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Phosphorylation-dependent ubiquitination combined with protea-
somal degradation of transcriptional regulators is a recently ap-
preciated mechanism for control of a number of inflammatory
genes. Far less is known about the counterregulatory mechanisms
that repress transcriptional activity in these pathways during
resolution. Here, we investigated the transient nature of hypoxia-
induced tumor necrosis factor (TNF)� in T84 cells, a process we have
previously shown to involve phosphorylation-dependent degra-
dation of the cAMP-response element-binding protein (CREB).
Initial studies indicate hypoxia-induced TNF� to be a transient
event, the resolution of which is associated with the appearance of
a higher molecular weight modified form of CREB. Gene array
analysis of mRNA derived from hypoxic cells identified a time-
dependent induction of small ubiquitin-related modifier (SUMO)-1
mRNA. In prolonged hypoxia, CREB is posttranslationally modified
by SUMO-1. Furthermore, SUMO-1 overexpression stabilizes CREB
in hypoxia and enhances CREB-dependent reporter gene activity.
Site-directed mutagenesis of lysine residues K285 and K304 iden-
tifies them as SUMO acceptors in vivo and in vitro. Mutation of
K304 also results in loss of CREB nuclear localization, implying a
role for SUMO-1 modification at this site in the subcellular local-
ization of CREB. Thus, in prolonged hypoxia, CREB is modified by
association with SUMO-1. Furthermore, we hypothesize that such
an event stabilizes and promotes nuclear localization of CREB and
thus complements an endogenous resolution phase for hypoxia-
induced inflammatory processes.

D iminished tissue oxygen delivery (hypoxia) is common in a
number of diseases (1). Initial transcriptional responses to

hypoxia facilitate adaptation consistent with cell, tissue, and
whole-animal survival (2). We have previously described a
temporally downstream hypoxic phenotype, in intestinal epithe-
lia, which actively contributes to inflammatory processes through
transcriptional up-regulation of proinflammatory genes, includ-
ing tumor necrosis factor (TNF)� (3). This phenotypic switch
depends pivotally on the degradation of cAMP-response
element-binding protein (CREB) (4). Hypoxia elicits CREB
degradation in intestinal epithelial cells through phosphoryla-
tion-dependent targeting to the ubiquitin�proteasome pathway
of proteolysis (5, 6). Although the induction of proinflammatory
genes in hypoxia is transient, little is known about the pathways
that repress ongoing transcriptional activity and whether endog-
enous ‘‘braking’’ mechanisms exist to counterregulate the tran-
scriptional machinery in resolution. It has recently been appre-
ciated that posttranslational modification of proteins through
association with small ubiquitin-related modifier (SUMO)-1
mediates protein trafficking and protein–protein interactions
and may represent a decoy mechanism for ubiquitination and
subsequent proteasomal degradation (7). Such a pathway has
been studied with regard to control of inflammatory gene
transcriptional regulators. For example, SUMO-1 modification
of I�� has been demonstrated to inhibit ubiquitination and
degradation and subsequently results in the inhibition of nuclear
factor �B (NF�B) activation (8, 9).

Stimuli demonstrated to induce or repress SUMO-1 modifi-
cation of various proteins include DNA damage (10, 11), tem-
perature (12), arsenic trioxide (13), and c-Jun activation (14).
SUMO-1 modification is a three-step process involving SUMO-1
activation by the E1 enzyme Aos1�Uba2, protein-SUMO-1
conjugation by the E2 enzyme Ubc9, and SUMO ligation via
E3-like ligases such as the nucleoporin RanBP2�Nup 358 and
members of the PIAS family of proteins (15–20). RanGAP1 was
the first protein identified as a target for SUMO-1 modification
(21–23). However, a number of functionally diverse proteins
have also been identified as SUMO-1 targets. As well as I�B,
other endogenous proteins include PML, HIPK2, c-Jun, p53,
p73�, topoisomerase II, PCNA, axin, Daxx, the androgen re-
ceptor, HSF-1, TEL, and c-Myb (10, 11, 13, 14, 19, 24–34).
Furthermore, utilization of the SUMO-1 conjugation pathway to
stabilize proteins from invading pathogens has been hypothe-
sized for the viral proteins E1, E3L, IE2-p86, and E1B-55kDa
(35–37) and the bacterial protein YopJ�P from Yersinia (38–40).
Although modification of proteins by SUMO-1 is a covalent
process, it is reversible through the activity of a number of
specific isopeptidase enzymes (41).

