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Mammalian oxygen homeostasis is dependent on the
HIF family of transcription factors. The CSN subunit,
CSN5, binds both the CODD of HIF-1a and the pVHL
tumor suppressor. High CSN5 expression generates a
pVHL-independent form of CSN5 that stabilizes HIF-1«
aerobically by inhibiting HIF-la prolyl-564 hydrox-
ylation. Aerobic CSN5 association with HIF-1a occurs
independently of the CSN holocomplex, leading to HIF-
la stabilization independent of Cullin 2 deneddylation.
CSN5 weakly associates with HIF-1« under hypoxia, but
is required for optimal hypoxia-mediated HIF-1« stabili-
zation. These results indicate that CSN5 regulates aero-
bic as well as hypoxic HIF-1a stability by different
mechanisms during oncogenesis.
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Adaptation to hypoxia in humans requires the hypoxia-
inducible factor (HIF) family of transcriptional regulators
(for review, see Kim and Kaelin 2003). Various isoforms
of both HIF-a and HIF-B exist, with HIF-la and HIF-2a
protein stability being regulated by dioxygen levels (Kim
and Kaelin 2003). HIF-1a is targeted for ubiquitylation
and degradation under aerobic conditions by trans-4-hy-
droxylation of highly conserved LXXLAP motifs in oxy-
gen-dependent degradation domains (ODDs) at P564
(CODD) and P402 (NODD; Kim and Kaelin 2003). The
4-prolyl-hydroxylation is performed by a conserved fam-
ily of O,-, Fe(Il)-, and 2-oxoglutarate-dependent prolyl-
hydroxylase isozymes termed prolyl hydroxylase domain
enzymes (PHD1-3; Kim and Kaelin 2003). Prolyl-hydrox-
ylation allows recognition of HIF-1a by the von Hippel-
Lindau tumor suppressor protein (pVHL), which serves
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as the recognition component of an E3 ubiquitin ligase
complex (pVHL/Elongin C/Elongin B [VCB], Cullin 2
[Cul2], and Rbx-1). Limiting oxygen availability or direct
inhibition of the PHD enzymes by large divalent metal
ions, iron chelators, certain 2-oxoglutarate analogs, or
the absence of ascorbate allows HIF-a to escape hydrox-
ylation and recognition by pVHL. Aerobic HIF-1a stabi-
lization can also be induced by a variety of growth fac-
tors and oncogenes (Kim and Kaelin 2003).

The COP9 signalosome (CSN) holocomplex is com-
posed of eight subunits designated CSN1-CSNS8 (for re-
view, see Wolf et al. 2003). Until recently, the function
of the CSN was obscure, although it appeared to be in-
volved in regulating protein stability. Mutational analy-
sis in Saccharomyces pombe revealed that CSN disrup-
tion resulted in the accumulation of neddylated cullins
(Wolf et al. 2003). The conjugation of the ubiquitin-like
protein Nedd8 to cullins is thought to be required for
ubiquitin E2 recruitment. CSN5 is found both in the
nucleus and cytoplasm and contains a JAB-1/MPN do-
main metalloenzyme motif (JAMM) that forms the cata-
lytic region of an isopeptidase (Wolf et al. 2003). CSN5
requires assembly into the CSN holocomplex to func-
tion as a Nedd8 isopeptidase. The CSN5 JAMM domain
is responsible for the cleavage of Nedd8 from cullins,
resulting in an inability of cullin complexes to catalyze
ubiquitin ligation. Ongoing Cul2 neddylation is required
for pVHL-mediated HIF-a degradation, and inhibition of
Nedd8 conjugation to Cul2 results in HIF-1a protein ac-
cumulation under aerobic conditions (Ohh et al. 2002).
Evidence exists, however, that suggests the deneddylat-
ing function of the CSN holoenzyme is not the sole func-
tion of this protein complex and that smaller CSN-con-
taining complexes exist that do not possess Cullin-
deneddylating functions (Wolf et al. 2003). Therefore, the
CSN complexes are thought to function in the regulation
of protein stability in a variety of ways.

