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In this study, we demonstrate that treatment of human lung
adenocarcinoma H460 cells with farnesol induces the expres-
sion of a number of immune response and inflammatory genes,
including IL-6, CXCL3, IL-1a, and COX-2. This response was
dependent on the activation of the NF-kB signaling pathway.
Farnesol treatment reduces the level of IkBa and induces trans-
location of p65/RelA to the nucleus, its phosphorylation at
Ser?’%, and transactivation of NF-kB-dependent transcription.
Moreover, overexpression of IkBa or treatment with the NF-«B
inhibitor caffeic acid phenethyl ester greatly diminishes the
induction of inflammatory gene expression by farnesol. We pro-
vide evidence indicating that the farnesol-induced phosphoryl-
ation of p65/RelA at Ser*’® is important for optimal transcrip-
tional activity of NF-«kB. The MEK1/2 inhibitor U0126 and
knockdown of MEK1/2 expression with small interfering RNAs
effectively blocked the phosphorylation of p65/RelA(Ser?”®) but
not that of Ser®®®, suggesting that this phosphorylation is
dependent on the activation of the MEK1/2-ERK1/2 pathway.
We further show that inhibition of MSK1, a kinase acting down-
stream of MEK1/2-ERK1/2, by H89 or knockdown of MSK1
expression also inhibited phosphorylation of p65/RelA(Ser>”®),
suggesting that this phosphorylation is dependent on MSKI.
Knockdown of MEK1/2 or MSK1 expression inhibits farnesol-
induced expression of CXCL3, IL-1a, and COX-2 mRNA. Our
results indicate that the induction of inflammatory genes by far-
nesol is mediated by the activation of the NF-kB pathway and
involves MEK1/2-ERK1/2-MSK1-dependent phosphorylation
of p65/RelA(Ser®”®). The activation of the NF-«kB pathway by
farnesol might be part of a prosurvival response during farnesol-
induced ER stress.

Isoprenoids are intermediates of the cholesterol/sterol bio-
synthetic pathway and are formed from mevalonate, which is
synthesized from acetyl-CoA by the rate-limiting enzyme 3-hy-
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droxy-3-methylglutaryl-CoA reductase, a major target for
statins in the treatment of cardiovascular disease (1-3). Isopre-
noids are important in the regulation of cell proliferation,
apoptosis, and differentiation (4-10).

Farnesol and the related isoprenoids perillyl alcohol, gera-
nylgeraniol, and geraniol have been reported to be effective in
chemopreventative and -therapeutic strategies in several in
vivo cancer models, including melanoma, colon, and pancreatic
cancer (11-18). In addition, these isoprenoids inhibit prolifer-
ation and induce cell death in a variety of neoplastic cell lines (5,
7,10, 13, 15, 19-21). The mechanisms by which these agents
mediate their actions are not yet fully understood. In human
pancreatic carcinoma cells, the antiproliferative response by
these isoprenoids involves a p21- and p27-dependent mecha-
nism (21). Farnesol has been reported to be able to weakly acti-
vate the farnesoid X-activated receptor (22) and inhibit phos-
pholipase D (23), 3-hydroxy-3-methylglutaryl-CoA reductase
activity (10), and the CDP-choline pathway (24). Study of far-
nesol-induced toxicity in yeast has indicated an important role
for mitochondria and the PKC signaling pathway in the gener-
ation of reactive oxygen species (25).

Recently, we reported that a large number of genes associ-
ated with the endoplasmic reticulum (ER)? stress response are
rapidly induced by farnesol treatment, suggesting that farnesol-
induced apoptosis is coupled to ER stress (26). Disturbance of
ER homeostasis results in the activation of the unfolded protein
response (27-30). During this response, several prosurvival and
proapoptotic signals are activated, and, depending on the
extent of the ER stress, cells survive or undergo apoptosis. We
demonstrated that farnesol induces activation of several MAPK
pathways, including p38, MEK1/2-ERK1/2, and JNK1/2 (26)
and provided evidence indicating that activation of MEK/ERK
is an early and upstream event in farnesol-induced ER stress
signaling cascade.

