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Background: The regulation of PHD expression and function under inflammatory conditions in the nucleus pulposus is
unknown.
Results: Expression of PHD3 is regulated by TNF-� and IL-1�. PHD3 controls TNF-� activity by modulating NF-�B signaling.
Conclusion: PHD3 promotes the catabolic effects of TNF-� on nucleus pulposus cells.
Significance: PHD3 may play an important role in pathogenesis of disc disease.

Recent studies suggest a differential role of prolyl hydroxylase
(PHD) isoforms in controlling hypoxia-inducible factor (HIF)-�
degradation and activity in nucleus pulposus (NP) cells. How-
ever, the regulation and function of PHDs under inflammatory
conditions that characterize disc disease are not yet known.
Here, we show that in NP cells, TNF-� and IL-1� induce PHD3
expression through NF-�B. Lentiviral delivery of Sh-p65 and
Sh-IKK� confirms that cytokine-mediated PHD3 expression is
NF-�B-dependent. It is noteworthy that although both cyto-
kines induce HIF activity, mechanistic studies using Sh-HIF-1�
and PHD3 promoter/enhancer constructs harboring well char-
acterized hypoxia response element (HRE) show lack of HIF
involvement in cytokine-mediated PHD3 expression. Loss-of-
function studies clearly indicate that PHD3 serves as a co-acti-
vator of NF-�B signaling activity in NP cells; PHD3 interacts
with, and co-localizes with, p65. We observed that when PHD3
is silenced, there is a significant decrease in TNF-�-induced
expression of catabolicmarkers that includeADAMTS5, synde-
can4, MMP13, and COX2, and at the same time, there is resto-
ration of aggrecan and collagen type II expression. It is notewor-
thy that hydroxylase function of PHDs is not required for
mediating cytokine-dependent gene expression. These findings
show that by enhancing the activity of inflammatory cytokines,
PHD3 may serve a critical role in degenerative disc disease.

The intervertebral disc is a complex tissue that permits a
range of motions between adjacent vertebrae and accommo-

dates high biomechanical forces. The blood vessels originating
in the vertebral body penetrate the superficial region of the
endplates; none of these vessels infiltrate the central aggrecan-
rich gel-like tissue, the nucleus pulposus. With respect to the
annulus, this tissue is avascular except for small discrete capil-
lary beds in the dorsal and ventral surfaces; in no case does the
annulus vasculature enter the nucleus pulposus (1–4). Thus,
the nucleus pulposus is completely devoid of any vasculature
and is hypoxic.
We have previously shown that prolyl-4-hydroxylases

(PHDs)2 1, 2, and 3, members of the 2-oxoglutarate/Fe2�-de-
pendent dioxygenase superfamily, are expressed in the hypoxic
nucleus pulposus (5, 6). These enzymes hydroxylate specific
prolyl residues in the oxygen-dependent degradation domain of
hypoxia-inducible factor (HIF)-� subunits and target the pro-
tein for proteasomal degradation. In the nucleus pulposus,
expression of all three PHD isoforms is regulated by hypoxia in
either HIF-1-dependent or HIF-2-dependent fashion (5). We
have shown that only PHD2 partially controls the oxygen-de-
pendent degradation of HIF-1� (5, 6). In contrast, although
PHD3 plays no role in either HIF-1� or HIF-2� degradation, it
controls HIF-1� transcriptional activity in hypoxia (6). Recent
studies suggest that there is increased HIF expression during
osteoarthritis, a degenerative condition similar to the one that
afflicts the intervertebral disc (7, 8). Under degenerative condi-
tions, it is not known whether expression of PHDs is under the
control of HIF or other signaling pathways.
The degenerate disc is characterized by elevated levels of

pro-inflammatory cytokines including TNF-�, IL-1�, IL-6, and
IL-8 as well as down-regulation of the important matrix mole-
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cules aggrecan and collagen type II (9–12). TNF-� and IL-1�
stimulate production of NGF, BDNF, and VEGF, molecules
associated with nerve ingrowth and angiogenesis by nucleus
pulposus cells (13). Recent work has shown that both TNF-�
and IL-1� promote NF-�B signaling in the nucleus pulposus
and control expression of syndecan4, a heparan sulfate pro-
teoglycan involved in ADAMTS5/aggrecanase-2 activation
(14).
The major objective of the study was to determine whether

