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Intertissue Flow of Glutathione (GSH) as a Tumor
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B16 melanoma F10 (B16-F10) cells with high glutathione
(GSH) content show high metastatic activity in vivo. An intertis-
sue flow of GSH, where the liver is the main reservoir, can
increase GSH content in metastatic cells and promote their
growth. We have studied here possible tumor-derived molecu-
lar signals that could activate GSH release from hepatocytes.
GSH efflux increases in hepatocytes isolated from mice bearing
liver or lung metastases, thus suggesting a systemic mechanism.
Fractionation of serum-free conditioned medium from cultured
B16-F10 cells and monoclonal antibody-induced neutralization
techniques facilitated identification of interleukin (IL)-6 as a
tumor-derived molecule promoting GSH efflux in hepatocytes.
IL-6 activates GSH release through a methionine-sensitive/or-
ganic anion transporter polypeptide 1- and multidrug resistance
protein 1-independent channel located on the sinusoidal site of
hepatocytes. Specific siRNAs were used to knock down key fac-
tors in the main signaling pathways activated by IL-6, which
revealed a STAT3-dependent mechanism. Our results show that
IL-6 (mainly of tumor origin in B16-F10-bearing mice) may
facilitate GSH release from hepatocytes and its interorgan
transport to metastatic growing foci.

Glutathione (L-y-glutamyl-L-cysteinyl-glycine; GSH),? the
most prevalent non-protein thiol in mammalian cells, is
involved in many cellular functions (1, 2). GSH in cancer cells is
particularly relevant in the regulation of 1) carcinogenic mech-
anisms; 2) sensitivity against cytotoxic drugs, ionizing radia-
tion, and some cytokines; 3) DNA synthesis; and 4) cell prolif-
eration and death (3, 4).

Early studies on the organ distribution of metastatic cells
showed that less than 0.1% of circulating cells survive to cause
secondary metastatic growth (5). The liver is a common site for
metastasis development, and, as previously shown, a high per-
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centage of circulating cancer cells are mechanically trapped in
the liver microvasculature (6). Interaction of metastatic cancer
cells with the hepatic sinusoidal endothelium and Kupffer cells
activates local release of proinflammatory cytokines, which
then may act as molecular signals promoting cancer cell adhe-
sion, invasion, and proliferation (3, 7). Direct in vitro lysis of
metastatic tumor cells by cytokine-activated murine vascular
endothelial cells has also been shown (8).

From the original subcutaneous B16 melanoma tumor, spon-
taneously originated in C57BL/6] mice, and using sequential in
vitro-in vivo growing cycles, L. J. Fidler (9) obtained 10 different
cell variants (F1-F10) with increasing metastatic potentials.
The B16-F10 line showed the highest metastatic activity and
became a classical model widely used in metastasis research.
Recent results identified the existence of a natural defense
mechanism against cancer metastasis whereby the arrest of
tumor cells in the liver induces endogenous NO and H,O,
release, leading to sinusoidal tumor cell killing and reduced
hepatic metastasis formation (3, 10). We have shown that GSH
protects circulating B16 cells against hepatic sinusoidal endo-
thelium-induced cytotoxicity (11). By comparing B16 cells cul-
tured to low versus high density, which have different GSH
contents and different metastatic activities, we found that NO
was particularly tumoricidal in the presence of H,O, (a mech-
anism involving formation of potent oxidants, probably "OH
and -OONO, via a trace metal-dependent process) (10). A high
percentage of tumor cells with high GSH content survived the
combined nitrosative and oxidative attack and probably repre-
sent the main task force in the metastatic invasion (12).

Regulation of GSH levels in vivo must be looked at in terms of
the entire organism, with some organs being net synthesizers of
GSH, whereas others are net exporters (3). GSH levels in mam-
malian tissues normally range from 0.1 to 10 mm, being most
concentrated in liver (up to 10 mm). One of the most important
functions of GSH is to store Cys because this amino acid is
extremely unstable extracellularly and rapidly auto-oxidizes to
cystine (13). In rapidly growing tumors, cyst(e)ine, whose
concentration in blood is low, may become limiting for GSH
synthesis and cell growth (14, 15). Thus, malignant cells
might require alternative pathways to ensure free cyst(e)ine
availability.

v-Glutamyl transpeptidase (GGT) cleaves extracellular GSH,
releasing y-glutamyl amino acids and cysteinylglycine, which is
further cleaved by membrane-bound dipeptidases into cysteine
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and glycine (16, 17). Free y-glutamyl-amino acids, cysteine, and
glycine entering the cell serve as GSH precursors (18). Hence,
GGT expression provides tumor cells with a growth advantage
at physiologic concentrations of cyst(e)ine (14). Consequently,
we found that tumor GGT activity and an intertissue flow of
GSH, where the liver plays a key role, regulate GSH content of
B16 melanoma cells and thereby their metastatic growth (15).

In the liver, GSH is released at high rates into both blood and
bile. Nearly half of the GSH released by rat hepatocytes is trans-
ported across the sinusoidal membrane into the blood plasma
for delivery to other tissues (19). Hepatocellular export of GSH
through the sinusoidal side mainly involves Oatp1 (the sinusoi-
dal organic anion transporter polypeptide), MRP1 (multidrug
resistance protein 1), and probably another mechanism(s) that
remains poorly understood and/or molecularly undefined (20).
Oatpl functions as a GSH/organic solute exchanger, and MRP1
functions as an organic anion export pump, but both only
account for a fraction of the total GSH released into the blood.
Hepatic GSH release increases in metastatic B16 melanoma-
bearing mice (as compared with non-tumor-bearing controls),
and this increased release appears to be channeled through an
Oatpl/MRP1/MRP2-independent system (15). Nevertheless,
the molecular nature of this transport (21) and how metastatic
cells may influence its activity are still open questions. In the
present report, we studied possible tumor-derived molecular
signals that could influence GSH release activity in hepatocytes
as well as the intracellular regulatory mechanisms involved.
Our results identify interleukin (IL)-6 as a systemic signal pro-
moting GSH release from hepatocytes in metastatic B16-F10
tumor-bearing mice.

EXPERIMENTAL PROCEDURES

Culture of B16-F10 Melanoma Cells—Murine B16-F10 mel-
anoma cells (from the ATCC, Manassas, VA) were cultured in
serum-free Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen), pH 7.4, supplemented with 10 mm HEPES, 40 mm
NaHCO,, 100 units/ml penicillin, and 100 pg/ml streptomycin
(15). Cells were harvested by incubation for 5 min with 0.05%
(w/v) trypsin (Sigma) in PBS (10 mMm sodium phosphate, 4 mm
KCl, 137 mm NaCl), pH 7.4, containing 0.3 mm EDTA, followed
by the addition of 10% calf serum to inactivate the trypsin. Cell
numbers were determined using a Coulter Counter (Coulter
Electronic Inc., Miami, FL). Cell integrity was assessed by
trypan blue exclusion and leakage of lactate dehydrogenase
activity (15).

Transfection of Red Fluorescent Protein—The pDsRed-2 vec-
tor (Clontech) was used to engineer B16-F10 melanoma clones
stably expressing red fluorescent protein (RFP). This vector
expresses RFP and the neomycin resistance gene on the same
bicistronic message. Cultured B16-F10 cells were transfected
before reaching confluence. Transfection of the pDsRed-2 vec-
tor was carried out using linear 25-kDa polyethyleneimine
(PolySciences, Inc., Warrington, PA), as described for adherent
cell lines by the manufacturer. Cells were incubated for 4 h with
the polyethyleneimine-DNA complex in 5% of their initial cul-
ture medium (DMEM containing 10% fetal calf serum) volume.
After that 4-h period, the culture medium volume was restored
to 100%. Cells were harvested (as above) 4 days after transfec-
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tion and subcultured into selective medium that contained 200
pg/ml Geneticin (Invitrogen). The level of Geneticin was
increased to 2,000 ug/ml stepwise. High performance cell sort-
ing (DAKO, Copenhagen, Denmark) was used to select Gene-
ticin-resistant B16-F10 clones expressing the RFP (B16-F10-
RFP) and showing high fluorescence emission. These cells were
seeded in 96-well plates, and their growth was followed by
immunofluorescence microscopy to select clones showing sta-
ble fluorescence emission.

