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Hsf-1 (heat shock factor-1) is a transcription factor that is
known to regulate cellular heat shock response through its bind-
ing with the multispecific transporter protein, Ralbp1. Results
of present studies demonstrate that Hsf-1 causes specific and
saturable inhibition of the transport activity of Ralbp1 and that
the combination of Hsf-1 and POBI1 causes nearly complete
inhibition through specific bindings with Ralbpl. Augmenta-
tion of cellular levels of Hsf-1 and POB1 caused dramatic apo-
ptosis in non-small cell lung cancer cell line H358 through
Ralbp1 inhibition. These findings indicate a novel model for
mutual regulation of Hsf-1 and Ralbp1l through Ralbp1-medi-
ated sequestration of Hsf-1 in the cellular cytoskeleton and Hsf-
1-mediated inhibition of the transport activity of membrane-
bound Ralbpl.

In response to heat stress, human cells respond by activation
of Hsf-1 (heat shock factor-1), a transcription factor that binds
to NGAAN repeats of the promoter of heat shock genes, aug-
menting transcription (1-5). Considered the master regulator
of the heat shock response (1-3), Hsf-1 binds DNA constitu-
tively, and its binding affinity is based upon its phosphorylation
in response to heat shock (1-5). In the unstressed state, Hsf-1 is
sequestered in a complex with tubulin, HSP90, and Ralbp1 (6).
Stress or constitutively active Ral-GTP binding to Ralbp1 trig-
gers the release of Hsf-1 and its migration to the nucleus, where
its transcription factor activity is important for the expression
of heat shock proteins (6, 7). Although these studies focused on
Ralbp1 present in the cytoplasm bound to the cytoskeleton and
nuclear membrane, several previous and subsequent reports
have clearly demonstrated the presence of Ralbp1 in nuclear as
well as plasma membranes (8 —12). In several recent studies, we
have conclusively demonstrated that Ralbpl is a transmem-
brane protein with a defined cell surface domain (8-11) and
that it catalyzes in ATP hydrolysis-dependent trans-membrane
anti-gradient efflux of toxic xenobiotics as well as endogenous
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metabolites. The preferred physiological substrates for trans-
port by Ralbp1 are glutathione-electrophile conjugates of elec-
trophilic lipid metabolites that arise from stress or heat shock-
induced lipid peroxidation (13). The cell surface domain of
Ralbp1 can be targeted by highly specific antibodies that inhibit
the transport activity of Ralbpl and result in dramatic regres-
sion of tumor in syngeneic and xenograft models of melanoma,
lung cancer, and colon cancer (14, 15). The membrane func-
tionality of Ralbpl is also evident from its crucial role in endo-
cytosis as a rate-regulatory element (12, 16 —18).

An endocytosis-linked protein POB1 that binds Ralbp1 in a
similar region as Hsf-1 has been shown to be a specific and
saturable inhibitor of the glutathione-electrophile conjugates
and doxorubicin (DOX)? transport activity of membrane-re-
constituted purified Ralbpl (19). We proposed that just as
POBI could function as an inhibitor of the transport activity of
Ralbp1, Hsf-1 could also function as a transport inhibitor. This
model predicts that under heat stress, dissociation of Hsf-1
from Ralbpl would release inhibition on the efflux of the pro-
apoptotic glutathione conjugates of lipid peroxidation products
generated as an unavoidable consequence of heat shock or
other stress. We have addressed this prediction in H358 non-
small cell lung cancer cell line (NSCLC) by examining the effect
of Hsf-1 and POB1 on the transport of and cellular accumula-
tion and efflux of DOX and on apoptosis. POB1 and Hsf-1 were
found to inhibit Ralbpl at independent binding sites and
together almost completely abrogated its transport and anti-
apoptotic activities. The results suggest a novel framework for
viewing the chief regulatory mechanisms of the heat shock and
stress response pathways.

EXPERIMENTAL PROCEDURES

Materials—The human full-length Hsf-1 cDNA was a gift of
Dr. Nahid F. Mivechi (Institute of Molecular Medicine and
Genetics and Department of Radiology, Medical College of
Georgia, Augusta, GA). Polyclonal anti-Hsfl IgG was from
Stressgen. Bacterial strains (DH5a and BL21(DE3)) were pur-
chased from Invitrogen. pET30a(+), the T7 promoter-based
expression vector, was purchased from Novagen, Inc. (Madi-
son, WI). Restriction enzymes, thermophilic DNA polymerase

2 The abbreviations used are: DOX, doxorubicin (Adriamycin); NSCLC, non-
small cell lung cancer; COL, colchicine; LTC,, leukotriene C,; SPDP, N-suc-
cinimidyl 3-(2-pyridyldithio) propionate; TUNEL, TdT-mediated dUTP nick
end labeling; aa, amino acid(s); DNP-SG, dinitrophenyl-S-glutathione; IOV,
inside-out vesicle; PBS, phosphate-buffered saline; siRNA, small interfering
RNA; nt, nucleotide(s); ChIP, chromatin immunoprecipitation; RT, reverse
transcription.
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(Vent polymerase), and DNA ligase were from New England
Biolabs (Beverly, MA). dNTPs were from Applied Biosystems
(Foster City, CA). High pressure liquid chromatography-grade
oligonucleotides were synthesized by Biosynthesis, Inc. (Lewis-
ville, TX). DOX (Adriamycin) was obtained from Adria Labo-
ratories (Columbus, OH). *C-DOX (specific activity 44.8
Ci/mmol), PH]LTC, (specific activity 146 Ci/mmol) and
[*H]colchicine (specific activity 74.3 Ci/mmol) were purchased
from PerkinElmer Life Sciences. Rabbit polyclonal antibodies
to histone H3 and manganese-superoxide dismutase were pur-
chased from Sigma and Stressgen Bioreagent (Ann Arbor, MI),
respectively. Secondary antibody for Western blots, goat anti-
rabbit IgG horseradish peroxidase conjugate, was purchased
from Sigma. Polyclonal rabbit anti-human reconstituted
Ralbpl IgG, anti-human reconstituted POB1 IgG, and preim-
mune IgG were prepared and purified as described elsewhere
(8, 19). cDNA of POB1 (2200 bp) was kindly provided by Prof.
Leen]. Blok (Erasmus University Rotterdam, The Netherlands).
Fluorescein isothiocyanate-labeled Annexin V conjugate and a
TdT-mediated dUTP nick end labeling (TUNEL) fluorescence
detection kit were purchased from Invitrogen and Promega
(Madison, WTI), respectively. Dinitrophenyl-S-glutathione
(DNP-SG) was synthesized from CDNB and GSH according to
the method described by us previously (20). The sources of
other chemicals used in this study were the same as described
previously (10, 11).

Cell Lines and Cultures—Human NSCLC line H358 (bron-
chioalveolar) from ATCC (Manassas, VA) was used in these
studies. Cells were cultured at 37 °C in a humidified atmosphere
of 5% CO, in RPMI 1640 medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum, 1% (v/v) penicillin/strep-
tomycin solution, 2 mm L-glutamine, 10 mM HEPES, 1 mm
sodium pyruvate, 4.5 g/liter glucose, and 1.5 g/liter sodium
bicarbonate.

Cloning, Prokaryotic Expression, and Purification of His-
tagged Hsf-1—The human full-length Hsf-1 cDNA was a gift of
Dr. Nahid F. Mivechi. The cDNA of Hsf-1 was used as a tem-
plate for PCR amplification of the Hsf-1 coding sequence. The
upstream (5'-GGCGGTACCATGGAAGATTATACCAAAA-
TAGAG-3') and downstream (5'-CCGCTCGAGCTACATC-
TTCTTAATCTGATTGTC) primers were designed to intro-
duce a Kpnl restriction site (underlined) immediately upstream
of the initiator codon and Xhol site (underlined) immediately
downstream of the stop codon of the Hsf-1 open reading frame.
The PCR amplification was performed under the following
incubation conditions: DNA template, 500 ng; primers, 30
pmol each; ANTPs, 2.5 um; thermopol buffer, 1X; bovine serum
albumin, 1X; Vent polymerase 2.5 units. PCR cycles were at
94.°C for 5 min followed by 35 cycles of 94 °C for 30 s, 60 °C for
30, and 1 min at 72 °C and a final extension at 72 °C for 7 min.
The PCR product purified by using the Qiagen PCR purifica-
tion kit was digested with Kpnl/Xhol restriction enzymes. The
cleaved PCR products were ligated into pET30a(+) previously
digested with the same restriction enzymes.

The ligated products were expressed into the DH5a-compe-
tent cells, and plasmid DNA was purified from the overnight
culture of single colony using the Qiagen DNA purification kit.
Techniques for restriction enzyme digestion, ligation, transfor-
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mation, and other standard molecular biology manipulations
were based on methods described by Sambrook et al. (21). The
sequence of Hsf-1 was confirmed by DNA sequencing. Follow-
ing verification of the sequence, the pET30a(+) plasmid con-
taining the full-length Hsf-1 was used to transform Escherichia
coli strain BL21(DE3), and protein was expressed in E. coli
BL21(DE3) grown at 37 °C after induction with 0.4 mm isopro-
pyl 1-thio-B-p-galactopyranoside.

