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NF-�B transcription factors are crucial regulators of inflammation, immunity, stress responses, and cell differentiation. Many
studies have demonstrated that ubiquitination of I�B kinase � (IKK�), a regulatory subunit of IKK, is instrumental in the acti-
vation of IKK and NF-�B. We and others previously identified EGLN3, a member of a family of prolyl hydroxylases, as a negative
regulator of the NF-�B pathway. Here we report that EGLN3, but not EGLN1 or -2, interacts with and inhibits K63-linked ubiq-
uitination of IKK�. The effect appears to be related to inhibition of IKK� ubiquitination mediated by cIAP1 rather than to stim-
ulation of IKK� deubiquitination by the deubiquitinases A20 and CYLD (cylindromatosis). EGLN3 does not affect the protein
levels of cIAP1 or its E2 ubiquitin-conjugating enzymes UbcH5 and Ubc13. EGLN3 hydroxylase activity is not responsible for its
effect on IKK� ubiquitination and NF-�B signaling. Instead, interaction with IKK� is required for the ability of EGLN3 to in-
hibit IKK� ubiquitination and IKK–NF-�B signaling. EGLN3 competes with cIAP1 for IKK� binding, leading to inhibition of
cIAP1-IKK� interaction, IKK� ubiquitination, and IKK–NF-�B signaling. This study provides novel insights into EGLN3 func-
tion and sheds new light on the regulation of IKK� ubiquitination and NF-�B.

EGLN3 (also known as PHD3, HPH1, and SM-20) belongs to
the Caenorhabditis elegans gene egl-9 (EGLN) family of prolyl

hydroxylases. All three mammalian EGLNs, EGLN1, -2, and -3,
catalyze the hydroxylation of the � subunit of hypoxia-inducible
factor (HIF�). This results in enhanced HIF� ubiquitination and
proteasomal degradation and leads to decreased HIF� activity (1).
The rat homolog of EGLN3 is a growth factor-responsive gene
originally identified as SM-20 in smooth muscle cells (2). Upregu-
lation of EGLN3 is associated with p53-induced growth arrest and
apoptosis in RAS-transformed embryo fibroblasts (3), apoptosis
in sympathetic neurons (4), and differentiation of C2C12 myo-
blasts (5). EGLN3 is also induced in human endothelial cells (6)
and in human cancers, such as pancreatic cancer (7) and glioblas-
toma (8). Although EGLN3 can be induced in many physiologic
and pathological settings, the biochemical or biologic function of
EGLN3 remains largely to be determined.

We and others have recently reported that EGLN3 is a negative
regulator of the NF-�B pathway (9–11). In unstimulated cells,
NF-�B is sequestered in the cytoplasm in association with the I�B
family of inhibitors. In most cases, degradation of I�B is a prereq-
uisite for NF-�B activation, which is initiated upon phosphoryla-
tion by the activated I�B kinase (IKK) complex (12). The IKK
complex consists of two catalytic subunits, IKK1 (IKK�) and
IKK2 (IKK�), and a regulatory subunit, IKK� (also known as
NF-�B essential modulator [NEMO]) (12). IKK can be activated
by upstream kinases, such as transforming growth factor �-acti-
vated kinase 1 (TAK1) (12). Genetic studies have demonstrated
that IKK� is indispensable for the activation of the IKK signal-
some and of NF-�B (13–15). Many studies have demonstrated
that IKK� ubiquitination is instrumental in the activation of IKK
and NF-�B (16–26). We now report that EGLN3 interacts with
and inhibits K63-linked ubiquitination of IKK�, leading to inhi-
bition of IKK–NF-�B activation. The inhibitory effect on IKK�
ubiquitination is primarily mediated by the carboxyl-terminal re-
gion of EGLN3 and does not require EGLN3 prolyl hydroxylase
activity. These studies provide novel insights into the regulation of
IKK� and NF-�B and provide evidence for a new biochemical

function of EGLN3 that is unrelated to its role as a prolyl hydrox-
ylase.

MATERIALS AND METHODS
Materials. Dimethyl oxalylglycine (DMOG) was from Frontier Scientific
Inc. Smac mimetic (27) was a gift from X. Wang (University of Texas
Southwestern Medical Center). Other materials, unless otherwise indi-
cated, were purchased from Sigma.

Cell culture and transfection. Human embryonic kidney 293 T
(HEK293T) cells, HeLa cells, and COS-7 cells were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS) as described previously (28). Cells were transfected by the use of
Lipofectamine 2000 reagent (Invitrogen), following the manufacturer’s
instructions.

Expression constructs. The plasmids expressing myc-ubiquitin
(myc-Ub), His-Ub, FLAG-EGLN3 and its mutants, FLAG-EGLN1,
FLAG-EGLN2, TRAF2 (tumor necrosis factor [TNF] receptor-associated
factor 2), IKK1, IKK2, hemagglutinin (HA)-IKK�, myc-IKK�, FLAG-
IKK�Y308S, FLAG-IKK�F312A, myc-IKK�L326P, HA-cIAP1, FLAG-
cIAP1 mutant, myc-X-linked inhibitor of apoptosis (myc-XIAP), myc-
cIAP1, HA-optineurin, and FLAG-IKK� truncation mutants (M1 to M5)
have been described previously (5, 9, 18, 28–36). FLAG-OTUB1 and its
mutant C91S were kindly provided by D. Durocher (37). The LUBAC
expression plasmids were described previously (21).