Animals—Syngenic male C57BL/6] mice (9 weeks old) from
Charles River Laboratories (Barcelona, Spain) were fed ad libi-
tum on a standard diet (Letica, Barcelona, Spain). Mice were
kept on a 12-h light/12-h dark cycle with the room temperature
maintained at 22 °C. Procedures involving animals were in
compliance with international laws and policies (EEC Directive
86/609 and National Institutes of Health guidelines).

Experimental Metastases—Hepatic or lung metastases were
produced by intravenous injection (portal vein or tail vein,
respectively) into anesthetized mice (Nembutal, 50 mg/kg
intraperitoneally) of 10° viable B16-F10-RFP cells suspended in
0.2 ml of DMEM. Mice were cervically dislocated 10 days after
tumor cell inoculation. Livers and lungs were fixed with 4%
formaldehyde in PBS (pH 7.4) for 24 h at 4 °C and then paraffin-
embedded. Metastasis density (mean number of foci/100 mm?
of organ detected in 15 10 X 10-mm?® sections/organ) and
metastasis volume (mean percentage of organ volume occupied
by metastases) were determined as described previously (22).

Isolation of B16-F10 Melanoma Cells from Metastatic Foci—
Tissues containing tumor cells were obtained by surgical
means. Cell dispersion was carried out in minced tissue by the
following sequential procedure: 1) trypsinization (25 mg of
fresh tissue/ml in Mg®"- and Ca®*-free PBS supplemented
with 0.2% trypsin plus 0.5 mm EDTA plus 5 mm glucose, 3 min
at 37 °C); 2) three washes in PBS; 3) collagenase digestion (in
PBS supplemented with 0.5 mg of collagenase/ml plus 5 mm
glucose, 5 min at 37 °C) (steps 1 and 3 were performed in Erlen-
meyer flasks where the gas atmosphere was O,/CO,, 19:1).
Then cells were washed three times in PBS and resuspended in
1 ml of ice-cold PBS, filtered through a 44-um pore mesh and
analyzed using a MoFlo high performance cell sorter (DAKO).
Fluorescent B16-F10-RFP cells were separately gated for cell
sorting and collected into individual tissue culture chambered
slides (Nalge Nunc International Corp., Naperville, IL). Then
the sorted tumor cells were harvested and plated in 25-cm?
polystyrene flasks (Falcon Labware).

Amino Acid Analysis—Proteins were precipitated by treating
0.1 ml of intracellular compartment or blood with 0.4 ml of
3.75% (w/v) ice-cold sulfosalicylic acid in 0.3 M lithium citrate
buffer (pH 2.8). After centrifugation, 0.25 ml of the supernatant
was injected into an LKB 4151 amino acid analyzer.

Cystine Uptake—B16-F10 cells were plated in 35-mm culture
dishes. At the required times, cells were rinsed three times with
prewarmed transport medium (10 mm PBS, pH 7.4, with 0.01%
CaCl,, 0.01% MgCl,, and 0.1% glucose). Uptake measurement
was initiated by the addition of 1.0 ml of transport medium
containing 1 mCi of L-[?H]cystine (PerkinElmer Life Sciences)
and nonradioactive cystine (0.5 mm). After incubation at 37 °C,
uptake was finished by rinsing several times with ice-cold PBS
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until less than 0.001% of the initial radioactivity was present in
the supernatant. Cells were then dissolved with 0.5 ml of 0.5 N
NaOH, and an aliquot was used for determining radioactivity
and another for the protein assay. To correct for trapping,
transport at 4 °C was studied in parallel (15).

Preparation and Fractionation of Serum-free Conditioned
Medium—Serum-free conditioned DMEM (CM) was obtained
from confluent cultures of the B16-F10 melanoma cell line. CM
was collected from culture flasks under sterile conditions, and a
protease inhibitor mixture from BioVision (Mountain View,
CA), containing aprotinin, leupeptin, pepstain A, and phenyl-
methanesulfonyl fluoride at the concentrations indicated by the
manufacturer, was added. The medium was centrifuged at
15,000 X g to remove floating cells or cellular debris, and then
the supernatant was ultracentrifuged (100,000 X g) for 30 min
to remove subcellular organelles. The resulting supernatant
was lyophilized. When 20 liters of CM were processed in this
manner, the lyophilized powder was extracted with 1 N acetic
acid at room temperature, dialyzed exhaustively against 0.17 N
acetic acid at 4 °C, lyophilized, and stored at —80 °C.

Isolation and Incubation of Hepatocytes—Isolation of hepa-
tocytes from non-tumor-bearing and B16-F10-bearing mice
followed the method of Berry and Friend (23). Parenchymal
liver cells were purified from the crude cell suspension by den-
sity gradient centrifugation in a vertical rotor (24). The crude
liver cell suspension (50 mg dry weight in 2 ml) was added to a
medium (40 ml) containing 40% (v/v) Percoll, 3% (w/v) defatted
bovine serum albumin, 10% DMEM, 10 mmol/liter MOPS, 120
mmol/liter NaCl, 6.7 mmol/liter KCI, 1.2 mmol/liter CaCl, and
adjusted to pH 7.4 with 0.1 N NaOH. Centrifugation was carried
out at 4 °C in a Beckman-Coulter Optima XL-100K (73,104 X g
for 15 min). Metabolic viability and integrity of isolated hepa-
tocytes removed from the gradient medium after centrifuga-
tion was assayed as previously described (24). For incubations,
hepatocytes (10—12 mg dry weight/ml) were suspended at
37 °Cin Krebs-Henseleit bicarbonate medium (KHBM, pH 7.4)
containing 1.3 mmol/liter CaCl,. The gas atmosphere was 95%
0,, 5% CO,.

Culture of Hepatocytes—Isolated hepatocytes (3 X 10°) were
seeded onto 60-mm culture dishes (Invitrogen) in 4 ml of
Williams” medium E (Invitrogen) supplemented with 5
mmol/liter L-Gln, 100 units/ml penicillin, 100 mg/ml strep-
tomycin, 200 units/ml insulin, 1 mmol/liter dexamethasone,
and 10% fetal calf serum (Invitrogen). The dishes were incu-
bated at 37 °C in a humidified 5% CO, atmosphere for 12 h
before starting assays.

Perifusion of Hepatocytes—Isolated mouse hepatocytes, sus-
pended in Williams’ medium E, were incubated in a perifusion
system similar to that previously described for rat hepatocytes
(25). Briefly, a buffer gassed with 95% O,, 5% CO, was con-
stantly pumped by an LKB Multiperpex roller pump (type 2115)
to a chamber containing a final volume of 10 ml and 3 X 10°
cells/ml. The filter (Amicon YM30, Bedford, MA) was placed at
the top of the chamber. The cell suspension was perifused at
37 °C and maintained homogenous by using a magnetic stirrer
placed at the bottom of the chamber. The perifusion buffer was
KHBM (pH 7.4) containing plasma concentrations (aortic
blood) of L-amino acids found in non-tumor-bearing C57BL/6]
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mice (377 £ 42 pmol/liter Ala, 53 * 12 wmol/liter Asn, 22 *+ 6
pmol/liter Asp, 7 = 1 umol/liter cyst(e)ine, 79 = 15 umol/liter
Glu, 467 * 46 umol/liter Gln, 233 = 28 wmol/liter Gly, 41 * 13
pmol/liter His, 68 = 9 umol/liter Ile, 72 = 14 pumol/liter Leu,
245 *+ 33 umol/liter Lys, 40 *+ 9 umol/liter Met, 52 = 14 umol/
liter Phe, 124 * 21 pmol/liter Pro, 83 = 20 umol/liter Ser,
121 = 17 pmol/liter Thr, 72 = 10 umol/liter Trp, 87 = 15
pmol/liter Tyr, 103 * 12 pumol/liter Val, 114 + 22 pumol/liter
Arg; n = 15), glucose (1 g/liter), and sodium pyruvate (10
mg/liter), supplemented with 10 units/ml penicillin and 10
mg/ml streptomycin. Perifusate flow (2 ml/min) was con-
stant throughout the experiment. Effluent flow was moni-
tored continuously for O, and pH with Philips electrodes.
Cell viability was always greater than 95% along the experi-
mental time. To take samples (0.5 ml) of the cell suspension
without interrupting the flow, a syringe was introduced into
the chamber through a rubber septum.

