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Abstract

Oxygen sensors enable cells to adapt to limited oxygen availability (hypoxia), affecting various cellular and tissue responses.
Prolyl-4-hydroxylase domain 1-3 (PHD1-3; also called Egln1-3, HIF-P4H 1-3, HIF-PH 1-3) proteins belong to the Fe*- and
2-oxoglutarate-dependent dioxygenase superfamily and utilise molecular oxygen (O,) alongside 2-oxoglutarate as co-substrate
to hydroxylate two proline residues of o subunits of the dimeric hypoxia inducible factor (HIF) transcription factor. PHD1-
3-mediated hydroxylation of HIF-a leads to its degradation and inactivation. Recently, various PHD inhibitors (PHI) have
entered the clinics for treatment of renal anaemia. Pre-clinical analyses indicate that PHI treatment may also be beneficial in
numerous other hypoxia-associated diseases. Nonetheless, the underlying molecular mechanisms of the observed protective
effects of PHIs are only partly understood, currently hindering their translation into the clinics. Moreover, the PHI-mediated
increase of Epo levels is not beneficial in all hypoxia-associated diseases and PHD-selective inhibition may be advantageous.
Here, we summarise the current knowledge about the relevance and function of each of the three PHD isoforms in vivo,
based on the deletion or RNA interference-mediated knockdown of each single corresponding gene in rodents. This infor-
mation is crucial for our understanding of the physiological relevance and function of the PHDs as well as for elucidating
their individual impact on hypoxia-associated diseases. Furthermore, this knowledge highlights which diseases may best be
targeted by PHD isoform-selective inhibitors in case such pharmacologic substances become available.
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PHD1-3-mediated regulation of HIF

Prolyl-4-hydroxylase domain (PHD) proteins 1-3 are cellu-
lar oxygen sensors that have first been discovered to confer
hypoxia sensitivity to the hypoxia-inducible factor (HIF)
transcription factors [12, 36, 58—60]. The PHDs enable the
tissue and cellular adaptation to hypoxia via HIF-mediated
enhancement of the expression of selected genes [63, 132,
161]. There are three known o (HIF-1a, HIF-2a and HIF-3ax)
and one HIF-f subunit, of which one « together with the 8
subunit form the dimeric HIF transcription factors HIF-1,
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HIF-2 or HIF-3 [39, 131, 132]. HIF-1a and HIF-2a are
well-characterised, but less is known about HIF-3a. The fol-
lowing description focusses on HIF-1a as a best described
example of the PHD-dependent regulation of HIF-a subu-
nits. In normoxia, PHD1-3 hydroxylate two proline residues
of HIF-1a, Pro402 and Pro564 (Fig. 1) [63]. Prolyl hydroxy-
lated HIF-1a is recognised by the von Hippel-Lindau pro-
tein (VHL), which in turn recruits an E3 ubiquitin ligase
[47, 63, 131, 132]. HIF-1a is then polyubiquitinated and
subsequently degraded by the proteasome (Fig. 1), prevent-
ing HIF-mediated enhancement of gene expression [47, 63,
131, 132].

PHDI1-3 belong to the Fe?* and 2-oxyglutarate (2-OG)-
dependent dioxygenase superfamily [63]. The PHDs utilise
molecular oxygen (O,) as co-substrate and thus depend
on the availability of O, for their enzymatic activity [63].
HIF-a subunits are also regulated by an additional cellular
oxygen sensor, the asparagine hydroxylase factor inhibiting
HIF (FIH, Fig. 1) [168]. FIH belongs to the same superfam-
ily as the PHDs and utilises O, for its enzymatic activity,
hydroxylating the asparagine residue Asn803 of HIF-1a
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Fig. 1 Regulation of HIF-1a by the cellular oxygen sensors PHD1-3
and FIH. Prolyl-4-hydroxylase domain (PHD) 1-3 proteins need Fe**
and a reducing agent (such as ascorbate) as co-factors and use O, and
2-oxogluterate (2-OG) as co-substrates. In normoxia, PHD1-3 activity
leads to the hydroxylation of the proline residues Pro402 and Pro564
of hypoxia-inducible factor (HIF)-1a, leading to the binding of the
von-Hippel Lindau (VHL) protein and the recruitment of an E3 ubiqg-
uitin ligase complex. Subsequently, HIF-1a is polyubiquitinated and
degraded by the proteasome, preventing transactivation of genes by

[88, 132, 168]. HIF-1a asparagine hydroxylation abrogates
binding of the histone acetyl transferases CBP/p300 that
serve as transcriptional co-activators, therefore decreas-
ing HIF-1 activity towards selected genes [88, 132, 168].
In hypoxia, the enzymatic activity of the PHDs and FIH is
reduced; HIF-1a is therefore stabilised and migrates into the
nucleus, forming the active HIF-1 heterodimer with HIF-1
(Fig. 1) [63]. HIF-1 then binds to hypoxia response elements
(HREs), enhancing the transcription of hundreds of genes
involved in various processes, including angiogenesis and
energy metabolism [63, 132, 161].

Interestingly, the three PHD isoforms have shown differ-
ent preferences towards the two HIF-1a prolyl hydroxylation
sites. PHD1 and PHD?2 hydroxylate both Pro402 and Pro564
of HIF-1a, whilst PHD3 preferentially modifies Pro564
[13, 50]. In addition, PHD2 and PHD3 gene expression is
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the HIF-1 transcription factor. FIH decreases transactivation activity
of HIF-1 towards selective genes by hydroxylating asparagine N803,
preventing the recruitment of the transcriptional co-activators p300/
CBP to the HIF-1 transcription factor. In hypoxia, PHD1-3 and FIH
can no longer catalyse the hydroxylation reaction due to the absence
of O,, allowing HIF-1a to translocate to the nucleus, to dimerise with
HIF-1p, to recruit transcriptional co-activators and to bind to selected
hypoxia-response elements (HREs) to enhance gene expression

enhanced by HIF-1, forming a negative feedback loop for the
regulation of HIF activity, whereas PHD1 gene expression
is not altered in hypoxia [98, 142]. Of note, PHD2 is almost
ubiquitously expressed, whereas the expression of PHD1 and
PHD3 is more restricted [87].

Currently, six different PHD inhibitors (PHIs) are avail-
able in the clinics for treatment of renal anaemia: roxadustat,
molidustat, vadadustat, daprodustat, desidustat and enarodus-
tat [74]. PHI treatment increases the expression of the HIF-2
target gene erythropoietin (Epo) and therefore the amount of
circulating red blood cells, counteracting renal anaemia [37].
Some selectivity of these drugs towards specific PHDs has
been reported [101]. Roxadustat and enarodustat have been
suggested to inhibit all PHDs to a comparable degree, whereas
daprodustat preferentially inhibits PHD1 and 3, and molidustat
shows a preference towards PHD2 and vadadustat for PHD3
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[101]. However, such analyses are based on the investigation
of purified enzymes and whether this apparent PHI selectiv-
ity also occurs in vivo is currently unclear, as it depends on
the expression level of the corresponding PHDs together with
the reached concentration of the PHIs in the targeted cells.
Of note, all of these inhibitors increase the expression of Epo
in the human kidney (which is quintessential for their use as
treatment of renal anaemia) and PHD?2 is the most relevant
PHD for the regulation of Epo expression [25, 48]. Therefore,
all currently available PHIs in the clinics must inhibit PHD2
within human renal Epo-producing cells in vivo. A potential
differential selectivity may lead to diverse side effects, but the
currently available data do not allow such conclusions and
more studies are necessary.

Alongside the well-characterised regulation of HIF-a by
the PHDs, it has also been reported that the PHDs regulate
proteins outside the HIF pathway [80, 143]. A PHD-medi-
ated regulation of substrates other than HIF has obviously
profound implications for our understanding of the cellular
adaptation to hypoxia as well as for the use of pharmacologic
PHD inhibitors. However, the hydroxylation of non-HIF-a
proteins by the PHDs is currently controversially discussed
[7, 22, 80, 143], as it was not possible to reproduce these
findings with purified proteins in vitro [22]. The assessment
of the phenotype(s) of PHD knockout (KO) animals will
contribute to solving this discussion, as the regulation of
a target protein by one of the PHDs should ultimately be
linked to the in vivo function of the respective PHD.

The function of each of the PHDs in vivo is of major
relevance for our understanding of the regulation of the tis-
sue and cellular response to hypoxia and to elucidate poten-
tial novel treatment options for hypoxia-associated diseases
as well as for the understanding of possible side effects. In
the following, we therefore summarise to the best of our
knowledge the currently described phenotypes in rodents
with deletion or RNA interference-mediated knockdown of
single PHD isoforms. Regarding the relevance of PHD1-3
in cancer, different outcomes have been reported, depending
on whether a PHD-encoding gene was deleted in tumour
cells, in the host organism or in both [75]. The function of
the PHDs and the HIF pathway in cancer has recently been
expertly reviewed elsewhere [43, 106, 172]. In the chapters
about cancer in this review, only reports are summarised
that describe the effects of Phd gene inactivation in the host
organism.

Phd1 (Egin2) deletion

The baseline phenotype summarises observations made in
mice with Phdl deletion without the induction of a pathol-
ogy. The subsequent chapters focus on phenotypes of mice
with various Phdl deletions in disease models.

Baseline phenotype

Analysis of mice with constitutive global deletion of single
Phd genes gives key insights into the functional role and
relevance of the respective protein and can indicate what
(side) effects may occur following treatment with a (cur-
rently not available) PHD isoform-selective pharmacologic
inhibitor. Mice with constitutive whole-body deficiency
of Phdl (Phd1™'~) do not display any obvious phenotype
under normal housing conditions during development [152]
or adulthood [1, 4, 97, 149, 150], with intact skeletal mus-
cles [4] and erythropoiesis (haematocrit, haemoglobin and
erythropoietin levels) as well as normal blood gas values
[4, 103], vascular system [150], heart [1], lung [117] and
liver [91, 107, 130] morphology. Also, bone development
and architecture were unaltered as shown in Phdl™'~ mice
and by conditional deletion of Phdl in osteoprogenitors
(OSX-Cre) or chondrocytes (Col2a1-Cre) [55, 173, 178].
Interestingly, in Phd] ™'~ mice whole-body oxygen consump-
tion was reduced at rest and the mice demonstrated worse
exercise endurance and impaired oxidative muscle perfor-
mance due to a decreased oxygen consumption in skeletal
muscle [4]. During aging, 1-year-old Phdl~"~ mice showed a
decreased serum cholesterol level and a reduced body weight
[158]. The size and frequency of pulmonary neuroepithelial
bodies (NEB; presumed hypoxia-sensitive oxygen sensors)
were increased in Phdl~'~ mice [116, 117] combined with
an enhanced NEB serotonin (5-HT) production in normoxia
and hypoxia [93]. NEBs may have functional relevance for
the ventilatory response to hypoxia, especially perinatally
[24]; nonetheless, no difference has been reported in the
viability of Phd1™'~ mice. In addition, the hypoxia ventila-
tory response in adult Phdl ™'~ mice is not altered [9].

In contrast to other observations, one group reported that
Phd1™"~ mice exhibit a lower body weight, food intake and
liver weight [162], albeit the liver over body weight ratio
was not altered [107]. Despite the decreased body weight,
adult Phd1™'~ mice displayed a larger white adipose tissue
(WAT) mass, altered glucose homeostasis and a decreased
insulin sensitivity [162]. Interestingly, B-cell-specific Phdl
deletion (Ins1-Cre) led to decreased p-cell mass and elevated
[B-cell apoptosis, but not to any defect in glucose homeostasis
or insulin sensitivity [51].

In summary, Phdl deletion does not affect the majority of
organs at baseline, but impacts on energy metabolism, which
however does not appear to be obvious without challenge.

Cardiovascular system
HIF activity is tightly linked to angiogenesis through regu-
lation of the expression of corresponding genes, including

vascular endothelial growth factor (VEGF) [185]. In addi-
tion, in tissue ischemia (as it, e.g. occurs during a so-called
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heart attack), the resulting hypoxia affects the activity of
the PHDs and leads to stabilisation of HIF-a. This led to the
analyses of the relevance of the different PHD proteins in
ischemic diseases including the heart.

Phdl~~ mice display a reduced infarct size after
ischemia/reperfusion (I/R) injury (Langendorff’s perfu-
sion model) with decreased apoptosis in cardiomyocytes
[1]. DNA-binding activity of HIF-la is increased in
Phdl™~ hearts following I/R, which was associated with
enhanced expression of anti-apoptotic BCL-2 and endothe-
lial nitric oxide synthase (eNOS). In addition, the DNA-
binding activity of NF-kB was augmented as well as the
nuclear translocation of -catenin in cardiac tissue [1].
Based on this study, PHD1 may be a relevant pharmaceutical
target in myocardial I/R injury. Interestingly, using whole-
body inducible shRNA targeting both PHD1 and PHD3 in
combination in mice, it was found that knockdown of PHD1
and PHD3 was not protective against myocardial infarction
[61]. It remains unclear if the protective effect of Phdl dele-
tion alone is time-dependent and does not occur in acute
settings or if the combinatorial deletion of both Phdl and
Phd3 has a different effect than Phdl ablation alone. Of note,
Phd3 KO alone has also been reported to be protective in
cardiac ischemia (see below).

Combined deletion of Phdl and low-density lipoprotein
receptor (Ldlr) in mice led to decreased artherosclerotic
plague sizes and reduced plasma cholesterol levels com-
pared to Ldlr~~ mice, which was likely caused by enhanced
cholesterol excretion into the intestines [97]. HIF-2« silenc-
ing via antisense oligonucleotides had no effect on the pro-
tection conferred by Phdl deletion, indicating a HIF-2a-
independent mechanism [97]. Conditional deletion of Phdl
in myeloid cells (LysM-Cre) had no effect on aortic plaque
size or plaque type following a high-cholesterol diet [166].
In summary, whole-body Phdl KO is advantageous in ath-
erosclerosis, which is likely due to an altered regulation of
plasma cholesterol levels.

Haematopoietic system

Constitutive whole-body [149], hepatic (Alb-Cre) [103, 163]
or FOXD1 lineage cell (Foxd1-Cre) [73] deletion of Phdl
did not affect Epo or haematocrit levels.

Liver

Livers from Phdl~'~ mice are largely protected against
acute ischemia and I/R injury [130]. Hypoxic cell damage
following ischemia, including hepatocyte swelling, vas-
cularisation and karyolysis, was markedly decreased in
the livers from Phdl~~ mice [130], suggesting a higher
tolerance to hypoxia. In addition, mice lacking Phdl were
protected against hepatocyte apoptosis and necrosis, with
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reduced oxidative stress following I/R and decreased oxy-
gen consumption [130]. Interestingly, both at baseline con-
ditions and following I/R, global Phdl KO led to higher
HIF-2a than HIF-1a protein levels [130].

Simultaneous silencing (via tail vein injection of shR-
NAs) of Phdl and Keapl (an oxidative stress sensor) in
hepatocytes reduced hepatic fibrosis induced by treatment
with carbon tetrachloride (CCly) [91]. Liver fibrosis was
also attenuated in Phdl~'~ mice following the induction of
chronic bile duct injury through application of 3,5-dieth-
oxycarbonyl-1,4-dihydrocollidine (DDC) [145]. Livers of
PhdI1™'~ mice displayed a reduced recruitment of inflam-
matory leukocytes as well as a decreased number of profi-
brotic myofibroblasts combined with a lower expression
of pro-mitogenic and pro-fibrogenic factors. These effects
were likely caused (at least in part) by a mitigated activa-
tion of hepatic stellate cells [145].

After 80% hepatectomy in mice, Phdl~'~ animals
recovered their liver weight significantly faster than WT
through increased proliferation of hepatocytes [107].
Enhanced proliferation in Phdl ™~ hepatocytes was caused
by increased HIF-2 and c-Myc activity [107]. Following
low-fat diet (LFD), Phdl~'~ mice developed hepatic stea-
tosis with increased hepatic cholesterol and triglyceride
(TG) content [162].

In summary, PHD1 deletion is protective in various
liver pathologies, ranging from I/R injury over fibrosis
to hepatectomy. The observation that Phdl deletion may
lead to hepatic steatosis may have to be taken into account,
when PHDI is considered therapeutic target. However, all
phenotypes based on Phdl deletion that could be used
to reason against PHD1 as therapeutic target have been
reported in a single publication, whereas the majority of
investigations observed a protective effect of Phdl KO in
liver pathologies.

Energy metabolism

Following LFD, Phdl ~/~ mice demonstrated an increased
body weight gain combined with a decreased insulin sensi-
tivity [162]. Following high-fat diet (HFD), Phdl ™'~ mice
displayed a larger body weight gain, but decreased choles-
terol and blood glucose levels as well as an improved insulin
sensitivity compared to wildtype (WT) mice [162]. Another
study also reported that Phdl~'~ mice are protected against
HFD-induced glucose intolerance and hyperglycaemia [97].
Overall, the effect of PHD1 on energy metabolism may be
diet-dependent, but PHD1 is generally linked to the regula-
tion of body weight gain, glucose homeostasis and insulin
sensitivity and deletion of Phdl (and therefore potentially
also PHD1 inhibition) is protective under conditions of high-
fat diet.
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Immune system

In PhdI™"~ mice, no difference was found in their response to
LPS-induced sepsis relative to wildtype mice [69]. Phdl KO
in haematopoietic and endothelial cells (Tie2-Cre) favoured
a polarisation of macrophages in response to LPS towards a
M2 phenotype with reduced secretion of chemokines [167].
Dendritic cells with Phdl deletion (CD11c-Cre) demon-
strated also a decreased response to LPS with reduced IL-1f
secretion [167]. Overall, few studies have analysed the effect
of Phdl deletion on immune cell function in vivo with con-
trasting results (in different disease and KO mouse models).
Therefore, further studies would be necessary to clarify the
relevance of PHD1 for the immune system in vivo.

Nervous system

Phdl deficiency did not affect the outcome of transient focal
cerebral ischaemia in the first 24 h after 45 min of mid-
dle cerebral artery occlusion (MCAOQO) [14]. Interestingly,
Phd] deletion was protective in a model of permanent brain
ischemia 24 h after MCAO, decreasing the infarct size [120].
Phdl KO increased the activity of the pentose phosphate
pathway and enhanced the cellular redox buffering capac-
ity. Therefore, neurons lacking Phdl were protected from
reactive oxygen species (ROS) [120]. The protection against
brain ischemia by Phdl KO was suggested to be dependent
on NF-kB activity and independent of HIF [120]. The long
non-coding RNA (IncRNA) myocardial infarction associ-
ated transcript (MIAT) is upregulated in brain tissue after
ischemic stroke. Following 90 min of MCAO in rats fol-
lowed by reperfusion, overexpression of MIAT promoted
I/R injury by enhancing infarct volume, neuron damage and
apoptosis [85]. When MIAT overexpression was combined
with Phdl knockdown (intravenous injection), the degenera-
tive effects of MIAT were abrogated, suggesting that Phdl
knockdown is protective [85]. In summary, PHD1 deletion
is protective in ischemic brain injury, but only during long
durations of ischemia. Interestingly, following peripheral
(sciatic) nerve injury, Phdl ™~ mice showed reduced cold
hyperalgesia combined with increased axonal regeneration
[139], indicating that pharmaceutical PHD1 inhibition may
be a treatment option for peripheral nerve injury.

Skeletal muscle

Phdl~'~ mice are protected against hind limb ischemia.
Following femoral artery ligation, there was almost no
necrosis or apoptosis detected within the skeletal mus-
cle of Phd1™'~ mice [4]. Phdl deletion reduced oxidative
stress and mitochondrial damage in ischemic myofibres,

whereas ATP production was maintained, demonstrating
a hypoxia tolerance of myofibres when Phdl was absent
[4]. Hypoxia tolerance and fibre protection were linked to
upregulation of the metabolic regulator Ppara and elevated
HIF-2a levels [4]. Another study analysing the effect of
femoral artery ligation in Phdl~'~ mice found increased
motor function as well as improved recovery of perfusion
together with increased arteriolar and capillary density,
capillary/myocyte ratio and decreased fibrosis [126].
Acute decrease of PHD1 expression via shPHD1 injec-
tion (into both gastrocnemius and tibial anterior muscles)
after femoral artery ligation increased leg capillary den-
sity; however, the proangiogenic effect was not as strong as
with shPHD2 or shPHD3, which was likely regulated via
stabilisation of HIF-1a [94]. Overall, a lack of Phdl is pro-
tective against ischemic injury in skeletal muscle due to an
altered energy metabolism and an enhanced angiogenesis.

Gastrointestinal tract

Phdl™~ mice are protected against dextran sulphate
sodium (DSS)-induced colitis [154]. Phdl KO increased
colonic epithelial cell density and enhanced epithelial bar-
rier function caused by decreased epithelial cell apoptosis
[154]. Weight loss, disease activity index and colonic pro-
inflammatory cytokines were reduced in the absence of
Phdl [154]. Conditional deletion of Phdl in endothelial
and haematopoietic cells was also protective against DSS-
induced colitis [167]. Haematopoietic Phdl deletion alone
but not endothelial-selective deletion was sufficient for the
protective effect, which promoted an anti-inflammatory
M2 macrophage polarisation [167]. In a model of radia-
tion-induced gastrointestinal toxicity, the deletion of Phdl
alone in the gastrointestinal epithelium (Villin-Cre) had no
effect [157]. Haematopoietic Phdl deletion (Vav-Cre) was
not protective in a genetic mouse model of ileitis, induced
by chronically enhanced production of the pro-inflamma-
tory cytokine TNFo [28]. Phdl deletion did also not affect
ischemic colonic anastomoses but reduced the bursting
pressure in septic colonic anastomoses [144]. However,
disease activity or survival was not altered by Phdl dele-
tion in the septic colonic anastomoses model [144]. In a
colon-associated colorectal cancer model (CAC; azoxym-
ethane (AOM) and DSS treatment), Phdl ™'~ mice were
again protected against colitis and demonstrated a reduced
CAC growth [67]. In summary, these data suggest that
PHD1 is a crucial regulator of colitis, affecting both the
epithelial barrier as well as the inflammatory response. In
addition, CAC growth was diminished, which is associated
with prolonged colon inflammation. For colon anastomo-
ses or in ileitis, PHD1 appears to not play a relevant role
in disease progression.
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Skin

In a model of acute skin inflammation (2-O-tetradecanoyl-
phorbol-13-acetate treatment), Phdl~'~ mice showed
a decreased inflammatory response combined with an
increased apoptosis [164], indicating PHD1 as a potential
pharmaceutical target protein in skin inflammation.

