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Oxidative stress upregulates the ubiquitin proteasome pathway in
retinal endothelial cells
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Coimbra, Portugal

Purpose: To establish whether oxidative stress in retinal endothelial cells upregulates the ubiquitin proteasome pathway
(UPP) leading to increased protein degradation in diabetes.

Methods: Retinal endothelial cells were exposed to a continuous flux of hydrogen peroxide produced by glucose oxidase.
Endogenous ubiquitin conjugates were detected by western blotting. The ubiquitin conjugating activity was determined
using radiolabeled ubiquitin er-lactalbumin. The turnover of ubiquitin conjugates was determined by pulse-chase ex-
periments, using radiolabeled ubiquitin. Levels of mMRNA were determined by radioactive northern blot and by real time
PCR.

Results: The exposure of endothelial cells to physiological concentrations of hydrogen peroxide led to an increase in
ubiquitin conjugating activity to both endogenous and exogenous substrates. Remarkably, the endogenous ubiquitin con-
jugates did not change in response to oxidative stress presumably because the turnover of conjugates was also increased as
revealed by pulse-chase experiments with radiolabeled ubiquitin. Exposure of retinal endothelial cells to oxidative stress
further resulted in an increase in the levels of MRNA that encode for polyubiquitin chains or ubiquitin fused to carboxyl
extension proteins.

Conclusions: Oxidative stress upregulated UPP and increased turnover of ubiquitin conjugates. Upregulation of UPP
may account for cell response to stress in conditions where oxidative stress is overexpressed.

Chronic hyperglycemia is considered one of the maimumber of genes that help cells to cope with external insults
factors associated with diabetic vascular complications, inEL7]. This includes activation of NkB, p38-MAPK, STAT-
cluding diabetic retinopathy [1]. One of the most importantJAK and expression of heat shock proteins [17-19].
consequences of the glucose-mediated toxicity is oxidative Cell response to stress is complex and is often concomi-
stress, resulting from an imbalance between production of fraant with damage to a number of biomolecules including pro-
radicals, and antioxidant defenses [2,3]. A number of reporteins [20-22]; therefore, it is not always straightforward to es-
have suggested, over the last two decades, that glucose autblish whether cell damage is a cause or a consequence of the
oxidation and nonenzymatic glycation are the main mechaxidative insult.
nisms associated with increased production of reactive oxy- Retinal endothelial cells are particularly sensitive to the
gen species (ROS) on diabetes [4-8]. Indeed, increased plaseféects of ROS produced under hyperglycemia. It is thus con-
levels of lipid and DNA oxidation products, including lipid ceivable that a number of repair mechanisms such as the
hydroperoxides and malondialdehyde (MDA) has been demubiquitin proteasome pathway (UPP) are involved in the en-
onstrated in diabetic patients, further suggesting an associdethelial cell response to oxidative stress. For example, expo-
tion between oxidative stress and diabetes [9-12]. More resure to oxidative stress could produce increased levels of dam-
cently it was suggested that excessive production of superoaged proteins that could be, at least in part, eliminated by the
ide by mitochondria in diabetes could account for much of th&JPP [23,24].
cell damage associated with diabetes [13] and could further The proteasome (although not necessarily the UPP) is the
constitute a unifying mechanism for glucose toxicity in dia-main proteolytic system involved in the removal of oxidatively
betes. damaged proteins in mammalian cells [25-28]. More recently

The hyperglycemia-induced oxidative stress has been ré-has been shown that for a restricted number of substrates,
ported in many retinal cells, including pericytes [14], endottargeting of oxidized proteins to degradation involves prior
helial cells [15] and Muller cells [16]. Exposure of endothe-binding of multiple ubiquitin molecules. Usually, oxidative
lial cells to oxidative stress was further shown to activate anodifications originate protein substrates more susceptible to

ubiquitinylation [29]. Briefly, the UPP can be described as a
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of E2 enzymes (ubiquitin conjugating enzymes) also via forwere exposed to 40 mU/ml glucose oxidase &tQfor 4 h.
mation of a thiol-ester bond. Ubiquitin is finally transferred toRecovery from oxidative stress was performed by exposing
the substrates either directly or through one of the various E3se cells to regular culture medium either in the absence or
(ubiquitin ligases). At the second step, substrates conjugat@desence of the proteasome inhibitor MG-132 (&) or
to ubiquitin are then recognized by the 26S proteasome aactacystin (uM).
degraded [30,31] to small peptides. Evaluation of oxidative damage: Evaluation of cell oxi-
Each of the enzymes in the UPP has a cysteine residuedation following exposure to glucose oxidase was performed
its active site. Thus, the activity of the enzymes involved irby a modification of the method described by Buege and Aust
the recruitment and targeting of proteins for degradation majB8]. This method is based on the production of secondary
be affected by changes in the redox state of the cell [32,33]products from lipid peroxidation that react with thiobarbituric
Conversely, exposure to ROS could have more subtle e&cid (TBA). Cells were treated with 40 mU/ml glucose oxi-
fects on critical components of UPP that would result in sedase, at 37C, for 4 h. After incubation, the cells were resus-
lective degradation of proteins important for other regulatorypended in Tris-HCI (pH 7.4) 15 mM followed by addition of a
processes. For example we have shown before that UPP msglution containing 0.375% TBA, trichloroacetic acid 15%,
participate in degradation of Glutl in response to hyperglyced.25 M HCI, and 0.015% butylated hydroxytoluene. The
mia in endothelial cell models [34] thus accounting for thesamples were incubated at 100 for 35 min followed by
decreased levels of Glutl in retinas of diabetic animals [34Fentrifugation at 1,700x g, for 10 min, at room temperature.
Whatever molecular mechanisms may be involved it is at lea3the resulting supernatants were used to measure the absor
conceivable that response of retinal endothelial cells to oxiddance at 530 nm. The quantity of TBA reactive substances
tive stress involves the UPP. (TBARS) formed was calculated in nmol, per total protein
This study was designed to test whether oxidative stresncentration, using the molar extinction coefficient df
upregulates critical components of UPP in retinal endotheligl .56x10 M- cn1.
cells as well as to determine the implications of oxidative in-  Protein carbonyl formation was used as an indicator of
sult in the ability of retinal endothelial cells to conjugateoxidized proteins. TR-iBRB cells were exposed to 40 mU/ml
ubiquitin to target proteins and to subsequently degrade sugfiucose oxidase for 4 h. The cells were washed once with ice-