Cullin-containing E3 ubiquitin ligases control the deg-
radation of multiple proteins linked to oncogenic pheno-
types such as those involved in cell cycle control, apo-
ptosis, vascular morphogenesis, meiosis-to-mitosis tran-
sition, DNA-damage responses, and oxygen homeostasis
(Wolf et al. 2003). Thus, regulators of these ligases could
potentially be mutated or exhibit altered expression in
cancer patients. This study examines the role of CSN5 in
the aerobic and hypoxic regulation of HIF-1« protein sta-
bilization. Our data suggest that the high CSN5 expres-
sion seen in some tumors is sufficient for aerobic HIF-1a
stability by directly preventing HIF-1a proline 564 hy-
droxylation and VHL-mediated recognition and ubiqui-
tylation.

Results and Discussion

CSNS5 binds HIF-1a and regulates its transcriptional
activity under aerobic conditions

Retroviral cDNA libraries were screened by using a cell
line stably expressing an HIF-inducible (3xHRE) pro-
moter driving hnGFP expression by FACS to isolate
clones that possessed gain-of-function aerobic HIF activ-
ity. One of the cDNAs possessing the ability to activate
the 3xHRE reporter under aerobic conditions was CSN5.
Expression of CSN5 led to the activation of the 3xHRE-

GENES & DEVELOPMENT 18:739-744 © 2004 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/04; www.genesdev.org 739



Bemis et al.

hnGFP reporter (Fig. 1A), stabilization of HIF-1« protein,
and expression of the HIF-responsive VEGF gene (Fig.
1B). Expression of other CSN subunits (CSN6) or CSN5
paralogs (Rpnl1) are insufficient for HIF-1a stabilization
or HIF-dependent gene expression.

An affinity purification of aerobic HA-tagged HIF-1a
protein complexes was performed concurrent with the
functional genetic screen by using mass spectrometry to
identify proteins that directly interact with HIF-la.
CSN5 was found to specifically associate with HA-HIF-
la but not the empty vector (Fig. 1C). Thus, CSN5 was
found to positively regulate HIF function and to be
physically associated with the HIF-1a complex, support-
ing a previous CSN5-HIF-1a interaction found in a yeast
two-hybrid study (Bae et al. 2002). However, that study
suggested that the mechanism underlying CSN5-in-
duced HIF-1a protein stabilization was related to CSN5
competition with p53 for HIF-1a. Yet CSN5 stabilizes
HIF-1a at higher pO, concentrations (1%-17% O,) than

Omie ]
(7%

Hyposia ll

%0 - L

s - T a

. ,,
; H
ETFE T
(3] L]
L ] | B}
e
1]
i
|
;

Emply
Vegior

bl 1P HA-HIE-1a
g _ -3
$F D
&

Wk e -

VEG
o e |

i

CENG Jo e s s - -

O
Hypoxic

LR | ———

C5NG |1
CSNS
Empty

Rpnll

Hypuria: -

Figure 1. (A) Functional screen for activators of HIF activity. U-251
cells stably expressing three tandomly linked hypoxia-response el-
ements (3xHRE) driving hnGFP gene expression were used to screen
retroviral expression libraries. Highly fluorescent clones (aerobic)
were FACS sorted and expanded, and the expressed cDNA was iso-
lated. CSN5 was identified in 3 of 13 clones expressing aerobic
hnGFP. Shown is the positive control of HIF-mediated transcription
(hypoxia 1% O,) and negative control (17% O,). U-251 (3xHRE) cell
lines containing Rpnl1 (CSN5 paralog and negative control), CSN6
(CSN cofactor and negative control), or CSN5 are shown in the
lower three panels. (B) Protein and mRNA from U-251 cellular ly-
sates were detected by Western blot (anti-HIF-1«, top panel) or HIE-
regulated gene expression assessed by increased VEGF in Northern
blots (lower panel). (C) Proteomic identification of CSN5 as an HIF-
la binding protein. LNCaP cells were retrovirally infected with
pLXSN-HA-HIF-1a or the empty pLXSN-HA vector. Forty-eight
hours postinfection, HA-HIF-1a and HA-complexed proteins were
isolated by using anti-HA affinity chromatography under native ly-
sis conditions. Protein complexes were washed, separated by two-
dimensional electrophoresis, and silver stained. Proteins differen-
tially associated with HA-HIF-la and not the HA-epitope alone
were excised, proteolytically digested, and subjected to MALDI-MS
for mass peptide fingerprinting. CSN5 was one of the most promi-
nently stained spots (red arrow). (D) The MASCOT Search results for
the CSN5 MS spectrum. (E) CSN5 is expressed at higher levels in
prostate cancer cells containing deregulated (aerobic) HIF-1a stabi-
lization. LNCaP, DU145, and PC-3 cell lines were subjected to 17%
O, (-) or 1% O, (+) for 12 h, and the proteins blotted for HIF-1a or
CSNGS.
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hypoxia-stabilized (0.1%-0% O,) p53, suggesting CSN5
mediates aerobic and hypoxic HIF-1a stabilization inde-
pendent of p53.