In this study, we demonstrate that treatment of human lung
adenocarcinoma H460 cells with farnesol induces the expres-
sion of a number of immune response and inflammatory-re-
lated genes, including COX-2 and several chemo/cytokines, and

2 The abbreviations used are: ER, endoplasmic reticulum; NF-«B, nuclear fac-
tor-«B; kB, inhibitory «B; ERK, extracellular signal-regulated kinase; JNK,
c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MEK,
mitogen-activated protein kinase/extracellular signal-regulated kinase
kinase; CAPE, caffeic acid phenethyl ester; siRNA, small interfering RNA;
EMSA, electrophoretic mobility shift assay; QRT, quantitative reverse tran-
scription; elF2q, eukaryotic initiation factor 2a.
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examine the signaling pathway involved in the induction of sev-
eral of these genes. We show that this induction involves acti-
vation of the NF-«B signaling pathway by farnesol and that this
activation, as well as the induction of the expression of immune
and inflammatory genes, is dependent on the activation of p65/
RelA by the MEK1/2-ERK1/2-MSK1 (mitogen- and stress-ac-
tivated kinase-1) signaling pathway. The activation of the
NE-kB might be part of a prosurvival pathway in the farnesol-
induced ER stress response.

EXPERIMENTAL PROCEDURES

Materials— Trans,trans-farnesol (farnesol) was purchased
from Sigma. Caffeic acid phenethyl ester (CAPE), SB203580,
and SP600125 were obtained from Calbiochem, and U0126 was
from Promega (Madison, WI).

Cell Line and Culture—Human lung adenocarcinoma H460
cells were obtained from the American Type Culture Collec-
tion (Manassas, VA) and grown in RPMI 1640 (Invitrogen) sup-
plemented with 10% heat-inactivated fetal bovine serum
(Atlanta Biologicals, Lawrenceville, GA) and 100 units/ml each
of penicillin and streptomycin. Cells were treated with 250 um
farnesol, a dose that was previously shown to be optimal (26).

Microarray Analysis—Microarray analysis with RNA from
vehicle- and farnesol-treated cells was performed in duplicate
by the NIEHS Microarray Group on Agilent whole human
genome microarrays (Agilent Technologies, Palo Alto, CA),
and data were analyzed as described previously (26).

Western Blot Analysis—Cells were harvested and lysed in
lysis buffer containing 50 mm Tris-HCI, pH 7.4, 150 mm NaCl,
1% Nonidet P-40, and 0.1% SDS, supplemented with protease
and phosphatase inhibitor mixtures I and II (Sigma). After cen-
trifugation, proteins were examined by Western blot analysis
with the following antibodies: anti-phospho-ERK1/2 (catalog
number 9101), anti-ERK1/2 (catalog number 9102), anti-phos-
pho-MEK1/2 (catalog number 9121), anti-MEK1/2 (catalog
number 9122), anti-IkBa (catalog number 9242), anti-phos-
pho-NF-kB p65 Ser®*® (catalog number 3031), anti-phospho-
NF-«B p65 Ser®”® (catalog number 3037), anti-phospho-MSK1
(catalog number 9595), and anti-NF-kB p65 (catalog number
3034) from Cell Signaling Technology (Beverly, MA) and anti-
MSK1 (catalog number sc-9392) and anti-actin (catalog num-
ber sc-1615) from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA). The blots were developed using a peroxidase-conjugated
secondary antibody and ECL Detection Reagent (GE Health-
care Life Sciences).

Small Interfering RNA (siRNA) Knockdown—XKnockdown of
MEK1/2 and MSK1 expression in H460 cells was achieved by
transfection of siRNA. The siRNAs of human MEK-1 (catalog
number sc-29396) and MEK-2 (catalog number sc-35905) were
purchased from Santa Cruz Biotechnology. The siMSK1 (cata-
log number N2006S) and silencer-negative control siRNA (cat-
alog number 4611) were purchased from New England BioLabs
(Ipswich, MA) and Ambion (Austin, TX), respectively. Trans-
fection of siRNA was performed using DharmaFECT 4 trans-
fection reagent (Dharmacon, Chicago, IL). H460 cells were
plated in 6-well dishes at a density 3.3 X 10° cells/well. The next
day, cells were treated with the siRNA transfection mixtures
following the DharmaFECT General Transfection Protocol.
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After 48 h of incubation, cells were treated with or without
farnesol as indicated and harvested for Western and Northern
blot analysis.