Although the specific targeting mechanism for SUMO-1
modification remains unknown, interaction with target proteins
depends on a �KxE consensus motif in the target protein, where
� represents a hydrophobic amino acid, and x represents any
amino acid (42). Furthermore, a number of proteins, including
PCNA, Daxx, and axin, have been recently demonstrated to be
SUMO-modified at nonconsensus motifs (11, 33, 34). We iden-
tified potential SUMO-1 modification motifs in CREB between
amino acids 303 and 306 and between 284 and 287, which are
similar but do not fully conform to the consensus motif. Here,
we demonstrate that prolonged hypoxia leads to a resolution of
inflammatory gene expression, an event that we hypothesize to
be mediated through SUMO-1 modification of CREB at one or
both of these sites.

Materials and Methods
Cell Culture and Hypoxia. T84, bovine aortic endothelial (BAE),
and HeLa cells were maintained and exposed to hypoxia (pO2,
20 torr; pCO2, 35 torr; balance N2 and water vapor; 1 torr � 133
Pa) as described (3, 4, 6). Normoxic controls were exposed to the
same protocols under conditions of atmospheric O2 (pO2, 147
torr; pCO2, 35 torr).

TNF� Release Assay. Basolateral TNF� release from T84 mono-
layers grown on permeable support inserts was measured as
described (3, 4). Confluent monolayers were exposed to hypoxia
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for 24 h, and media were removed and replaced with fresh
preequilibrated hypoxic media. This procedure was repeated at
48 and 72 h. TNF� release in each period (0–24, 24–48, and
48–72 h) was assessed independently by ELISA (BioSource
International, Camarillo, CA).

On-Bead Biotinylation. T84 monolayers were exposed to normoxia
or 48-h hypoxia, lysed in low-stringency lysis buffer, and immu-
noprecipitated overnight with polyclonal CREB antibody. Beads
were washed three times in low-stringency lysis buffer, biotin-
ylated (1 mM biotin, 25 min, 4°C), washed again, and resus-
pended in 150 mM NH4Cl (in lysis buffer) for 30 min at 4°C.
Washed beads were resuspended in sample buffer, boiled (5
min), and separated on 10% SDS�PAGE. Proteins were trans-
ferred to nitrocellulose membrane and probed for biotinylated
proteins by using avidin–peroxidase.

Gene Array Analysis. Gene array analysis was carried out as
described (6). T84 cells were exposed to hypoxia (0, 6, 18 h), total
RNA was extracted, and mRNA was isolated and DNase treated
(6). The mRNA profile was assessed by using quantitative gene
chip expression arrays (Affymetrix, Santa Clara, CA; ref. 43).

Analysis of mRNA Levels by PCR. RT-PCR analysis of mRNA levels
was performed by using DNase-treated total RNA as described (4)
with primers specific for SUMO-1 (5�-CGTCATCATGTCTGAC-
CAGGA-3� and 5�-CACTGAAAGTCACAGTCCAGG-3�) or for
human �-actin (5�-TGACGGGGTCACCCACACTGTGC-
CCATCTA-3� and 5�-CTAGAAGCATTTGCGGTGGACGAT-
GGAGGG-3�).

Northern Blot Analysis. RNA was isolated and treated as described
above, denatured (58°C for 15 min), loaded on a 1% agarose-1
M 4-morpholinepropanesulfonic (Mops) gel in 1 M Mops run-
ning buffer, and run at 80 V for 90 min. RNA was transferred
to a positively charged nylon membrane (Roche Diagnostics) by
capillary action for 180 min. Crosslinking was achieved by using
UV irradiation. A probe was generated by random primer
biotinylation by using a commercially available kit (Kirkegaard
& Perry Laboratories). The membrane was prehybridized in 10
ml of formamide buffer�100 �g�ml herring sperm DNA hybrid-
ization solution for 1 h at 42°C. The denatured probe was then
added for 16 h in hybridization solution. Detection was achieved
by using a commercially available kit and exposing membranes
to photographic film.

