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Abstract: Oxygen represents one of the major molecules required for the development and 

maintenance of life. An adequate response to hypoxia is therefore required for the functioning 

of the majority of living organisms and relies on the activation of the hypoxia-inducible  factor 

(HIF) pathway. HIF prolyl hydroxylase domain-2 (PHD2) has long been recognized as the 

major regulator of this response, controlling a myriad of outcomes that range from cell death to 

proliferation. However, this enzyme has been associated with more pathways, making the role 

of this protein remarkably complex under distinct pathologies. While a protective role seems 

to exist in physiological conditions such as erythropoiesis; the picture is more complex during 

pathologies such as cancer. Since the regulation of this enzyme and its closest family members 

is currently considered as a possible therapy for various diseases, understanding the different 

particular roles of this protein is essential.

Keywords: Hypoxia, PHD, HIF, inflammation, cancer

Introduction
Molecular oxygen (O

2
) in dry air at sea level makes up ∼20.9% of the total atmospheric 

volume. This corresponds to an O
2
 partial pressure (Po

2
) of 159 mmHg, decreasing with 

altitude and humidity.1 For aerobic organisms, respired atmospheric O
2
 is diffused into 

the blood in a hemoglobin-dependent form and reaches the organ systems in the body 

where it is used as the terminal electron acceptor in the electron transport chain during 

oxidative phosphorylation in the cells. Consumption of O
2
 is required to efficiently 

produce energy for each individual cell in the form of adenosine triphosphate (ATP), 

and a systemic obstructed supply of this molecule can, therefore, be detrimental to 

the whole organism.

Eukaryotic organisms have, therefore, developed mechanisms to adapt to changes 

in O
2
 levels in their environment in order to maintain metabolic homeostasis. The abil-

ity of the body to sense and respond to changing concentrations of oxygen is tightly 

regulated at the cellular, tissue, and organ levels. The major pathway regulating the 

response to low O
2
 tensions involves the activation of hypoxia inducible factor (HIF), 

a transcription factor identified and characterized in 1992 by Semenza and Wang.2 This 

heterodimeric factor is composed of two basic helix-loop-helix proteins, HIFα and 

HIFβ,3 which bind to a G/ACGTG motif in hypoxia response elements (HREs) located 

in the promoter of genes responsible for a plethora of responses such as angiogenesis, 

erythropoiesis, cell metabolism, viability, and proliferation.4–6
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Expression of HIF1α occurs in an ubiquitous manner, 

whereas the expression of HIF2α seems to be more restricted 

to certain cell types, including cardiomyocytes, hepato-

cytes, endothelial cells, glial cells, and interstitial cells of 

the kidney.7 Both isoforms have overlapping functions but 

are also involved in the regulation of distinct sets of genes.8 

Accordingly, HIF1 is associated with metabolic changes and 

vascular responses, whereas HIF2 has been described as the 

major regulator of erythropoiesis.9,10

While the HIFβ subunit is constitutively expressed, HIFα 

is regulated posttranscriptionally in an oxygen-dependent 

manner. Under normoxia, HIFα is hydroxylated at either 

an asparaginyl residue by the factor inhibiting HIF (FIH)11 

or at specific proline residues by prolyl-4-hydroxylase 

domains (PHDs),12 in both cases resulting in its inactivation. 

PHDs hydroxylate either the proline residue on the oxygen-

dependent degradation domain at the N- or C-termini 

(NODDD and CODDD, respectively) of HIF1α and HIF2α. 

Hydroxylation occurs at Pro402/Pro564 and Pro405/Pro531 

residues of each of these isomers13,14 and leads to their 

recognition by the von Hippel–Lindau tumor suppressor 

protein (VHL).15–17 This protein mediates HIFα ubiquitina-

tion, targeting this subunit for proteasomal  degradation by 

the 26S proteosome.18

As PHDs require O
2
, Fe(II), ascorbate, and 2-oxoglutarate 

(2-OG, an intermediate of the tricarboxylic acid [TCA] cycle) 

as cosubstrates to exert their functions,19 under hypoxic 

conditions they are rendered nonfunctional and HIFα is sta-

bilized. This subunit then translocates to the nucleus where 

it binds to HIFβ, inducing the direct transcription of 1,000 

downstream genes.20–22 In the past 15 years, a substantial 

amount of knowledge has been acquired on the role of the 

PHDs with regard to hypoxia-related and unrelated proteins. 

Accordingly, this review aims to discuss recent findings on 

these essential enzymes, with a focus on PHD2, and the 

detrimental impact of their deregulation.

HIF prolyl-4-hydroxylase domain 
enzymes
PHDs were first described ∼10 years after the discovery of 

HIFα12,16,17,19 and are nonheme enzymes and iron-dependent 

members of the dioxygenase family. PHDs possess a two-

histidine, one carboxylated motif in their catalytic site, which 

coordinates the Fe(II) in a octahedral geometry. The three 

remaining coordination sites are occupied by loosely bound 

water molecules that contribute to the stabilization of the 

protein in resting conditions.23 In the presence of a HIFα 

substrate, the H
2
O molecules are displaced by both HIFα 

and 2-OG, which in turn coordinates Fe(II) to the catalytic 

center, creating a Fe(IV)=O ferryl intermediate bound to the 

enzyme that induces the hydroxylation of the HIFα.24

PHD enzymes have a low affinity for O
2
 (with a K

m
 of 

230–250 µM)14 that is ∼ 2–10 times above the Po
2
 observed 

under physiological conditions, and its turnover is, therefore, 

highly sensitive to changes in O
2
 concentration in the tissues, 

making these proteins well-suited oxygen sensors.25

So far, three mammalian PHD isoforms have been 

described – PHD1–3 – all of which are capable of hydroxylat-

ing the HIFα subunit.12,19 All isoforms possess a high sequence 

homology at the C-terminal domain, but not in the N-terminal, 

and their expression pattern in different  tissues is only par-

tially overlapping.26 Subcellular localization patterns of each 

PHD isoform are also distinct. Although PHD1 is exclusively 

expressed in the nucleus, PHD2 is mainly localized in the 

cytoplasm, and PHD3 is evenly distributed throughout both 

cell compartments.27 Interestingly, deletion of the nuclear 

exclusion signal of PHD2 leads to its accumulation in the 

nucleus and consequent decreased hydroxylation of HIFα. 