Electrophoretic Mobility Shift Assay (EMSA)—Preparation of
nuclear extracts and EMSA were performed as described pre-
viously (31). Briefly, 2 X 10° H460 cells were harvested, washed
two times in ice-cold PBS, and then resuspended in 400 ul of
cold cell lysis buffer (10 mm HEPES, pH 7.9, 10 mm KCl, 0.1 mm
EDTA, 1 mm dithiothreitol, and 1% (v/v) protease inhibitor
mixture). After a 15-min incubation on ice, 12.5 ul of 10% Non-
idet P-40 was added, and the mixture was centrifuged at
10,000 X g for 30 s at 4 °C. The nuclear pellet was resuspended
in 25 pl of ice-cold nuclear extraction buffer (20 mm HEPES, pH
7.9, 0.4 M NaCl, 1 mm EDTA, 1 mm dithiothreitol, 1% (v/v)
protease inhibitor mixture), incubated on ice for 30 min, and
then centrifuged for 5 min at 4 °C. The nuclear extracts were
stored at —80 °C. For EMSA, double-stranded NF-«B consen-
sus and mutant oligonucleotide (catalog numbers sc-2505 and
sc-2511; Santa Cruz Biotechnology) were labeled with
[y-**]ATP using T4 polynucleotide kinase (Roche Applied Sci-
ence). The DNA-protein binding reactions were performed in
10 pl of binding buffer (10 mm Tris-HCI, pH 7.5, 100 mm KCI, 1
mM dithiothreitol, 1 mm EDTA, 12.5% glycerol, 0.1% Triton
X-100, and 0.5 pg/ml bovine serum albumin) with 5 ug of
nuclear extract, 10° cpm of the radiolabeled oligonucleotide,
and 1 ug of poly(dI-dC) for 30 min at room temperature. The
samples were electrophoresed through 6% polyacrylamide gels
in Tris (89 mm)-boric acid (89 mm)-EDTA (2 mm) buffer. For
supershift assays, nuclear proteins were incubated with anti-
p65 antibody (catalog number sc-109; Santa Cruz Biotechnol-
ogy) for 20 min at room temperature prior to the addition of
labeled oligonucleotide.

IkBa-overexpressing Stable Cell Line—To generate clonal
cell lines stably overexpressing wild-type IkBo, H460 cells were
transfected with 10 ug of pPCMW-IkBa carrying the wild-type
IkBa gene (Clontech) or empty plasmid vector using Fugene 6
transfection reagent (Roche Applied Science). Single cell colo-
nies were isolated after selection with G418 (800 wug/ml;
Invitrogen) and then tested for overexpression of IkBa by
Western blot analysis. H460 cells overexpressing IkBa or con-
taining the empty vector are referred to as H460(IkBa) and
H460(Empty), respectively.

Quantitative Real Time PCR (QRT-PCR)—RNA was isolated
using TriReagent (Sigma) following the manufacturer’s proto-
col. Synthesis of cDNAs was performed using oligo(dT) primer
and murine leukemia virus reverse transcriptase according to
the manufacturer’s instructions (Invitrogen). Each cDNA sam-
ple was analyzed for the expression of IL-6, IL-13, CXCL3, and
COX-2 using the POWER SYBER® Green PCR master mix
(Applied Biosystems, Foster City, CA). The forward and reverse
oligonucleotide primers for IL-6 (5'-CCTGAGAAAGGAGA-
CATGTAACAAGA, 5'-GGCAAGTCTCCTCATTGAATCC)
(32), CXCL3 (5'"-GTTTGACTATTTCTTACGAGGGTTC,5'-
ACCCATCATATTCCAATTAAATAATCAGG) (33), IL-1«a
(5'-TCAAGGAGAGCATGGTGGTAGTAG, 5'-TGGCTTA-
AACTCAACCGTCTCTT), and COX-2 (5'-CATTCTTTGC-
CCAGCACTTCAC, 5 -GACCAGGCACCAGACCAAAGACQC)
(34) were purchased from Sigma. PCR assays were performed
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TABLE 1
Changes in the expression of several immune response and inflammatory genes by farnesol
Gene name Description GenBank™ Change
fold
IL-8 Interleukin-8 NM_000584 275.04
CXCL3 Chemokine (CXC motif) ligand 3 (MIP2B) NM_002090 155.15
FOS c-fos protooncogene NM_005252 144.50
JUN c-jun protooncogene NM_002228 108.20
CXCL2 Chemokine (CXC motif) ligand 2 (MIP2A) NM_002089 83.82
PTGS2 Protaglandin-endoperoxide synthase 2 (COX-2) NM_000963 79.10
IL-1x Interleukin 1, « NM_000575 58.62
CCL20 Chemokine (CC motif) ligand 20 (MIP-3A) NM_004591 42.67
PTX3 Pentaxin-related gene, rapidly induced by IL-1 B NM_002852 42.36
IL-6 Interleukin-6 (interferon, 82) NM_000600 24.54
NFKBIA Nuclear factor of k light polypeptide gene in B-cells inhibitor, NM_020529 23.88
CXCLI Chemokine (CXC motif) ligand 1 NM_001511 20.11
GDFI15 Growth differentiation factor 15 (MIC-1) NM_004864 14.65
NFIL3 Nuclear factor interleukin-3-regulated NM_005384 14.63
SOCS3 Suppressor of cytokine signaling 3 NM_003955 12.54
HRH1 Histamine receptor H1 NM_000861 7.25
IL-1B Interleukin 1, B NM_000576 4.92
CEBPB CCAAT /enhancer binding protein (C/EBP), beta NM_005194 3.08
IL-32 Interleukin-32 NM_004221 2.57
IRF7 Interferon-regulatory factor 7 NM_004031 2.14
CCLS Chemokine (CC motif) ligand 5 (RANTES) NM_002985 1.79
IL-13RA1 Interleukin-13 receptor « 1 NM_001560 —1.34
IRAK1BP1 Interleukin-1 receptor-associated kinase 1-binding protein 1 AL049321 —1.98