Immunoblotting. Cells were harvested in lysis buffer 1 (20 mM
HEPES [pH 7.4], 120 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10%
glycerol, 1 mM phenylmethylsulfonyl fluoride) containing complete pro-
tease inhibitor mixture (Roche Applied Science) for 0.5 h at 4°C. The
debris was removed by centrifugation at 16,000 � g for 20 min at 4°C. The
soluble fractions were recovered. Cellular proteins were resolved on SDS-
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PAGE and electroblotted onto a polyvinylidene difluoride membrane
(Bio-Rad) or a nitrocellulose membrane (Bio-Rad). Following blocking,
the membrane was probed with an appropriate primary antibody and
then incubated with a corresponding sheep anti-mouse IgG or donkey
anti-rabbit IgG conjugated to horseradish peroxidase (Amersham Biosci-
ences). The blots were developed by the ECL or ECL Plus method (Am-
ersham Biosciences). Primary antibodies used in this study included the
following: anti-�-tubulin and anti-FLAG (Sigma); anti-myc, anti-
I�B�, anti-TRADD, anti-cIAP1, and antiubiquitin (Santa Cruz Bio-
technology); anti-phospho-I�B�, anti-IKK2, anti-phospho-IKK1/2,
anti-K63-linked ubiquitin, anti-Ubc13, and anti-UbcH5 (Cell Signal-
ing Technology); anti-IKK� (BD Biosciences and Santa Cruz Biotech-
nology); anti-COX2 (Cayman Chemical Company and Santa Cruz
Biotechnology); anti-HA (Roche Applied Science); anti-HOIP
(Abcam); and anti-EGLN3 (Novus Biologicals).

Immunoprecipitation. Immunoprecipitation was performed as de-
scribed previously (28). The precleared supernatants were incubated with
anti-FLAG M2 affinity gel (Sigma) or anti-myc affinity gel (Sigma) or
anti-HA affinity gel (Sigma) at 4°C for 4 h or overnight with constant
agitation. The immunoprecipitated materials were analyzed by immuno-
blotting. For in vivo ubiquitination assays, cells were first lysed in lysis
buffer 1 (including 1% SDS) and boiled for 10 min. The denatured lysates
were then diluted with lysis buffer 1 (without SDS) followed by immuno-
precipitation as described above.

RNA interference. Smart-pool EGLN3 small interfering RNA
(siRNA) and control nontargeting siRNAs were purchased from Dharma-
con. CYLD (cylindromatosis) short hairpin RNA (shRNA) and A20
shRNA were described previously (38–40). SiRNAs were transfected into
cells by the use of Lipofectamine 2000 reagent or Oligofectamine (Invit-
rogen) following the manufacturer’s protocol.

Preparation of cell extracts and labeling with ubiquitin derivatives.
Deubiquitinase activity assays were conducted as described previously
(41, 42). HEK293T cells were transfected with FLAG-tagged EGLN3 or
OTUB1 or its catalytically inactive mutant. At 24 h after transfection, cells
were lysed in the buffer containing 50 mM Tris (pH 7.6), 150 mM NaCl, 3
mM EDTA, and 0.5% NP-40. Cell extracts and ubiquitin derivatives
(Enzo Life Sciences) were incubated at 37°C for 1 h in the buffer contain-
ing 50 mM Tris (pH 7.6), 50 mM NaCl, 10% glycerol, and 1 mM EDTA.
Reactions were terminated by addition of Laemmli buffer and denatured
followed by immunoblotting analysis with anti-FLAG.

In vitro kinase assays. In vitro kinase assays were performed as de-
scribed previously (9). Cells were transfected as described in the figure
legends. Cell extracts were immunoprecipitated with IKK� antibody. IKK
activity was determined in the kinase buffer (9) supplemented with 1 �g of
glutathione S-transferase (GST)–I�B� and 0.2 mM ATP. After 30 to 60
min of incubation at 30°C, the reaction was stopped and analyzed by
immunoblotting with an antibody specific for phospho-I�B�.

Luciferase reporter assays. Luciferase reporter assays were conducted
as described previously (9). Cells were transfected as described in the
figure legends. Luciferase expression was determined using a Dual-Lu-
ciferase reporter assay system (Promega, Madison, WI) according to the
manufacturer’s protocol. The expression of firefly luciferase driven by the
NF-�B-responsive element was used as a reporter. pRL-tk (renilla lucif-
erase) was cotransfected to normalize for the transfection efficiency. Lu-
ciferase activity was expressed as a ratio of firefly luciferase activity to
renilla luciferase activity. Normalized values are reported as the means �
standard deviations (SD) of the results of triplicate transfection. Student’s
t test for paired samples was used to determine statistical significance.

Expression and purification of GST-IKK� fusion protein. Overnight
cultures of Escherichia coli BL21(DE3) pLysS (Novagen) transformed with
parental or recombinant pGEX4T-2 plasmid containing IKK� were di-
luted in LB medium containing ampicillin and incubated at 37°C with
shaking to an A600 of 0.6 to 0.8. Isopropyl-D-thiogalactopyranoside (Am-
ersham Biosciences) was then added to reach a final concentration of 1
mM. After an additional 2 h of growth, cells were pelleted at 6,000 � g for

20 min at 4°C and resuspended in GST binding buffer (25 mM Tris [pH
7.5], 150 mM NaCl, 1 mM EDTA) containing 0.1 mg/ml lysozyme (Am-
ersham Biosciences). After sonication, Triton X-100 was added to reach a
final concentration of 1% followed by centrifugation at 12,000 � g for 20
min at 4°C. The GST fusion proteins were adsorbed to glutathione-Sep-
harose 4B beads (Amersham Biosciences) and eluted with 10 mM reduced
glutathione (Sigma)–50 mM Tris (pH 8.0).

Purification of FLAG-EGLN3. HEK293T cells were transfected with
FLAG-tagged EGLN3, its fragments, or empty vector. After 24 h, cells were
extracted in buffer A (20 mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA,
and protease inhibitors). Cleared lysates were immunoprecipitated with
anti-FLAG. The immunoprecipitates were washed once with buffer B (20
mM HEPES [pH 7.9], 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25%
glycerol, and protease inhibitors) and four times with buffer C (20 mM
Tris [pH 7.5], 300 mM NaCl, 0.2 mM EDTA, 0.1% NP-40, 20% glycerol,
and protease inhibitors). Samples were eluted with 300 to 500 �g/ml
FLAG peptide (Sigma).

GST pulldown assay. GST alone or GST-IKK� was bound to 20 �l of
glutathione resin (Amersham Biosciences) that had been preblocked in
phosphate-buffered saline (PBS) containing 0.5% nonfat milk and 0.05%
bovine serum albumin and incubated with an equal amount of FLAG-
EGLN3 or its fragments at 4°C in the binding buffer (20 mM Tris [pH 7.5],
100 mM NaCl, 1 mM EDTA, and protease inhibitors). After extensive
washing, the complexes were eluted with SDS sample buffer and detected
by immunoblotting.