Bacterially expressed human Hsf-1 was purified by metal
affinity chromatography over Ni** -nitrilotriacetic acid Super-
flow resin (Qiagen) with slight modifications, as described
below. E. coli BL21(DE3) expressing Hsf-1 was lysed in 20 mm
Tris-HCI containing 250 mm NaCl, 100 um PMSF, and 5 mm
imidazole, pH 7.9, sonicated, and incubated for 4 h at 4 °C with
gentle shaking, followed by centrifugation at 13,000 rpm for 30
min. The supernatant was mixed with Ni*>* -nitrilotriacetic acid
Superflow resin preequilibrated with the same buffer. The resin
was incubated overnight at 4 °C with gentle shaking and washed
with wash buffer (20 mm Tris-HCI, 300 mMm NaCl, 20 mMm imid-
azole, and 100 uM phenylmethylsulfonyl fluoride, pH 7.9) until
Asgo Was zero. The bound protein from the resin was eluted
with elution buffer (20 mm Tris, 500 mm NaCl, 400 mMm imidaz-
ole, and 100 uM phenylmethylsulfonyl fluoride, pH 7.9) and was
dialyzed against 10 mm Tris-HCl, pH 7.4, 100 um EDTA, and
100 um phenylmethylsulfonyl fluoride.

Prokaryotic Expression and Purification of POBI and
POBI-(1-512)—The 2200-bp full-length long version cDNA of
POBI was a gift from Prof. Leen J. Blok (Erasmus University,
Rotterdam, The Netherlands). The bacterially expressed His-
tagged POBI1 and truncated mutant POB1-(1-512) (encoding
aa 1-512) proteins were cloned, expressed, and purified as
described previously (19).

Cloning, Prokaryotic Expression, and Purification of
Ralbpl—Purified Ralbpl protein was obtained from E. coli
BL21(DE3) expressing the pET30a(+) plasmid containing full-
length ¢cDNA corresponding to the sequence of RLIP76, the
76.4-kDa (655-aa) splice variant encoded by the human gene,
RALBPI. The purification was carried out using DNP-SG affin-
ity chromatography as described previously (8), and purity was
confirmed by SDS-PAGE and Western blot analyses.

Liposome Preparation—The proteoliposome preparation
procedures used here have been described in detail previously
(8, 11). Proteoliposomes containing either Ralbpl, Hsf-1, or
POBI1 were prepared by the addition of the corresponding puri-
fied recombinant protein to a sonicated emulsion of 1:4 choles-
terol and phospholipids (soybean asolectin, 95% purity; Sigma)
in liposome reconstitution buffer (10 mm Tris-HCI, pH 7.4, 2
mM MgCl,, 1 mm EGTA, 100 mm KCI, 40 mm sucrose, 2.8 mM
B-mercaptoethanol, 0.05 mMm butylated hydroxytolune, and
0.025% polidocanol). The final protein concentration in the
liposome reconstitution mixture was 50 pg/ml. Liposome for-
mation was initiated by the addition of SM2 Biobeads (200
mg/ml). We have shown that vesiculation is complete within
4 h and yields primarily unilammelar vesicles with a median
diameter of 0.25 um and intravesicular/extravesicular volume
ratio of 18 ul/ml (8, 22). The liposomes reconstituted with puri-
fied recombinant Hsf-1, POB1, and Ralbpl proteoliposomes
were used for delivery of these proteins to cells in culture. Effi-
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ciency of delivery for Ralbpl and POB1 proteoliposomes has
been established previously (8, 19). Successful delivery of all
three proteins to cells was confirmed in the present studies.

Transport Activity of Ralbpl and Inhibition by Hsf-1 or
POB1—In addition to being used to deliver Ralbp1 to cells,
Ralbpl liposomes were used in isolated cell-free systems to
measure the transport activity of Ralbpl toward model ra-
diolabeled substrates, including '*C-DOX, [*H]DNP-SG,
[PHILTC,, and [*H]COL. The ATP-dependent specific uptake
of each of these compounds was quantified as described previ-
ously (8, 23, 24) by using a 96-well plate filtration manifold to
separate the extravesicular drug from that taken up by the ves-
icles. Uptake was measured in parallel in Ralbpl proteolipo-
somes and control liposomes (prepared in the absence of pro-
tein) in the absence or presence of 4 mm ATP at a fixed time
point of 5 min at 37 °C. In the transport reaction, the final con-
centration of Ralbp1 protein (in the form of Ralbp1 liposome)
was 8.3 ug/ml. We have demonstrated previously that this
method estimates the initial velocity of ATP-dependent trans-
port (8). Background drug binding to the 0.45-um membrane
in the filtration manifold was adjusted, and ATP-dependent
uptake was calculated by subtracting out uptake in the proteo-
liposomes in the absence of ATP.

To study the effect of purified Hsf-1 or POB1 protein on
transport activity of Ralbpl, purified Hsf-1 or POB1 protein
(without reconstitution in proteoliposomes) was added to the
transport reaction mixture containing Ralbp1 proteoliposomes
or control liposomes. The concentration of POB1 or Hsf-1 in
the transport reaction mixture ranged from 0 to 13.3 pg/ml. In
the controls for inhibition studies, Hsf-1 or POB1 protein was
replaced with an equal amount of bovine serum albumin.

Inhibition of Transport of "*C-DOX, [PH]COL, [PH]DNP-SG,
and [PH]LTC, by POB1—Crude membrane inside-out vesicles
(IOVs) were prepared from Ralbpl*/*, Ralbpl™’~, and
Ralbpl ™/~ MEFs using established procedures as described by
us for the human erythrocytes (25) and K562 cells (8). For these
experiments, a fixed amount of IOV protein (20 ug/30 ul) was
reconstituted in proteoliposomes along with varying amounts
(0-300 ng/30 ul) of either purified reconstituted POB1 or its
deletion mutant (POB1-(1-512)), and the transport rates of
C-DOX, [*H]COL, [?PH]DN-PSG, and [PH]LTC, were meas-
ured as described above. In one control, POB1 proteins (full-
length POBI or its deletion mutant) were excluded, whereas in
another control, an equivalent amount of heat-inactivated
respective protein was reconstituted in proteoliposomes. Each
determination was performed in triplicate.

Effect of Full-length Hsf-1 and POB1 on Apoptosis by TUNEL
Assay—In these studies, we assessed whether cellular levels of
Hsf-1 and POB1 could be augmented by proteoliposome-me-
diated delivery to cultured lung cancer cells and assessed
whether uptake is correlated with apoptosis by the TUNEL
assay. The H358 non-small cell lung cancer cells (1 X 10° cells)
were grown on the coverslips. The cells were treated with equal
amounts of liposomes reconstituted with 40 ug/ml (final con-
centration) recombinant POB1-(1-512), POB1, Hsf-1, and
POBI plus Hsf-1 protein. After a 24-h incubation, the medium
was removed, and cells were washed with PBS four times. A
TUNEL assay was performed using the Promega fluorescence
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detection kit. Briefly, cells were fixed by immersing slides in
freshly prepared 4% paraformaldehyde solution for 30 min at
4.°C, followed by washing with PBS. The cells were permeabi-
lized by immersing the slides in 0.2% Triton X-100 solution in
PBS for 5 min followed by washing with PBS. Cells were equil-
ibrated with equilibration buffer (provided by Promega) for 10
min. The equilibrated areas were blotted with tissue paper, and
TdT incubation buffer was added to the cells and placed in the
humidified chamber. The chamber was covered with alumi-
num foil to protect from direct light. Slides were incubated at
37 °Cfor 60 min, and the reaction was terminated by immersing
the slides in 2X SSC buffer for 15 min followed by washing with
PBS. The slides were stained in propidium iodide solution for
10 min in the dark and washed with distilled water several
times. Slides were analyzed under a fluorescence microscope
using a standard fluorescein filter set to view the green fluores-
cence at 520 nm and red fluorescence of propidium iodide at
>620 nm. Fluorescence micrographs were taken using a Zeiss
LSM 510 META (Germany) laser-scanning fluorescence
microscope at X400 magnification.

Effects of Hsf-1 and POBI Liposomes on '*C-DOX Accumu-
lation in Lung Cancer Cell—H358 cells were harvested and
washed with PBS, and aliquots containing 5 X 10° cells (in
triplicate for each time point) were inoculated into fresh
medium. After overnight incubation, the cells were pelleted
and resuspended in 80 ul of medium containing 4 ug of Hsf-1
or POB1 proteoliposomes or control liposomes and incubated
at 37 °C for 24 h. After 24 h of incubation, 20 ul of **C-DOX
(final concentration 3.6 um, specific activity 8.5 X 10* cpm/
nmol) was then added to the medium and incubated for 5, 10,
20, and 30 min at 37 °C. Drug uptake was stopped by rapid
cooling on ice. Cells were centrifuged at 700 X g for 5 min at
4 °C, and medium was completely decanted. Radioactivity was
determined in the cell pellet after washing twice with ice-cold
PBS.