proteins by the proteasome. cold PBS and lysed in Tris-HCI buffer with 1% NP-40, pH
7.6 supplemented with protease inhibitor cocktail (Roche Di-
METHODS agnostics, Mannheim, Germany). For derivatization of carbo-

Materials. MG-132, Ubal, and the fluorogenic substrate Z-nyl-containing proteins, equal amounts of proteins were mixed
Leu-Leu-Leu-AMC were purchased from Calbiochemwith equal volume of 10 mM 2,4-dinitrophenylhydrazine
(Darmstadt, Germany). Collagen was obtained from BiochronfDNPH) in 10% trifluoroacetic acid and incubated at room
AG Seromed® (Berlin, Germany). Mouse monoclonal antitemperature for 15 min. The reaction was stopped by precipi-
bodies against ubiquitin and ubiquitin conjugates were obtaingdtion of proteins with 20% trichloroacetic acid (TCA). The
from Zymed (San Francisco, CA) or Affiniti (Mahmed Castle, pellet was washed with ethylacetate:ethanol (1:1) to remove
UK). Ubiquitin anda-lactalbumin were used for the conjuga- free DNPH. Then the pellet was solubilized with Laemmli
tion assays. The proteins were radiolabeled #At(New En-  buffer. For western blotting, samples were resolved by SDS-
gland Nuclear, Boston, MA), following a procedure describegolyacrylamide gel electropohoresis (SDS-PAGE) using 12%
in reference [35]. Unless otherwise stated, all other reagengels and transferred to polyvinylidene fluoride (PVDF) mem-
were obtained from Sigma-Aldrich (St. Louis, MO). branes. The membrane was probed with antibody to
Exposure of retinal endothelial cells to oxidative stress: dinitrophenylhydrazone derivatives. Levels of carbonyl were
TR-iBRB cells (conditionally immortalized rat retinal endot- quantified by densitometric analysis of all bands of the blot.
helial cells) were obtained from Dr. Ken-ichi Hosoya (Toyama  Determination of mRNA by northern blot analysis: Totd
Medical and Pharmaceutical University, Japan). Cell line waBRNA was isolated from TR-iBRB cells using the RNeasy mini
maintained at 3%, under 5% CQand was shown to exhibit kit (Qiagen, Hilden, Germany) accordingly to the
properties of retinal capillary endothelial cells [36]. Cells weremanufacturer’s instructions. Aliquots of RNA (4@) were
cultured in collagen-coated (0.5 mg/ml) dishes, in Dulbecco’'separated on a 1% agarose gel, containing 2 M formaldehyde
modified eagle medium (DMEM) with low glucose (5.5 mM), and transferred to Nytran supercharge membrane supplied by
supplemented with 1gg/ml endothelial cell growth factor Schlleicher & Schuell (Dassel, Germany) by capillary action.
(ECGF), 10% fetal bovine serum, 100 U/ml penicillin and 100cDNA fragments used as a probe in the northern blot analysis
ug/ml streptomycin. were amplified from a human keratinocyte cDNA clone
Exposure to oxidative stress was performed by incuba{pACT2-HaCat; BD Biosciences, Brondby, Denmark) by PCR.
ing cells with glucose oxidase (40 mU/ml) which produces &he 3'- UTR UbA52 (ubiquitin A-52-residue ribosomal pro-
constant level of hydrogen peroxide in the medium. Cell intein fusion product 1-GenBank number NM_003333) frag-
cubations were performed in a serum- and phenol red-frement with 249 bp was obtained. A 278 bp fragment corre-
medium, supplemented with D-glucose (1,500 mg/l). Levelsponding to the coding region of Ub (GenBank Accession
of H,0, in the medium were determined by a modification ofnumber BE298836) was amplified to detect UbA52, UbB (dou-
the method described by Spector and coworkers [37]. Celldet of ubiquitin) and UbC (linear repeats in a polyubiquitin
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chain). After fragment of 353 bp pfactin (GenBank Acces- phenymethylsulphonyl fluoride and 2 mM iodoacetamide. The
sion number NM_001101) was amplified, it was used as eells were lysed by sonication, and the lysates were centri-
control. fuged at 16,000x g for 15 min ara.