Immunoprecipitation�Western Blotting. To examine CREB�I��
ubiquitination and SUMO-1 modification, whole-cell lysates
were prepared as described (4). CREB or I�� was immunopre-
cipitated from these lysates by using antibodies from New
England Biolabs and Upstate Biotechnology (Lake Placid, NY),
respectively. Immunoprecipitates were separated by 10% SDS�
PAGE, transferred to nitrocellulose, and probed with anti-
ubiquitin (StressGen Biotechnologies, Victoria, Canada) or anti-
SUMO-1 (Zymed). After washing, a species-matched
peroxidase-conjugated secondary antibody was added (Cappell).
Labeled bands were detected by enhanced chemiluminesence
(Amersham Pharmacia).

Peptide Treatment. HIV-tat peptide-facilitated loading of cells
with bioactive peptides was carried out as described (6). Syn-
thetic peptides were generated by SynPep (Dublin, CA). The
HIV-tat-conjugated SUMO-target sequence was YGRKKRR-
QRRRGECRRKKKEYVKC. The peptide was made to a stock
concentration of 50 mM in H2O. Peptides were added to the
indicated final concentrations 2 h before incubation in hypoxia.

Transfections. The SUMO-1 expression plasmid which encoded
for a His (6)-tagged SUMO-1 protein was a kind gift from Ron
Hay (University of St. Andrews, Fife, Scotland). One microgram
of plasmid was transfected into BAE cells by using Effectene
transfection reagent (Qiagen, Valencia, CA) according to the
manufacturer’s instructions.

A luciferase gene reporter assay was used to investigate the
impact of hypoxia on transcriptional events under the control of
CREB as described (6). Briefly, BAE cells were grown to �60%
confluence and transfected with a luciferase reporter plasmid
under the control of a basic promoter element (TATA) plus a
defined inducible cis-enhancer element containing CRE re-
sponse element motifs (Stratagene). Where appropriate, cells
were cotransfected with positive control plasmids.

Site-Directed Mutagenesis. The plasmid used for expression and
mutagenesis was pCREB–enhanced GFP (EGFP) (CLON-
TECH). All site-directed mutagenesis was carried out by using
the QuikChange XL Site-Directed Mutagenesis kit according to
the manufacturer’s instructions (Stratagene). Mutant plasmids
were confirmed by DNA sequencing. Mutations made were
K155T, K155R, K285I, K285R, K304T, and K304R. Intracellular
localization of EGFP-CREB was visualized by fluorescence
microscopy.

In Vivo and in Vitro CREB SUMO Modification Assays. In vivo SUMO
modification of CREB was evaluated in BAE cells transfected
with wild-type or mutated EGFP-CREB. After EGFP immu-
noprecipitation with the Full Length Living Colors antibody
(CLONTECH), samples were resolved by SDS�PAGE, trans-
ferred to nitrocellulose, and Western blotted with a CREB or
SUMO antibody. For in vitro SUMO modification assays, wild-
type and mutant EGFP-CREB was expressed in HeLa cells,
immunoprecipitated (as above), and incubated for 2 h at 37°C in
the presence or absence of SUMO and the enzymes necessary to
catalyze the SUMO modification (25). Samples were then re-
suspended in reducing sample buffer, and SUMO-modification
of CREB was assayed as described above.

Data Presentation. Cytokine ELISA and luciferase reporter assay
data were compared by Student’s t test with P � 0.05 considered
statistically significant. All values are given as mean � SEM for
n experiments.