*C-DOX Efflux Studies—H358 cells were harvested and
washed with PBS, and aliquots containing 5 X 10° cells (in
triplicate) were inoculated into fresh medium. After overnight
incubation, the cells were pelleted and resuspended in 80 ul of
medium containing 4 ug of either control, Hsf-1, or POB1 lipo-
somes and incubated at 37 °C for 24 h. After a 24-h incubation,
20 ul of "*C-DOX (final concentration 3.6 M, specific activity
8.5 X 10* cpm/nmol) was then added to the medium and incu-
bated for 60 min at 37 °C. Cells were centrifuged at 700 X g for
5 min, after which the supernatant was removed completely,
and the cell pellet was washed with PBS twice. The pellet was
immediately resuspended in 1 ml of PBS. Aliquots of 50 ul of
clear supernatant were removed every minute for radioactivity
counting for 15 min, and total radioactivity remaining in the
transport reaction was quantified at the end of the experiment.
The back-added curves of cellular residual VRL versus time
were constructed as described previously (11).

Drug Sensitivity Assay—Cell density during the log phase was
determined by counting trypan blue-excluding cells in a hemo-
cytometer, and 20,000 cells were plated into each well of 96-well
flat bottomed microtiter plates. After 24 h of incubation, the
cells were treated with control liposomes or liposomes contain-
ing reconstituted Hsf-1 or POBI1 (final concentration 40
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pg/ml). DOX was added, and IC,, was measured by performing
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay 96 h later, as described previously (19, 26). Eight
replicate wells were used for each point in each of three separate
measurements of IC,

Colony-forming Assay—H358 cells (0.1 X 10° cells/500 wul)
were incubated with control, POB1-(1-512), POB1, Hsf-1, and
POBI plus Hsf-1 liposomes (40 pg/ml final concentration for
each liposome) for 24 h, and then aliquots of 50 and 100 ul in
60-mm Petri dishes, separately, in a total volume of 4 ml by
adding medium. After 10 days, control and proteoliposome-
treated cells were stained with methylene blue for 30 min, and
colonies were counted using an Innotech Alpha Imager.

Subcellular Fractionation—Differential fractionation was
carried out according to Jia et al. (27) with minor modifications.
All steps were performed at 4 °C with 10 mm Tris-HCI, pH 7.4,
containing 250 mMm sucrose used as fractionation buffer
throughout the procedure. About 1 X 10° H358 cells were har-
vested by centrifugation at 1000 X g for 10 min and washed with
PBS. The cell pellet was resuspended in 0.5 ml of buffer and
Dounce-homogenized at 250 rpm (30 s X 2). The cell homoge-
nate was then centrifuged at 250 X g for 10 min to isolate nuclei
in the pellet (fraction N). The supernatant was centrifuged at
8000 X g for 10 min to isolate plasma membrane in the pellet
(fraction PM). The supernatant was centrifuged at 100,000 X g
for 20 min to isolate mitochondria in the pellet (fraction M).
The supernatant was again centrifuged at 130,000 X g for 60
min to isolate microsomes in the pellet (fraction MC). The final
supernatant was called cytosol (fraction C). All pellets were
washed with fractionation buffer before lysis in lysis buffer for
enzyme activities and Western blot analyses. For heat shock,
the cells were exposed to 42 °C for 30 min, brought back to
37 °C, and allowed to recover for 2 h at 37 °C before use in
further experiments.

Markers of Subcellular Fractions—Nuclei and mitochondria
fractions were characterized by Western blot analyses using
histone H3 antibodies and manganese-dependent superox-
ide dismutase antibodies, respectively (27). Plasma mem-
brane and cytosol fractions were characterized by the activ-
ities of acetylcholinesterase and lactate dehydrogenase
spectrophotometrically, respectively (28). The microsomal
fraction was characterized by the activity of carnitine acyl-
transferase spectrophotometrically (29).

Hsf-1 siRNA Preparation—Predesigned chemically synthe-
sized siRNA duplex was purchased from Dharmacon Research
(Lafayette, CO). A 20-nucleotide-long scrambled siRNA duplex
was used as a control. The siRNA duplex was resuspended in
1X universal buffer, provided by Dharmacon Research Labora-
tory. The targeted cDNA sequence (AAGAACGACAGTGGC-
TCAGCA) corresponds to nt 809—829. The corresponding
sense and antisense siRNA sequences were GAACGACAGU-
GGCUCAGCAUU and P-UGC-UGAGCCACUGUCGUU-
CUU, respectively. The sequence of the scrambled siRNA in the
sense and antisense directions were GUAACUGCAACGAU-
UUCGAUGATdT and CAUCGAAAUCGUUGCAGUUACA-
TdT, respectively. Transfection of siRNA duplexes was per-
formed using Lipofectamine 2000 transfection reagent kit
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(Invitrogen) and assay for silencing 48 h after transfection. The
heat shock treatment was given as described above.

Immunohistochemical Localization of Ralbpl and Effects of
Heat Shock—Immunohistochemical localization of Ralbp1 was
performed on H358 cells by the method described previously
with slight modifications (10). Cells were grown on coverslips
and were fixed by using methanol/acetic acid in a ratio of 3:1.
Nonspecific antibody interactions were minimized by pretreat-
ing cells with 10% goat serum in Tris-buffered saline for 60 min
at room temperature. The cells were incubated with primary
antibody, anti-Ralbp1 IgG, for 2 h at room temperature in a
humidified chamber. After washing off the primary antibody
with PBS (10 times, 3 min each), rhodamine red-X-conjugated
goat anti-rabbit IgG (1:50 dilution in PBS) as secondary anti-
bodies were added and incubated for 1 h at room temperature
in a humidified chamber. The unbound secondary antibodies
were removed by washing with PBS (10 times, 3 min each), and
nuclei were stained using 4',6-diamidino-2-phenylindole. Cov-
erslips were air-dried and mounted on the slides with Vectash-
ield mounting medium for fluorescence (Vector Laboratories,
CA). Slides were photographed at X400 magnifications using a
Leica DMLB fluorescence microscope. Photographs were taken
with 1-s integration. For heat shock, the cells were exposed to
42 °C for 30 min, brought back to 37 °C, and allowed to recover
for 2 h at 37 °C before use in further experiments.

Chromatin Immunoprecipitation (ChIP)—A ChIP assay was
performed to determine whether Ralbp1 binds chromatin after
nuclear translocation, using the ChIP-IT kit from Active Motif
following the manufacturer’s instructions. Briefly, two flasks
containing 4.5 X 107 cells each were grown and fixed with 37%
formaldehyde. Cells were washed with PBS followed by the
addition of 10 ml of glycine stop solution (provided by Active
Motif) and washing with PBS. The cells were collected into a
15-ml conical tube by adding 2 ml of ice-cold scraping solution
and were pelleted by centrifugation for 10 min at 2000 X g at
4 °C. The pellet was resuspended into 1 ml of ice-cold lysis
buffer (supplemented with 5 ul of protease inhibitor mixture
and 5 ul of phenylmethylsulfonyl fluoride) and was incubated
for 10 min in ice. Cells were transferred to an ice-cold Dounce
homogenizer and were Dounce-homogenized with 10 strokes
toaid nucleirelease, followed by transfer to a 15-ml conical tube
and centrifuged for 10 min at 4000 X gat 4 °C. Pellet was resus-
pended into 1.0 ml of shearing buffer (supplemented with 5 ul
of protease inhibitor mixture) and was sheared with 10 pulses
using a Sonics Vibracell VC 130 sonicator. The sheared DNA
sample was centrifuged at 10,000 X gin a 4 °C microcentrifuge
for 12 min. The supernatant was collected into a microcentri-
fuge tube and was precleaned with protein G beads to reduce
nonspecific background. Aliquots of 200 ul were incubated
with control IgG as well as negative control IgG (provided by
Active Motif) and anti-Ralbpl IgG overnight on a rotator at
4 °C. Aliquots of 100 ul of protein G beads were added into each
of the antibody chromatin incubations and were incubated for
2 hat4 °C. The beads were pelleted by centrifugation at 4000 X
gfor 2 min, followed by washing, and eluted with 100 ul of ChIP
elution buffer (provided by Active Motif). The eluted DNA
were purified using the DNA purification minicolumns (pro-
vided by Active Motif) and were amplified by PCR using the
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control primers as well as negative control primers (provided by
Active Motif) and Ralbp1l primers. PCR products were quanti-
fied by running on 1% agarose gel. For heat shock, the cells were
exposed to 42 °C for 30 min, brought back to 37 °C, and allowed
to recover for 2 h at 37 °C before fixing with 37% formaldehyde
and use in further experiments.

Protein Cross-linking and Immunoprecipitation—The pro-
tein cross-linking and immunoprecipitation assay was per-
formed according to the method of Aumais et al. (30). Briefly,
purified recombinant Ralbp1, POB1, and Hsf-1 proteins (10 ug
each) were cross-linked by incubation with 0.1 mm N-succin-
imidyl 3-(2-pyridyldithio)propionate (SPDP; from Sigma) in a
total volume of 0.5 ml in 10 mm sodium phosphate buffer, pH
7.4, for 30 min. Excess SPDP was removed by passing the solu-
tion through a Sephadex G-50 spin column preequilibrated
with sodium phosphate buffer (pH 7.4). The sample was treated
with 0.5 mm N-ethylmaleimide for 10 min to block all free SH
groups that could prematurely cleave cross-links. Protein com-
plexes were immunoprecipitated by incubating with anti-
Ralbp1 IgG for 12 h followed by with protein A-Sepharose in
radioimmune precipitation assay buffer (50 mm Tris, pH 7.4, 4
mMm EDTA, 150 mm NaCl, 1% Triton X-100, and 0.1% SDS) for
2 h. Samples were sedimented by centrifugation at 10,000 X g,
washed three times with radioimmune precipitation assay
buffer, and then resuspended in 100 ul of SDS-PAGE sample
buffer. Cross-linked proteins were analyzed by SDS-PAGE, fol-
lowed by Western blots against anti-Ralbpl, anti-POB1, and
anti-Hsf-1 IgG.