The probes were then labeled witR (50 uCi) using For western blot analysis, 2@ of proteins were sepa-
Rediprime Il kit supplied by GE Healthcare Bio-Sciencesrated by SDS-PAGE. Proteins were then transferred to a PVDF
(Uppsala, Sweden). Prehybridization and hybridization werenembrane supplied by Boehringer Mannheim (Mannheim,
carried out using ExpressHyb™ hybridization solution (BDGermany). Membranes were subsequently incubated in Tris
Biosciences), according to manufacturer’s instructions. Hybuffered saline (20 mM Tris, 137 mM NacCl, pH 7.6) contain-
bridization was performed at 6&, and the nonspecifically ing 0.1% Tween 20 (TBST), and 5% nonfat milk for 1 h. Mem-
bound radiolabels were removed by several washes for 30 miimanes were then incubated with primary antibodies for 1 h in
at room temperature. The levels of UbA52, UbB, and UbABST containing 0.5% nonfat milk. After five washes with
MRNA were quantified by scanning the autoradiogram usin@BST, blots were incubated for 1 h with secondary antibodies
the Storm 860 (GE Healthcare Bio-sciences AB) and normaktoupled to peroxidase in TBST containing 0.5% nonfat milk,
ized with the levels gb-actin. and were then washed 5 times with TBST. An enhanced chemi-

Quantitative analysis of gene expression by RT-PCR: luminescence kit (Amersham) was used for immunodetection.
Total RNAwas isolated from TR-IBRB cells using the RNeasy ~ Denovo ubiquitin conjugation assay: The ability of TR-
mini kit (Qiagen) accordingly to the manufacturer’s instruc-iBRB cell supernatants to catalyze the conjugation of radiola-
tions. Samples of 4g of RNA were subjected to reverse tran-beled ubiquitin ¥3-Ub) to endogenous proteins was deter-
scription, with random hexadeoxynucleotide as a primer, imined using a modification of an assay originally described
20 ul of a reaction mixture using Superscript Il reverse tranby Hershko and coworkers [39]. TR-iBRB cells were harvested
scriptase (Invitrogen, Barcelona, Spain). The sequences of thead homogenized in 50 mM Tris-HCI, 1 mM DTT (pH 7.6),
primers used for real-time PCR are summarized in Table &nd the cell lysate was briefly sonicated aC4with a Vibra
The real time PCR analysis was conducted on ABI Prism 7000ell™ supplied by Sonics & Materials (Danbury, CT), 6 bursts,
(Applied Biosystems, Foster City, CA) quantitative PCR sys3 s each. The soluble fraction obtained after centrifugation at
tem using SYBR Green PCR master mix supplied by Biorad6,000x g for 10 min at 4C was designated as the TR-iBRB
(Hercules, CA) according to the manufacturer’s instructionscell supernatant. This fraction was used to determine the pro-
PCR reactions were run for 40 cycles of@4denaturing for  tein concentration by the Coomassie method using bovine se-
30 s, 58C (for UbA52 and UbC) or 58C (for UbB) anneal- rum albumin as standard. The assay was performed in a total
ing for 30 s and 72C extension for 50 s. The expression lev-volume of 25ul, containing 15ul of cell supernatant (approxi-
els of the genes of interest were normalized for the houseaately 80ug of protein), 1Qul of conjugation buffer (50 mM
keeping gene3-actin. Tris-HCI, pH 7.6, 1 mM DTT, 5 mM MgCJ 34.8 U/ml creat-

Western blotting: TR-iBRB cells were harvested imme- ine phosphokinase, 10 mM creatine phosphate, 2 mM ATP,
diately after 4 h exposure to glucose oxidase, or 90 min aftend 0.3ug #l-ubiquitin, approximately 2x¥0cpm). The re-
removal of HO, and homogenized in lysis buffer (10 mM action was performed at 3T for 20 min in the presence of
Tris-HCI, 1 mM EDTA, pH 7.4, containing 0.5% sodium the proteasome inhibitor MG-132 (80M), and the
deoxycholate (DOC), 1% Triton X-100) supplemented withisopeptidase inhibitor, ubiquitin aldehydey®). The reac-
protease inhibitor cocktail (Roche Diagnostics), 2 mMtion was stopped by addition of gbof 2X Laemmli buffer.

Aliguots of samples were separated in SDS-PAGE and the

formation of de novo ubiquitin conjugates was visualized by
TABLE 1. FRIMERS FOR REAL-TIME REVERSE TRANSCRIPTASE- autoradiography.

