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ABSTRACT. We report that albumin is translocated to the nucleus in response to oxidative stress. Prior
measurements have demonstrated that in concert with known transcription factors albumin binds to an
antioxidant response element, which controls the expression of glutatiStreasferase and other
antioxidant enzymes that function to mediate adaptive cellular responses [Holderman, M. T., Miller, K.

P., Dangott, L. J., and Ramos, K. S. (2002pl. Pharmacol. 61 1174-1183]. To investigate the
mechanisms underlying this adaptive cell response, we have identified linkages between calcium signaling
and the nuclear translocation of albumin in JB6 epithelial cells. Under resting conditions, albumin and
the calcium regulatory protein calmodulin (CaM) co-immunoprecipitate using antibodies against either
protein, indicating a tight association. Calcium activation of CaM disrupts the association between CaM
and albumin, suggesting that transient increases in cytosolic calcium levels function to mobilize intracellular
albumin to facilitate its translocation into the nucleus. Likewise, nuclear translocation of albumin is induced

by exposure of cells to hydrogen peroxide or a phorbol ester, indicating a functional linkage between
reactive oxygen species, calcium, and PKC-signaling pathways. Inclusion of an antioxidant enzyme (i.e.,
superoxide dismutase) blocks nuclear translocation, suggesting that the oxidation of sensitive proteins
functions to coordinate the adaptive cellular response. These results suggest that elevated calcium transients
and associated increases in reactive oxygen species contribute to adaptive cellular responses through the
mobilization and nuclear translocation of cellular albumin.

Oxidative stress arises when there is an excess of freeguard against oxidative damag®.(Recently, albumin, phi
radicals and/or a decrease in antioxidant levels within the AP3, and a-smooth muscle actin have been shown to
cell. Cellular responses to oxidative stress occur, in part, function as components of a signaling complex involving
through transcriptional regulation via a cis-acting enhancer the known transcription factors Nrfl, Nrf2, and JunD in
element known as the antioxidant response element (ARE) modulating adaptive cellular responses to oxidative stress
(1—3). Activation of AREs typically involves the nuclear through their association with the ARE in vascular smooth
translocation and binding of critical transcription factors, muscle b). These results are consistent with earlier measure-
leading to the inducible expression of glutathioB&rans- ments that demonstrated albumin to be a specific modulator
ferase and other genes encoding antioxidative and detoxifyingof cellular glutathione levelsgj. However, albumin is also
enzymes that function to maintain cellular redox status and known to inhibit apoptosis in macrophages, suggesting a role

for albumin in scavenging reactive oxygen species (ROS)
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translocation of albumin in JB6 epithelial cells. To identify or albumin were then added, following by incubation for 1
the possible involvement of calcium-binding proteins, we h at 4°C with gentle rotation. Protein ©Sepharose beads
conducted a proteomic screen for calcium regulatory proteinswere added to the samples to capture primary antibodies and
that associate with albumin using mouse brain lysates. Thesdancubated overnight at 4C. The antibody-bead complex
results identified a structural linkage between albumin and was sedimented by centrifugation and washed three times
the calcium regulatory protein calmodulin (CaM), which was with lysis buffer, and protein associations were analyzed by
confirmed following immunoprecipitation and immunoblot-  Western blot analysis.

ting using antibodies against either albumin or CaM. We
report that increases in intracellular calcium levels disrupt
the cytosolic protein complex containing albumin and
calmodulin and promote the transport of albumin into the
nucleus under conditions of oxidative stress. Taken together,
these results suggest an important regulatory role for albumin
in modulating cellular antioxidant defenses.

Affinity Isolation of CaM-Binding Proteins and MS
Analysis Per manufacturer's recommendations, brain lysates
were incubated fio2 h at 4°C with Sepharose beads with
and without (control) bound CaM with gentle rotation in the
presence of 1 mM Caglor 1 mM EGTA. Beads were
washed 5 times with lysis buffer [50 mM Tris-HCI (pH 7.4),
150 mM NacCl, 0.1% Triton X-100] containing 1 mM CaCl

or 1 mM EGTA, and bound proteins were resolved by SDS
EXPERIMENTAL PROCEDURES PAGE. To elute samples, 5A00uL of elution buffer (lysis

Materials. Mouse brains were purchased from Pel Freez buffer plus 4.0 M urea, 10 mM EGTA, and 5 mM DTT)
Biologicals (Rogers, AR). Rabbit polyclonal anti-calmodulin was added to beads, and the samples were incubated at 90
antibodies were obtained from Santa Cruz Biotechnology °C for 5 min with occasional vortexing. The eluted material
(Santa Cruz, CA). Polyclonal antibodies against albumin was separated from the beads by centrifugation at 29800
family members were generated against the conservedfor 1 min and either resolved by SB®AGE or prepared
peptide (i.e., PAHKSEIAHRFKDLGEQ") (15). UltraLink for analysis by mass spectrometry. Prior to MS analysis,
Immobilized Protein G was obtained from Pierce (Rockford, eluted proteins were exhaustively digested with trypsin
IL). CaM—Sepharose 4B was purchased from Amersham (Promega, Madison, WI), and the resulting peptides were
Bioscience (Piscataway, NJ). Complete EDTA-free proteaseanalyzed by tandem mass spectrometry and evaluated by
inhibitor cocktail tablets (catalog no. 1 836 170) were SEQUEST (ThermoFinnigan) using the annotated mouse
obtained from Roche (Indianapolis, IN). Sepharose 4B, database, essentially as previously descrit@e 19). Briefly,
Triton X-100, buffers, and other chemical reagents were microcapillary reversed-phase HPLC was performed using
obtained from Sigma-Aldrich (St. Louis, MO). Sequencing an Agilent 1100 series capillary LC system (Agilent Tech-
grade modified trypsin was obtained from Promega (Madi- nologies, Inc., Palo Alto, CA) coupled to a LCQ Deca XP
son, WI). Recombinant CaM was expressed and purified jon trap mass spectrometer (ThermoFinnigan, San Jose, CA)
essentially as previously describetb). using an in-house manufactured ESI interface. The reversed-