This indicates an important role of the cellular localization 

of this enzyme in its hydroxylation capacity.27–30

The different expression patterns of the isoforms indicate 

that, although all PHDs are able to hydroxylate HIFα sub-

units, they possess distinct functions. In fact, each isoform 

has a different affinity for the inhibition of particular HIFα 

subunits. Although PHD1 shows a preference for HIF2α 

under normoxia, PHD2 has a stronger substrate preference 

for HIF1α under the same conditions. PHD3, in turn, pref-

erentially degrades HIF2α under hypoxia.31 This isoform 

is itself a target of HIF1α, and its induction under hypoxic 

conditions leads to the negative regulation of HIF2α.25

As different isoforms are expressed in distinct tissues and 

have particular affinities for each HIFα subunit, their impact 

on development and during physiological conditions seems 

to be unique. Somatic deletion of PHD1 produces viable 

offspring with reduced exercise tolerance. Mice lacking this 

isoform show reduced mammary gland proliferation32 as well 

as a shift from oxidative to glycolytic cellular energetics in 

the liver and skeletal muscle.33 PHD1 deletion also results in 

increased hepatocyte proliferation34 and a decreased apoptotic 

response of the epithelial cells of the colon during colitis.35 

PHD3 knockout mice in turn show central nervous system 

changes in innervation and reduced resting blood pressure.

PHD2
Although knockout mice for PHD1 and PHD3 are viable, 

the systemic deletion of PHD2 leads to embryonic lethality. 
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Knockout mice for this isoform die of placental and cardiac 

defects between embryonic days 12.5 and 14.5 as a result of 

an underdeveloped myocardium and trabeculae, as well as 

poor vascular branching in the placenta.36,37 Therefore, only 

the use of conditional deletion approaches has been possible 

to study the role of this enzyme in vivo.

Somatic deletion of PHD2 at 6 weeks of age leads to 

increased vascular endothelial growth factor A (VEGF-A) 

levels in the serum, with increased angiogenesis, increased 

erythropoietin (EPO) (∼230-fold), and severe polycythemia.38 

Interestingly, the hematopoietic progenitor cell population 

in the liver and spleen of these mice was also expanded, 

suggesting that the deletion of this protein also activates 

extramedullary hematopoiesis.36,39

The activity of PHDs is regulated at several levels; from 

transcription to their catalytic activity. While hypoxia is the 

major inhibitory stimulus of the PHD activity, other elements 

are responsible for the inhibition of these enzymes, which 

is of importance for the pharmacological inhibitors that are 

currently under development.40

In this regard, the generation of inhibitory TCA intermedi-

ates such as fumarate, isocitrate, and succinate by damaged 

mitochondria is an important inhibitory factor to the PHD 

activity, as these molecules compete against 2-OG for the 

binding to the active site.41,42 The mechanism through which 

these molecules exert their functions is also the one by which 

current PHD inhibitors such as dimethyloxalylglycine act in 

the inhibition of these enzymes.

Regulation of PHD2 can also occur by microRNAs. In 

prostate cancer, mir182 transcription by HIF1-α leads to the 

targeting and inhibition PHD2, causing a positive feedback 

loop to further increase HIF signaling, with increased growth 

of the tumor.43

Other proteins have also been shown to interact with 

and inhibit PHD2 activity. One example of this modulation 

is the FK506-binding protein 38, which associates with the 

26S proteasome and captures PHD2 through its MYND zinc 

finger domain. This association at the membranes of the endo-

plasmic reticulum (ER) and mitochondria mediates PHD2 

ubiquitin-independent proteasomal degradation, contrary to 

cytosolic PHD2, which is maintained stable and in an active 

form.44 MAGE-11, a protein expressed in some embryonic 

tissues and aberrantly reexpressed in distinct tumor types, 

was also shown to interact with PHD2 and inhibit its activ-

ity in a degradation-independent manner, with consequent 

increase in HIF1α levels in cancer cell lines.45

Finally, PHD2 is positively regulated by the HIF pathway 

itself, as its promoter contains a HRE region. Under hypoxia, 

the binding of HIF1α to this HRE induces the transcription 

of PHD2, indicating a feedback mechanism under hypoxia 

that ensures swift removal of HIFα after reoxygenation.46 

Despite the recent advances in this area, the mechanisms of 

PHD2 regulation require further investigation.

Interaction with other proteins
The interaction between PHD2 and the HIFα subunits has 

been extensively described and has allowed the under standing 

of the regulation of oxygen pressure at a cellular level. 

However, during its activation, PHD2 interacts with other 

proteins in the cell, mainly leading to the strengthening of its 

activity and consequently more efficient ubiquitination and 

degradation of HIFα. Currently, 28 unique interactors for the 

human PHD2 isoform have been described and deposited in 

the BioGRID database.47

One of these interactions is with osteosarcoma amplified 

9 (OS-9), a lectin with functions in ER quality control that 

was found to be amplified in sarcomas. This protein inter-

acts with both PHD2 and PHD3, strengthening the complex 

between these dioxygenases and HIFα, and consequently 

increasing the degradation of this subunit. Interestingly, 

OS-9 has also been shown to directly interact with HIF1α, 

and the presence of this subunit strengthens the interaction 

between PHD2 and OS-9. Several lines of evidence indicate, 

therefore, the formation of a complex consisting of PHD2/

PHD3 and HIF1α associated with OS-9 in the stabilization 

of the PHD2/PHD3-HIF1α axis.48

Stabilization of the PHD2–VHL interaction has also been 

described through binding to other proteins. In this regard, 

LIM-domain containing protein (LIMD1) has been shown 

to act as a molecular scaffold, binding simultaneously PHDs 

and VHL and increasing the speed and efficiency of the 

hydroxylation and consequent ubiquitination of HIFα. This 

tumor suppression protein is able to bind to all three PHD 

isoforms, and this interaction is observed in both normoxic 

and hypoxic conditions.49 Recently, the rho-related BTB 

domain-containing protein 3 was also shown to participate 

in the formation of the complex between PHD2, VHL, and 

LIMD1. The expression of this protein is reduced in human 

renal carcinomas, and its deletion in cancer cells has been 

shown to increase tumor growth.50

Another molecular platform between HIF1α, PHD2, and 

VHL is phospholipase D
1
 (PLD

1
). This protein catalyzes the 

hydrolysis of phospholipids to phosphatidic acid, but recent 

work suggests that the interaction of this protein with the PHD2-

VHL-HIF1α complex accelerates HIF1α degradation under 

normoxia. However, the enzymatic activity of this protein leads 

Hypoxia 2016:4 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

55

HIF prolyl-4-hydroxylase domain-2

www.dovepress.com
www.dovepress.com
www.dovepress.com


to the induction of HIF1α translation, and this effect seems to 

prevail over its role in HIF1α destabilization.51

The A kinase anchor proteins (AKAP) are a class of 

scaffolding proteins found primarily in cardiomyocytes and 

neurons. These proteins have been shown to tether multi-

protein complexes to specific locations in the cell, maximiz-

ing the interactions between their individual components. 