Cancer

PHDI1 expression can be induced by oestrogen [3, 133].
Interestingly, global Phdl deletion improved survival in
triple-negative breast cancer (TNBC) mice compared to
wildtype [148]. Long-term but not short-term survival was
improved, indicating that loss of Phdl might be protective
against TNBC only in slower growing tumours [148]. As
indicated above, constitutive global Phdl deletion in mice
decreased CAC growth [67]. In summary, based on the few
existing studies, PhdI deletion and hence possibly also
pharmacologic inhibition of PHD1 are protective at least in
breast and colon cancer.

Phd2 (Egin1) deletion

Phd?2 deletion leads to multiple different phenotypes depend-
ing on whether the KO occurred prior to, during or after
development and depending on the cell type(s) targeted for
Phd? ablation. The baseline phenotype chapter summarises
observations that have been made in mice with constitutive
homozygous whole-body deletion of Phd2 (Phd2™'~) and in
Phd?2 hypomorph mice under baseline conditions. Analyses
of heterozygous (Phd2*'~) and conditional Phd2 KO mice
in normal housing conditions or any available Phd2 deletion
in mice in disease conditions are described in the subsequent
chapters.

Baseline phenotype

Global Phd2 KO is lethal in mice during embryogenesis
[104, 152]. Phd2™'~ embryos die between embryonic days
12.5 and 14.5 due to placental and heart defects. Defects
of the placenta ranged from widespread penetration of
the labyrinth by spongiotrophoblasts, decreased labyrin-
thine branching morphogenesis to abnormal trophoblast
giant cell distribution [152]. Developmental heart defects
included a thinner myocardium, underdeveloped trabecu-
lae, an incompletely formed interventricular septum and an
enlarged intraventricular lumen [152]. HIF-a protein lev-
els were increased in the embryo with the exception of the
heart [152]. PHD2 knockdown in one-cell murine zygotes
by injection of lentiviruses carrying shPHD2 was lethal in
some but not all developing embryos on embryonic day 14
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[115]. The lethality was linked to placental and heart mal-
formations similar to the observations made in mice with
constitutive global Phd?2 inactivation [115]. Of note, also
induced somatic deletion of Phd2 (chicken-f-actin-CreER)
is lethal in mice due to dilated cardiomyopathy and venous
congestion [104].

Hypomorphic inactivation of Phd2 does not result in
embryonic lethality, polycythaemia, enhanced angiogenesis
or dilated cardiomyopathy [56]. Nonetheless, HIF-1a and
HIF-2a protein levels as well as the expression of glyco-
lytic enzymes were upregulated in the heart. Interestingly,
hypomorphic Phd2 mice display no difference in their life
span compared to wildtype mice, but demonstrate a reduced
occurrence of liver diseases, inflammation and myocardial
infarction without effect on cancer incidence [78]. Dur-
ing aging, hypomorphic Phd2 mice also demonstrated an
improved diastolic function (1-year-old mice) and developed
less cardiomyocyte hypertrophy (2-year-old mice) [127].
This effect was likely due to increased Notch signalling and
Notch target gene expression [127].

Cardiovascular system

Induced global inactivation of Phd2 (ROSA26-CreERT2)
in adult mice increased angiogenesis and angiectasia
[150]. Moreover, mice with induced somatic Phd2 deletion
(chicken B-actin-CreER, first tamoxifen application in utero)
developed dilated cardiomyopathy [104]. Induction of global
Phd?2 deletion (chicken B-actin-CreER) at 3 weeks of age
did not lead to a change in systolic function in 10-week-old
mice with an only minimally enlarged heart [105], indicat-
ing that both the timing and duration of Phd2 deletion are
relevant for the development of the phenotype. Interestingly,
constitutive cardiac-specific deletion of Phd2 (aMHC-Cre)
did not lead to a cardiac phenotype in mice [108].
Knockdown of PHD2 via intraperitoneal injection of
small interfering RNAs (siRNAs) into mice reduced acute
myocardial I/R injury [110, 111]. The infarct size was
smaller and HIF-1a levels were increased in cardiac tissue
[110]. PHD2 knockdown also decreased the infiltration of
polymorphonuclear leukocytes into cardiac tissue as well as
chemokine and ICAM-1 expression [111]. Intraventricular
infusion of siPHD2 [34] as well as intramyocardial injection
of shPHD?2 [54] also decreased the myocardial infarct size.
In addition, following intramyocardial injection of shPHD2,
fractional shortening was improved and more small capil-
laries and venules were present in the infarct zone several
weeks after the initial injury [54]. Following the induction
of increased cardiac afterload in mice with cardiac-specific
deletion of Phd2 (aMHC-Cre), the mice developed a cardiac
hypertrophy and a more profound decompensation than con-
trol mice [108]. Interestingly, constitutive cardiac-specific
deletion of Phd2 using MLCv-Cre transgenic mice did not
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lead to a differential response to increased afterload [53].
Following acute myocardial ischemic injury, these mice
were protected displaying a decreased infarct size, a reduced
number of apoptotic cells and an improved cardiac function
3 weeks after ligation of the left anterior descending (LAD)
artery [53]. A separate investigation further supported that
cardiomyocyte-specific Phd2 deletion was protective in the
LAD ligation-mediated ischemic injury model [119].

Isolated hearts from Phd2 hypomorph mice (92% reduc-
tion of cardiac PHD2 mRNA) were protected against
induced I/R injury (induced during Langendorff’s perfusion),
demonstrating a decreased infarct size, enhanced recovery
of coronary flow and mechanical function [56]. Follow-
ing LAD ligation, Phd2 hypomorph mice also displayed a
reduced infarct size, an improved preservation of the systolic
function of the left ventricle and an increased survival [68].
The number of cardiac capillaries was not altered but their
size was increased together with an enhanced expression of
endothelial HIF target genes [68].

Inducible whole-body shRNA-mediated knockdown of
Phd?2 in mice was protective in acute myocardial infarction
[61]. This mouse model allowed the efficient induction of
a Phd2 knockdown without increasing the haematocrit, an
otherwise potentially confounding factor for analyses of the
heart. Phd2 knockdown was only present during applica-
tion of doxycycline and could therefore also be switched
off [61]. Inhibition of PHD2 expression for 4 weeks prior
and 6 weeks after acute myocardial infarction improved left
ventricular ejection fraction and fractional area shortening
without affecting the diastolic function [61]. Knockdown of
Phd?2 for 4 weeks prior to LAD-ligation decreased the infarct
size but did not affect cardiac performance. Downregulation
of Phd?2 for 2 and 6 weeks after acute myocardial infarction
improved left ventricular ejection fraction and fractional area
shortening [61]. Overall, these results support the hypothesis
that pharmacologic PHD2-selective pharmacologic inhibi-
tion is a novel treatment option in cardiac I/R injury.

HFD in mice hypomorphic for Phd2 combined with
the deletion of the LDL receptor led to 50% reduction
of atherosclerotic plaque areas, increased autoantibodies
against oxidised LDL and reduced macrophage numbers
in white adipose tissue without effect on serum choles-
terol [123]. High-cholesterol diet in mice with condi-
tional myeloid-specific Phd2 inactivation increased aortic
root plaque size, decreased the macrophage content and
enhanced fibrosis in plaques [166]. Conditional global
Phd2 KO mice (Rosa26-CreERT2) were also protected
against HFD-induced cardiac dysfunction [186]. In a
murine model of hypertension-induced cardiovascular
remodelling and fibrosis, myeloid-specific Phd2 dele-
tion (LysM-Cre) was protective [57]. The mice displayed
reduced cardiomyocyte hypertrophy and cardiac interstitial
fibrosis combined with a decreased aortic thickening and

macrophage infiltration [57]. Phd2 deletion in myeloid
cells (LysM-Cre) combined with LDL receptor deletion
enhanced angiogenesis and vessel maturation and reduced
intra-plague haemorrhage within plagues that were formed
following vein graft surgery into the carotid artery [138].
Following the induction of thrombosis using a combina-
tion of endothelial activation and flow restriction in vivo,
induced global Phd2 KO (ROSA26-CreERT2) had no
effect on venous thrombus neovascularisation, thrombus
resolution or macrophage infiltration [44]. Together, these
results indicate that Phd2 deletion is protective in diet-
induced atherosclerosis and cardiac dysfunction.

Pulmonary arterial hypertension (PAH) is a common
cause for right-sided heart failure. Endothelial cell-specific
Phd2 KO in mice (Cdh5-Cre) resulted in spontaneous
severe PAH [35, 65, 171] with premature mortality [65].
The muscularisation of pulmonary arteries was increased,
the respiratory basement membrane was thickened and a
right ventricular hypertrophy was developed [35, 65, 171].
In addition, alveolar fibrosis was observed [35]. The devel-
opment of PAH was dependent on HIF-2« and independent
of HIF-1a [65]. Using Tie2-Cre-mediated endothelial and
haematopoietic cell-specific Phd2 deletion, the development
of PAH including pulmonary vascular remodelling and right
ventricular hypertrophy [27, 118, 155] as well as premature
mortality [27] was also observed. In addition, in this model,
it was found that the development of PAH was dependent
on HIF-2a [27, 155, 191], which in turn may affect bone
morphogenic protein (BMP) signalling [27, 89]. In contrast
to the studies mentioned above, one group reported that
conditional deletion of Phd2 in endothelial cells via Tie2-
Cre leads to cardiac fibrosis and left ventricular hypertrophy
[26].

Conditional inactivation of Phd2 in smooth muscle
cells (smmhc-CreERT?2) aggravated established PAH and
increased hypoxia-induced vascular remodelling [15]. Using
a novel Angpt4-Cre transgenic mouse line to inactivate Phd2
in arterial smooth muscle cells, an elevated right ventricular
pressure was observed as well as a change in the vascular
tone [35].

In summary, PHD?2 is a key enzyme for the cardiovas-
cular system with multiple effects on heart tissue and ves-
sels. Inhibition of PHD?2 is protective in acute myocardial
ischemia, but the timing of PHD?2 inhibition is relevant for
a successful treatment. PHD2 inhibition in the heart in dis-
eases with increased cardiac afterload is less promising.
Conditional deletion of Phd2 in pulmonary endothelial and
smooth muscle cells demonstrated that PHD2 plays a key
role for the regulation of pulmonary arterial pressure and
leads to the development of PAH via stabilisation of HIF-2a
and pulmonary arterial remodelling. Moreover, PHD2 inhi-
bition appears to be protective against the detrimental effects
of HFD on the cardiovascular system.
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Haematopoietic system

Conditional whole-body deletion of Phd2 increases plasma
Epo levels, red blood cell (RBC) count haemoglobin and
haematocrit levels [86, 104, 105, 113, 149, 152]. Mice with
somatic inactivation of Phd?2 died prematurely, due to dilated
cardiomyopathy and venous congestion [104]. The conges-
tive heart failure was likely caused by blood hyperviscosity
and volume overload [104]. Acute global deletion of Phd?2
led to erythrocytosis in both young (6—8 months) as well as
aging (1620 months) mice [86]. Injection of an adenovirus
encoding a Cre enzyme into the tail vein of Phd2"*/** mice
resulted in increased serum Epo levels [121]. Epo mRNA
was increased within the liver in the acute phase of Phd2
deletion; however, this was lost over time as long as func-
tional PHD1 and PHD3 were present [121].

In mice with conditional Phd2 inactivation in renal
EPO-producing cells, neurons and astrocytes (hCD68-
IVS1-Cre), strong EPO production was observed combined
with erythrocytosis [41]. Epo production in these mice
was HIF-2a dependent [41]. To assess the first described
human mutation in the Phd2 gene, which was associated
with erythrocytosis, a mouse model was generated with a
corresponding P294R knock-in mutation in the murine Phd?2
locus (Phd2P?*** mice) [5]. Phd2P***+ mice displayed
comparable erythrocytosis levels to Phd2*'~ mice, which
were HIF-2a-dependent [5]. In addition, homozygous and
heterozygous Phd2 inactivation in renal cortical intersti-
tial cells (Pax3-Cre) also induced erythrocytosis as well
as homozygous Phd2 deletion in haematopoietic progeni-
tor cells (Vav1-Cre) [5]. Conditional Phd?2 deletion in renal
FOXD1 stroma-derived cells (Foxd1-Cre) increased plasma
Epo levels, haemoglobin and haematocrit [73]. HIF-2a pro-
tein levels were enhanced in renal FOXD1 cells with tar-
geted Phd? deletion, whereas HIF-1a protein levels were not
altered [73]. Following obstructive nephropathy in mice with
FOXD1-targeted Phd2 ablation, Epo expression was also
increased but was not linked to myofibroblast transdifferen-
tiation [71]. Interestingly, conditional deletion of Phd?2 in the
liver (Alb-Cre) did not enhance Epo levels or haematocrit
[32, 103, 163]. These studies demonstrated that PHD?2 is an
important regulator of Epo via stabilisation of HIF-2a in
specific Epo-producing cells in the kidney. Of note, induc-
ible inactivation of Phd2 in renin-producing cells (mRen-
rtTAm2 LC1-Cre) failed to induce Epo expression, whereas
simultaneous deletion of both PHD2 and PHD3 increased
Epo expression in juxtaglomerular and hyperplastic renin-
positive cells [11], indicating that also renin-producing cells
can induce the expression of Epo.

Induced global inactivation of Phd2 also increased the
number of white blood cells in peripheral blood, which was
combined with a strong increase of haematopoietic progeni-
tors and haematopoietic stem cells in the spleen as well as
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a moderate but significant increase in liver and bone mar-
row [149]. Conditional deletion of Phd2 in early haema-
topoietic precursor cells (CD68-Cre) led to HIF-1a- and
SMAD7-dependent self-renewal of multipotent progeni-
tors [136]. Overall, these studies laid the foundation for our
understanding about PHD?2 as the key oxygen sensor for the
regulation of Epo and therefore of RBC count, haemoglobin
and haematocrit in vivo, which in turn affects the oxygen
transport capacity of the blood. PHD2 also directly affects
haematopoietic precursor cells and PHD?2 is therefore a criti-
cal enzyme for the entire haematopoietic system.

Kidney

In HFD-fed mice with tamoxifen-mediated induction
of proximal tubule (PT)-specific Phd2 deletion (N-Myc
downstream-regulated gene 1 (Ndrgl)-CreER), peritubu-
lar capillary density was increased compared to HFD-fed
control mice and HIF-target gene expression was enhanced
[42]. Moreover, PT-specific Phd2-deletion reduced tubular
damage, glomerulomegaly and albuminuria [42]. Therefore,
PHD?2 inhibition might be a treatment option for obesity-
induced kidney injury.

Analysing the relevance of the PHD isoforms for kid-
ney development, it was demonstrated that Phd2 deletion
in FOXD1-expressing renal stroma cells (Foxd1-Cre) does
not affect nephrogenesis [72]. Combined deletion of both
Phd?2 and Phd3, however, led to abnormal development of
the kidney [72].

In an endothelial-specific Phd2 KO (VE-Cadherin
(Cdh5)-Cre) mouse model, increased serum creatinine was
observed together with arteriolar remodelling and increased
interstitial fibrosis under normal animal housing conditions
[170]. This was accompanied by glomerular arteriolar
remodelling and increased renal interstitial fibrosis [170].
The Phd2 KO upregulated transforming growth factor-f
(TGF-B) and Notch3 expression, which was suggested to be
linked to the increased renal interstitial fibrosis [170]. In an
angiotensin II (ANG II)-mediated renal injury and fibrosis
model, Phd2-specific KO in endothelial cells (Cdh5-Cre)
reduced iron accumulation and ROS formation in the kid-
ney and was protective against renal fibrosis [189]. This was
accompanied by increased HIF-1a and HIF-2a levels as well
as a decreased ANGII type 1 receptor expression in endothe-
lial cells [189], suggesting that PHD2 activity contributes to
ANGII-mediated renal fibrosis and injury. Interestingly, in
renal I/R injury, endothelial-specific Phd2 ablation (Cdh5-
Cre) was protective, preserving kidney function and pre-
venting the transition from acute kidney injury (AKI) to
chronic kidney disease (CKD) in a HIF-1-dependent manner
[124]. Induction of acute Phd?2 deletion in endothelial cells
(Cdh5(PAC)-CreERT?2) indicated that the protective effect
was independent of haematopoietic cells [124].
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In summary, PHD2 inactivation in endothelial cells can
lead to the development of interstitial fibrosis, but is protec-
tive against both ANG-II- and I/R-mediated renal injury and
fibrosis. The vast majority of investigations with pharmaco-
logic hydroxylase inhibitors have also reported a protective
effect in various models of CKD [37], overall supporting that
PHD?2 is a pharmaceutical relevant target for the treatment
of kidney injury and disease.

Liver

PHD?2 activity in the liver plays an important role in the
regulation of whole-body energy metabolism as described in
the corresponding section below. Both in mice with induced
systemic (chicken p-actin-Cre) and constitutive liver-spe-
cific (Alb-Cre) Phd2 deletion, mild hepatic steatosis was
observed [105]. Murine Phd2 haploinsufficiency had no
effect on liver regeneration following partial hepatectomy
[107] or on fibrosis development during chronic bile duct
injury [145]. Endothelial Phd2 KO in mice (Cdh5-Cre)
led to liver steatosis and fibrosis combined with enhanced
fat to body weight ratio and impaired glucose tolerance
[190]. HFD did not lead to an additional aggravation of
the steatosis [190]. In a model for alcoholic fatty liver dis-
ease (AFLD), Phd2 hypomorph mice displayed a decrease
in adiposity, a maintained insulin sensitivity, an improved
lipoprotein profile and a reduced WAT inflammation in com-
parison to mice with Phd2 [79]. In addition, the mice were
protected against alcohol-induced liver damage and steatosis
[79]. Thus, PHD?2 plays an important role in the maintenance
of liver tissue homeostasis and inactivation of hepatic PHD2
increases steatosis and potentially fibrosis under baseline
conditions. However, PHD?2 inhibition may be protective in
liver diseases, such as AFLD.

Energy metabolism

Mice with adipocyte-specific Phd2 inactivation (aP2-Cre)
displayed no obvious phenotype under standard hous-
ing condition [99]. Following HFD, the mice displayed a
reduced weight gain compared to the control with decreased
WAT weight and adipocyte size as well as increased blood
glucose clearance [99]. Oxygen consumption was enhanced
combined with a reduced respiratory exchange ratio (RER)
during darkness [99]. In adipocytes, the expression of glyco-
lytic enzymes and adiponectin was enhanced together with
an increased expression of uncoupling protein-1 (Ucp-1) in
brown adipose tissue (BAT) [99]. Analysis of adipocyte-spe-
cific Phd2 deletion in mice using fatty acid binding protein
4 (Fapb4)-Cre showed an increased adiposity and adipose
vascularisation, normal glucose homeostasis and reduced
circulating fatty acid levels with feeding of normal chow
[102]. Phd2 ablation in BAT by in-situ injection of a virus

containing targeted sgRNA reduced BAT thermogenesis in
cold temperatures and increased HFD-mediated weight gain
[83]. Endothelial Phd2 KO in mice (Cdh5-Cre) impaired
glucose tolerance and enhanced the fat to body weight ratio
[190].

Hypomorph Phd2 mice under both normal chow and
HFD showed a decrease in adipocyte size, WAT weight,
WAT inflammation, improved insulin sensitivity and glucose
tolerance, reduced de novo lipid synthesis and decreased
serum cholesterol levels [122]. Hypomorph Phd2 mice with
additional deficiency of the LDL receptor were protected
against HFD, displaying a reduced weight gain, WAT and
liver weight, insulin resistance, adipocyte size, serum cho-
lesterol levels and number of macrophages within WAT
[123]. Induced global Phd2 KO (ROSA-CreERT?2) in mice
also decreased body weight gain and improved glucose tol-
erance after HFD [186]. Moreover, conditional whole-body
KO of Phd?2 led to more successful endurance training and
faster running time [113]. Pancreatic p-cell specific Phd2
KO (insulin-1 promoter (Ins-1)-Cre) in mice resulted in
glucose-induced increases in plasma insulin [51].

In mice with induced global Phd2 deletion (chicken
p-actin-CreER), lactate levels were decreased compared to
control mice after treadmill exercise [146]. Liver-specific
Phd?2 ablation (Alb-Cre) in mice led to an activation of the
Cori cycle, which serves as a recycling system of lactate-
glucose carbon between the muscles and liver [146]. Con-
sequently, mice with hepatic Phd2 deletion displayed an
enhanced blood lactate clearance following a lactate tol-
erance test as well as an increased production of glucose
derived from lactate within the liver [146]. Moreover, these
mice were protected against an otherwise lethal dose of lac-
tate administered by injection [146]. In another study, it was
found that mice with liver-specific Phd2 KO (Alb-Cre) had
a different metabolic response to exercise than mice with
hepatocyte-specific Hifla deletion [95].

Overall, PHD2 is a key regulatory enzyme for organis-
mal energy metabolism and its inhibition may be protective
against obesity and obesity-associated pathologies.

Immune system

Conditional whole-body Phd2 KO (Rosa26-CreERT?2) in
mice was protective against a lethal dose of LPS lead-
ing to an improved cardiac function, enhanced pericyte/
EC coverage and increased survival [187]. In a model of
bacterial pneumonia using Streptococcus pneumonia, mye-
loid-specific inactivation of Phd2 (LysM-Cre) increased
the inflammatory response resulting in increased lung
injury [129]. This was caused by an enhanced neutrophil
response, including an upregulated neutrophil functional
capacity, motility and survival [129]. Mice with neutro-
phil-specific Phd2 deletion (MRPS8-Cre) also displayed an
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enhanced inflammatory response following treatment with
LPS. Lack of Phd2 augmented the neutrophil response
through HIF-1 and increased the glycolytic flux [129].
In macrophages, Phd2 deletion reduced their phagocytic
and migratory capacity, which was HIF-1-dependent and
mediated by a differential regulation of glycolytic enzymes
[46]. Mice with Phd2 haploinsufficiency showed no dif-
ferential response to LPS-induced sepsis relative to control
[69], which indicates that one functional Phd2 gene locus
is sufficient to maintain (certain) immune responses.