expression of PHDs is regulated by TNF-� and IL-1� in cells of
the nucleus pulposus. We show for the first time that TNF-�
and IL-1� robustly increased PHD3 expression in an NF-�B-
dependent fashion.Our findings indicate that by positively con-
trolling NF-�B signaling activity, PHD3 promotes the catabolic
effects of the inflammatory cytokines on nucleus pulposus cells.
The result suggests that PHD3 may play an important role in
pathogenesis of disc disease and may offer a therapeutic target
to treat this debilitating and painful degenerative condition.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—psPAX2 (catalogue number 12260)
and pMD2G (catalogue number 12259) developed by Dr.
Didier Trono and HRE-Luc (catalogue number 26731) were
obtained from Addgene. Lentiviral Sh-PHD3 constructs were
fromDr. Kenneth Thirstrup, Denmark (15). Plasmids were kind-
ly provided by Dr. Andree Yeramian, University of Lleida,
Spain (lentiviral Sh-HIF-1�, Sh-p65, and Sh-IKK�) (16),
Mark B. Taubman, University of Rochester (NF-�B-respon-
sive luciferase reporter) (17), Dr. Nianli Sang, Philadelphia,
PA (pcDNA3.1-PHD3), and Dr. Luis Del Peso, Madrid, Spain
(human PHD3 reporter plasmids) (18). As an internal trans-
fection control, vector pRL-TK (Promega) containing
Renilla reniformis luciferase gene was used. The amount of
transfected plasmid, the pre-transfection period after seed-
ing, and the post-transfection period before harvesting have
been optimized for rat nucleus pulposus cells using pSV

FIGURE 1. Cytokine-mediated regulation of PHD expression in NP cells. A–C, real time RT-PCR analysis of PHD1–3 expression in rat NP cells treated with
TNF-� and IL-1� up to 24 h. A, there was no significant change in PHD1 mRNA expression by both TNF-� and IL-1�. B, PHD2 expression level was significantly
induced by 8 h when treated with both cytokines. C, PHD3 was robustly induced by both cytokines at all time points. D and E, Western blot analysis of PHDs
expression in NP cells treated with TNF-� (D) and IL-1� (E) for 24 h. PHD1 expression level is not changed. The expression level of PHD2 and PHD3 is induced by
both cytokines. The induction of PHD3 protein level at 24 h is striking. NTC, nontreated control. F, densitometric analysis of multiple blots from the experiment
described in D and E above shows a significant induction in PHD3 protein levels by both TNF-� and IL-1� treatment. Values shown are mean � S.E. of three
independent experiments; *, p � 0.05; ns, not significant.
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�-galactosidase plasmid (Promega) (19). p65 null and wild type
mouse embryonic fibroblasts (MEFs) were a kind gift from Dr.
Denis Guttridge, University of Ohio, Columbus, OH.
Isolation of Nucleus Pulposus Cells, Treatments, and Hypoxic

Culture—Rat and human nucleus pulposus cells were isolated
and characterized as reported earlier (5, 6, 19). Cells weremain-
tained in Dulbecco’s modified Eagle’s medium (DMEM) and
10% fetal bovine serum (FBS) supplemented with antibiotics.
To investigate the effect of cytokines, cells were treated with
IL-1� (10 ng/ml) and TNF-� (25–50 ng/ml) for 4–24 h. Cells

were cultured in a Hypoxia workstation (Invivo2 300, Ruskinn,
UK) with a mixture of 1% O2, 5% CO2, and 94% N2 for 8–72 h.
Human Tissue Collection and Grading—Disc tissues were

collected as surgical waste from individuals undergoing elective
spinal surgical procedures. In line with the Thomas Jefferson
University Institutional Review Board guidelines, informed
consent for sample collection was obtained from each patient.
Assessment of the disease state was performed using Pfirrmann
grading (20). Nucleus pulposus cells were isolated as reported
earlier (5, 19).