 During normoxia, the muscle AKAP (mAKAP) was shown 

to interact with both PHD2 and PHD3, anchoring HIF1α with 

VHL at the perinuclear membrane of cardiomyocytes thereby 

increasing the HIFα degradation. Under hypoxia, however, 

mAKAP organizes ubiquitin E3 ligases to stabilize HIF1α 

and optimally locate this subunit close to its site of action 

in the nucleus, thus showing a dual role for this scaffold 

protein in the hypoxia response regulation.52 Another report 

showed that AKAP12 in astrocytes, important for mouse 

brain homeostasis and formation of the blood–brain barrier, 

is able to bind PHD2, HIF1α, and VHL, decreasing HIF 

transcriptional activity. Conversely, in retinoblastoma cells, 

the expression of this protein is negligible, which results in 

an increased HIF1α and VEGF expression.53

Recent work has also described a role of the tumor sup-

pressor runt-domain transcription factor (RUNX3) in the desta-

bilization of HIF1α through its interaction with PHD2 under 

hypoxia. Decreased levels of RUNX3 in solid tumors have also 

been shown to associate with a decreased HIF1α degradation 

with consequent increased transcription of angiogenic factors 

and worse patient outcome.54 Another tumor suppressor protein 

described as an interactor of PHD2 is the inhibitor of growth 

protein 4. Under hypoxic conditions, both proteins were shown 

to associate in distinct human myeloma cell lines and inhibit 

the activity of HIF1α and consequently the transcription of 

HIF-target genes such as IL-8 and osteopontin.55

Finally, PHD2 was shown to associate with p23 via an 

interaction between its MYND domain and a PXLE motif in 

the latter. This cochaperone of heat shock protein 90 (HSP90) 

binds to the N-terminus of this HSP, and the association 

between these three proteins has been described to facilitate 

the PHD2-catalyzed hydroxylation of HIF1α. Interestingly, 

HIF1α is itself a HSP90 client protein, and p23 knockdown 

has a more pronounced effect in HIF1α accumulation under 

hypoxia. Therefore, a close interaction between these two 

conserved pathways seems to be required, particularly under 

hypoxic conditions, possibly contributing to a feedback 

mechanism under chronic hypoxia.56

Other PHD2 targets
Despite the major role of PHD2 in the regulation of the 

HIF-pathway, this enzyme has also been associated with the 

regulation of the transcriptional activity of non-HIF proteins. 

It was postulated that, like PHD1, this isoform has some role 

in the regulation of nuclear factor-kappa B (NFκB), a major 

inflammatory regulator. The activation of NFκB involves 

the phosphorylation of IκBα by IKKβ, with consequent 

dissociation of this protein from NFκB and activation of the 

latter. PHD1 interferes with this activation by hydroxylating 

the IκB kinase (IKKβ), therefore impairing the phosphory-

lation of IκBα by this protein. This results in the failure to 

trigger dissociation of the latter from NFκB and consequent 

inhibition of the activity of this transcription factor.57 Indeed, 

deletion of PHD2 in colorectal cancer (CRC) has been shown 

to result in increased tumor growth due to increased secretion 

of interleukin (IL)-8 and angionin in a HIF-independent and 

NFκB-dependent manner.58

Several novel PHD2 targets have been described in recent 

years. One example of the proline hydroxylation by PHD2 is 

the eukaryotic elongation factor 2 kinase (eEF2K), mainly 

activated during stress conditions where ATP is lacking. This 

kinase is able to phosphorylate eEF2, leading to decreased 

protein synthesis and, therefore, adjustment of the cell to 

stress with consequent preservation of ATP and amino 

acids. PHD2 hydroxylates the proline 98 of eEF2K under 

normoxia, preventing its proper binding to calmodulin.59 The 

latter activates this kinase, and, therefore, impediment of this 

interaction keeps eEF2 in its active form. Under hypoxia, this 

outcome is not observed, eEF2 is phosphorylated and protein 

synthesis is inhibited.60

Because of the critical function of PHD2 in cardiac devel-

opment, the role of this protein in the heart under physiological 

and pathological conditions has also been investigated. PHD2, 

but not PHD1 or PHD3, has been shown to act as a regulator of 

intracellular cyclic adenosine monophosphate (cAMP) levels 

in cardiomyocytes. cAMP plays a crucial role in the sarcomere 

contraction and relaxation and is degraded through phospho-

diesterase (PDE)-catalyzed hydrolysis. In this regard, PHD2 

hydroxylates PDE4D, targeting this protein for degradation by 

the ubiquitin-proteasome pathway and leading to an increase 

in cAMP levels in the cardiomyocytes.61 Additionally, PHD2 

and PHD3 were found to hydroxylate the thyroid hormone 

receptor-α (TR-α), leading to the decrease of its binding to 

the nuclear receptor corepressor 2 and consequent removal 

of the transcriptional repression of phospholamban. As the 

decreased transcription of this protein in the heart leads to 

an abnormal constitutive activation of calcium/calmodulin 

activated kinase II, hydroxylation of TR-α by PHD2 or PHD3 

has a protective role in this organ.62

Moreover, PHD2 has been shown to hydroxylate the 

N-myc downstream-regulated gene 3 protein (NDRG3), 

Hypoxia 2016:4submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

56

Meneses and Wielockx

www.dovepress.com
www.dovepress.com
www.dovepress.com


targeting it for proteasomal degradation in a VHL-dependent 

manner under normoxic conditions. This outcome is inhibited 

in increased lactate levels that accumulate under hypoxia, 

as this substrate binds to NDRG3, impeding its interac-

tion with VHL. Consequently, under prolonged hypoxia 

conditions, there is a downstream increase in growth and 

angiogenesis signaling via the Raf-ERK pathway activation 

by NDRG3.63

The subunit one of RNA polymerase II (Rpb1) is also 

hydroxylated by PHDs, as it shares a region of homology with 

the ODDD from HIFα. The outcome of this hydroxylation, 

however, has been subject to controversy. While Kuznetsova 

et al64 observed that hyperphosphorylation of this subunit 

leads to its consequent ubiquitination by VHL and protea-

somal degradation in PC12 rat pheochromocytoma cells; 

Mikhaylova et al65 observed that in renal cell carcinoma the 

hydroxylation of Rpb1 results in the stabilization of this sub-

unit. This resulted in the transcription of genes involved in 

cell proliferation and mRNA transport and translation, which 

was reflected in increased tumor growth.65 Interestingly, this 

group also observed that when Rpb1 is highly expressed, its 

hydroxylation in these cells is mainly mediated by PHD1 

and PHD3, with PHD2 having an inhibitory effect on this 

outcome. Silencing of PHD2 in these cells, therefore, resulted 

in an increased hydroxylation of Rpb1, associated with an 

increased malignancy of the tumor.66

A list of PHD2 interactors and targets is summarized in 

Table 1. Although these findings corroborate and highlight 

the diversity in function of PHD2, there is still controversy 

regarding the role and consequences of these interactions. 

