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Background: Regulation of PHD expression and their function in hypoxia is unknown in nucleus pulposus.
Results: Expression of PHD1–3 is regulated differentially by HIF-1/2. Under hypoxia, PHD2 degrades HIF-1�, whereas PHD3
promotes its activity.
Conclusion: In hypoxic nucleus pulposus, HIFs and PHDs constitute a regulatory network.
Significance: PHD2 and 3 may serve as oxygen sensors in the intervertebral disc.

Adaptive response to hypoxia in nucleus pulposus cells of
the intervertebral disc is regulated by the hypoxia-inducible
factors, HIF-1� and HIF-2�. Moreover, oxygen-dependent
turnover of HIF-1� in these cells is controlled by the prolyl-
4-hydroxylase domain (PHD) family of proteins. Whether
HIF homologues control expression of PHDs and whether
PHDs control hypoxia-inducible factor (HIF) turnover
and/or activity under hypoxia is not known. Here, we show
that in nucleus pulposus cells, hypoxia robustly induces
PHD3 expression and, to a lesser extent, of PHD2 and PHD1.
Reporter analysis shows that the hypoxic induction of the
PHD2 promoter is HIF-1� dependent, whereas PHD3 pro-
moter/enhancer activity is dependent on both HIF-1� and
HIF-2�. Lentiviral delivery of HIF-1�, ShHIF-1�, and
ShHIF-1� confirmed these observations. Noteworthy,
HIF-1� maintains basal expression of PHD1 in hypoxia at the
posttranscriptional level. Finally, loss of function studies
using lentiviral transduction of ShPHDs clearly shows that
even at 1% O2, PHD2 selectively degrades HIF-1�. In con-
trast, in hypoxia, PHD3 enhances HIF-1� transcriptional
activity without affecting protein levels. To correlate these
observations with disc disease, a condition characterized by
tissue vascularization, we analyzed human tissues. Increased
PHD1 mRNA expression but decreased PHD2 and PHD3
expression is observed in degenerate tissues. Interestingly,
the hypoxic responsiveness of all the PHDs is maintained in
isolated nucleus pulposus cells regardless of the disease state.

We propose that PHD2 and PHD3 can be used as a biomarker
of tissue oxygenation in the disc and that, as such, it may have
important clinical implications.

Intervertebral disc disease is a major cause of disability and
has been associated with low back and neck pain (1, 2). The disc
is a complex tissue that permits a range of motions between
adjacent vertebrae and accommodates high biomechanical
forces. The annulus fibrosus and the cartilagenous end plates
enclose a central aggrecan-rich gel-like tissue, the nucleus pul-
posus, that is sparsely populated with cells. These cells are
removed from the systemic circulation. Thus, blood vessels
originating in the vertebral body penetrate the superficial
region of the endplates. None of these vessels infiltrate the
nucleus pulposus. With respect to the annulus, Gruber et al.
(3–5) pointed out that that this tissue is avascular except for
small discrete capillary beds in the dorsal and ventral surfaces.
In no case does the annulus vasculature enter the nucleus pul-
posus. Because the vasculature is limited, it is concluded that
nucleus pulposus cells reside in a hypoxic environment (6).
However, during degeneration, there is vascular ingrowth into
the tissue, altering its oxemic status (7).
To understand how pulposus cells respond to and survive in

the low-oxygen tension of the disc, we have previously exam-
ined the expression of the transcription factors HIF-1 and
HIF-2. �hese molecules are a member of the bHLH-PER-
ARNT-SIM (PAS)2 family of proteins and are composed of a
constitutively expressed� subunit and regulatory� subunit (8).
We have reported previously that HIF-1� and HIF-2� are* This work was supported, in whole or in part, by National Institutes of Health
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expressed in nucleus pulposus cells and play an important role
in regulating energy metabolism and matrix synthesis (9–12).
Recent evidence suggests that HIF-1� and HIF-2� are not
redundant and that the relative importance of each of the
homologues, in response to hypoxia, varies among different cell
types (13). Moreover, the target genes are different. For exam-
ple, HIF-2 regulates expression of a number of unique genes,
including SOD2, catalase, frataxin and cited2, whereas HIF-1
regulates a plethora of genes, including those concerned with
energy generation, vascularization, and survival (14–16). It is
known that HIF-1� and HIF-2� are regulated by prolyl-4-hy-
droxylase domain (PHD) proteins, members of the 2-oxogl-
utarate/Fe2�-dependent dioxygenase superfamily. These
proteins hydroxylate specific prolyl residues in the oxygen-
dependent degradation domain of HIF-� subunits. The
hydroxylated proteins are bound by the ubiquitin ligase von
Hippel-Lindau tumor suppressor protein (pVHL), which tar-
gets them for rapid ubiquitination and 26 S proteasomal degra-
dation (17).
Because the activity of PHDs depends on the tissue oxygen

tension, these molecules serve as oxygen sensors that control
the cellular abundance of HIF-� proteins. Importantly, the
expression of PHD2 and PHD3 is induced by hypoxia in a few
cell types (18, 19), whereas PHD1 expression is shown to be
hypoxia-independent (20–22). We reported recently that
expression of PHD1–3 is higher in cells of the nucleus pulposus
than in cells of the annulus fibrosus and that PHD2 controls
degradation of HIF-1� in an oxygen-dependent manner (23).
However, themechanism of their expression and their function
in the hypoxic niches of the nucleus pulposus is not understood.
One of the major objectives of this study is to determine

