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Hypoxia pathway proteins

The master regulators of the cellular response to hypoxia 
comprise a heterodimeric complex formed by a constitutive 
nuclear HIFβ, and a cytoplasmic oxygen-dependent 
HIFα subunit (mainly HIF-1α and HIF-2α). Stabilization 
of HIFα is regulated by a group of oxygen and iron 
dependent enzymes, known as HIF-prolyl hydroxylase 
domain enzymes (PHD1-3). Hence, in normoxia PHDs 
hydroxylate two prolyl residues on HIFα, which allows 
binding of the von Hippel-Lindau (VHL) tumor-suppressor 
protein, leading to subsequent ubiquitination and 
proteasomal degradation of this subunit [reviewed by (1)].  
Consequently, during a period of oxygen deprivation the 
HIF complex is able to bind specific hypoxia responsive 

elements (HRE) triggering transcription of a selection 
of genes implicated in different processes involved in 
overcoming this hypoxic stress, including erythropoiesis, 
angiogenesis, metabolism, and inflammation [reviewed 
by (2-4)] (Figure 1). Interestingly, HIF-1α is ubiquitously 
expressed whereas HIF-2α is expressed in a more limited 
fashion; primarily in adult lungs, heart, kidney and liver, 
and specialized cells like endothelium and erythropoietin 
producing cells in the kidney (5,6). Regarding the immune 
system, HIF-1α is expressed in virtually all innate and 
adaptive immune populations, whereas HIF-2α stabilizes 
in some immune cells, including monocytes/macrophages. 
In general, balanced expression of both isoforms has been 
shown to have a great impact on polarization of T cells and 
macrophages. 
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PHD isoforms also present overlapping as well as 
unique roles. Indeed, PHD2 has been described as the 
main regulator of the hypoxia pathway, since full PHD2 
knock-out embryo’s die around E13.5, whereas PHD1−/− 
or PHD3−/− mice show a normal development (7) [for a 
full review on PHD2 see (1)]. On the other hand, several 
reports demonstrated a certain degree of redundancy 
depending on the setting and cell type studied. Recent work 
from our group revealed that conditional loss of PHD2, 
resulting in a severe form of erythrocytosis is not lethal due 
to the protective effect of HIF1α-induced overexpression 
of PHD3 (8). Wu and colleagues reported a similar 
compensatory function between PHD2 and PHD3 in 
osteoblast progenitors during a model of bone metabolism 
in mice (9). Furthermore, the group of Dr. Kaelin showed 
that only deficiency of all the PHDs in liver cells can lead to 
increased erythropoietin levels and hematocrit (10). Such a 
redundant role for all three PHD isoforms has recently been 
also demonstrated in T lymphocytes. Interestingly, under 
steady-state conditions only the triple PHD deficient mice 
(tKO) displayed lung hemorrhage caused by a reduction of 
induced regulatory T-cells (iTreg) and enhanced CD8+ T cell 
effector function resulting in diminished tolerance in the 
lung (11). Although not that many conditional double and 
triple PHD deficient mouse lines have been described so far, 
the currently available data suggest a selective redundancy 

based on functionality and/or cell specificity.
One thing the various studies in this particular field have 

shown is the complexity of the regulatory network between 
the different HIFα and PHD isoforms, their downstream 
effector genes, as well as other pathways that can be 
involved (e.g., NF-κB, TGFβ) [reviewed by (12)]. Not 
only does this make it increasingly difficult to determine 
a general protective and/or detrimental role for these 
proteins, it also limits the use of appropriate treatments. 

Immunity and cancer

The effect of hypoxia on tumor biology has been widely 
described, since it is an important feature in virtually all 
solid tumors. Adaptive responses to low oxygen levels by 
tumor cells are the result of specific genetic programs that 
strongly regulate survival and proliferation of cancer cells, 
as well as inducing angiogenesis, immune-surveillance 
escape, epithelial-to-mesenchymal transition and metastasis. 
The HIF transcription factors have been described to be 
of great importance in regulating this tumoral expression 
profile [reviewed by (13)]. However, this relatively simple 
model has been challenged in light of data from various 
studies that reveal unique and sometimes opposing activities 
of the HIF-1α and HIF-2α isoforms. It is therefore not 
surprising that also for the PHD isoforms no clear overall 

Figure 1 Oxygen-dependent regulation of the HIF-pathway proteins and expression of the target gene (see the text for details).
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mode of action can be deduced. Indeed, an extensive 
collection of human cancer microarray data (Oncomine 
database; ThermoFisher Scientific, Waltham, MA, USA) 
shows overall considerably more cases of PHD2 or PHD3 
overexpression, especially in tumors of the kidney, lung and 
liver. Interestingly, however, cancers related to the intestinal 
tract and especially colorectal cancer (CRC) show a clear 
downregulation of these two oxygen sensors, suggesting for 
a local protective role of these proteins [Table 2 in review by 
Meneses and Wielockx (1)]. 