Measurement of Cytokine Levels—Blood samples (see below)
were centrifuged at 14,000 rpm for 10 min at 4 °C to separate
the serum. Concentrations of IL-1«, IL-1p, IL-2, IL-6, IL-10,
IL-12, tumor necrosis factor (TNF)-q, and interferon (IFN)-vyin
CM samples and of IL-6 in the serum were determined using
commercially available mouse cytokine ELISA kits from Inno-
vative Research (Novi, MI). Likewise, concentrations of vascu-
lar endothelium growth factor (VEGF)-A, transforming growth
factor (TGF)-B, platelet-derived growth factor (PDGF)-B, and
melanoma growth-stimulatory activity (MGSA) were mea-
sured using mouse ELISA kits from Uscn Life Science Inc.
(Wuhan, China), Cell Sciences (Canton, MA), R&D Systems
Europe Ltd. (Abingdon, UK), and Antibodies-online GmbH
(Aachen, Germany), respectively. The recommended protocol
of each manufacturer was followed in all cases. Results were
read with a Dynex MRXII ELISA reader (ThermoLabsystems,
Chantilly, VA). Quantification of secreted cytokines was
accomplished by normalization of the ELISA data with a
standard cytokine dose curve.

Cytokine Neutralization Assay—Anti-TNFea, -IFNy, -IL-2,
-IL-18, and -VEGF-A monoclonal antibodies (mAbs) were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Anti-IL-1¢, -IL-1B, -IL-6, and -IL-10 mAbs were from
BioLegend (San Diego, CA). Anti-MGSA mAbs were from
Leinco Technologies, Inc. (St. Louis, MO). Anti-TGF-B and
-PDGF-B mAbs were from GenScript (Piscataway, NJ). Serial
dilutions of mAbs in PBS, pH 7.4, were added to melanoma cell
cultures, and standard protocols from eBioscience (San Diego,
CA) for in vitro cytokine neutralization were followed.

Determination of GSH and GSSG—GSH and glutathione
disulfide in tumor and non-tumor tissues were determined, fol-
lowing procedures described previously (26), by liquid chroma-
tography-mass spectrometry using a Quattro micro™ triple-
quadrupole mass spectrometer (Micromass, Manchester, UK)
equipped with a Shimadzu LC-10ADVP pump and SCL-
10AVP controller system with an SIL-10ADVP autoinjector
(Shimadzu Corp., Kyoto, Japan). Tissue/blood sample collec-
tion and processing were performed according to a published
methodology (27), where rapid N-ethylmaleimide derivatiza-
tion was used to prevent GSH auto-oxidation.

VOLUME 286+NUMBER 18-MAY 6, 2011



Transfection of Small Interfering RNA—The PSilencer
3.1-H1 linear vector from Ambion Inc. (Austin, TX) was used to
obtain long term gene silencing. The siRNA molecules target-
ing IL-6 mRNA were purchased from Ambion. The RNA
duplex against IL-6 had the sequence 5'-GGA CAU GAC AAC
UCA UCU CTT-3’ (sense) and 5'-GAG AUG AGU UGU CAU
GUC CTG-3' (antisense). The negative control vector that
expresses a hairpin siRNA with limited homology to any known
sequences in mice was provided by the vector kit (Ambion).
Recombinant PSilencer 3.1-H1 vector was transformed into
competent E. coli DH5« (Takara Bio Inc., Shiga, Japan), accord-
ing to the supplier’s protocol, and then bacteria were spread on
Luria-Bertani solid medium plates containing 50 ug/ml ampi-
cillin and cultured at 37 °C overnight. The bacteria were har-
vested, centrifuged, and subjected to SDS-alkaline lysis follow-
ing standard methods (see the Cold Spring Harbor Protocols
Web site). Endotoxins were removed from the lysate by simple
extraction-phase separation steps. The plasmid DNA was fur-
ther purified by adsorption onto silica using the GenElute
Endotoxin-free Plasmid Maxiprep Kit (Sigma). The purified
DNA was diluted to 1 mg/ml and frozen at —20 °C. Transfec-
tion with the pSH1-IL-6 plasmids was performed using a
standard lipofection method (see the Cold Spring Harbor
Protocols Web site). Stably transfected clones were selected
in medium containing 0.5 mg/ml Geneticin (Invitrogen).
Established clones were grown in medium supplemented
with 10% FCS and 0.5 mg/ml Geneticin. Silencing was con-
firmed by immunoblotting.

RT-PCR and Detection of mRNA—Total RNA was isolated
using the TRIzol kit from Invitrogen and following the manu-
facturer’s instructions. cDNA was obtained using a random
hexamer primer and a MultiScribe Reverse Transcriptase kit, as
described by the manufacturer (TagMan RT Reagents, Applied
Biosystems, Foster City, CA). A PCR master mix and AmpliTaq
Gold DNA polymerase (Applied Biosystems) were then added
containing the following specific primers (Sigma-Genosys):
IL-6 (forward, CAG AAT TGC CAT CGT ACA ACT CTT
TTC TCA; reverse, AAG TGC ATC ATC GTT GTT CAT
ACA); bax (forward, CCAGCTGCCTTGGACTGT; reverse,
ACCCCCTCAAGACCACTCTT); bak (forward, TGAAAAA-
TGGCTTCGGGGCAAGGC; reverse, TCATGATTTGAAG-
AATCTTCGTACC); bad (forward, AGGGCTGACCCA-
GATTCC; reverse, GTGACGCAACGGTTAAACCT); bid
(forward, GCTTCCAGTGTAGACGGAGC; reverse, GTGCA-
GATTCATGTGTGGATG); bik (forward, ATTTCATGAG-
GTGCCTGGAG; reverse, GGCTTCCAATCAAGCTTCTG);
bim (forward, GCCCCTACCTCCCTACAGAC; reverse, CAG-
GTTCCTCCTGAGACTGC); bcl-2 (forward, CTCGTCGCT-
ACCGTCGTGACTTCG; reverse, CAGATGCCGGTTCAG-
GTACTCAGTC); bel-w (forward, GGTGGCAGACTTTGT-
AGGTT; reverse, GTGGTTCCATCTCCTTGTTG); bcl-xi
(forward, GTAAACTGGGGTCGCATTGT; reverse, TGGAT-
CCAAGGCTCTAGGTG); mcl-1 (forward, GAAAGCTGCA-
TCGAACCATT; reverse, ACATTCCTGATGCCACCTTC);
and GAPDH (forward, TTC ACC ACC ATG GAG AAG GC;
reverse, GGC ATG GAC TGT GGT CAT GA). Real-time
quantitation of the mRNA relative to GAPDH was performed
with a SYBR Green I assay, and an iCycler detection system
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(Bio-Rad). Target cDNA was amplified as follows: 10 min at
95 °C and then 40 cycles of amplification (denaturation at 95 °C
for 30 s and annealing and extension at 60 °C for 1 min per
cycle). The increase in fluorescence was measured in real time
during the extension step. The threshold cycle (C,) was deter-
mined, and then the relative gene expression was expressed as
follows: -fold change = 27 2* 1, where AC,. = C, target — C,-
GAPDH, and A(AC;) = ACtreated — AC control.