RESULTS
EGLN3 inhibits NF-�B activity. We have previously shown that
EGLN3 represses canonical NF-�B signaling in C2C12 skeletal
myoblasts (9). To further investigate the mechanism by which
EGLN3 regulates NF-�B, we sought to employ HEK293T cells, a
more tractable cell line. EGLN3 inhibited NF-�B transcriptional
activity induced by the NF-�B activators TRAF2 and IKK2 (9), as
demonstrated by luciferase reporter assays (Fig. 1A and B).
EGLN3 significantly repressed phosphorylation of IKK2 and that
of I�B� (Fig. 1C). These observations indicate that EGLN3 nega-
tively regulates NF-�B in HEK293T cells.

EGLN3 interacts with IKK�. To explore a potential interac-
tion between EGLN3 and IKK�, IKK� was transfected into
HEK293T in the presence or absence of EGLN3. EGLN3 was de-
tected in IKK� immunoprecipitates (Fig. 2A). In reciprocal exper-
iments, IKK� was detected in EGLN3 immunoprecipitates (Fig.
2B). Similar results were obtained with COS-7 cells (data not
shown). Association of EGLN3 with IKK� appeared far more
prominent than with IKK1 and IKK2 (Fig. 2C and D). Binding of
IKK� was selective for EGLN3 in that the other members of the
EGLN family, EGLN1 and EGLN2, failed to interact (Fig. 2E).
EGLN3 directly interacted with IKK� in vitro, as demonstrated by
GST pulldown assays using purified GST-IKK� and FLAG-
EGLN3 (Fig. 2F). Most importantly, endogenous EGLN3 and
IKK� interacted with each other; deletion of endogenous EGLN3
with its siRNA dramatically diminished the interaction (Fig. 2G).
Of note, no interaction occurred between endogenous EGLN3
and IKK2 in unstimulated cells (data not shown). Tumor necrosis
factor alpha (TNF-�) had no significant effect on the interaction
(Fig. 2H). Iron-binding histidine 196 (H196) and 2-oxoglutarate-
coordinating arginine 205 (R205) of EGLN3 are critical for its
enzymatic activity; mutation of H196 and R205 leads to loss of
EGLN3 hydroxylase activity (9, 31). The catalytically inactive mu-
tants (H196A and R205K) retained the ability to interact with
IKK� (Fig. 2I). Therefore, prolyl hydroxylase activity was not re-
quired for the EGLN3-IKK� interaction.

Interaction between EGLN3 and IKK�
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To determine the region of EGLN3 required for IKK� binding,
we cotransfected IKK� into cells together with three fragments of
EGLN3 (F1, F2, and F3), which represent the N-terminal, middle,
and C-terminal regions. In coimmunoprecipitation assays, IKK�
exhibited the strongest interaction with the C-terminal region of
EGLN3 (Fig. 2J). GST pulldown assays were conducted using pu-
rified GST or GST-IKK� and the EGLN3 fragments. As shown in
Fig. 2K, FLAG-tagged F3 (but not F1 or F2) was brought down by
GST-IKK� rather than GST alone. Taking these results together,
EGLN3 binds to IKK� through its C-terminal region. Coimmu-
noprecipitation experiments were performed to identify the re-
gions on IKK� required for EGLN3 binding. EGLN3 was barely
detected in the immunoprecipitates of two mutants (M3 and M5)
that lack the coiled-coil 1 (CC1) domain and leucine zipper (LZ)
region, respectively (Fig. 2L). Therefore, the CC1 and LZ domains
of IKK� were required for EGLN3 binding.

EGLN3 inhibits IKK� ubiquitination. Because of the impor-
tance of IKK� ubiquitination in regulating NF-�B signaling (16–
26, 43), we determined the impact of EGLN3 on IKK� ubiquiti-
nation. As expected, TNF induced the ubiquitination of IKK�
(Fig. 3A). It is worth noting that EGLN3 is expressed at a higher
level in HeLa cells than in HEK293T cells. We conducted the loss-
of-function experiments by employing HeLa cells. Depletion of

endogenous EGLN3 by siRNA potentiated TNF-induced IKK�
ubiquitination (Fig. 3B). In contrast, knockdown of endogenous
EGLN3 had only a minimal effect on RIP1 ubiquitination (data
not shown). In addition, HeLa cells were transfected with IKK�
and Ub in the presence of another pair of EGLN3 siRNAs. Deple-
tion of EGLN3 increased IKK� ubiquitination in a concentration-
dependent manner (Fig. 3C). Taking these results together,
EGLN3 inhibits KK� ubiquitination. To complement and extend
this finding, we performed gain-of-function experiments.
HEK293T cells were transfected with plasmid expressing EGLN3
or control vector. Cells were then treated with TNF for different
times prior to harvest. IKK� was immunoprecipitated and then
immunoblotted with anti-Ub antibody. Expression of EGLN3 in-
hibited TNF-induced IKK� ubiquitination (Fig. 3D). To further
verify this observation, we cotransfected HEK293T with IKK�,
Ub, and increasing amounts of EGLN3. IKK� was immunopre-
cipitated and then immunoblotted with anti-Ub antibody.
EGLN3 inhibited IKK� ubiquitination in a concentration-depen-
dent manner (Fig. 3E). EGLN3 had no significant effect on IKK�
protein levels (Fig. 3E and data not shown). Similar observations
were achieved with COS-7 cells (data not shown). We have shown
that EGLN1 and -2 could not interact with IKK� (Fig. 2E). As
expected, EGLN1 and -2 did not affect IKK� ubiquitination (Fig.
3F). In addition, expression of EGLN2 did not override the effect
of EGLN3 on IKK� ubiquitination (data not shown). Therefore,
EGLN3 appears to be unique among the members of the EGLN
family in regulating IKK� ubiquitination. As shown in Fig. 3G,
EGLN3 did not affect the ubiquitination of optineurin, a homolog
of IKK� (36), suggesting that EGLN3 did not generally attenuate
protein ubiquitination.