FIGURE 2. Effect of NF-�B inhibition on cytokine-mediated induction of PHD3 expression. A and B, real time RT-PCR analysis of PHD3 mRNA expression
following TNF-� (A) and IL-1� (B) treatment for 24 h of rat NP cells with or without NF-�B signaling inhibitor SM7368. Inhibitor treatment blocked the
cytokine-mediated induction of PHD3 mRNA expression. C and D, Western blot analysis shows that TNF-�- (C) and IL-1�- (D) mediated induction of PHD3
protein expression is dramatically changed following treatment with SM7368. NTC, nontreated control. E and F, densitometric analysis of multiple blots from
the experiment described in C and D above shows significant suppression in TNF-�- (E) and IL-1�-dependent (F) induction of PHD3 protein levels by the NF-�B
inhibitor. G, real time RT-PCR analysis shows that PHD3 mRNA expression is significantly lower in p65�/� than p65�/� MEFs. H, Western blot analysis shows that
protein expression level of PHD3 is significantly lower in p65�/� when compared with p65�/� MEFs. Data are represented as mean � S.E. of three independent
experiments performed in triplicate (n � 3); *, p � 0.05.
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Transfections and Dual-Luciferase Assay—Cells were trans-
ferred to 48-well plates at a density of 2 � 104 cells/well 1 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 TNF-� and IL-1� treatment or hypoxia on HRE-Luc
and PHD3 reporter activity, 24 h after transfection, the cells in
some wells were treated with TNF-� (25–50 ng/ml) and IL-1�
(5–10 ng/ml) or moved to the Hypoxia workstation. The next
day, the cells were harvested, and aDual-LuciferaseTM reporter
assay system (Promega) was used for sequential measurements
of firefly and Renilla luciferase activities. Quantification of
luciferase activities and calculation of relative ratios were car-
ried out using a luminometer (TD-20/20, Turner Designs).
Real Time RT-PCRAnalysis—Total RNAwas extracted from

nucleus pulposus cells using RNeasy mini columns (Qiagen).
Before elution from the column, RNA was treated with RNase-
free DNase I (Qiagen). The purified, DNA-free RNA was con-
verted to cDNA using SuperScript III reverse transcriptase
(Invitrogen). Reactions were set up in triplicate in 96-well plate
using 1�l of cDNAwith SYBRGreen PCRmastermix (Applied
Biosystems) to which gene-specific forward and reverse PCR
primers were added (see supplemental Table 1, synthesized by
Integrated DNA Technologies, Inc.). PCR reactions were per-

formed in a StepOnePlus real time PCR system (Applied Bio-
systems) according to the manufacturer’s instructions. Tran-
script levels were normalized using �-actin. Melting curves
were analyzed to verify the specificity of the RT-PCR reaction
and the absence of primer dimer formation.
Protein Extraction, Immunoprecipitation, and Western

Blotting—Cells were placed on ice immediately and washed
with ice-coldHanks’ balanced salt solution. All thewash buffers
and final resuspension buffer included 1� protease inhibitor
mixture (Roche Diagnostics), NaF (5 mM), and Na3VO4 (200
�M). Nuclear and cytosolic proteins were prepared using the
CelLytic NuCLEAR extraction kit (Sigma-Aldrich). Immuno-
precipitation was performed using a commercially available kit
(TrueBlot�, eBioscience). Proteins were resolved on 8–12%
SDS-polyacrylamide gels and transferred by electroblotting to
PVDF 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 TBST with the anti-HIF-1� (1:1000, R&D
Systems), anti-p65, or anti-IKK� or anti-Cox2 (1:1000, Cell Sig-
naling Technology), anti-PHD1 or anti-PHD3 antibody
(1:1000, Novus), anti-PHD2 (1:1000, Cell Signaling Technol-
ogy), anti-SDC4 (1:200, Abcam), and anti-�-tubulin (1:3000,
Developmental Studies Hybridoma Bank). Immunolabeling
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was detected using the ECL reagent (Amersham Biosciences).
Relative expression levelswere determined by quantitative den-
sitometric analysis using one-dimensional image analysis soft-
ware (Quantity One, Bio-Rad).
Immunofluorescence Microscopy—Cells were plated in flat