Functional Activity of JAK-STAT and MAPK Pathways—For
Western immunoblotting studies, cultured hepatocytes, har-
vested as indicated above, were washed twice in ice-cold KHBM
(pH 7.4). Cell extracts were made by freeze-thaw cycles (cells)
or homogenization (tissues) in a buffer containing 150 mm
NaCl, 1 mm EDTA, 10 mm Tris-HCI, 1 mMm phenylmethylsulfo-
nyl fluoride, 1 pug/ml leupeptin, 1 ug/ml aprotinin, and 1 ug/ml
pepstatin, pH 7.4. The extracts were centrifuged at 10,000 X g
for 30 min. Cell/tissue lysate supernatants were separated
for protein determination. The protein content was deter-
mined by the Bradford assay (28). All steps were performed at
4°C. Antibodies (mouse monoclonal primary antibodies)
against Jakl, phosphotyrosine Jakl (P-Jakl), STAT1, phospho-
tyrosine STAT1 (P-STAT1), STAT3, phosphoserine STAT3
(P-STATS3), ERK1/2, phosphothreonine ERK1/2, and -actin
were from Santa Cruz Biotechnology, Inc. Antibodies against
p38, phosphothreonine/phosphotyrosine p38 (P-p38), c-Jun,
phosphoserine c-Jun (P-c-Jun), c-Fos, and phosphoserine c-Fos
(P-c-Fos) were from Cell Signaling Technology (Danvers, MA).
Fifty ug of protein were boiled in Laemmli buffer and resolved
by 12.0% SDS-PAGE. Proteins were transferred to a nitrocellu-
lose membrane (Hybond C-extra, Amersham Biosciences) and
subjected to Western blotting. The blotted membrane was
blocked for 1 h at room temperature in Tris-buffered saline
(TBS) containing 5% (w/v) membrane blocking reagent (nonfat
dried milk). All antibody incubations were carried out at room
temperature in TBS containing 1% membrane-blocking rea-
gent. The incubation steps were followed by three washing
steps of 5 min with TBS containing 0.1% Tween 20. Blots were
developed using horseradish peroxidase-conjugated secondary
antibody and enhanced chemiluminescence (ECL system, GE
Healthcare). Quantification of the protein bands was carried
out using laser densitometry. Equality of protein loading on
membranes and complete transfer were checked by staining
gels and membranes with Coomassie Blue. To make possible
the pooling of data from multiple immunoblots, the relative
density of each band was normalized against the internal stan-
dard (B-actin) analyzed on each blot. All Western immunoblots
were performed at least three times by using nuclear or cyto-
plasmic extracts.

Antisense oligonucleotides used were as follows: 5'-GGCC-
TCTCCTGCGACATCTT-3' for p38; 5'-GCCGCCGCCGCC-
GCCAT-3' for ERKs; 5'-CCA CTG AGA CAT CCT GCC
ACC-3' for STATI; and 5'-GCT CCA GCA TCT GCT GCT
TC-3' for STAT3. As controls, the corresponding sense oligo-
nucleotides and scrambled oligonucleotides were used (29).
Oligonucleotides were synthesized using standard phosphoro-
thioate chemistry. To increase stability, oligonucleotides were
synthesized with a 2-omethoxyethyl modification of the five
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TABLE 1
GSH synthesis and efflux in isolated hepatocytes from non-tumor-bearing and B16-F10 melanoma-bearing mice

The initial GSH concentration was of 4.8 = 0.3 wmol/g in isolated hepatocytes from non- tumor-bearing mice and of 2.7 = 0.4 wmol/g in hepatocytes from mice bearing
liver or lung metastases (z = 8 -9 in all cases). Hepatocytes from B16-F10-bearing mice were isolated 10 days after tumor inoculation. Hepatocytes were incubated in 10-ml
Erlenmeyer flasks (final volume 2 ml) for 60 min (see “Experimental Procedures”) in the presence or in the absence of amino acids (5 mm Gln, 2 mm Gly, 1 mum Ser, 1 mm
N-acetylcysteine) (22). Only L-amino acids were used. Glucose (5 mMm) and bovine serum albumin (2%) were present in all incubations. Rates of GSH synthesis were
calculated from total GSH content in incubations at 0, 20, 40, and 60 min. Rates of glutathione efflux were calculated from contents of GSH and GSSG in extracellular
medium at 0, 20, 40, and 60 min. All values are means * S.D. for 8 -9 observations. The significance test refers, for both groups, to the comparison of rates in the absence
or in the presence of amino acids (**, p < 0.01), and also to the difference between results for the B16-F10 group and the non-tumor-bearing group (, p < 0.05; tt, p < 0.01).

GSH synthesis GSH efflux
B16-F10 metastases B16-F10 metastases
Additions Non-tumor Liver Lung Non-tumor Liver Lung
nmol/g X min nmol/g X min
None 2*+05 5=+ 2t 4=*1 2*+0.7 7 £ 3tt 7 = 11t
L-Amino acids 25 = 6** 22 * 7% 23 & 5** 10 = 3** 20 * 4%t 18 = 4**++

terminal nucleotides (30). Transfections of small interfering
RNA were carried out as described above.

Nuclear extracts were prepared with a nuclear extraction kit
(Millipore, Billerica, MA). The DNA binding activity of
STAT-3 in nuclear extract was determined by the STAT3 EZ-
TFA transcription factor assay kit (Millipore) according to the
manufacturer’s protocol.

Taurocholate Uptake into Hepatocytes—Hepatocyte mono-
layers were washed three times with KHBM (pH 7.4, 37 °C).
Uptake studies were initiated by adding 4 ml of KHBM supple-
mented with 2 mCi of [*H]taurocholic acid (PerkinElmer Life
Sciences) and 20 mmol/liter nonradiolabeled taurocholic acid
(Calbiochem, Darmstadt, Germany). The incubation period
was 2 min because preliminary experiments showed that
uptakes were linear (r.0.99) for at least 3 min. Uptake was fin-
ished by aspirating the transport buffer and rinsing the culture
dishes twice with 4 ml of ice-cold KHBM. This removes more
than 99% of extracellular label without affecting intracellular
radioactivity. Then 2 ml of Triton X-100 (0.5%, w/v) were added
to the dishes, and the cells were solubilized at room tempera-
ture. One-milliliter aliquots of the lysates were mixed with 9 ml
of toluene (Merck, Darmstadt, Germany), and the cell-associ-
ated radioactivity was measured in a TriCarb 2700TR liquid
scintillation analyzer (Canberra Packard, Tecnasa, Madrid,
Spain).

Laser Microdissection—Excised liver samples were embed-
ded in freezing medium OCT (Tissue-Tek, Electron Micros-
copy Sciences, Hatfield, PA) and immediately flash-frozen
using isopentane and following the instructions of Leica
Microsystems (Wetzlar, Germany) to preserve RNA.
Five-um tissue slices were obtained using a Leica 2800E
Frigocut Cryostat Microtome. Tumor cells were separated
using a Leica LMD6000 laser microdissection system
equipped with an automated fluorescence module.

Expression of Results and Statistical Analyses—Data are
presented as the means = S.D. for the indicated number of
different experiments. Statistical analyses were performed
using Student’s £ test, and p values of <0.05 were considered
significant.

RESULTS

GSH Synthesis and Release in Hepatocytes from Metastatic
Tumor-bearing Mice—The liver is the main source of circulat-
ing plasma GSH (over 90% of the total GSH inflow) (18, 31). As
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compared with non-tumor-bearing mice, GSH levels decrease
in the liver and kidney of Ehrlich ascites tumor-bearing mice
(32) and in the brain, lung, liver, and kidney of B16-F10-bearing
mice (15). We also found that GGT overexpression in B16-F10
cells, by degrading extracellular GSH, facilitates their meta-
static growth (15). Therefore, hypothetically, it is plausible that
tumor cells may release molecular signals that activate an
interorgan flow of GSH (33). Thus, we further investigated if
metastatic cells cause changes in the rate of GSH synthesis
and/or efflux in hepatocytes. Rates were measured in the
absence and in the presence of amino acid precursors for GSH
synthesis. This allows comparison between basal rates (those
obtained when synthesis in vitro just depends on the intracel-
lular available amino acids) and rates obtained in the presence
of non-limiting amounts of extracellular precursors (maximal
rates). As shown in Table 1, GSH synthesis is similar in isolated
hepatocytes from non-tumor-bearing mice and from mice
bearing B16-F10 metastases. However, as compared with non-
tumor-bearing controls, rates of GSH efflux increase (~2-fold)
in hepatocytes isolated from mice bearing B16-F10 metastases
(Table 1). Interestingly, this increase occurs in mice bearing
liver or lung metastases (Table 1), thus suggesting a systemic
mechanism and not merely a paracrine effect.

As shown in Table 2 the increase in hepatic GSH release
causes a parallel decrease in hepatic GSH content to ~50% of
control values (10 days after tumor inoculation), a finding that
was similar in mice bearing B16-F10 lung or liver metastases.
However GSH levels in circulating blood also decreased to
~70% of control values, a fact that may reflect extracellular
GSH utilization by the tumor cells (15, 34) (see also the
Introduction).