Future work is therefore required to better characterize 

these contacts and unravel their relevance under biological 

conditions.

The role of PHD2 in pathology
Erythrocytosis
EPO is the main regulator of red blood cell formation, and its 

dysregulation is associated with pathological conditions such 

as anemia and kidney failure (under low levels) or erythro-

cytosis when EPO levels are inappropriately elevated.67 This 

hormone is also involved in the proliferation, differentiation, 

and inhibition of apoptosis of endothelial cells, neurons, and 

vascular smooth muscle cells.68

The major EPO source under physiological conditions 

is the kidney, and production of this protein is stimulated by 

tissue hypoxia in the organ interstitial space.69 In healthy state, 

Table 1 PHD2 interactors and targets

PHD2 interactor name Interaction type Outcome References

OS-9 Complex formation with PHD2 or PHD3  
and HIF1α

Increased HIF1α hydroxylation 48

LIMD1/RHOBTB3 Complex formation with PHD2 and vHL Increased speed and efficiency of the 
hydroxylation and consequent  
ubiquitination of HIFα

49,50

PLD1 Complex formation with PH2, vHL, and  
HIF1α

Accelerated HIF1α degradation under 
normoxia

51

AKAP Complex formation with PH2, vHL, and  
HIF1α

Increased HIF1α degradation 52,53

RUNX3 Interaction with PHD2 Increased HIF1α hydroxylation and  
degradation under hypoxia

54

ING4 Interaction with PHD2 Increased HIF1α hydroxylation and  
degradation under hypoxia

55

p23 Complex formation with PHD2 and HSP90 Facilitated HIF1α hydroxylation 56

PHD2 target name Outcome References

IKKβ Inhibition of the NFκB activation 57,58
eEF2K Activation of eEF2 and protein synthesis 59,60
PDE4D Increased cAMP levels 61
TR-α Negative regulation of the calcium/ 

calmodulin-activated kinase II activation
62

NDRG3 Decreased growth and angiogenesis  
signaling

63

Rpb1 Proteasomal degradation of Rpb1 64
Stabilization of Rpb1 65

Abbreviations: PHD, prolyl hydroxylase domain; OS-9, osteosarcoma amplified 9; HIF, hypoxia inducible factor; LIMD1, LIM-domain containing protein; RHOBTB3, rho-
related BTB domain-containing protein 3; vHL, von Hippel–Lindau tumor suppressor protein; PLD1, phospholipase D1; AKAP, A kinase anchor protein; RUNX3, runt-domain 
transcription factor; ING4, inhibitor of growth protein 4; eEF2K, eukaryotic elongation factor 2 kinase; HSP, heat shock protein; PDE, phosphodiesterase; cAMP, cyclic 
adenosine monophosphate; TR-α, thyroid hormone receptor-α; NDRG3, N-myc downstream-regulated gene 3 protein; Rpb1, RNA polymerase II.
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this hormone is present in low amounts in the serum, being 

upregulated in response to reduced Po
2
 or stress and leading 

to increased oxygen delivery through increase of erythrocyte 

production. The first described relationship between hypoxia 

and Epo gene expression was by Goldberg et al,70 in 1988, 

showing a positive correlation between the two. Both the 5′ 
and 3′ enhancer regions of the EPO gene possess HREs,2,3 

and activation of the transcription of this hormone has been 

shown to be HIF2α-dependent.71

Various heterozygous point mutations have been described 

in the human PHD2 gene, which lead to an increase of red 

blood cell mass and are sometimes also associated with hem-

orrhages, strokes, and increased risk of thrombosis.72,73 The 

mutations P317R and P371H were shown to affect the cata-

lytic rate and substrate binding of PHD2, inhibiting partially 

the hydroxylation of HIF.67 In fact, the P317 is located two 

residues from the Fe(II)-binding residue, in close proximity 

to the active site, and therefore the mutation in this residue 

affects not only the substrate binding but also the interaction 

with Fe(II).74 Interestingly, in a heterozygous H374R muta-

tion, in addition to the erythrocytotic phenotype, the patient 

developed a recurrent paraganglioma that exhibited loss of 

PHD2 in both alleles.73

Several animal models have been used in the last few 

years to assess the role of the HIF pathway regulators in 

erythropoiesis. Deletion of either PHD1 or PHD3 does not 

lead to changes in hematocrit, whereas mice lacking both 

proteins develop a mild form of erythrocytosis. On the 

other hand, systemic heterozygosity of PHD2 already leads 

to induction of hematocrit75 and somatic inactivation after 

birth leads to dramatically elevated serum EPO levels, severe 

erythrocytosis and early death.36,39 Additionally, combined 

loss of PHD2 and PHD1 or PHD3 can still exacerbate the 

erythrocytosis phenotype.76,77 Although PHD2 is the major 

regulator of EPO production, combined loss of PHD2 and 

PHD1 or PHD3 still exacerbates the erythrocytosis pheno-

type, suggesting a minor role of PHD1 and PHD3 in the 

regulation of EPO.76,77

To model the human P317R mutation, Arsenault et al 

characterized a mouse line with a P294R knock-in muta-

tion in the Phd2 gene, markedly diminishing this enzymes 

activity. Mice with one mutated PHD2 allele displayed a 

degree of erythrocytosis and normal EPO levels equivalent 

to what was seen in PHD2 heterozygous mice. Interestingly, 

this phenotype was already reversed in HIF2α+/– mice, but 

not in a HIF1α+/– background, which is consistent with the 

expanding body of data supporting the critical role of HIF2α 

in the regulation of erythropoiesis.78

Moreover, our group has established a crucial role 

for PHD2 as an oxygen sensor for the HIF2α-dependent 

regulation of EPO along with a protective role for HIF1α in 

mice suffering from polycythemia. Mice lacking PHD2 in 

CD68-expressing cells (eg, all hematopoietic cells, different 

epithelial cell lineages, and EPO producing cells)37 exhib-

ited an excessive EPO production in both kidney and brain, 

with severely increased hematocrit (up to 85%), thrombo-

cytopenia, and splenomegaly. Further deletion of HIF2α in 

these mice abolished the erythrocytosis phenotype, whereas 

deletion of HIF1α had no effect on the outcome. However, 

mice lacking both PHD2 and HIF1α in these cells showed 

a reduced life span, which we found to be directly linked to 

the stabilization of HIF2α by HIF1α-induced PHD3.79 The 

interplay or compensatory effect of different PHD isoforms 

has, therefore, not only an important role in fine-tuning the 

HIF activation, but shows that targeting of a few isoforms 

can ultimately lead to a harmful outcome.