whether PHD expression is dependent on oxemic tension and
whether regulation is HIF-1�- and/or HIF-2�-dependent in
cells of the nucleus pulposus.We show that in nucleus pulposus
cells, PHD2 is selectively regulated byHIF-1�, whereas PHD3 is
regulated by both theHIF-1� andHIF-2� at the transcript level.
Noteworthy, unlike other tissues, hypoxic expression of PHD1
is also dependent on HIF-1� activity. Finally, for the first time,
we demonstrate that PHD2 selectively promotes HIF-1� deg-
radation, even under hypoxia. On the other hand, in hypoxia,
PHD3 enhances HIF-1 transcriptional activity. Thus, both
PHD2 andPHD3 form a regulatory feedback loopwithHIF-1 in
nucleus pulposus cells, suggesting that they may serve as the
oxygen sensors in the nucleus pulposus.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—The plasmid HA-HIF-1� with a
double mutation (P402A/P564A) (catalog no. 18955) and the
plasmid siHIF-2� (catalog no. 22131), developed by Dr. Wil-
liamG. Kaelin; human PHD2 reporter (1454/3172) (catalog no.
21404) and HRE-mutated promoter constructs (catalog no.
21405), developed by Dr. Eric Metzen; the plasmid siHIF-1�
(catalog no. 21103), developed by Dr. Connie Cepko; psPAX2
(catalog no. 12260) and pMD2G (catalog no. 12259), developed
by Didier Trono; and the plasmid 3xHRE-Luc (catalog no.
26731), developed by Dr. Navdeep Chandel, were obtained
from theAddgene plasmid repository. The plasmidCA-HIF-2�
with a triple mutation (P405A/P530A/N851A) (11) was pro-

vided by Dr. Celeste Simon, University of Pennsylvania, Phila-
delphia, PA. Human PHD3 reporter plasmids were kind gifts
from Dr. Luis Del Peso, Universidad Autónoma de Madrid,
Spain (19). Lentiviral ShPHD2 and ShPHD3 constructs were
from Dr. Kenneth Thirstrup, H. Lundbeck A/S, Denmark (24).
The lentiviral CA-HIF-1� vector, GFP control vector, and TAT
expression plasmid were provided by Dr. Karen Westerman,
Harvard Medical School. The lentiviral ShHIF-1� construct
and control vector were from Dr. John Basile, University of
Maryland, MD. Lentiviral ShHIF-1� was from Dr. Andree
Yeramian, University of Lleida, Spain. As an internal transfec-
tion control, vector pRL-TK (Promega) containing the Renilla
reniformis luciferase gene was used. HEK293T cells were pro-
vided by Dr. Aviva Symes, and TC28 chondrocytes were from
Dr. Mary Goldring. The amount of transfected plasmid, the
pretransfection period after seeding, and the posttransfection
period before harvesting have been optimized for rat nucleus
pulposus cells using the pSV �-galactosidase plasmid (Pro-
mega) (11).
Isolation of Nucleus Pulposus Cells and Hypoxic Culture—

Rat and human nucleus pulposus cells were isolated using a
method reported earlier by Risbud et al. (9). Nucleus pulposus,
HEK293T, and TC28 cells were maintained in DMEM and 10%
FBS supplemented with antibiotics. Cells were cultured in a
hypoxiaworkstation (In vivo2 300, Ruskinn,UK)with amixture of
1%O2, 5% CO2, and 94%N2 for 8–72 h.
Transfections and Dual Luciferase Assay—Cells were trans-

ferred to 48-well plates at a density of 2� 104 cells/well one day
before transfection. Lipofectamine 2000 (Invitrogen) was used
as a transfection reagent. For each transfection, plasmids were
premixed with the transfection reagent. For measuring the
effect of hypoxia on PHD2 or PHD3 reporter activity 24 h after
transfection, the cells in some wells were moved to the hypoxia
workstation. The next day, the cells were harvested, and a dual
luciferase reporter assay system (Promega) was used for
sequential measurements of firefly and Renilla luciferase activ-
ities. Quantification of luciferase activities and calculation of
relative ratioswere carried out using a luminometer (TD-20/20,
Turner Designs, CA).
Real Time RT-PCRAnalysis—Total RNAwas extracted from

rat nucleus pulposus cells using RNAeasy mini columns (Qia-
gen). Before elution from the column, RNA was treated with
RNase freeDNase I (Qiagen). The purified, DNA-free RNAwas
converted to cDNA using Superscript III reverse transcriptase
(Invitrogen). Reactions were set up in triplicate in a 96-well
plate using 1 �l of cDNA with SYBR Green PCR Master Mix
(Applied Biosystems) to which gene-specific forward and
reverse PCR primers were added (see supplemental Table 1,
synthesized by Integrated DNA Technologies, Inc.). PCR reac-
tions were performed in a StepOnePlus real-time PCR system
(Applied Biosystems) according to the instructions of the man-
ufacturer. �-actin was used to normalize. Melting curves were
analyzed to verify the specificity of the RT-PCR reaction and
the absence of primer dimer formation. Amplification efficien-
cies of the PHD primer sets were determined by generating
individual standard curves and were found to be similar (94–
96% efficient).
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Immunofluorescence Microscopy—Cells were plated in flat-
bottom 96-well plates (5 � 103/well) for 24 h, fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100 in
PBS for 10min, blocked with PBS containing 5% FBS, and incu-
bated with antibodies against PHD1, PHD2, and PHD3 (1:200)
(Novus) at 4 °C overnight. As a negative control, cells were
reacted with isotype IgG under similar conditions. After wash-
ing, the cells were incubated with Alexa Fluor 488-conjugated
appropriate secondary antibody (Invitrogen) at a dilution of
1:50 for 1 h at room temperature. Cells were imaged using a
laser scanning confocal microscope (Olympus Fluoview,
Japan).
Protein Extraction and Western Blotting—Cells were placed