To determine the relationship between EGLN3-IKK� interac-
tion and inhibition of IKK� ubiquitination, we first cotransfected
IKK� into HEK293T together with three fragments of EGLN3.
The C-terminal region of EGLN3, although expressed less abun-
dantly than the full-length EGLN3 or the other two fragments,
inhibited IKK� ubiquitination to a degree similar to that seen with
the full-length EGLN3 (Fig. 3H), whereas the N-terminal and
middle regions had only minimal effects (Fig. 3H). In sum, the
C-terminal region of EGLN3 is important for IKK� binding and
inhibition of IKK� ubiquitination. We next cotransfected EGLN3
into HEK293T together with different fragments of IKK�. EGLN3
failed to repress the ubiquitination of two mutants (M3 and M5)
that lack the CC1 region and LZ region, respectively (Fig. 3I).
Taking these results together, the CC1 and LZ domains of IKK�
are required for EGLN3 binding and for the inhibition of IKK�
ubiquitination by EGLN3. These observations strongly suggest
that EGLN3 inhibits IKK� ubiquitination by physical interaction
with IKK�.

EGLN3 inhibits cIAP1-mediated K63-linked ubiquitination
of IKK�. Two deubiquitinases, A20 and CYLD (cylindromatosis),
have been documented to remove polyubiquitin chains from
IKK� and thereby attenuate IKK� ubiquitination (44, 45). Al-
though A20 shRNA and CYLD shRNA efficiently reduced A20
expression and CYLD expression, respectively (Fig. 4A), and in-
creased IKK� ubiquitination (Fig. 4B), depletion of CYLD or A20
did not abrogate the effect of EGLN3 on IKK� ubiquitination
(Fig. 4B). To exclude the possibility that CYLD and A20 work
coordinately in deubiquitinating IKK�, we simultaneously de-
pleted both deubiquitinases using their shRNAs. Deletion of both
CYLD and A20 markedly enhanced IKK� ubiquitination but did

FIG 1 EGLN3 inhibits NF-�B activity in HEK293T cells. (A and B) HEK293T
cells were transfected with NF-�B luciferase reporter plasmid and pRL-tk to-
gether with the indicated expression plasmids. Luciferase activity was mea-
sured and normalized for RL-tk luciferase activity. *, P � 0.05; **, P � 0.01.
The expression of transfected genes was examined by immunoblotting. (C)
HEK293T cells were transfected with the indicated plasmids. Cell lysates were
analyzed by immunoblotting.
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not abolish the inhibitory effect of EGLN3 on IKK� ubiquitina-
tion (Fig. 4C), demonstrating that neither CYLD nor A20 is essen-
tial for inhibition of IKK� ubiquitination by EGLN3.

We next determined whether EGLN3 has an intrinsic deubiq-
uitinase activity. It has been documented that a deubiquitinase
can react with a chemically modified ubiquitin probe (41, 42).
However, EGLN3 did not show an activity to react with any of four
widely used ubiquitin probes (Fig. 4D and E). In contrast, the
deubiquitinase OTUB1, but not its catalytically inactive mutant, re-
acted with bromoethyl Ub (Ub-Br) (Fig. 4E). Therefore, these exper-
iments suggested that EGLN3 does not possess deubiquitinating ac-
tivity and has no significant effect on IKK� deubiquitination.

It has been suggested that cellular inhibitor of apoptosis 1
(cIAP1) is responsible for IKK� ubiquitination (16). We therefore
examined whether EGLN3-sensitive IKK� ubiquitination was cat-

alyzed by cIAP1. In agreement with the previous observation (16),
cIAP1 targeted IKK� for ubiquitination (Fig. 5A); however, cIAP1
did not ubiquitinate IKK1 or IKK2 (Fig. 5B). Smac mimetic has
been shown to trigger autodegradation of cIAP1 and cIAP2 (27,
46, 47). Treatment of cells with Smac mimetic dramatically de-
pleted cIAP1 protein levels and robustly blocked IKK� ubiquiti-
nation (Fig. 5C). EGLN3-mediated inhibition of IKK� ubiquiti-
nation was not observed (Fig. 5C). Unlike wild-type cIAP1, a
cIAP1 mutant defective for enzymatic activity failed to target
IKK� for ubiquitination (Fig. 5D). In contrast, X-linked inhibitor
of apoptosis (XIAP), which is a homolog of cIAP1 and a Ub ligase
(28), did not affect IKK� ubiquitination (Fig. 5E). As expected,
cIAP1-induced IKK� ubiquitination was substantially reduced by
EGLN3 (Fig. 5D and E), suggesting that EGLN3 could block
cIAP1-mediated ubiquitination of IKK�.

FIG 2 EGLN3 interacts with IKK�. (A to E) Total cell lysates from HEK293T transfected with the indicated plasmids were immunoprecipitated with anti-HA
(A and D), anti-FLAG (B and C), anti-myc (E), or mouse IgG. The immune complex and cell lysates were analyzed by immunoblotting (IB). (F and K) Purified
FLAG-EGLN3 or its fragments (F1, F2, or F3) were incubated with GST alone or GST-IKK� immobilized on glutathione-Sepharose beads. The precipitates or
purified FLAG-EGLN3 fragments were analyzed by immunoblotting. Purified FLAG-EGLN3, GST, and GST-IKK� were visualized by Coomassie blue staining.
Con, control; NS, nonspecific band. (G and H) Total cell lysates from HeLa cells treated with the EGLN3 siRNA (or control siRNA) (G) or from HeLa cells treated
with TNF-� (10 ng/ml) (H) were immunoprecipitated with anti-IKK� or control IgG. The immune complex and cell lysates were analyzed by immunoblotting.
(I, J, and L) HEK293T cells were transfected with the indicated plasmids. Cell lysates were immunoprecipitated with anti-FLAG (I and L) or anti-HA (J). The
immune complex and cell lysates were examined by immunoblotting. The bottom of panel J shows the schematic of wild-type EGLN3 and its fragments used; the
bottom of panel L shows a schematic representation of wild-type (WT) IKK� and its mutants used. FL, full-length EGLN3; CC1, coiled-coil domain 1; CC2,
coiled-coil domain 2; LZ, leucine zipper region; ZF, zinc finger region; IP, immunoprecipitation; IgH, heavy chain of IgG; IgL, light chain of IgG; Ig, immuno-
globulin; EV, empty vector; CBB, Coomassie blue staining; F-EGLN3, FLAG-tagged EGLN3.
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To determine whether cIAP1 targets IKK� for K63-linked
polyubiquitination, we employed several Ub mutants (40). K48
and K63 Ub mutants, in which all Ub lysine (K) residues except
K48 or K63 were mutated to arginine (R), promote the assembly
of K48-linked and K63-linked Ub chains, respectively. K63R, in
which only K63 was mutated to R, disrupts the assembly of the
K63-linked Ub chain. The in vivo ubiquitination assays demon-
strated that EGLN3 inhibited K63-linked ubiquitination of IKK�
(Fig. 5F and G).