Annexin V Apoptosis Assays; Effect of Hsf1, POB1, POBI-(1—
512) and Hsf-1 Plus POBI on Apoptosis by Fluorescein Isothio-
cyanate-labeled Annexin V Conjugate Assay—Early apoptosis
was analyzed by studying the loss of membrane asymmetry
using Annexin V staining analyzed by flow cytometry according
to the method of Hammill ez al. (31). Briefly, H358 cells (0.5 X
10° cells/ml) were grown in a 6-well plate and were treated with
control liposomes or liposomes reconstituted with 40 ug/ml
(final concentration) recombinant Hsf-1, POB1, POB1-(1—
512), or both (Hsf-1 and POBL1) protein. After a 24-h incuba-
tion, the cells were harvested and centrifuged at 1500 X g for 5
min. Cells were washed once with PBS and resuspended in 400
wl of cold annexin binding buffer containing 5 ul of Annexin
V-fluorescein isothiocyanate and 5 ul of 0.1 mg/ml propidium
iodide. Cells were incubated at room temperature for 10 min in
the dark and were analyzed by flow cytometry using a Beckman
Coulter Cytomics FC500 flow cytometer. Results were pro-
cessed using CXP2.2 analysis software from Beckman Coulter.

RESULTS

Purification of Recombinant Ralbpl, Hsf-1, and POBI—Re-
combinant human Ralbpl protein was purified by DNPSG
affinity chromatography, as described previously (8). The SDS-
PAGE and anti-Ralbpl Western blot (Fig. 1A) demonstrated
largely intact and pure protein at the 95 kDa position typical for
the aberrant behavior in SDS-PAGE of this 76-kDa protein (8).
The faint band at 38 kDa is a truncated C-terminal peptide (aa
410-655), which has an actual mass of 27 kDa, apparently due
to aberrant behavior in SDS-PAGE. This 38 kDa band arises
due to inherent proteolyic susceptibility of Ralbp1, as indicated
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FIGURE 1. Purity of recombinant human Ralbp1, POB1, and Hsf-1. DNPSG
affinity-purified reconstituted Ralbp1 (5 ug) and Ni?"-nitrilotriacetic acid
Superflow resin (Qiagen)-purified reconstituted POB1 (5 wng) and reconsti-
tuted Hsf-1 (5 ug) were applied to SDS-PAGE and subjected to Western blot
analyses against rabbit-anti-Ralbp1 IgG (A), rabbit anti-POB1 IgG (B), and rab-
bit anti-Hsf-1 IgG (C). SDS-polyacrylamide gels were stained with Coomassie
Brilliant Blue R250, and Western blots were developed using horseradish per-
oxidase-conjugated goat anti-rabbit IgG as secondary antibody. Std,
standard.

by the demonstrated identity of the 38-kDa protein found in
recombinant preparations with that purified from human tis-
sues and previously designated DNPSG ATPase (25).

Ni** -nitrilotriacetic acid affinity-purified Hsf-1 and POB1
were similarly examined and found free of significant impuri-
ties by SDS-PAGE, and specific recognition by the respective
antibodies demonstrated the identity of the purified protein.
The purified His-tagged POB1 and Hsf-1 proteins were seen in
both Western blots and SDS-PAGE at the expected M, of 78
and 58 kDa, respectively (Fig. 1, B and C, respectively).
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FIGURE 2. Ternary complex formation between Ralbp1, Hsf-1, and POB1. Purified recombinant Ralbp1, POB1, and Hsf-1 proteins (10 wg each) were
cross-linked by incubation with 0.1 mm SPDP in a total volume of 0.5 mlin 10 mm sodium phosphate buffer, pH 7.4, for 30 min. Excess SPDP was removed by
passing the solution through a Sephadex G-50 spin column. Sample was treated with 0.5 mm N-ethylmaleimide for 10 min to block all free SH groups, and
protein complexes were immunoprecipitated by incubating with anti-Ralbp1 IgG for 12 h, followed by protein A-Sepharose in radioimmune precipitation
assay buffer for 2 h. Samples were sedimented by centrifugation at 10,000 X g and washed with radioimmune precipitation assay buffer and then resuspended
in 100 pl of SDS-PAGE sample buffer. Cross-linked proteins were analyzed by SDS-PAGE (A), followed by Western blots against anti-Ralbp1 1gG (B), anti-POB1

1gG (C), and anti-Hsf-1 1gG (D). Std, standard.

Evidence for Complex Formation between Ralbpl, Hsf-1, and
POBI—Oosterhoff et al. (32) cloned POB1 (partner of Ralbp1)
as the first known binding partner of Ralbp1 using a yeast two-
hybrid method using Ralbp1 as bait and clearly demonstrated
specific binding and complex formation between Ralbpl and
POBI. More recent studies by Hu and Mivechi (6) have shown
that Ralbpl1 is found complexed with Hsf-1 as well. However,
complex formation between all three proteins had not been
previously demonstrated. In the present studies, we addressed
the question of whether a trimeric complex exists between
these three proteins by using protein cross-linking and immu-
noprecipitation using the established method of Aumais et al.
(30) (Fig. 2). To solutions containing all three authenticated
purified recombinant proteins, the cross-linking agent SPDP
was added, followed by immunoprecipitation using anti-Ralbp1l
antibody alone. The precipitate was solubilized and subjected to
SDS-PAGE and also Western blot analyses against anti-Ralbp1 as
well as anti-POB1 and anti-Hsf-1. The SDS-PAGE of solubilized
immunoprecipitated proteins (Fig. 2A) revealed the presence of all
three proteins, at 95, 78, and 58 kDa, corresponding to the
expected migration in SDS-PAGE of Ralbpl, POBI1, and Hsf-1,
respectively. The identity of these bands was confirmed by West-
ern blotting of the immunoprecipitated protein fraction against
anti-Ralbp1 (Fig. 2B), anti-POB1 (Fig. 2C), and anti-Hsf-1 (Fig.
2D). These findings strongly indicated the formation of a ternary
complex between Ralbp1, Hsf-1, and POB1.

Inhibition of the DOX Transport Activity of Ralbp1l by POBI
and Hsf-1—POBI1 was cloned originally by others in a two-
hybrid yeast screen with Ralbp1 as bait, thus the name, partner
of Ralbpl (32). These studies also partially elucidated the bind-
ing regions; the C-terminal amino acids, 499 — 655, were shown
to be necessary for POB1 binding. In previous studies, we had
demonstrated that POBI1 inhibited the DOX transport activity
of Ralbpl in a saturable manner and that a maximum of about
50% inhibition was achievable with POB1 (19). Because Hsf-1
has been shown to bind Ralbpl in a similar region (aa 440—
655), we hypothesized that Hsf-1 would inhibit the transport
activity of Ralbpl. To test this postulate, we used purified
recombinant Ralbp1 reconstituted into artificial asolectin/cho-
lesterol liposomes for measurement of ATP-dependent trans-
port activity using '*C-DOX, without or with the addition of
purified Hsf-1 or POB1 recombinant protein to the transport

JULY 11, 2008 - VOLUME 283+-NUMBER 28

£100 |
= i
g i
1 L
Hs L

80
S
g
£ 60
U | .
< i
v i
=) L
2 40
2 i
< L
j_-; L
= i
= 20 “T'| @ bovine serum albumin
:g | |-~ HSF1
© |- POBI

-/ - POBI1 + HSF1
0 i \
0.010 0.100 1.000 10.000

molar ratio

FIGURE 3. Inhibition of the '*C-DOX transport in Ralbp1 liposomes by
POB1 or Hsf-1. '*C-DOX transport activity was measured as ATP-dependent
DOX uptake in artificial soybean-asolectin liposomes reconstituted with puri-
fied reconstituted Ralbp1 using established methods for quantifying
14C-DOX uptake by vesicles (8, 11). Controls included liposomes prepared
without Ralbp1, liposomes prepared with heat-inactivated Ralbp1, and
absence of ATP. Purified Hsf-1 and/or POB1 protein were added in varying
molar ratios to the transport reaction mixture. Results presented are repre-
sentative of three separate experiments, each with triplicate determinations.

medium. *C-DOX uptake into the proteoliposomes in the
absence of ATP was subtracted from that in the presence of
ATP to obtain ATP-dependent uptake. The increasing molar
ratio of albumin added to the transport reaction did not affect
ATP-dependent "*C-DOX transport catalyzed by Ralbpl. In
contrast, POB1 caused a saturable inhibition of *C-DOX
transport with maximal inhibition of about 50% (Fig. 3). The
addition of Hsf-1 also caused saturable inhibition of transport,
with a maximum of ~40%. In the presence of both proteins,
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~90% inhibition of '*C-DOX transport was observed (Fig. 3).
The additive nature of transport inhibition is consistent with
distinct but perhaps overlapping binding sites for POB1 (aa
499 - 655) and Hsf-1 (aa 440 - 655), both being present in the
C-terminal region (6, 19). These striking findings predict that
simultaneous augmentation of POB1 and Hsf-1 in cells would
very effectively inhibit Ralbp1 transport activity in cells.