POLYMERASE CHAIN REACTION AND NORTHERN BLOT

Conjugation to exogenous substrates. The ability of TR-

GenBank iBRB cells to conjugate ubiquitin to an exogenous substrate
accesssi on . .
Gene nunber Primers (5 - 3') (a-lactalbumin), by endogenous enzymes from endothelial
RLpoR T T cells was determined following homogenization of cells in 50
mM Tris-HCI, 1 mM DTT (pH 7.6). The conjugation assay
UbA52 BC061544 F. ctcttcaacgaggcggccgageg . .
R ttact gct ccagt cgat ggaagg was performed in a total volume of @bin the presence of
UbB BC060312 F: tggctattaattcttcagtctg 125 H H H
R asoctiiattancatttitase I-o-lactalbumin (4ug, apprgxmately 5xT0cpm) in ATP-
WwC  D17296 P g[a?ggtc ggiﬁfggggggfg 2 supplemented buffer, containing 881 of unlabeled ubiquitin.
Actin  NM 001101 F: aaggagaagct gt gct acgt cgecct gg The reaction was performEd at 3C for 20 min, in the pres-
Nor thern Bl ot R gatcttoatctieattotgetgggtoce ence of 8&M MG-132 and 2uM ubiquitin aldehyde (Ubal).
A The reaction was stopped by addition of 2X Laemmli buffer.
UbA52 NM 003333 F: tattgagccttctctccgecage .
R tgctget ccagt caat gaaagggacac Aliguots of samples were separated by SDS-PAGE and the de
Ub BE298836 F: taactggtacccatat gcagatcttcgt gaaaacccttacc . . F . . .
R actggt cggat cct cat t cacgaagaact geat aaccace novo formation of ubiquitin-lactalbumin conjugates was vi-
Actin NM 001101 F: aaggagaagct gt gct acgt cgccct gg i i
AR SIS e St sualized by autoradiography.

Turnover of ubiquitin conjugates: TR-iBRB cells were
F represents forward frimer R represents reverse primer. RT'PCRliﬁJmogenized in 50 mM Tris-HCI, 1 mM DTT, pH 7.6. The
reverse transcriptase polymerase chain reaction. rate of turnover of ubiquitin conjugates was determined by
1528
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the ability of the supernatants of endothelial cells to degrade constant production of,B, at approximately 10aM (Fig-
128-ubiquitin-protein conjugates. The dependence on ATP aldre 1), indicating that its decomposition rate and scavenging
lows one to discriminate the contribution of the 26S-activity equal its rate of production.

proteasome in the degradation of ubiquitin-conjugates. Paral- The TBA assay was used as a marker of oxidative dam-
lel experiments were performed in the presence of thage in the endothelial cells and formation of carbonyls in pro-
proteasome inhibitor, MG-132. The cell supernatant was inteins. The cells were exposed to 40 mU/ml glucose oxidase at
cubated in the presence of ATP-supplemented with th&7 °C for 4 h. After incubation, the cells were collected and
isopeptidase inhibitor Ubal (M), in the presence or absence the concentration of TBARS was determined in the cell ly-
of MG-132 (80uM). Reactions performed in a total volume sates. There was an increase in the levels of TBARS from
of 25 ul were initiated by addition of 0.1g2g '*I-labeled-  0.77 nmol/mg of protein (control) to 2.16 nmol/mg of protein,
ubiquitin (approximately 3xEpm) and incubated at 3T  following exposure to 100M H,O,. The proportional increase

for 30 min. Radiolabeled ubiquitin was then chased by thef TBARS with the concentration of 8, indicates that con-
addition of an excess of unlabeled ubiquitin {(&%. The deg-
radation of*9-labeled ubiquitin-protein conjugates over time

was assessed by SDS-PAGE, followed by autoradiography. A s, e

The rate of degradation of ubiquitin-conjugates in controls or & O

cells exposed to oxidative insult was derived from the slopes 4& é.a

of the curves corresponding to the rate of decreasél-of ) N

ubiquitin conjugates over time. kDa C) O
RESULTS 250-

Hydrogen peroxide induces oxidative damage to retinal en- 150-

dothelial cells: To induce oxidative stress, we exposed TR- 100-

iIBRB cells to a constant concentration QOH(100uM) pro-

duced by glucose oxidase. Upon addition of glucose oxidase 75—

to the medium, O, is produced continuously for 4 h (Figure

1). The levels of LD, in the medium were proportional to the

glucose oxidase concentration. The rate of production©f H 50-
by glucose oxidase (40 mU/ml) was approximately 44 nmol

per U per min. In the presence of endothelial cells, the levels

of H,0, in the medium reached constant levels after 1 h of 37—
incubation. The presence of 40 mU/ml glucose oxidase causes

5007 aMedium alone, 40 mU/ml B
400 *Medium with cells, 40 mU/ml_s 250
= i
2 300- é‘ ﬁ200
= > 150-
S 200- £ 2 150
s = < 100-