Cell Culture.JB6 P+ cells (clone 41-5a) were maintained phase separation was performed using a/60.d. x 150
in minimum essential medium (MEM; JRH Biosciences, um i.d. x 60 cm length capillary column (Polymicro
Lenexa, KS) supplemented with 5% fetal bovine serum (FBS; Technologies Inc., Phoenix, AZ) packed with 5 Tm Jupiter
Atlanta Biologicals, Norcross, GA), 2 mMglutamine, 100 Cis stationary phase (Phenomenex, Torrence, CA). SE-
U/mL penicillin, 100 ug/mL streptomycin, and 2ag/mL QUEST results were filtered with criteria developed by Yates
amphotericin B in 5% C@95% air at 37°C. Cells were and co-workersZ0).

subcultured by trypsinization, and all experiments were  prenaration of Nuclear Extracts and Detection of Albumin
conducted with cells at passage levels-993. Nuclear extracts were prepared essentially as previously
Lysis and Preparation of Cell HomogenatBsozen mouse  describedZ1). Nuclear extract was subjected to Western blot
brains were thawed on ice and placed into a precooled tissueanalaysis for albumin following separation of 46 of lysate
grinder. Samples and buffers were kept on ice throughout hy SDS-PAGE, as previously describe?2). Anti-albumin
the preparation procedure. Tissue was homogenized follow-antibody was diluted 1:5000 (1 h at room temperature), and
ing addition of lysis buffer [3 mL/brain of 50 mM Tris-HCl  goat anti-rabbit secondary antibody conjugated to horseradish
(pH 7.4), 150 mM NaCl, 0.1% Triton X-100, EDTA-free  peroxidase (HRP) was diluted 1:10 000 (30 min at room
Roche complete protease inhibitor cocktail, and 1 mM @aCl temperature). Detection was by enhanced chemiluminescence
or 1 mM EGTA]. Alternatively, JB6 cells were grown t0 ysjng the SuperSignal West Femto Maximum Sensitivity
80% confluence, washed three times with phosphate-bufferedspsirate (Pierce, Rockford, IL), and images were captured
saline (PBS), scraped in lysis buffer, and then homogenizedusing a Roche Lumilmager.
using a Dounce homogenizer. The homogenate was trans-
ferred into Eppendorf tubes and centrifuged at 2@BR0 RESULTS
30 min in a tabletop centrifuge at°€ to remove cytoskeletal
elements. Supernatants were carefully removed without Complex Formation between Cellular Albumin and CaM
disturbing the pellet and the top lipid layer and were Oxidative stress is associated with calcium dysregulation,
transferred to clean tubes. suggesting a possible linkage between activation of tran-
Immunoprecipitation Prior to the isolation of protein  scriptional regulation through ARE and the functional
complexes, samples were precleared with protein G- activation of calcium signaling proteins. In this respect, CaM
Sepharose beads for 30 min at@ with rotation. Protein G functions to coordinately regulate energy metabolism in all
beads were pelletted and discarded prior to the addition of eukaryotic cells and has been implicated as a primary target
primary antibodies. Primary antibodies against either CaM of oxidative stress 13, 23). Further, increases in CaM
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31 — 31— washed, immunoprecipitated proteins were eluted, and the presence
of co-immunoprecipitated CaM was analyzed by Western blotting.
21 o 21— Purified recombinant CaM (0.25g) was used as a standard.
ol = e binding partners using an antibody against CaM covalently
bound to an affinity matrix (data not shown), indicating that
6 — 6= irrespective of the method of isolation that similar CaM-
3 2 3— binding proteins are observed.

Using mass spectrometry to screen the CaM binders in
FiGURE 1: Isolation of calmodulin binding proteins. CaM lysates obtained from whole brain, which provided sufficient
Sepharose beads were incubated with cell lysate prepared from JB@naterial for MS analysis, we identified a number of known
cells (A) or mouse brains (B) in the presence of 1 mM GaglI1 CaM-binding proteins (see legend to Figure 1). Thus, our
mM EGTA. After extensive washing, bound proteins were eluted, affinjty purification methodology has selectively isolated
resolved by SDSPAGE, and visualized using silver stain. There CaM-bindi teins. In additi lbumi Iso identi
was negligible binding to Sepharose beads alone (control) whether ; alvi-binding proteins. In addition, albumin was also iaenti-
in the presence of Caglor EGTA (data not shown). Protein  fied as one of the CaM binders and was present following
standards are depicted at the left of each panel. Among the knownaffinity purification of proteins that bind to the apo- and
Ca2+—Ca_M bind(_ars th?.t were identified following onIine_re\(ersed- calcium-bound forms of CaM. While an estimate of the
phase microcapillary liquid chromatography coupled with ion trap ya|atjve stoichiometies of bound albumin is not possible from

mass spectrometry were calcium/calmodulin-dependent proteinth tide identificati . ¢ v, th
kinases Il & IV, calcineurin, calpain, glyceraldehyde-3-phosphate € PEPUCE 1dentilicalion using mass spectrometry, these

dehydrogenase, inositol 1,4,5-trisphosphate receptor type 1, myelinfésults suggest the presence of a protein complex involving
basic protein, plasma membrane calcium-ATPasspectrin, and albumin and CaM. Furthermore, since albumin has previ-

