geen betere paranimf voorstellen, en ik ben blij dat je straks naast me staat. Ik 
hoop dat ik het net zo goed zal doen als jij. Eelke, bedankt voor een onvergetelijke tijd en 
heel veel succes verder. Ik weet zeker dat je een goede onderzoeker/dokter zal worden.

Klimmende Lennert, bedankt voor alles, ik heb het altijd erg fi jn gevonden als we weer 
samen aan tafel konden schuiven, en zoveel meer.

Kundige Bart, volgens mij hebben wij het “simultaan pippeteren” uitgevonden. Je bent 
“the bomb”, bedankt. Alle succes in Groningen. 

Veel dank ben ik verschuldigd aan mijn collega’s op het MRL. Zij hebben voor een 
geweldige werksfeer gezorgd. David, bedankt voor al je wijsheid in de eerste jaren. Petra, 
bedankt voor je geduld en hulp bij alles. Succes met je eigen promotie onderzoek. Niels, 
bedankt voor alle gesprekken en succes met je loopbaan. Theo, vaak kon ik je vinden 
tot in de late uurtjes op het lab, je hebt gelijk “het is zo ontzettend leuk”. Geert, ik heb 
het bere gezellig met je gehad, jij komt er ook. Dit geldt natuurlijk ook voor de AIO’s: 
Pieter, Karijn, Arnoud, Lodewijk, Robert en Robert, Frank en anderen. Ingrid bedankt, we 
hebben er toch een behoorlijk tijdje samen opzitten, veel geluk en succes met je nieuwe 
baan. Alle andere MRL-ers, Kummertjes en Offerhausjes, zowel personeel als studenten, 
bedankt. Nicole, we hebben samen prachtig werk afgeleverd, succes met je carrière.

Ook alle mensen van de afdeling Pathologie in zijn geheel erg bedankt, ik heb het extreem 
naar mijn zin gehad. Speciale dank voor Willy, Marina, Marja en Dick. Alle andere 
mensen van verschillende afdelingen in het UMCU en Stratenum bedankt.

Bedankt mensen van de VU. Josephine jouw “gouden tip” vergeet ik de rest van mijn 
leven niet meer.

Veel lof voor mijn enthousiaste studenten: Elike, Milla, Dorothee en Michiel, de meeste 
zijn inmiddels AIO, alle succes in de wetenschap.

Maciej, thanks for being my good friend. We will defi nitely meet in the USA. All the 
other people from the Biltstraat, especially Korana, thank you all for those wonderful 
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years, it was an amazing time. Stichting Huisvesting Personeel UMCU: Letty, Margreet, 
Reinie, Audrey en Pauline bedankt voor de goede zorgen, ik voelde me echt thuis.
 
Alle mensen van de “lama” groep in het Kruijt ontzettend bedankt. In het bijzonder dank 
aan Theo, Mohamed en Peter voor de geweldige samenwerking de afgelopen jaren. Jan 
en Asferd uit Maastricht bedankt.

Bedankt “Leiden crew”, ik moet jullie noemen, want ik ben altijd blij jullie weer te zien. 
Mijn maten uit Alkmaar: Pascal (vakman), Dennis, Joost en Jeroen, de laatste jaren toch 
wat verwaterd, maar altijd aanwezig, bedankt.  

Lieve pap en mam, ontzettend bedankt voor jullie interesse, steun, begrip, en volste 
vertrouwen. Jullie zijn de beste ouders die iemand zich kan wensen, en nu komt het 
toch nog goed met dat “broedsel” van jullie. Ook Paul en Judith bedankt voor alles de 
afgelopen jaren, maar in het bijzonder jullie gastvrijheid. Mark en Marlies jullie hebben 
mij het mooiste nichtje in de wereld geschonken. Ik hou erg veel van jullie allemaal, en 
zal jullie missen tijdens mijn volgende avontuur.

Overige familie en vrienden bedankt. Helaas konden sommige deze dag niet meer 
meemaken, geveld door kanker. Mijn onderzoek naar een oplossing voor deze vreselijke 
ziekte zal ik voortzetten. Het onderzoek dat ik de afgelopen jaren heb uitgevoerd werd 
betaald door KWF Kankerbestrijding. Daarom verzoek ik iedereen dringend deze stichting 
fi nancieel te steunen, en ik ben degene dankbaar die dit al doen. 

Jenny, thank you so much for your patience. We have made it, and now may our 
adventures commence. I am so happy to have you in my life, and proud to have you as 
my paranimf. I am looking forward to our future together. I love you with all of my heart. 
Super, fantastic!

Arjan

Dankwoord
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