Differential Effect of POBI on Transport of Glutathione Con-
jugates and Drugs by Plasma Membrane Vesicles from Ralbp1
Knock-out MEFs—If POB1 functioned to inhibit Ralbp1 in cells,
the transport of glutathione conjugate substrates would be
inhibited in cells augmented with POB1 only if Ralbpl were
present. To address this postulate, we compared the rate of
transport for the glutathione conjugates DNP-SG and LTC,
and model substrate drugs DOX and COL in crude plasma
membrane inside-out vesicles from Ralbpl™/", Ralbp1*/~, and
Ralbpl ™/~ MEFs. Purified full-length POB1 or the Ralbp1 non-
binding mutant Ralbpl-(1-512) was added to the transport
reaction mixture at varying concentrations. Total DNP-SG or
LTC, transport capacity (Fig. 4, A and B) and total DOX or COL
transport capacity (Fig. 5, A and B) were unaffected by increas-
ing the concentration of POB1-(1-512). In contrast, the addi-
tion of POBI1 protein caused significant concentration-depend-
ent and saturable inhibition of transport. Ralbpl*/~ and
Ralbpl ™/~ had significantly lower total transport capacity for
both conjugates and both drugs than Ralbp1™*/". POB1 did not
significantly inhibit the residual transport capacity in
Ralbpl /", consistent with our prediction. Results of these
studies show that the presence of Ralbp1 in plasma membrane
vesicles is necessary for observing the transport inhibitory
activity of POBL.

Augmenting Cellular Ralbpl, POB1, or Hsf-1 Using Liposo-
mal Delivery in Cultured Cells—Since augmentation of POB1
in lung cancer cells has previously been shown to increase cyto-
toxicity of DOX, increase DOX-accumulation in cells, decrease
rate of efflux of DOX from cells, and increase apoptosis even in
the absence of DOX (19), these effects should be more pro-
nounced with a combination of Hsf-1 and POB1. We tested
these predictions using an experimental model in which cellu-
lar levels of Hsf-1 and POB1 were augmented acutely by treat-
ing cells with proteoliposomes containing purified recombi-
nant Hsf-1 or POB1. We have standardized and used this
experimental model to demonstrate and quantify delivery of
Ralbp1l and POBI to cells in culture previously (19).

Effective entrapment of the three purified recombinant pro-
teins was demonstrated by comparing Western blot for the
three proteins in the supernatant versus pellet fraction of the
proteoliposome vesiculation mixture subjected to 104,000 X g
for 1 h (Fig. 6, A-C, lanes I and 2, respectively). The majority of
protein added to the vesiculation reaction mixture was found in
the pellet (proteoliposome) fraction.

Human NSCLC cell line NCI-H358 was used to test whether
the liposomally entrapped proteins could be delivered success-
fully to cells. H358 is a very well characterized NSCLC cell line
that, typical for other non-small cell lung cancer cell lines, is
relatively resistant to DOX (33). Liposomal delivery of protein
to intact H358 NSCLC cells was tested by incubating these cells
for 2 h with control liposomes (without protein) versus proteo-
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FIGURE 4. Comparing POB1-mediated inhibition of glutathione conjugate
effluxin Ralbp1*/*, Ralbp1™/~, or Ralbp1~/~ MEFs. The transport activity of
Ralbp1 toward DNP-SG (A) and LTC, (B) was measured in crude membrane IOVs
prepared from Ralbp1™/* (circles), Ralbp1*/~ (squares),and Ralbp1~/~ (triangles)
MEFs. The effect of full-length POB1 (closed symbols) or POB1-(1-512) (open sym-
bols) at varying molar ratios was examined by including varying concentrations
of these proteins in the transport medium. Transport medium contained IOV
protein (20 1g/30 wl), 100 nm [PHILTC, (specific activity 1.5 X 10° cpm/pmol), or
100 um PHIDNP-SG (specific activity 3.8 X 10° cpom/nmol), without or with 4 mm
ATP (three experiments, each in triplicate; n = 9). Heat-inactivated POB1 protein
was also used for additional control.
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FIGURE 5. Comparing POB1-mediated inhibition of drug effluxin Ralbp1+/*,
Ralbp1*/~, orRalbp1~/~ MEFs. The transport activity of Ralbp1 toward DOX (A)
and COL (B) was measured in crude membrane IOVs prepared from Ralbp1*/*
(circles), Ralbp1™/~ (squares), and Ralbp1~/~ (triangles) MEFs. The effect of full-
length POB1 (closed symbols) or POB1-(1-512) (open symbols) at varying molar
ratios was examined by including varying concentration of these proteins in the
transport medium. Transport medium contained IOV protein (20 1g/30 wl), 3.6 um
C-DOX (specificactivity 8.7 X 10* cpm/nmol), or 5 um [PHICOL (specificactivity 1.3 X
10* cpm/nmol) without or with 4 mm ATP (three experiments, each in triplicate; n =
9). Heat-inactivated POB1 protein was also used for additional control.
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liposomes containing one of the three recombinant proteins.
An increase in total cellular content of each protein by ~3-fold
(as quantified by scanning densitometry) was observed under
the present conditions in cells incubated with respective pro-
teoliposomes (Fig. 6, A—C, lanes 3 and 4, respectively). These
studies confirmed previous results demonstrating that proteo-
liposomes can deliver these proteins into cells (8).

Effect of POB1 and Hsf-1 on Accumulation, Efflux, and Cyto-
toxicity of DOX in H358 NSCLC—Because inhibition or deple-
tion of Ralbpl has been shown previously to selectively target
certain cancer cell types for apoptosis and sensitize them to
chemotherapy drug toxicity (14, 26), we reasoned that aug-
menting cellular POB1 or Hsf-1 should inhibit efflux of DOX
from cells, resulting in increased accumulation in cells and thus
increased cytotoxicity of DOX. H358 cells were incubated with
“C-DOX for varying time intervals, and drug uptake in cells
was quantified. Cells were pretreated for 24 h with proteolipo-
somes prepared in the presence of either albumin or purified
recombinant POB1, Hsf-1, or both. The result of these drug-
accumulation studies (Fig. 7A) showed that the uptake was
increased substantially by Hsf-1, was increased more by POB1,
and was almost 5 times as high when both proteins were added.
To confirm that the increased accumulation was due to inhib-
ited transport, drug efflux studies were carried out in cells pre-
treated in the same manner. The drug efflux curve was steepest
with albumin, affected slightly by Hsf-1, affected more by
POBI, and markedly slowed when both proteins were present
(Fig. 7B). The decreased efflux and increased accumulation
caused by Hsf-1, POBI1, or the combination translated into
increased sensitivity to DOX in a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide cytotoxicity assay done at
96 h after drug exposure (Fig. 7C). Taken together, these find-
ings demonstrated that POB1 and Hsf-1 are effective inhibitors
of DOX efflux in these NSCLC cells known to express Ralbpl
and that the greater drug accumulation translates to greater
cytotoxicity.

Loss of Ralbpl Abrogates the Proapoptotic Effects of POBI—
The present studies show that augmentation of POB1 in lung
cancer cells inhibits the efflux of drugs and glutathione conju-
gates and triggers cytotoxicity through apoptosis, with conse-
quent decreased colony forming potential. Because the trans-
port studies indicate that the inhibitory effects of POB1 are
absent in the absence of POB], if the transport activity is also a
major determinant of apoptosis, the apoptotic effect of POB1
augmentation should be absent in Ralbp1 /" cells. To test this
prediction, we compared the appearance of apoptosis by
TUNEL assay between Ralbpl™*’", Ralbp1*/~, and Ralbpl '~
MEFs treated with proteoliposomes containing either full-
length POB1 or POB1-(1-512). The studies shown above have
demonstrated the ability of the proteoliposomes to successfully
deliver proteins to cells. The results of TUNEL studies (Fig. 8)
demonstrated that although the control liposomes caused no
apoptosis, POBL1 did cause apoptosis. Although POB1-(1-512)
induced apoptosis in a small population of Ralbp1*/* cells (not
statistically significantly different from controls), its apoptotic
effect was absent in Ralbpl~/~. Furthermore, the apoptotic
effect of full-length POB1 was attenuated in Ralbpl™’~ cells
and nearly absent in Ralbpl /" cells. These studies demon-
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FIGURE 6. Liposomal reconstitution and delivery of Ralbp1, POB1, and
Hsf-1 in cells. Purified Hsf-1, Ralbp1, and POB1 proteins (5 wg/ml) were
added to liposome vesiculation mixtures containing cholesterol/asolectin
(1:4, w/w), and polidocanol. Vesiculation was started by the addition of SM-2
beads, which sequester polidocanol and cause formation of primarily unila-
mellar vesicles with a median diameter of 0.5 um (22). The SM-2 beads were
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strate that Ralbp1 is required for at least the majority of total
apoptotic effect of POB1, and in context of the effect of POB1
on transport activity, these findings are most consistent with
idea that the apoptotic activity of POB1 is mediated through its
effects on inhibition of transport.