Given that IKK� is a Ub-binding protein (32, 33), we sought to
further determine whether cIAP1 could ubiquitinate IKK� mu-
tants defective for Ub-binding ability (32, 33) and whether
EGLN3 could block this effect. Four different IKK� mutants were
transfected into HEK293T, in combination with cIAP1 and
EGLN3. All mutants were ubiquitinated by cIAP1, and their ubiq-
uitination was markedly inhibited by EGLN3 (Fig. 5H and I and
data not shown). Collectively, our studies provided strong evi-
dence that EGLN3 inhibits cIAP1-mediated K63-linked ubiquiti-
nation of IKK�.

The effect of EGLN3 on IKK� ubiquitination does not de-
pend upon prolyl hydroxylase activity. EGLN3 is a prolyl hy-
droxylase which requires O2, Fe2	, and 2-oxoglutrate for its cata-
lytic activity. Dimethyl oxalylglycine (DMOG) is a widely used
pharmacologic inhibitor of hydroxylases, including EGLN3 (9).
To determine whether EGLN3 hydroxylase activity is required for
inhibition of IKK� ubiquitination, we transfected IKK� and Ub
into HEK293T in the presence or absence of EGLN3. At 24 h
following transfection, cells were left untreated or treated with
DMOG for an additional 24 h. DMOG did not block the inhibi-
tory effect of EGLN3 on IKK� ubiquitination (Fig. 6A). However,
DMOG increased HIF1� expression (data not shown), indicating
that DMOG was effective at the concentration used to examine
IKK� ubiquitination. Importantly, catalytically inactive mutants
(H196R, H196A, and R205K) blocked IKK� ubiquitination to an
extent similar to that seen with wild-type EGLN3 (Fig. 6B and C).
Moreover, the H196A and R205K mutants significantly inhibited
cIAP1-mediated ubiquitination of IKK� mutants (Y308S and
F312A) that are deficient in Ub-binding ability (Fig. 6D and E).

FIG 3 EGLN3 selectively inhibits IKK� ubiquitination. (A) HeLa cells were treated with 10 ng/ml of TNF-� for the indicated times prior to harvest. Cell lysates
were immunoprecipitated with anti-IKK�. The immunoprecipitates and cell extracts were analyzed by immunoblotting with the indicated antibodies. (B) HeLa
cells were transfected with control siRNA (
) or EGLN3 siRNA (	). At 60 h after transfection, cell lysates were prepared after treatment of cells with 10 ng/ml
of TNF-� for 10 min and analyzed as described for panel A. (C) HeLa cells were transfected with HA-IKK�, myc-Ub, and EGLN3 siRNA. Cell lysates were
analyzed as described for panel A. (D) HEK293T cells were transfected with a plasmid expressing EGLN3 or an empty vector. At 30 h after transfection, cells were
then treated with 10 ng/ml of TNF-� for different times. Cell lysates were analyzed as described for panel A. (E) HEK293T cells were transfected with HA-IKK�,
myc-Ub, and different amounts of FLAG-EGLN3. Cell lysates were immunoprecipitated with anti-HA and then immunoblotted with anti-myc. Cell lysates were
examined by immunoblotting. (F to I) HEK293T cells were transfected with the indicated plasmids. Cell lysates were immunoprecipitated with anti-HA (F, G,
and H) or anti-FLAG (I). The immune complex was then immunoblotted with anti-myc (F and H) or anti-Ub (G and I). To monitor expression of the transfected
genes, cell lysates were examined by immunoblotting with the indicated antibodies. IP, immunoprecipitation; IB, immunoblotting; Ig H, heavy chain of IgG.
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Therefore, EGLN3 hydroxylase activity is not essential for its effect
on IKK� ubiquitination.

EGLN3 inhibits cIAP1-mediated IKK� ubiquitination by in-
terfering with the interaction between IKK� and cIAP1. To ex-
plore the mechanism by which EGLN3 decreases cIAP1-mediated
IKK� ubiquitination, we first examined whether EGLN3 pro-
moted degradation of cIAP1 or its E2 ubiquitin-conjugating en-
zymes Ubc13 and UbcH5C. Ectopic expression of EGLN3 (Fig. 7A
and B) or depletion of endogenous EGLN3 (Fig. 7C and D) with
siRNA had no significant effect on the abundance of cIAP1,
Ubc13, or UbcH5C proteins. In addition, coimmunoprecipita-
tion studies failed to demonstrate an interaction between EGLN3
and Ubc 13 or UbcH5C (data not shown).

We next tested the hypothesis that EGLN3 represses cIAP1-
mediated IKK� ubiquitination by interfering with the interaction
between cIAP1 and IKK�. Consistent with the finding that IKK� is
a substrate for cIAP1, coimmunoprecipitation assays demon-
strated that cIAP1 formed a complex with IKK� (Fig. 7E to J).
Furthermore, the interaction of endogenous cIAP1 and IKK� was
observed (Fig. 7H and I). To define the domains of IKK� respon-
sible for cIAP1 binding, cIAP1 was cotransfected into HEK293T
cells with a panel of IKK� mutants (see Fig. 2L). The M3 and M5
mutants, which lack the CC1 region and LZ region, respectively,
were greatly impaired in their ability to bind cIAP1, as determined
by coimmunoprecipitation assays (Fig. 7E). Our results suggested
that the CC1 and, to a lesser extent, LZ domains contributed to

cIAP1 binding. Therefore, cIAP1 and EGLN3 both physically in-
teract with IKK� through the same domains. These observations
suggest that EGLN3 may compete with cIAP1 for IKK� binding,
thereby leading to attenuating IKK� ubiquitination. In support of
this hypothesis, expression of EGLN3 blocked the interaction be-
tween IKK� and cIAP1 in a concentration-dependent manner
(Fig. 7F and G). Expression of EGLN3 attenuated the interaction
of endogenous IKK� and cIAP1 (data not shown), and depletion
of EGLN3 facilitated the interaction between IKK� and cIAP1
(Fig. 7H and I) in concentration-dependent fashions.