p-spectrin. In addition, albumin was also identified to bind to CaM. ously been implicated to be part of a protein complex
associated with ARE regulatio®) these results suggest a
expression levels have been correlated with cell transforma—possime linkage between calcium signaling and the modula-
tion, suggesting that CaM itself is associated with alterations tion of adaptive cellular responses through transcriptional
in transcriptional regulation 2é). We have, therefore,  activation of antioxidant genes (e.g., glutathionine) under the
investigated the possible association between CaM andggntrol of the ARE.
proteins known to participate in the formation of transcrip-  Confirmation of the association between albumin and CaM
tional regulatory complexes that recognize AREs involved \yas assessed in JB6 cells using an immobilized CaM
in the regulation of cellular antioxidant levels (e.g., glu- sepharose-4B affinity matrix to isolate CaM-binding proteins
tathione levels)4). (Figure 2). Following incubation with JB6 cellular lysate,
To accomplish this, we isolated CaM-binding proteins CaM-binding partners were eluted, and the presence of
from cellular lysates from both JB6 cells and whole mouse albumin was assessed by a Western immunoblot using
brain using Sepharose-4B beads with covalently bound CaM. primary antibodies against albumin. One observes that
JB6 cells represent a standard model system used toalbumin selectively associates with apo-CaM (Figure 2A).
investigate linkages between oxidative stress and cell trans-No association between albumin and CaM is observed if
formation, while whole mouse brain was chosen as an calcium is added to the cellular homogenate prior to complex
abundant source of tissue to identify CaM-binding proteins isolation. Thus, the association between apo-CaM and
using mass spectrometry. Following affinity purification, albumin is diminished following calcium activation of CaM.
selected binding proteins are observed that respectivelyLikewise, immunoprecipitation involving incubation of
associate with apo-CaM (in the presence of EGTA) or primary antibodies against albumin in whole brain cell
calcium-activated CaM (in the presence of saturating amountslysates, followed by the capture of the antibody protein
of calcium) for both JB6 cells and brain homogenates (Figure complex using protein-GSepharose beads and a Western
1). No protein is visualized on SBFAGE gels from control blot analysis probing for the presence of CaM, indicates a
experiments involving only the Sepharose beads (data notselective association between albumin and apo-CaM that is
shown). Irrespective of the tissue source, significantly more also diminished following calcium activation of CaM (Figure
proteins associate with CaM in the presence of calcium, 2B).
consistent with the known ability of CaM to selectively bind Taken together, these results demonstrate that albumin and
to more than 30 different target proteins following calcium apo-CaM selectively associate in a protein complex in both
activation 5—27). A similar distribution of isolated proteins ~ whole brain and JB6 cell lysates. In both cases, calcium
are observed on SDSAGE gels following isolation of  activation of CaM disrupts the protein complex, suggesting
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modulates the association between CaM and albumin. Sincenuclear concentrations of albumin were determined following
calcium activation of CaM exposes hydrophobic binding exposure of serum-starved JB6 cells to @61 H,O, for the

(bottom). Similar results were observed in two separate experiments.

surfaces within each binding domai®g( 29), it is apparent
that the protein complex between apo-CaM and albumin is
specific and does not involve hydrophobic binding surfaces
that become exposed following calcium activation of CaM.
Thus, disruption of the protein complex involving apo-CaM
and albumin is the result of calcium activation, which has
the potential to influence the formation of a protein complex
involving albumin and other proteins previously identified
to be involved in adaptive cellular responses to oxidative
stress through association with ARE).(

Cytosolic Calcium Disrupts the Protein Complex between
CaM and Albumin CaM is known to regulate the nuclear
trafficking of redox responsive transcription factors, including

indicated times. Nuclear extracts were prepared, aneér total
protein was subjected to a Western immunoblot using primary
antibodies against albumin (top). Time-dependent increases in
nuclear albumin levels were assessed by a densitometric analysis
of the blots (bottom).

interaction might be modulated by oxidative stress, we
investigated the translocation of albumin into the nucleus
under conditions of oxidative stress through an assessment
of the abundance of albumin in nuclear extracts (Figure 4).
Under resting conditions, there is minimal albumin detected
in the nuclear extract of JB6 cells. Following exposure of
cells to hydrogen peroxide for varying periods of time, there
is a progressive increase in the amount of albumin in the