using the 7300 Real Time PCR System (Applied Biosystems).
Gene expression level was normalized to 18 SRNA, and relative
mRNA expression was presented relative to the control. Data
were analyzed using Sequence Detection software (version
1.2.2; Applied Biosystems) and are presented as mean * S.D. of
three independent experiments.

NF-kB Reporter Assay—The NF-kB reporter vector, pNF-
kB-Luc (Stratagene, La Jolla, CA) containing five copies of con-
sensus NF-«B binding sequence linked to the minimal E1B pro-
moter-luciferase gene, was used to monitor NF-«kB-dependent
transcriptional activity. A constitutive active SV40 promoter-
Renilla luciferase construct, pRL-SV40 (Promega, Madison,
WI), was used to normalize transfection efficiency. Plasmids
expressing FLAG-p65 (wild type), FLAG-p65/S276A, FLAG-
p65/S529A, FLAG-p65/S536A, and FLAG-p65/5276/529/
536A (triple mutant) were generously provided by Dr. James M.
Samet (University of North Carolina, Chapel Hill, NC) (35).
H460 cells (1 X 10° cells/well) were seeded in 12-well tissue
culture dishes and 12 h later co-transfected with pNF-kB-Luc
(0.4 ng), pRL-SV40 (50 ng), and one of the FLAG-p65 expres-
sion vectors (0.4 ug) using Fugene 6. Forty-eight h later, cul-
tures were treated with 250 um farnesol for an additional 24 h
before luciferase activities were determined.

Statistics—Values are presented as means = S.D. Statistical
analysis was performed with Student’s ¢ test.

RESULTS

Farnesol Induces Immune Response and Inflammatory-re-
lated Genes—Comparison of the gene expression profiles of
untreated and farnesol-treated (250 um for 4 h) H460 cells
showed that expression of many immune response and inflam-
matory genes are greatly enhanced in farnesol-treated cells
(Table 1). IL-8 (interleukin-8) expression was the most induced,
about 275-fold, whereas IL-1a, IL-6, IL-1, and IL-32 were up-
regulated 58-, 24-, 4-, and 2-fold, respectively. In addition, the
expression of several chemokines, including CXCL3, CXCL2,
CCL20, and CXCL1, were increased 155-, 83-, 42-, and 20-fold,
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respectively. The expression of the cyclooxygenase COX-2,
which is involved in various inflammatory processes, is elevated
79-fold in farnesol-treated H460 cells. Expression of the NF-«B
inhibitor IkBa (NFKBIA) is up-regulated 23-fold. Several tran-
scription factors with established roles in inflammation were
found to be highly up-regulated, including FOS (144-fold) and
JUN (108-fold), the basic leucine zipper protein NFIL3
(14-fold), and the CCAAT/enhancer-binding protein CEBPS
(3-fold). Other genes with established roles in inflammation
that are up-regulated include PTX3, GDF15, SOCS3, and IRF?7.
The expression of a few inflammatory genes, including IL-13RA
and IRAK1BP1I, was slightly down-regulated.

The induction of several genes was confirmed by QRT-PCR
analysis. As shown in Fig. 1, farnesol induced IL-6, CXCL3,
IL-1a, and COX-2 mRNA expression in a time-dependent
manner. Expression levels reached a maximum 6 h after the
addition of farnesol and then decreased.