Mpyeloid-specific inactivation of Phd2 (LysM-Cre) was
also found to augment atherogenesis [166] and neointima
formation [21]. Following a high-cholesterol diet, aortic
root plaque size and macrophage apoptosis were increased
in mice with Phd2 deletion in myeloid cells [166].

Systemic knockdown (KD) of PHD2 using tetracycline-
inducible shRNA as well as conditional global Phd2 dele-
tion (Rosa-ERTCre) resulted in leukocyte expansion and
autoimmune features [183]. This phenotype was mediated
through stabilisation of HIF-2a [183]. Regulatory T-cells
(Tregs) from mice with Phd2 KD/KO were dysfunctional,
potentially underlying the observed increase in immune
activity [183]. Treg-specific Phd2 inactivation (Foxp3-
Cre) led to a systemic inflammatory syndrome, including
development of a rectal prolapse, shortening of the colon,
splenomegaly and elevated IFN-y expression [2]. This phe-
notype was mediated via HIF-2a [2]. In summary, PHD2
is an important regulator of Treg function, and its inacti-
vation can lead to a severe dysregulation of the immune
system.

Overall, PHD?2 is an important regulator of immune cell
function, which is at least in some cell types caused by the
alteration of energy metabolism via HIF-1 stabilisation.
Several investigations found an enhanced inflammatory
response in both baseline or pathological conditions. Inter-
estingly, this is overall not reflected in mouse models using
PHIs [160]. Therefore, selective PHD2 deletion appears to
have a different effect on the immune system than the inhibi-
tion of all three PHD isoforms (e.g. via PHIs).

Lung

In lipopolysaccharide (LPS)-induced lung inflammation,
murine-induced endothelial cell-specific Phd2 deletion
(Cdh5-CreER) was protective [38]. These animals displayed
improved adherent junction integrity and endothelial barrier
function, leading to reduced lung vascular permeability and
inflammatory cell infiltration and preventing the formation
of oedema [38]. This data suggests Phd?2 inhibition as a ther-
apeutic strategy for acute lung inflammation. Haploinsuf-
ficiency of Phd2 had no effect on pulmonary NEB number,
but the NEB size was increased [116].
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Carotid body

Phd2"™~ mice demonstrated an increased ventilatory
response to hypoxia with enlarged carotid bodies [9]. PHD2
was found to be the most important PHD isoform for the
modulation of the hypoxia ventilatory response (HVR)
[9]. Also, the induced global deletion of Phd2 (Rosa26-
CreERT?2) led to an exaggerated HVR, which was mediated
via HIF-2a [52]. A subsequent analysis of induced Phd2
deletion in type I cells (tyrosine hydroxylase (TH) express-
ing cell lineage) of carotid bodies (tyrosine hydroxylase
(TH), TH-IRES-CreER) found a multilineage expansion
and features that resembled paragangliomas [40]. The
observed changes of the carotid bodies were again depend-
ent on HIF-2a [40]. Together, these analyses demonstrate
an important regulation of carotid body hyperplasia and the
HVR by PHD?2 via HIF-2 with possible relevance for the
development of paragangliomas.

Nervous system

Phd2*"~ mice are protected from focal cerebral ischemia at 2
and 24 h following MCAO, displaying an enhanced restora-
tion of cerebral blood flow (CBF) with improved functional
outcomes, increased vascular density, less apoptotic cells
and a reduced disruption of the blood—brain barrier [14].
Transient MCAO (acute I/R injury) in mice with constitu-
tive neuron-specific Phd2 KO (Ca>*/calmodulin-depend-
ent protein kinase Ila promotor (CaMKIIa)-Cre) led to a
decreased infarct size and cell death of hippocampal neurons
compared to control [77]. HIF-1o and HIF-2a protein levels
were increased in the forebrain combined with increased
expression of Epo, VEGF and glycolytic enzymes [77].
Nonetheless, vessel density was not altered within forebrain
subregions [77]. Assessment of the relevance of neuron-
specific Phd?2 inactivation (CaMKIIa-Cre) on the recovery
phase following MCAO also supports a protective effect.
Mice with neuronal loss of Phd2 showed a reduced infarct
area, an increased vascular density along the infarct area, an
improved sensory and motor function, an increase of VEGF
expression and a reduction of pro-inflammatory cytokines
[84]. Overall, Phd2 inhibition is therefore a potential thera-
peutic strategy for ischemic brain injury.

Long-term potentiation (LTP) is a cellular mechanism
considered to be of major relevance for learning and memory
formation. Using the same constitutive neuron-specific Phd?2
KO mouse model as described above (CaMKIla-Cre), it was
shown that ablation of Phd2 prevents mouse hippocam-
pal LTP [23]. Thus, PHD2 inhibition may affect synaptic
plasticity and therefore learning capabilities and memory
formation. Interestingly, analysis of the cognitive function
in the same murine neuron-specific Phd2 deletion model
(CaMKIla-Cre) showed an enhanced spatial learning under
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both baseline conditions and following chronic brain hypop-
erfusion (permanent occlusion of the left common carotid
artery) [45]. Increased cognitive function was associated
with an increased number of neuronal precursor cells [45].
No change was observed in vascular density, expression of
synaptic plasticity-related genes (in the hippocampus) or in
the morphology of dendritic spines [45]. Therefore, whereas
it has consistently been reported that Phd2 deletion affects
the activity of the hippocampus, the functional outcome of
PHD2 inactivation is less clear. Of note, Phd2*~ mice dis-
played no difference compared to wildtype mice in axonal
regeneration following peripheral (sciatic) nerve injury, but
showed a reduced latency in compound muscle action poten-
tials, indicating an improvement of axon function [139].
Specific deletion of Phd2 in NG2 glia cells and pericytes
in the brain (NG2-Cre) had no effect on the brain vascula-
ture [165]. Combinatorial PHD1-3 or VHL deletion in NG2
cells, however, led to an increase of capillary networks and
proliferation of pericyte in several areas of the brain [165].
In summary, inactivation of Phd2 affects cognitive func-
tions, brain vessel density and HIF-mediated gene expres-
sion in neurons, which is protective in neuronal I/R injury.

Skeletal muscle

In Phd2*'~ mice, ischemic injury by femoral artery liga-
tion resulted in a comparably severe necrosis in the skeletal
muscle as in control mice [4]. shRNA-mediated silencing of
Phd?2 in tibial anterior and gastrocnemius muscles following
right femoral artery ligation increased HIF-1a expression
as well as the expression of VEGF and endothelial nitric
oxide synthase (eNOS) [94]. Silencing of Phd2 enhanced
vessel and capillary density as well as macrophage infil-
tration into the ischemic muscle, indicating that Phd2
inactivation supports muscle revascularisation [94]. The
observed effects were likely mediated by enhanced HIF-1
activity [94]. Another investigation found that Phd2*/~ mice
were protected against hindlimb ischemia-induced necro-
sis by preformed collateral arteries [153]. Arteriogenesis
was improved due to an increase in tissue-resident M2-like
macrophages and enhanced smooth muscle cell recruitment
[153]. Acute and chronic Phd2 haploinsufficiency in mac-
rophages also led to arteriogenesis in the ischemic muscle,
indicating that the protective effect of Phd2 ablation was due
to the resulting regulation of macrophages [153].

Induced keratinocyte-specific Phd2 ablation (human kera-
tin 14 promoter (KRT14)-CreERT) during femoral artery
ligation improved distantly located vascular survival and
arteriogenesis in ischemic hind limbs [151]. The protective
effect could also be observed in type 1 and 2 diabetic mice
and in mice with hepatocyte-specific Phd2 KO (Alb-Cre)
[151]. Local Phd2 deletion selectively in keratinocytes of
the hindlimb skin (by local administration of tamoxifen) was

not protective against ischemic injury [151]. These results
indicate that protection against ischemia by inactivation of
Phd2 works remotely and that it may therefore not be neces-
sary to access the actual target tissue for treatment.

Phd2 hypomorph mice showed increased HIF-1a and
HIF-2a levels in skeletal muscles, increased capillary size
without effects on capillary number and an upregulation
of the expression of glycolytic genes [66]. After exercise,
serum lactate levels were reduced faster [66]. Hind limb I/R
injury led to reduced infarct size in Phd2 hypomorphic mice,
which was likely due to the increase in capillary size as well
as the HIF-mediated regulation of energy metabolism [66].

Conditional whole-body Phd2 KO mice demonstrated
increased capillary density in skeletal muscle [113, 135]
likely due to induction of VEGF [135]. Muscle fibres of KO
animals transitioned towards slow type I fibres [135]. After
mechanic muscle trauma, Phd2 hypomorph mice presented
with faster muscle tissue regenerative capabilities, including
enhanced activation of myogenic factors, accelerated mac-
rophage infiltration into injured tissue areas and upregulation
of stem cell proliferation markers [134].

In summary, genetic PHD2 inhibition is protective in
muscle ischemia due to enhanced arteriogenesis, which may
be affected by increased VEGF secretion as well as by the
induction of pro-angiogenic macrophages.

Bone

Constitutive Phd2 deletion in osteoblasts in mice (Colla2-
iCre) led to premature death 12 to 14 weeks after birth [19].
These mice displayed a shorter stature with decreased bone
mineral density, bone area and bone mineral content in
tibias and femurs but not in vertebrae. Within the femoral
trabecular bones, bone volume and total volume as well as
bone volume fraction were reduced [19]. This phenotype
was suggested to be caused by diminished bone formation
[19]. There was no alteration in proximal tibial epiphyses
in 5-week-old mice following Colla2-iCre-mediated Phd2
deletion [17]. Conditional deletion of PHD2 in osteopro-
genitors (OSX-Cre transgene) led to a less severe phenotype
without the report of premature death and with the strong-
est changes observed with combinatorial deletions of PHD
isoforms [173]. Conditional Phd2 inactivation in haemat-
opoietic cells, osteoblasts and Epo-producing cells (CD68-
Cre) led to a strong decrease of bone density in the distal
femur and in vertebrae [125]. Analyses of mice with Phd2
deletion in osteoblasts (OSX-Cre) or osteoclasts (Vav-Cre)
indicated that the observed bone malformations were not
directly linked to an altered osteoblast or osteoclast activity
caused by the inactivation of Phd2 [125]. It was suggested
that the bone malformations observed in mice with CD68-
Cre-mediated Phd2 deletion were caused by an Epo-medi-
ated effect on osteoblast progenitors, because Epo levels
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were increased due to the deletion of Phd2 [125]. Analyses
in Phd2*"~ mice showed a decreased bone mineralisation
and trabeculae bone mass [55].

Conditional deletion of Phd2 in osteocytes (Dentin
Matrix Protein 1 (Dmp1)-Cre) increased the bone mass by
enhanced bone formation and reduced resorption [140]. In
addition, these mice were protected against bone loss caused
by a decline in oestrogen levels [140]. Moreover, Phd2 abla-
tion in osteocytes (Dmp1-Cre) increased fibroblast growth
factor-23 (FGF23) levels (an important hormone regulat-
ing mineral ion handling) in the murine bone [112]. Dele-
tion of Phd2 in murine periosteum-derived cells improved
bone regeneration following implantation of the KO cells
due to enhanced cell viability, which was likely caused by
an altered energy metabolism [141]. This phenotype was
independent of angiogenesis [141].

Chondrocyte-specific Phd2 conditional deletion (type 2
collagen-a1-Cre) led to enhanced trabecular bone mass of
long bones by increased trabecular thickness and number
with decreased trabecular separation [17, 20]. KO mice dis-
played increased bone formation rate in long bones, bone
mineralisation and upregulated markers for chondrocyte
hypertrophy [17, 20]. These results suggest that Phd2 plays
an important role in endochondral bone formation [17, 20].
Moreover, in the same mouse model, articular cartilage
thickness was decreased, combined with increased chon-
drocyte differentiation [18].

In summary, PHD?2 activity is of key importance for the
regulation of bone volume and density as well as for articu-
lar cartilage thickness, likely including multiple mechanisms
and cell types.

Gastrointestinal tract

Phd2*~ mice as well as mice with constitutive Phd2 dele-
tion in endothelial and haematopoietic cells (Tie2-Cre) did
not show any difference compared to control mice in DSS-
induced colitis [67, 154, 167]. Constitutive inactivation of
Phd? in intestinal epithelial cells (Villin-Cre) did not lead to
spontaneous intestinal inflammation and was also not protec-
tive in a DSS-induced colitis model or in colitis-associated
colon cancer [177]. Deletion of Phd2 in intestinal epithe-
lial cells in mice was also not protective against radiation-
induced gastrointestinal toxicity [157]. Mice with ablation
of Phd?2 in regulatory T-cells (Foxp3-Cre) spontaneously
developed systemic inflammation (see above) [2]. These
mice also showed an increased sensitivity to toxoplasmo-
sis and DSS-induced colitis, likely because of an inefficient
control of the inflammatory response [2].

Analysis of anastomotic leakage in Phd2*~ mice showed
an improved healing of septic and ischemic colon anasto-
moses [144]. Phd2 haploinsufficiency reduced anastomotic
leakage, increased the bursting pressure and was protective
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against sepsis-related mortality [144]. This protective effect
was achieved by the induction of M2 polarisation of mac-
rophages, which reduced immune cell recruitment [144].

Overall, whilst Phd2 is important for immune cell func-
tions and thus for pro-inflammatory responses in vivo, Phd2
is dispensable for intestinal development and intestinal epi-
thelial homeostasis.

Skin

The effect of Phd2 deletion on wound healing was analysed
using different mouse models. Constitutive Phd2 KO in
myeloid (LysM-Cre) or endothelial (Flk1-Cre) cells had
no effect on wound closure in full-thickness excisional skin
wounds (6-mm biopsy punches) [64]. In turn, specific con-
stitutive Phd2 deletion in keratinocytes (K14-Cre) decreased
the time for wound closure and increased migration of the
hyperproliferating epithelium as well as proliferation of
keratinocytes in the stratum basale [64]. These effects were
at least in part mediated by HIF-1 as well as by decreased
transforming growth factor § signalling [64]. Mice with
constitutive Phd2 ablation in keratinocytes (K14-Cre) or
induced Phd2 deletion in fibroblasts (Colla2-CreER) each
showed an accelerated wound healing in 6-mm full-thickness
excisional wounds [193]. Both epidermal and dermal Phd2
KO were also protective in an ischemic pedicle flap model
with more viable flaps being present in the Phd2 KO mice
in comparison to mice with wildtype Phd2 alleles [193].
Injection of murine mesenchymal stromal cells transduced
with shPHD?2 into full-thickness excisional skin wounds also
accelerated wound healing with enhanced cellularity and
blood vessel density [70]. Phd2 deletion in FoxD1-lineage
mesodermal cells (FoxD1-Cre) led to truncal alopecia by
disturbing hair follicle development [128]. Overall, Phd?2
inactivation in keratinocytes, fibroblasts and/or mesenchy-
mal stem cells accelerates cutaneous wound healing. Thus,
PHD?2 is a promising potential therapeutic target for wound
healing.

Eye

Oxygen treatment of preterm infants can lead to retinopa-
thy including loss of micro-vessels in the retina, which can
result in blindness. In neonatal control mice, exposure to
75% O, reduced retinal micro-vessels [31]. Induced global
Phd?2 ablation (Rosa26-CreERT2) in mice from postnatal
day 1 was protective against the effect of 75% O, expo-
sure on retinal micro-vessels with increased HIF-1a and
HIF-2a protein levels compared to control mice [31]. This
indicates that inhibition of PHD2 might be a therapeutic
option for preterm infants with oxygen treatment to prevent
retinopathy. Constitutive lack of Phd2 in astrocytes (GFAP-
Cre) resulted in an increased number of retinal astrocytes,
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impaired vascular pruning and increased HIF-2a protein lev-
els in neonatal mice [30]. Therefore, the HIF pathway may
play an important physiological role in retinal astrocytes for
the appropriate development of the retinal vasculature.

Cancer

Investigation of tumours derived from B16 melanoma,
Panc02 pancreatic carcinoma or Lewis lung carcinoma
(LLC) cells in Phd2*’~ mice showed no effect on tumour
growth, tumour cell apoptosis or proliferation; how-
ever, the occurrence of metastasis was reduced [100]. In
Phd2*~ mice, tumour vessel endothelial lining and matu-
ration were normalised (without effect on tumour vessel
lumen size or density), preventing tumour cell intravasa-
tion, invasion and thus metastasis [100]. In mice with con-
ditional haplodeficient Phd2 inactivation in endothelial cells
(Tie2-Cre), the main findings could be repeated, including
reduced metastasis and tumour vessel normalisation [100].
Moreover, haplodeficient Phd2 inactivation in endothelial
cells in mice led to an improved chemotherapeutics delivery
to tumours [81]. These results were repeated in mice with
induced acute global heterozygous or homozygous deletion
(Rosa26-CreERT?2 transgene) of Phd2 [81]. In addition, the
induced global Phd2 deletion led to an increased protec-
tion of healthy organs against detrimental side effects of
chemotherapeutic agents in a HIF-dependent manner [81].
In a spontaneous metastatic mammary gland tumour model,
Phd2"~ mice reduced metastasis by reducing cancer-associ-
ated fibroblast (CAF) activation, production of extracellular
matrix and CAF-mediated contraction [76]. This effect was
dependent on tumour vessel normalisation as well as PHD2
inactivation in tumour cells and not in CAFs themselves
[76].

Induction of primary hepatic tumours by diethylnitrosa-
mine (DEN) treatment in Phd2*~ mice resulted in enhanced
hepatocarcinogenesis and increased development of cholan-
giocarcinoma with a larger number of metastasis, which was
suggested to be caused by chronic HIF activation [49]. The
beginning of neoplastic transformation was not altered by
Phd? haploinsufficiency in the same hepatic tumour model,
indicating that PHD?2 activity is relevant during tumour nod-
ule formation, but not for neoplastic transformation [10].

Analysing the relevance of PHD2 in immune cells for
tumour development, Phd2 was deleted in haematopoietic
cells (CD68-Cre) and the mice were inoculated with LLC
cells, leading to reduced tumour growth, decreased tumour
cell apoptosis and enhanced proliferation [96]. In mice,
Phd?2 deletion in myeloid cells (LysM-Cre), in all T-cell
populations (CD4-Cre) or in B-cells (CD19-Cre) had no
effect on tumours from LLC cells [96]. However, combined
Phd? deletion in myeloid and T-cells (LysM/CD4-Cre) led
to a decreased tumour growth [96]. This indicates that PHD2

activity in myeloid and T-cells supports tumour growth and
that PHD?2 inhibition may be a therapeutic option for lung
cancer treatment.

Conditional melanocyte-specific deletion of Phd2 (Tyr-
CreER) did not lead to any pigmented lesions [92]. How-
ever, in mice with a melanocyte-specific deletion of Phd2
combined with the expression of BRafVoE melanoma with
a 100% penetrance and metastasis in lymph nodes were
observed [92]. These results indicate that PHD2 can enhance
melanomagenesis in the presence of BRaf"6E,

In mice with constitutive KO of Phd2 in the medulla of
the adrenal gland (TH-Cre), alterations in developmental
adrenal morphologies were reported combined with a gene
expression pattern mimicking pseudohypoxic pheochromo-
cytoma [33]. The observed changes were shown to be HIF-
2a-dependent. Interestingly, induced Phd2 deletion in the
adrenal medulla in adult mice did not lead to the aberrant
gene expression pattern, demonstrating that the observed
changes towards pseudohypoxic pheochromocytoma were
likely occurring during adrenal gland development [33].

In a CAC model (AOM and DSS treatment), Phd2*~ mice
showed no difference in the induced colitis but CAC growth
was enhanced together with the number of tumour-associ-
ated macrophages [67]. The observed regulation was due
to an upregulation of the expression of epiregulin in mac-
rophages, a ligand for EGFR, as well as an increased extra-
cellular signal-regulated kinase 1/2 and signal transducer
and activator of transcription 3 signalling [67].

In summary, these data indicate that inhibition of PHD2
activity alone is detrimental for some tumours, including
lung carcinoma and prostate cancer, which is (at least in
part) due to its effects on vessel formation, myeloid and
T-cells. In melanocytes, PHD2 inhibition may be protective
to a certain degree against the development of melanomas
but is detrimental in the presence of BRaf"%"E, Moreover,
inactivation of PHD2 may support the growth and metasta-
sis formation from hepatic tumour and cholangiocarcinoma
as well as the growth of colon cancer. Interestingly, PHD2
activity appears to be necessary for the development of the
adrenal gland, preventing a shift of the gene expression
towards pseudohypoxic pheochromocytoma. Thus, PHD2
plays an important role in tumour growth and metastasis
formation; however, its relevance and function depend on
the cancer type.

Phd3 (Egin3) deletion

The baseline phenotype summarises observations made in
mice with Phd3 deletion without the induction of a pathol-
ogy. The subsequent chapters focus on phenotypes of mice
with various Phd3 deletions in disease models.

@ Springer
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Baseline phenotype

Mice with constitutive whole-body deletion of Phd3
(Phd3~'7) are viable but with a small reduction in the
offspring being observable after mating of heterozygous
mice [8, 152]. At baseline conditions, there were no
obvious abnormalities during development [152] or
adulthood apparent [8, 149, 150] with physiological
Epo and haematocrit levels as well as red blood cell
counts [149], white blood cell counts (including
normal neutrophil and macrophage numbers) [69,
169], angiogenesis [150] and no obvious alterations in
the morphologies of lung and kidney [69]. Also, bone
development and architecture were normal following the
specific constitutive deletion of Phd3 in osteoprogenitor
cells (OSX-Cre) or chondrocytes (Col2a1-Cre) [173,
179]. In contrast, Phd3~'~ mice showed an increased
trabecular spacing and a decreased trabecular number as
well as a decreased fractional bone volume in long bones
and vertebrae [55]. Mice with enzymatically inactive
Phd3 (R205K knock-in mutation) showed no obvious
changes in development or fertility [62], similar to the
Phd3™'~ mice.