—100- a &
0 504

0 50 100 150 200 250

Time, min 0 Control GlucOx

Figure 1. Production of J®, by glucose oxidase. In medium with- Figure 2. Detection of oxidatively modified cytosolic proteins. TR-
out cells, the concentrations of®] increased in a concentration- iBRB cells were treated with 40 mU/ml glucose oxidase for 4 h. To
and time-dependent manner. When cells were grown in a serum- addtect oxidatively modified proteins, we treated the extracts with 2,4
phenol red-free medium (DMEM), B, concentrations reached a dinitrophenylhydrazine to derivatize protein carbonyls. Equal
constant value after approximately 1 h of incubation. Glucose oxiamounts of derivitized proteins were resolved by SDS-PAGE, and
dase (40 mU/ml) generated a concentration of approximately 10@roteins were subsequently transferred to polyvinylidene fluoride
uM of H,O, in the medium. The rate of degradation ghtiwas  (PVDF) membranes and probed with an anti-DNP antibody. The bar
17.6 nmol mirt. The measurements presented correspond to the megnaph represents the average (na&ip) of three independent quan-

of duplicates. tifications of the carbonyls present in protein extracts.
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tinuous exposure to J@, induces cumulative oxidative dam- sure of TR-iIBRB cells to glucose oxidase led to a significant
age in the cells. increase in protein carbonyl formation as compared to un-
Protein carbonyl formation is a sensitive indicator of protreated cells, showing that exposure to oxidative stress pro-
tein oxidation [40]. As shown in Figure 2, most of the carbo-duces damage to cell proteins.
nyl-containing proteins were of masses above 37 kDa. Expo- Oxidative stress is not associated with accumulation of
ubiquitin conjugates: Exposure of the TR-iBRB cells to oxi-
dative stress might result in an increase in the amount of sub-
A strates for the UPP. On the other hand oxidative insult can
GlucOx damage critical components of the UPP, thus interfering with
~ proteolytic activity of this pathway. In principle, both situa-
S Q\:S tions could lead to an accumulation of ubiquitinylated pro-
8§

teins in the cell. However, even after 4 h of exposure to in-

S v 2 & R c Cluco
. ontrol lucOx
Ub conj. . - " s 0 1h2h4h 0 1h 2h 4h
I-Ub [ o - I i
conjugates
ACHIN e cnmm s s— ——
B >
g &
§ ¢
Q\ N Q’ free “T-Ub s o ————
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@)
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o
£ +GlucOx 40 mU/ml
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=
=
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Rec. 1Th30m |rHI 2501 s
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Figure 3. Endogenous ubiquitin conjugates in TR-IBRB cells sub
jected to oxidative stress. The endogenous ubiquitin conjugates we 0 T T T T . 1
detected by western blotting. Equal amounts of proteipgd@vere -1 0 1 . 2 3 4 5
separated by SDS-PAGE and transferred to polyvinylidene fluorid Tlme, h

(PVDF) membranesA: The ubiquitin conjugates (UbConj) were

detected using a monoclonal antibody that recognizes mono- ardgure 4. Exposure of endothelial cells to oxidative stress leads to an
polyubiquitinylated protein conjugates (FK2). The bottom panel corincreased turnover of ubiquitin conjugates. The radiolabeled ubiquitin
responds to actin immunodetection, which was used as an internanjugates were determined by pulse-chase experiments. Lysates from
loading control. Lane 1, control TR-iBRB cells; Lanes 2-5, TR-iBRBcells previously exposed to glucose oxidase (GlucOx; 40 mU/ml)
cells treated with increasing concentrations of glucose oxidaseere pulsed with radiolabeled UB%-Ub) for 30 min (37°C). As-
(GlucOx), for 4 hB: Oxidative stress was induced with glucose oxi- says were performed in the presence of an ATP-generating buffer
dase for 4 h at 37C. Glucose oxidase was then removed, and thend in the presence of an inhibitor of isopeptidases (Ubal). Ubiquitin
cells were allowed to recover from the oxidative stress in the presonjugates were then chased by the addition of an excess of unla-
ence or absence of the proteasome inhibitor, MG-132, for 90 min &ieled Ub. The degradation’&i-labeled Ub-protein conjugates over
37°C. The detection of free ubiquitin and of ubiquitin protein conju-time was assessed by SDS-PAGE and autoradiography. The partici-
gates was done using a monoclonal antibody directed againpation of the proteasome in degradation of ubiquitin conjugates was
ubiquitin. Lane 1, control TR-iIBRB cells; Lane 2, TR-iBRB cells assessed by repeating the same experiment in the presengévbf 80
treated with 15 mU/ml glucose oxidase for 4 h; Lane 3, recoverpf proteasome inhibitor MG-132. The difference in the rate of degra-
from the oxidative stress in the absence of MG-132; Lane 4, recowdation in the presence and absence of MG-132 indicates the contri-
ery from the oxidative stress in the presence of MG-132. bution of the proteasome for ubiquitin conjugates turnover.
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creasing concentrations of glucose oxidase (5-40 mU/ml), no A
significant changes were observed in the levels of endogenous

ubiquitin conjugates formed, as compared to controls (Figure = ATP + ATP
3A). w >
When cells were allowed to recover from oxidative stress o O
in the presence of the proteasome inhibitor MG-132, there ] > " )
was a clear accumulation of the high molecular weight en- g _:‘a g E
A o O O O

— Control - .