Plasmatic (aortic blood) levels of cyst(e)ine in non-tumor-
bearing mice and in mice bearing B16-F10 (hepatic metastases;
10 days after inoculation) were 10.5 = 1.3and 7.6 = 1.5 um (p <
0.05), respectively. Cysteine is transported mainly by system
ASC (35); thus, changes in amino acid transport affecting this
system should be reflected by changes in the plasma concentra-
tion of other amino acids transported by the same system. This
is not the case because plasma levels of alanine and proline did
not change significantly between controls and B16-F10-bearing
mice (not shown). Therefore, although not affecting cysteine
transport directly, tumors expressing high GGT levels can effi-
ciently degrade plasma GSH, providing abundant cysteine for
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TABLE 2

Hepatic GSH Release in Tumor-bearing Mice

Blood and liver GSH content in mice bearing metastatic B16-F10 melanoma growing at different body sites

Blood was collected from the tail vein into 1-ml syringes containing sodium heparin (0.05 ml of a 5% solution in 6.9% NaCl). Animals were killed 5 or 10 days after inoculation
of tumor cells. Metastasis-free liver pieces (selected by visual analysis using a binocular microscope) were quickly dissected and removed, washed at 4 °C in KHBM (pH 7.4)
without Ca®* or Mg”* and containing 0.5 mm EGTA, dried on tissue paper, and frozen in liquid nitrogen. Before adding liquid nitrogen, small liver tissue samples were
separated for routine analysis by a pathologist. Only real metastatic focus-free liver samples were used for GSH analysis. MV, metastasis volume (mean percentage of organ
volume occupied by metastasis). Blood/tissue samples were treated as described under “Experimental Procedures.” Data are means * S.D. for 1012 different mice. *, p <
0.05; **, p < 0.01 comparing values obtained in mice bearing B16-F10 metastases versus control non-tumor-bearing mice, or 10 versus 5 days in liver and lung metastasis

volume.

B16-F10 metastases

Liver Lung
Non-tumor (0 days) 5 days” 10 days 5 days 10 days

Blood GSH (umol/g hemoglobin) 7.4 *0.6 7.2*0.5 4.8 £ 0.2** 7.3*0.5 53 *0.3*

Liver GSH (umol/g of tissue) 7.1%05 5.9 * 0.6* 3.3 £ 0.4 6.6 * 0.4 3.5 = 0.5

MV (%) 42+17 17.5 + 3.9% 3.6+ 1.4 123 + 2.6*

“ Days after tumor inoculation.
TABLE 3

uptake (15). Besides, plasma concentration of cystine is usually B16-F10 conditioned medium promotes GSH efflux in cultured
higher than that of cysteine, and cystine is readily converted to ~hepatocytes

cysteine within cells (35). Thus, we also measured uptake of
cystine, which enters the cell through the Na™-independent
X, system in exchange for glutamate (35). In B16-F10-RFP
cells isolated from hepatic metastases, we found that the intra-
cellular concentration of amino acids was similar 5 or 10 days
after cancer cell inoculation. In particular, concentrations of
free glutamate and glycine were (e.g. in B16-F10 cells 10 days
after inoculation) 2.4 = 0.5 and 1.2 £ 0.4 pMm, respectively
(which ensures maximal rates of GSH synthesis) (16), whereas
glutamine (a major fuel for cancer cells (36)) and cyst(e)ine
(cysteine + cystine) (rapidly used for protein and GSH synthe-
sis (22)) were undetectable. However, rates of cystine uptake
were significantly different when metastatic B16-F10-RFP cells,
5 and 10 days after inoculation, were compared (0.25 = 0.08
and 0.36 * 0.05 nmol of cystine/mg of protein X min, respec-
tively; p < 0.05, n = 4). Hence, intracellular cysteine availability
in metastatic cells appears modulated by its GGT-dependent
generation from extracellular GSH and the uptake rate of
cystine.

Identification of Tumor-derived Molecular Signals Promoting
GSH Efflux in Hepatocytes—Are there molecules released by
tumor cells that can reach the liver and activate GSH efflux
from hepatocytes? In order to answer this question, we first
fractionated serum-free CM from cultured B16-F10 cells (see
“Experimental Procedures”). As shown in Table 3, CM>12-25
increased GSH efflux in hepatocytes isolated from non-tumor-
bearing mice, whereas CM>45-67 did not. Thus, suggesting
that potential B16-F10-derived signals promoting GSH efflux
in hepatocytes should correspond roughly to factors with
molecular masses of >12.4—-25 kDa and <45-67 kDa (see the
legend to Table 3). However, CM>12 did not increase GSH
efflux in hepatocytes isolated from B16-F10-bearing mice
(Table 3), which is not surprising because rates of GSH efflux in
these cells were already increased as compared with controls
(hepatocytes from non-tumor-bearing mice incubated in the
absence of CM). This fact suggests that the potential signaling
mechanism was acting iz vivo in B16-F10-bearing mice previ-
ously to isolate their hepatocytes.

Malignant melanoma cells express different growth factors
and cytokines and their receptors in respective stages of tumor
progression, which by autocrine and paracrine effects enable
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B16-F10-RFP cells were isolated from liver metastatic foci and then cultured, as
described under “Experimental Procedures.” Lyophilized CM (see “Experimental
Procedures”) was dissolved in DMEM (1 mg/ml) and filtered using microcon cen-
trifugal filter units containing YM-50 (percentages of protein recovery for a-chy-
motrypsinogen (25 kDa), cytochrome ¢ (12.4 kDa), and protamine sulfate (5-10
kDa) were approximately 85, 7, and 2%, respectively) or YM-100 membranes (per-
centages of protein recovery for bovine serum albumin (67 kDa), ovalbumin (45
kDa), and a-chymotrypsinogen were approximately 90, 11, and 2%, respectively)
(Millipore). This procedure generated two CM fractions corresponding to two
major molecular weight regions: CM>12-25 and CM>45-67. CM, CM>12-25,
and CM>45-67 were added, at different amounts, to cultured hepatocytes. The
initial GSH concentration was 4.5 = 0.3 umol/g in cultured hepatocytes from non-
tumor-bearing mice and 3.4 * 0.4 umol/g in cultured hepatocytes from B16-F10-
bearing mice (1 = 6 in both cases). Results are means * S.D. of 5—6 independent
experiments where each sample was run in duplicate. Rates of GSH efflux were
calculated from the contents of GSH and GSSG in the extracellular medium at 0, 30,
60, and 120 min of incubation, starting as indicated under “Experimental Proce-
dures.” Rates of GSH efflux in hepatocytes isolated from mice bearing B16-F10 lung
metastases were not significantly different as compared with the rates displayed in
this table under liver metastases (not shown). The significance test refers, for both
groups, to the comparison in the absence or in the presence of additions (*, p < 0.05;
**, p <0.01) and also to the difference between results for the B16-F10 group and the
non-tumor-bearing group (f, p < 0.05; 1, p < 0.01).

Lyophilized powder GSH efflux
added (ug/ml of B16-F10
Additions culture medium) Non-tumor  (liver metastases)
pg/ml nmol/g X min

None 0 9+2 20 = 4+t
CM 10 15 = 3** 20+ 3

25 24+ 2 23+2

50 23 & 5** 26+ 3
CM>12.4 10 17 £ 2% 24 *+ 3t

25 26 * 3** 234

50 25 & 4** 252
CM>45-67 10 8*+2 20 * 3+t

25 10 =2 22 * 3tt

50 7*1 20 = 2+t

them to grow autonomously and confer competence to metas-
tasis (37, 38). Known factors secreted (in significant amounts)
by malignant melanoma cells, which are approximately >12
and <67 kDa, include TNFq, IFNYy, different interleukins (IL-
la, IL-1B, 1I-2, IL-6, IL-10, and IL-18), VEGF-A, TGEF-B,
PDGF-B, and MGSA (37, 39, 40). Thus, we measured levels of
each of these factors in the culture medium of growing B16-F10
cells (Table 4). As shown in Table 4, mAb-induced cytokine/
activity neutralization decreased their levels to less than 5% of
controls in all cases. B16-F10 CM increased GSH efflux in cul-
tured hepatocytes isolated from non-tumor-bearing mice
(Table 4). However, only IL-6 neutralization significantly
decreased GSH efflux in hepatocytes cultured in the presence of

JOURNAL OF BIOLOGICAL CHEMISTRY 15721



Hepatic GSH Release in Tumor-bearing Mice

TABLE 4

Effect of cytokine/activity neutralization on B16-F10 conditioned
medium-induced GSH efflux in cultured hepatocytes isolated from
non-tumor-bearing mice

B16-F10 CM (25 pg/ml hepatocyte culture medium) was added 24 h after hepato-
cyte seeding. Free cytokine/activity levels in hepatocyte culture medium were mea-
sured 6 h after the B16-F10 CM addition. Specific mAbs against each cytokine/
activity (see “Experimental Procedures”) were added, independently, 24 h after
seeding. Controls received an equivalent volume of PBS. Rates of GSH efflux were
calculated as indicated in Table 3, starting 48 h after seeding. Results are means =
S.D. of 4-5 independent experiments where each sample was run in duplicate. The
significance test refers to the comparison between GSH efflux measured in the
presence of B16-F10 CM or B16-F10 CM plus each specific mAb versus control
GSH efflux (+PBS) (**, p < 0.01).