Although the major EPO-producing organ is the kidney, 

this hormone is also produced to a lesser extent by the liver, 

neurons, and glial cells.67 Accordingly, work based on the 

deletion of distinct PHD isoforms in the mouse liver has 

shown that hepatic disruption of all three PHD isoforms 

in this organ leads to severe erythrocytosis, with extensive 

vascular malformation and massive accumulation of lipid 

droplets.80 These mice showed reduced EPO production in 

the kidney, possibly due to a feedback mechanism related to 

the production of EPO in the liver. Although the presence 

of a single functional allele of PHD1 or PHD3 minimized 

the vascular and lipid abnormalities, it was not sufficient to 

prevent the erythrocytotic phenotype observed in the triple 

knockout, corroborating the major role of PHD2 in the 

regulation of EPO levels in this organ and, consequently, 

erythrocyte production.81

PHD2 has a widely accepted role in the inhibition of EPO 

production, maintaining a tight balance in the red blood cell 

production. As increased EPO levels contribute to erythrocyte 

production, PHD2 inhibitors are currently under development 

for treatment of anemia.40,82,83 Current therapies involve the 

use of recombinant human EPO or erythropoiesis stimulating 

agents, which are associated with safety concerns such as 

the development of antibodies against these erythropoiesis 

stimulating agents and off-target effects that can result in a 

higher rate of cardiovascular events. PHD inhibition could 

therefore be beneficial, as it would lead to the reduction of 

blood pressure and reduction of ischemic injury.83 A recent 

phase 2A clinical trial using GSK1278863 showed that 

administration of this compound for 28 days induced an 
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 effective EPO response in patients with anemia related to 

chronic kidney disease (CKD). EPO production occurred in 

a dose-dependent fashion, but the response rate was higher 

for the lower administered doses, whereas hemoglobin lev-

els fluctuated only mildly. Administration of high doses of 

this PHD inhibitor leads to an excessive EPO response.84 

Therefore, the dosage required for these compounds should 

be thoroughly investigated. Nevertheless, activation of the 

HIF proteins has been shown to have a pivotal role in the 

development of clear-cell renal cell carcinoma,83 and a muta-

tion affecting the hydroxylating capacity of PHD2 resulted 

in the development of a pheochromocytoma in a patient,73 

indicating that caution is required when considering the use of 

PHD inhibitors as therapy. In addition, inhibiting this versatile 

enzyme in other organs at the same time might not be benefi-

cial, as we will discuss in the remainder of this review.

Chronic kidney disease
Chronic hypoxia in the tubulointerstitial area of the kidney 

is considered the final pathway that leads to the development 

of end-stage renal disease.85,86 The initial response of the 

renal cells to the hypoxic stimulus is the activation of the 

HIF pathway. This results in the consequent upregulation 

of proangiogenic factors such as VEGF, which protects the 

kidney against capillary rarefaction.85 Systemic administra-

tion of PHD inhibitors in ischemia reperfusion and Thy1 

nephritis models was shown to lead to increased angiogen-

esis with reduced cell apoptosis and consequent improved 

disease outcome.86

Interestingly, nephrectomized kidneys from CKD patients 

revealed a high correlation between HIF1α expression and 

low degree of interstitial fibrosis,86 whereas in renal biopsy 

samples from patients with type 2 diabetes and advanced 

nephropathy, the opposite was observed.87 This contradictory 

outcome is further supported by animal studies using geneti-

cally modified mice in which increased HIF1α expression in 

the kidney promoted the fibrosis of this tissue83 and silencing 

of HIF1α ameliorated the disease progression in a chronic 

ischemic renal injury model.88

The role of the HIF pathway in CKD, therefore, needs 

further investigation, as under periods of brief hypoxia, 

HIF1α seems to be protective, but under chronic hypoxia, 

the outcome of HIF activation appears to be deleterious.88 

Continued hypoxia in the kidney ultimately results in the 

destabilization of HIF1α m RNA, while HIF2α is unaffected 

by this prolonged low O
2
 level.

Pharmacological inactivation of PHDs is being consid-

ered as a possible therapy for CKD since inhibition of these 

enzymes prior to renal injury has been shown to ameliorate 

fibrosis and improve renal function in several models.86 

However, the continued activation of the HIF pathway upon 

kidney damage has been shown to contribute to the progres-

sion of the disease,85 and therefore, future studies are required 

to understand the mechanism through which this pathway 

acts in CKD.

Cancer
Tumors are rapidly dividing structures that require an 

increased vascular supply compared to healthy tissues. 

However, tumor growth frequently surpasses the expan-

sion rate of the vasculature, leading to a deficient supply 

of nutrients and oxygen in the core of the tumor area. To 

counteract this, tumor cells secrete excessive amounts of 

proangiogenic factors, tilting the balance between pro- and 

antiangiogenic factors toward the first, which then leads to 

the formation of immature vasculature.89 Consequently, the 

blood vessels growing within the tumor present irregular 

conformations, being commonly leaky or nonfunctional.90 

Solid tumors have, therefore, regions under acute or chronic 

hypoxia; a trait that was first described in the 1950s in the 

works of Gray et al91 and Thomlinson and Gray.92 Oxygen 

pressures in human tumors can reach extremely low levels, 

in a range 25 times lower than what can be observed in the 

representative healthy tissue.93 This characteristic hinders 

radiotherapy, as this treatment is based on the oxidation of 

cells under aerobic conditions and is, therefore, associated 

with poor disease prognosis in patients.94,95

The adaptation to hypoxia in the tumor tissue involves 

the induction, repression, or manipulation of genes that 

regulate angiogenesis, proliferation, immune escape, and 

metastasis by the HIF pathway.96 Therefore, many studies 

have also focused on the effect of the PHDs during tumor 

development, which resulted sometimes in opposing effects 

depending on the tumor type and the PHD isoform. Indeed, 

an extensive collection of human cancer microarray data 

(Oncomine database; Thermo Fisher Scientific, Waltham, 

MA, USA) illustrates these disparities well.97 An analysis 

of the expression profiles of the different PHDs shows that 

PHD1 is only in 11.2% of the tested cohorts differentially 

expressed in tumors compared to the surrounding healthy 

tissue. On the other hand, the expression level of PHD2 and 

PHD3 is more often changed in tumor tissue (17.9% and 

27.9%, respectively) (Table 2). Furthermore, considerably 

more cases are found where these PHDs are overexpressed, 

especially in tumors of the lung, liver, and kidney. The most 

important exception is the expression of PHD2 and PHD3 in 
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the group of CRCs, suggesting for a protective role of both 