bottom96-well plates (5� 103/well) and treatedwithTNF-� or
IL-1� for 1–24 h. After incubation, cells were 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 PHD3 (1:200) and p65 (1:200) at
4 °C overnight. As a negative control, cells were reacted with
isotype IgG under similar conditions. After washing, the cells
were incubated with Alexa Fluor 488-conjugated anti-rabbit
and Alexa Fluor 647-conjugated anti-mouse secondary anti-
bodies (Invitrogen), at a dilution of 1:100 for 1 h at room tem-
perature. Cells were imaged using a laser scanning confocal
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microscope using 20�/0.4 LCPlanFl objective (Olympus
FluoView).
Lentiviral Production and Transduction—HEK 293T cells

were seeded in 10-cm plates (60 � 106 cells/plate) in DMEM
with 10% heat-inactivated FBS 1 day before transfection. Cells
were transfected with 9 �g of Sh-HIF-1�, Sh-p65, Sh-IKK�,
and Sh-PHD3 plasmids along with 6 �g of psPAX2 and 3 �g of
pMD2G using Lipofectamine 2000. After 16 h, transfection
media were removed and replaced with DMEM with 5% heat-
inactivated FBS and penicillin-streptomycin. Lentiviral parti-
cles were harvested at 48 and 60 h after transfection. Nucleus
pulposus cells were plated in DMEM with 5% heat-inactivated
FBS 1 day before transduction. Cells in 10-cm plates were trans-
duced with 5 ml of conditioned media containing viral particles
alongwith 6�g/mlPolybrene.After 24h, conditionedmediawere
removed and replacedwithDMEMwith 5%heat-inactivated FBS.
Cells were harvested for protein extraction 5 days after viral trans-
duction. Transduction efficiency between 80–90% was achieved
as determined from the number of GFP/YFP-positive cells.
Statistical Analysis—All measurements were performed in

triplicate, and data are presented as mean � S.E. Differences
between groups were analyzed by the Student’s t test and one-
way analysis of variance; *, p � 0.05.

RESULTS

To investigate whether inflammatory cytokines concerned
with disc degeneration regulated PHD1–3 expression, rat
nucleus pulposus cells were treated with TNF-� and IL-1�, and
PHD expression was analyzed. Although mRNA expression of
PHD1 is unaffected by this treatment (Fig. 1A), PHD3 and to a
lesser extent PHD2 is significantly up-regulated (Fig. 1, B and
C). PHD3 mRNA expression is induced �10–40-fold by the
cytokines; induction is seen as early as 4 h, and levels remain
elevated 24 h after treatment. In the case of IL-1�, at 24 h, a
decline in PHD3 level is seenwhen comparedwith 4 h.Western
blot and densitometric analysis show that PHD3 protein levels
are strikingly increased as a result of cytokine treatment with
24-h time point exhibiting the highest induction (Fig. 1, D–F).
To investigate the role of NF-�B in the regulation of PHD3
expression, we performed loss-of-function studies. When cells
are treated with the NF-�B signaling inhibitor SM7368, at 24 h,
both TNF-�-mediated and IL-1�-mediated induction in PHD3
mRNAexpression is blocked (Fig. 2,A andB).Western blot and
densitometric analysis confirmed that inhibitor treatment sig-
nificantly suppresses cytokine-dependent induction of PHD3
protein expression (Fig. 2, C–F). To further clarify the role of
NF-�B in PHD3 regulation and to determine whether this
mechanism is cell type-specific, we measured the base-line
expression of PHD3 in RelA/p65 null and wild type MEFs.
When compared with the wild type, basal expression of PHD3
is significantly lower in p65 null cells (Fig. 2G). Western blot
analysis confirmed that PHD3 protein expression is much
lower than the wild type cells (Fig. 2H).
To further investigate the role of NF-�B signaling, we trans-