3 m H,0, -

Ub/ Actin mRNA
L

=

UbAS2 UbAS2 UbC
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Figure 5. Upregulation of ubiquitin following exposure to oxidative é’ :? é\r
stress. mRNA for three ubiquitin genes was determined by northern Qe Q*Ib\
blot (A) and real time RT-PCHB|. A: Northern blot analysis of en- v &
dothelial cells exposed to 40 mU/ml glucose oxidase for 4 h shows $ D
three different-sized transcripts representing Ubiquitin A52 (0.7 kb), (S

Ubiquitin A+B (0.8-1.5 kb), and Ubiquitin C (2.5 kb). UbA52 corre-

sponds to a ubiquitin-ribosomal fusion protein, whereas UbB anéigure 6. Cells exposed to oxidative stress show increased ability to
UbC correspond to doublet and linear repeats of polyubiquitin chainspnjugate exogenous ubiquitin to endogenous substrates. The abil-
respectively. The content of mRNA for ubiquitin is normalized againstty of retinal endothelial cell lysates to conjugate radiolabeled exog-
the signal for actin. In endothelial cells exposed to glucose oxidasenous exogenod3l-ubiquitin to endogenous substrates was assessed
mMRNA of ubiquitin A and ubiquitin A+B increase as compared to than the presence of both proteasome and isopeptidases inhibitors (MG-
controls. Ubiquitin C mRNA is not significantly different in cells 132 and Ubal) followed by protein separation by SDS-PAGE. The
exposed to oxidative stress (p<0.05). Each bar represents theS8&ean assay was performed in either the absence or presence of an ATP-
of five independent experimenB: mRNA levels of the ubiquitin  generating buffer. The protein-incorporaté&ttubiquitin was visu-
genes were detected by quantitative RT-PCR. In endothelial cellized by autoradiography. The quantification of each band was nor-
exposed to glucose oxidase, mRNA of ubiquitin B increases commalized relative to the control (100%). Three independent assays
pared to the controls. Ubiquitin A52 and ubiquitin C mRNA are notwere performed, and the values presented in the graph correspond to
significantly different in cells exposed to oxidative stress (p<0.05)the meamSE. The asterisk indicates a difference at p<0.05. GlucOx
Each bar represents the me8& of four independent experiments. represents glucose oxidase.
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dogenous ubiquitin conjugates, which was accompanied bydative stress as compared to controls. Transcripts for ubiquitin
decrease of the free ubiquitin, as compared to controls (Fig: did not change in response to oxidative stress. To comple-
ure 3B). These results suggest that, after oxidative stress, thment the northern blot data, we performed quantitative RT-
amount of substrates for UPP increases as does the conju§&R (Figure 5B). RT-PCR analysis consistently revealed an
tion of ubiquitin to such substrates. Presumably, there is not
an obvious accumulation of ubiquitin conjugates because cells

are able to rapidly degrade the conjugates that are formed - ATP + ATP
response to oxidative insult. Taken together, data suggest tt
upon response to oxidative stress the turnover of ubiquiti
conjugates is likely to be increased.

Exposure to oxidative stress increases turnover of
ubiquitin conjugates: To assess if exposure of retinal endot-
helial cells to oxidative stress is associated with increased tur
over of ubiquitin conjugates, we exposed cells to glucose ox
dase (40 mU/ml) and used cell lysates for pulse-chase expe
ments. Lysates were pulsed with radiolabeled ubiquitih (
Ub) for 30 min. An excess of unlabeled ubiquitin was addel
and reaction was allowed to proceed either in the absence
presence of the proteasome inhibitor MG-132. Data repre
sented in Figure 4 show that turnover of ubiquitin conjugate
in the cell lysates that had been previously subjected to ¢ .
oxidative insult was significantly higher than that of untreatec UIlSpeCIﬁC%
cells. Figure 4 shows that the average half life of ubiquitirm[-Lact-Ub% ' .
conjugates using lysates of cells previously exposed to oxid:
tive stress is 2.8 h whereas the half life of ubiquitin conju-
gates in untreated cells is 3.6 h. The half life of conjugates i<
extended to over 4 h in the presence of proteasome inhibit

Cont
GlucOx
Cont
GlucOx

(MG-132). No significant differences were observed betwee & 200
controls and cells treated with glucose oxidase. This indicate &
that most conjugates formed in response to oxidative stre = 150-
are rapidly degraded by the proteasome. That is, the high£ 5
turnover of conjugates is associated with its increased degr -g 'ﬁ'
dation by the proteasome. This, however, does not necessal ® &£ 10—
imply that oxidative stress stimulates the proteasomes b\'Jl 5
rather that more conjugates are formed upon exposureto 0. 3 =
dative stress and that such conjugates are unstable, be/%g & 50
readily degraded. ©

Oxidative stress upregulates ubiquitinin endothelial cells: © 0-

Toinvestigate whether oxidative stress leads to an upregulatic

of ubiquitin genes, we performed northern blot analysis ol
the TR-IBRB cells exposed to oxidative stress. Two classes
ubiquitin genes were identified. Class | is a polyubiquitin gent
encoding a polyprotein of tandemly repeated ubiquitins. Th
class Il genes are fusion products between a single ubiquit
gene and one of two other possible sequences, consisting of
either 52 or 76-80 predominantly basic amino acids. NortherRigure 7. Cells exposed to oxidative stress show increased ability to
blot analysis revealed three transcripts with different sizegonjugate ubiquitin to exogenous substrates. Levels of ubiquitinylated
about 0.7 kb, about 0.8-1.5 kb, and about 2.5 kb. The size gflactalbumin following exposure t0_40 mU_/mI glucose oxidqse
the transcripts corresponded to the size of transcripts of UbAg%'”CO’l‘Z’ 10QuM of H,0,) were determined using exogenous radio-
(0.7 kb, GenBank Accession number BC061544), ubiquitin abeled'-a-lactalbumin, in the presence of both proteasome and