Interestingly, Phd3~'~ mice display a neuronal
phenotype [8]. The number of neurons was increased
in the superior cervical ganglion (SCG), in the adrenal
medulla and in the carotid body due to a decreased
neuronal apoptosis [8]. Moreover, the function of the
sympathoadrenal system was reduced with a decreased
innervation of target tissues, secretory capacity of the
adrenal medulla and reduced sympathoadrenal responses
(e.g. of the iris, submandibular gland and pineal gland)
combined with a decrease in systemic blood pressure
[8]. The hypoxic ventilatory response was comparable
to wildtype mice [9]. The phenotype was caused by the
regulation of HIF-2a and was independent of HIF-1a
[8]. Therefore, PHD3 plays a major role for the anatomic
and functional integrity of the sympathoadrenal system
[8]. Phd3~'~ mice also displayed hypertrophy and
hyperplasia of NEBs with increased NEB size and
NEB cells [116]. The NEB alterations were comparable
to the findings in Phdl KO mice [116]. During aging,
1-year-old Phd3™'~ mice showed increased triglyceride
and cholesterol levels, liver weight, adiposity and
body weight, enhanced WAT inflammation and insulin
resistance and hyperglycaemia [158].

Overall, Phd3 deletion does not alter the majority of
organ systems under baseline conditions. However, con-
stitutive global Phd3 ablation impacts on the development
and function of the sympathoadrenal system with cor-
responding effects on systemic blood pressure, iris size
modulation and excretion from glands. Moreover, during
aging, PHD3 counteracts metabolic dysfunction.

@ Springer

Cardiovascular system

To assess the relevance of PHD3 in ischemic heart injury,
the response of Phd3~~ mice to LAD ligation was investi-
gated. In this model of myocardial infarction, Phd3™~ mice
showed improved cardiac function, increased capillary den-
sity, reduced cardiac fibrosis and increased HIF-1oo DNA
binding [114]. LAD ligation with subsequent release as
model for I/R injury in induced whole-body Phd3 KO mice
(chicken f-actin-CreER) resulted in attenuated tissue dam-
age [176]. Myocardial injury and apoptosis of cardiomyo-
cytes were decreased [176]. In a rat model of type 2 diabe-
tes (HFD plus streptozotocin injection), sShRNA-mediated
PHD3 knockdown (jugular vein injection) reduced cardiac
dysfunction [174]. Thus, Phd3 inactivation is protective in
different models of cardiac injury, likely by decreasing car-
diomyocyte apoptosis and by enhancing angiogenesis fol-
lowing injury.

Investigating further the relevance and function of PHD3
in the cardiovascular system, transgenic mice were generated
with increased PHD3 expression. Cardiomyocyte-specific
transgenic expression of PHD3 in mice (cPhd3tg) did not
affect cardiac function or HIF activity at baseline condi-
tions over an investigation period of 14 months [192]. Fol-
lowing LAD ligation, cPhd3tg hearts showed an increased
infarct size linked to reduced HIF-1a and HIF-2a stabilisa-
tion [192]. In a mouse model of obstructive sleep apnoea,
shPHD3 treatment had no effect, whereas lentiviral PHD3
overexpression reduced intermittent hypoxia-mediated car-
diac perivascular collagen deposition and (partially) pre-
vented cardiac dysfunction [188]. In a murine model of the
effect of chronic intermittent hypoxia on cardiac pressure
overload, lentiviral PHD3 overexpression improved the
systolic function and alleviated cardiac remodelling [180].
These studies indicate that the effect of PHD3 overexpres-
sion may depend on the type of cardiac injury. The detri-
mental effect of PHD3 overexpression in cardiac ischemia
further supports the finding that PHD3 deletion is protective.

In an atherosclerosis model, mice deficient for apolipo-
protein E were fed HFD and either injected with lentivirus
carrying shPHD3 or DNA for PHD3 overexpression [90].
PHD3 overexpression enhanced the area of aortic athero-
sclerotic lesions, the number of macrophages and smooth
muscle cells and the number of apoptotic cells in athero-
sclerotic plaques [90]. Following a high-cholesterol diet in
mice, Phd3 and Ldlr double KO did not alter atherosclerotic
plaque size or necrotic, macrophage, collagen or oxygen
content [29].

In summary, PHD3 activity plays an important role in the
response of cardiac tissue to injury and PHD3 may be a ther-
apeutic target in myocardial infarction, diabetes-induced car-
diac dysfunction and in cardiac injury caused by obstructive
sleep apnoea. Its relevance in atherosclerosis is less clear.
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Haematopoietic system

There was no effect observed on erythropoiesis or haemat-
opoiesis by constitutive global Phd3 deletion [149], or Phd3
ablation in hepatic [105, 163] or (renal) FoxD1 lineage cells
[73]. Interestingly, in Phd3 and Ldlr double KO mice, haem-
atocrit was increased at baseline conditions whereas WBC
counts were maintained [29].

Liver

Following a partial hepatectomy, liver regeneration was not
affected in Phd3™~ mice [107]. In a model of chronic bile
duct injury, Phd3~~ mice showed no difference in biliary
fibrosis [145]. Thus, PHD3 is not relevant for liver regenera-
tion or (bile duct injury-mediated) hepatic fibrosis develop-
ment or progression.

Energy metabolism

Mice with liver-specific Phd3 KO (tail vein injection of
adenoviral Cre into Phd3"" mice) demonstrated lower fast-
ing insulin and glucose levels as well as an increased glu-
cose tolerance [156]. In addition, the hepatic expression of
several gluconeogenic enzymes (Pckl, Gbpc, Ppargsla)
was reduced as well as the expression of enzymes involved
in lipid metabolism (Srebflc, Fas). Mechanistically, the
observed changes were linked to increased HIF-2a stabili-
sation and Irs2 expression in the liver [156]. To investigate
the influence of hepatic Phd3 depletion on diabetes, the
mice were fed HFD. Both fasting blood glucose and fast-
ing serum insulin improved in comparison to wildtype mice
[156]. Liver-specific Phd3 KO (Alb-Cre) decreased gluco-
neogenesis during fasting periods, which was mimicked in
PHD3 His196Ala (inactive PHD3) knock-in mice [182].
Both mouse models were resistant against high-fat and high-
sucrose diet-induced gluconeogenesis and hyperglycaemia
with improved insulin and glucose tolerance tests [182]. The
observed phenotypes were suggested to be caused by PHD3-
mediated hydroxylation of CREB-regulated transcriptional
coactivator (CRTC) 2 [182].

Mice with constitutive global Phd3 deletion (CMV-Cre)
displayed elevated fatty acid oxidation (FAO) in the skeletal
muscle, especially after fasting [184]. Glycogen levels were
maintained in the skeletal muscle, but they were reduced
in the liver under normal feeding conditions. Under fast-
ing conditions, O, consumption and CO, production were
both enhanced whereas the respiratory exchange ratio (RER)
was maintained [184]. In a strenuous exercise endurance
challenge, both mice with global and skeletal muscle-spe-
cific (MCK-Cre) Phd3 deletion displayed increased exer-
cise capacity [184]. Mechanistically, PHD3 was reported
to hydroxylate acetyl-CoA carboxylase (ACC) 2 (which

converts acetyl-CoA into malonyl-CoA) and the hydroxyla-
tion of ACC2 reduced FAO [184]. Combinatorial deletion of
Phd3 and Ldlr in mice resulted in an increased body weight
at baseline that was further significantly increased relative
to control mice following high-cholesterol diet (HCD) [29].
After HCD, also enhanced triglyceride and plasma choles-
terol levels were observed. In the liver, the expression of
Fas and Cyp7al was increased, which may contribute to the
dyslipidaemia [29].

Pancreatic B-cell specific Phd3 deletion (Ins-1-Cre) had
no effect on glucose homeostasis under standard condi-
tions [51, 109]. Nonetheless, p-cell mass was reduced and
p-cell apoptosis was enhanced [51]. Following HFD, glu-
cose homeostasis was impaired [109]. The metabolism of
Phd3~'~ p-cells shifted from glycolysis to fatty acid oxi-
dation, which was linked to reduced insulin secretion after
prolonged HFD [109].

Overall, Phd3 deletion protects against dietary-induced
diabetes and according alterations in glucose homeosta-
sis, which may be due to effects in the liver, on pancreatic
B-cells and in the skeletal muscles. Moreover, the metabolic
changes introduced by Phd3 ablation support exercise endur-
ance. FAO was increased in the skeletal muscle following
Phd3 KO, which may contribute to the protective effect
against dietary-induced diabetes. These results principally
support an approach to pharmacologically inhibit PHD3 as
treatment for type 2 diabetes. However, one study reported
that Phd3 deletion in combination with Ldlr ablation leads
to dietary-induced dyslipidaemia. Therefore, inactivation of
PHD3 may also have detrimental effects in certain (meta-
bolic) conditions.

Immune system

The activity and function of neutrophils derived from
Phd3™~ mice were preserved in both normoxia and hypoxia;
however, neutrophil apoptosis was increased leading to a
reduced Phd3~"~ neutrophil survival during hypoxia [169].
In hypoxia, HIF transcriptional activity was not altered in
Phd3~~ neutrophils relative to control. The increase of
apoptosis in hypoxia in Phd3~'~ neutrophils was linked to
an increased expression of pro-apoptotic Sival and a reduced
hypoxia-mediated stimulation of the Sival target protein
BCL-X; [169]. In an LPS-induced acute lung injury model,
neutrophil apoptosis was enhanced in Phd3™~ mice, leading
to a decreased total neutrophil count in the inflamed tissue
[169]. In DSS-induced colitis, neutrophilic inflammation
was also decreased [169]. These findings suggest that PHD3
plays a key role in neutrophil survival and neutrophil-driven
inflammation.

The inflammatory response in Phd3™~ mice was also
assessed in models of abdominal sepsis. Following LPS-
or bacterial-induced (caecal ligation and puncture model)
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Table 1 (continued)

18

Gene inactivation/silencing

Phd3™~

Organ (system), physiological process

Bone

Springer

1 Neuron numbers in SCG, adrenal medulla and carotid [8]

body, | neuronal apoptosis, | function of sympa-

thoadrenal system

Phd3™~

Nervous system

[116]

Hypertrophy and hyperplasia of NEBs

Phd3~"~

Lung

#Other groups did not report comparable findings despite performing similar experiments (see text for details)

sepsis, the survival of Phd3™~ mice was reduced compared
to WT, Phd1™~ and Phd2*"~ mice [69]. In Phd3™"~ mice,
plasma pro-inflammatory cytokine levels and macrophage
recruitment to internal organs were increased during sepsis
[69]. The decrease in survival during sepsis was linked to
an increased activity of Phd3~'~ macrophages, which in turn
was dependent on both HIF-1a and NF-xB activity [69].
Phd3 deletion in macrophages altered their maturation and
polarisation towards an M1 (pro-inflammatory) polarisa-
tion [69]. This increase in M1 polarisation was linked to
an accelerated differentiation and was not observed in fully
differentiated macrophages [147]. Phd3~~ macrophages
showed (similar to neutrophils) no change in HIF activity
[147]. Interestingly, Phd3 deletion, in contrast to its effect
in neutrophils, decreased the apoptosis rate of macrophages
[147]. Of note, in a model of hind limb ischemia in mice with
myeloid-specific Phd3 deletion (LysM-Cre), Phd3~'~ mac-
rophages displayed an increase in M2 (anti-inflammatory)
polarisation [6]. Phd3 deletion in CD11c" cells (CDl11c-
Cre) did not affect dendritic cell maturation, metabolism or
survival in basal or stimulated conditions [159]. In a mouse
model of LLC cancer in mice with genetic Phd3 inactiva-
tion (R205K mutation), macrophage M2 polarisation was
prevented [62].

Mice with induced global Phd3 ablation (chicken B-actin-
CreER) were protected against ionizing radiation effects on
the thymus with reduced apoptosis of thymus cells [175].
The protection was reported to be mediated by preventing
the hydroxylation of HCLK?2, which in turn reduced DNA
damage-induced apoptosis [175].

In general, Phd3 loss affects apoptosis in neutrophils
and macrophages and therefore corresponding inflamma-
tory responses. The effect of Phd3 deletion on macrophage
polarisation may depend on the inflammatory context as well
as whether the deletion is present in all cells or is myeloid-
specific. Further analyses will be necessary to clarify this.

Lung

To assess the relevance of PHD3 for asthma pathogenesis,
mice with constitutive selective Phd3 KO or overexpression
in CD11cM cells were generated (CD11c-Cre) [159]. In a
model of allergic airway inflammation, no modulation of the
induced asthma was found. Interestingly though, the CD11c-
specific Phd3 deletion prevented alveolar macrophages in
competition with wildtype macrophages to optimally repop-
ulate an empty alveolar niche [159].

Nervous system
In a mouse model of cerebral ischemia using MCAO, con-

stitutive global Phd3 deletion aggravated regional cerebral
blood flow, but did not change the functional outcome [14].
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Thus, although PHD3 regulates neuronal apoptosis [8], it
does not affect cerebral ischemic injury. Following periph-
eral (sciatic) nerve injury, Phd3™~ mice demonstrated
increased axonal regeneration and reduced cold hyperalge-
sia, indicating that pharmaceutical PHD3 inhibition may be
a treatment option for peripheral nerve injury [139].

Skeletal muscle

Several studies investigated the effect of different methods
of Phd3 deletion in a model of hind limb ischemia using
femoral artery ligation. Phd3™'~ mice were not protected
against ischemia-induced muscle cell death [4]. A separate
study reported that sShRNA-mediated knockdown of PHD3
enhanced vessel and capillary density as well as macrophage
infiltration in the ischemic muscle [94]. These results were
linked to increased HIF-1a stabilisation within the injury
site [94]. Another investigation found that Phd3~"~ mice also
display enhanced vessel and capillary density, improving
motor function by enhanced recovery of perfusion as well
as decreasing tissue fibrosis [126]. Mechanistically, HIF-1a
was increased combined with enhanced VEGF and Bcl-2
expression [126]. Murine myeloid-specific Phd3 deletion
(LysM-Cre) had no effect on angiogenesis or the recovery
of reperfusion, but led to a decreased infiltration of mac-
rophages and to a reduced fibrosis in the ischemic muscle
[6].

Using viral transduction of sgRNA targeting PHD3 in
mice with skeletal muscle-specific Cas9 expression (MCK-
Cre-Cas9), the induced PHD3 deletion increased the area
of muscle fibres and overall muscle weight [82]. In mice
with denervated muscle atrophy, sgRNA-mediated Phd3
KO mitigated the loss of muscle weight and the reduction
of muscle fibres [82]. It was suggested that Phd3 deletion
enhances the activity of the major transcriptional regulator
of the cellular response to pro-inflammatory signals, NF-xB
[82]. It has further been reported that muscle-derived stem/
progenitor cells (MDSPC) from Phd3~~ mice display an
increased myogenic potential [137].

Overall, the majority of reports support a protective effect
of genetic Phd3 inactivation in hind limb ischemia, lead-
ing to increased vascularisation and decreased fibrosis. In
addition, Phd3 deletion may also be counteracting muscle
atrophy following denervation. Therefore, pharmacologic
inhibition of PHD3 appears to be a promising approach for
the treatment of various muscle pathologies.

Gastrointestinal tract
Investigating the relevance of PHDs for the development
and progression of inflammatory bowel diseases, it was

demonstrated that global homozygous Phd3 deletion in
mice does not affect susceptibility or development of

@ Springer

DSS-induced colitis [154]. Phd3 KO in haematopoietic
and endothelial cells (Tie2-Cre) did also not influence
DSS-induced colitis in mice [167]. In a model for colitis-
associated colorectal cancer (AOM and DSS treatment),
Phd3~~ mice showed no difference in disease activity or
CAC growth [67]. In contrast, another study found that
mice with Phd3 deletion in intestinal epithelial cells (Vil-
lin-Cre) spontaneously develop colitis and demonstrate
an increased disease activity in DSS-induced colitis [16].
This phenotype was suggested to be caused by the PHD3-
dependent regulation of the tight junction protein occludin
[16]. The same group reported in a later study again that
intestinal epithelial cell-specific Phd3 ablation was detri-
mental in DSS-induced colitis, but that surprisingly knock-
in of catalytically inactive PHD3 (H196A) had no effect on
disease activity, body weight development or shortening
of the colon [181]. It was further shown that PHD3 regu-
lates goblet cell generation in the murine intestine, which
was suggested to occur independent of PHD3 enzymatic
activity [181].

In a model of radiation-induced gastrointestinal toxicity,
it was shown that ablation of Phd3 alone in the murine intes-
tinal epithelium (Villin-Cre) had no effect on the progression
or outcome of the toxicity [157]. In a model of intestinal
anastomoses and anastomotic leakage, constitutive global
Phd3 KO strongly enhanced gross structural anastomotic
defects in mice [144].

In summary, there is strong evidence that PHD3 is dis-
pensable in DSS-induced colitis (and CAC), whereas one
group reported a functional relevance for PHD3 in colitis. In
accordance with the majority of reports about the function
of PHD3 in intestinal inflammation or injury, PHD3 is also
not relevant for radiation-induced gastrointestinal toxicity.
Interestingly, selective genetic inactivation of Phd3 is det-
rimental in intestinal anastomoses. Overall, PHD3 is likely
dispensable in pathologies caused by intestinal epithelial
barrier dysfunction.

Cancer

Inactivation of Phd3 by R205K knock-in mutation in mice
reduced LLC cancer growth through regulation of Erk3,
which is involved in the EGFR signalling pathway [62].
Inactivation of Phd3 prevented macrophage efferocytosis,
migration and M2 polarisation [62]. Analysing the relevance
of PHD3 in CAC, Phd3™~ mice displayed no difference in
CAC growth [67].

Overall, to the best of our knowledge, the relevance of
host Phd3 for cancer development and progression is not
very well studied using KO mice. The existing studies indi-
cate that host PHD3 activity supports LLC cancer growth
whereas it is dispensable for CAC.
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Conclusions

The cellular oxygen sensors PHD1-3 are regulatory pro-
teins within the HIF pathway, regulating HIF-a protein
stability. Cellular studies have indicated distinct roles for
each of the PHDs for the regulation of HIF-1a and HIF-2a.
Importantly, knockdown and knockout in rodents of either
of the genes encoding Phdl, Phd2 or Phd3 have demon-
strated an independent function and relevance of each iso-
form on the organismal level (Tables 1 and 2). In baseline
conditions, PHD1 is not essential during development and
has a key function in the regulation of oxidative metabo-
lism in the skeletal muscle via HIF-2a (Table 1). PHD2
is the most relevant PHD isoform for physiology, as con-
stitutive and induced global Phd2 deletion is lethal both
during development and adulthood, whereas the ablation
of PHD1 or PHD3 is well tolerated (Table 1). PHD?2 is also
the most relevant regulatory enzyme of HIF-« in vivo, as
highlighted in mice lacking PHD2 by, e.g. increased eryth-
ropoiesis, angiogenesis and developmental heart defects.
PHD3 is essential for the appropriate development of the
sympathoadrenal system (Table 1).

The deletion of either of the PHD isoforms can lead to
the stabilisation of HIF-1a or HIF-2a in vivo. However,
the observed regulation of HIF-a levels appears to be cell-
type and/or organ-specific in mice with Phdl and Phd3
deletion and may additionally be disease/injury-specific.
Some phenotypes in mice with Phdl or Phd3 KO were
linked to regulations independent of HIF, suggesting
a functional relevance of the enzymatic function of the
PHDs outside the HIF pathway. Nonetheless, additional
investigations will be necessary to clarify this.

Interestingly, inactivation of Phdl or Phd3 within
mice was protective (or had no effect) against tumour
growth and metastasis formation in the assessed cancers.
Even Phd2 ablation was protective in some cancer types,
whereas it may be detrimental in hepatic and colon cancer.
HIF activity can support tumour growth [106, 172]; there-
fore, a major concern for the clinical use of PHD inhibi-
tors is a putative supportive effect for cancer development
or progression. However, the results from PHD KO mice
suggest that it may be possible to target these enzymes
without detrimental effects regarding tumour growth. Of
note, treatment with (non-selective) hydroxylase inhibitors
is protective in various tumour models [43].

Currently, no PHD isoform selective pharmacologic
inhibitors are available and the clinical use of the exist-
ing PHIs for hypoxia-associated diseases other than renal
anaemia is currently prevented by the enhancement of Epo
expression. Epo appears to be the most sensitive gene in
response to HIF activation; therefore, PHIs can be used
at relatively low doses for the treatment of renal anaemia.

However, the sensitivity of the Epo expression to PHD
inhibition is a disadvantage for the treatment of other
hypoxia-associated diseases with these PHIs, as a strong
increase in erythropoiesis is in many diseases not neces-
sarily desirable. Some diseases may still be treatable, if a
targeted local release is possible without systemic expo-
sure to the PHI. Otherwise, single and combinatorial phar-
macologic targeting especially of PHD1, PHD3 and also
FIH will need to be considered and investigated further, as
systemic pharmacologic inhibition of these oxygen sensors
can be protective in different diseases without eliciting an
Epo response.

Overall, gene deletions in mice of Phdl, Phd2 or Phd3
have highlighted the physiological relevance especially of
PHD?2 and the great potential of these three enzymes as
pharmacologic targets in many different hypoxia-associated
diseases. PHD isoform-selective inhibitors would thus offer
a unique possibility for the treatment of various hypoxia-
associated diseases and their development would spark an
exciting research area for their potential use as indicated by
the numerous isoform-selective deletion models.

Author contribution CCS had the idea for the article; AEJ and CCS
performed the literature search and wrote the article.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Not applicable.

Declarations
Ethical approval Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Adluri RS, Thirunavukkarasu M, Dunna NR, Zhan L, Oriowo
B, Takeda K, Sanchez JA, Otani H, Maulik G, Fong GH, Maulik
N (2011) Disruption of hypoxia-inducible transcription factor-
prolyl hydroxylase domain-1 (PHD-17") attenuates ex vivo myo-
cardial ischemia/reperfusion injury through hypoxia-inducible

@ Springer


http://creativecommons.org/licenses/by/4.0/

1330

Pflligers Archiv - European Journal of Physiology (2024) 476:1307-1337

11.

12.