NFAT and members of the NFB family (30—32). Thus, nuclear extract. The nuclear translocation of albumin fol-
the calcium-dependent interaction between apo-CaM andlowing exposure to hydrogen peroxide is consistent with its
albumin, in conjunction with the suggested involvement of ability to interact with proteins that bind to the ARE. The
albumin in the transcriptional regulation of AREs, raises the time course of albumin translocation, furthermore, occurs
possibility that CaM participates in transcriptional regulation on the same time scale associated with the induction of other
of antioxidant genes by sequestering albumin in the cytosol cellular antioxidant response83 34). Thus, our results
prior to calcium activation. To test this hypothesis, we asked suggest a possible involvement of the nuclear translocation
whether increasing levels of intracellular free calcium, of albumin in modulating cellular antioxidant responses.
through the treatment of live cells with a calcium ionophore,  Cellular Activation by Phorbol Ester Induces Nuclear
affected the formation of a protein complex between albumin Localization of Albumin Other essential ARE-binding
and CaM. components (e.g., Nrf2) are mobilized and undergo nuclear
Co-immunoprecipitation was performed to investigate the translocation on a time scale similar to that of albumin and
association between CaM and albumin under resting condi-appear to be under the control of protein kinase C (PKC),
tions. We find that CaM is associated with albumin following since they are activated by the tumor promoting phorbol ester
immunoprecipitation of alboumin (Figure 3), suggesting the 12-O-tetradecanoyl phorbol-13-acetate (TPA3) To assess
formation of a cellular protein complex involving CaM and possible linkages between albumin and other members of
albumin. The mobilization of calcium stores through the the complex that participate in the transcriptional regulation
addition of the calcium ionophore A23187 functions to of ARE, we assessed the possible involvement of PKC. In
diminish the association between CaM and albumin. As a this respect, PKC isoforms (including £, y, €, 6, and§)
control the immunoblot was stripped and reprobed for are phosphorylated and catalytically activated upon treatment
albumin, whose abundance was not diminished following of cells with HO; (35), suggesting that PKC activation may
calcium mobilization. Likewise, under these conditions, total play a central role in the nuclear translocation of albumin in
expression levels of cellular albumin and CaM are not response to both #D, and TPA. Furthermore, PKC activa-
significantly changed (data not shown), suggesting that thetion is associated with increases in intracellular calcium
diminished CaM detected in association with albumin was levels—suggesting possible cross-talk mechanisms that may
not secondary to the activation of proteases and proteininvolve CaM.
degradation. These observations demonstrate that CaM and Following treatment of JB6 cells with TPA, albumin is
albumin exist as part of a specific vivo protein complex. translocated to the nucleus, with kinetics similar to those
Oxidative Stress Induces Nuclear Translocation of Albu- resulting from hydrogen peroxide exposure (Figure 5). These
min. Albumin has previously been identified in the modula- results suggest coordination in the nuclear translocation of
tion of the adaptive cellular response through a direct albumin and other components of the protein complex
assessment of its binding to the ARE involved in the associated with ARE transcriptional regulation. Furthermore,
regulation of antioxidant gene§)( To clarify whether this since there is currently a limited understanding of the
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Ficure 5: TPA-dependent nuclear translocation of albumin. (A) (Figure 6), consistent with the ability of SOD inhibitors to

Concentration dependence of albumin nuclear localization following . o .
incubation fa 1 h with vehicle alone (DMSO) or using the indicated . P10ck TPA-induced oxidative stress and inflammatory re-

concentrations of TPA. (B) Time dependence of albumin nuclear SPONses in epithelial model system3)( In contrast, addition
localization following treatment with 10 ng/mL TPA and quanti- of a bolus of hydrogen peroxide induces a nonspecific

fication by a densitometric analysis of the blots (bottom). In all oxidative stress that overwhelms antioxidant defenses, which
cases, nuclear extracts were prepared from serum-starved JB6 cell§a s to observable translocation of albumin (Figure 4). Thus
and a equal amount of protein (4@) was subjected to a Western - . . .S '
immunoblot analysis for albumin. spatial constraints on the generation an_d activity of ROS as
well as the ability of the cell to effectively detoxify the
relationship between ROS generation and the activation of Physiological generation of ROS appear to be important in
specific signaling pathways associated with antioxidant Mmodulating the albumin:CaM complex.
responses3p), these results suggest a possible coordination
. ? | ; .~ DISCUSSION

between ROS generation, calcium signaling, and the activa-
tion of PKC. Summary of Result§Ve have demonstrated that albumin

Antioxidant Enzymes Block Nuclear Translocation of is selectively translocated to the nucleus under conditions
Albumin Under normal cellular conditions, it is generally of oxidative stress (Figure 4), consistent with the proposed
thought that +2% of cellular oxygen is reduced to form role of albumin in modulating cellular antioxidant levels in
superoxide through cellular respiratioB7). Increases in response to oxidative stress through the formation of a protein
cytosolic free calcium or activation of protein kinases results complex associated with AREs. Furthermore, like Nrf2,
in the up-regulation of cellular metabolism (and the genera- albumin is translocated to the nucleus in response to PKC
tion of superoxide) through respiratory control mechanisms, activation following cellular exposure to phorbol este38, (
suggesting the possible cross-talk between multiple signaling34) (Figure 5), suggesting coordination in the recruitment
mechanisms in the integration of the cellular response to of albumin with other components of the protein complex
conditions of oxidative stres4®). Therefore, to differentiate  involved in the transcriptional regulation of ARE. These
between direct effects involving changes in calcium levels results are consistent with earlier suggestions that albumin
or PKC activation from cellular responses resulting from is a prosurvival factor whose action involves the modulation
generation of superoxide associated with alterations in of NF—«B activation and up-regulation of cellular glu-
cellular metabolism, we have assessed the effect of supertathione levels through the transcriptional regulation of ARE
oxide dismutase (SOD) on the TPA-dependent nuclear responsive elements (8, 32, 40—42).
translocation of albumin. In this respect, prior results have  The coordinate regulation associated with calcium activa-
demonstrated that cells rapidly take-up extracellular SOD tion of CaM and the mobilization and associated nuclear
under conditions of oxidative stres3g]. We report that the  translocation of albumin is, furthermore, consistent with other
TPA-dependent nuclear translocation of albumin is blocked evidence, suggesting that CaM directly associates with
following incubation with SOD (Figure 6), demonstrating members of the NF«B family (i.e., c-Rel and RelA) to
that the modulation of albumin translocation into the nucleus modulate their nuclear translocatidd®). Specifically, CaM
involves the redox modulation of key regulatory proteins. binding differentially affects nuclear translocation within the

It is noteworthy that activation of PKC through the NF—«B family since CaM-binding facilitates the nuclear
addition of TPA is thought to induce the selective generation translocation of RelA, while CaM association with c-Rel
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CaM:albumin Furthermore, these results are consistent with recent evidence
that albumin functions as a signaling molecule in modulating
Ca®* cell function 61). Indeed, specific albumin binding proteins
a albumin > albumin (such as gp60) mediate the endoc;ytosi_s of albumin into
SOD _|1 . caveolae and are coupled to G-protein activation in a process
Ca,:CaM 1 that is under tight hormonal and enzymatic regulatié8, (