CSN5 is overexpressed and required
for aerobic HIF-1a stability in PC-3

HIF-1a has been shown to be aerobically stabilized in the
prostate bone metastasis PC-3, but not DU145 or LNCaP
prostate lymph node metastases, by an undetermined
mechanism (Jiang et al. 2001). CSN5 is expressed at a
higher level in PC-3 than in DU145 and LNCaP (Fig. 1E).
Although CSN5 expression is altered by only several fold
in PC-3, CSN5 basal protein expression is already very
high; thus, relatively small changes in CSN5 expression
could shift homeostatic balance of pVHL-associated
CSN5 to the target of this ligase (HIF-la), which is
present in far lower cellular concentrations. In this re-
gard, it is interesting to note that the CSN5 gene is found
on chromosome 8¢, which has been found to possess
multiple and frequent amplifications in prostate cancer
(Schulz et al. 2002).

Aerobic CSN5 expression is necessary
and sufficient to stabilize HIF-a

CSN5 significantly stabilized HIF-1a under aerobic con-
ditions (Fig. 2A). Inhibition of 26S proteosome function
by MG262 stabilized HIF-1a to a greater degree than did
CSNS5 alone, although the combination of CSN5 and
MG262 was not additive, suggesting that CSN5 stabi-
lizes HIF-1a through inhibition of a 26S-dependent deg-
radation pathway. Interestingly, CSN5 overexpression in
RCC4 cells having aerobic HIF-1a stability due to loss of
pVHL does not synergize with pVHL loss, indicating that
CSNS5 and pVHL likely regulate HIF-1a stability by func-
tioning within the same pathway (Fig. 2B).

RNAI inhibition of CSN5 expression indicated that
decreased CSN5 resulted in a delay in the kinetics of
hypoxia-induced HIF-1a stabilization but not complete
blockade of protein stabilization (Fig. 2C,D), whereas
CSN5 expression is required to maintain aerobic HIF-1a
expression (Fig. 2E). This suggests that CSN5 overexpres-
sion in certain tumors may be sufficient to maintain
constitutive HIF-1a stabilization. Previous studies have
also indicated that the CSN exhibits dual or paradoxical
roles both in the degradation and stabilization of E3-me-
diated protein stability (Wolf et al. 2003). Thus, these
results indicate that CSN5 is necessary for aerobic HIF-
la stability and mediates the kinetics and amplitude of
hypoxia-inducible HIF-1a stability. This also implies
that the regulation of CSN5 expression is a key event in
determining whether E3 targets are stabilized or targeted
for degradation.

CSNS5 binds pVHL and the HIF-1a. CODD irrespective
of proline 564 hydroxylation

To examine if HIF-1a was physically associated with
CSNS5 independent of any associated proteins or post-
translational modifications, we incubated recombinant
CSN5 with either HIF-1a, VCB, or p27 recombinant pro-
teins, as shown in Figure 3A and B. CSN5 interacts spe-
cifically with the CODD and the positive control p27,
but not the bBHLH-PAS domain of HIF-1a, the NODD,
Elongin C, or Elongin B. Interestingly, CSN5 bound the
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Figure 2. CSNb5 mediates HIF-1a stabilization upstream of the 26S
proteosome and is additive to hypoxia-induced HIF-1a stabilization.
(A) LNCaP were infected with HA-CSN5 or an HA-vector retrovi-
rus, incubated 36 h, and placed under hypoxia (1% pO,) or treatment
with 500 nM MG262 for the indicated durations. The cells were
lysed at the indicated times and the protein blotted with anti-HIF-
la, CSN5, and a-tubulin. (B) Aerobic CSN5-induced HIF-1a stabi-
lization is not significantly enhanced by loss of pVHL. RCC4 cells
lacking wild-type pVHL and expressing aerobic HIF-1a were stably
transfected with HA-pVHL and/or CSN5. Cell lysates were prepared
and immunoblots performed to examine the levels of total CSN5,
HA (wild-type pVHL), and HIF-1a (bottom three panels). Alterna-
tively, cell lysates were immunoprecipitated by using anti-CSN5
and immunoblots performed to examine HIF-1a associated with the
CSN5 immunoprecipitates (top panel). Aerobic HIF-1a stabilization
is prevented and hypoxic HIF-1a stabilization is delayed by CSN5
RNAi knockdown. PC-3 (C,E) and LNCaP (D) cells were infected
with siRNA-CSN5 or control retroviruses. The cell lines were in-
cubated for 36 h before incubation under hypoxia (1% pO,; C,D) or
aerobic conditions (E). The cells were lysed at the indicated times
and the protein blotted with anti-HIF-1a, pVHL, and CSN5.