duced human nucleus pulposus cells with lentivirus co-ex-
pressing YFP and p65 shRNA or IKK� shRNA or scrambled
shRNA. Infection efficiency is high (80–90%) for both the len-
tiviruses (Fig. 3,A andD).Western blot analysis confirmed that

there is a decrease in expression of both p65 (Fig. 3B) and IKK�
(Fig. 3E) in cells transduced with respective shRNA. Moreover,
we found that when treated with TNF-�, Sh-p65-, and
Sh-IKK�-transduced cells show decreased PHD3 protein
expression (Fig. 3, B and E) when compared with cells trans-
duced with scrambled Sh-control. Densitometric analysis con-
firmed that the decrease in PHD3 is correlated with the sup-
pression of p65 or IKK� (Fig. 3, C and F).
BecauseHIF-1� controls PHD3 expression in nucleus pulpo-

sus cells (5), we determined whether HIF signaling contributes
to regulation of PHD3 expression by the inflammatory cyto-
kines. First, we evaluated the effect of TNF-� and IL-1� onHIF
signaling in nucleus pulposus cells by measuring the activity of
aHIF-responsive reporter (HRE-Luc). Fig. 4,A andB, show that
the activity of the HRE reporter is significantly induced by both
the cytokines. Interestingly, induction is completely abolished
by the NF-�B inhibitor, SM7368 (Fig. 4, C and D). Next, we
treated human nucleus pulposus (NP) cells transduced with
lentiviral Sh-HIF-1� with TNF-� andmeasured the expression
of PHD3 by Western blot analysis. Once again, we achieved
80–90% transduction efficiency of lentiviral Sh-HIF-1� (Fig.
4E). Similar to cells transduced with a control scrambled
shRNA, TNF-� induces expression of PHD3 in the HIF-1�-
silenced cells (Fig. 4F). Densitometric analysis confirms that a
significant induction in PHD3 byTNF-� is evident in both con-
trol and HIF-1�-silenced cells. Moreover, there is a small, but
significant increase in PHD3 protein levels in TNF-�-treated
HIF-1�-silenced cells when compared with corresponding
control cells (Fig. 4G). As expected, silenced cells display signif-
icantly lower levels of HIF-1� protein (Fig. 4, F and H).

FIGURE 5. Influence of cytokine treatment on the promoter and enhancer
activity of PHD3 in NP cells. A, schematic of PHD3 reporters (P3P1.5, P3P3.5,
and P3P3.5A) used for transfections. B, neither cytokines nor the hypoxia (Hx)
significantly changed the activity of 1.5-kb promoter with no HRE sites
(P3P1.5). Nx, normoxia. C, the 3.5-kb promoter activity with two putative HRE
(P3P3.5) sites was not affected by either cytokine, whereas the promoter
activity was significantly induced in hypoxia when compared with normoxia.
D, although the activity of 3.5-kb promoter with enhancer A containing one
HRE site (P3P3.5A) was significantly increased by hypoxia and HIF-1�, this
activity is not changed by the cytokines. 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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To further determine whether HIF signaling contributes to
cytokine-dependent PHD3 expression, we measured the activ-
ity of PHD3 promoter and/or enhancer following TNF-� and
IL-1� treatment. These reporters contain well characterized
HREmotifs that control HIF-dependent transcription of PHD3
(5). We used 3.5-kb (P3P3.5) and 1.5-kb (P3P1.5) promoter of
PHD3 that contains either two or no HRE sites and a reporter
containing 3.5-kb promoter with an upstream enhancer region
(12 kb from transcription site) containing a single HRE site
(P3P3.5) (Fig. 5A) (18). Fig. 5B shows that P3P1.5 is not respon-
sive to cytokine treatment, and as expected, to hypoxia. We
observed that although the activity of both P3P3.5 and P3P3.5A
is induced by hypoxia and HIF-1�, it is not affected by treat-
ment of TNF-� or IL-1� (Fig. 5, C and D).