Cytokine/activity

(pg/ml of B16-F10 GSH efflux (nmol/g
culture medium) of hepatocytes X min)
+B16-F10 +B16-F10
+PBS +mAbs +PBS CM CM + mAbs
pg/ml nmol/g X min
8+1 20*x2%
TNFa 889 * 216 <20 21 =4
IFNy 103 + 45 <7 23*3
IL-1a 126 * 38 <10 18 + 4
IL-18 47 = 12 <3 21 =2
IL-2 1060 =396 <20 20+ 3
1L-6 3359 =917 <30 8 =+ 3%
IL-10 362 £ 88 <10 22 *5
IL-18 967 =204 <15 20+ 3
MGSA 2703 =975 <20 19+3
VEGF-A 40*9 <2 21 =3
TGF-B 612 = 93 <17 19 + 4
PDGF-B 16 =*5 <1 22 *+3
1400 - g
t+
1200 A
* %
- 1000 - tt
% 800 -
=7
3 600 A
= 400 - .
* %
200 4
ol [] ]
Days after tumor = * * bl
inoculation.....cuuuerec 0 5 10 5 10
Liver Lung
Metastases

FIGURE 1. IL-6 levels in serum of non-tumor-bearing and metastic B16-
F10-bearing mice. Blood was collected from the tail vein every 6 h during the
24-h period of each indicated day. Data are mean values of the peak serum
cytokine concentrations = S.D. (error bars) (pg/ml) measured in 7- 8 different
animals. *, p < 0.05; **, p < 0.01 comparing B16-F10-bearing mice versus
non-tumor-bearing mice; 1, p < 0.05; 11, p < 0.01 comparing 10 versus 5 days
after tumor inoculation.

B16-F10 CM (Table 4), thus suggesting that IL-6 (from tumor
and probably from non-tumor origin) could be a systemic signal
activating GSH release from the liver in tumor-bearing hosts.
We measured IL-6 levels in blood serum obtained from non-
tumor-bearing mice and from mice bearing liver or lung B16-
F10 metastases and found that IL-6 levels increase progressively
as metastases grow (Fig. 1; see also Table 2). This progressive
increase in serum IL-6 levels (Fig. 1) associates with a decrease
in the liver GSH content (Table 2).

Whether the increase in serum IL-6 levels reflects an
increased release of this cytokine from the tumor or from non-
tumor cells was a question that we addressed in the next step.
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TABLE 5

Effect of siRNA-induced tumor IL-6 silencing on hepatic GSH release in
B16-F10 tumor-bearing mice

Gene transfections were performed as explained under "Experimental Procedures.”
Measurements were performed 7 days after tumor cell inoculation. Liver GSH was
obtained as in Table 2, serum II-6 was obtained as described in the legend to Fig. 1,
and hepatic GSH efflux (in hepatocytes isolated from the tumor-bearing (lung
metastases) mice and incubated in the presence of amino acid precursors) was
obtained as in Table 1. IL-6 expression is expressed as -fold change (RT-PCR; see
"Experimental Procedures” for calculations). The data show mean values * S.D. for
5-6 different experiments. *, p < 0.05; **, p < 0.01 comparing B16-F10/
IL-6-siRNA-bearing mice versus control B16-F10-bearing mice.

Lung metastases

B16-F10 B16-F10/IL-6-siRNA
Liver GSH (umol/g of tissue) 4.5+ 0.4 6.4 * 0.5**
Serum IL-6 (pg/ml) 375+ 83 146 + 41**
Hepatic GSH efflux (nmol/g of 18 +3 12 2%
hepatocytes X min)
IL-6 expression (-fold change) 1.0 £0.2 0.10 * 0.05**

For this purpose, we inoculated intravenously (tail vein) control
B16-F10 cells and B16-F10 cells transfected with siRNA specific
for IL-6 (B16-F10/IL-6-siRNA) to down-regulate IL-6 expres-
sion. As shown in Table 5, in metastatic tumor IL-6, silencing
causes a significant decrease in circulating IL-6 and in hepatic
GSH efflux and consequently an increase in liver GSH content,
thus suggesting that tumor-derived IL-6 release is the main
factor inducing GSH release form the liver.

Whether this tumor-derived increase in serum IL-6 levels
depends upon metastatic activity and/or potential is also an
interesting question that we have attempted to investigate. For
this purpose, we injected B16-F10 (very high metstatic poten-
tial) and B16-F1 (very low metastatic potential), subcutane-
ously, into syngenic male C57BL/6] mice. Tumors were allowed
to grow up to ~200 mm?® (poorly vascularized) or 800 mm?
(highly vascularized). No significant metastatic spread was
detected in each case. Liver GSH content (as in Table 2) and
peak serum IL-6 concentrations (as in Fig. 1) were measured. As
compared with controls (non-tumor-bearing mice), where we
measured 7.0 £ 0.4 umol of GSH/g of tissue and 35 * 12 pg of
IL-6/ml of serum, we only found significant differences in mice
bearing 800-mm?® B16-F10 tumors (3.5 * 0.6 wmol of GSH/g of
tissue and 712 * 126 pg of IL-6/ml of serum; p < 0.01) (n = 4-5
in all conditions). These data suggest that 1) not metastatic
tumors but the metastatic phenotype appears important in
order to develop the capacity to export IL-6 from the tumor to
the blood; 2) small/poorly vascularized tumors, even having
high metastatic potential, do not show that capacity under in
vivo conditions. Whether other systemic signal(s), specific tis-
sue microenvironment, and/or endothelial cell interactions
with the cancer cells may also play roles in regulating that
capacity are possibilities that should be explored.

IL-6 Induces GSH Release through a Methionine-sensitive
Channel—GSH efflux in hepatocytes from B16-F10-bearing
mice (~2-fold higher than controls; Table 1) is not inhibited by
rifamycin SV or rifampicin (inhibitors of Oatp1l and/or Oatp2),
although both inhibited taurocholate uptake (15). Moreover,
abrogation (MRP1~/~ or MRP2™ /" knock-out clones) of
MRP1 or MRP2 GSH efflux did not affect the rate of GSH
release in hepatocytes from B16-F10-bearing mice (15). How-
ever, this GSH efflux was significantly inhibited by methionine
(15). In the present report, we investigated if methionine affects
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TABLE 6

Effect of IL-6, perifused at in vivo serum concentrations, on GSH efflux
in hepatocytes isolated from non-tumor-bearing and metastic (lung
metastases) B16-F10-bearing mice

Hepatocytes were isolated and perifused for 12 h as described under “Experimental
Procedures.” IL-6 (960 pg/ml; see data in Fig. 1) was present in the perifusion buffer
during the last 6 h. Cell viability within the perifusion chamber remained >95%
either in the absence or in the presence of IL-6. After the 12-h period of perifusion,
hepatocytes were taken from the perifusion chamber and cultured as described
under “Experimental Procedures.” Rates of GSH efflux were measured in cultured
hepatocytes 48 h after seeding and calculated as indicated in Table 3. Results are
means = S.D. of 4-5 independent experiments where each sample was run in
triplicate. The significance test refers to the comparison (a) in the absence or in the
presence of additions (**, p < 0.01), (b) in the absence or in the presence of Il-6 (tt,
p < 0.01), and (c) of B16-F10- bearing metastases versus non-tumor-bearing con-
trols (**, p < 0.01).