Results
Resolution of Hypoxia-Elicited TNF� Expression. Previously, we dem-
onstrated that hypoxia-induced TNF� expression depended on
the ubiquitin-mediated degradation of CREB (3, 4, 6). Here, we
examined the resolution of this response in prolonged periods of
exposure. Subjection of T84 cells to hypoxia resulted in the
temporally segmental release of TNF�, which was maximal
between 24 and 48 h (42.4 � 5.7 pg per monolayer; Fig. 1A) of
exposure and resolved between 48 and 72 h (8.4 � 1.7 pg�
monolayer; Fig. 1 A). This resolution phase was not associated
with cell death as assessed by transepithelial electrical resistance
(data not shown).

Because previous studies implicated the ubiquitin-dependent
degradation of CREB in TNF� induction (6), we searched for
the existence of alternatively modified stable forms of CREB in
prolonged periods of hypoxia. To do this, CREB immunopre-
cipitates were biotinylated, resolved, and probed with peroxi-
dase-conjugated avidin. As shown in Fig. 1B, and consistent with
previous work (4, 6), prolonged hypoxia was associated with the
near-complete loss of native CREB (43 kDa). However, the
present studies also revealed the appearance of higher molecular
weight stable forms of CREB in cells subjected to hypoxia (Fig.
1B). Furthermore, CREB immunoprecipitation�Western blot
analysis also revealed the evolution of a higher molecular weight
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modified CREB (�60 kDa) associated with prolonged hypoxia,
suggesting the existence of a hypoxia-specific modification of
CREB (Fig. 1C). Native (43 kDa) CREB was diminished under
these conditions, as described (Fig. 1C).

Hypoxia Increases SUMO-1 Expression. A broad search of hypoxia-
regulated genes using microarray technologies revealed the vast
majority of genes remained unaltered in hypoxia (�96%),
including many in the protein modification family (e.g., ubiq-
uitin, ubiquitin conjugating enzymes, ubiquitin activating en-
zymes, ubiquitin carrier proteins, etc.). However, this analysis
revealed the time-dependent induction of SUMO-1 mRNA (Fig.
2A). Because SUMO-1 conjugation is potentially inhibitory to
ubiquitination and subsequent proteasomal degradation (8, 9,
11) and results in an �17-kDa modification in targeted proteins
(consistent with our findings in Fig. 1), we considered the
possibility that the late hypoxia-elicited induction of SUMO-1
may represent an ‘‘offswitch’’ to the early ubiquitin-dependent
hypoxia-elicited inflammatory phenotype. We confirmed the
transcriptional induction of SUMO-1 mRNA in response to
hypoxia by using RT-PCR and Northern blot analysis and
determined that hypoxia induces SUMO-1 mRNA expression
within 4–8 h of exposure (Fig. 2 B and C). These findings suggest
the possibility that transcriptional induction of SUMO-1 and
subsequent SUMO-1 modification of CREB could provide a
repression mechanism for CREB degradation-dependent tran-
scriptional responses (e.g., TNF�).

Hypoxia Induces SUMO Modification of CREB. We next investigated
whether SUMO-1 protein modification was associated with
hypoxia. First, we confirmed induction at the protein level by
Western blot analysis. SUMO-1 protein was minimally expressed
in control cells, induced by 8 h of hypoxia, and remained elevated
by 24 h (Fig. 3A). We next used Western blotting to probe
whole-cell lysates for changes in overall protein SUMO-
modification patterns. T84 cells displayed significant increases in
protein SUMO modification, apparent within 24 h and partic-
ularly at 48 h (Fig. 3B). In data not shown, increased SUMO

Fig. 1. Hypoxia-induced TNF� is transient. (A) ELISA was used to measure
temporally segmental, basolateral release of TNF� from T84 cells. Hypoxia-
elicited TNF� release was transient and resolved between 48- and 72-h hyp-
oxia (n � 3; P � 0.05). (B) On-bead biotinylation was used to investigate the
impact of 48-h hypoxia on CREB expression and modification. Higher molec-
ular weight modified forms of CREB, which evolve in hypoxia, are indicated
(black arrows). (C) T84 cells exposed to increasing periods of hypoxia demon-
strate decreased native 43-kDa CREB expression as previously described
(Lower; ref. 6). During the same period, a higher molecular weight band
(60 kDa) appears, which is recognized by the CREB antibody, implicating a
modified form of CREB.