on ice immediately and washed with ice-cold Hanks’ balanced
salt solution. Nuclear and cytosolic proteins were prepared
using the CellLytic NuCLEAR extraction kit (Sigma-Aldrich).
All wash buffers and the final resuspension buffer included 1�
protease inhibitor mixture (Pierce), NaF (5 mM), and Na3VO4
(200 �M). Proteins were resolved on 8–12% SDS-polyacryl-
amide gels and transferred by electroblotting to nitrocellulose
membranes (Bio-Rad). The membranes were blocked with 5%
nonfat dry milk in TBST (50 mM Tris (pH 7.6), 150 mM NaCl,
0.1% Tween 20) and incubated overnight at 4 °C in 3% nonfat
dry milk in TBSTwith the anti-HIF-1� or anti-HIF-2� (1:1000,
R&D Systems), HIF-1� (1:1000, BD Biosciences), anti-PHD1,
or anti-PHD3 antibody (1:1000, Novus); anti-PHD2 (1:1000,
Cell Signaling Technology), anti-�-tubulin (1:3000, Develop-
mental StudiesHybridomaBank), and anti-LaminA/C (1:1000,
Cell Signaling Technology). Immunolabeling was detected
using the ECL reagent (Amersham Biosciences). Relative
expression levels were determined by quantitative densitomet-
ric analysis using one-dimensional image analysis software
(Quantity One, Bio-Rad).
Lentiviral Production and Transduction—HEK 293T cells

were seeded in 10-cm plates (60 � 106 cells/plate) in DMEM
with 10% heat-inactivated FBS one day before transfection.
Cells were transfected with 9 �g of ShHIF-1�, ShPHD2, and
ShPHD3 plasmids, along with 6 �g of psPAX2 and 3 �g of
pMD2G using Lipofectamine 2000. CA-HIF-1� and shHIF-1�
were used following a method reported earlier (25, 26). After
16 h, transfection media were removed and replaced with
DMEM with 5% heat-inactivated FBS and penicillin-strepto-
mycin. Lentiviral particles were harvested at 48 and 60 h post-
transfection.Nucleus pulposus cellswere plated inDMEMwith
5% heat-inactivated FBS one day before transduction. Cells in
10-cm plates were transduced with 5 ml of conditioned media
containing viral particles along with 6 �g/ml polybrene. After
24 h, conditioned media was removed and replaced with
DMEMwith 5% heat-inactivated FBS. Cells were harvested for
protein extraction 5 days after viral transduction. A transduc-
tion efficiency of 80–90%was achieved as determined from the
number of GFP/YFP-positive cells.
Human Tissue Collection and Grading—Lumbar disc tissues

were collected as surgical waste from individuals undergoing
elective spinal surgical procedures. In linewith the Institutional
Review Board guidelines of Thomas Jefferson University,
informed consent for sample collectionwas obtained fromeach

patient. Assessment of the disease state was performed using
Pfirrmann grading (27).
Statistical Analysis—All measurements were performed in

triplicate.Data is presented asmean� S.E.Differences between
groups were analyzed by Student’s t test and oneway analysis of
variance (*, p � 0.05).

RESULTS

Real-time RT-PCR analysis shows that PHD2 is the most
abundant isoform in nucleus pulposus cells (Fig. 1A). To eval-
uate whether the expression of PHD1–3 is regulated by
hypoxia, we measured their expression in the nucleus pulposus
cells under normoxic and hypoxic conditionwith real-timeRT-
PCR andWestern blot analysis. AlthoughmRNA expression of
PHD1 showed an increase only at 72 h of hypoxia, PHD3 and, to
a lesser extent, PHD2 are significantly up-regulated by 24 h (Fig.
1,B–D). Remarkably, the induction of PHD3mRNAexpression
is about 50-fold at 72 h in hypoxia. Western blot analysis and
subsequent densitometric analysis confirmed that protein
expression is influenced by hypoxia. Thus, the protein level of
PHD3 exhibits the most striking hypoxic induction as early as
8 h (Fig. 1, E and H). Although the PHD2 protein level is
induced significantly at 24 h (Fig. 1, E–H), an increase in PHD1
is not evident until 72 h (Fig. 1, E and F).
We next studied the cellular localization of PHDs in nucleus

pulposus cells under normoxia and hypoxia. Immunofluores-
cence studies indicate that PHD1 is mainly localized to the
nucleus, whereas, depending on the pO2, PHD2 and PHD3 are
present in both the nucleus and cytoplasm (Fig. 2A). Next, using
Western blot analysis, we evaluated the expression of PHDs in
cytoplasmic and nuclear fractions of nucleus pulposus cells fol-
lowing 72 h of culture under normoxia or hypoxia. Fig. 2B
shows that, in agreement with a previous report, two splice
variants of PHD1 are present in the nuclear fraction, whereas
only the low molecular weight (40-kDa) variant is detected in
the cytoplasm (27). Noteworthy, only the 40-kDa band evi-
denced hypoxic induction (Fig. 2, B and C). Fig. 2, B and D,
shows that PHD2 is present in the nucleus and cytoplasm. In
hypoxia, there is an increased level of PHD2 in the cytoplasmic
fraction. In contrast, PHD3 levels are higher in the nucleus than
the cytoplasm. The level in both compartments is robustly
induced by hypoxia (Fig. 2, B and E).
We further evaluated the relationship between PHD2 tran-