GSH efflux
B16-F10
Non-tumor (lung metastases)
Without Without
Additions IL-6 With IL-6 IL-6 With IL-6
nmol/g X min
None 9+2 18 = 3t 20 + 4% 21 +3
Methionine (1 mm) 3= 1 9 £ 2%t 9 + FEi 12 £ 3%
Methionine (1 mm) + 4 * 0.5** 10 + 2% 12 + 2% 13 &+ 2%

acivicin (0.1 mm)

IL-6-induced GSH efflux. For this purpose, a perifusion cham-
ber, containing a suspension of hepatocytes, was used as an
experimental set-up that mimics in vivo conditions by provid-
ing a constant supply of glucose, amino acids, and IL-6 at
plasma concentrations (see “Experimental Procedures”). As
shown in Table 6, methionine inhibits GSH release in perifused
hepatocytes (either isolated from control non-tumor-bearing
mice or from mice bearing B16-F10 metastases). Methionine-
induced inhibition was also assayed in the presence of acivicin
(an irreversible GGT inhibitor) (41) to prevent possible GGT-
catalyzed degradation of extracellular GSH. However, due to
the low GGT activity present in the liver (42), no significant
differences were found comparing methionine plus acivicin
versus methionine (Table 6). Therefore, our results indicate
that the cytokine-induced GSH release in hepatocytes from
metastatic tumor-bearing mice is channeled through a putative
methionine-sensitive system.

IL-6 and the JAK-STAT and MAPK Signaling Pathways—In
the liver, IL-6, after its binding to the IL-6 receptors on the cell
surface, activates different signaling pathways. In one pathway,
IL-6 binding leads to the rapid association of the transmem-
brane IL-6 receptors and intracellular glycoprotein 130
(gp130), followed by the activation of receptor-associated
Janus-activated kinases (JAKs). The activated JAKs induce self-
phosphorylation on tyrosine residues and the tyrosine phos-
phorylation of the IL-6 receptor, gp130, and a family of tran-
scription factors termed signal transducers and activators of
transcription (STATs). The activated STAT proteins, mainly
STATI1 and STATS3, then dimerize, translocate to the nucleus,
and play an important role in inducing or modulating the tran-
scription of multiple genes (43, 44). Activation of the IL-6
receptor also stimulates a second pathway, which involves var-
ious members of the mitogen-activated protein kinase (MAPK)
family, including extracellular signal-regulated kinase 1
(ERK1), ERK2, and p38 stress-activated protein kinase (p38)
(43, 44). Hence, we assessed the influence of the metastatic
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FIGURE 2. Activation of JAK-STAT and MAPK signaling pathways in hepa-
tocytes of metastatic B16-F10 melanoma-bearing mice. Hepatocytes
from B16-F10 (lung metastases)-bearing mice were isolated 10 days after
tumor inoculation. Western blot analyses were performed, using specific anti-
bodies, as described under “Experimental Procedures.” Each lane in the blots
corresponds to an individual representative animal in the indicated group.
Results of quantitative analysis of immunoblots are means = S.D. (error bars)
for 4 mice/group expressed as relative changes in arbitrary densitometry
units normalized against an internal standard (B-actin). *, p < 0.05; **, p <
0.01 comparing B16-F10 versus non-tumor.

B16-F10 tumor on the activation status or levels of JAKI,
STATI, STAT3, ERK1, ERK2, and p38, which are some piv-
otal factors in the main signaling pathways activated by IL-6
in the liver (43, 44). As shown in Fig. 2, phosphorylated levels
of JAK-STAT and MAPK pathway-related factors were
higher in hepatocytes of mice bearing B16-F10 metastases
than in hepatocytes isolated from non-tumor-bearing mice.
Nevertheless, in order to identify which pathway links IL-6
and GSH efflux, we used transfection of specific siRNA to
knock down in hepatocytes several of the key factors in the
main signaling pathways. Silencing (less than 10% of controls
in all cases) was confirmed by immunoblotting (not shown).
As shown in Fig. 3, in hepatocytes isolated from mice bearing
B16-F10 metastases, only STAT3-siRNA decreased GSH
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FIGURE 3. Effect of siRNA-induced STAT1, STAT3, ERKs, or p38 silencing
on GSH efflux in hepatocytes isolated (10 days after tumor inoculation)
from B16-F10 (lung metastases)-bearing mice. Gene transfections were
performed as explained under “Experimental Procedures.” Rates of GSH
efflux were measured in cultured hepatocytes 48 h after seeding, and calcu-
lated as indicated in Table 3. Results are means * S.D. (error bars) of 4-5
independent experiments where each sample was run in triplicate. **, p <
0.01 comparing each condition versus controls.
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FIGURE 4. STAT3 DNA binding activity in nuclear extracts of hepatocytes
isolated from non-tumor-bearing or metastatic B16-F10 melanoma-
bearing mice (lung metastases). Nuclear extracts of hepatocytes isolated
from B16-F10 (lung metastases)-bearing mice (10 days after tumor inocula-
tion) or from non-tumor-bearing mice were prepared as described under
“Experimental Procedures.” Results are means = S.D. (error bars) of 4-5 inde-
pendent experiments. The significance test refers to the comparison
between B16-F10- and non-tumor-bearing mice (**, p < 0.01), and all condi-
tions versus controls (11, p < 0.01).

efflux significantly. In fact, as shown in Fig. 4, STAT3 DNA
binding activity is ~8-fold higher in hepatocytes isolated
from mice bearing B16-F10 metastases than in those isolated
from non-tumor-bearing mice. However, IL-6 was only
capable of increasing STAT3 DNA binding activity in hepa-
tocytes isolated from non-tumor-bearing mice (Fig. 4) (and
not in hepatocytes isolated from mice bearing B16-F10
metastases, where plasma levels of IL-6 are higher; see Fig.
1). Therefore, our results suggest that the hepatic GSH efflux
mechanism in metastatic tumor-bearing mice is, at least in
part, IL-6- and STAT3-dependent.

15724 JOURNAL OF BIOLOGICAL CHEMISTRY

pro-death anti-death

bax bak bad bid bik bim bcl-2 bel-w bel-xl mel-1

* %

Fold change

b i

*%

-1 -

2 -

34

FIGURE 5. Expression of pro-death and anti-death Bcl-2 genes in hepato-
cytes of metastatic B16-F10-bearing mice. Hepatocytes were isolated from
non-tumor- and tumor-bearing mice (lung metastases) by laser microdissec-
tion (as indicated under “Experimental Procedures”) 10 days after tumor inoc-
ulation. The data, expressing -fold change (see “Experimental Procedures” for
calculations), show mean values = S.D. (error bars) for 5-6 different experi-
ments (**, p < 0.01 for all genes displayed comparing hepatocytes from B16-
F10-bearing mice (lung metastases) versus controls (hepatocytes from non-
tumor-bearing mice, base line/-fold change = 0 in the figure).

Alteration of Death-related Mechanisms in Hepatocytes of
B16-F10 Melanoma-bearing Mice—STAT3, besides modulat-
ing GSH efflux from hepatocytes in metastatic tumor-bearing
mice (Fig. 3), is a vital protein that is activated by a number of
ligands in addition to IL-6 (45). STAT3 has been shown to be
involved in the transcriptional regulation of many genes (e.g.
IL-17, IL-23, bcl-xl, bel-2, mcll, ccndl, or vegf) (46), not only
acting by direct DNA binding but acting in some cases as a
coactivator of transcription factors, such as activator protein-1
and hepatocyte nuclear factor-1 (47). Furthermore, the anti-
apoptotic proteins FLIP, Bcl-2, and Bcl-xL, which block caspase
activation, have been found elevated in IL-6-treated livers (48).
Moreover, these proteins were also found elevated in STAT3-
overexpressing livers, thus providing evidence that STAT3
mediates the major antiapoptotic effects of 1L-6. Therefore,
because the Bcl-2 protein, in particular, has been postulated as
a potential inhibitor of GSH efflux in HeLa (49) and B16-F10
cells (50), we finally measured expression of the Bcl-2 family
of proteins in hepatocytes of non-tumor and B16-F10-bear-
ing mice. As shown in Fig. 5, hepatocytes from B16-F10-
bearing mice, as compared with hepatocytes from non-tu-
mor-bearing mice, significantly down-regulate expression of
bad and overexpress bcl-xl and mcl-1. In our experiments,
Bcl-2 expression (Fig. 5) or levels (not shown) were not
changed. These data indicate that gene transcription activa-
tion in hepatocytes of metastatic tumor-bearing mice, in
addition to promoting GSH release to the blood, may also
have other effects in the liver, such as protection against
apoptosis. This protective effect, paradoxically, serves the
tumor growth by ensuring hepatocyte survival and function.