Because EGLN3 inhibits cIAP1-mediated IKK� ubiquitination
via a noncatalytic mechanism, we determined whether EGLN3
hydroxylase activity is essential for the effect of EGLN3 on the
cIAP1-IKK� interaction. As shown in Fig. 7J, H196A and R205K,
two enzymatically inactive mutants of EGLN3, inhibited cIAP1-
IKK� interaction to an extent similar to that seen with wild-type
EGLN3. Collectively, the data presented above suggest that
EGLN3 inhibits cIAP1-mediated IKK� ubiquitination through a
hydroxylase-independent process involving interference with the
interaction between IKK� and cIAP1.

It has been previously reported that cIAP1 is required for the
recruitment of the linear ubiquitin chain assembly complex
(LUBAC) to the TNF-R1 signaling complex (TNF-RSC), which
plays an important role in TNF-induced NF-�B signaling (48).
LUBAC is an E3 ubiquitin ligase and is composed of a catalytic
subunit (HOIP) and two regulatory subunits, HOIL and Sharpin;

FIG 4 The deubiquitinating enzymes A20 and CYLD are not involved in EGLN3-mediated inhibition of IKK� ubiquitination. (A) HEK293T cells were
transfected with FLAG-CYLD, or FLAG-A20, in the presence of pSuper, pSuper-CYLD shRNA, or pSuper A20 shRNA. At 48 h posttransfection, cell lysates were
analyzed by immunoblotting. (B) HEK293T cells were transfected with the indicated plasmids. Cell lysates were analyzed with anti-HA, anti-FLAG, or anti-
tubulin antibodies. (C) HEK293T cells were transfected with the indicated plasmids. Cell lysates were subjected to denatured immunoprecipitation with anti-HA.
The immmunoprecipitates and lysates were evaluated by immunoblotting. (D and E) HEK293T cells were transfected with FLAG-tagged EGLN3 or OTUB1 or
its catalytically inactive mutant C91S (OTUB1C/S). Cell extracts were prepared and labeled with ubiquitin derivatives as detailed in Materials and Methods. F,
FLAG; Ub-Vs, ubiquitin vinyl sulfone; Ub-VME, ubiquitin vinyl methyl ester; Ub-Cl, chloroethyl ubiquitin; Ub-Br, bromoethyl ubiquitin; IP, immunoprecipi-
tation; IB, immunoblotting; IgH, heavy chain of IgG; TBS, Tris-buffered saline.
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IKK� interacts with HOIP (24–26). LUBAC facilitates the recruit-
ment of IKK� into the TNF-RSC (48). To test whether LUBAC is
responsible for EGLN3-sensitive ubiquitination of IKK�, cells
were transfected with IKK� and either LUBAC or cIAP1 (as a
control). Whereas cIAP1 efficiently ubiquitinated IKK�, LUBAC
had a minimal effect (data not shown).

Like TRADD, a well-known component of the TNF-RSC,
HOIP was recruited to the TNF-RSC in response to TNF stimula-
tion; depletion of EGLN3 had no significant effect on the recruit-
ment of HOIP to TNF-RSC (Fig. 7K). This observation suggests
that regulation of NF-�B signaling by EGLN3 is unlikely to occur
through the recruitment of LUBAC to TNF-RSC. This observa-
tion also suggests that EGLN3 does not impair the catalytic activity
of cIAP1, because the catalytic activity of cIAP1 is required for
LUBAC recruitment to the TNF-RSC (48). To determine whether
EGLN3 affects the interaction between LUBAC and IKK�, cells
were transfected with IKK� and LUBAC (HOIP and HOIL) in the
presence or absence of EGLN3. Coimmunoprecipitation assays
indicated that IKK� interacted with both HOIP and HOIL; this
interaction was not impaired by coexpressed EGLN3 (Fig. 7L).
Furthermore, EGLN3 knockdown did not affect TNF-induced in-
teraction of HOIP and KK� (Fig. 7M). These results suggest that
EGLN3 does not interfere with the interaction between LUBAC
and IKK�.

EGLN3 inhibition of IKK–NF-�B signaling requires its in-
teraction with IKK�. To explore the functional consequence of
the mechanistic observations described above, we tested the effect
of wild-type EGLN3 and several of its mutants (Fig. 8A) on the
activity of IKK and NF-�B. As shown in Fig. 8B, enzymatically
inactive mutants (H196A and R205K) inhibited the IKK phos-
phorylation and activity (as demonstrated by an in vitro kinase
assay) to an extent similar to that seen with wild-type EGLN3.
Cox2 is a well-known NF-�B target (49). TNF dramatically in-
duced COX2 expression in HeLa cells (Fig. 8D). Depletion of
EGLN3 increased TNF-induced COX2 expression (Fig. 8E),
whereas overexpression of EGLN3 decreased it (Fig. 8F). More-
over, two mutants, H196A and R205K, impeded TNF-induced
COX2 expression as efficiently as wild-type EGLN3 (Fig. 8F). As
shown in Fig. 3H, EGLN3 inhibits ubiquitination of IKK� primar-
ily via its C-terminal region (F3). Interestingly, the F3 fragment
but not the F1 or F2 fragment efficiently blocked IKK phosphor-
ylation and activity (Fig. 8C). Furthermore, F3, but not F1, atten-
uated TNF-induced COX2 expression (Fig. 8G). Taken together,
our results indicated that EGLN3 inhibited IKK� ubiquitination
and thereby the activity of the IKK–NF-�B signaling pathway. The
physical interaction between EGLN3 and IKK� is required for the
inhibitory role of EGLN3 in IKK� ubiquitination and IKK–NF-�B
signaling.