Fig. 2. Expression of SUMO-1 mRNA in hypoxia. (A) mRNA microarray
analysis was used to investigate global gene expression in T84 cells exposed to
increasing periods of hypoxia. Although 96% of genes studied remained
stable, the expression of SUMO-1 was increased in a time-dependent manner.
(B) Microarray data were confirmed by RT-PCR analysis, which demonstrates
a time-dependent increase in SUMO-1 mRNA in hypoxia. (C) Northern blot
analysis was used directly to assess SUMO-1 expression in RNA derived from
cells exposed to indicated periods of hypoxia.

Fig. 3. Hypoxia enhances protein SUMO-1 modification. (A) Western blot
analysis was used to confirm hypoxia-elicited up-regulation of SUMO-1 pro-
tein expression. (B) Western blot analysis of whole-cell lysates was used to
investigate SUMO-1 modification of proteins in 0- to 72-h hypoxia. Arrows
indicate SUMO-1-modified proteins. (C) SUMO-1 modification of CREB in
hypoxia was investigated by CREB immunoprecipitation and Western blot
with an anti-SUMO-1 antibody. A band at �60 kDa increased with prolonged
hypoxia, consistent with SUMO-1-modified CREB. (D) CREB ubiquitination in
hypoxia was investigated by immunoprecipitation of CREB and Western blot
with an anti-ubiquitin antibody. Bands consistent with ubiquitin-modified
CREB were rapidly detected by 1 h of hypoxic exposure. (E) SUMO-1 modifi-
cation of I�B in hypoxia was investigated by I�B immunoprecipitation and
Western blot with an anti-SUMO-1 antibody. A band at �55 kDa increased
with prolonged hypoxia, consistent with SUMO-1-modified I�B.
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modification was evident in diverse cell types subjected to
hypoxia, including microvascular endothelia and renal tubular
epithelia, and was also demonstrable in vivo (colonic mucosal
scrapings from hypoxic mice). Anti-SUMO-1 immunoblotting of
SUMO-1 immunoprecipitates confirmed increased protein
SUMO-1 modification by 48 h of hypoxia (data not shown).

Both I��� and CREB are negatively associated with the
regulation of inflammatory gene transcription in hypoxia. We
have proposed that the phosphorylation-dependent targeting of
I�� and CREB to ubiquitination and degradation is a potential
activation pathway for an inflammatory phenotype-induced in
hypoxia (4, 6). I��� has previously been identified as a substrate
for SUMO-1 modification (9), an event dependent on the
presence of a SUMO-binding motif (LKKE). SUMO-1 modifi-
cation of I�� inhibits ubiquitination and thus may be an impor-
tant endogenous anti-inflammatory signal. We hypothesized
that SUMO-1 modification of CREB may represent an anti-
inflammatory signal in prolonged hypoxia. Thus, we addressed
whether CREB is directly SUMO modified in hypoxia.

Epithelial cells were exposed to increasing periods of hypoxia,
and I�� or CREB was immunoprecipitated, resolved by SDS�
PAGE, and immunoprobed with anti-SUMO-1. We found that
CREB immunoprecipitates demonstrated an evolving SUMO-
1-modified band in hypoxia (at a molecular weight of �60 kDa,
consistent with a CREB–SUMO conjugate), indicating a CREB-

SUMO-1 association in hypoxia (Fig. 3C). I�B� was similarly
SUMO-1 modified by these conditions of hypoxia (Fig. 3E), and
as such, served as a control protein for SUMO-1 modification.
Importantly, maximal SUMO-1 modification of both I�� and
CREB occurred at time points between 24 h and maximally at
48 h. In separate experiments, CREB immunoprecipitates were
probed with anti-ubiquitin. These studies demonstrated, as we
described previously (6), that CREB ubiquitination occurred
transiently at earlier time points, with detectable ubiquitination
by 1–2 h of hypoxia (Fig. 3D). As described earlier in Fig. 1C,
native CREB degradation is detectable by 4 h of hypoxia,
whereas a SUMO-modified form evolves at later time points.
Combined, these data support our hypothesis that CREB is a
SUMO-1 substrate and that prolonged hypoxia promotes post-
translational modification of CREB by SUMO-1.