. .. 1sopeptidases inhibitors (MG-132 and Ubal) followed by protein sepa-
(1.2 kb, GenBank Accession number BC060312) and ub'qu't'ﬂition by SDS-PAGE. The assay was performed either in the absence

C (2.5 kb, GenBank Accession number NM_017314) genes presence of an ATP-generating buffer and in the presenqegbf 2
(Figure 5A). UbA52 corresponds to a ubiquitin-ribosomal fu-y| of ubiquitin. The!23-a-lactalbumin-ubiquitin conjugates in the

sion protein whereas UbB and UbC correspond taytosolic fraction were visualized by autoradiography. Band inten-
polyubiquitin genes. Expression of UbA52 and UbA52 to-sity was normalized relative to the control (100%). The values pre-
gether with UbB (UbA52+UbB) transcripts increased 30% angented in the graph correspond to the na&&nof four independent
23%, respectively, in the endothelial cells in response to ox@Ssays. The asterisk indicates a difference at p<0.05.
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increase in the UbB gene expression of about 100% when the amount of endogenous ubiquitin conjugates and a com-
endothelial cells were exposed to oxidative stress as comparpdrable decrease in the ability to form de novo ubiquitin con-
to controls. Conversely, the ubiquitin A52 and ubiquitin Cjugates. This process is accompanied by a decrease in intrac-
genes. did not change in response to oxidative stress. Theslkilar proteolysis [33,42]. In the present study, oxidative in-
data suggest that oxidative stress upregulates specific ubiquisalt was produced by a continuous flow gCHgenerated by
genes presumably to cope with extra ubiquitin substrates thglucose oxidase. Exposure of retinal endothelial cells to oxi-
are imposed on cells in response to oxidative stress. This rdative stress did not result in an increase in the amount of
sponse likely ensures that ubiquitin is not rate-limiting forendogenous ubiquitin conjugates. Nevertheless, in vitro con-
formation of conjugates under conditions of oxidative insultjugation assays revealed a clear increase in the activity of the
Oxidative stress increases the ubiquitin conjugating ac- ubiquitin activating/conjugating enzymes to both endogenous
tivity to endogenous substrates: To evaluate the ability of TR- and exogenous substrates. The observation that ubiquitin con-
iBRB cells to form de novo ubiquitin conjugates following jugates do not accumulate as a result of increased conjugation
exposure to oxidative stress, we incubated cells with 40 mlictivity can be explained by a concomitant increase in the rate
ml glucose oxidase. Cells were then lysed and the ability aff degradation of such conjugates. Data presented in this study
cytosolic extracts to conjugat&l-ubiquitin to endogenous further showed that specific ubiquitin genes are upregulated
substrates was evaluated as described in Methods. To staipitesponse to oxidative stress. Northern blot analysis revealed
lize the conjugates formed witkl-Ub, both proteasome and the genes that were more significantly upregulated are UbA52/
deubiquitinating enzymes were inhibited with MG-132 andUbB. UbA52 and UbB encode a ubiquitin-ribosomal fusion
Ubal, respectively. The ubiquitin conjugates formed de nov@rotein and a polyprotein of tandemly repeated ubiquitins, re-
increased 70% after 4 h of exposure to glucose oxidase (Figpectively. RT-PCR, complementing the northern blot analy-
ure 6). This result suggests that oxidative stress stimulatess, further revealed that it is UbB and not UbA that is
conjugation of exogenous ubiquititt{-Ub) to endogenous upregulated in response to oxidative stress. Specific ubiquitin
substrates. This could either mean that, following exposure @enes have been previous shown to be upregulated in response
oxidative stress, more substrates for UPP become availabletasvarious forms of stress, including oxidant and carbonyl
well as that conjugation activities have increased as a result sfresses [43]. It cannot be excluded that other specific compo-
changes in amount and/or activity of enzymes of the UPP. Theents of UPP, namely specific ubiquitin ligases may be
fact that there is no detectable increase in the amount of eapregulated in response to oxidative stress, accounting for the
dogenous conjugates likely reflects a higher increase in comcreased ubiquitin conjugation activity with both endogenous
jugates turnover as previously described. or exogenous substrates [44]. Other conditions relevant to reti-
Oxidative stress increases the ubiquitin conjugating ac- nal endothelial cells, such as diabetes, were also shown to
tivity to exogenous substrates. The ability of retinal endothe- upregulate ubiquitin genes in skeletal and cardiac muscles
lial cells to catalyze ubiquitin conjugation to an exogenou$45,46]. The observation that ubiquitin genes (particularly
substrate was assessed by incubating lysates of endotheli#dB) are upregulated in retinal endothelial cells in response
cells (previously exposed to oxidative insult) with the modelto oxidative stress is of great physiological importance. In-
substraté®-a-lactalbumin. Data presented in Figure 7 showdeed, retinal pathologies, such as diabetic retinopathy, are as-
that cytosolic extracts have the ability to conjugate endogsociated with increased production of oxidants. It is thus con-
enous ubiquitin t@lpha-lactalbumin, forming a higher mo- ceivable that oxidative stress in diabetes creates the condi-
lecular weight conjugates. When the TR-iBRB cells were extions that lead to upregulation of UPP, as part of a general
posed to 10@M H,O, for 4 h, the formation of ubiquitin- mechanism of cell response to stress.
lactalbumin conjugates increased 72%, as compared to con- The observation that oxidative stress induced a signifi-
trols. This indicates that ability to conjugate endogenousant increase in the genes that encode ubiquitin protein (UbB)
ubiquitin to exogenous substrates significantly increases agithout changes on the endogenous ubiquitin conjugates is
part of the cells response to an oxidative insult. likely to result from an increase on the turnover of the ubiquitin
Again, the observation that cells exposed to oxidative ineonjugates. Indeed, results on the half-life of conjugates clearly
sult do not show an increase in the total amount of endoghow that conjugate turnover increased about two fold fol-
enous conjugates is not inconsistent with these observationewing exposure to oxidative stress. That is, the half-life of
The faster turnover of conjugates could account for loweconjugates, as revealed by pulse-chase experiments, indicates