pVHL/Elongin C/Elongin B complex, suggesting that
CSNS5 interacts with both the E3 ligase and its substrate.
Analysis of conserved identities among CSN5-binding
proteins (CODD, p27, and pVHL) revealed limited ho-
mology, although certain D, E, and L residues could be
aligned. Interestingly, CSN5 binds both the hydrox-
ylated CODD as well as the nonhydroxylated CODD,
suggesting it can recognize a form of HIF-1a that pVHL
cannot (Fig. 3A). Although mutation of the critical HIF-
la CODD proline (564) greatly diminished CSN5 bind-
ing to the CODD, the rigid structural constraints con-
ferred by prolyl residues on protein ternary structure
makes it unclear whether decreased binding of CSN5 is
due to direct contact with Pro564 or to radical structural
alterations induced by loss of the prolyl residue in this
small peptide.

Clinical VHL mutations alter CSN5-pVHL interaction

To determine if clinically manifested pVHL mutations
affect CSN5 interaction, we stably expressed several mu-
tants representing the various phenotype/genotype
pVHL classifications in the 786-0 VHL ™/~ cell line under
aerobic or hypoxic conditions, and immunoprecipitated
and immunoblotted them as shown (Fig. 3C). Hypoxia
had no effect on the CSN5-pVHL interactions. Some

CSN5 alters HIF prolyl-hydroxylation

mutations (Y98H and L188Q) but not others (V84L,
F119S, R167Q) that lose the ability to degrade HIF-1a
also prevent CSN5:pVHL interaction (Hoffman et al.
2001). This presents the possibility that a subset of VHL
mutants could possess deregulated HIF-a degradation
due to an inability to interact with CSN5. The HIF-1a
(P564) and pVHL residues (Y98 and L188) that alter
CSNS5 binding when mutated are localized either in the
HIF-1a—pVHL interface (P564, Y98) or in a region near
the Flongin—-pVHL contact interface (L188; Fig. 3D) and
reside on a linear face of pVHL (Hon et al. 2002). If CSN5
and the rest of the CSN bind along this surface, the CSN
holocomplex (>450-600 kD) could easily be juxtaposed
within the proposed Cullin-Rbx1 interface, which is the
known site of action for the CSN. Because CSN2 and
CSNG6 have previously been shown to interact with cul-
lins and Rbx1, this model can explain how CSN5 can
interact with both HIF-1a and the VCB-Cul2 E3 ligase
complex.

Expression of CSN5 mutants incapable
of cullin deneddylation still stabilize HIF-1a