DISCUSSION

Significant work has been done to delineate the intra- and
extrahepatic (interorgan) turnover, transport, and disposal of
GSH and to define the quantitative role of these processes in
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interorgan homeostasis of GSH, Cys, and cystine. These studies
have identified the liver as the central organ of interorgan GSH
homeostasis, with sinusoidal GSH efflux as the major determi-
nant of plasma GSH and thiol-disulfide status (3, 51-53).

GSH is synthesized from amino acid precursors (glutamate,
cysteine, and glycine) in the cytosol of virtually all cells (13).
This synthesis involves two ATP-requiring enzymatic steps.
The first one, catalyzed by the y-glutamylcysteine synthetase, is
rate-limiting due to the very low concentration of cyst(e)ine in
the cytosol (54). However, because there is no direct system for
transport of intact GSH into cells, malignant cells might possi-
bly utilize alternative pathways to ensure cyst(e)ine availability
(55, 56). In addition, if extracellular levels of glutamate are high,
as may occur in patients with advanced cancers, cystine uptake
can be competitively inhibited, decreasing intracellular cys-
t(e)ine availability. Under these circumstances, cysteine
released from extracellular GSH may play a crucial role in
tumors expressing high GGT (34) able to degrade plasma GSH,
thus providing an extra source of cysteine for uptake (13, 15).
Therefore, systemic flow and delivery of GSH to these tumors
(including not only melanoma but also, for example, human
tumors of the liver, lung, breast, and ovary) (34) may favor their
growth and resistance to chemoradiotherapy.

Malignant melanoma cells, as well as practically all cancer
cells, can release different growth factors and cytokines, which
(in addition of their autocrine and paracrine effects) are poten-
tial systemic signals (37). Because liver GSH appears depleted,
as compared with non-tumor controls, in B16-F10-bearing
mice (15), we investigated if the tumor itself releases molecular
signals that may promote GSH release from the liver to the
blood. Hepatic GSH depletion does not depend on the metas-
tasis site; it occurs similarly in melanoma cells growing in the
liver or in the lung (Table 2), and it is not the consequence of
GSH synthesis inhibition but of an increased GSH efflux (Table
1). Fractionation of B16-F10 conditioned medium and neutral-
ization assays identified IL-6 as a molecular factor capable of
increasing GSH efflux from hepatocytes (Tables 3 and 4). IL-6
levels increase progressively in serum isolated from the blood of
metastic B16-F10-bearing mice (Fig. 1), a fact that correlates
with the increased rate of hepatic GSH efflux (Table 5), an
increased rate that can be prevented by siRNA-induced tumor
IL-6 silencing (Table 5) and that is channeled through a methi-
onine-sensitive mechanism (Table 6). This methionine-sensi-
tive transporter has been detected previously, but its molecular
nature still remains to be defined (20, 57). Finally, IL-6-depen-
dent signaling in hepatocytes (mainly JAK-STAT and MAPK
pathways) was analyzed, and our results indicate that the
increase in GSH efflux is STAT3-dependent (Figs. 2—4).

Inflammation is known to markedly impair hepatic detoxifi-
cation pathways and thereby to alter pharmacokinetics of drugs
(58). This has been linked to changes in liver expression of
drug-metabolizing enzymes, such as cytochromes P450 (59)
and more recently to that of drug transporters (60). In this
sense, it has been suggested that proinflammatory cytokines,
such as IL-1B3, TNFq, and IL-6, may contribute to altered
expression of hepatic drug transporters occurring during
inflammation (61). Indeed, administration of IL-183, TNFe, or
IL-6 to rodents resulted in reduced expression of various sinus-
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oidal or canalicular drug transporters (62— 64). Moreover, as
recently reported (65), exposure of primary human hepatocytes
to 100 ng/ml TNF« or 10 ng/ml IL-6 for 48 h was found to
down-regulate mRNA levels of major sinusoidal influx trans-
porters, including sodium-taurocholate cotransporting poly-
peptide (NTCP), Oatpl, organic cation transporter 1 (OCT1),
and organic anion transporter 2 (65). TNFa and IL-6 concom-
itantly reduced NTCP and Oatpl protein expression and
NTCP, Oatpl, and OCT1 transport activities. IL-6, but not
TNFa, was also found to decrease mRNA expression of the
canalicular transporters MDR1 and MRP2 (65). Nevertheless,
we found previously that GSH efflux (2-fold higher than con-
trols in hepatocytes from B16-F10-bearing mice) was not sig-
nificantly inhibited by rifamycin SV or rifampicin (inhibitors of
Oatpl and/or Oatp2), although both inhibited taurocholate
uptake (15). Besides, verapamil-induced inhibition or abrogation
(MRP1~’~, knock-out clone) of MRP1-dependent sinusoidal
GSH efflux did not affect the rate of GSH release.®> Moreover,
sulfinpyrazone-induced inhibition or abrogation (MRP2™/~,
knock-out clone) of MRP2-dependent canalicular GSH efflux
did not affect the rate of GSH release (15), thus suggesting the
methionine-sensitive sinusoidal GSH efflux as the main mech-
anism for the effect observed in hepatocytes of melanoma-bear-
ing mice. Nevertheless, apparently, different cytokines (see
above) may alter several sinusoidal or canalicular drug trans-
porters. This apparent paradox can be explained if one takes
into account the difference between pathophysiological con-
centrations of those cytokines and the concentrations used in
the reports mentioned above. As shown in Fig. 1, IL-6 levels in
serum of B16-F10-bearing mice peak on day 10 after tumor
inoculation up to ~700-900 pg/ml. We also measured TNF«
levels and found a peak on day 10 after tumor inoculation of
151 = 28 pg/ml (n = 7, p < 0.01) of serum in mice bearing
B16-F10 lung metastases (versus a control value of 8 = 3 pg/ml
(n = 7) in non-tumor-bearing mice). Reports showing reduced
expression of various sinusoidal and/or canalicular drug trans-
porters (e.g. see Refs. 62 and 63 or Refs. 64 and 65) all used
concentrations of cytokines in the nanomolar range, which are
simply much higher than those found in vivo, at least in mice
bearing B16-F10 metastases. To test this hypothesis, we mea-
sured taurocholate uptake in hepatocytes cultured (48 h) in the
absence or in the presence of 900 pg of IL-6 and 150 pg of
TNFa/ml (peak levels in serum of B16-F10-bearing mice; see
above) and found similar rates: 231 * 45 and 244 *+ 37 nmol of
taurocholate/g X min, respectively (n = 5). However, upon
exposure of the same hepatocytes to 100 ng of TNFa/ml or 10
ng of IL-6/ml for 48 h (as described in Ref. 65), taurocholate
uptake decreased to 77 = 23 and 89 = 33 nmol/g X min, respec-
tively (n = 5, p < 0.01), thus showing that although, for exam-
ple, Oatpl activity can be influenced by two different cytokines
in a concentration-dependent fashion, the concentration
required appears much higher than that found in the blood
stream of melanoma-bearing mice. Nevertheless, it is plausible
that acute proinflammatory conditions, such as, for example,
systemic viral or bacterial infections, may increase levels of cir-
culating cytokines to the nanomolar range (e.g. see Ref. 66).

3 ). M. Estrela, E. Obrador, and M. Benlloch, unpublished results.
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FIGURE 6. The IL-6/GSH interorgan cycle: a tumor growth-promoting
mechanism. The liver is the major source of GSH released to the blood-
stream. Tumor-derived IL-6 (and perhaps, under stress conditions, other sig-
nals, such as different stress-related hormones (1)) acts as a GSH release acti-
vator. Tumor GGT activity degrades plasma GSH, providing extra Cys for
tumor GSH synthesis (12). Whether other tumor-derived signals activate
hepatic GSH release in hosts bearing other cancer types and how each spe-
cific tissue microenvironment may influence this systemic flow are open
questions.

In conclusion, Fig. 6 schematically summarizes the interor-
gan relationships linking tumor and liver functions and favor-
ing metastases progression. Interestingly, cancer cell-associ-
ated IL-6 secretion has been linked to chemoresistance in
different tumor types (67). Moreover, anticancer treatments,
such as the chemotherapeutic agents doxorubicin or paclitaxel
and radiation therapy, can also facilitate IL-6 release by tumor
cells (68).
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