scription and oxygen tension by measuring the activity of the
PHD2 promoter under normoxic and hypoxic conditions. Also,
to evaluate the role of HIF in oxemic regulation of promoter
activity, a mutation in the hypoxia responsive element (HRE) is
introduced (Fig. 3A). Fig. 3B shows that in nucleus pulposus
cells, wild-type promoter activity is significantly induced under
hypoxic conditions, whereas the HRE mutation completely
abolishes this induction. To evaluate the role of HIF-� homo-
logues in transcriptional regulation, loss and gain of function
studies were performed. When HIF-1� expression was sup-
pressed using siRNA, the hypoxic induction of PHD2 promoter
activity was abolished completely (Fig. 3C). On the other hand,
HIF-2� siRNA has no effect on hypoxic induction of PHD2
promoter activity (Fig. 3D). Similarly, when HIF-1� was
cotransfected, wild-type promoter activity is significantly
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induced, whereas the mutant promoter is unaffected (Fig. 3E).
In contrast, overexpression of HIF-2� does not affect either
wild-type or mutant promoter activities (Fig. 3F).
To study regulation of PHD3 transcription by hypoxia in

nucleus pulposus cells, we measured the activity of the PHD3
promoter and/or enhancer. We used 3.5-kb (P3P3.5) and a

1.5-kb (P3P1.5) promoter fragments of PHD3 that contained
either two or no HRE sites and an enhancer region of PHD3
(P3A-WT) 12 kb upstreamof the transcription site containing a
single HRE (19). A reporter containing both the promoter and
enhancer as well as a reporter with mutant HRE enhancer
(P3A-MT, P3PA-MT) were also used in the analysis (Fig. 4A).

FIGURE 1. Hypoxic regulation of PHD expression in nucleus pulposus (NP) cells. A, real-time RT-PCR analysis of PHD mRNA expression in NP cells after 72 h
of normoxic and hypoxic conditions. Expression of PHD1 and PHD3 is shown relative to PHD2 expression in normoxia or hypoxia, respectively. Note that PHD2
showed the highest relative expression under both normoxia and hypoxia. B, C, and D, real-time RT-PCR analysis of hypoxic change of PHD mRNA expression
in NP cells. B, PHD1 mRNA expression was significantly up-regulated at 72 h under hypoxia. ns, not significant. C, the PHD2 expression level was induced
significantly by 24 h in hypoxia. D, PHD3 was induced robustly by hypoxia at all time points. E, Western blot analysis of PHDs expression in NP cells cultured
under hypoxia. The protein level of all PHDs is induced by hypoxia. PHD3 shows a robust response to hypoxia, whereas the PHD1 response was not as
pronounced. KD, kilodalton. F, G, and H, multiple blots were quantified by densitometric analysis. �-tubulin expression was used as a loading control and to
calculate relative expression level in hypoxia compared with normoxic level. PHD3 showed the most striking hypoxic induction as early as 8 h. The PHD2 protein
level was also significantly increased at 24 h. PHD1 showed induction only at 72 h. Data are represented as mean � S.E. of three independent experiments
performed in triplicate (n � 3). *, p � 0.05.
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Fig. 4B shows that the promoter activity of P3P3.5 with two
putative HREs is induced by hypoxia. There is no change in
activation of the P3P1.5 with no putative HRE. Fig. 4C shows
that the activity of PHD3 enhancer (P3A-WT) is significantly
up-regulated and that this induction is abolished bymutation of
single HRE. Furthermore, when we measured the activity of
PHD3 promoter in combination with a wild-type or a mutant
enhancer (P3PA-WT or P3PA-MT), we found that P3PA-WT
activity is significantly induced by hypoxia. In contrast,
P3PA-MT is not affected by the low pO2 (Fig. 4D).
Next, we evaluated the role of HIF-1� and HIF-2� in the

transcriptional regulation of PHD3 expression by performing
loss and gain-of-function analysis with the wild-type and
mutant PHD3 promoter/enhancer. Fig. 5, A and B, shows that
the hypoxic induction of P3PA-WT reporter activity is signifi-
cantly suppressed by HIF-1� and HIF-2� siRNA in nucleus
pulposus cells. On the other hand, the activity of P3PA-WTwas
significantly induced by cotransfection of bothHIF-1� (Fig. 5C)
andHIF-2� (D) in a dose-dependentmanner. Again, P3PA-MT

is unaffected by both the HIF-� homologues (Fig. 5, C and D).
To determine whether PHD2 and PHD3 regulation by HIF is
cell-type specific, we measured the reporter activities in 293T
cells and T/C28 chondrocytes. Supplemental Fig. S1, A and B
shows that, similar to nucleus pulposus cells, in both cell types,
PHD2 reporter activity is induced by cotransfection of HIF-1�
but not HIF-2�, whereas PHD3 reporter activity is up-regu-
lated by both the HIF-� homologues. Moreover, silencing of
HIF-2� resulted in suppression of PHD3 but not PHD2 pro-
moter activity in 293T cells under hypoxia (Supplemental Fig.
S1, C and D).
To measure the effect of stable overexpression of HIF-1� on