13.

factor-1lalpha transcription factor and its target genes in mice.
Antioxid Redox Signal 15:1789-1797. https://doi.org/10.1089/
ars.2010.3769

Ajouaou Y, Azouz A, Taquin A, Denanglaire S, Hussein H,
Krayem M, Andris F, Moser M, Goriely S, Leo O (2022) The
oxygen sensor prolyl hydroxylase domain 2 regulates the in vivo
suppressive capacity of regulatory T cells. Elife 11. https://doi.
org/10.7554/eLife.70555

Appelhoff RJ, Tian YM, Raval RR, Turley H, Harris AL, Pugh
CW, Ratcliffe PJ, Gleadle JM (2004) Differential function of the
prolyl hydroxylases PHD1, PHD2, and PHD3 in the regulation of
hypoxia-inducible factor. J Biol Chem 279:38458-38465. https://
doi.org/10.1074/jbc.M406026200

Aragones J, Schneider M, Van Geyte K, Fraisl P, Dresselaers
T, Mazzone M, Dirkx R, Zacchigna S, Lemieux H, Jeoung
NH, Lambrechts D, Bishop T, Lafuste P, Diez-Juan A, Harten
SK, Van Noten P, De Bock K, Willam C, Tjwa M, Grosfeld A,
Navet R, Moons L, Vandendriessche T, Deroose C, Wijeyekoon
B, Nuyts J, Jordan B, Silasi-Mansat R, Lupu F, Dewerchin M,
Pugh C, Salmon P, Mortelmans L, Gallez B, Gorus F, Buyse J,
Sluse F, Harris RA, Gnaiger E, Hespel P, Van Hecke P, Schuit F,
Van Veldhoven P, Ratcliffe P, Baes M, Maxwell P, Carmeliet P
(2008) Deficiency or inhibition of oxygen sensor Phdl induces
hypoxia tolerance by reprogramming basal metabolism. Nat
Genet 40:170-180. https://doi.org/10.1038/ng.2007.62
Arsenault PR, Pei F, Lee R, Kerestes H, Percy MJ, Keith B,
Simon MC, Lappin TRJ, Khurana TS, Lee FS (2013) A knock-
in mouse model of human PHD2 gene-associated erythrocyto-
sis establishes a haploinsufficiency mechanism. J Biol Chem
288:33571-33584. https://doi.org/10.1074/jbc.M113.482364
Beneke A, Guentsch A, Hillemann A, Zieseniss A, Swain L,
Katschinski DM (2017) Loss of PHD3 in myeloid cells dampens
the inflammatory response and fibrosis after hind-limb ischemia.
Cell Death Dis 8:€2976. https://doi.org/10.1038/cddis.2017.375
Bersten DC, Peet DJ (2019) When is a target not a target? Elife
8. https://doi.org/10.7554/eLife.50585

Bishop T, Gallagher D, Pascual A, Lygate CA, de Bono JP,
Nicholls LG, Ortega-Saenz P, Oster H, Wijeyekoon B, Suther-
land Al Grosfeld A, Aragones J, Schneider M, van Geyte K,
Teixeira D, Diez-Juan A, Lopez-Barneo J, Channon KM, Max-
well PH, Pugh CW, Davies AM, Carmeliet P, Ratcliffe PJ (2008)
Abnormal sympathoadrenal development and systemic hypoten-
sion in PHD3” mice. Mol Cell Biol 28:3386-3400. https:/doi.
org/10.1128/MCB.02041-07

Bishop T, Talbot NP, Turner PJ, Nicholls LG, Pascual A, Hodson
EJ, Douglas G, Fielding JW, Smith TG, Demetriades M, Schof-
ield CJ, Robbins PA, Pugh CW, Buckler KJ, Ratcliffe PJ (2013)
Carotid body hyperplasia and enhanced ventilatory responses to
hypoxia in mice with heterozygous deficiency of PHD2. J Physiol
591:3565-3577. https://doi.org/10.1113/jphysiol.2012.247254
Bogaerts E, Paridaens A, Verhelst X, Carmeliet P, Geerts A, Van
Vlierberghe H, Devisscher L (2016) Effect of prolyl hydroxylase
domain 2 haplodeficiency on liver progenitor cell characteris-
tics in early mouse hepatocarcinogenesis. EXCLI J 15:687-698.
https://doi.org/10.17179/excli2016-607

Broeker KAE, Fuchs MAA, Schrankl J, Lehrmann C, Schley
G, Todorov VT, Hugo C, Wagner C, Kurtz A (2022) Prolyl-
4-hydroxylases 2 and 3 control erythropoietin production in
renin-expressing cells of mouse kidneys. J Physiol 600:671-694.
https://doi.org/10.1113/JP282615

Bruick RK, McKnight SL (2001) A conserved family of prolyl-
4-hydroxylases that modify HIF. Science 294:1337-1340. https://
doi.org/10.1126/science.1066373

Chan DA, Sutphin PD, Yen SE, Giaccia AJ (2005) Coordinate
regulation of the oxygen-dependent degradation domains of

@ Springer

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

hypoxia-inducible factor 1 alpha. Mol Cell Biol 25:6415-6426.
https://doi.org/10.1128/MCB.25.15.6415-6426.2005

Chen RL, Nagel S, Papadakis M, Bishop T, Pollard P, Ratcliffe
PJ, Pugh CW, Buchan AM (2012) Roles of individual prolyl-
4-hydroxylase isoforms in the first 24 hours following transient
focal cerebral ischaemia: insights from genetically modified
mice. J Physiol 590:4079-4091. https://doi.org/10.1113/jphys
i01.2012.232884

Chen T, Zhou Q, Tang H, Bozkanat M, Yuan JX, Raj JU, Zhou
G (2016) miR-17/20 controls prolyl hydroxylase 2 (PHD2)/
hypoxia-inducible factor 1 (HIF1) to regulate pulmonary artery
smooth muscle cell proliferation. ] Am Heart Assoc 5. https://
doi.org/10.1161/JAHA.116.004510

Chen Y, Zhang HS, Fong GH, Xi QL, Wu GH, Bai CG, Ling ZQ,
Fan L, Xu YM, Qin YQ, Yuan TL, Sun H, Fang J (2015) PHD3
stabilizes the tight junction protein occludin and protects intes-
tinal epithelial barrier function. J Biol Chem 290:20580-20589.
https://doi.org/10.1074/jbc.M115.653584

Cheng S, Aghajanian P, Pourteymoor S, Alarcon C, Mohan S
(2016) Prolyl hydroxylase domain-containing protein 2 (Phd2)
regulates chondrocyte differentiation and secondary ossification
in mice. Sci Rep 6:35748. https://doi.org/10.1038/srep35748
Cheng S, Pourteymoor S, Alarcon C, Mohan S (2017) Condi-
tional deletion of the Phd2 gene in articular chondrocytes accel-
erates differentiation and reduces articular cartilage thickness.
Sci Rep 7:45408. https://doi.org/10.1038/srep45408

Cheng S, Xing W, Pourteymoor S, Mohan S (2014) Conditional
disruption of the prolyl hydroxylase domain-containing protein 2
(Phd2) gene defines its key role in skeletal development. J Bone
Miner Res 29:2276-2286. https://doi.org/10.1002/jbmr.2258
Cheng S, Xing W, Pourteymoor S, Schulte J, Mohan S (2016)
Conditional deletion of prolyl hydroxylase domain-containing
protein 2 (Phd2) gene reveals its essential role in chondrocyte
function and endochondral bone formation. Endocrinology
157:127-140. https://doi.org/10.1210/en.2015-1473

Christoph M, Pfluecke C, Mensch M, Augstein A, Jellinghaus S,
Ende G, Mierke J, Franke K, Wielockx B, Ibrahim K, Poitz DM
(2022) Myeloid PHD2 deficiency accelerates neointima forma-
tion via Hif-1alpha. Mol Immunol 149:48-58. https://doi.org/10.
1016/j.molimm.2022.06.003

Cockman ME, Lippl K, Tian YM, Pegg HB, Figg WDJ, Abboud
M1, Heilig R, Fischer R, Myllyharju J, Schofield CJ, Ratcliffe PJ
(2019) Lack of activity of recombinant HIF prolyl hydroxylases
(PHDs) on reported non-HIF substrates. Elife 8. https://doi.org/
10.7554/eLife.46490

Corcoran A, Kunze R, Harney SC, Breier G, Marti HH,
O’Connor JJ (2013) A role for prolyl hydroxylase domain pro-
teins in hippocampal synaptic plasticity. Hippocampus 23:861—
872. https://doi.org/10.1002/hipo.22142

Cutz E, Yeger H, Pan J (2007) Pulmonary neuroendocrine cell
system in pediatric lung disease-recent advances. Pediatr Dev
Pathol 10:419-435. https://doi.org/10.2350/07-04-0267.1

Dahl SL, Bapst AM, Khodo SN, Scholz CC, Wenger RH (2022)
Fount, fate, features, and function of renal erythropoietin-produc-
ing cells. Pflugers Arch 474:783-797. https://doi.org/10.1007/
s00424-022-02714-7

Dai Z, Cheng J, Liu B, Yi D, Feng A, Wang T, An L, Gao C,
Wang Y, Zhu MM, Zhang X, Zhao YY (2021) Loss of endothe-
lial hypoxia inducible factor-prolyl hydroxylase 2 induces cardiac
hypertrophy and fibrosis. ] Am Heart Assoc 10:e022077. https://
doi.org/10.1161/JAHA.121.022077

Dai Z, Li M, Wharton J, Zhu MM, Zhao YY (2016) Prolyl-4
hydroxylase 2 (PHD2) deficiency in endothelial cells and hemat-
opoietic cells induces obliterative vascular remodeling and severe
pulmonary arterial hypertension in mice and humans through


https://doi.org/10.1089/ars.2010.3769
https://doi.org/10.1089/ars.2010.3769
https://doi.org/10.7554/eLife.70555
https://doi.org/10.7554/eLife.70555
https://doi.org/10.1074/jbc.M406026200
https://doi.org/10.1074/jbc.M406026200
https://doi.org/10.1038/ng.2007.62
https://doi.org/10.1074/jbc.M113.482364
https://doi.org/10.1038/cddis.2017.375
https://doi.org/10.7554/eLife.50585
https://doi.org/10.1128/MCB.02041-07
https://doi.org/10.1128/MCB.02041-07
https://doi.org/10.1113/jphysiol.2012.247254
https://doi.org/10.17179/excli2016-607
https://doi.org/10.1113/JP282615
https://doi.org/10.1126/science.1066373
https://doi.org/10.1126/science.1066373
https://doi.org/10.1128/MCB.25.15.6415-6426.2005
https://doi.org/10.1113/jphysiol.2012.232884
https://doi.org/10.1113/jphysiol.2012.232884
https://doi.org/10.1161/JAHA.116.004510
https://doi.org/10.1161/JAHA.116.004510
https://doi.org/10.1074/jbc.M115.653584
https://doi.org/10.1038/srep35748
https://doi.org/10.1038/srep45408
https://doi.org/10.1002/jbmr.2258
https://doi.org/10.1210/en.2015-1473
https://doi.org/10.1016/j.molimm.2022.06.003
https://doi.org/10.1016/j.molimm.2022.06.003
https://doi.org/10.7554/eLife.46490
https://doi.org/10.7554/eLife.46490
https://doi.org/10.1002/hipo.22142
https://doi.org/10.2350/07-04-0267.1
https://doi.org/10.1007/s00424-022-02714-7
https://doi.org/10.1007/s00424-022-02714-7
https://doi.org/10.1161/JAHA.121.022077
https://doi.org/10.1161/JAHA.121.022077

Pfliigers Archiv - European Journal of Physiology (2024) 476:1307-1337

1331

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

hypoxia-inducible factor-2alpha. Circulation 133:2447-2458.
https://doi.org/10.1161/CIRCULATIONAHA.116.021494

De Galan C, De Vos M, Hindryckx P, Laukens D, Van Welden
S (2021) Long-term environmental hypoxia exposure and hae-
matopoietic prolyl hydroxylase-1 deletion do not impact experi-
mental Crohn’s like ileitis. Biology (Basel) 10. https://doi.org/
10.3390/biology 10090887

Demandt JAF, van Kuijk K, Theelen TL, Marsch E, Heffron SP,
Fisher EA, Carmeliet P, Biessen EAL, Sluimer JC (2021) Whole-
body prolyl hydroxylase domain (PHD) 3 deficiency increased
plasma lipids and hematocrit without impacting plaque size in
low-density lipoprotein receptor knockout mice. Front Cell Dev
Biol 9:664258. https://doi.org/10.3389/fcell.2021.664258

Duan LJ, Fong GH (2019) Developmental vascular pruning in neona-
tal mouse retinas is programmed by the astrocytic oxygen-sensing
mechanism. Development 146. https://doi.org/10.1242/dev.175117
Duan LJ, Takeda K, Fong GH (2011) Prolyl hydroxylase domain
protein 2 (PHD2) mediates oxygen-induced retinopathy in neona-
tal mice. Am J Pathol 178:1881-1890. https://doi.org/10.1016/j.
ajpath.2010.12.016

Duan LJ, Takeda K, Fong GH (2014) Hematological, hepatic,
and retinal phenotypes in mice deficient for prolyl hydroxylase
domain proteins in the liver. Am J Pathol 184:1240—1250. https://
doi.org/10.1016/j.ajpath.2013.12.014

Eckardt L, Prange-Barczynska M, Hodson EJ, Fielding JW,
Cheng X, Lima J, Kurlekar S, Douglas G, Ratcliffe PJ, Bishop T
(2021) Developmental role of PHD?2 in the pathogenesis of pseu-
dohypoxic pheochromocytoma. Endocr Relat Cancer 28:757—
772. https://doi.org/10.1530/ERC-21-0211

Eckle T, Kohler D, Lehmann R, El Kasmi K, Eltzschig HK
(2008) Hypoxia-inducible factor-1 is central to cardioprotec-
tion: a new paradigm for ischemic preconditioning. Circulation
118:166-175. https://doi.org/10.1161/CIRCULATIONAHA.107.
758516

Elamaa H, Kaakinen M, Natynki M, Szabo Z, Ronkainen VP,
Aijala V, Maki JM, Kerkela R, Myllyharju J, Eklund L (2022)
PHD?2 deletion in endothelial or arterial smooth muscle cells
reveals vascular cell type-specific responses in pulmonary hyper-
tension and fibrosis. Angiogenesis 25:259-274. https://doi.org/
10.1007/s10456-021-09828-z

Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke
J, Mole DR, Mukherji M, Metzen E, Wilson MI, Dhanda A, Tian
YM, Masson N, Hamilton DL, Jaakkola P, Barstead R, Hodg-
kin J, Maxwell PH, Pugh CW, Schofield CJ, Ratcliffe PJ (2001)
C. elegans EGL-9 and mammalian homologs define a family
of dioxygenases that regulate HIF by prolyl hydroxylation. Cell
107:43-54. https://doi.org/10.1016/s0092-8674(01)00507-4
Faivre A, Scholz CC, de Seigneux S (2021) Hypoxia in chronic
kidney disease: towards a paradigm shift? Nephrol Dial Trans-
plant 36:1782-1790. https://doi.org/10.1093/ndt/gfaa091

Fan Q, Mao H, Xie L, Pi X (2019) Prolyl hydroxylase domain-2
protein regulates lipopolysaccharide-induced vascular inflamma-
tion. Am J Pathol 189:200-213. https://doi.org/10.1016/j.ajpath.
2018.09.012

Fandrey J, Schodel J, Eckardt KU, Katschinski DM, Wenger RH
(2019) Now a Nobel gas: oxygen. Pflugers Arch 471:1343-1358.
https://doi.org/10.1007/s00424-019-02334-8

Fielding JW, Hodson EJ, Cheng X, Ferguson DJP, Eckardt L,
Adam J, Lip P, Maton-Howarth M, Ratnayaka I, Pugh CW, Buck-
ler KJ, Ratcliffe PJ, Bishop T (2018) PHD2 inactivation in Type I
cells drives HIF-2alpha-dependent multilineage hyperplasia and
the formation of paraganglioma-like carotid bodies. J Physiol
596:4393-4412. https://doi.org/10.1113/JP275996

Franke K, Kalucka J, Mamlouk S, Singh RP, Muschter A, Wei-
demann A, Iyengar V, Jahn S, Wieczorek K, Geiger K, Muders
M, Sykes AM, Poitz DM, Ripich T, Otto T, Bergmann S, Breier

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

G, Baretton G, Fong GH, Greaves DR, Bornstein S, Chavakis
T, Fandrey J, Gassmann M, Wielockx B (2013) HIF-1alpha is a
protective factor in conditional PHD2-deficient mice suffering
from severe HIF-2alpha-induced excessive erythropoiesis. Blood
121:1436-1445. https://doi.org/10.1182/blood-2012-08-449181
Futatsugi K, Tokuyama H, Shibata S, Naitoh M, Kanda T,
Minakuchi H, Yamaguchi S, Hayashi K, Minamishima YA,
Yanagita M, Wakino S, Itoh H (2016) Obesity-induced kidney
injury is attenuated by amelioration of aberrant PHD2 activation
in proximal tubules. Sci Rep 6:36533. https://doi.org/10.1038/
srep36533

Gaete D, Rodriguez D, Watts D, Sormendi S, Chavakis T, Wie-
lockx B (2021) HIF-prolyl hydroxylase domain proteins (PHDs)
in cancer-potential targets for anti-tumor therapy? Cancers
(Basel) 13. https://doi.org/10.3390/cancers 13050988

Grover SP, Saha P, Humphries J, Lyons OT, Patel AS, Serneels
J, Modarai B, Mazzone M, Smith A (2018) Inhibition of prolyl
hydroxylase domain proteins selectively enhances venous throm-
bus neovascularisation. Thromb Res 169:105-112. https://doi.
org/10.1016/j.thromres.2018.07.015

Gruneberg D, Montellano FA, Plaschke K, Li L, Marti HH,
Kunze R (2016) Neuronal prolyl-4-hydroxylase 2 deficiency
improves cognitive abilities in a murine model of cerebral hypop-
erfusion. Exp Neurol 286:93-106. https://doi.org/10.1016/j.
expneurol.2016.10.001

Guentsch A, Beneke A, Swain L, Farhat K, Nagarajan S, Wie-
lockx B, Raithatha K, Dudek J, Rehling P, Zieseniss A, Jatho A,
Chong M, Santos CXC, Shah AM, Katschinski DM (2017) PHD2
is a regulator for glycolytic reprogramming in macrophages. Mol
Cell Biol 37. https://doi.org/10.1128/MCB.00236-16

Gunter J, Ruiz-Serrano A, Pickel C, Wenger RH, Scholz CC
(2017) The functional interplay between the HIF pathway and
the ubiquitin system - more than a one-way road. Exp Cell Res
356:152-159. https://doi.org/10.1016/j.yexcr.2017.03.027
Haase VH (2010) Hypoxic regulation of erythropoiesis and iron
metabolism. Am J Physiol Renal Physiol 299:F1-13. https://doi.
org/10.1152/ajprenal.00174.2010

Heindryckx F, Kuchnio A, Casteleyn C, Coulon S, Olievier K,
Colle I, Geerts A, Libbrecht L, Carmeliet P, Van Vlierberghe H
(2012) Effect of prolyl hydroxylase domain-2 haplodeficiency on
the hepatocarcinogenesis in mice. J Hepatol 57:61-68. https://
doi.org/10.1016/j.jhep.2012.02.021

Hirsila M, Koivunen P, Gunzler V, Kivirikko KI, Myllyharju J
(2003) Characterization of the human prolyl 4-hydroxylases that
modify the hypoxia-inducible factor. J Biol Chem 278:30772—
30780. https://doi.org/10.1074/jbc.M304982200

Hoang M, Jentz E, Janssen SM, Nasteska D, Cuozzo F, Hodson
DJ, Tupling AR, Fong GH, Joseph JW (2022) Isoform-specific
roles of prolyl hydroxylases in the regulation of pancreatic
beta-cell function. Endocrinology 163. https://doi.org/10.1210/
endocr/bqab226

Hodson EJ, Nicholls LG, Turner PJ, Llyr R, Fielding JW, Doug-
las G, Ratnayaka I, Robbins PA, Pugh CW, Buckler KJ, Ratcliffe
PJ, Bishop T (2016) Regulation of ventilatory sensitivity and
carotid body proliferation in hypoxia by the PHD2/HIF-2 path-
way. J Physiol 594:1179-1195. https://doi.org/10.1113/JP271050
Holscher M, Silter M, Krull S, von Ahlen M, Hesse A, Schwartz
P, Wielockx B, Breier G, Katschinski DM, Zieseniss A (2011)
Cardiomyocyte-specific prolyl-4-hydroxylase domain 2 knock
out protects from acute myocardial ischemic injury. J Biol Chem
286:11185-11194. https://doi.org/10.1074/jbc.M110.186809
Huang M, Chan DA, Jia F, Xie X, Li Z, Hoyt G, Robbins RC,
Chen X, Giaccia AJ, Wu JC (2008) Short hairpin RNA interfer-
ence therapy for ischemic heart disease. Circulation 118:5226-
233. https://doi.org/10.1161/CIRCULATIONAHA.107.760785

@ Springer


https://doi.org/10.1161/CIRCULATIONAHA.116.021494
https://doi.org/10.3390/biology10090887
https://doi.org/10.3390/biology10090887
https://doi.org/10.3389/fcell.2021.664258
https://doi.org/10.1242/dev.175117
https://doi.org/10.1016/j.ajpath.2010.12.016
https://doi.org/10.1016/j.ajpath.2010.12.016
https://doi.org/10.1016/j.ajpath.2013.12.014
https://doi.org/10.1016/j.ajpath.2013.12.014
https://doi.org/10.1530/ERC-21-0211
https://doi.org/10.1161/CIRCULATIONAHA.107.758516
https://doi.org/10.1161/CIRCULATIONAHA.107.758516
https://doi.org/10.1007/s10456-021-09828-z
https://doi.org/10.1007/s10456-021-09828-z
https://doi.org/10.1016/s0092-8674(01)00507-4
https://doi.org/10.1093/ndt/gfaa091
https://doi.org/10.1016/j.ajpath.2018.09.012
https://doi.org/10.1016/j.ajpath.2018.09.012
https://doi.org/10.1007/s00424-019-02334-8
https://doi.org/10.1113/JP275996
https://doi.org/10.1182/blood-2012-08-449181
https://doi.org/10.1038/srep36533
https://doi.org/10.1038/srep36533
https://doi.org/10.3390/cancers13050988
https://doi.org/10.1016/j.thromres.2018.07.015
https://doi.org/10.1016/j.thromres.2018.07.015
https://doi.org/10.1016/j.expneurol.2016.10.001
https://doi.org/10.1016/j.expneurol.2016.10.001
https://doi.org/10.1128/MCB.00236-16
https://doi.org/10.1016/j.yexcr.2017.03.027
https://doi.org/10.1152/ajprenal.00174.2010
https://doi.org/10.1152/ajprenal.00174.2010
https://doi.org/10.1016/j.jhep.2012.02.021
https://doi.org/10.1016/j.jhep.2012.02.021
https://doi.org/10.1074/jbc.M304982200
https://doi.org/10.1210/endocr/bqab226
https://doi.org/10.1210/endocr/bqab226
https://doi.org/10.1113/JP271050
https://doi.org/10.1074/jbc.M110.186809
https://doi.org/10.1161/CIRCULATIONAHA.107.760785