52—54). In addition, cellular antioxidant and inflammatory
responses have been linked to post-translational oxidative
modifications to albumin45, 55). While specific mecha-
nisms have not previously been elucidated, this latter
association may be related to prior measurements that
demonstrate cellular albumin to enhance ROS generation and
to modulate cytosolic calcium levels and functions as a
Ficure 7: Model depicting relationships between calcium signaling, prosurvival factor 10, 11, 40, 55, 56).

oxidative stress, and the nuclear translocation of albumin. Albumin  prior work has identified the transcription factor Nrf2 to

exists as part of a protein complex with apo-CaM in the cytosol. : ;
Following calcium activation, the CaM:albumin protein complex play a central role in the chemoprotective response through

dissociates, resulting in the coordinate up-regulation of metabolism the transcriptional up-regulation of 16 known antioxidant and
by Ca:CaM and the associated generation of reactive oxygen phase Il detoxification enzymes, which are under the control

species (ROS) promotes the nuclear localization of albumin. Once of an ARE consensus sequence in their prometes{, 58).
in the nucleus, albumin has been shown to have the potential 0 These enzymes, which include GST, NAD(P)H:quinine

form a complex with other proteins (e.g., Nrf2) associated with .
the activation of the ARE element and associated transcriptional ©Xidoreductase (NQO1), and heme oxygenase-1 (HO-1), all

activation of antioxidant genes (e.g., glutathione) underlying Play an important role in maintaining celluar redox status
adaptive cellular responses to oxidative str&gs ( and protecting cells from oxidative damage. Furthermore,
while the TPA-response element (TRE) is mediated by
blocks its nuclear translocation. The current results suggestdifferent signaling pathways, it is sometimes embedded
a role for CaM in modulating the nuclear translocation of within the ARE promoter sequencB9-61), suggesting a
albumin, which has previously been implicated in the possible linkage between the integration of divergent signal-
modulation of ARE gene expression (Figure 7). These ing pathways through the transcriptional regulation of these
findings are consistent with earlier data suggesting a centralgene elements and the induction of cellular transformation.
role of CaM in modulating cellular antioxidant responses Indeed, overexpression of transcription factors (i.e., c-Jun

adaptive cell

response
(transcriptional activation)

ROS I
kT metabolism ‘j
[ |

cytosol I nucleus

through the control of other gene regulatory elemeds; (
44). Given the central role of albumin in protecting the

and c-Fos), which are associated with the activation of TPA
response elements (TRE), have been suggested to diminish

vasculature against oxidative damage and the rapid uptakeactivation of ARE elements4j.

of serum albumin into cells with a half-time of approximately

Physiological Releance Cell transformation in response

10 min @5, 46), these results suggest that cellular albumin to environmental and physiological agents, including phorbol
may have a critical role in sensing the extracellular environ- esters and the reactive oxygen species superoxide, have been
ment and facilitating adaptive cellular responses. linked to alterations in the responsiveness of ARE and TPA-
ROS Generation and Cellular Antioxidant Responses transcriptional elements4( 47, 62, 63). The integrated
Phorbol esters, via activation of PKC, are specifically responsiveness of these signaling pathways has been sug-
associated with the phosphorylation of target proteins and gested to contribute to cell transformatie).(n this respect,
function to up-regulate cellular metabolism and the associatedJB6 cells represent an important model system that has been
generation of ROS4(7). Thus, the ability of antioxidant extensively used to define underlying mechanisms associated
enzymes (i.e., SOD) to block the TPA-induced nuclear with the cell transformation responsé4(-67). ROS have
localization of albumin suggests that the generation of ROS been implicated in this process, since addition of CuZnSOD
rather than direct phosphorylation underlies the targeting of during the fir$ 2 h of tumor promoter treatment inhibits the
albumin to the nucleus (Figure 6). In this latter respect, cell transformation responsd®). Further evidence for the
phorbol esters and the associated generation of ROS alsoequirement of superoxide in transformation comes from
function to up-regulate cytosolic calcium levels, in part studies using JB6 cell lines stably overexpressing MnSOD,
because of the sensitivity of critical calcium regulatory which fail to undergo transformation when treated with TPA
proteins (i.e., pumps and channels) to oxidative and nitrative (67). Likewise, albumin translocation to the nucleus is
modifications (2, 23, 48—50). Taken together, these results inhibited by SOD, and translocation is detected during the
suggest coordination between calcium signaling, PKC activa-first 2 h of TPA treatment (Figure 6). Thus, our results
tion, generation of ROS, and adaptive cellular responsessuggest that the nuclear translocation of albumin in response
associated with activation of ARE responsive elements.  to increases in cellular calcium levels and generation of ROS
Albumin and Cellular Signalingin this paper, we dem-  has the potential to modulate the ARE responsive element
onstrate for the first time that albumin undergoes nuclear through its ability to associate with known transcriptional
translocation under conditions associated with the nuclearfactors (such as Nrf2), affecting the nuclear recruitment of
recruitment of transcription factors (i.e., Nrf2) known to critical transcriptional complexes that are known to associate
modulate ARE transcriptional regulation through the forma- with albumin and to be responsive to tumor promoters in
tion of an activated protein complexd4). These results  JB6 cells.
support earlier suggestions that albumin functions as part of Conclusions and Future Direction8Ve have identified a
a protein complex that modulates ARE signaling). ( structural linkage between calcium signaling, oxidative stress,
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and formation of a protein complex between albumin and
apo-CaM. Under conditions of oxidative stress, cellular
calcium and ROS levels increase, promoting the dissociation
of this protein complex and the nuclear localization of
albumin. Future measurements should seek to identify other
members of the protein complexes involving albumin in both

the

16 different known enzymes under control by ARE

relative to alternate signaling pathways (e.g., TRE elements)
that integrate environmental signals to determine cell fate.
An understanding of the signaling pathways associated with
adaptive cellular responses to environmental stressors will
facilitate the construction of predictive models for therapeutic

interventions.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Li, Y., and Jaiswal, A. K. (1992) Regulation of human NAD(P):
quinone oxidoreductase gene. Role of AP1 binding site contained
within human antioxidant response elemehtBiol. Chem 267,
1509715104.