PHD protein levels, we transduced nucleus pulposus cells with
lentivirus expressing CA-HIF-1�. By assessment of GFP-posi-
tive cells, we confirmed that the transduction efficiency is more
than 80% (Fig. 6A). Real-time RT-PCR analysis shows that
mRNA expression of PHD2 and PHD3 but not PHD1 is signif-
icantly induced in the cells transduced by LV-CAHIF-1� com-
pared with LV-GFP (Fig. 6B). As expected, Western blot anal-

FIGURE 2. Cellular localization of PHDs in NP cells under normoxia and hypoxia. A, immunofluorescence analysis of cellular localization of PHDs in NP cells.
PHD1 is localized in the nucleus, whereas PHD2 and PHD3 are present in both the nucleus and cytoplasm. Magnification �20. B, Western blot analysis of cellular
localization of PHDs in NP cells. Two splice variants of PHD1 (44 and 40 kDa) are present in the nuclear fraction, whereas only the 40-kDa variant is detected in
the cytoplasm (27). The 40-kDa band shows hypoxic induction. PHD2 is localized in the nucleus and cytoplasm, and its expression is increased by hypoxia in
cytoplasmic fraction. The PHD3 level is higher in the nucleus than cytoplasm. Expression in both compartments is robustly induced by hypoxia. KD, kilodalton.
C, D, and E, multiple blots were quantified by densitometric analysis. Expression of �-tubulin for cytoplasmic and Lamin A/C for nuclear protein was used as a
loading control and to calculate relative expression levels. C and D, the expression of PHD1 (40 kDa) was induced in both the nuclear and cytoplasmic fraction
by hypoxia. PHD2 only in the cytoplasmic fraction was significantly induced by hypoxia. E, PHD3 expression was robustly increased in both nucleus and
cytoplasm under hypoxia. Data is represented as mean � S.E. of three independent experiments performed in triplicate (n � 3). *, p � 0.05. ns, not significant.
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ysis confirms that there is an increased level of HIF-1� protein
expression in the transduced cells (Fig. 6C). Moreover, we
found that although the HIF-1�-transduced cells show
increased PHD2 and PHD3 expression, no change in PHD1
expression in normoxia is seen. Densitometry analysis con-
firmed that the increase in PHD2 and PHD3 level but not PHD1
is correlated with the accumulation of HIF-1� (Fig. 6D). We
next stably suppressed the activity of HIF-1� or HIF-1� by
transducing nucleus pulposus cells with a lentivirus expressing
HIF-1� orHIF-1� shRNA. Because functionalHIF-1 andHIF-2
proteins require heterodimerization of the HIF-1�/2� and
HIF-1� subunits, lack of a � inhibits both HIF-1 and HIF-2
transcriptional activity. Fig. 7A shows that we achieved high
transduction efficiency of lentiviral sh-HIF-1� in nucleus pul-
posus cells. Real-time RT-PCR analysis confirmed that mRNA
expression of HIF-1� is robustly suppressed in the cells trans-
duced by Sh-HIF-1� compared with Sh-control (Fig. 7B). HIF-
1�-suppressed cells evidence a significant decrease in PHD2
and PHD3 mRNA expression but no change in PHD1 expres-
sion (Fig. 7B). Interestingly, Western blot analysis shows that
hypoxic suppression of HIF-1� results in decreased PHD iso-

form protein levels, including PHD1, in nucleus pulposus cells
(Fig. 7, C and D). In the same study, we also silenced HIF-1�
with high transduction efficiency (Fig. 7E). Western blot anal-
ysis confirms that hypoxic suppression of HIF-1� results in
decreased levels of PHD1, PHD2, and PHD3 (Fig. 7F).

To confirm the role of PHDs inHIF-1� andHIF-2� turnover
and activity in nucleus pulposus cells, we transduced cells with
lentivirus expressing ShPHD2 and ShPHD3 under both nor-
moxia and hypoxia. Assessment of GFP-positive cells con-
firmed that there is high transduction efficiency (Fig. 8A). Real-
time RT-PCR analysis indicates that shRNA selectively
suppresses the expression of either PHD2 or PHD3 without
affecting the expression of the other PHD isoforms (Fig. 8B).
Western blot analysis confirmed that shRNAs suppress PHD2
and PHD3 protein expression (Fig. 8, C and D). Noteworthy,
silencing of PHD2 but not PHD3 results in increased accumu-
lation of HIF-1� even under hypoxic conditions, whereas
HIF-2� is unaffected by either PHD2 or PHD3 suppression,
regardless of the oxemic state (Fig. 8, C and D). Densitometric
analysis ofmultiple blots confirms that accumulation ofHIF-1�
is significantly correlated with silencing of only PHD2 in