The “neddylation” of Cul2 has been reported to be re-
quired for pVHL-mediated degradation of HIF-1a (Ohh et
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Figure 3. CSNS5 binds wild-type pVHL (but not specific clinically
manifested mutants) in addition to the CODD, irrespective of P564-
hydroxylation. (A) Recombinant His,-tagged bHLH-PAS, p27, or
His,-tagged synthesized CODD, CODD(P564A), CODD(hydroxyl-
P564), NODD, NODD (P402A), and NODD(hydroxyl-P402) were
bound to individual NTA columns and incubated with either re-
combinant CSN5 (upper panel) or VCB (lower panel; 4 h at 4°C).
Elutions were separated by SDS-PAGE and visualized by Coomassie
stain. (B) Recombinant Hiss-tagged proteins (CSN5 [1], p27 [2],
CODD [3], NODD [4], bHLH-PAS [5], “VCB” [6], Elongin C [7],
Elongin B [8]) were bound to individual NTA columns. Recombinant
CSN5 was loaded and incubated on the columns (4 h at 4°C) and
washed thoroughly, and the His,-fusion proteins were proteolyti-
cally eluted. Elutions were separated by SDS-PAGE and visualized
by Coomassie stain. (C) 786-0 cells expressing wild-type HA-pVHL
or indicated mutants under hypoxic (H) or aerobic (N) conditions
were immunoprecipitated with anti-HA and blotted as indicated
with anti-HA, anti-pVHL, and anti-CSN5. (D) Crystal structure of
the HIF-1a CODD (pink) complexed to pVHL (gray; Hon et al. 2002).
pVHL residues that alter CSN5 binding are highlighted in yellow
(pVHL L188 and Y98; and HIF-1a P564).
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al. 2002). Expression of CSN5 could therefore potentially
stimulate CSN-mediated Cul2 deneddylation, resulting
in HIF-1a stabilization. Because the CSN5 JAMM motif
binds metal ions that are required for its proteolytic
activity, mutations in the metal-chelating residues
(D151N) result in a nonfunctional peptidase. To test if
CSN5-mediated HIF-1a stabilization is dependent on
proteolytic activity and associated Cul2 deneddylation,
we expressed either wild-type CSN5 or CSN5(D151N)
and examined Cul2 neddylation and HIF-1« stabilization
(Fig. 4A). CSN5 (D151N) expression led to HIF-1a stabi-
lization to the same extent as wild-type CSN5 despite
Cul2 remaining in a partially neddylated state. This in-
dicates that CSN5 can mediate HIF-la stability in a
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Figure 4. (A) Expression of CSN5 mutants incapable of cullin
deneddylation stabilize HIF-1a. LNCaP were retrovirally infected
with empty vector (lanes 1,4,5), pLXSN-HA-CSN5 (lane 2), or
pLXSN-HA-CSN5(D151N; lane 3). At 36 h postinfection, some of
the cells were treated with 500 nM MG262 for 6 h (lane 4) or placed
under hypoxia (1% pO, for 12 h, lane 5). The cellular lysates were
blotted for HIF-1a, Cul2, and pVHL. (B) CSN5 expression results in
an inhibition of HIF-1a proline 564 hydroxylation. HKO cells were
transiently transfected with full-length human HIF-1a, CSN5, or
empty vector and treated with DFO (100 uM; 4 h) or MG132 (10 uM,;
1 h). Total cell lysates were prepared and immunoblots were per-
formed to examine the levels of total HIF-1«, hydroxylated proline
564 of HIF-1a, and a-tubulin. (C) CSN5 sterically prevents PHD
hydroxylation of HIF-la (P564) and pVHL binding. Synthesized
His,-tagged CODD or CODD(hydroxyl-P564) were bound to indi-
vidual NTA columns and incubated with either recombinant CSN5
or VCB in the order indicated for 4 h at 4°C [(1)/(1) denotes coincu-
bation]. Elutions were blotted as indicated. (D) Recombinant His,-
tagged CODD or NODD were bound to individual NTA columns
and incubated with recombinant PHD2, CSN5, or VCB in the order
indicated for 4 h at 4°C. Elutions were blotted as indicated. (E) CSN5
does not directly bind PHD1 or PHD2 or modulate their activity. In
the left panel, recombinant His,-tagged CSN5 was bound to indi-
vidual NTA columns and incubated with recombinant p27, bHLH,
CODD, VCB, PHD2, or PHDI1 for 4 h at 4°C. In the right panel,
recombinant His-tagged VCB complexes were bound to individual
NTA columns (lanes 2-5). Recombinant HA-tagged PHD2 bound to
anti-HA agarose was incubated with recombinant CSN5 (PHD2*)
for 4 h at 4°C, washed, and eluted by using HA peptide. Recombi-
nant HIF-1a CODD was incubated in buffer alone, untreated PHD2,
or PHD2* for 4 h at 4°C and added to the His,-tagged VCB columns
as indicated (lanes 3-5, respectively) and incubated for 2 h at 4°C.
The columns were extensively washed, and the proteolytic elutions
were separated by SDS-PAGE and visualized by Coomassie (left
panel) or Fast Blue (right panel) stain.
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manner that is at least partially independent of its pro-
teolytic activity.