DISCUSSION

In this report, we have identified and characterized a physical and
functional interaction between EGLN3 and IKK�. IKK� was ini-
tially identified as a core component of the IKK signalsome com-
posed of IKK1, IKK2, and IKK� (50). IKK� is essential for the
activation of the IKK signalsome and NF-�B (13–15). The central
position of IKK� in the canonical NF-�B pathway makes it an
attractive target for identifying novel regulators of this pathway.
Numerous IKK� binding proteins have been reported, as exem-
plified by p47, an essential molecule for Golgi membrane fusion
(51), annexin-1 (52), ZNF216 (53), and CARDINAL (54). They

FIG 5 EGLN3 suppresses cIAP1-mediated IKK� ubiquitination. (A to I) HEK293T
cells were transfected with the indicated plasmids. (C) At 6 h or so posttransfection,
cells were treated with PBS or Smac mimetic (100 nM). Cell lysates were applied to in
vivo ubiquitination assays as described in Materials and Methods. Cell lysates were
analyzed by immunoblotting. IP, immunoprecipitation; IB, immunoblotting; IgH,
heavy chain of IgG; mut, mutant; SM, Smac mimetic.
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are involved in the regulation of the IKK2/NF-�B pathway. Inter-
estingly, they have all been reported to interact with IKK� but not
IKK2. These studies suggested that IKK� regulates IKK2/NF-�B
activation through multiple mechanisms. In the current study,
immunoprecipitation assays indicated that in unstimulated cells,
endogenous EGLN3 interacted with IKK� (but not IKK2). This
raises the possibility that EGLN3 sequesters IKK� from IKK2,
cIAP1, or another molecule(s), thereby altering the threshold for
IKK2/NF-�B activation.

We have demonstrated that EGLN3 interacts with IKK� via its
C-terminal region. We have shown that the C-terminal region of
EGLN3 plays a key role in inhibiting K63-linked IKK� ubiquiti-
nation and NF-�B signaling. Meanwhile, we have presented evi-
dence showing that deletion of either the coiled-coil domain 1
(CC1) or leucine zipper domain (LZ) of IKK� abrogates their
ability to interact with EGLN3 and confers resistance to EGLN3-
mediated inhibition of IKK� ubiquitination. Therefore, the CC1
and LZ domains of IKK� are required for EGLN3 binding and for
the inhibition of IKK� ubiquitination by EGLN3. These findings

strongly suggest EGLN3 inhibits IKK� ubiquitination by physical
interacting with IKK�.

Importantly, the depletion of EGLN3 by RNA interference in-
creases IKK� ubiquitination, whereas overexpression of EGLN3
decreases IKK� ubiquitination. Dimethyl oxalylglycine (DMOG)
is a widely used pharmacologic inhibitor of hydroxylases, includ-
ing EGLN3 (9). Using the pharmacologic inhibitor DMOG, we
have provided evidence that EGLN3 hydroxylase activity is not
required to inhibit the ubiquitination of IKK�. In addition, the
enzymatically inactive mutants of EGLN3 interact and inhibit the
ubiquitination of IKK� as efficiently as wild-type EGLN3 and in-
hibit IKK2 phosphorylation and activity to an extent similar to
that seen with wild-type EGLN3. These studies thus define a new
role for EGLN3 that is independent of its hydroxylase activity.

EGLN3 has been shown to catalyze hydroxylation of several
proteins such as the � subunits of HIF, the large subunit of RNA
polymerase II, �2-adrenergic receptor, and pyruvate kinase M2
(44, 55–59). Although most of the biologic roles of EGLNs have
been tied to its prolyl hydroxylase activity, several recent studies

FIG 6 Hydroxylase activity of EGLN3 is not required for inhibition of IKK� ubiquitination. (A) HEK293T cells were transfected with the indicated plasmids. At
24 h posttransfection, cells were treated or not treated with DMOG (1 mM) for 24 h. Cell lysates were immunoprecipitated with anti-HA. The immunoprecipi-
tates and cell lysates were assayed by immunoblotting. (B to E) HEK293T cells were transfected with the indicated plasmids. Cell lysates were subjected to in vivo
ubiquitination assays as described in Materials and Methods. Cell lysates were analyzed by immunoblotting. IP, immunoprecipitation; IB, immunoblotting; IgH,
heavy chain of IgG; EV, empty vector.
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have also suggested that EGLNs may have functions independent
of prolyl hydroxylase activity. For example, a recent study re-
ported that EGLN1 prolyl hydroxylase negatively regulated
NF-�B signaling in a hydroxylase-dependent manner (60). How-
ever, a subsequent study indicated that EGLN1 inhibition of
NF-�B pathway was independent of its hydroxylase activity (61).
Our previous study suggested that the inhibition of NF-�B by
EGLN3 during the differentiation of C2C12 skeletal myoblasts
was largely dependent on its hydroxylase activity (9). In contrast,
a recently published study suggested that the inhibition of NF-�B
by EGLN3 in several cell lines was not dependent upon its enzy-
matic activity (10). Taken together, the evidence suggests that the
EGLN family of prolyl hydroxylases regulates the NF-�B pathway
through hydroxylase-dependent and -independent mechanisms
in a cell type- and context-specific manner.

In spite of great efforts in the last decade, the molecular mech-
anism underlying IKK2 activation remains to be completely elu-
cidated. It has been established that activation of the NF-�B path-
way critically requires ubiquitin (Ub) signaling (23). One of the
key issues is exactly how ubiquitination induces IKK2 activation.
Recruitment of LUBAC to the TNF-R1 signaling complex (TNF-
RSC) is required for efficient TNF-induced NF-�B signaling;
cIAP1 plays an important role in the recruitment of LUBAC to the
TNF-RSC, which is dependent on its catalytic activity (48).
EGLN3 had no significant effect on the interaction between
LUBAC and IKK� or the recruitment of LUBAC to the TNF-RSC.
This suggests that LUBAC recruitment is not responsible for the
regulation of NF-�B signaling by EGLN3 and that the effect of
EGLN3 on cIAP1-mediated IKK� ubiquitination is not related to
its ability to compromise the catalytic activity of cIAP1. Although
emerging evidence highlights the significance of the LUBAC in the
NF-�B pathway, more direct evidence for a role of the M1-linked
ubiquitination in NF-�B activation is still lacking.