enzymes in this cancer type.58,98 Patients with early-stage 

CRC and low PHD2 expression were shown to have poorer 

survival than patients who did not display this decrease, and 

this was in a HIF1α-independent manner.99 Furthermore, 

PHD2 silencing in CRC xenografts results in increased 

tumor growth due to the activation of the NFκB signaling, 

with a consequent increase in angiogenesis. This outcome 

was described by Chan et al58 for distinct CRC cell lines and 

correlates with the increased tumor vasculature observed in 

patient samples where PHD2 is reduced. These researchers 

also suggested that the observed phenotypes driven by PHD2 

are HIF- and hydroxylase-independent.58

PHD2 expression has also been analyzed in a neuroendo-

crine tumor of the medulla of the adrenal glands. Although 

germ-like mutations of PHD2 have been associated mainly 

with an erythrocytotic outcome, one patient carrying an 

H374R mutation in the PHD2 gene developed pheochro-

mocytoma. The mutant allele was found in the majority 

of the tumor cells, indicating a possible tumor suppressive 

role of PHD2. Accordingly, the described mutation affected 

the hydroxylation capacity of PHD2, as this residue has a 

Fe(II) coordinating function.73 So far, this has been the only 

PHD2-mutation associated with cancer development, but a 

mutation of D254H could also be associated with increased 

cancer predisposition, as this residue is located in the catalytic 

center of PHD2.100

Interestingly, the Oncomine data show a preferential 

overexpression of PHD1 and PHD3 in breast cancer, the 

most common cancer among woman (Table 2). For PHD2, 

results are diverse, which is also reflected in the results of 

the different PHD2 studies in this type of cancer. In a MCF7 

mouse model of hormone-dependent breast cancer, Bordoli 

et al101 observed a decrease in PHD2 levels, with increased 

tumor growth through the production of VEGF, Amphiregu-

lin, and IL-8 in a HIF2α-dependent manner. This outcome 

was also confirmed by Wottawa et al102 upon PHD2 silencing 

in the same model. However, when using a more invasive 

model (MDA-MB-231), they found a significantly delay and 

impairment of tumor growth when PHD2 was downregulated. 

This could be related to a cancer-cell-intrinsic reduction of 

transforming growth factor (TGF)-β1 secretion, with conse-

quent reduced TGF-β mediated transcription of osteopontin. 

Although this outcome suggests a tumor promoting role for 

PHD2, the mechanisms behind these results are still not 

fully elucidated.102 With regard to breast cancer metastasis, 

the role of PHD2 has also been investigated. Using a human 

LM2 xenograft model, Naba et al103 observed that increased 

levels of PHD2 associate with increased metastatic potential. 

Interestingly, silencing of this protein in the LM2 tumor 

cells did not affect their tumor invasiveness or fibrosis, but 

led to reduced metastasis formation, indicating that PHD2 

potentially plays a role at a later stage of the metastatic cas-

cade.103 The importance of PHD2 in breast cancer metastasis 

was further confirmed by Kuchnio et al,104 using a spontane-

ously arising PyMT-oncogene driven breast cancer approach 

(MMTV-PyMT). In this model, PHD2 haplodeficiency in 

Table 2 Summary of the three PHD isoform expression profiles 
in human tumors using a complete set of published human 
oncology microarray data

Analysis type by cancer PHD1 PHD2 PHD3
Cancer
vs
normal 

Cancer
vs
normal 

Cancer
vs 
normal 

Bladder cancer 1  

Brain and CNS cancer 4 6  1 3 

Breast cancer 10 2 3 3 12 1 

Cervical cancer 4  

Colorectal cancer 2 14  19 

Esophageal cancer 3  3 

Gastric cancer 2  2   2 

Head and neck cancer 3  3  

Kidney cancer 3  8  8 1 

Leukemia 3 1 4  4 

Liver cancer 3  5  

Lung cancer 3  13  

Lymphoma 1 1 4 3 

Melanoma 3 

Myeloma 1 2   2 

Other cancer 1 2 2  5 2 

Ovarian cancer 1 1 1 2  

Pancreatic cancer 1 1 5  

Prostate cancer 2 

Sarcoma 2  2 2 

Significant unique analyses 16 15 37 27

394357

65 45

Total unique analyses 227 

Notes: The number in each cell under “cancer vs normal” corresponds to the 
amount of cancer types that contains a significantly different level of PHD2 compared 
to normal corresponding tissue. Thresholds for significance are P=0.05 and fold 
expression 1.5, considering all gene ranks. Red signifies the PHD overexpression 
or copy gain in the analyses; blue represents the PHD under expression or copy 
loss. Intensity of color signifies the best rank of PHD2 in those analyses. Cell color 
is determined by the best gene rank percentile for the analyses within the cell, as 
represented below:

Oncomine™ (Compendia Bioscience, Ann Arbor, MI) was used for analysis and 
visualization.
Abbreviations: PHD, prolyl hydroxylase domain; CNS, central nervous system.
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the tumor cells had no influence on the tumor growth but 

led to a significant reduction in the metastasis number in the 

lung. This outcome was the result of a decreased secretion of 

TGF-β by the cancer cells, leading to a decreased activation 

of the cancer-associated fibroblasts (CAF). Heterozygous 

deletion of PHD2 in the CAFs did not alter their activation, 

indicating that PHD2 might have a role in metastasis of 

breast tumor cells via a paracrine effect on the tumor micro-

environment (TME).104

Finally, work performed in our lab using several mouse 

tumor cell lines (Lewis lung carcinoma [LLC] model, B16 

melanoma, and LM8 osteosarcoma) showed that ablation of 

PHD2 resulted in higher vessel density, surprisingly followed 

by a significant reduction in tumor growth. Interestingly, 

inhibition of proliferation of the tumor cells occurred by an 

increased matrix metalloproteinases (MMP) activity,105 with 

consequent release of TGF-β from the TME that in turn had 

an antiproliferative effect on the tumor cells in a strongly 

dose-dependent manner.106 This described effect occurred in 

a HIF-independent manner and presented evidence for a role 

of PHD2 in the malignant transformation of TGFβ, paving 

the ground for future studies on the interaction between HIF 

regulators and growth factors in tumors.