SUMO Overexpression Stabilizes CREB. To investigate whether
SUMO-1 functionally stabilizes CREB, we overexpressed
SUMO-1 by transient transfection and assessed CREB activity
by using a CREB-dependent luciferase reporter assay. As shown
in Fig. 4A, overexpression of SUMO-1 in BAE cells resulted in
a functionally enhanced basal CREB activity. Furthermore, the
SUMO-1-modified form of CREB remained stable in hypoxia,
whereas the native form was degraded (Fig. 4B). Together, these
data demonstrate that SUMO-1 modification of CREB results in
stabilization of the active protein in both normoxia and hypoxia.

Fig. 4. SUMO-1 stabilizes CREB through modification at a specific binding motif. (A) A CREB-dependent luciferase reporter assay was used to determine the
impact of SUMO-1 overexpression on CREB activity in BAE cells. SUMO-1 overexpression significantly enhanced CREB-dependent activity under normoxic (N) and
48-h hypoxic (48) conditions. (B) Western blot analysis was used to investigate the impact of SUMO-1 overexpression on CREB levels in the nuclear lysates derived
from normoxic and hypoxic cells. SUMO-1 overexpression increased the expression of SUMO-1-modified and nonmodified CREB in normoxia. SUMO-1
overexpression resulted in the stabilization of SUMO-1-modified but not nonmodified CREB in hypoxia. (C) Site-directed mutagenesis of lysines 285 and 304 but
not 155 resulted in decreased EGFP-CREB SUMO modification in vivo. (D) Site-directed mutagenesis of lysines 285 and 304 but not 155 resulted in decreased
EGFP-CREB SUMO modification in vitro. (E) Wild-type CREB is localized in the nuclear compartment and is enhanced by cotransfection with SUMO. Mutation of
the SUMO acceptor residue (K304R) resulted in a loss of nuclear localization of EGFP-CREB, whereas mutation of the nonaccepting lysine residue (K155R) did
not alter CREB nuclear localization. (F) Western blot analysis of CREB immunoprecipitates was used to investigate the impact of the KKKE-containing peptide
on SUMO-1 modification of CREB in hypoxia. The bioactive peptide diminished SUMO-1 modification of CREB in a concentration-dependent manner. (G) A
CREB-dependent luciferase reporter assay was used to investigate the impact of inhibition of CREB SUMO-1 modification on CREB activity. Cotransfection of
CRE-luciferase and protein kinase A resulted in a significant increase in CREB-dependent activity, which was unaltered by pretreatment of cells with a scrambled
control peptide but was significantly diminished by pretreatment with the KKKE-containing peptide.
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The consensus SUMO modification motif is �KxE, where �
represents a large hydrophobic amino acid and x represents any
amino acid (42). Although no exact consensus motif exists in
CREB, three similar sequences exist between amino acids 303
and 306 (KKKE), 284 and 287 (RKRE), and 154 and 157
(EKSE), which we hypothesized to be potential acceptor sites for
SUMO on CREB. We used site-directed mutagenesis of CREB
to mutate lysine residues on each of these sites. Mutation of lys
(K285) and lys (K304) resulted in decreased SUMO-
modification of CREB both in vivo and in vitro. (Fig. 4 C and D,
respectively). Interestingly, we found that K304 lies within the
putative nuclear localization sequence of CREB. Mutation of
K304 to an amino acid with similar properties (R; to maintain
nuclear localization sequence activity but lose SUMO modifi-
cation) resulted in a loss in the nuclear localization of CREB,
implicating a role for SUMO modification at this motif in the
nuclear localization of CREB (Fig. 4E).