. Bral, C. M., and Ramos, K. S. (1997) Identification of bermgo[

pyrene-inducible cis-acting elements within c-Ha-ras transcrip-
tional regulatory sequenceslol. Pharmacol 52, 974-982.

. Wasserman, W. W., and Fahl, W. E. (1997) Functional antioxidant

responsive element®roc. Natl. Acad. Sci. U.S.A. 946361—
5366.

. Nguyen, T., Sherratt, P. J., and Pickett, C. B. (2003) Regulatory

mechanisms controlling gene expression mediated by the anti-
oxidant response elememinnu. Re. Pharmacol. Toxicol43,
233-260.

. Holderman, M. T., Miller, K. P., Dangott, L. J., and Ramos, K.

S. (2002) Identification of albumin precursor protein, Phi AP3,
and alpha-smooth muscle actin as novel components of redox
sensing machinery in vascular smooth muscle c#isl, Phar-
macol. 61 1174-1183.

. Cantin, A. M., Paquette, B., Richter, M., and Larivee, P. (2000)

Albumin-mediated regulation of cellular glutathione and nuclear
factor kappa B activationAm. J. Respir. Crit. Care MedlL62,
1539-1546.

. Koh, J. S., Lieberthal, W., Heydrick, S., and Levine, J. S. (1998)

Lysophosphatidic acid is a major serum noncytokine survival
factor for murine macrophages which acts via the phosphatidyl-
inositol 3-kinase signaling pathway, Clin. Invest. 102 716—
727.

. Iglesias, J., Abernethy, V. E., Wang, Z., Lieberthal, W., Koh, J.

S., and Levine, J. S. (1999) Albumin is a major serum survival
factor for renal tubular cells and macrophages through scavenging
of ROS,Am. J. Physiol. 277F711-F722.

. Roveri, A., Coassin, M., Maiorino, M., Zamburlini, A., van

Amsterdam, F. T., Ratti, E., and Ursini, F. (1992) Effect of
hydrogen peroxide on calcium homeostasis in smooth muscle cells,
Arch. Biochem. Biophys. 29265-270.

Nadal, A., Fuentes, E., Pastor, J., and McNaughton, P. A. (1995)
Plasma albumin is a potent trigger of calcium signals and DNA
synthesis in astrocyte®roc. Natl. Acad. Sci. U.S.A. 92426~
1430.

Nadal, A., Fuentes, E., and McNaughton, P. A. (1996) Albumin
stimulates uptake of calcium into subcellular stores in rat cortical
astrocytes,). Physiol. 492737-750.

Squier, T. C., and Bigelow, D. J. (2000) Protein oxidation and
age-dependent alterations in calcium homeost&sw)t. Biosci

5, 504-526.

Squier, T. C. (2001) Oxidative stress and protein aggregation
during biological agingExp. Gerontal 36, 1539-1550.

Minshall, R. D., Sessa, W. C., Stan, R. V., Anderson, R. G. W.,
and Malik, A. B. (2003) Caveolin regulation of endothelial
function, Am. J. Physiol. Lung Cell Mol. Physia285, L1179~
1183.

Sargent, T. D., Yang, M., and Bonner, J. (1981) Nucleotide
sequence of cloned rat serum albumin messenger R, Natl.
Acad. Sci. U.S.A78, 243—-246.

Yin, D., Sun, H., Weaver, R. F., and Squier, T. C. (1999)
Nonessential role for methionines in the productive association

Biochemistry, Vol. 43, No. 23, 2004449

between calmodulin and the plasma membrane Ca-ATPase,
Biochemistry 3813654-13660.

17.Yao, Y., Yin, D., Jas, G., Kuczera, K., Williams, T. D., Schoneich,

Ch., and Squier, T. C. (1996) Oxidative modification of a
carboxyl-terminal vicinal methionine in calmodulin by hydrogen
peroxide inhibits calmodulin-dependent activation of the plasma
membrane Ca-ATPasBjochemistry 352767-2787.

) . 8.Yin, D., Kuczera, K., and Squier, T. C. (2000) The sensitivity of
the cytosol and the nucleus and the coordinate regulation of d ( ) v

carboxyl-terminal methionines in calmodulin isoforms to oxidation
by H,O, modulates the ability to activate the plasma membrane
Ca-ATPaseChem. Res. Toxicol3, 103-110.

19. Adkins, J. N., Varnum, S. M., Auberry, K. J., Moore, R. J., Angell,

N. H., Smith, R. D., Springer, D. L., and Pounds, J. G. (2002)
Toward a human blood serum proteorivigl. Cell Proteomics 1
947-955.

20. Washburn, M. P., Wolters, D., and Yates, J. R., lll. (2001) Large-

21.

23.

24,

25.

27.

28.

29.

30.

35.

39.

scale analysis of the yeast proteome by multidimensional protein
identification technologyNat. Biotechnal 19, 242—-247.

Weber, T. J., Monks, T. J., and Lau, S. S. (2000) DDM-RGE
mediated cytoprotection in renal epithelial cells by a thromboxane
A receptor coupled to NF-kappaBm. J. Physiol. Renal Physiol.
278 F270-F278.