FIGURE 3. The role of hypoxia and HIF-1� and HIF-2� in controlling PHD2 promoter activity in NP cells. A, schematic of PHD2 reporters used for
transfections (P2P-WT and P2P-MT). HRE site “CGTGCA” is muted to “ATAATA” in P2P-MT. B, although P2P-WT shows hypoxic induction in activity, the HRE
mutation abolishes hypoxic induction in activity (P2P-MT). C and D, hypoxic induction of PHD2 promoter activity was suppressed by siRNA silencing of HIF-1�
(C) but not HIF-2� (D). Co, Si-control. E, overexpression of HIF-1� induced PHD2 promoter activity (P2P-WT) in a dose-dependent fashion, P2P-MT activity was
not affected. F, overexpression of HIF-2� did not increase the activity both P2P-WT and P2P-MT. Data represent mean � S.E. of three independent experiments
performed in triplicate (n � 3). *, p � 0.05. ns, not significant.
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hypoxia as well as normoxia, whereas the accumulationHIF-2�
is unaffected by silencing of both PHD2 and PHD3 (Fig. 8E). To
assess the role of PHD3 in controlling HIF-1� transcriptional
activity, we measured the activity of a well characterized HIF-1
responsive HRE-luc reporter in PHD silenced cells. Fig. 8F
shows that in hypoxia, silencing of PHD3 results in a significant
decrease in HRE-luc reporter activity, whereas in normoxia,
silencing has little effect on reporter activity. As expected,
PHD2 silencing increased HRE-luc activity (not shown).
We next evaluated the expression of PHDs in human disc

tissues with different stages of degeneration. Assessment of the
disease state was performed using Pfirrmann grading (28).
Grade 5 (G5) is the most severe stage. Real-time RT-PCR anal-
ysis shows that there is a trend toward increasedmRNAexpres-
sion of PHD1 in degenerate tissues when compared with nor-
mal tissues (G1), whereas mRNA expression of PHD2 and
PHD3 exhibits the opposite tendency (Fig. 9, B and C). As
expected with human discal tissues, there was sample-to-sam-
ple variability within the same degenerative grade (29). To
determine whether the hypoxic responsiveness of PHDs is
altered in human cells during degeneration, we cultured
nucleus pulposus cells from tissues of different grades of degen-

eration and evaluated the PHD expression following 72 h in
hypoxia. Western blot analysis shows that hypoxic responsive-
ness of PHD1, PHD2, and PHD3 ismaintained regardless of the
severity of disc degeneration (Fig. 9D).

DISCUSSION

The mechanism by which cells adapt to the local oxemic
environment is incompletely understood. In the case of the
intervertebral disc, the nucleus pulposus cells maintain their
biosynthetic activities by constitutive expression ofHIF-1� and
HIF-2� (10–12). It is understood that HIF activity is dependent
on the activity of the PHD1–3 which, in most other tissues,
promotes HIF-� turnover and degradation. Interestingly, we
noted that degradation ofHIF-2�was notmediated by the clas-
sical O2-dependent PHD pathway. It was also evident that,
although PHD2 can mediate limited HIF-1� turnover in
nucleus pulposus cells, it is primarily controlled by O2 inde-
pendent proteasomal and lysosomal pathways (23). Thus, the
absence of clear-cut regulatory function calls into question the
role of the PHDs as HIF regulatory proteins. Here we show for
the first time that PHD2 is selectively regulated by HIF-1�,
whereas PHD3expression is regulated by bothHIF-1 andHIF-2

FIGURE 4. The effect of hypoxia on the promoter and/or enhancer activity of PHD3 in NP cells. A, schematic of PHD3 reporters used for transfections. B,
hypoxia significantly induced the activity of the 3.5-kb promoter with two putative HRE sites (P3P3.5), whereas the activity of the 1.5-kb promoter lacking HRE
sites was not affected by hypoxia (P3P1.5). C, the enhancer activity was significantly increased by hypoxia (P3A-WT), whereas the mutation of HRE abolished this
induction (P3A-MT). D, the activity of the 3.5-kb promoter with wild-type enhancer A was significantly increased by hypoxia (P3PA-WT), whereas the induction
was suppressed by mutagenesis of HRE in enhancer A (P3PA-MT). Data are represented as mean � S.E. of three independent experiments performed in
triplicate (n � 3). *, p � 0.05. ns, not significant.
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at the transcript level. Interestingly, unlike other cells, basal
PHD1 expressionwasHIF-1 sensitive at the posttranscriptional
level. On the basis of these findings, we put forward the hypoth-
esis that PHDs and HIF form a self-regulating loop so that a fall
in pO2 would be expected to increase HIF-1� activity which, in
turn, would increase PHD2 expression.When there is a shift in
O2 levels, PHD2 can hydroxylate HIF-1� and promote partial
degradation of this transcription factor, thereby down-regulat-
ing its own expression. These results also suggest that activities
of PHD2may serve functions other than that of regulating HIF
transcription.
We noted that hypoxia robustly promotes induction of

PHD3 expression and, to a lesser extent, the expression of
PHD2 and PHD1. Moreover, the effect of hypoxia influences
cellular localization of members of the PHD family. For exam-
ple, PHD1 appears to be evenly divided between the nucleus
and cytoplasm in normoxia and hypoxia. If the sole function of
this protein was to hydroxylate HIF, a change in distribution
and expression would have been expected. In contrast, hypoxia
causes a redistribution of PHD2 from the nucleus and the cyto-
plasmic compartments of the nucleus pulposus cells. In this
case, hypoxia promoted a significant increase in this PHD iso-
form in the cytoplasmic compartment of the cell. The most
dramatic change was evidenced by PHD3, which was exqui-
sitely sensitive to hypoxia. However, in hypoxia, both nuclear
and cytoplasmic expression was robustly elevated. The variable
nature of PHDs was further highlighted by studies that exam-
ined the role of these isoforms on the regulation of HIF-�. We
found that PHD3 does not regulate HIF-� degradation,
whereas PHD2 can degrade only HIF-1�. This raises the ques-
tion concerning their physiological function in the nucleus pul-