steady state levels of ubiquitin conjugates. that although cell lysates previously exposed to oxidative stress
have the ability to form more ubiquitin conjugates, these con-
DISCUSSION jugates degrade at faster rates. The fact that ubiquitin conju-

The association between oxidative stress in retinal endothgates formed after exposure of endothelial cells to oxidative
lial cells and the UPP is still unclear and has not been studiesress were unstable is consistent with the suggested role for
in detail. However, a number of studies in a variety of cell$JPP in the rapid elimination of proteins damaged (or other-
show that the ubiquitin-dependent proteasome pathway is regwise destabilized) by an oxidative insult [40]. Moreover, in
lated in response to oxidative stress [32,33,41,42]. For exitro conjugation assays with lysates of cells exposed to oxi-
ample, studies in bovine lens epithelial cells exposed@ H dative stress suggests an increase in the activity of enzymes
(1 mM) revealed that oxidative stress induces a rapid decreaswolved in the conjugation of ubiquitin to both endogenous
1533
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and exogenous substrates. An increase in the formation of tBeWolff SP, Jiang ZY, Hunt JV. Protein glycation and oxidative stress
conjugates may lead to an increase in the corresponding rate in diabetes mellitus and ageing. Free Radic Biol Med 1991;

of degradation, so that the net amount of ubiquitin conjugates ~10:339-52.

remains unchanged. This hypothesis is further supported
the results of experiments where cells were allowed to recover
from the oxidative insult, showing an accumulation of ubiquitin™
conjugates after 1.5 h of recovery. Recovery in the presence
of proteasome inhibitors (MG-132) revealed a greater increagge
in the amount of ubiquitinylated conjugates. This accumula-

tion of ubiquitin conjugates was further accompanied by a

o Ha H, Lee HB. Oxidative stress in diabetic nephropathy: basic and

clinical information. Curr Diab Rep 2001; 1:282-7.
Medina-Navarro R, Duran-Reyes G, Diaz-Flores M, Hicks JJ,
Kumate J. Glucose-stimulated acrolein production from unsat-
urated fatty acids. Hum Exp Toxicol 2004; 23:101-5.
Nourooz-Zadeh J, Tajaddini-Sarmadi J, McCarthy S, Betteridge
DJ, Wolff SP. Elevated levels of authentic plasma hydroperox-
ides in NIDDM. Diabetes 1995; 44:1054-8.

decrease in levels of free ubiquitin. Taken together, these ré-Xu D, Kyriakis JM. Phosphatidylinositol 3'-kinase-dependent ac-

sults suggest that proteasome has an important role in the elimi-
nation of ubiquitin conjugates formed in response to oxida-
tive damage. It should, however, be noted that the activity ot
ubiquitin activating and conjugating enzymes may be reduced
in vivo, although its in vitro activity remains high. Indeed ex-
posure of cells to oxidative stress was shown to disrupt thg
redox status of the cell by reducing the ratio GSH:GSSG. The
decreased levels of reduced GSH were consistently shown to
decrease the activity of ubiquitin activating and conjugatind0
enzymes [33], since these enzymes have a thiol group in their
active site. It has recently been shown that oxidative stress is
the “unifying” mechanism that associates hyperglycemia t
cell damage in diabetes [13]. It is thus conceivable that UP
has an important role in the degradation of oxidatively dam-
aged proteins in retinal endothelial cells. The observation thap
free ubiquitin decreases during the recovery from stress, when
proteasome is inhibited, highlights the role of 26S proteasome
in recycling free ubiquitin from conjugates [47]. Moreover,

the decrease in the intracellular pools of free ubiquitin is likelyt3:

to upregulate UPP by promoting transcription of ubiquitin

cell response to stress as well as depletion of free ubiquitin.
Data presented in this report show for the first time that

UPP is upregulated in response to oxidative stress. Moreovars,

upregulation of UPP is associated with increased production
of ubiquitin conjugates that are rapidly turned over by the
proteasome. Since hyperglycemia, characteristic of diabetes,

is associated with increased production of ROS [2,3,13] it i46-

likely that dysregulation of protein degradation by the UPP is
involved in the pathophysiology of diabetic retinopathy.
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