Effect of Proteoliposome-mediated Hsf-1 and POBI Augmen-
tation on Apoptosis and Colony Forming Activity—In previous
studies, we have demonstrated that Ralbpl inhibition, in the
absence of cytotoxic drugs, causes apoptosis in lung and several
other types of cancer cells while sparing nonmalignant cell
types (14). The mechanism of apoptosis has been postulated to
be through the direct toxicity of lipid hydroperoxide metabo-
lites that accumulate upon the inhibition of Ralbp1 (34) as well
as through effects on stress defense pathway proteins, including
c-Jun N-terminal kinase and AP1, and that apoptosis proceeds
though a caspase-dependent mechanism (13, 35). In the pres-
ent studies, we tested the effects of the combination of Hsf-1
and POBI1 in causing apoptosis by flow cytometry and
immunohistochemistry.

Flow cytometry was performed to analyze the presence of
apoptosis or necrosis induced by augmenting cells with purified
recombinant Hsf-1 or POBI by liposomal delivery. Dual stain-
ing with Annexin V and propidium iodide staining was used to
quantify apoptosis and necrosis, respectively (Fig. 9). The
Annexin V-positive fraction of cells was unaffected by either
control liposomes (no protein) or by proteoliposomes contain-
ing N-terminal (aa 1-512) POB1 recombinant protein, which
lacks the Ralbpl binding region. Intact POBI, in contrast,
caused a significant increase in both apoptosis and necrosis. In
contrast, Hsf-1 alone caused an increase in the apoptotic frac-
tion but did not affect necrosis. Cells treated with liposomes
containing both Hsf-1 and POB1 were affected in a supra-addi-
tive manner with a marked increase in cell death, contributed
largely by an increase in apoptosis. These findings were mir-
rored in the results of apoptosis assay by TUNEL, which reports
the appearance of DNA fragmentation, a late event in apoptosis
(Fig. 10A). Quantitation of red and green fluorescence by image
analysis confirmed the qualitative findings that the combina-
tion of Hsf-1 and POB1 was most effective at inducing apopto-
sis and that the N-terminal POB1, which cannot bind Ralbp1l
(19), also is not effective in inducing apoptosis or necrosis.

The cytotoxic effects of POB1 and Hsf-1 were further quan-
tified by colony-forming assays on cells treated with either no
proteoliposome or proteoliposomes containing either albumin,
POBI, Hsf-1, or both POB1 and Hsf-1 (Fig. 10B). The albumin
or POB1-(1-512) proteoliposomes did not significantly affect
colony forming capacity. In contrast, Hsf-1 proteoliposomes

separated by centrifugation, and the supernatant fraction was applied to an
ultracentrifuge at 104,000 X g for 1 h at 4 °C. The supernatant and pellet
fractions were applied to SDS-PAGE, trans-blotted, and subjected to Western
blot analysis against the respective antibody to determine the amount of
each protein entrapped by liposomes (A-C, lanes 1 and 2, supernatant and
pellet fractions, respectively). The proteoliposomes recovered from the pellet
were diluted in buffer and added to cultured H358 cells (5 X 10° cells) to a
final protein concentration of 40 wg/ml. Shown are Western blot analyses
comparing cells treated with control liposomes or proteoliposomes contain-
ing Hsf-1, POB1, or Ralbp1 (A-C, lanes 3 and 4, respectively) to determine
whether cellular content of these proteins was increased after incubation
with the respective proteoliposomes.
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FIGURE 7. Effect of POB1 and Hsf-1 supplementation on DOX-cytotoxicity, uptake, and efflux. H358
NSCLC cells were treated with proteoliposomes containing 40 wg/ml albumin (green circles), Hsf-1 (red trian-
gles), POB1 (blue diamonds), or both Hsf-1 and POB1 (purple squares). Uptake of '*C-DOX (specific activity 8.5 X
10* cpm/nmol) by cells was determined by incubating the cells for varying periods of time with radiolabeled
4C-DOX and measuring radioactivity in the cell pellet (A). For efflux studies, cells were loaded with radiola-
beled '*C-DOX for 60 min, followed by rapid dilution in 1 ml of buffer. Aliquots of the buffer were taken at 1-min
intervals, and cellular drug content was calculated by back-addition from the residual DOX in cells at the end of
the experiment (B) (11). The cytotoxic effects of DOX were measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay 96 h after drug exposure (C) (26).

POB1 N-ter

POB1

Control

Ralbp1+*

Ralbp1+-

Ralbp1-

.

FIGURE 8. Loss of Ralbp1 results in loss of POB1-mediated apoptosis. The effect of POB1 overloading on
apoptosis in MEFs was examined by a TUNEL assay. Ralbp1™/*, Ralbp1™/~, and Ralbp1~/~ MEFs were grown
on coverslips incubated with liposomes containing either no POB1, POB1-(1-512), or full-length POB1 (40
rg/ml final concentration) for 24 h prior to the TUNEL assay using a Promega fluorescence detection kit and
examined using a Zeiss LSM 510 META (Germany) laser-scanning fluorescence microscope with filters of 520
and >620 nm. Photographs taken at identical exposure at X400 magnification are presented. Apoptotic cells
showed green fluorescence and characteristic of cell shrinkage.
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also apparent in intact cells, where
POBI1 and Hsf-1 caused increased
cellular accumulation of DOX due
to decreased efflux rate. The
increased DOX  accumulation
caused increased cytotoxicity as
expected.

The combination of POB1 and
Hsf-1 increased apoptosis, even in
the absence of any DOX. The com-
bination of Hsf-1 and POB1, which
together completely inhibit the
transport activity of Ralbp1 (Fig. 3),
caused apoptosis to a similar extent
as seen previously with anti-Ralbp1
antibodies at a sufficient concentra-
tion to completely inhibit Ralbpl
transport activity (36) or with com-
plete depletion of Ralbp1l by siRNA
or antisense in both cell and
xenograft models of H358 and other
cancers (14, 15, 26). Our previous
studies in cancer cells as well as
Ralbpl ™/~ MEFs have shown that
Ralbpl inhibition, depletion, or
absence causes increased intracellu-
lar accumulation of toxic and pro-
apoptotic lipid aldehydes (33, 34, 36,
37), which are normally metabo-
lized and excreted from cells as glu-
tathione conjugates. Inhibition of
glutathione conjugate and DOX
transport activity of Ralbpl by
POBI in the present studies also
strongly support the model that the
proapoptotic effect of Ralbpl inhi-
bition is mediated primarily by its
inhibition of the transport activity
of membrane-bound Ralbp1.

Effects of Hsf-1 Overexpression in
Heat Shock Response—QOur previ-
ous studies have shown that tran-
sient exposure to oxidative and radi-
ant stress, both of which cause an
increase in cellular lipid-derived
proapoptotic alkenals, results in
increased cellular content of
Ralbp1 protein and accompanying

had a small but significant (p < 0.05) effect as compared with
controls. The effect of POB1 was greater, with almost 40% inhi-
bition of colony formation. The combination of the two pro-
teins had additive effects with ~60% reduction in colony form-
ing capacity of NSCLC cells (Fig. 10B).

Taken together, the results of the present studies confirmed
that both Hsf-1 and POB1 bound to Ralbpl and for the first
time demonstrated the formation of a ternary complex. The
formation of this complex inhibited the transport activity of
Ralbpl in isolated purified protein systems; this inhibition was
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resistance to stress after a short recovery period. This post-
stress resistance is completely abrogated by inhibition of the
transport activity of Ralbpl by the addition of anti-Ralbpl
antibodies (33, 36) that have been shown to inhibit the trans-
port activity of Ralbp1l through specific binding to cell-sur-
face epitopes composed of aa 171-185 in the N-terminal
region of Ralbp1 (10). These results indicate that Ralbp1 is an
important effector necessary for protection of cells from
stressors that increase the cellular concentration of lipid
peroxidation-derived proapoptotic moieties (9, 13, 35).
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FIGURE 9. Effect of Hsf-1 and POB1 on apoptosis and necrosis by flow cytometry. H358 cells (0.5 X 10°
cells/ml) were grown in a 6-well plate and were treated with control liposomes or liposomes reconstituted with
40 wg/ml (final concentration) recombinant Hsf-1, POB1, POB1-(1-512), or both (Hsf-1 and POB1) protein. After
a24-hincubation, the cells were harvested and centrifuged at 1500 X g for 5 min. Cells were washed once with
PBS and resuspended in 400 ul of cold annexin binding buffer containing 5 ul of Annexin V-FITCand 5 ul of 0.1
mg/ml propidium iodide. Cells were incubated at room temperature for 10 min in the dark and were analyzed
by flow cytometry using a Beckman Coulter Cytomics FC500 flow cytometer. Results were processed using
CXP2.2 analysis software from Beckman Coulter.
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FIGURE 10. Effect of POB1 and/or Hsf-1 on apoptosis and colony forming efficiency in H358 NSCLC cells.
A, the effect of POB1 and Hsf-1 overloading on the TUNEL apoptosis assay. The H358 cells were grown on
coverslips incubated for 24 h with control liposomes and proteoliposomes (40 wg/ml final concentration)
containing either POB1-(1-512), POB1, Hsf-1, or both (POB1 + Hsf-1) for 24 h prior to the TUNEL assay using the
Promega fluorescence detection kit and examined using a Zeiss LSM 510 META laser-scanning fluorescence
microscope with filters of 520 and >620 nm. Photographs taken at identical exposure at X400 magnification
are presented. Apoptotic cells showed green fluorescence and characteristic of cell shrinkage. Data were also
analyzed by Image-J, and results are presented in the adjacent bar diagram (live cells are red, and apoptotic
cells are green). The colony-forming assay was performed by staining the cells with methylene blue, and the
colonies were counted using an Innotech Alpha Imager (B). Values are means = S.D. of three separate
experiments.
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Like Ralbp1, Hsf-1 is also respon-
sive to stress signaling. Hsf-1 is
found in an inactive state in the
unstressed state in complex with
Ralbpl, and because stress signals
cause the activation of Hsf-1 as a
result of dissociation of this com-
plex, allowing its translocation to
the nucleus, where it functions as a
master transcription factor for the
heat shock response, Ralbp1 could
function as an inhibitor of the func-
tion of Hsf-1. In the context of pres-
ent findings demonstrating inhibi-
tion of transport activity of Ralbpl
by Hsf-1, an alternative model
emerges in which Ralbp1 and Hsf-1
are mutually inhibitory, Ralbpl
inhibiting the transcription activity
of Hsf-1 and Hsf-1 inhibiting the
transport activity of Ralbpl as well
as sequestering it in a cytoplasmic
complex. Implications of this model
were explored in context of the
effects of heat shock and Hsf-1
overexpression or depletion in
Ralbp1™*/* versus Ralbpl '~ MEFs.