CSNb5 expression results in an inhibition
of HIF-1a P564 hydroxylation

One mechanism by which CSN5 could alter HIF-1a sta-
bility would be to alter HIF-1a hydroxylation at P564. To
test this possibility, we expressed HIF-1a in HIF-1a null
fibroblasts (HKO) and treated them with DFO or MG132,
or transfected them with CSN5 or an empty vector. The
cell lysates were probed with an antibody that specifi-
cally recognizes the 4-hydroxylated P564 (Fig. 4B). DFO
and CSN5 prevented HIF-la P564 hydroxylation,
whereas MG132 had no effect on the HIF-1a that was
hydroxylated on P564. This indicates that CSN5 and
DFO exert HIF-1a stabilization at or upstream of PHD-
mediated HIF-la hydroxylation prior to 26S-mediated
degradation.

CSN5 sterically prevents HIF-1a P564 hydroxylation
and pVHL recognition without affecting the activity
of the PHDs

Synthetic His,-CODD or a hydroxylated P564 variant
were bound to Ni*>*-sepharose columns and CSN5 or the
VCB complex added in the indicated sequence (Fig. 4C).
CSN5 could in large part prevent pVHL association with
the hydroxylated P564 CODD, suggesting that CSN5 di-
rectly prevents pVHL association with HIF-la. The
CODD-complexed CSN5 did not bind pVHL, indicating
that the CSN5-pVHL interaction interface was masked
or structurally altered, preventing this interaction. How-
ever, CSN5 was able to interact with the pVHL-CODD
(OH-P564) as well as the pVHL-NODD (OH-P564) com-
plexes, suggesting the possibility for multiple levels of
CSN5-mediated regulation of the VCB E3 complex (Fig.
4D). CSN5 could potentially be altering CODD prolyl-
hydroxylation by binding to or by proteolytically altering
the PHDs into inactive states. We have found, however,
that CSN5 does not bind either PHD1 or PHD2 directly
(Fig. 4E, left panel) nor does it alter PHD2 activity when
preincubated in in vitro interaction studies (Fig. 4E, right
panel).

Endogenous CSN5 associates constitutively
with pVHL and transiently with HIF-1a
under hypoxic conditions

To more fully understand the CSN5-HIF-1a interaction
under hypoxia, we conducted time courses by using
LNCaP at 1% O, (Fig. 5A, top) or LNCaP retrovirally
infected with HA-HIF-1a under aerobic conditions (Fig.
5A, bottom). CSN5 associates with hypoxia-induced
HIF-1a transiently and only during the initial phase of
HIF-1a protein stabilization (Fig. 5A, top) but constitu-
tively with aerobically stabilized HA-HIF-1a (Fig. 5A,
bottom). To determine if the VCB complex associated
with CSN5 with similar kinetics and transience to HIF-
la, we analyzed the CSN5 time courses shown in Figure
5A for pVHL. This indicates that pVHL is constitutively
associated with CSN5, presenting the potential for dy-
namic antagonism between pVHL and CSNS5 in the regu-
lation of HIF-1la stability.

CSNS5 has been proposed to have multiple and largely
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Figure 5. CSNS5 is transiently associated with HIF-1a at the onset
of hypoxia-induced HIF-1« stabilization. (A) LNCaP were treated for
the indicated durations at 1% O, (top panels) or by using transient
retroviral HA-HIF-1a expression (bottom panels) followed by native
lysis; CSN5 IP; and blotting with anti-CSN5, anti-HIF-1q, or anti-
pVHL. Whole lysates were blotted with HIF-1a as well to indicate
HIF-1la stabilization (top panel). CSN-independent CSN5 is associ-
ated with HIF-1a, whereas the CSN holocomplex is associated with
the pVHL E3 ligase. (B) 786-0 cells lacking wild-type pVHL or wild-
type HIF-1a expression were retrovirally infected with HA-B-actin
(lane 1), HA-HIF-1« (lane 2), or HA-pVHL (lane 3). At 36 h postin-
fection, the cells were lysed using native protocols, immunoprecipi-
tated, and subjected to Western blotting as indicated. (C) A model of
CSN5 regulation of HIF-1a stability when in differential CSN5-HIF-
la or CSN5-VCB complexes.

undefined roles in the cell, depending on whether it is
associated with the other CSN subunits or performing a
CSN-independent function (Wolf et al. 2003) We there-
fore isolated HA-HIF-la or HA-pVHL bound CSN5
fractions and examined if other CSN subunits were as-
sociated with these complexes (Fig. 5B). Although HA-
HIF-1a contained CSN5 but not other CSN subunits,
HA-pVHL fractions contained CSN subunits associated
with the CSN holoenzyme. This leads us to propose the
following model (Fig. 5C), in which the CSN5 monomer
functions to block PHD2 and pVHL-mediated recogni-
tion of HIF-1a and the pVHL-associated CSN holoen-
zyme assists HIF-1a protein degradation by facilitating
Cul2 neddylation/deneddylation.