HIF-pathway proteins do not only regulate tumor 
development from within the cancer cells, they also have 
a great impact on the tumor microenvironment (TME), 
including tumor-associated immune cells [reviewed by (14)].  
Therefore, many research has been focused on the role 
the hypoxia pathway plays in two major but seemingly 
counteracting forces during tumor development: (I) Host 
immune-related anti-tumor defense, and (II) immune 
suppression. Regarding the latter, tumor-associated 
macrophages (TAMs), also known as polarized pro-tumoral 
M2 cells, constitute the major force helping the tumor 
to grow. Initial studies in this field were focused on the 
role of the HIF transcription factors, showing that loss of 
HIF-1α in TAMs enhances polarization towards an M2 
phenotype, attenuating their pro-angiogenic responses. 
Moreover, these M2-like macrophages overexpress HIF-2α, 
which has been correlated with poor patient prognosis (15).  
In line with this study, loss of HIF-2α in macrophages has 
been reported to decrease TAM infiltration in a murine 
model of hepatocellular carcinoma (16). In a transgenic 
breast carcinoma mouse model (MMTV-PyMT), Doedens 
et al. revealed that the targeted deletion of HIF-1α in 
macrophages resulted in reduced breast tumor growth 
through T-cell suppression (17).

Under normal physiological conditions, Treg cells have 
a critical role in maintaining the homeostasis of innate 
cytotoxic lymphocytes and regulate the expansion and 
activation of T and B cells. In cancer, Tregs are another 
TME cell type that displays diverse immune modulatory 
functions. Given their complex regulatory roles in response 
to different environmental stimuli, it is not surprising that 
Treg cells have diverse effects on tumorigenesis. Indeed, 
in breast cancer and hepatocellular carcinoma, increased 
numbers of Treg cells correlate with reduced overall survival, 
whereas in colorectal cancer Treg cells are associated with 
improved survival (18). T cell-mediated inflammation 
and differentiation studies have reported a role for HIF 
pathway proteins in regulating the balance between Treg 

and Th17 cells. In this regard, work performed by Dang 
and colleagues showed that HIF-1α targets FoxP3 for 
proteasomal degradation, whilst enhancing RORγt, the 
master-transcription factor driving Th17 differentiation (19).  
Conversely, HIF-1α is required for an optimal Treg function 
in order to control T cell-mediated colitis (20). In the 
recent publication from Clever and colleagues, loss of all 
three PHDs in T cells led to more active (IFNγ+) CD4+ 
and CD8+ cells in the lungs of these mice. In addition, the 
proportion of Treg cells in their hemorrhagic lungs was 
comparable to wild-type mice, but induced Tregs (iTregs) 
(Neuropilin-1lo) were lower (11). Although not investigated 
in the presented work, these tKO cells may reveal, next to a 
constitutive HIF activity, excessive NFκB signaling, which 
is known to prevent iTreg cell differentiation (21). 

Although several studies have focused on the role of 
the HIF-pathway proteins and T cell mediated immunity, 
there is only limited amount of data available in tumor 
models. Our group reported that loss of PHD2 in myeloid 
cells and T cells is necessary and sufficient to delay LLC 
as well as B16 tumor cell growth in mice due to increased 
cell death of the cancer cells (22). In tKO mice, no 
difference was detected in the size of the primary B16 
tumors. However, these mice were significantly protected 
from tumor colonization in the lung, which correlated 
with increased numbers of antitumoral INFγ+ CD4+ T 
cells. Interestingly, all three oxygen sensors seem to have 
a negative influence on INFγ expression and its antitumor 
activity, since neutralization of this induced cytokine in 
tKO lungs reversed the decreased lung colonization (11). 
Despite these interesting findings, the study also presents a 
severe limitation, as these tKO mice already display severe 
hemorrhage under steady-state conditions. This could 
potentially influence homing of the injected tumor cells and 
lead to an altered colonization.