We reasoned that if Ralbpl were
necessary for the function of Hsf-1,
the response to Hsf-1 overexpres-
sion in Ralbpl™* should be dis-
tinctly different from that in
Ralbpl~/~ MEFs. MEFs were pre-
pared from fetal mice (37), and the
fourth passage of cells was used for
the present studies. We examined
the effect of 20-min 42°C heat
shock on the expression of Ralbpl
and Hsf-1 in both genotypes of
MEFs transiently transfected with
either empty vector or Hsf-1.
Ralbpl and Hsf-1 mRNA and pro-
tein were examined by RT-PCR and
Western blot, respectively, after a
2-h postshock recovery period at
37 °C.

The MEF model was validated by
results showing an absence of
Ralbp1 in Ralbpl /"~ cells as judged
by RT-PCR or Western blots (Fig.
11, lanes 3,4, 7,and 8). Hsf-1 mRNA
and protein levels were similar in
Ralbpl*’/* and Ralbpl™/~ MEFs
(Fig. 11, lane 1 versus lane 3), indi-
cating that Ralbp1 does not partici-
pate in mechanisms that regulate
Hsf-1 expression. Successful tran-
sient transfection of Hsf-1, with
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FIGURE 11. Effect of Hsf-1 overexpression in Ralbp1™/* and Ralbp1~/~ MEFs. Ralbp1*/* and Ralbp1~/~
MEFs were cultured from fetal mice, as described previously (37), and all present studies were performed within
the first six passages. Heat shock was applied by incubation of cells at 42 °C for 30 min, followed by a 2-h
recovery period at 37 °C. Transient transfection of Hsf-1 was carried out using a pcDNA3.1 eukaryotic expres-
sion vector containing full-length Hsf-1 cDNA, and empty vector was used as control. Expression of mRNA in
Ralbp1™/* and Ralbp1~/~ MEFs was evaluated by RT-PCR analysis. RNA was prepared by the RNeasy kit (Qia-
gen). For quantitative RT-PCR of Hsf-1, the forward primer was nt 337-348, and reverse primer was nt 635-655
(318-bp product). For Ralbp1, the forward primer was nt 1496-1515, and reverse primer was nt 1948-1968
(472-bp product). RT-PCR was performed using the Ready-to-use RT-PCR beads according to the manufactur-
er'sinstructions (Amersham Biosciences). For Western blot analyses, 200 ug of crude membrane homogenate
protein was applied in each lane for SDS-PAGE, and after trans-blotting, Western blots were done using rabbit
anti-human Ralbp1 polyclonal antibodies and rabbit anti-human Hsf-1 polyclonal antibodies. Secondary anti-
bodies were goat anti-rabbit IgG peroxidase-conjugated. The blots were developed using 4-chloro-1-naphol
as the chromogenic substrate. B-Actin was used as an internal control.
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FIGURE 12. Effect of Hsf-1 depletion by siRNA in Ralbp1*/* and Ralbp1~/~ MEFs. Ralbp1™" and
Ralbp1~/~ MEFs were transfected with scrambled and Hsf-1 siRNA using the Lipofectamine 2000 reagent kit
(Invitrogen). Expression of mRNA in Ralbp1*/* and Ralbp1~/~ MEFs was evaluated by RT-PCR analysis, and
band intensities were checked by densitometry. RT-PCR was performed using Ralbp1 gene-specific primers
(1496-1515 bp (upstream) and 1948-1968 (downstream)) (472-bp product) and Hsf-1 gene-specific primers
(337-348 bp (upstream) and 635-655 (downstream)) (318-bp product). RT-PCR was performed using the
Ready-to-use RT-PCR beads according to the manufacturer’s instructions (Amersham Biosciences). Compari-
sons of Ralbp1 and Hsf-1 protein levels were performed by Western blot analyses. 200-ug aliquots of crude
membrane extracts were applied to SDS-PAGE and Western blotting against Ralbp1 IgG and Hsf-1 IgG. Scan-
ning densitometry was used to measure the intensities of the bands. B-Actin was used as an internal control.

slightly increased mRNA and protein level, was confirmed in
both Ralbp1™/* and Ralbp1 /" cells (Fig. 11, lane I versus lane
5 and lane 3 versus lane 7, respectively).
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Heat shock caused an increase in
both mRNA and protein of both
Ralbpl and Hsf-1. The degree of
increase in Hsf-1 after heat shock
was similar between Ralbp1™*/" and
Ralbpl~/~ MEFs, suggesting that
the presence of Ralbp1 was not nec-
essary for the increase in Hsf-1 seen
in response to heat shock. Overex-
pression of Hsf-1 caused a decrease
in Ralbpl mRNA and protein in
Ralbp1™/* MEFs (Fig. 11, lane 1 ver-
sus lane 5).In Ralbp1 ™/ cells, over-
expression of Hsf-1 blunted the heat
shock response in terms of Hsf-1
levels; in contrast, in Ralbpl_/ -
cells, an heat shock-induced
increase in Hsf-1 was preserved.
These results suggest that Ralbpl
and Hsf-1 may function as mutual
inhibitors, each functioning to sup-
press the heat shock-induced in-
crease in the other.

Effects of siRNA-mediated De-
pletion of Hsf-1 on Heat Shock
Response—If the above postulate
were true, we would expect that, in
an experiment with a similar
design, if Hsf-1 were depleted, the
level of Ralbpl would increase,
and the heat shock-mediated
response in Ralbp1 levels would be
augmented. The results of experi-
ments to test this speculation are
presented in Fig. 12. As in Fig. 11,
Ralbpl was absent in the
Ralbp1l~/~ MEFs. Also confirming
the previous result, heat shock
caused an increase in both mRNA
and protein of both Ralbpl and
Hsf-1. The heat shock response in
Hsf-1 level was similar in both
Ralbp1™’" and Ralbpl~’~ MEFs,
confirming that the Ralbpl itself
does not play any crucial role in
the basal or heat shock-induced
expression of Hsf-1. Successful
complete depletion of HSF-1
mRNA and protein was accom-
plished in both Ralbpl*/* and
Ralbpl ™/~ cells (Fig. 12, lanes
5-8, lower panels). Hsf-1 deple-
tion by siRNA slightly increased
basal Ralbpl mRNA and signifi-
cantly increased its postheat

shock. In contrast to the mRNA result, the Ralbp1 protein
level was not suppressed by Hsf-1. These results suggest that
Hsf-1 negatively regulates Ralbpl mRNA level, probably at
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FIGURE 13. Subcellular distribution of Ralbp1. The scheme used for fractionating cell homogenate from 1 X 10°
H358 cells into the nuclear (N), plasma membrane (PM), mitochondrial (MT), microsomal (MC), and cytosolic (C)
fractions (27) is presented (A). Fractions were assayed for activity of lactate dehydrogenase (27), acetylcholinesterase
(28), and carnitine acyltransferase (29) (B). The fractions (100 ng each) were subjected to SDS-PAGE, transblotted,
and analyzed by Western blot for Ralbp1 as well as for histone-H3 and manganese-dependent superoxide dis-
mutase (MnSOD) to demonstrate separation of nuclear and mitochondrial fractions, respectively (C). Std, standard.

the transcriptional level. No suppressive effect of Ralbp1 on
Hsf-1 basal or heat shock levels was evident.

Subcellular Fractionation of Ralbp1—Results of recent stud-
ies by Hu and Mivechi (6) have shown that Ralbp1 and Hsf-1 are
sequestered in the cytoplasm in the unstressed state bound to
a-tubulin and HSP90 and released upon activated Ral binding.
In those studies, Ralbpl was shown to migrate to the nuclear
membrane under stress. Now we concluded that Ralbpl was
predominantly a cytosolic protein; no direct analyses of mem-
brane fractions was performed.