The data presented in this communication demon-
strate that CSN5 interacts directly with both the CODD
(independent of prolyl-hydroxylation state) and the
pVHL E3 ligase. Because CSN5, pVHL, and the PHDs
interact with the same region of HIF-1q, the potential for
CSNB5 altering pVHL or PHD affinity for HIF-1a seems
likely. This poses the possibility that CSN5-associated
pVHL and PHD-associated pVHL could have reciprocal
and antagonistic association/dissociation mechanisms,
leading to the dramatic switch-like mechanism seen in
vivo. This is supported by the finding that CSN5 expres-
sion leads to an inhibition of HIF-1a hydroxylation at
P564, signifying that CSN5 sterically prevents PHD as-
sociation with HIF-1a but does not directly interact with
or alter PHD enzymatic activity.

In conclusion, CSN5 expression is sufficient and nec-

CSN5 alters HIF prolyl-hydroxylation

essary for aerobic HIF-1a stabilization and is dependent
on CSN5 expression level. CSN5 expression also affects
the kinetics and amplitude of hypoxia-induced HIF-1a
stabilization. Overexpression of CSN5 has been associ-
ated with tumor progression and could reflect the de-
regulation of aerobic HIF stability, which is thought to
be an important transition in tumor progression. Re-
cently, CSN5 mRNA expression has been shown to be
down-regulated by prolonged and severe hypoxia (Denko
et al. 2003). Under these same conditions, HIF-1a stabil-
ity is also decreased, further supporting the functional
relationship between the two molecules. Because other
known regulators of HIF stability or function (PHD2,
ARDI1) are also regulated at the message level, CSN5
regulation by hypoxia is consistent with the tight con-
trol of HIF expression controlled by these feedback
mechanisms.

Materials and methods

Antibodies and plasmids

MG262 was purchased from Affiniti. The antibodies used were as fol-
lows: anti-Cul2 (abcam), anti-a-tubulin (Research Diagnostic, Inc.), anti-
CSNS5 and anti-CSNG6 (Affiniti), anti-HIF-1a (USB), anti-pVHL (Transduc-
tion Labs), and anti-HA-agarose (Roche). Anti-hydroxylated HIF-la
(P564) was described previously (Chan et al. 2002). HA-VHL was cloned
into pcDNA 3.1. The VHL and Elongin B genes were cloned into pGEX/
KG. Elongin C, Elongin B, PHD2, CSN5, p27, and the HIF-1a-bHLH-PAS
(residues 1-295) were expressed in pXA-BN. The CODD fragment (resi-
dues 543-583) and NODD fragments (residues 380-440) were expressed
in pGEX/KG. The ¢cDNAs encoding CSN5, CSN6, and Rpnll were ex-
pressed in pLXSN-HA. Mutations in VHL (V84L, Y98H, F119S, R167Q,
and L188Q) and CSN5 (D151N) were introduced by PCR-mediated mu-
tagenesis.

Protein binding assays and structural studies

Protein tertiary structures were elaborated by using Molscript and Pymd
programs. The fusion proteins were induced with IPTG and disrupted by
sonication on ice in 50 mM Tris-HCI (pH 8.0), 0.25 M NaCl, and 0.2%
inhibitor cocktail (Sigma P8340). The supernatant was separated by
IMAC (Ni?>*; Amersham Pharmacia); washed; eluted with imidazole,
thrombin, or the addition of SDS gel loading dye; boiled for 5 min; sepa-
rated on a 4%-12% SDS-PAGE gel; and visualized by Coomassie stain-
ing. For preparation of the VCB complex, pGEX/KG-VHL-ElonB and
pXA-ElonC were cotransformed and expression was carried out as de-
scribed earlier and purified using a glutathione Sepharose 4B column.
The CODD and NODD were hydroxylated by PHD2 in vivo when both
proteins were coexpressed in Escherichia coli with the addition of 2 mM
2-oxoglutarate, 2 mM ascorbate, and 250 uM FeSO,. All affinity-purified
proteins were further purified by gel-filtration chromatography.