Next, we investigated whether PHD3 participates in TNF-�-
dependent signaling and target gene expressionusing both loss-
of-function and gain-of-function experiments. For these stud-
ies, a TNF-�/NF-�B-responsive reporter (NRE-Luc) (17) as
well as SDC4 promoter regulated by TNF-� in an NF-�B-de-
pendent manner was used (14). Fig. 6,A and B, show that when
PHD3 expression is silenced, a small but significant suppres-

sion in basal activities of both NRE-Luc (Fig. 6A) and SDC4
promoter (Fig. 6B) is seen. Moreover, silencing of PHD3 also
suppresses a TNF-�-dependent increase in both reporter activ-
ities (Fig. 6, C and D). However, PHD3 overexpression did not
enhance the basal (Fig. 6E) as well as the inductive effect of
TNF-� on NRE-Luc activity (Fig. 6F). We then explored the
mechanism by which PHD3 regulates TNF-� signaling. First,
we investigated whether NF-�B/p65 transcriptional activity
was controlled by PHD3. Fig. 7,A and B, show that suppression
of PHD3 in rat nucleus pulposus cells partially decreases the
inductive effect of p65 on NRE and SDC4 reporter activities,
respectively. However, co-transfection of PHD3 with p65 did
not result in synergistic activation of NRE-Luc when compared
with p65 (Fig. 7C). Next, we used immunoprecipitation/West-
ern blot to determine whether PHD3 interacted with p65. Pull-
down of p65 results in co-precipitation of PHD3 (Fig. 7D). Con-
focal microscopy confirmed that following TNF-� treatment,
p65 translocated to the nucleus and showed co-localization
with PHD3 (Fig. 7E). Next, usingWestern blot analysis, we eval-
uated the expression of PHD3 in nuclear and cytoplasmic frac-
tions of rat nucleus pulposus cells treated with TNF-�. Fig. 7F

FIGURE 6. PHD3 silencing modulates the activity of NF-�B-responsive reporter (NRE-Luc) and syndecan4 (SDC4) promoter in NP cells. A and B, the
activity of both NRE-Luc and SDC4 promoter was significantly suppressed when co-transfected with increasing concentration of Sh-PHD3 (100 –200 ng). C and
D, TNF-�-dependent induction of both NRE and SDC4 reporter activity was significantly suppressed when PHD3 was silenced (�; 100 ng, ��; 200 ng). The
effect of PHD3 overexpression on the activity of NRE-Luc in NP cells was determined. E and F, the activity of NRE-Luc was not significantly affected by
co-transfection with an increasing dose of PHD3 in the absence (E) or presence (F) of TNF-� (�; 100 ng, ��; 200 ng). 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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shows that in agreement with the confocal studies, a robust
expression of PHD3 is seen in the nuclear fraction of treated
cells. It is noteworthy that both the nuclear and the cytoplasmic
fraction of PHD3 evidence induction following cytokine treat-
ment (Fig. 7F).
Next, to examine the role of PHD3 in controlling TNF-�-de-

pendent target gene expression, we transduced rat nucleus pul-
posus cells with lentivirus expressing Sh-PHD3. Assessment of
GFP-positive cells confirmed that the transduction efficiency
was more than 80% (Fig. 8A). Real time RT-PCR (Fig. 8B) and
Western blot analysis (Fig. 8H) indicate that there is robust
suppression of PHD3 expression. Moreover, silencing studies
show that there are significantly lower levels of PHD3 in TNF-
�-treated nucleus pulposus cells (Fig. 8,B andH). It is notewor-
thy that TNF-�-dependent induction in Sdc4 (Fig. 8C),

Adamts5 (Fig. 8D), and Mmp13 (Fig. 8E), catabolic marker
genes that are the hallmark of disc degeneration are all signifi-
cantly reduced in PHD3-silenced cells. Furthermore, in concert
with this finding, we evaluated the effect of PHD3 silencing on the
expression of important matrix genes aggrecan and collagen type
II following TNF-� treatment. Although silencing of PHD3 par-
tially reverses TNF-�-mediated reduction in aggrecan gene
expression (Fig. 8F), collagen type II expression is completely res-
cued (Fig. 8G). Western blot analysis confirmed that the TNF-�-
mediated induction in Sdc4 and Cox2 expression is significantly
lower in PHD3-silenced cells (Fig. 8,H and I).
Finally, we determined whether hydroxylase activity of