To confirm whether nonconsensus sites such as 303–306 (KKKE)
could function as SUMO-1 modification motifs, we generated a
synthetic peptide sequence spanning the putative target amino acid
sequence containing lysine 304. This peptide was made cell per-
meant by synthesis of an N-terminal HIV-tat sequence, which we
have used successfully in the past (6). Initially, we investigated the
impact of preloading cells with this peptide on protein SUMO-1
modification in hypoxia. As shown in Fig. 4F, preloading cells with
increasing concentrations of the KKKE-containing (but not the
scrambled control) peptide and subsequent assessment of CREB
SUMO modification by immunoprecipitation�Western blot re-
vealed a loss of SUMO-1 modification with increasing KKKE
peptide concentration, suggesting that the decoy peptide function-
ally diminishes SUMO modification of CREB.

Additional studies were performed to determine the impact of
the decoy peptide on CREB activity. To do this, protein kinase
A-activated CREB luciferase reporter assays were used, and as can
be seen in Fig. 4G, preloading of cells with HIV-tat-KKKE peptide
(10 �M final concentration) significantly decreased CREB-
dependent luciferase activity compared with control (P � 0.05; n �
3), Taken together, these results indicate that the KKKE sequence
represents a functional SUMO-1 targeting domain on CREB.

Discussion
Hypoxia is commonly associated with inflammation in a range of
pathologies, and hypoxia-elicited transcriptional events may con-
tribute significantly to the extent of inflammatory disease (1).
Although the vast majority of inflammatory processes are self-
limiting and resolve with little or no consequence, it is now
appreciated that this latter phase of resolution may be more an
active response than a passive process. In the present studies, we
addressed the late-phase repression of a modeled inflammatory
event, typified by the transcriptional induction of TNF� (3, 4), to
identify potential targets for resolution. This approach identified
SUMO-1 modification as a potentially important posttranslation
modification for resolution of an inflammatory phenotype.

Initial studies directed at addressing potential posttransla-
tional modification of CREB by hypoxia revealed the appear-
ance of an �17-kDa modification associated with prolonged
hypoxia. An unbiased search for protein modifiers by microarray
analysis revealed that, whereas the majority of genes, including
other protein modifiers, remained unaltered in hypoxia,
SUMO-1 was transcriptionally induced. Of interest in this re-
gard, a number of bona fide SUMO-1 substrates (7) have been
associated with either transcriptional or posttranslational regu-
lation by hypoxia, including p53, Mdm2, c-jun, Glut-1, and
Glut-4 (44–46). In addition, NF�B transcriptional activity is
enhanced by hypoxia, and the expression and function of I�B�
have been tightly linked to SUMO-1 conjugation (8). Thus,
significant evidence places SUMO-1 as a central player in the
generalized hypoxic response.

A number of functions have been attributed to SUMO-1 conju-
gation of proteins, most notably the stabilization of protein struc-
ture, the regulation of protein–protein interactions, and the orga-
nization of subcellular compartmentalization (47). Most recent
studies indicate that the enzymes implicated in SUMO-1 conjuga-
tion are expressed predominantly in the nucleus. For example,
transfection studies using epitope-tagged SUMO-1, SUMO-1-
activating enzymes, and Ubc9 indicated dominant nuclear�nuclear
membrane localization within dot-like structures (48). Our present
findings that CREB is a SUMO-1 substrate are thus consistent
within this localization, because CREB is expressed predominantly
within the nuclear domain (49) and has been previously observed
to be associated with Ubc9 (50). Interestingly, we found that,
whereas ubiquitination of CREB is a relatively early event (�2 h),
SUMO-1 conjugation of CREB occurs comparatively late in the
hypoxic response (24 and 48 h after onset). This may be related to
the necessity for transcriptional up-regulation of SUMO-1 in hyp-
oxia, because little or no SUMO-1 expression (either RNA or
protein) was evident in normoxic cells. Such observations suggest
a self-regulating mechanism for ubiquitination and SUMO-1 mod-
ification of transcriptionally active CREB. At present, it is not
known whether this is unique to CREB or a more general mech-
anism for other SUMO-1 conjugates. It is likely that this self-
regulating path is a more general mechanism, because the expres-
sion of other SUMO-1 conjugates (e.g., I�B�) is also tightly
regulated through proteolysis. More work will be necessary to
define the relationship between SUMO-1 expression levels and
relative conjugation activity.