posus. The literature suggests that PHD1may serve to regulate
cyclinD1 levels and play a role in proliferation (30, 31). Other
studies show that it stabilizes ATF4 and suppresses its tran-
scriptional activity independent of hydroxylation (32). Interest-
ingly, PHD3 promotes ATF4 degradation and also regulates
PAX2 and IKK-� stability, an important mediator of NF-�B
signaling (33–35). Two recent observations are relevant to the
intervertebral niche. Anderson et al. (36) showed that PHDs
mediate hydroxylation and degradation of Spry2, a modulator
of receptor tyrosine kinases that, in this case, may control
growth factor signaling. In another study, Walmsley et al. (37)
noted that PHD3 regulated neutrophil survival by modulating
antiapoptotic molecules in hypoxia. It is, therefore, not unrea-
sonable to assume that in the niche of the nucleus pulposus in
addition to modulating HIF-1� activity, PHDs may contribute
to several other physiological functions both dependent and
independent of their hydroxylation activity. Experiments are in
progress to test this premise.

FIGURE 5. The role of HIF-1� and HIF-2� in regulating PHD3 promoter
activity in NP cells. A and B, hypoxic induction of PHD3 promoter/enhancer
activity (P3PA-WT) was suppressed by SiRNA-mediated silencing both HIF-1�
(A) and HIF-2� (B). Co, Si-control. C, cotransfection of HIF-1� significantly
induced the activity of PHD3 reporter (P3PA-WT) in a dose-dependent fash-
ion. The activity of the HRE mutant PHD3 reporter (P3PA-MT) was unaffected.
D, overexpression of HIF-2� significantly increased the activity of PHD3
reporter (P3PA-WT) in a dose-dependent manner, the activity of the HRE
mutant PHD3 reporter (P3PA-MT) did not change. Data represent mean � S.E.
of three independent experiments performed in triplicate (n � 3). *, p � 0.05.
ns, not significant.

FIGURE 6. Role of HIF-1� in controlling PHD expression. A, immunofluores-
cence analysis of GFP in NP cells transduced with control lentivirus expressing
GFP (LV-GFP) shows high transduction efficiency. Magnification �20. B, real-
time RT-PCR analysis of PHD expression in NP cells transduced with LV-GFP or
LV-CA-HIF-1�. Note that the significant induction of PHD2 and PHD3 was
seen in the cells transduced by LV-CAHIF-1�, whereas PHD1 expression was
not affected. HPRT, hypoxanthine phosphoribosyl transferase. C, Western
blot analysis of cells transduced with LV-GFP or LV-CAHIF-1�. HIF-1� was
accumulated in LV-CAHIF-1�-transduced cells compared with controls (LV-
GFP). Note that the induction of PHD2 and PHD3 was seen in the cells trans-
duced by LV-CAHIF-1�, whereas PHD1 expression was not affected. D, densi-
tometric analysis of multiple blots from the experiment described in C above.
As expected, relative HIF-1� level in LV-CAHIF-1� group was higher com-
pared with LV-GFP. Expression of PHD2 and PHD3 was significantly increased
by LV-CAHIF-1�. PHD1 expression remained unchanged. Data are repre-
sented as mean � S.E. of three independent experiments performed in trip-
licate (n � 3). *, p � 0.05. ns, not significant.

Regulation of HIF-Prolyl Hydroxylases in Nucleus Pulposus

16982 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 20 • MAY 11, 2012



Both PHD2 and PHD3were sensitive to hypoxia, with PHD3
exhibiting the highest level of induction. To elucidate the
mechanism of expression, we analyzed the regulation of PHD2
and PHD3 promoter/enhancer activities in hypoxia. Our find-
ings clearly show that in nucleus pulposus cells, PHD2 and
PHD3 are regulated positively by hypoxia at the transcriptional

level. Unlike HeLa cells, where the activity of the 3.5-kb PHD3
promoter is shown to be hypoxia-insensitive, in nucleus pulpo-
sus cells there is a small but significant increase in promoter
activity, with enhancer displaying the higher sensitivity, sug-
gesting that hypoxic regulation of the PHD3 promoter/en-
hancer is cell type-specific (19). Noteworthy, in nucleus pulpo-

FIGURE 7. Role of HIF-1� in controlling PHD expression. A, immunofluorescence analysis of NP cells transduced with lentivirus coexpressing Sh-HIF-1�
(LV-Sh-HIF-1�) with YFP shows high transduction efficiency. Magnification �20. B, real-time RT-PCR analysis of HIF-1� and PHD expression in nucleus pulposus
cells transduced with LV-Sh-control or LV-Sh-HIF-1� under hypoxia. Note that the significant reduction of HIF-1� was seen in the cells transduced by LV-Sh-
HIF-1�. HIF-1�-suppressed cells evidenced significantly decreased mRNA expression of PHD2 and PHD3 but not of PHD1. C, Western blot analysis of cells
transduced with LV-Sh-control or LV-Sh-HIF-1� under hypoxia. The HIF-1� level was suppressed by LV-Sh-HIF-1� compared with cells transduced with control
lentivirus (LV-Sh-control). Note that the reduction of all PHDs was seen in the cells transduced by LV-Sh-HIF-1�. KD, kilodalton. D, densitometric analysis of
multiple blots from the experiment described in C above. Protein expression of all PHDs is decreased significantly, correlating with suppression of HIF-1�. E,
immunofluorescence analysis of NP cells transduced with lentivirus coexpressing GFP with Sh-HIF-1� shows high transduction efficiency. Magnification �20.
F, Western blot analysis of cells transduced with LV-Sh-control or LV-Sh-HIF-1�. HIF-1� was suppressed by LV-Sh-HIF-1� compared with cells transduced with
control lentivirus (LV-Sh-control). Note that the reduction of all PHDs was seen in the cells transduced by LV-Sh-HIF-1�. Data are represented as mean � S.E. of
three independent experiments performed in triplicate (n � 3). *, p � 0.05. ns, not significant.
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sus cells, PHD2 was responsive only to HIF-1�, whereas PHD3
was responsive to both HIF-1� and HIF-2�. These results may
explain the differences in hypoxic responsiveness between
PHD2 and PHD3.
Differences in hypoxic sensitivity between PHD1 and other