. Weber, T. J., Chapkin, R. S., Davidson, L. A., and Ramos, K. S.

(1996) Modulation of protein kinase C-related signal transduction
by 2,3,7,8-tetrachlorodibenzmdioxin exhibits cell cycle depen-
dence,Arch. Biochem. Biophys. 328227-232.

Gao, J., Yin, D., Yao, Y., Williams, T. D., and Squier, T. C. (1998)
Progressive decline in the ability of calmodulin isolated from aged
brain to activate the plasma membrane Ca-ATPR&®ghemistry
37, 9536-9548.

Sherbet, G. V. (2001) Calcium Signaling in Cancer, pp 85,
CRC Press, Boca Raton, FL.

Crivici, A., and Ikura, M. (1995) Molecular and structural basis
of target recognition by calmodulid\nnu. Re. Biophys. Biomol.
Struct 24, 85—-116.

. Chin, D., Means, A. R. (2000) Calmodulin: a prototypical calcium

sensor,Trends Cell Biol. 10322-338.

Ashby, M. C., and Tepikin, A. V. (2002) Polarized calcium and
calmodulin signaling in secretory epithelRhysiol. Re. 82, 701—

734.

LaPorte, D. C., Wierman, B. M., and Storm, D. R. (1980) Calcium-
induced exposure of a hydrophobic surface on calmodulin,
Biochemistry 193814-3819.

O'Neil, K. T., and DeGrado, W. F. (1990) How calmodulin binds
its targets: sequence independent recognition of amphiphilic alpha-
helices, Trends Biochem. Sci. 159—-64.

Bito, H., Deisseroth, K., and Tsien, R. W. (1996) CREB
phosphorylation and dephosphorylation: a?Gaand stimulus
duration-dependent switch for hippocampal gene expresSielh,

87, 1203-1214.

.Rao, A, Luo, C., and Hogan, P. G. (1997) Transcription factors

of the NFAT family:
Immunol 15, 707-747.

regulation and functionAnnu. Re.

. Antonsson, A., Hughes, K., Edin, S., and Grundstrom, T. (2003)

Regulation of c-Rel nuclear localization by binding of 2Qa
calmodulin,Mol. Cell. Biol. 23 1418-127.

. Huang, H.-C., Nguyen, T., and Pickett, C. B. (2000) Regulation

of the antioxidant response element by protein kinase C-mediated
phosphorylation of NF-E2-related factorRroc. Natl. Acad. Sci
U.S.A. 97 12475-12480.

. Huang, H.-C., Nguyen, T., and Pickett, C. B. (2002) Phosphor-

ylation of Nrf2 at Ser-40 by protein kinase C regulates antioxidant
response element-mediated transcriptidn,Biol. Chem. 277
42769-42774.

Konishi, H., Tanaka, M., Takemura, Y., Matsuzaki, H., Ono, Y.,
Kikkawa, U., and Nishizuka, Y. (1997) Activation of protein
kinase C by tyrosine phosphorylation in response 1041Proc.
Natl. Acad. Sci. U.S.A. 941233-11237.

.Frey, R. S., and Malik, A. B. (2004) Oxidant signaling in lung

cells,Am. J. Physiol. Lung Cell Mol. Physid286, L1—L3.

. Turrens, J. F. (1997) Superoxide production by the mitochondrial

respiratory chainBiosci. Rep1, 3—8.

. Ookawara, T., Eguchi, H., Nishimura, M., Kizaki, T., Takayama,

E., Saitoh, D., Ohno, H., and Suzuki, K. (2003) Effects of

oxidative stress on the nuclear translocation of extracellular
superoxide dismutasd3iochem. Biophys. Res. Commun. 303

914-919.

Bokoch, G. M., and Knaus, U. G. (2003) NADPH oxidases: not
just for leukocytes anymorélrends Biochem. S8, 502-508.



7450 Biochemistry, Vol. 43, No. 23, 2004

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Zoellner, H., Hofler, M., Beckman, R., Hufnagl, P., Vanyek, E.,
Bielek, E., Woijta, J., Fabry, A., Lockie, S., and Binder, B. (1996)
Serum albumin is a specific inhibitor of apoptosis in human
endothelial cells,). Cell Sci. 1092571-2580.

Zoja, C., Donadelli, R., Colleoni, S., Figliuzzi, M., Bonazzola,
S., Morigi, M., and Remuzzi, G. (1998) Protein overload stimulates
RANTES production by proximal tubular cells depending on NF-
kappa B activationKidney Int 53, 1608-1615.

Wang, Y., Rangan, G. K., Tay, Y.-C., Wang, Y., and Harris, D.
C. H. (1999) Induction of monocyte chemoattractant protein-1
by albumin is mediated by nuclear factor kappaB in proximal
tubule cells,J. Am. Soc. Nephroll0, 1204-1213.

Wang, J., K. Moreira, M., Campos, B., Kaetzel, M. A., and
Dedman, J. R. (1996) Targeted neutralization of calmodulin in
the nucleus blocks DNA synthesis and cell cycle progression,
Biochim. Biophys. Acta 131223-228.

Liao, B., Paschal, B. M., and Luby-Phelps, K. (1999) Mechanism
of Ca*-dependent nuclear accumulation of calmodufirgc. Natl.
Acad. Sci. U.S.A. 96217-622.

Predescu, D., Predescu, S., and Malik, A. B. (2002) Transport of
nitrated albumin across continuous vascular endothelRiog.
Natl. Acad. Sci. U.S.A. 993932-13937.