PHD3 is important in mediating TNF-� effects on nucleus pul-
posus cells. We treated cells with TNF-� in the presence or
absence of a well characterized inhibitor of PHD function,
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dimethyloxalylglycine, and measured gene expression. Fig. 9
clearly shows that induction ofMmp13 and Cox2 (Fig. 9A) and
suppression of aggrecan and collagen type II (Fig. 9A) are unaf-
fected by dimethyloxalylglycine.

DISCUSSION

The experiments described in this investigation demon-
strated for the first time that in nucleus pulposus cells, expres-
sion of PHD3 was controlled by the inflammatory cytokines
TNF-� and IL-1�. Our studies also revealed that although the

cytokines induced HIF activity, NF-�B and not HIF con-
trolled cytokine-dependent PHD expression. A second
major observation was that PHD3 promoted cytokine-in-
duced NF-�B/p65 signaling activity. Most importantly, this
interaction promoted the expression of a phenotype linked
to disc degeneration. These findings lend strong support to
the hypothesis that PHD3 is part of a regulatory circuit, with
NF-�B enhancing the impact of the inflammatory cytokines,
a critical step in the pathogenesis of the degenerative disc
disease.
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We showed that PHD3 and to a lesser extent PHD2 expres-
sion was responsive to TNF-� and IL-1�. Because both the
cytokines promoted NF-�B signaling in nucleus pulposus cells
(14), we determined whether they modulated PHD3 expres-
sion. Indeed, suppression of NF-�B activity blocked cytokine-
dependent PHD3 expression. From a mechanistic viewpoint,
because cytokine treatment of p65- and IKK�-silenced cells
caused a decrease in PHD3 levels, it was clear that components
of theNF-�B pathway controlled gene expression. Further sup-
port for this hypothesis was the observation that MEFs from
p65/RelA null mice displayed decreased PHD3 expression and
failed to induce PHD3 expression even when treated with cyto-
kines. Together, the results of these functional studies indicate
that by controlling the expression of PHD3, NF-�B and espe-
cially p65 signaling regulates the activity of PHD-dependent
pathways in nucleus pulposus cells.
We and others have previously reported that hypoxic regu-

lation of PHD3 is dependent on HIF activity (5, 18, 21–23). To
ascertain whether PHD3 regulation by cytokines involved the
HIF signaling pathway, loss-of-function studies were per-
formed. These studies clearly showed that both TNF-� and
IL-1� increased HIF activity in nucleus pulposus cells in an
NF-�B-dependent fashion. Interestingly, because elevated HIF
transcriptional activity was not accompanied by a significant
change in HIF-1 protein levels, it is possible that this is medi-
ated by the elevation in PHD3 (5). Results of these experiments

support previous findings that indicate that both cytokines
induce HIF-1� activity, although they do so by increasing its
protein levels. At the same time, these results also suggest that
the regulation is cell type-specific (24–26). On the other hand,
cytokine-induced PHD3 expression in HIF-1�-silenced
nucleus pulposus cells indicates that PHD3 expression is regu-
lated independently ofHIF activity. In support of these findings,
mechanistic studies using PHD3 promoter/enhancer reporter
constructs harboring characterized HRE motifs failed to show
an induction in activity when treated with cytokines. Hence, it
must be concluded that cytokine-mediated PHD3 expression is
distinct from that of hypoxic regulation (5). Moreover, the
results strongly suggest that in nucleus pulposus cells, regula-
tion of PHD3 expression is context-dependent. It should be
acknowledged that although analysis using the JASPAR data-
base indicates that both 1.5-kb and 3.5-kb PHD3 promoter
fragments contain either one or two of the putative I�B
response elements located at �736/�727 (GGGACATACC)
and �2785/�2776 (GTAAATTCCC), they were nonrespon-
sive to cytokine treatment (27). One possible explanation for
this finding is that NF-�Bmotif(s) outside of the 4-kb promoter
region may control transcription.
In nucleus pulposus cells, we have recently shown that in

hypoxia, PHD3 functions as a transcriptional co-activator of
HIF-1 signaling, whereas playing no role in oxygen-dependent
degradation ofHIF-� (5, 6). These results are in agreementwith