PHD isoforms in nucleus pulposus were evident from the
expression data. PHD1 expression evidenced hypoxic induc-
tion only after a prolonged culture period. This finding is
unique as PHD1 is not reported to be a hypoxia sensitive gene in
other cell types and regulation of its expression remains unclear

(20–22). Our gain of function studies clearly indicated that
although HIF-1� controlled the hypoxic induction of both
PHD2 and PHD3 at the transcript level, it failed to increase
PHD1 expression at both the mRNA and protein level. This
result suggests that hypoxic induction of PHD1 may involve
factors other than HIF-1�. Moreover, a lack of change in
mRNA expression following HIF-1� silencing, a decrease in
PHD1 protein level in both HIF-1�- and HIF-1�-silenced
cells indicates that the regulation is at the posttranscrip-
tional level. Importantly, these functional studies suggest

FIGURE 8. Effect of PHD2 and PHD3 silencing on the stability of HIF-1� and HIF-2� in NP cells under normoxia and hypoxia. A, immunofluorescence
analysis of NP cells transduced with lentivirus coexpressing GFP and ShRNA of either PHD2 (LV-Sh-PHD2) or PHD3 (LV-Sh-PHD3) shows good transduction
efficiency. Magnification �20. B, real-time RT-PCR analysis of cells transduced with LV-Sh-PHD2/3. The mRNA expression of PHD2 or PHD3 was suppressed
robustly by respective ShRNAs compared with cells transduced with control lentivirus (LV-Sh-control) under both normoxic and hypoxic conditions. C and D,
Western blot analysis of cells transduced with LV-Sh-PHD2/3. The expression of PHD2 or PHD3 was suppressed by respective ShRNAs compared with cells
transduced with control lentivirus (LV-Sh-control). Note that accumulation of HIF-1� was seen in PHD2- but not PHD3-silenced cells under both normoxia (C)
and hypoxia (D). KD, kilodalton. Accumulation of HIF-2� was not affected by silencing of either PHD2 or PHD3. E, densitometric analysis of multiple blots from
experiment described in C and D above. Note that Relative HIF-1� level compared with LV-Sh-control was significantly increased with LV-Sh-PHD2 but not
LV-Sh-PHD3 irrespective oxemic tension. Relative HIF-2� level was not affected by either LV-Sh-PHD2 and LV-Sh-PHD3. F, role of PHD3 on maintenance of HIF-1
transcriptional activity. NP cells were transfected with the HRE-luc reporter along with the Sh-PHD3 construct, and activity was measured under normoxic or
hypoxic conditions. Note that hypoxic induction in HRE activity is significantly blocked by silencing of PHD3 expression. Data are represented as mean � S.E.
of three independent experiments performed in triplicate (n � 3). *, p � 0.05. ns, not significant.

Regulation of HIF-Prolyl Hydroxylases in Nucleus Pulposus

16984 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 20 • MAY 11, 2012



that HIF-1� is concerned with maintenance of basal PHD1
protein levels.
The observation that in nucleus pulposus cells, even under

hypoxic conditions (1%O2), PHD2 selectivelymediates HIF-1�
turnover clearly indicates preservation of PHD2 enzymatic
activity. This finding is in marked contrast with the previous
reports demonstrating HIF-1� stabilization at low oxygen ten-
sions because of the inhibition of PHD enzymatic activity (38).
Moreover, this observation highlights the unique physiology of
the nucleus pulposus cells and suggests very low cellular utili-
zation of O2, an adaptive response to their hypoxic niche (39).
Noteworthy, the finding that in hypoxia, PHD3 promotes
HIF-1� transcriptional activity is in line with a recent report
that describes a crucial role of the PKM2�PHD3 complex in
enhancing HIF-1� interaction with p300, an important tran-
scriptional coactivator (40). Taken together, these observations
clearly indicate the existence of a regulatory feedback loop
between PHD2, PHD3, andHIF-1� in the hypoxic nucleus pul-
posus cells. This scenario is distinct from the articular cartilage,
a tissue functionally similar to the nucleus pulposus, where
PHD2 also regulates HIF-2� degradation (41). These results
highlight the unique nature and control of theHIF-PHD system
in nucleus pulposus cells. From this perspective, in nucleus pul-
posus cells, the regulatory system is tissue-specific and more
complex than has hitherto been considered.Moreover, analysis
of human tissues and cultured cells showed that hypoxic
response of all the PHD isoforms ismaintained regardless of the
disease state. On the basis of all these findings and cognizant of
the fact that there is an increase in tissue vascularization and
oxygenation during disc degeneration, we forward the notion
that PHD2 and PHD3 can be used as biomarkers for tissue

oxygenation in the degenerate disc. We are currently examin-
ing the clinical implications of these findings.
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