1332

Pflligers Archiv - European Journal of Physiology (2024) 476:1307-1337

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Hulley PA, Bishop T, Vernet A, Schneider JE, Edwards JR, Atha-
nasou NA, Knowles HJ (2017) Hypoxia-inducible factor 1-alpha
does not regulate osteoclastogenesis but enhances bone resorp-
tion activity via prolyl-4-hydroxylase 2. J Pathol 242:322-333.
https://doi.org/10.1002/path.4906

Hyvérinen J, Hassinen IE, Sormunen R, Miki JM, Kivirikko KI,
Koivunen P, Myllyharju J (2010) Hearts of hypoxia-inducible
factor prolyl 4-hydroxylase-2 hypomorphic mice show protec-
tion against acute ischemia-reperfusion injury. J Biol Chem
285:13646-13657. https://doi.org/10.1074/jbc.M109.084855
Ikeda J, Ichiki T, Matsuura H, Inoue E, Kishimoto J, Watanabe
A, Sankoda C, Kitamoto S, Tokunou T, Takeda K, Fong GH,
Sunagawa K (2013) Deletion of phd2 in myeloid lineage attenu-
ates hypertensive cardiovascular remodeling. J] Am Heart Assoc
2:¢000178. https://doi.org/10.1161/JAHA.113.000178

Ivan M, Haberberger T, Gervasi DC, Michelson KS, Gunzler
V, Kondo K, Yang H, Sorokina I, Conaway RC, Conaway JW,
Kaelin WG Jr (2002) Biochemical purification and pharma-
cological inhibition of a mammalian prolyl hydroxylase act-
ing on hypoxia-inducible factor. Proc Natl Acad Sci U S A
99:13459-13464. https://doi.org/10.1073/pnas.192342099
Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic
A, Asara JM, Lane WS, Kaelin WG Jr (2001) HIFalpha tar-
geted for VHL-mediated destruction by proline hydroxylation:
implications for O2 sensing. Science 292:464-468. https://doi.
org/10.1126/science.1059817

Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell
SJ, von Kriegsheim A, Hebestreit HF, Mukherji M, Schofield
CJ, Maxwell PH, Pugh CW, Ratcliffe PJ (2001) Targeting of
HIF-alpha to the von Hippel-Lindau ubiquitylation complex
by O2-regulated prolyl hydroxylation. Science 292:468—472.
https://doi.org/10.1126/science.1059796

Jatho A, Zieseniss A, Brechtel-Curth K, Yamamoto A, Cole-
man ML, Vergel Leon AM, Biggs D, Davies B, Pugh CW,
Ratcliffe PJ, Katschinski DM (2021) Precisely tuned inhibition
of HIF prolyl hydroxylases is key for cardioprotection after
ischemia. Circ Res 128:1208-1210. https://doi.org/10.1161/
CIRCRESAHA.120.318216

JinY,Pan'Y, Zheng S, Liu Y, Xu J, Peng Y, Zhang Z, Wang Y,
Xiong Y, Xu L, Mu K, Chen S, Zheng F, Yuan Y, FuJ (2022)
Inactivation of EGLN3 hydroxylase facilitates Erk3 degrada-
tion via autophagy and impedes lung cancer growth. Oncogene
41:1752-1766. https://doi.org/10.1038/s41388-022-02203-2
Kaelin WG Jr, Ratcliffe PJ (2008) Oxygen sensing by metazo-
ans: the central role of the HIF hydroxylase pathway. Mol Cell
30:393-402. https://doi.org/10.1016/j.molcel.2008.04.009
Kalucka J, Ettinger A, Franke K, Mamlouk S, Singh RP, Farhat
K, Muschter A, Olbrich S, Breier G, Katschinski DM, Huttner
W, Weidemann A, Wielockx B (2013) Loss of epithelial
hypoxia-inducible factor prolyl hydroxylase 2 accelerates skin
wound healing in mice. Mol Cell Biol 33:3426-3438. https://
doi.org/10.1128/MCB.00609-13

Kapitsinou PP, Rajendran G, Astleford L, Michael M, Schon-
feld MP, Fields T, Shay S, French JL, West J, Haase VH (2016)
The endothelial prolyl-4-hydroxylase domain 2/hypoxia-induc-
ible factor 2 axis regulates pulmonary artery pressure in mice.
Mol Cell Biol 36:1584-1594. https://doi.org/10.1128/MCB.
01055-15

Karsikas S, Myllymiki M, Heikkild M, Sormunen R, Kivirikko
KI, Myllyharju J, Serpi R, Koivunen P (2016) HIF-P4H-2 defi-
ciency protects against skeletal muscle ischemia-reperfusion
injury. J Mol Med (Berl) 94:301-310. https://doi.org/10.1007/
s00109-015-1349-0

Kennel KB, Burmeister J, Radhakrishnan P, Giese NA, Giese
T, Salfenmoser M, Gebhardt JM, Strowitzki MJ, Taylor CT,
Wielockx B, Schneider M, Harnoss JM (2022) The HIF-prolyl

@ Springer

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

hydroxylases have distinct and nonredundant roles in colitis-asso-
ciated cancer. JCI Insight 7. https://doi.org/10.1172/jci.insight.
153337

Kerkeld R, Karsikas S, Szabo Z, Serpi R, Magga J, Gao E, Ali-
talo K, Anisimov A, Sormunen R, Pietila I, Vainio L, Koch WJ,
Kivirikko KI, Myllyharju J, Koivunen P (2013) Activation of
hypoxia response in endothelial cells contributes to ischemic
cardioprotection. Mol Cell Biol 33:3321-3329. https://doi.org/
10.1128/MCB.00432-13

Kiss J, Mollenhauer M, Walmsley SR, Kirchberg J, Rad-
hakrishnan P, Niemietz T, Dudda J, Steinert G, Whyte MK, Car-
meliet P, Mazzone M, Weitz J, Schneider M (2012) Loss of the
oxygen sensor PHD3 enhances the innate immune response to
abdominal sepsis. J Immunol (Baltimore, Md : 1950) 189:1955—
1965. https://doi.org/10.4049/jimmunol. 1103471

Ko SH, Nauta AC, Morrison SD, Hu MS, Zimmermann AS,
Chung MT, Glotzbach JP, Wong VW, Walmsley GG, Peter Lor-
enz H, Chan DA, Gurtner GC, Giaccia AJ, Longaker MT (2018)
PHD-2 suppression in mesenchymal stromal cells enhances
wound healing. Plast Reconstr Surg 141:55e—67e. https://doi.
org/10.1097/PRS.0000000000003959

Kobayashi H, Davidoff O, Pujari-Palmer S, Drevin M, Haase VH
(2022) EPO synthesis induced by HIF-PHD inhibition is depend-
ent on myofibroblast transdifferentiation and colocalizes with
non-injured nephron segments in murine kidney fibrosis. Acta
Physiol (Oxf) 235:e13826. https://doi.org/10.1111/apha.13826
Kobayashi H, Liu J, Urrutia AA, Burmakin M, Ishii K, Rajan M,
Davidoff O, Saifudeen Z, Haase VH (2017) Hypoxia-inducible
factor prolyl-4-hydroxylation in FOXD1 lineage cells is essen-
tial for normal kidney development. Kidney Int 92:1370-1383.
https://doi.org/10.1016/j.kint.2017.06.015

Kobayashi H, Liu Q, Binns TC, Urrutia AA, Davidoff O, Kapit-
sinou PP, Pfaft AS, Olauson H, Wernerson A, Fogo AB, Fong
GH, Gross KW, Haase VH (2016) Distinct subpopulations of
FOXD1 stroma-derived cells regulate renal erythropoietin. J Clin
Invest 126:1926-1938. https://doi.org/10.1172/JCI83551

Ku E, Del Vecchio L, Eckardt KU, Haase VH, Johansen KL,
Nangaku M, Tangri N, Waikar SS, Wiecek A, Cheung M, Jadoul
M, Winkelmayer WC, Wheeler DC, for Conference P (2023)
Novel anemia therapies in chronic kidney disease: conclusions
from a Kidney Disease: Improving Global Outcomes (KDIGO)
Controversies Conference. Kidney Int 104:655-680. https://doi.
org/10.1016/j.kint.2023.05.009

Kuchnio A, Dewerchin M, Carmeliet P (2015) The PHD2 oxygen
sensor paves the way to metastasis. Oncotarget 6:35149-35150.
https://doi.org/10.18632/oncotarget.6216

Kuchnio A, Moens S, Bruning U, Kuchnio K, Cruys B, Thien-
pont B, Broux M, Ungureanu AA, Leite de Oliveira R, Bruyere
F, Cuervo H, Manderveld A, Carton A, Hernandez-Fernaud JR,
Zanivan S, Bartic C, Foidart JM, Noel A, Vinckier S, Lambrechts
D, Dewerchin M, Mazzone M, Carmeliet P (2015) The cancer
cell oxygen sensor PHD2 promotes metastasis via activation of
cancer-associated fibroblasts. Cell Rep 12:992-1005. https://doi.
org/10.1016/j.celrep.2015.07.010

Kunze R, Zhou W, Veltkamp R, Wielockx B, Breier G, Marti HH
(2012) Neuron-specific prolyl-4-hydroxylase domain 2 knock-
out reduces brain injury after transient cerebral ischemia. Stroke
43:2748-2756. https://doi.org/10.1161/STROKEAHA.112.669598
Laitakari A, Huttunen R, Kuvaja P, Hannuksela P, Szabo Z, Heik-
kild M, Kerkeld R, Myllyharju J, Dimova EY, Serpi R, Koivunen
P (2020) Systemic long-term inactivation of hypoxia-inducible
factor prolyl 4-hydroxylase 2 ameliorates aging-induced changes
in mice without affecting their life span. Faseb j 34:5590-5609.
https://doi.org/10.1096/1.201902331R

Laitakari A, Ollonen T, Kietzmann T, Walkinshaw G, Mennerich
D, Izzi V, Haapasaari KM, Myllyharju J, Serpi R, Dimova EY,


https://doi.org/10.1002/path.4906
https://doi.org/10.1074/jbc.M109.084855
https://doi.org/10.1161/JAHA.113.000178
https://doi.org/10.1073/pnas.192342099
https://doi.org/10.1126/science.1059817
https://doi.org/10.1126/science.1059817
https://doi.org/10.1126/science.1059796
https://doi.org/10.1161/CIRCRESAHA.120.318216
https://doi.org/10.1161/CIRCRESAHA.120.318216
https://doi.org/10.1038/s41388-022-02203-2
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1128/MCB.00609-13
https://doi.org/10.1128/MCB.00609-13
https://doi.org/10.1128/MCB.01055-15
https://doi.org/10.1128/MCB.01055-15
https://doi.org/10.1007/s00109-015-1349-0
https://doi.org/10.1007/s00109-015-1349-0
https://doi.org/10.1172/jci.insight.153337
https://doi.org/10.1172/jci.insight.153337
https://doi.org/10.1128/MCB.00432-13
https://doi.org/10.1128/MCB.00432-13
https://doi.org/10.4049/jimmunol.1103471
https://doi.org/10.1097/PRS.0000000000003959
https://doi.org/10.1097/PRS.0000000000003959
https://doi.org/10.1111/apha.13826
https://doi.org/10.1016/j.kint.2017.06.015
https://doi.org/10.1172/JCI83551
https://doi.org/10.1016/j.kint.2023.05.009
https://doi.org/10.1016/j.kint.2023.05.009
https://doi.org/10.18632/oncotarget.6216
https://doi.org/10.1016/j.celrep.2015.07.010
https://doi.org/10.1016/j.celrep.2015.07.010
https://doi.org/10.1161/STROKEAHA.112.669598
https://doi.org/10.1096/fj.201902331R

Pfliigers Archiv - European Journal of Physiology (2024) 476:1307-1337

1333

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Koivunen P (2019) Systemic inactivation of hypoxia-inducible
factor prolyl 4-hydroxylase 2 in mice protects from alcohol-
induced fatty liver disease. Redox Biol 22:101145. https://doi.
org/10.1016/j.redox.2019.101145

Lee FS (2019) Substrates of PHD. Cell Metab 30:626-627.
https://doi.org/10.1016/j.cmet.2019.08.008

Leite de Oliveira R, Deschoemaeker S, Henze AT, Debackere
K, Finisguerra V, Takeda Y, Roncal C, Dettori D, Tack E, Jons-
son Y, Veschini L, Peeters A, Anisimov A, Hofmann M, Alitalo
K, Baes M, D’Hooge J, Carmeliet P, Mazzone M (2012) Gene-
targeting of Phd2 improves tumor response to chemotherapy and
prevents side-toxicity. Cancer Cell 22:263-277. https://doi.org/
10.1016/j.ccr.2012.06.028

LiF, Yin C, MaZ, Yang K, Sun L, Duan C, Wang T, Hussein A,
Wang L, Zhu X, Gao P, Xi Q, Zhang Y, Shu G, Wang S, Jiang
Q (2021) PHD3 mediates denervation skeletal muscle atrophy
through Nf-kappaB signal pathway. FASEB J 35:¢21444. https://
doi.org/10.1096/1).202002049R

Li F, Zhang F, Yi X, Quan LL, Yang X, Yin C, Ma Z, Wu R,
Zhao W, Ling M, Lang L, Hussein A, Feng S, Fu Y, Wang
J, Liang S, Zhu C, Wang L, Zhu X, Gao P, Xi Q, Zhang Y,
Zhang L, Shu G, Jiang Q, Wang S (2023) Proline hydroxylase
2 (PHD2) promotes brown adipose thermogenesis by enhancing
the hydroxylation of UCP1. Mol Metab 73:101747. https://doi.
org/10.1016/j.molmet.2023.101747

Li L, Saliba P, Reischl S, Marti HH, Kunze R (2016) Neuronal
deficiency of HIF prolyl 4-hydroxylase 2 in mice improves
ischemic stroke recovery in an HIF dependent manner. Neurobiol
Dis 91:221-235. https://doi.org/10.1016/j.nbd.2016.03.018
LiS, Ful, Wang Y, Hu C, Xu F (2021) LncRNA MIAT enhances
cerebral ischaemia/reperfusion injury in rat model via interacting
with EGLN2 and reduces its ubiquitin-mediated degradation. J Cell
Mol Med 25:10140-10151. https://doi.org/10.1111/jcmm.16950
Li X, Sutherland S, Takeda K, Fong GH, Lee FS (2010) Integrity
of the prolyl hydroxylase domain protein 2:erythropoietin path-
way in aging mice. Blood Cells Mol Dis 45:9-19. https://doi.org/
10.1016/j.bcmd.2010.03.003

Lieb ME, Menzies K, Moschella MC, Ni R, Taubman MB (2002)
Mammalian EGLN genes have distinct patterns of mRNA expres-
sion and regulation. Biochem Cell Biol 80:421-426. https://doi.
org/10.1139/002-115

Lisy K, Peet DJ (2008) Turn me on: regulating HIF transcrip-
tional activity. Cell Death Differ 15:642-649. https://doi.org/10.
1038/sj.cdd.4402315

Liu B, Yi D, Pan J, Dai J, Zhu MM, Zhao YY, Oh SP, Fallon
MB, Dai Z (2022) Suppression of BMP signaling by PHD?2 defi-
ciency in pulmonary arterial hypertension. Pulm Circ 12:¢12056.
https://doi.org/10.1002/pul2.12056

Liu H, Xia Y, Li B, Pan J, Lv M, Wang X, An F (2016) Prolyl
hydroxylase 3 overexpression accelerates the progression of ath-
erosclerosis in ApoE-/- mice. Biochem Biophys Res Commun
473:99-106. https://doi.org/10.1016/j.bbrc.2016.03.058

LiuJ, Li W, Limbu MH, Li Y, Wang Z, Cheng Z, Zhang X, Chen
P (2018) Effects of simultaneous downregulation of PHD1 and
Keap1 on prevention and reversal of liver fibrosis in mice. Front
Pharmacol 9:555. https://doi.org/10.3389/fphar.2018.00555
Liu S, Zhang G, Guo J, Chen X, Lei J, Ze K, Dong L, Dai X, Gao
Y, Song D, Ecker BL, Yang R, Feltcher C, Peng K, Feng C, Chen
H, Lee RX, Kerestes H, Niu J, Kumar S, Xu W, Zhang J, Wei Z,
Martin JS, Liu X, Mills G, Lu Y, Guo W, Sun L, Zhang L, Wee-
raratna A, Herlyn M, Wei W, Lee FS, Xu X (2018) Loss of Phd2
cooperates with BRAF(V600E) to drive melanomagenesis. Nat
Commun 9:5426. https://doi.org/10.1038/s41467-018-07126-9
Livermore S, Pan J, Yeger H, Ratcliffe P, Bishop T, Cutz E
(2015) Augmented 5-HT secretion in pulmonary neuroepithelial

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

bodies from PHD1 null mice. Adv Exp Med Biol 860:309-313.
https://doi.org/10.1007/978-3-319-18440-1_35

Loinard C, Ginouves A, Vilar J, Cochain C, Zouggari Y, Recalde
A, Duriez M, Levy BI, Pouyssegur J, Berra E, Silvestre JS (2009)
Inhibition of prolyl hydroxylase domain proteins promotes thera-
peutic revascularization. Circulation 120:50-59. https://doi.org/
10.1161/CIRCULATIONAHA.108.813303

Luo B, Xiang D, Wu D, Liu C, Fang Y, Chen P, Hu YP (2018)
Hepatic PHD2/HIF-1alpha axis is involved in postexercise sys-
temic energy homeostasis. FASEB J 32:4670—4680. https://doi.
org/10.1096/1).201701139R

Mamlouk S, Kalucka J, Singh RP, Franke K, Muschter A, Langer
A, Jakob C, Gassmann M, Baretton GB, Wielockx B (2014) Loss
of prolyl hydroxylase-2 in myeloid cells and T-lymphocytes
impairs tumor development. Int J Cancer 134:849-858. https://
doi.org/10.1002/ijc.28409

Marsch E, Demandt JA, Theelen TL, Tullemans BM, Wouters K,
Boon MR, van Dijk TH, Gijbels MJ, Dubois LJ, Meex SJ, Maz-
zone M, Hung G, Fisher EA, Biessen EA, Daemen MJ, Rensen
PC, Carmeliet P, Groen AK, Sluimer JC (2016) Deficiency of
the oxygen sensor prolyl hydroxylase 1 attenuates hypercholes-
terolaemia, atherosclerosis, and hyperglycaemia. Eur Heart J
37:2993-2997. https://doi.org/10.1093/eurheartj/ehw 156
Marxsen JH, Stengel P, Doege K, Heikkinen P, Jokilehto T,
Wagner T, Jelkmann W, Jaakkola P, Metzen E (2004) Hypoxia-
inducible factor-1 (HIF-1) promotes its degradation by induction
of HIF-alpha-prolyl-4-hydroxylases. Biochem J 381:761-767.
https://doi.org/10.1042/BJ20040620

Matsuura H, Ichiki T, Inoue E, Nomura M, Miyazaki R, Hashi-
moto T, Ikeda J, Takayanagi R, Fong GH, Sunagawa K (2013)
Prolyl hydroxylase domain protein 2 plays a critical role in diet-
induced obesity and glucose intolerance. Circulation 127:2078-
2087. https://doi.org/10.1161/CIRCULATIONAHA.113.001742
Mazzone M, Dettori D, de Oliveira RL, Loges S, Schmidt T, Jon-
ckx B, Tian YM, Lanahan AA, Pollard P, de Almodovar CR, De
Smet F, Vinckier S, Aragones J, Debackere K, Luttun A, Wyns
S, Jordan B, Pisacane A, Gallez B, Lampugnani MG, Dejana E,
Simons M, Ratcliffe P, Maxwell P, Carmeliet P (2009) Heterozy-
gous deficiency of PHD?2 restores tumor oxygenation and inhib-
its metastasis via endothelial normalization. Cell 136:839-851.
https://doi.org/10.1016/j.cell.2009.01.020

Miao M, Wu M, Li Y, Zhang L, Jin Q, Fan J, Xu X, Gu R, Hao
H, Zhang A, Jia Z (2022) Clinical potential of hypoxia induc-
ible factors prolyl hydroxylase inhibitors in treating nonanemic
diseases. Front Pharmacol 13:837249. https://doi.org/10.3389/
fphar.2022.837249

Michailidou Z, Morton NM, Moreno Navarrete JM, West CC,
Stewart KJ, Fernandez-Real JM, Schofield CJ, Seckl JR, Rat-
cliffe PJ (2015) Adipocyte pseudohypoxia suppresses lipolysis
and facilitates benign adipose tissue expansion. Diabetes 64:733—
745. https://doi.org/10.2337/db14-0233

Minamishima YA, Kaelin WG Jr (2010) Reactivation of hepatic
EPO synthesis in mice after PHD loss. Science 329:407. https://
doi.org/10.1126/science.1192811

Minamishima YA, Moslehi J, Bardeesy N, Cullen D, Bron-
son RT, Kaelin WG Jr (2008) Somatic inactivation of the
PHD2 prolyl hydroxylase causes polycythemia and congestive
heart failure. Blood 111:3236-3244. https://doi.org/10.1182/
blood-2007-10-117812

Minamishima YA, Moslehi J, Padera RF, Bronson RT, Liao R,
Kaelin WG Jr (2009) A feedback loop involving the Phd3 prolyl
hydroxylase tunes the mammalian hypoxic response in vivo. Mol
Cell Biol 29:5729-5741. https://doi.org/10.1128/MCB.00331-09
Missiaen R, Lesner NP, Simon MC (2023) HIF: a master regula-
tor of nutrient availability and metabolic cross-talk in the tumor