RIP1 ubiquitination is essential for TNF-�-induced NF-�B ac-
tivation (62). In contrast to this study, a recent report suggests that
ubiquitinated RIP1 does not contribute to the recruitment of the
TAK1 and IKK complexes to the TNF-RSC (63). cIAP1 is an E3
ligase for RIP1 (64). In HeLa cells, we found that EGLN3 deletion
had minimal effect on RIP1 ubiquitination (data not shown), fur-

FIG 7 EGLN3 competes with cIAP1 for IKK� binding. (A and B) HEK293T
cells were transfected with various amounts of EGLN3. Cell lysates were ana-
lyzed by immunoblotting. (C and D) HeLa cells were transfected with EGLN3
or control siRNA for 48 h. Prior to harvest, cells were treated with TNF-� (10
ng/ml) for 10 min. Cell lysates were analyzed by immunoblotting. (E, F, G, and
J) The cell lysates from HEK293T cells transfected with the indicated plasmids
were immunoprecipitated with anti-FLAG. The immunoprecipitates and cell
lysates were immunoblotted with the indicated antibodies. (H and I) HeLa
cells were transfected with siRNA. At 48 h posttransfection, cells were treated
with TNF-� (10 ng/ml) for 5 to 10 min. Cell lysates were immunoprecipitated
with anti-IKK� or control IgG. The immunoprecipitates and cell lysates were
analyzed by immunoblotting with the indicated antibodies. (K) HeLa cells
were transfected with EGLN3 siRNA or control siRNA. At 48 h posttransfec-
tion, cells were treated with FLAG–TNF-� for different times. The anti-FLAG
immunoprecipitates and lysates were evaluated by immunoblotting. (L)
HEK293T cells were transfected with the indicated plasmids. The anti-FLAG
immune complex and lysates were analyzed by immunoblotting. (M) HeLa
cells were transfected with EGLN3 siRNA or control siRNA. At 48 h posttrans-
fection, cell lysates were prepared and subjected to immunoprecipitation with
anti-IKK�. The immunoprecipitates and lysates were examined by immuno-
blotting. IP, immunoprecipitation; IB, immunoblotting; IgH, heavy chain of
immunoglobulin; IgL, light chain of immunoglobulin; *, nonspecific band.
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ther suggesting that EGLN3 has no significant effect on the cIAP1
enzymatic activity.

Accumulating evidence supports the notion that IKK� is the
key factor for transducing the Ub signal to the TAK1 and IKK
complexes. IKK� is able to interact with the M1- and K63-linked
poly-Ub chains (22, 33, 65). However, binding of IKK� to distinct
types of poly-Ub chains may not be sufficient for the full activation
of IKK2. IKK� has been shown to regulate activation of IKK and
NF-�B by a mechanism that is dependent upon IKK� ubiquitina-
tion (16–26). IKK� ubiquitination may trigger the conforma-
tional change in the IKK complex, which is required for full acti-
vation of IKK2 (22, 66). Alternatively, the poly-Ub chains attached
on IKK� can function as a platform to nucleate the TAK1-TAB2-
TAB3 complex (67). The nuclear protein localization 4 zinc finger
(NZF) domain of TAB2 and TAB3 interacts specifically with the
K63 poly-Ub chains (68). Interaction of TAB2 and TAB3 with the
K63 poly-Ub chains provokes oligomerization-dependent auto-
phosphorylation and activation of TAK1, which in turn induces
phosphorylation and activation of IKK2 as well as subsequent ac-
tivation of NF-�B (12, 50). In the current study, we showed that
cIAP1 targets IKK� for K63-linked polyubiquitination. In support
of the previous observation that IKK� is not necessary for the

recruitment of the LUBAC to the TNF-RSC (48), our current data
suggest that cIAP1-mediated IKK� ubiquitination may not be im-
portant for the LUBAC recruitment. We therefore favor a model
whereby ubiquitinated IKK� may potentiate IKK2 activation by
inducing the conformational change of the IKK complex and/or
by serving as a platform to recruit and activate the TAK1 complex.
Further studies are required to explore the mechanisms for acti-
vation of IKK2 by the ubiquitinated IKK�.

The inhibition of IKK� ubiquitination by EGLN3 was inde-
pendent of CYLD or A20. In addition, we found no evidence that
EGLN3 acted as a deubiquitinase. Importantly, we have shown
that cIAP1 and EGLN3 both physically interact with IKK�
through the same domains (CC1 and LZ domains). Consistent
with these observations, we have demonstrated that EGLN3 inter-
rupts the interaction between IKK� and cIAP1. Taking these find-
ings together, we propose that EGLN3 competes with cIAP1 for
the interaction with IKK�, leading to interruption of cIAP1-IKK�
interaction and inhibition of IKK� ubiquitination and thereby of
IKK2/NF-�B activation.

Our data also suggest that the regulation of IKK� by EGLN3
affects NF-�B activity. For example, depletion of EGLN3 in-
creased TNF-induced expression of COX2, a well-known down-
stream target of NF-�B, whereas overexpression of EGLN3 de-
creased it. Moreover, the enzymatically inactive mutants of
EGLN3 impeded TNF-induced COX2 expression as efficiently as
the wild-type EGLN3. Consistent with our finding that EGLN3
interacts with and inhibits ubiquitination of IKK� primarily via its
C-terminal region (F3), the F3 fragment (but not the F1 or F2
fragment) blocked IKK activity and TNF-induced COX2 expres-
sion. We therefore conclude that the interaction between EGLN3
and IKK� is required for the ability of EGLN3 to inhibit IKK�
ubiquitination and thereby alter IKK–NF-�B signaling.

NF-�B transcription factors are crucial regulators of inflam-
mation, immunity, stress responses, cell apoptosis, and differen-
tiation. Aberrant activation of NF-�B has been linked to human
diseases, including chronic inflammatory diseases, autoimmune
and metabolic disorders, and cancers (50). The activation of
NF-�B by many stimuli is typically transient, limited by the action
of negative regulatory mechanisms (50). Termination of an
NF-�B response by these negative regulatory mechanisms pre-
vents persistent and pathological activation of NF-�B signaling,
which may be linked to the diseases described above. Our report
provides novel insights into a negative regulator of NF-�B activity.
Further study of the molecular mechanisms underlying EGLN3
regulation of NF-�B signaling may therefore contribute to novel
therapeutic strategies for the treatment of inflammatory diseases
and cancers.
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