Functional expression library screen

The model is described in the legend for Figure 1. Clones that had low
aerobic (basal) hnGFP and significant hypoxia hnGFP inducibility were
isolated. A single clone was expanded and used to screen human prostate
and brain retroviral libraries (BD Biosciences Clontech). At 36 h postin-
fection, aerobic clones were sorted by FACS for the 0.002% most highly
fluorescent cells. The individual cells were expanded in 96 well plates
and the retrovirally expressed cDNA for each clone was isolated.

Two-dimensional electrophoresis and mass spectrometry

LNCaP cells were infected with pLXSN-HA-HIF-1a or pLXSN-HA. In-
fected cells were lysed in “native” lysis buffer (0.1% NP-40, 150 mM
NaCl, 10 mM Tris-HCI at pH 7.4, 10 mM PMSF, 10 mM sodium ortho-
vanadate, 0.2% protease inhibitor cocktail). One milligram of protein
was immunoprecipitated with 30 pL anti-HA/agarose overnight at 4°C.
Beads were washed five times and proteins eluted in 500 pL rehydration
buffer (Bio-Rad). ReadyStrip 17-cm IPG strips (pH 3-10; Bio-Rad) were
actively rehydrated with sample followed by isoelectric focusing. Fo-
cused strips were equilibrated (Bio-Rad) for 10 min, separated on 8%—
16% SDS-PAGE gels, and then silver stained by using a low-fixation
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procedure. Spots were excised, equilibrated in 200 pL of 25 mM
(NH,),CO; for 10 min, and destained in 200 pL of 100 mM Na,O5;S; and
30 mM FeK;(CNJ4 for 10 min. The gel pieces were washed two times
with 200 pL of 25 mM (NH,),COj3, dehydrated in 50% CH3CN/50% 25
mM (NH,),COj; for 10 min, then in 100% CH;CN for 5 min, followed by
vacuum centrifugation. Proteins were digested by trypsin at room tem-
perature overnight. Peptides (0.5 pL) were loaded onto a MALDI-TOF
plate, allowed to dry, and 0.5 pL of matrix (80% CH;CN/20% 25 mM
[NH,],COj;) added. Peptides were separated by MALDI-TOF (Voyager
DE-STR, Applied Biosystems), and generated spectra were calibrated to
trypsin autolysis products and searched against protein databases by us-
ing MASCOT.

Immunoprecipitations (IPs) and Westerns

Following treatment as described, the cells were washed (two times PBS),
lysed as described earlier, and cleared using IgG-Protein G Plus-agarose
(Bio-Rad). One milligram of protein was incubated overnight at 4°C with
10 pg of the indicated antibody followed by 30 uL Protein G agarose (1 h).
IPs were washed five times with lysis buffer and eluted by boiling for 5
min in 30 pL SDS loading dye. Proteins were separated on a 12% SDS-
PAGE and immunoblotted with the indicated antibody.

Cell culture and gene expression

All cells were grown in DMEM supplemented with 10% FBS in 15-cm
tissue culture plates until confluent. Hypoxia treatment was carried out
in a Bactron II hypoxia chamber (1% O,, 5% CO,, balance N,; Sheldon).
Transfections and retroviral infections were carried out as previously
described (Chan et al. 2002).

Retroviral CSN5 siRNA construction and expression

The corresponding sequences are siCSN5-3 (5-GCUCAGAGUAUC
GAUGAAAUUCAAGAGAUUUCAUCGAUACUCUGAGCUU-3') and
siCSN5-4  (5'-CAUGCAGGAAGCUCAGAGUUUCAAGAGAACUCU
GAGCUUCCUGCAUGUU-3’). The reverse complement was synthe-
sized and the two strands annealed, cut at the 3’ and 5’ ends, and direc-
tionally inserted into the recently described pMSCV-U6 retroviral cas-
sette (Devroe and Silver 2002). The siRNA vectors were transfected in
the AMPHO-Phoenix retroviral packaging cell lines. Retroviruses were
infected into cells and incubated for a further 36 h.
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