Hypoxia within the neoplastic area also triggers 
angiogenesis. However, it has been described that new 
vessels formed in tumors are often disorganized, immature 
and leaky, which could result in more disseminated tumor 
cells. Mazzone and colleagues were the first to show that 
mice heterozygous deficient for PHD2 in endothelial cells 
are protected from metastasis due to a process known 
as endothelial normalization (23). Conversely, Branco-
Price et al. found that loss of HIF-1α in endothelial cells 
reduces NO synthesis, retards tumor cell migration through 
endothelial layers, and restricts tumor cell metastasis. Loss 
of HIF-2α showed a complete opposite effect (24). Taken 
together, these studies form another clear example of how 
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targeting the hypoxia pathway can apparently have different 
effects depending on the targeted cell type and protein.

Translational perspectives of targeting HIF 
pathway proteins

Over the past years, several studies have reported the 
use of hypoxia pathway inhibitors for the treatment of 
inflammatory disorders, including cancer. The different 
classes of hypoxia pathway inhibitors available to date 
have been thoroughly described elsewhere (25-27). As 
mentioned above, the effect of targeting HIF pathway 
proteins varies depending on the targeted cell type, the 
condition and even the setting it is used in. This is not 
surprising, taken into account the variety of different 
target genes reported for HIF-1α and/or HIF-2α (28), 
and the distinct pathways these transcription factors 
can regulate. In this regard, it was shown that specific 
inhibition of HIF-1α reduced the allergic inflammation 
and lung remodeling in mice (29), whereas loss of HIF-1α 
in intestinal epithelial cells increases the severity of clinical 
symptoms, including vessel permeability. Conversely, 
constitutive HIF-1α expression due to lack of pHVL in 
the same cells is protective (30), which was confirmed with 
specific PHD inhibitors (FG-4497 and FG-4442) (31). 
A consecutive experiment with DMOG (another PHD 
inhibitor) led to a decrease in epithelial apoptosis with 
increased expression of survival protein cIAP through 
activation of the HIF-1α and NFκB pathway (32). A 
few years later, it was demonstrated that PHD1 is the 
detrimental factor in the sensitivity to colitis (33).

In contrast, PHDs seem to have a protective role in 
CRCs (Oncomine database), which seem to directly 
relate to a detrimental role for HIF-2α in this tumor type. 
In this regard, Xue and colleagues showed that loss of 
VHL induces increased cell survival and proliferation of 
these tumor cells in a HIF-2α dependent manner (34). 
Additionally, patients with early-stage CRC and low 
PHD2 expression displayed poorer survival; an effect that 
was independent of HIF1α (35). Furthermore, Chan et al. 
showed that PHD2 silencing in CRC xenografts resulted 
in an increase of tumor vasculature and primary growth. 
In this setting, the phenotype was HIF-independent but 
directly related to NF-κB signaling (36).

Based on these publications and numerous other studies, 
targeting of the HIF-pathway proteins offers itself as an 
attractive option to treat inflammation and cancer. Indeed, 

a number of studies have resulted in clinical trials using 
various compounds regulating the functionality of these 
proteins (25-27). There are however several restrictions 
to overcome during development of efficient cancer 
therapies: (I) the intricate interactions between HIF and 
PHD and eventually also compensatory effects; (II) the 
overlapping and exclusive functions of all the individual 
proteins; (III) the high heterogeneity of tumor cells; and 
(IV) limiting side effects to other organs. Therefore, it 
could be more beneficial to target immune cells in order 
to enhance anti-tumoral host activity, or improve drug 
delivery to the neoplastic area. Regarding the latter, vessel 
normalization might serve as a suitable approach. A recent 
study showed that PHD2 haplo-deficiency protects organ 
toxicity in kidney and heart due to oxidative stress upon 
cisplatin and doxorubicin treatment in a HIF-1α and  
HIF-2α dependent manner (37). On the other hand, 
enhancing the anti-tumoral response of the host immune 
cells seems another appealing approach for cancer treatment, 
especially with regard to the findings from Clever and  
colleagues (11). This group showed that ex vivo pre-
treatment of T cells with the PHD inhibitor DMOG led 
to a significant decrease of metastatic nodules in the lung, 
smaller primary tumors as well as prolonged overall survival. 
These findings therefore provide a potential new approach 
to enforce Th1 cell differentiation and improve adoptive cell 
transfer immunotherapy (ACT) in the treatment of cancer 
patients. Nevertheless, more research will be necessary to 
better understand the negative side effects of this ACT on 
the non-cancerous cells of the lung and its integrity.

Taken together, the central involvement of HIF-pathway 
proteins during different stages of tumor development and 
dissemination makes this pathway an attractive target for 
cancer therapy. Nonetheless, as these proteins have many 
different and even opposing effects depending on the target 
and circumstances, more detailed research will be of utmost 
importance. 
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