John, T. A., Vogel, S. M., Tiruppathi, C., Malik, A. B., and
Minshall, R. D. (2003) Quantitative analysis of albumin uptake
and transport in the rat microvessel endothelial monola4ar,

J. Physiol. Lung Cell Mol. Physiol. 284.187—L196.

Nakamura, Y., Gindhart, T. D., Winterstein, D., Tomita, |., Seed,
J. L., and Colburn, N. H. (1988) Early superoxide dismutase-
sensitive event promotes neoplastic transformation in mouse
epidermal JB6 cellsCarcinogenesis 9203—207.

Krainev, A. K., Viner, R. I., and Bigelow, D. J. (1997) Benzo-
phenone-sensitized photooxidation of sarcoplasmic reticulum
membranes: site-specific modification of the?GATPase Free
Radical Biol. Med. 231009-1020.

Viner, R. I., Krainev, A. G., Williams, T. D., Schoneich, Ch., and
Bigelow, D. J. (1997) Identification of oxidation-sensitive peptides
within the cytoplasmic domain of the sarcoplasmic reticuluri"Ca
ATPase Biochemistry 367706-7716.

Viner, R. |, Ferrington, D. A., Williams, T. D., Bigelow, D. J.,
and Schoneich, Ch. (1999) Protein modification during biological
aging: selective tyrosine nitration of the SERCA2a isoform of
the sarcoplasmic reticulum €aATPase in skeletal muscle,
Biochem. J340, 657—-669.

Brunskill, N. J. (2000) Albumin and proximal tubular cells-beyond
endocytosisNephrol. Dial. Transplant. 151732-1734.
Tiruppathi, C., Song, W., Bergenfeldt, M., Sass, P., and Malik,
A. B. (1997) Gp60 activation mediates albumin transcytosis in
endothelial cells by tyrosine kinase-dependent pathwagiol.
Chem 272, 25968-25975.

Brunskill, N. J. (1998) Molecular interactions between albumin
and proximal tubular cellsxp. Nephral 6, 491-495.

Minshall, R. D., Tiruppathhi, C., Vogel, S. M., Niles, W. D.,
Gilchrist, A., Hamm, H. E., and Malik, A. B. (2000) Caveolin
regulation of endothelial functiod, Cell Biol. 150 1057-1069.
Fan, X., Subramaniam, R., Weiss, M. F., and Monnier, V. M.
(2003) Methylglyoxal-bovine serum albumin stimulates tumor

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Weber et al.

necrosis factor alpha secretion in RAW 264.7 cells through
activation of mitogen-activating protein kinase, nuclear faci®r
and intracellular reactive oxygen species formatidr;h. Bio-
chem. Biophys409, 274-286.

He, P., and Curry, F. E. (1993) Albumin modulation of capillary
permeability: role of endothelial cell [€4];, Am. J. Phyial 265,
H74—H82.

Telakowsi-Hopkins, C. A., King, R. G., and Pickett, C. B. (1988)
Glutathione-S-transferase Ya subunit gene: identification of
regulatory elements required for basal level and inducible expres-
sion, Proc. Natl. Acad. Sci. U.S.A. 83000-1004.

Friling, R. S., Bensimon, A., Tichauer, Y., and Daniel, V. (1990)
Xenobiotic-inducible expression of murine glutathione S-trans-
ferase Ya subunit gene is controlled by an electrophile-responsive
element,Proc. Natl. Acad. Sci. U.S.87, 6258-6262.

Prestera, T., Talalay, P., Alam, J., Ahn, Y. |, and Choi, A. M.
(1995) Parallel induction of heme oxygenase-1 and chemopro-
tective phase 2 enzymes by electrophiles and antioxidants:
regulation by upstream antioxidant-responsive elements (ARE),
Mol. Med 1, 827-837.

Yoshioka, K., Deng, T., Cavigelli, M., and Karin, M. (1995)
Antitumor promotion by phenolic antioxidants: inhibition of AP-1
activity through induction of Fra expressioRroc. Natl. Acad.

Sci. U.S.A. 924972-4976.

Weber, T. J., Huang, Q., Monks, T. J., and Lau, S. S. (2001)
Differential Regulation of redox responsive transcription factors
by the nephrocarcinogen 2,3,5-tris(glutathion-S-yl)hydroquinone,
Chem. Res. Toxicol. 1814-821.

Nakamura, Y., Colburn, N. H., and Gindhart, T. D. (1985) Role
of reactive oxygen in tumor promotion: implication of superoxide
anion in promotion of neoplastic transformation in JB-6 cells by
TPA, Carcinogenesis 6229-235.

Gindhart, T. D., Nakamura, Y., Stevens, L. A., Hegameyer, G.
A., West, M. W., Smith, B. M., and Colburn, N. H. (1985) Genes
and signal transduction in tumor promotion: conclusions from
studies with promoter resistant variants of JB-6 mouse epidermal
cells, Carcinogenesis 8341—-367.

Colburn, N. H., Bruegge, W. F., Bates, J. R., Gray, R. H., Rossen,
J. D., Kelsey, W. H., and Shimada, T. (1978) Correlation of
anchorage-independent growth with tumorigenicity of chemically
transformed mouse epidermal cel3ancer Res. 38624-634.
Colburn, N. H., Former, B. F., Nelson, K. A., and Yuspa, S. H.
(2979) Tumour promoter induces anchorage independence ir-
reversibly,Nature 281 589-591.

Li, J. J., Westergaard, C., Ghosh, P., and Colburn, N. H. (1997)
Inhibitors of both nuclear factor-kappaB and activator protein-1
activation block the neoplastic transformation respo@amcer
Res. 57 3569-3576.

Amstad, P. A, Liu, H., Ichimiya, M., Berezesky, I. K., and Trump,
B. F. (1997) Manganese superoxide dismutase expression inhibits
soft agar growth in JB6 clone41 mouse epidermal cé€ligcino-
genesis 18479-484.

BI049731S