@ Springer


https://doi.org/10.1016/j.redox.2019.101145
https://doi.org/10.1016/j.redox.2019.101145
https://doi.org/10.1016/j.cmet.2019.08.008
https://doi.org/10.1016/j.ccr.2012.06.028
https://doi.org/10.1016/j.ccr.2012.06.028
https://doi.org/10.1096/fj.202002049R
https://doi.org/10.1096/fj.202002049R
https://doi.org/10.1016/j.molmet.2023.101747
https://doi.org/10.1016/j.molmet.2023.101747
https://doi.org/10.1016/j.nbd.2016.03.018
https://doi.org/10.1111/jcmm.16950
https://doi.org/10.1016/j.bcmd.2010.03.003
https://doi.org/10.1016/j.bcmd.2010.03.003
https://doi.org/10.1139/o02-115
https://doi.org/10.1139/o02-115
https://doi.org/10.1038/sj.cdd.4402315
https://doi.org/10.1038/sj.cdd.4402315
https://doi.org/10.1002/pul2.12056
https://doi.org/10.1016/j.bbrc.2016.03.058
https://doi.org/10.3389/fphar.2018.00555
https://doi.org/10.1038/s41467-018-07126-9
https://doi.org/10.1007/978-3-319-18440-1_35
https://doi.org/10.1161/CIRCULATIONAHA.108.813303
https://doi.org/10.1161/CIRCULATIONAHA.108.813303
https://doi.org/10.1096/fj.201701139R
https://doi.org/10.1096/fj.201701139R
https://doi.org/10.1002/ijc.28409
https://doi.org/10.1002/ijc.28409
https://doi.org/10.1093/eurheartj/ehw156
https://doi.org/10.1042/BJ20040620
https://doi.org/10.1161/CIRCULATIONAHA.113.001742
https://doi.org/10.1016/j.cell.2009.01.020
https://doi.org/10.3389/fphar.2022.837249
https://doi.org/10.3389/fphar.2022.837249
https://doi.org/10.2337/db14-0233
https://doi.org/10.1126/science.1192811
https://doi.org/10.1126/science.1192811
https://doi.org/10.1182/blood-2007-10-117812
https://doi.org/10.1182/blood-2007-10-117812
https://doi.org/10.1128/MCB.00331-09

1334

Pflligers Archiv - European Journal of Physiology (2024) 476:1307-1337

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

microenvironment. EMBO J 42:e112067. https://doi.org/10.
15252/embj.2022112067

Mollenhauer M, Kiss J, Dudda J, Kirchberg J, Rahbari N, Rad-
hakrishnan P, Niemietz T, Rausch V, Weitz J, Schneider M
(2012) Deficiency of the oxygen sensor PHD1 augments liver
regeneration after partial hepatectomy. Langenbeck’s Arch Surg
397:1313-1322. https://doi.org/10.1007/s00423-012-0998-5
Moslehi J, Minamishima YA, Shi J, Neuberg D, Charytan DM,
Padera RF, Signoretti S, Liao R, Kaelin WG Jr (2010) Loss of
hypoxia-inducible factor prolyl hydroxylase activity in cardio-
myocytes phenocopies ischemic cardiomyopathy. Circulation
122:1004-1016. https://doi.org/10.1161/CIRCULATIONAHA.
109.922427

Nasteska D, Cuozzo F, Viloria K, Johnson EM, Thakker A,
Bany Bakar R, Westbrook RL, Barlow JP, Hoang M, Joseph
JW, Lavery GG, Akerman I, Cantley J, Hodson L, Tennant DA,
Hodson DJ (2021) Prolyl-4-hydroxylase 3 maintains beta cell
glucose metabolism during fatty acid excess in mice. JCI Insight
6. https://doi.org/10.1172/jci.insight. 140288

Natarajan R, Salloum FN, Fisher BJ, Kukreja RC, Fowler AA
3rd (2006) Hypoxia inducible factor-1 activation by prolyl
4-hydroxylase-2 gene silencing attenuates myocardial ischemia
reperfusion injury. Circ Res 98:133-140. https://doi.org/10.1161/
01.RES.0000197816.63513.27

Natarajan R, Salloum FN, Fisher BJ, Ownby ED, Kukreja RC,
Fowler AA 3rd (2007) Activation of hypoxia-inducible factor-1
via prolyl-4 hydoxylase-2 gene silencing attenuates acute inflam-
matory responses in postischemic myocardium. Am J Physiol
Heart Circ Physiol 293:H1571-1580. https://doi.org/10.1152/
ajpheart.00291.2007

Noonan ML, Ni P, Solis E, Marambio YG, Agoro R, Chu X,
Wang Y, Gao H, Xuei X, Clinkenbeard EL, Jiang G, Liu S, Ste-
gen S, Carmeliet G, Thompson WR, Liu Y, Wan J, White KE
(2023) Osteocyte Egln1/Phd2 links oxygen sensing and biomin-
eralization via FGF23. Bone Res 11:7. https://doi.org/10.1038/
s41413-022-00241-w

Nunomiya A, Shin J, Kitajima Y, Dan T, Miyata T, Nagatomi
R (2017) Activation of the hypoxia-inducible factor pathway
induced by prolyl hydroxylase domain 2 deficiency enhances the
effect of running training in mice. Acta Physiol (Oxf) 220:99—
112. https://doi.org/10.1111/apha.12751

Oriowo B, Thirunavukkarasu M, Selvaraju V, Adluri RS, Zhan
L, Takeda K, Fong GH, Sanchez JA, Maulik N (2014) Targeted
gene deletion of prolyl hydroxylase domain protein 3 triggers
angiogenesis and preserves cardiac function by stabilizing
hypoxia inducible factor 1 alpha following myocardial infarc-
tion. Curr Pharm Des 20:1305-1310. https://doi.org/10.2174/
13816128113199990549

Ozolins TR, Fisher TS, Nadeau DM, Stock JL, Klein AS, Milici
Al, Morton D, Wilhelms MB, Brissette WH, Li B (2009) Defects
in embryonic development of EGLN1/PHD2 knockdown trans-
genic mice are associated with induction of Igfbp in the placenta.
Biochem Biophys Res Commun 390:372-376. https://doi.org/10.
1016/j.bbrc.2009.08.057

Pan J, Bishop T, Ratcliffe PJ, Yeger H, Cutz E (2016) Hyperpla-
sia and hypertrophy of pulmonary neuroepithelial bodies, pre-
sumed airway hypoxia sensors, in hypoxia-inducible factor prolyl
hydroxylase-deficient mice. Hypoxia (Auckl) 4:69-80. https://
doi.org/10.2147/HP.S103957

Pan J, Yeger H, Ratcliffe P, Bishop T, Cutz E (2012) Hyper-
plasia of pulmonary neuroepithelial bodies (NEB) in lungs of
prolyl hydroxylase -1(PHD-1) deficient mice. Adv Exp Med Biol
758:149-155. https://doi.org/10.1007/978-94-007-4584-1_21
Peng Y, Dai J, Zhao YY (2023) Egln1(Tie2Cre) mice exhibit
similar therapeutic responses to sildenafil, ambrisentan, and
treprostinil as pulmonary arterial hypertension (PAH) patients,

@ Springer

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

supporting Egln1(Tie2Cre) mice as a useful PAH model. Int J
Mol Sci 24. https://doi.org/10.3390/ijms24032391

Pradeep SR, Lim ST, Thirunavukkarasu M, Joshi M, Cernuda B,
Palesty JA, Maulik N (2022) Protective effect of cardiomyocyte-
specific prolyl-4-hydroxylase 2 inhibition on ischemic injury in a
mouse MI model. ] Am Coll Surg 235:240-254. https://doi.org/
10.1097/XCS.000000000000024 1

Quaegebeur A, Segura I, Schmieder R, Verdegem D, Decimo
1, Bifari F, Dresselaers T, Eelen G, Ghosh D, Davidson SM,
Schoors S, Broekaert D, Cruys B, Govaerts K, De Legher C,
Bouche A, Schoonjans L, Ramer MS, Hung G, Bossaert G,
Cleveland DW, Himmelreich U, Voets T, Lemmens R, Bennett
CF, Robberecht W, De Bock K, Dewerchin M, Ghesquiere B,
Fendt SM, Carmeliet P (2016) Deletion or inhibition of the oxy-
gen sensor PHD1 protects against ischemic stroke via reprogram-
ming of neuronal metabolism. Cell Metab 23:280-291. https://
doi.org/10.1016/j.cmet.2015.12.007

Querbes W, Bogorad RL, Moslehi J, Wong J, Chan AY, Bulga-
kova E, Kuchimanchi S, Akinc A, Fitzgerald K, Koteliansky V,
Kaelin WG Jr (2012) Treatment of erythropoietin deficiency in
mice with systemically administered siRNA. Blood 120:1916—
1922. https://doi.org/10.1182/blood-2012-04-423715
Rahtu-Korpela L, Karsikas S, Horkko S, Blanco Sequeiros R,
Lammentausta E, Makela KA, Herzig KH, Walkinshaw G,
Kivirikko KI, Myllyharju J, Serpi R, Koivunen P (2014) HIF
prolyl 4-hydroxylase-2 inhibition improves glucose and lipid
metabolism and protects against obesity and metabolic dysfunc-
tion. Diabetes 63:3324-3333. https://doi.org/10.2337/db14-0472
Rahtu-Korpela L, Maatta J, Dimova EY, Horkko S, Gylling H,
Walkinshaw G, Hakkola J, Kivirikko KI, Myllyharju J, Serpi R,
Koivunen P (2016) Hypoxia-inducible factor prolyl 4-hydroxy-
lase-2 inhibition protects against development of atheroscle-
rosis. Arterioscler Thromb Vasc Biol 36:608-617. https://doi.
org/10.1161/ATVBAHA.115.307136

Rajendran G, Schonfeld MP, Tiwari R, Huang S, Torosyan R,
Fields T, Park J, Susztak K, Kapitsinou PP (2020) Inhibition
of endothelial PHD2 suppresses post-ischemic kidney inflam-
mation through hypoxia-inducible factor-1. ] Am Soc Nephrol
31:501-516. https://doi.org/10.1681/ASN.2019050523
Rauner M, Franke K, Murray M, Singh RP, Hiram-Bab
S, Platzbecker U, Gassmann M, Socolovsky M, Neumann
D, Gabet Y, Chavakis T, Hofbauer LC, Wielockx B (2016)
Increased EPO levels are associated with bone loss in mice
lacking PHD2 in EPO-producing cells. ] Bone Miner Res
31:1877-1887. https://doi.org/10.1002/jbmr.2857

Rishi MT, Selvaraju V, Thirunavukkarasu M, Shaikh IA,
Takeda K, Fong GH, Palesty JA, Sanchez JA, Maulik N (2015)
Deletion of prolyl hydroxylase domain proteins (PHD1, PHD3)
stabilizes hypoxia inducible factor-1 alpha, promotes neovas-
cularization, and improves perfusion in a murine model of
hind-limb ischemia. Microvasc Res 97:181-188. https://doi.
org/10.1016/j.mvr.2014.10.009

Roning T, Magga J, Laitakari A, Halmetoja R, Tapio J, Dimova
EY, Szabo Z, Rahtu-Korpela L, Kemppi A, Walkinshaw G,
Myllyharju J, Kerkela R, Koivunen P, Serpi R (2022) Activa-
tion of the hypoxia response pathway protects against age-
induced cardiac hypertrophy. J Mol Cell Cardiol 164:148-155.
https://doi.org/10.1016/j.yjmcc.2021.12.003

Rosendahl AH, Monnius M, Laitala A, Railo A, Miinalainen
I, Heljasvaara R, Maki JM, Myllyharju J (2022) Deletion of
hypoxia-inducible factor prolyl 4-hydroxylase 2 in FoxD1-lineage
mesenchymal cells leads to congenital truncal alopecia. J Biol
Chem 298:101787. https://doi.org/10.1016/j.jbc.2022.101787
Sadiku P, Willson JA, Dickinson RS, Murphy F, Harris AJ,
Lewis A, Sammut D, Mirchandani AS, Ryan E, Watts ER,
Thompson AAR, Marriott HM, Dockrell DH, Taylor CT,


https://doi.org/10.15252/embj.2022112067
https://doi.org/10.15252/embj.2022112067
https://doi.org/10.1007/s00423-012-0998-5
https://doi.org/10.1161/CIRCULATIONAHA.109.922427
https://doi.org/10.1161/CIRCULATIONAHA.109.922427
https://doi.org/10.1172/jci.insight.140288
https://doi.org/10.1161/01.RES.0000197816.63513.27
https://doi.org/10.1161/01.RES.0000197816.63513.27
https://doi.org/10.1152/ajpheart.00291.2007
https://doi.org/10.1152/ajpheart.00291.2007
https://doi.org/10.1038/s41413-022-00241-w
https://doi.org/10.1038/s41413-022-00241-w
https://doi.org/10.1111/apha.12751
https://doi.org/10.2174/13816128113199990549
https://doi.org/10.2174/13816128113199990549
https://doi.org/10.1016/j.bbrc.2009.08.057
https://doi.org/10.1016/j.bbrc.2009.08.057
https://doi.org/10.2147/HP.S103957
https://doi.org/10.2147/HP.S103957
https://doi.org/10.1007/978-94-007-4584-1_21
https://doi.org/10.3390/ijms24032391
https://doi.org/10.1097/XCS.0000000000000241
https://doi.org/10.1097/XCS.0000000000000241
https://doi.org/10.1016/j.cmet.2015.12.007
https://doi.org/10.1016/j.cmet.2015.12.007
https://doi.org/10.1182/blood-2012-04-423715
https://doi.org/10.2337/db14-0472
https://doi.org/10.1161/ATVBAHA.115.307136
https://doi.org/10.1161/ATVBAHA.115.307136
https://doi.org/10.1681/ASN.2019050523
https://doi.org/10.1002/jbmr.2857
https://doi.org/10.1016/j.mvr.2014.10.009
https://doi.org/10.1016/j.mvr.2014.10.009
https://doi.org/10.1016/j.yjmcc.2021.12.003
https://doi.org/10.1016/j.jbc.2022.101787

Pfliigers Archiv - European Journal of Physiology (2024) 476:1307-1337

1335

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Schneider M, Maxwell PH, Chilvers ER, Mazzone M, Moral
V, Pugh CW, Ratcliffe PJ, Schofield CJ, Ghesquiere B, Carme-
liet P, Whyte MK, Walmsley SR (2017) Prolyl hydroxylase 2
inactivation enhances glycogen storage and promotes excessive
neutrophilic responses. J Clin Invest 127:3407-3420. https://
doi.org/10.1172/JCI90848

Schneider M, Van Geyte K, Fraisl P, Kiss J, Aragones J, Maz-
zone M, Mairbaurl H, De Bock K, Jeoung NH, Mollenhauer M,
Georgiadou M, Bishop T, Roncal C, Sutherland A, Jordan B,
Gallez B, Weitz J, Harris RA, Maxwell P, Baes M, Ratcliffe P,
Carmeliet P (2010) Loss or silencing of the PHD1 prolyl hydrox-
ylase protects livers of mice against ischemia/reperfusion injury.
Gastroenterology 138(1143-1154):e1141-1142. https://doi.org/
10.1053/j.gastro.2009.09.057

Schofield CJ, Ratcliffe PJ (2004) Oxygen sensing by HIF hydrox-
ylases. Nat Rev Mol Cell Biol 5:343-354. https://doi.org/10.
1038/nrm1366

Semenza GL (2012) Hypoxia-inducible factors in physiology and
medicine. Cell 148:399-408. https://doi.org/10.1016/j.cell.2012.
01.021

Seth P, Krop I, Porter D, Polyak K (2002) Novel estrogen and
tamoxifen induced genes identified by SAGE (Serial Analysis
of Gene Expression). Oncogene 21:836-843. https://doi.org/10.
1038/sj.onc.1205113

Settelmeier S, Schreiber T, Maki J, Byts N, Koivunen P, Mylly-
harju J, Fandrey J, Winning S (2020) Prolyl hydroxylase domain
2 reduction enhances skeletal muscle tissue regeneration after
soft tissue trauma in mice. PLoS One 15:¢0233261. https://doi.
org/10.1371/journal.pone.0233261

Shin J, Nunomiya A, Kitajima Y, Dan T, Miyata T, Nagatomi
R (2016) Prolyl hydroxylase domain 2 deficiency promotes
skeletal muscle fiber-type transition via a calcineurin/NFATc1-
dependent pathway. Skelet Muscle 6:5. https://doi.org/10.1186/
$13395-016-0079-5

Singh RP, Franke K, Kalucka J, Mamlouk S, Muschter A, Gem-
barska A, Grinenko T, Willam C, Naumann R, Anastassiadis
K, Stewart AF, Bornstein S, Chavakis T, Breier G, Waskow C,
Wielockx B (2013) HIF prolyl hydroxylase 2 (PHD?2) is a critical
regulator of hematopoietic stem cell maintenance during steady-
state and stress. Blood 121:5158-5166. https://doi.org/10.1182/
blood-2012-12-471185

Sinha KM, Tseng C, Guo P, Lu A, Pan H, Gao X, Andrews R,
Eltzschig H, Huard J (2019) Hypoxia-inducible factor lalpha
(HIF-1alpha) is a major determinant in the enhanced function
of muscle-derived progenitors from MRL/MpJ mice. FASEB J
33:8321-8334. https://doi.org/10.1096/).201801794R

Sluiter TJ, Tillie R, de Jong A, de Bruijn JBG, Peters HAB, van
de Leijgraaf R, Halawani R, Westmaas M, Starink LIW, Quax
PHA, Sluimer JC, de Vries MR (2024) Myeloid PHD2 condi-
tional knockout improves intraplaque angiogenesis and vascular
remodeling in a murine model of venous bypass grafting. J] Am
Heart Assoc 13:¢033109. https://doi.org/10.1161/JAHA.123.
033109

Smaila BD, Holland SD, Babaeijandaghi F, Henderson HG, Rossi
FMYV, Ramer MS (2020) Systemic hypoxia mimicry enhances
axonal regeneration and functional recovery following peripheral
nerve injury. Exp Neurol 334:113436. https://doi.org/10.1016/j.
expneurol.2020.113436

Stegen S, Stockmans I, Moermans K, Thienpont B, Maxwell PH,
Carmeliet P, Carmeliet G (2018) Osteocytic oxygen sensing con-
trols bone mass through epigenetic regulation of sclerostin. Nat
Commun 9:2557. https://doi.org/10.1038/s41467-018-04679-7

Stegen S, van Gastel N, Eelen G, Ghesquiere B, D’Anna F, Thien-
pont B, Goveia J, Torrekens S, Van Looveren R, Luyten FP, Max-
well PH, Wielockx B, Lambrechts D, Fendt SM, Carmeliet P,
Carmeliet G (2016) HIF-1alpha promotes glutamine-mediated

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

redox homeostasis and glycogen-dependent bioenergetics to sup-
port postimplantation bone cell survival. Cell Metab 23:265-279.
https://doi.org/10.1016/j.cmet.2016.01.002

Stiehl DP, Wirthner R, Koditz J, Spielmann P, Camenisch G,
Wenger RH (2006) Increased prolyl 4-hydroxylase domain pro-
teins compensate for decreased oxygen levels. Evidence for an
autoregulatory oxygen-sensing system. J Biol Chem 281:23482—
23491. https://doi.org/10.1074/jbc.M601719200

Strowitzki MJ, Cummins EP, Taylor CT (2019) Protein hydroxy-
lation by hypoxia-inducible factor (HIF) hydroxylases: unique or
ubiquitous? Cells 8. https://doi.org/10.3390/cells8050384
Strowitzki MJ, Kimmer G, Wehrmann J, Ritter AS, Radhakrishnan P,
Opitz VM, Tuffs C, Biller M, Kugler J, Keppler U, Harnoss JM, Klose
J, Schmidt T, Blanco A, Taylor CT, Schneider M (2021) Inhibition of
HIF-prolyl hydroxylases improves healing of intestinal anastomoses.
JCI Insight 6. https://doi.org/10.1172/jci.insight.139191

Strowitzki MJ, Kirchberg J, Tuffs C, Schiedeck M, Ritter AS,
Biller M, Harnoss JM, Lasitschka F, Schmidt T, Radhakrishnan
P, Ulrich A, Schneider M (2018) Loss of prolyl-hydroxylase
1 protects against biliary fibrosis via attenuated activation of
hepatic stellate cells. Am J Pathol 188:2826-2838. https://doi.
org/10.1016/j.ajpath.2018.08.003

Suhara T, Hishiki T, Kasahara M, Hayakawa N, Oyaizu T,
Nakanishi T, Kubo A, Morisaki H, Kaelin WG Jr, Suematsu M,
Minamishima YA (2015) Inhibition of the oxygen sensor PHD2
in the liver improves survival in lactic acidosis by activating the
Cori cycle. Proc Natl Acad Sci U S A 112:11642-11647. https://
doi.org/10.1073/pnas. 1515872112

Swain L, Wottawa M, Hillemann A, Beneke A, Odagiri H, Terada
K, Endo M, Oike Y, Farhat K, Katschinski DM (2014) Prolyl-
4-hydroxylase domain 3 (PHD?3) is a critical terminator for cell
survival of macrophages under stress conditions. J Leukoc Biol
96:365-375. https://doi.org/10.1189/j1b.2HI1013-533R

Takada M, Zhuang M, Inuzuka H, Zhang J, Zurlo G, Zhang
J, Zhang Q (2017) EgIN2 contributes to triple negative breast
tumorigenesis by functioning as a substrate for the FBW7 tumor
suppressor. Oncotarget 8:6787-6795. https://doi.org/10.18632/
oncotarget.14290

Takeda K, Aguila HL, Parikh NS, Li X, Lamothe K, Duan LJ,
Takeda H, Lee FS, Fong GH (2008) Regulation of adult erythro-
poiesis by prolyl hydroxylase domain proteins. Blood 111:3229-
3235. https://doi.org/10.1182/blood-2007-09-114561

Takeda K, Cowan A, Fong GH (2007) Essential role for pro-
lyl hydroxylase domain protein 2 in oxygen homeostasis of the
adult vascular system. Circulation 116:774-781. https://doi.org/
10.1161/CIRCULATIONAHA.107.701516

Takeda K, Duan LJ, Takeda H, Fong GH (2014) Improved vascu-
lar survival and growth in the mouse model of hindlimb ischemia
by a remote signaling mechanism. Am J Pathol 184:686—696.
https://doi.org/10.1016/j.ajpath.2013.11.032