PHD2 in the TME
The crosstalk between cancer cells and their surrounding 

microenvironment has been recognized as a detrimental 

 factor in cancer development and progression. Conse-

quently, the role of the HIF pathway in the TME has also 

been  investigated in the last years, as the endothelial and 

epithelial cells, fibroblasts, and immune cells surrounding 

the tumor are subjected to an identical hypoxic stress as to 

the tumor cells.107

As neovascularization represents one of the major steps in 

tumor growth and development, the study of the role of PHD2 

in the endothelial cells is one of the major points of interest. 

In fact, deletion of only one PHD2 allele in the endothelial 

compartment has led to the increase of VE-cadherin in the 

endothelial junctions as well as of the soluble VEGF trap sFlt 

in a HIF2α-dependent manner. This allows for an increased 

stabilization of the tumor vessels, leading to a better perfusion 

of the tumor, consequently decreasing hypoxia and therefore 

the malignancy and metastasis formation.75,108

CAFs represent one of the major cell populations in 

the tumor stromal environment. These cells promote tumor 

survival and cancer cell dissemination through the secre-

tion of growth factors and protumor chemokines, as well as 

MMPs.89 Madsen et al109 observed that prolonged exposure to 

hypoxia deactivates CAFs, which consequently led to reduced 

remodeling and stiffening of the surrounding extracellular 

matrix. When coinjecting of 4T1 with CAFs into nude mice, 

specific PHD2 inhibition in the CAFs prevented tumor cell 

invasion and metastasis to lung and liver, suggesting a detri-

mental role for PHD2 in these cells in promoting metastasis 

formation.109

Inflammation represents the seventh hallmark of  cancer, as 

inflammatory cells are recruited by the tumor and contribute to 

its initiation, promotion, progression, and metastasis.110,111 The 

major cells associated with the TME are the tumor-associated 

macrophages, which switch from an anti tumor profile (M1) to 

an alternatively activated protumor nature (M2) once recruited 

to the tumor. These cells contribute to the stimulation of tumor 

growth, invasion, and metastasis as well as neoangiogenesis, 

while preventing the antitumor response by other inflam-

matory cells.89 The plasticity between these two phenotypes 

has a crucial role in the development of cancer and has been 

described to be HIF-related.107

Cytotoxic T-cells also play an important role in immune 

surveillance and tumor prevention in both mouse and human 

cancer. HIF1α activation in T-cells is associated with a 

detrimental effect during cancer, as this outcome has been 

negatively correlated with T-cell receptor signal transduc-

tion.107 Regulatory T-cells are able to suppress the functions 

of the antitumor cytotoxic T-cells, allowing further develop-

ment of the tumor.107,111 HIF1α has been shown to enhance 

the differentiation of Th17 cells and inhibit regulatory T-cell 

development, possibly contributing to distinct outcomes 

when activated in distinct T-cell subsets.112

Nevertheless, although a lot of work has been focused 

on the role of HIF1α and HIF2α in inflammatory cells 

 during the progression of cancer (for reviews, see Mamlouk 

et al113 and Kumar and Gabrilovich111), little is known about 

the role of PHD2 in these cells in the TME. Our group has 

shown that deletion of PHD2 in both the myeloid and T-cell 

compartment results in a decreased tumor volume in LLC 

and B16 tumor models. This outcome was not observed in 

the deletion of PHD2 in either compartment alone and was 

due to the decreased general production of cytokines by both 

tumor associated macrophages and T-cells, not affecting their 

recruitment to the tumor area. Both pro- and antiinflamma-

tory cytokines were found to be decreased, indicating that 

PHD2 deletion has an effect in multiple pathways, with an 

antitumoral net effect.113

The role of PHD2 in cancer progression is still controver-

sial, and further advances in this area will be required to better 

characterize the effects of this enzyme in the individual cancer 
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types. A deeper understanding of the role of PHD2 in all cells 

that constitute the tumor mass is in this regard particularly 

relevant in light of pharmacological PHD2 blockade.

Inflammation
Ischemia
Vascular stenosis leads to the reduction of blood supply to 

tissues and consequent ischemia that translates in tissue 

dysfunction and necrosis. The resulting shortage of oxygen 

and glucose required for cellular metabolism leads to an 

adaptive response involving the activation of the HIF path-

way, and therefore the effect of PHD2 in this pathology has 

been a target of investigation. Using PHD2 short interfering 

(siRNA), Natarajan et al114 observed a stabilization of HIF1α 

in the myocardium of mice subjected to an acute model of 

heart ischemia. These cells showed increased production of 

inducible nitric oxide synthase, and the infarct size in the 

tissue was reduced, suggesting an NO-dependent cardio-

protection mechanism possibly preventing cardiomyocyte 

cell death.114

Accordingly, Kunze et al115 observed an improved 

outcome with decreased infarct size from acute ischemic 

stroke upon PHD2 deletion when employing a model of 

neuron-specific knockout of PHD2. In this study, however, 

this outcome was HIF-dependent, with upregulation of 

glycolytic pathways that contributed to neuronal survival 

and increased EPO production that supported vessel for-

mation.115 A similar result was obtained by Hölscher et al116 

when using a cardiomyocyte-specific deletion of PHD2 in 

a model of myocardial ischemia. Interestingly, this group 

also observed an increase in capillary size, but not in the 

number of capillaries, consistent with unchanged levels of 

proangiogenic factors.116

Recent work also showed that PHD2 inhibition enhanced 

progenitor cells function and skewed human bone marrow-

derived mesenchymal stem cells toward a proangiogenic 

phenotype, increasing their therapeutic potential. Further-

more, silencing of this protein restored diabetes-induced 

impairment of adaptive vascular response in a type 1 diabetic 

mouse model of chronic limb ischemia, enhancing neovas-

cularization postischemia in a HIF1α-dependent manner.117

The formation of new blood vessels and remodeling 

of preexisting collateral arterioles occurs upon ischemia 

to reestablish the blood flow to the tissue. During this pro-

cess, endothelial cells secrete VEGF that in turn induces 

the production of chemokine (C-C Motif) ligand 2 by the 

endothelial cells or smooth muscle cells, with monocyte 

recruitment to the ischemic area. These cells in turn induce 

the motility and proliferation of the smooth muscle cells 

through the production of growth factors.118 Therefore, the 

role of PHD2 in the inflammatory cells has also been the 

target of several studies.