FIGURE 9. Hydroxylase function of PHD3 is not required for mediating effects of TNF-� on NP cells. A and B, real time RT-PCR analysis demonstrates that
TNF-�-mediated induction of Mmp13 and Cox2 (A) and suppression of aggrecan (B) and collagen type II (B) mRNA expression are unaffected by treatment with
dimethyloxalylglycine (DMOG) (1 mM), an inhibitor of PHD enzymatic activity. Data are represented as mean � S.E. of three independent experiments
performed in triplicate (n � 3); *, p � 0.05; ns, not significant. C, schematic showing relationship between TNF-�, NF-�B/p65, HIF-1, and PHD3. In the presence
of TNF-�, PHD3 forms a regulatory circuit with p65 in NP cells. Expression of PHD3 is controlled by p65 in a HIF-1-independent fashion; PHD3 in turn regulates
p65 activity. It is noteworthy that independent of its hydroxylase activity, PHD3 mediates TNF-�-dependent induction of catabolic genes and suppression of
anabolic genes by NP cells.
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studies by Luo et al. (28) that showed that PHD3 and PKM2
interaction was required for HIF-1� binding to p300 to pro-
mote HIF-1 transcriptional activity. Important to this discus-
sion are two recent studies that suggest a role of PHD3 in con-
trolling NF-�B transcriptional activity (17, 29). Fu and
Taubman (17) noted that PHD3mediatedmyogenic differenti-
ation by inhibiting NF-�B signaling, whereas Xue et al. (29)
showed that PHD3 inhibited NF-�B signaling by blocking
phosphorylation of IKK�, independent of hydroxylation. In
contrast to these studies, and in line with its role in mainte-
nance of HIF-1� transcriptional activity (5), silencing studies
suggest that PHD3 partially promotes TNF-�-dependent
NF-�B signaling in nucleus pulposus cells. Although the exact
mechanismbywhich PHD3 controls p65 activity is still unclear,
our studies indicate that regulation is at the p65 and not the
IKK� level. It is noteworthy that the synergistic induction of
NRE reporter activity was lacking when PHD3 was overex-
pressed in the presence of TNF-� or p65. Moreover, only a
small increase in association between PHD3 and p65 is seen in
the presence of TNF-�. Thus, it is plausible that due to high
basal level of PHD3, further increments in PHD3 protein levels
do not enhance NF-�B signaling activity. Taken together, one
important outcome of the investigation is an indication that the
role of PHD3 in partially controlling NF-�B signaling activity is
cell type-specific and possibly related to the inflammatory state
of the nucleus pulposus.
Relating the results of this study to the etiology of disc dis-

ease, it is clear that the degenerative process involves elevated
cytokine activity andmatrix degradation (9–12). Indeed, PHD3
loss-of-function studies showed a significant decrease in TNF-
�-mediated induction of SDC4, ADAMTS5, MMP13, and
COX2 (12, 14) catabolic molecules concerned with degenera-
tive state. Moreover, suppression of PHD3 and not function
significantly blockedTNF-�-mediated suppression of aggrecan
and collagen type II, matrix genes critical for maintenance of
the nucleus pulposus tissue. Of these catabolic genes, expres-
sion of Sdc4,Adamts5, andMmp13 is regulated throughNF-�B
(14, 30), whereas the mechanism of TNF-�-dependent sup-
pression of aggrecan and collagen type II has not been fully
elucidated. It is therefore not unreasonable to assume that in
addition to controlling RelA/p65 activity, PHD3maymodulate
the function of other components of theTNF-�-signaling path-
way, independent of its hydroxylase activity. Taken together
our findings clearly suggest that in the nucleus pulposus, PHD3
enhances the activity of inflammatory cytokines, and therefore,
this molecule plays a central role in the pathogenesis of degen-
erative disc disease.
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