Although the exact targeting mechanism(s) for proteins to
conjugation by SUMO-1 is not precisely detailed, it is clear that
acceptor proteins express a minimal consensus site for SUMO-1
modification. Recent mutagenesis-based mapping studies have
more clearly defined this consensus site to include �KxE, where
� is a hydrophobic amino acid and x is any amino acid (42).
Recently, the exact SUMO-targeting sequence for a number of
proteins has been defined as containing the consensus motif (7).
Importantly, a number of SUMO-1-modified proteins including
PCNA, Daxx, and Axin, also contain active nonconsensus-

Fig. 5. Model of the temporal posttranslational modifications of transcrip-
tional regulators in hypoxia. In early periods of hypoxia, I�B and CREB are
ubiquitinated rapidly in a phosphorylation-dependent manner, resulting in
targeting of these molecules to proteasomal degradation. Such removal of
anti-inflammatory regulators results in the induction of a proinflammatory
phenotype. More prolonged periods of hypoxia lead to the induction of
SUMO-1 expression and SUMO-lation of I�B and CREB. This late event depends
on the transcription and translation of SUMO and leads to the stabilization of
these regulators, consequently mediating an inhibition of the hypoxia-
elicited inflammatory phenotype.
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binding sites (11, 33, 34). Analysis of CREB identified no
consensus modification site; however, putative SUMO-1 modi-
fication sites were located at amino acid positions 304, 285, and
155, which exist within sequences similar to the consensus motif
although lacking the hydrophobicity of the � residue. Site-
directed mutagenesis of CREB using a transfection-based ap-
proach revealed that mutation of lysines 285 and 304 resulted in
decreased association between CREB and SUMO both in vivo
and in vitro. Multiple sumoylation sites have been described
elsewhere for other proteins (51, 52). Mutation of lysine 155
actually resulted in increased CREB modification by SUMO-1.
Further experiments will determine whether this site may rep-
resent the ubiquitin acceptor residue. The CREB K304R mu-
tation, which should maintain nuclear localization sequence
(NLS) activity but lose SUMO-1 modification, loses its nuclear
localization, implicating a role for SUMO modification of the
NLS in the subcellular localization of CREB.

We generated a cell-permeant peptide spanning the SUMO-1
consensus motif. This approach has been used widely to study
protein structure–function in intact cells (53) and, because of its
homology to nuclear localization sequences (54), is particularly
effective at targeting nuclear substrates, such as CREB. Our
studies revealed that loading of cells with this peptide efficiently
inhibited CREB SUMO-1 modification in hypoxia, presumably
through functioning as a decoy for SUMO-1 modification.

Because SUMO-1 has been previously associated with antag-
onism of ubiquitination (9, 42), we investigated its potential role
in the resolution of hypoxia-elicited inflammatory gene expres-

sion. This hypothesis is consistent with a number of previous
studies indicating that SUMO-1 may hold promise in modulating
the inflammatory response. For example, given the importance
of tightly regulated expression of the SUMO-1 conjugate c-Jun
in stress and inflammation (55), it is quite probable that
SUMO-1 is central to a number of key kinase activation path-
ways. Moreover, Desterro et al. (8) have directly implicated
SUMO-1 in the inhibition of the proinflammatory transcription
factor NF�B through stabilization of the inhibitory subunit
I�B�. Of note in this regard, we and others have shown that
hypoxia activates NF�B through as-yet-undefined mecha-
nism(s). Our studies here revealed that I�B� is directly SUMO-
modified in hypoxia (see Fig. 3G) and, given the importance of
I�B� stabilization to NF�B control, such findings may contrib-
ute significantly to understanding transcriptional pathways in
addition to those mediated by CREB. As such, we propose that
SUMO-1 modification�stabilization and nuclear targeting of
anti-inflammatory transcriptional regulators may represent a
general antiinflammatory signal, and that hypoxia may be cen-
tral to coordination of this response (see Fig. 5).
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