To directly address the question of the cellular distribution of
Ralbpl, we performed subcellular distribution analyses of
Ralbp1 by differential centrifugation as well as confocal immu-
nohistochemistry in cells fixed to ensure intact plasma mem-
branes. Standard methods for subcellular fractionation and
fractional purity determination were followed, as described
previously (27-29). Marker enzymes used were lactate dehy-
drogenase (for cytosol), acetylcholinesterase (for plasma mem-
brane), and carnitine acyltransferase (for microsomes). The
mitochondrial fraction was assessed for purity using Western
blot analysis against anti-human manganese-dependent super-
oxide dismutase, and nuclear fraction purity was demonstrated
using Western blot against anti-human histone-H3. Results of
these studies (Fig. 13, A—C; note log scale) demonstrated excel-
lent separation of fractions. Lactate dehydrogenase activity in
the cytosol fraction was much higher than in any other frac-
tions; acetylcholinesterase activity in the plasma membrane
fraction was higher than in any other fraction; and carnitine
acyltransferase activity was significantly greater in the microso-
mal fraction. Histone H3 was found only in the nuclear fraction
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prominently the nucleus (Fig. 14A).
The findings of subcellular fraction-
ation were correlated with immu-
nohistochemistry of fixed cells (Fig.
14B). Although cytosolic staining is
evident, sharply demarcated mem-
brane features also indicated the presence of Ralbpl in the
membrane.

Plasma membrane binding of Ralbpl was more apparent
when contrasted with cells after heat shock, in which the
sharply demarcated plasma membrane staining disappears
(Fig. 14B). These findings are consistent with subcellular frac-
tionation results in the present studies, our previous studies
(8—-11), and results of studies by others showing an important
role of Ralbpl in membrane functions, including endocytosis
and receptor-ligand signaling (12, 16-18). Ralbpl has been
shown by others to be an integral component of the clathrin-
dependent endocytic apparatus (12). Clathrin-dependent
endocytosis normally functions to terminate receptor-ligand
signaling by endocytosis and subsequent degradation of the
receptor-ligand complex, such as insulin-insulin receptor, epi-
dermal growth factor-epidermal growth factor receptor, or
transforming growth factor-transforming growth factor recep-
tor. Other investigators have shown that stressors cause an
increase in endocytosis of ligands, such as insulin, possibly con-
tributing to phenomena such as insulin resistance. Our recently
studies showing the nearly complete lack of clathrin-dependent
endocytosis in Ralbpl ~/~ mice strongly support an integral and
perhaps rate-regulatory role of Ralbpl in clathrin-dependent
endocytosis (38, 39). Because mutants of Ralbp1 that reduce
glutathione conjugate binding and transport result in paral-
lel reduction of endocytosis,® our studies suggest that ATP
hydrolysis-dependent efflux of endogenous glutathione con-

3 S. Awasthi, unpublished observations.
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jugates may serve as an energy transduction mechanism
required for endocytosis. Results of the present studies
showing the stress-mediated translocation of Ralbpl from
the plasma membrane fraction to intracellular compart-
ments are quite consistent with the observation of others
that stressors result in a transient increase in clathrin-de-
pendent endocytosis (16 -18, 38, 39).

In addition to the shift of Ralbpl away from the membrane
after heat shock, these studies also clearly demonstrated trans-
location of Ralbp1 to the nucleus in response to heat shock. To
determine whether the patchy nuclear staining was due to
chromatin binding through its leucine zipper motif in the
C-terminal (9), we performed a ChIP assay in nuclear extracts
of H358 cells using Ralbp1 antibodies for immunoprecipitation
(Fig. 15). No signal was seen upon immunoprecipitation with
negative control IgG; as positive control, the antibodies were
used toward RNA polymerase II, which is known to bind to the
promoter region of the glyceraldehyde-3-phosphate dehydro-
genase gene. Neither the positive nor the negative controls were
affected by heat shock. In both unstressed and heat-shocked cells,
Ralbpl was found bound to chromatin. Scanning densitometry
indicated a 2.7-fold increase in binding to chromatin from heat-
shocked cells. These studies indicate that Ralbpl can bind chro-
matin, that this binding is enhanced after heat shock, and that
perhaps Ralbpl could function in transcriptional machinery.
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FIGURE 15. Chromatin binding of Ralbp1 by ChIP assay. H358 cells (4.5 X
107) were grown and fixed with 37% formaldehyde. Cells were scraped, and
the chromatin was sheared by the protocol given under “Experimental Pro-
cedures.” The chromatin was immunoprecipitated using the negative control
IgG, positive control IgG (provided by Active Motif), and anti-Ralbp1 1gG fol-
lowed by binding with protein G beads. The chromatin was eluted from the
protein G beads and was amplified by PCR using the control primers as well as
negative control primers (provided by Active Motif) and Ralbp1 primers (for-
ward primer, nt 1496 -1515; reverse primer, nt 1948-1968), respectively. PCR
products were quantified by running on 1% agarose gel. For heat shock
experiments, the cells were exposed to 42 °C for 30 min, brought back to
37°C, and allowed to recover for 2 h at 37°C before fixing with 37%
formaldehyde.

Detailed studies are being pursued to determine any functional
significance of a potentially novel activity of Ralbp1.

DISCUSSION

The present studies demonstrate that Ralbpl, Hsf-1, and
POBI can form a ternary complex and for the first time show
that Hsf-1 inhibits the transport activity of Ralbpl. The pres-
ence of Hsf-1 and POBL1 is quite effective at abrogating the
transport activity nearly completely. Taken in context of known
functions and well defined binding interactions of Ralbp1 with
Hsf-1 (6) and POB1 (19, 32), these findings have particular sig-
nificance with respect to the view of the signaling mechanisms
involved. Recent studies have shown that Hsf-1 is stored in the
cellular cytoskeleton in a complex with a-tubulin, HSP90, and
Ralbpl, released upon stress (6). The heat shock-mediated
release can be mimicked by Ral-GTP, which binds Ralbp1 and
dissociates Ralbpl and Hsf-1 from the complex. Taken
together with previous studies (6), our findings support a
refined model in which, under unstressed conditions, Ralbp1
is found both in the cytosol (complexed with Hsf-1) and in
the plasma membrane, and the specific Hsf binding to
Ralbpl in the membrane fraction inhibits the transport
activity of Ralbpl. This inhibition is incomplete; POBI,
which binds a distinct site in the C-terminal domain, inhibits
the remaining transport activity.

The consequences of this inhibition were demonstrated
clearly in terms of drug efflux, drug accumulation, cytotoxicity,
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apoptosis, and colony forming activity. The present studies also
provide convincing evidence for the distribution of Ralbpl in
the plasma membrane, cytosol, and nucleus and demonstrate
for the first time the translocation of Ralbpl to nuclear
chromatin.

Our studies show that heat shock followed by a 2-h recovery
results in an increase in cellular Hsf-1 and Ralbpl mRNA and
protein. Although Hsf-1 appears to be a negative regulator of
the level of basal and heat-induced Ralbpl expression, loss of
Ralbpl does not itself affect Hsf-1 levels. These results imply
that Hsf-1 may exert some transcriptional control of Ralbpl;
the opposite is unlikely.

Mouse gene knock-out studies as well as a number of studies
in human cells have shown that Ralbp1 loss causes a dramatic
loss of total DOX transport and total glutathione conjugate
transport capacity to ~20% of wild-type level and that P-glyco-
protein and MRP1 (multidrug resistance protein) account for
the majority of the remaining transport activity (34). Inhibition
of Ralbp1 that would occur should cause an accumulation of the
endogenous lipid hydroperoxides, alkenals and their glutathi-
one conjugates, as is known to occur upon Ralbp1 gene disrup-
tion (34). Among the most potent proapoptotic lipid-aldehydes
obligatorily generated during heat stress is 4-hydroxy-¢-2-non-
enal, and its role in apoptosis triggered by heat shock is estab-
lished (13, 35). Our studies showed that in the absence of any
cytotoxic drug, the combined treatment with Hsf-1 and POB1
triggered massive apoptosis in lung cancer cells under study;
our previous studies have shown that in situ inhibition of
Ralbp1l using POBI1 or specific antibodies or by Ralbp1l deple-
tion causes apoptosis through activation of both extrinsic and
intrinsic apoptosis pathways (19, 38 —40). Recent studies show-
ing direct interaction of 4-hydroxy-t-2-nonenal with death
receptors and subsequent triggering of apoptosis signaling that
can be regulated by Daxx (41-43) reinforce the assertion that
mechanisms that regulate cellular 4-hydroxy-z-2-nonenal lev-
els are crucial for defending against apoptosis. Studies in
Ralbpl /"~ animals showing increased tissue lipid hydroperoxides,
alkenals, and their glutathione conjugates as well as marked
increase in heat shock proteins (9, 34, 38, 44) provide good evi-
dence for the assertion that Ralbp1 functions in removal of endog-
enous glutathione-lipid conjugates and that because Ralbpl is
unavailable to sequester Hsf-1, its transcriptional activity is
increased. With regard to this proposed mechanism, it should be
pointed out that Hsf-1 overexpression also inhibits Ralbp1 expres-
sion. Thus, the inhibitory effect of Hsf-1 on Ralbpl-mediated
efflux activity is probably aided by transcriptional inhibition of
Ralbpl expression. The marked apoptotic effect of Hsf-1 and
POBI augmentation in lung cancer cells suggests a novel targeted
therapy in which liposomally encapsulated Hsf-1 and POB1 could
be used clinically as a therapeutic agent.
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