Takeda K, Ho VC, Takeda H, Duan LJ, Nagy A, Fong GH (2006)
Placental but not heart defects are associated with elevated
hypoxia-inducible factor alpha levels in mice lacking prolyl
hydroxylase domain protein 2. Mol Cell Biol 26:8336-8346.
https://doi.org/10.1128/MCB.00425-06

Takeda Y, Costa S, Delamarre E, Roncal C, Leite de Oliveira
R, Squadrito ML, Finisguerra V, Deschoemacker S, Bruyere F,
Wenes M, Hamm A, Serneels J, Magat J, Bhattacharyya T, Ani-
simov A, Jordan BF, Alitalo K, Maxwell P, Gallez B, Zhuang
ZW, Saito Y, Simons M, De Palma M, Mazzone M (2011) Mac-
rophage skewing by Phd2 haplodeficiency prevents ischaemia by
inducing arteriogenesis. Nature 479:122—126. https://doi.org/10.
1038/nature10507

Tambuwala MM, Cummins EP, Lenihan CR, Kiss J, Stauch M,
Scholz CC, Fraisl P, Lasitschka F, Mollenhauer M, Saunders
SP, Maxwell PH, Carmeliet P, Fallon PG, Schneider M, Taylor

@ Springer


https://doi.org/10.1172/JCI90848
https://doi.org/10.1172/JCI90848
https://doi.org/10.1053/j.gastro.2009.09.057
https://doi.org/10.1053/j.gastro.2009.09.057
https://doi.org/10.1038/nrm1366
https://doi.org/10.1038/nrm1366
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1038/sj.onc.1205113
https://doi.org/10.1038/sj.onc.1205113
https://doi.org/10.1371/journal.pone.0233261
https://doi.org/10.1371/journal.pone.0233261
https://doi.org/10.1186/s13395-016-0079-5
https://doi.org/10.1186/s13395-016-0079-5
https://doi.org/10.1182/blood-2012-12-471185
https://doi.org/10.1182/blood-2012-12-471185
https://doi.org/10.1096/fj.201801794R
https://doi.org/10.1161/JAHA.123.033109
https://doi.org/10.1161/JAHA.123.033109
https://doi.org/10.1016/j.expneurol.2020.113436
https://doi.org/10.1016/j.expneurol.2020.113436
https://doi.org/10.1038/s41467-018-04679-7
https://doi.org/10.1016/j.cmet.2016.01.002
https://doi.org/10.1074/jbc.M601719200
https://doi.org/10.3390/cells8050384
https://doi.org/10.1172/jci.insight.139191
https://doi.org/10.1016/j.ajpath.2018.08.003
https://doi.org/10.1016/j.ajpath.2018.08.003
https://doi.org/10.1073/pnas.1515872112
https://doi.org/10.1073/pnas.1515872112
https://doi.org/10.1189/jlb.2HI1013-533R
https://doi.org/10.18632/oncotarget.14290
https://doi.org/10.18632/oncotarget.14290
https://doi.org/10.1182/blood-2007-09-114561
https://doi.org/10.1161/CIRCULATIONAHA.107.701516
https://doi.org/10.1161/CIRCULATIONAHA.107.701516
https://doi.org/10.1016/j.ajpath.2013.11.032
https://doi.org/10.1128/MCB.00425-06
https://doi.org/10.1038/nature10507
https://doi.org/10.1038/nature10507

1336

Pflligers Archiv - European Journal of Physiology (2024) 476:1307-1337

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

CT (2010) Loss of prolyl hydroxylase-1 protects against colitis
through reduced epithelial cell apoptosis and increased barrier
function. Gastroenterology 139:2093-2101. https://doi.org/10.
1053/j.gastro.2010.06.068

Tang H, Babicheva A, McDermott KM, Gu Y, Ayon RJ, Song S,
Wang Z, Gupta A, Zhou T, Sun X, Dash S, Wang Z, Balistrieri
A, Zheng Q, Cordery AG, Desai AA, Rischard F, Khalpey Z,
Wang J, Black SM, Garcia JGN, Makino A, Yuan JX (2018)
Endothelial HIF-2alpha contributes to severe pulmonary hyper-
tension due to endothelial-to-mesenchymal transition. Am J
Physiol Lung Cell Mol Physiol 314:1L.256-1L.275. https://doi.org/
10.1152/ajplung.00096.2017

Taniguchi CM, Finger EC, Krieg AJ, Wu C, Diep AN, LaGory EL,
Wei K, McGinnis LM, Yuan J, Kuo CJ, Giaccia AJ (2013) Cross-
talk between hypoxia and insulin signaling through Phd3 regulates
hepatic glucose and lipid metabolism and ameliorates diabetes. Nat
Med 19:1325-1330. https://doi.org/10.1038/nm.3294

Taniguchi CM, Miao YR, Diep AN, Wu C, Rankin EB, Atwood
TF, Xing L, Giaccia AJ (2014) PHD inhibition mitigates and
protects against radiation-induced gastrointestinal toxicity via
HIF2. Sci Transl Med 6:236ra264. https://doi.org/10.1126/scitr
anslmed.3008523

Tapio J, Halmetoja R, Dimova EY, Maki JM, Laitala A, Walkin-
shaw G, Myllyharju J, Serpi R, Koivunen P (2022) Contribution
of HIF-P4H isoenzyme inhibition to metabolism indicates major
beneficial effects being conveyed by HIF-P4H-2 antagonism. J
Biol Chem 298:102222. https://doi.org/10.1016/j.jbc.2022.
102222

Tavernier SJ, Vanlangenakker N, Vetters J, Carmeliet P, Jans-
sens S, Lambrecht BN (2017) Opposing regulation and roles for
PHD3 in lung dendritic cells and alveolar macrophages. J Leukoc
Biol 102:1115-1126. https://doi.org/10.1189/j1b.3A0916-405R
Taylor CT, Colgan SP (2017) Regulation of immunity and
inflammation by hypoxia in immunological niches. Nat Rev
Immunol 17:774-785. https://doi.org/10.1038/nri.2017.103
Taylor CT, Scholz CC (2022) The effect of HIF on metabolism
and immunity. Nat Rev Nephrol 18:573-587. https://doi.org/10.
1038/s41581-022-00587-8

Thomas A, Belaidi E, Aron-Wisnewsky J, van der Zon GC,
Levy P, Clement K, Pepin JL, Godin-Ribuot D, Guigas B (2016)
Hypoxia-inducible factor prolyl hydroxylase 1 (PHD1) deficiency
promotes hepatic steatosis and liver-specific insulin resistance in
mice. Sci Rep 6:24618. https://doi.org/10.1038/srep24618

Tojo Y, Sekine H, Hirano I, Pan X, Souma T, Tsujita T, Kawa-
guchi S, Takeda N, Takeda K, Fong GH, Dan T, Ichinose M,
Miyata T, Yamamoto M, Suzuki N (2015) Hypoxia signaling
cascade for erythropoietin production in hepatocytes. Mol Cell
Biol 35:2658-2672. https://doi.org/10.1128/MCB.00161-15
Ullah K, Rosendahl AH, Izzi V, Bergmann U, Pihlajaniemi T,
Maki JM, Myllyharju J (2017) Hypoxia-inducible factor prolyl-
4-hydroxylase-1 is a convergent point in the reciprocal negative
regulation of NF-kappaB and p53 signaling pathways. Sci Rep
7:17220. https://doi.org/10.1038/s41598-017-17376-0

Urrutia AA, Guan N, Mesa-Ciller C, Afzal A, Davidoff O, Haase
VH (2021) Inactivation of HIF-prolyl 4-hydroxylases 1, 2 and 3
in NG2-expressing cells induces HIF2-mediated neurovascular
expansion independent of erythropoietin. Acta Physiol (Oxf)
231:e13547. https://doi.org/10.1111/apha.13547

van Kuijk K, Demandt JAF, Perales-Paton J, Theelen TL, Kuppe
C, Marsch E, de Bruijn J, Jin H, Gijbels MJ, Matic L, Mees
BME, Reutelingsperger CPM, Hedin U, Biessen EAL, Carmeliet
P, Baker AH, Kramann RK, Schurgers LJ, Saez-Rodriguez J,
Sluimer JC (2022) Deficiency of myeloid PHD proteins aggra-
vates atherogenesis via macrophage apoptosis and paracrine
fibrotic signalling. Cardiovasc Res 118:1232-1246. https://doi.
org/10.1093/cvr/cvab152

@ Springer

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Van Welden S, De Vos M, Wielockx B, Tavernier SJ, Dullaers M,
Neyt S, Descamps B, Devisscher L, Devriese S, Van den Bossche
L, Holvoet T, Baeyens A, Correale C, D’Alessio S, Vanhove C,
De Vos F, Verhasselt B, Breier G, Lambrecht BN, Janssens S,
Carmeliet P, Danese S, Elewaut D, Laukens D, Hindryckx P
(2017) Haematopoietic prolyl hydroxylase-1 deficiency promotes
M2 macrophage polarization and is both necessary and sufficient
to protect against experimental colitis. J Pathol 241:547-558.
https://doi.org/10.1002/path.4861

Volkova YL, Pickel C, Jucht AE, Wenger RH, Scholz CC (2022)
The asparagine hydroxylase FIH: a unique oxygen sensor. Anti-
oxid Redox Signal 37:913-935. https://doi.org/10.1089/ars.2022.
0003

Walmsley SR, Chilvers ER, Thompson AA, Vaughan K, Mar-
riott HM, Parker LC, Shaw G, Parmar S, Schneider M, Sabroe
I, Dockrell DH, Milo M, Taylor CT, Johnson RS, Pugh CW,
Ratcliffe PJ, Maxwell PH, Carmeliet P, Whyte MK (2011) Pro-
Iyl hydroxylase 3 (PHD3) is essential for hypoxic regulation of
neutrophilic inflammation in humans and mice. J Clin Invest
121:1053-1063. https://doi.org/10.1172/JCI43273

Wang S, Zeng H, Chen ST, Zhou L, Xie XJ, He X, Tao YK, Tuo
QH, Deng C, Liao DF, Chen JX (2017) Ablation of endothelial
prolyl hydroxylase domain protein-2 promotes renal vascular
remodelling and fibrosis in mice. J Cell Mol Med 21:1967-1978.
https://doi.org/10.1111/jcmm.13117

Wang S, Zeng H, Xie XJ, Tao YK, He X, Roman RJ, Aschner JL,
Chen JX (2016) Loss of prolyl hydroxylase domain protein 2 in
vascular endothelium increases pericyte coverage and promotes
pulmonary arterial remodeling. Oncotarget 7:58848-58861.
https://doi.org/10.18632/oncotarget. 11585

Wicks EE, Semenza GL (2022) Hypoxia-inducible factors: can-
cer progression and clinical translation. J Clin Invest 132. https://
doi.org/10.1172/JCI159839

Wu C, Rankin EB, Castellini L, Alcudia JF, LaGory EL,
Andersen R, Rhodes SD, Wilson TL, Mohammad KS, Castillo
AB, Guise TA, Schipani E, Giaccia AJ (2015) Oxygen-sensing
PHDs regulate bone homeostasis through the modulation of oste-
oprotegerin. Genes Dev 29:817-831. https://doi.org/10.1101/gad.
255000.114

XiaY, Gong L, LiuH, Luo B, LiB,LiR, Li B, Lv M, Pan J, An
F (2015) Inhibition of prolyl hydroxylase 3 ameliorates cardiac
dysfunction in diabetic cardiomyopathy. Mol Cell Endocrinol
403:21-29. https://doi.org/10.1016/j.mce.2015.01.014

Xie L, Pi X, Mishra A, Fong G, Peng J, Patterson C (2012)
PHD3-dependent hydroxylation of HCLK2 promotes the DNA
damage response. J Clin Invest 122:2827-2836. https://doi.org/
10.1172/JC162374

Xie L, Pi X, Wang Z, He J, Willis MS, Patterson C (2015) Deple-
tion of PHD3 protects heart from ischemia/reperfusion injury by
inhibiting cardiomyocyte apoptosis. J Mol Cell Cardiol 80:156—
165. https://doi.org/10.1016/j.yjmecc.2015.01.007

Xie Y, Yuan T, Qin Y, Weng Z, Fang J (2018) Prolyl hydroxylase
2 is dispensable for homeostasis of intestinal epithelium in mice.
Acta Biochim Biophys Sin 50:540-546. https://doi.org/10.1093/
abbs/gmy037

Xing W, Larkin D, Pourteymoor S, Tambunan W, Gomez GA,
Liu EK, Mohan S (2022) Lack of skeletal effects in mice with
targeted disruptionof prolyl hydroxylase domain 1 (Phd1l) gene
expressed in chondrocytes. Life (Basel) 13. https://doi.org/10.
3390/1ife13010106

Xing W, Pourteymoor S, Gomez GA, Chen Y, Mohan S (2021)
Prolyl hydroxylase domain-containing protein 3 gene expression
in chondrocytes is not essential for bone development in mice.
Cells 10. https://doi.org/10.3390/cells10092200

Xu X, Zhen PH, Yu FC, Wang T, Li SN, Wei Q, Tong JY (2022)
Chronic intermittent hypoxia accelerates cardiac dysfunction and


https://doi.org/10.1053/j.gastro.2010.06.068
https://doi.org/10.1053/j.gastro.2010.06.068
https://doi.org/10.1152/ajplung.00096.2017
https://doi.org/10.1152/ajplung.00096.2017
https://doi.org/10.1038/nm.3294
https://doi.org/10.1126/scitranslmed.3008523
https://doi.org/10.1126/scitranslmed.3008523
https://doi.org/10.1016/j.jbc.2022.102222
https://doi.org/10.1016/j.jbc.2022.102222
https://doi.org/10.1189/jlb.3A0916-405R
https://doi.org/10.1038/nri.2017.103
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1038/srep24618
https://doi.org/10.1128/MCB.00161-15
https://doi.org/10.1038/s41598-017-17376-0
https://doi.org/10.1111/apha.13547
https://doi.org/10.1093/cvr/cvab152
https://doi.org/10.1093/cvr/cvab152
https://doi.org/10.1002/path.4861
https://doi.org/10.1089/ars.2022.0003
https://doi.org/10.1089/ars.2022.0003
https://doi.org/10.1172/JCI43273
https://doi.org/10.1111/jcmm.13117
https://doi.org/10.18632/oncotarget.11585
https://doi.org/10.1172/JCI159839
https://doi.org/10.1172/JCI159839
https://doi.org/10.1101/gad.255000.114
https://doi.org/10.1101/gad.255000.114
https://doi.org/10.1016/j.mce.2015.01.014
https://doi.org/10.1172/JCI62374
https://doi.org/10.1172/JCI62374
https://doi.org/10.1016/j.yjmcc.2015.01.007
https://doi.org/10.1093/abbs/gmy037
https://doi.org/10.1093/abbs/gmy037
https://doi.org/10.3390/life13010106
https://doi.org/10.3390/life13010106
https://doi.org/10.3390/cells10092200

Pfliigers Archiv - European Journal of Physiology (2024) 476:1307-1337

1337

181.

182.

183.

184.

185.

186.

187.

cardiac remodeling during cardiac pressure overload in mice and
can be alleviated by PHD3 overexpression. Front Cardiovasc
Med 9:974345. https://doi.org/10.3389/fcvm.2022.974345

Xu YM, Gao Q, Zhang JZ, Lu YT, Xing DM, Qin YQ, Fang J
(2020) Prolyl hydroxylase 3 controls the intestine goblet cell gen-
eration through stabilizing ATOH1. Cell Death Differ 27:2131-
2142. https://doi.org/10.1038/s41418-020-0490-7

Xue Y, Cui A, Wei S, MaF, Liu Z, Fang X, Huo S, Sun X, Li W,
HuZ, LiuY, Cai G, Su W, Zhao J, Yan X, Gao C, Wen J, Zhang
H,LiH, LiuY, Lin X, Xu Y, Fu W, Fang J, Li Y (2023) Proline
hydroxylation of CREB-regulated transcriptional coactivator 2
controls hepatic glucose metabolism. Proc Natl Acad Sci U S A
120:€2219419120. https://doi.org/10.1073/pnas.2219419120
Yamamoto A, Hester J, Macklin PS, Kawai K, Uchiyama M,
Biggs D, Bishop T, Bull K, Cheng X, Cawthorne E, Coleman
ML, Crockford TL, Davies B, Dow LE, Goldin R, Kranc K,
Kudo H, Lawson H, McAuliffe J, Milward K, Scudamore CL,
Soilleux E, Issa F, Ratcliffe PJ, Pugh CW (2019) Systemic silenc-
ing of PHD2 causes reversible immune regulatory dysfunction. J
Clin Invest 129:3640-3656. https://doi.org/10.1172/IC1124099
Yoon H, Spinelli JB, Zaganjor E, Wong SJ, German NJ, Randall
EC, Dean A, Clermont A, Paulo JA, Garcia D, Li H, Rombold O,
Agar NYR, Goodyear LJ, Shaw RJ, Gygi SP, Auwerx J, Haigis
MC (2020) PHD3 loss promotes exercise capacity and fat oxida-
tion in skeletal muscle. Cell Metab 32(215-228):e217. https://
doi.org/10.1016/j.cmet.2020.06.017

Yuan X, Ruan W, Bobrow B, Carmeliet P, Eltzschig HK (2023)
Targeting hypoxia-inducible factors: therapeutic opportunities
and challenges. Nat Rev Drug Discov. https://doi.org/10.1038/
s41573-023-00848-6

Zeng H, Chen JX (2014) Conditional knockout of prolyl hydroxy-
lase domain protein 2 attenuates high fat-diet-induced cardiac
dysfunction in mice. PLoS One 9:e115974. https://doi.org/10.
1371/journal.pone.0115974

Zeng H, He X, Tuo QH, Liao DF, Zhang GQ, Chen JX (2016)
LPS causes pericyte loss and microvascular dysfunction via
disruption of Sirt3/angiopoietins/Tie-2 and HIF-2alpha/Notch3
pathways. Sci Rep 6:20931. https://doi.org/10.1038/srep20931

188.

189.

190.

191.

192.

193.

Zhang GH, Yu FC, Li 'Y, Wei Q, Song SS, Zhou FP, Tong JY (2017)
Prolyl 4-hydroxylase domain protein 3 overexpression improved
obstructive sleep apnea-induced cardiac perivascular fibrosis pat-
tially by suppressing endothelial-to-mesenchymal transition. J] Am
Heart Assoc 6. https://doi.org/10.1161/JAHA.117.006680

Zhao Y, Zeng H, Liu B, He X, Chen JX (2020) Endothelial pro-
Iyl hydroxylase 2 is necessary for angiotensin II-mediated renal
fibrosis and injury. Am J Physiol Renal Physiol 319:F345-F357.
https://doi.org/10.1152/ajprenal.00032.2020

Zhou LY, Zeng H, Wang S, Chen JX (2018) Regulatory role of
endothelial PHD2 in the hepatic steatosis. Cell Physiol Biochem:
international journal of experimental cellular physiology, bio-
chemistry, and pharmacology 48:1003—1011. https://doi.org/10.
1159/000491968

ZhulJ,ZhaoL, Hu Y, Cui G, Luo A, Bao C, Han Y, Zhou T, Lu
W, Wang J, Black SM, Tang H (2021) Hypoxia-inducible fac-
tor 2-alpha mediated gene sets differentiate pulmonary arterial
hypertension. Front Cell Dev Biol 9:701247. https://doi.org/10.
3389/fcell.2021.701247

Zieseniss A, Hesse AR, Jatho A, Krull S, Holscher M, Vogel
S, Katschinski DM (2015) Cardiomyocyte-specific transgenic
expression of prolyl-4-hydroxylase domain 3 impairs the myo-
cardial response to ischemia. Cell Physiol Biochem: international
journal of experimental cellular physiology, biochemistry, and
pharmacology 36:843-851. https://doi.org/10.1159/000430260
Zimmermann AS, Morrison SD, Hu MS, Li S, Nauta A, Sorkin
M, Meyer NP, Walmsley GG, Maan ZN, Chan DA, Gurtner GC,
Giaccia AJ, Longaker MT (2014) Epidermal or dermal specific
knockout of PHD-2 enhances wound healing and minimizes
ischemic injury. PLoS One 9:€93373. https://doi.org/10.1371/
journal.pone.0093373

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3389/fcvm.2022.974345
https://doi.org/10.1038/s41418-020-0490-7
https://doi.org/10.1073/pnas.2219419120
https://doi.org/10.1172/JCI124099
https://doi.org/10.1016/j.cmet.2020.06.017
https://doi.org/10.1016/j.cmet.2020.06.017
https://doi.org/10.1038/s41573-023-00848-6
https://doi.org/10.1038/s41573-023-00848-6
https://doi.org/10.1371/journal.pone.0115974
https://doi.org/10.1371/journal.pone.0115974
https://doi.org/10.1038/srep20931
https://doi.org/10.1161/JAHA.117.006680
https://doi.org/10.1152/ajprenal.00032.2020
https://doi.org/10.1159/000491968
https://doi.org/10.1159/000491968
https://doi.org/10.3389/fcell.2021.701247
https://doi.org/10.3389/fcell.2021.701247
https://doi.org/10.1159/000430260
https://doi.org/10.1371/journal.pone.0093373
https://doi.org/10.1371/journal.pone.0093373

	PHD1-3 oxygen sensors in vivo—lessons learned from gene deletions
	Abstract
	PHD1-3-mediated regulation of HIF
	Phd1 (Egln2) deletion
	Baseline phenotype
	Cardiovascular system
	Haematopoietic system
	Liver
	Energy metabolism
	Immune system
	Nervous system
	Skeletal muscle
	Gastrointestinal tract
	Skin
	Cancer

	Phd2 (Egln1) deletion
	Baseline phenotype
	Cardiovascular system
	Haematopoietic system
	Kidney
	Liver
	Energy metabolism
	Immune system
	Lung
	Carotid body
	Nervous system
	Skeletal muscle
	Bone
	Gastrointestinal tract
	Skin
	Eye
	Cancer

	Phd3 (Egln3) deletion
	Baseline phenotype
	Cardiovascular system
	Haematopoietic system
	Liver
	Energy metabolism
	Immune system
	Lung
	Nervous system
	Skeletal muscle
	Gastrointestinal tract
	Cancer

	Conclusions
	References