Takeda et al119 observed that macrophages expressing low 

levels of PHD2 display an arteriogenic phenotype, leading 

to collateral vessel formation and protection of the skeletal 

muscle from necrosis in a model of hind-limb ischemia. This 

outcome was the result of an increased expansion of M2-like 

macrophages in the tissue and their increased release of proar-

teriogenic factors, leading to increased smooth muscle cell 

recruitment and growth. This preconditioning was not depen-

dent on the HIF pathway activation, but on the activation of 

the canonical NFκB pathway in these cells.119 Further work 

from this group described this mechanism under ischemic 

conditions, showing that in these circumstances, ANG1-TIE2 

signaling represses PHD2 transcription and therefore leads 

to the activation of NFκB.120

Deletion of PHD2 in the myeloid cells upon hypertensive 

vascular and cardiac remodeling was also shown to attenuate 

these processes as it impairs the migration and infiltration of 

macrophages into the tissue while reducing the production of 

proinflammatory and profibrotic mediators by these cells.121 It 

was speculated that this outcome is dependent on the down-

regulation of TGF-β levels produced by the macrophages by 

the stabilization of HIF, a mechanism previously described 

in endothelial cells.122

Overall, PHD2 seems to have a detrimental role upon 

tissue ischemia mainly through the inhibition of the HIF 

pathway. Although several studies have observed a similar 

outcome upon PHD2 inhibition, the mechanism through 

which PHD2 exerts its functions is not well characterized 

and seems to be cell-type dependent.

Wound healing
During the process of wound healing, the skin becomes more 

hypoxic due to the vascular disruption and increased oxygen 

consumption by the cells that outlie the wound. Wound heal-

ing comprises inflammatory, angiogenic, and reepithealiza-

tion processes that involve several distinct cell types and 

mediators. The hypoxic environment created throughout the 

healing leads to the activation of the HIF pathway. HIF1α 

has been shown to play an important role during wound 

healing, as loss of this isoform in keratinocytes was shown 

to delay this process.123 Indeed, our lab has demonstrated that 

PHD2 deletion specifically in the keratinocytes improves the 

wound healing capacity by inducing the migration of these 

cells in the wound area, mediated by HIF1α-induction of 
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β
3
-integrin, with parallel enhanced proliferation in a TGFβ-

dependent manner. Keratinocytes lacking PHD2 showed 

suppressed TGFβ signaling, with consequent decreased 

inhibition of their proliferation when compared with WT 

counterparts.124

The role of PHD2 during wound healing has also been 

assessed in fibroblasts, as these cells have a major role in 

breaking down the fibrin clot and creating new extracellular 

matrix and collagen fibers that give the required support to 

other cells. In a model of diabetic wound, implantation of 

PHD2-silenced fibroblasts improved the healing of the dia-

betic wound, and silencing of PHD2 in these cells increased 

the levels of HIF1α and VEGF, inducing the proliferation 

of fibroblasts and new capillary formation in the wound 

area.125

Furthermore, Wetterau et al126 observed the induction of 

therapeutic angiogenesis upon topical treatment of a mouse 

diabetic wound with PHD2 siRNA, and Vandegrift et al127 

obtained a similar outcome when treating mouse dorsal 

wounds with siRNA delivered in an acellular dermal matrix 

form. Therapies involving the use of local PHD2 inhibitors 

could, therefore, accelerate the wound healing procedure.

Asthma
During the allergic inflammation that occurs in asthma, a 

hypoxic environment is created. Cells respond to the short-

age of O
2
 through the activation of the HIF pathway, which 

perpetuates the highly proinflammatory response and con-

sequent aggravation of the disease outcome. Furthermore, 

bronchial biopsies of asthmatic patients reveal increased 

activation of the HIF pathway.128 The activation of the HIF1α 

subunit has a proinflammatory connotation and leads to the 

activation of genes, such as VEGF, which are implicated in 

airway remodeling. This pathway has also been associated 

with increased collagen synthesis and fibrosis.129

Several studies have found increased levels of both HIF1α 

and PHD2 in animal models of asthma. Using a nonspecific 

HIF1 inhibitor, Huerta-Yepez et al130 have reported that 

the inhibition of this pathway reduced the allergic inflam-

mation and lung remodeling in an ovalbumin-triggered 

mouse model. Furthermore, inhibition of PHD2 by ethyl 

3,4-dihydroxybenzoic acid, an oxoglutarate analog, has 

been shown to lead to a dose-dependent increase of airway 

hyperresponsiveness in a mouse model of asthma, associated 

with an increased cell infiltration, mucus production, and col-

lagen deposition in the basal membrane of the epithelium.129 

Although this data points to a possible protective role of 

PHD2 in the development of asthma, not much is known 

regarding the mechanism through which PHD2 seems to 

mediate these effects.

Obesity
In obesity, the adipose tissue expansion that occurs is associ-

ated with a decrease in oxygen pressure in the tissue due to 

an inadequate vascular response. The hypoxia that ensues is 

associated with local inflammation, fibrosis, and metabolic 

dysfunction, resulting in a detrimental outcome to the patient. 

Interestingly, studies on the role of PHD2 in this condition 

have suggested a detrimental role of this protein during 

obesity. While Matsuura et al131 observed that deletion of 

PHD2 in adipocytes attenuated weight gain and alleviated the 

glucose intolerance that occurs during a high-fat diet model, 

with reduced fat mass and lower macrophage infiltration 

into the white adipose tissue, Michailidou et al132 showed an 

increased adipose mass in adipose-specific PHD2-knockout 

mice. Notwithstanding the disparity in adipose mass, this 

group also observed a normal glucose tolerance in these 

mice, with reduced levels of circulating fatty acids and no 

increase in macrophage levels in the white adipose tissue.132 

The available body of data on the role of PHD2 in obesity 

is, however, scarce and further work needs to be pursued to 

underlie the mechanisms responsible for this outcome.

Conclusion
The role of PHD2 as the major regulator of the hypoxic 

response has been widely accepted and characterized in the 

last years. Furthermore, accumulating evidence indicates 

the influence of this protein in the regulation of an extensive 

array of physiological and pathological effects, involving 

the control of the HIF pathway and other distinct pathways 

or mechanisms. Although the additional roles of PHD2 are 

still somewhat elusive, the discovery of multiple interactors 

raises the possibility that PHD2 will be involved in many 

biological responses.

The use of PHD2-conditional-deficient mouse models 

has broadened our knowledge on the protective role of this 

enzyme during physiological processes such as erythro-

poiesis. On the other hand, during pathological disorders 

(including a majority of cancer types, ischemia, as well as 

skin wound healing), PHD2 is often a detrimental factor. 

This shows the importance of this enzyme in biological 

processes, but underscores at the same time its complexity. 

Therefore, further research in the cells that mediate these 

disorders is of utmost importance. Furthermore, the HIF 

prolyl hydroxylases are also the subject of pharmaceutical 

targeting by small-molecule inhibitors to activate or augment 
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the endogenous HIF transcriptional response for treatment 

of hypoxic human diseases.40
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