Farnesol Activates NF-kB Transcription Factor—Activation
of the NF-kB signaling pathway is frequently involved in the
regulation of many immune response and inflammatory genes
(36). To determine whether farnesol induces activation of the
NE-«B signaling pathway, we examined the effect of farnesol
treatment on several steps that are part of this pathway, includ-
ing reduction in IkBa protein, translocation of p65 to the
nucleus, and the phosphorylation of p65. We first determined
the effect of farnesol on the level of IkBa protein. H460 cells
were treated with 250 um farnesol, and at different time inter-
vals the level of total cellular IkBa protein was examined by
Western blot analysis. As shown in Fig. 24, the level of IkBa was
significantly decreased 60 min after the addition of farnesol,
whereas after 4 h of treatment IkBa was barely detectable. We
further demonstrated that this decrease was accompanied by
increased nuclear localization of p65 protein. These results sug-
gest that farnesol induces degradation of IkBa and subse-
quently translocation of NF-«B to the nucleus. Examination of
the phosphorylation status of p65 at Ser>”® and Ser®*¢, sites that
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NE-kB response element (lane 6).
The addition of an anti-p65 anti-
body caused a supershift of the p65-
DNA complex (lane 7), whereas no
shift was observed with anti-rabbit
IgG (lane 8). These observations are
in agreement with the conclusion
that farnesol treatment causes an

120 500
F wo] IL6 w0l CXCL3
£ 801
g 300 1
£ ol
3 200 1
£ 40
c
00 1
% 20 1 1
o 0 - 0
g 400 140
5 IL-1a 120 1
EE 300 4 100 4
2 200+ el
® 60
€ 100 40 1
20 1
0 0
0o 05 1 2 4 6 8 0 05 1 2 4 6 8
Time (hr)

FIGURE 1. Farnesol induces IL-6, CXCL3, IL-1«, and COX-2 mRNA expression. H460 cells were treated with
250 um farnesol, and at the times indicated, cells were collected and total RNA was isolated. Levels of IL-6,
CXCL3, IL-1a, and COX-2 mRNA expression were evaluated by QRT-PCR as described under “Experimental

Procedures.” Each value is the mean = S.D. of three separate experiments.

increase in the level of nuclear p65/
RelA protein complexes that are
able to bind NF-«B binding sites.
To determine whether the induc-
tion of inflammatory genes by far-
nesol was related to an activation of
the NF-kB signaling pathway, we
examined the effect of increased
expression of IkBa on the expres-
sion of these genes. For this pur-
pose, we established a cell line
H460(IkBa) that stably overex-
pressed IkBa protein. Fig. 34 shows
that the level of IkBa was elevated in
H460(IkBa) cells compared with
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AIERAE 196 N suggest that activation of the NF-«B
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FIGURE 2. Farnesol treatment induces phosphorylation and nuclear localization of p65. A, H460 cells were
treated with 250 um farnesol at the times indicated. Levels of IkBa, phospho-p65(Ser
p65(Ser>3) in whole cell lysates were examined by Western blot analysis with the respective antibodies. Levels
of p65 were also determined in nuclear and cytosolic fractions. Actin is shown as a control for equal loading.
B, EMSA. Nuclear extracts isolated from cells treated for 2 h with vehicle (control) or farnesol (FOH; 250 um) were
incubated with radiolabeled NF-«B consensus oligonucleotide (NF-«B cons.) or NF-kB mutant oligonucleotide
(NF-«kB mut.) and subjected to EMSA. Antibodies against p65 and anti-rabbit-lgG were used for supershift assay.

play a critical role in regulating the transcriptional activity of
NF-«B (35, 37, 38), showed that farnesol treatment induced
phosphorylation of p65 at both Ser*”® and Ser*® (Fig. 24) in a
time course very similar to that of its nuclear localization. The
accumulation of p65 in the nucleus is transient and may at least
in part be responsible for the transient induction of gene
expression observed in Fig. 1.

Next, we examined the binding of NF-«B complexes, isolated
from vehicle or 250 uM farnesol-treated H460 cells, to the con-
sensus NF-kB DNA binding site (Fig. 2B). EMSA analysis
showed increased binding of protein complexes to the **P-la-
beled NF-«B response element with extracts from farnesol-
treated cells (lane 3). Increasing amounts of unlabeled oligonu-
cleotides competed for the binding (lanes 4 and 5). Nuclear
proteins from farnesol-treated cells did not bind to a mutant
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NF-kB activation (39, 40), on the
induction of these inflammatory
genes. As shown in Fig. 3C, the
expression of CXCL3, IL-1a, and
COX-2 mRNA was significantly
inhibited by CAPE, in agreement
with the conclusion that their induction by farnesol requires
activation of the NF-kB pathway.

Farnesol-triggered Transcriptional Activation of NF-kB
Requires p65(Ser””®) Phosphorylation—Above, we showed that
farnesol induces translocation of p65 to the nucleus and bind-
ing of p65 protein complexes to the NF-«B binding site; we
therefore determined whether farnesol enhances NF-«kB-
dependent transactivation. For this purpose, H460 cells were
transfected with a NF-kB-Luc reporter plasmid, and the effect
of farnesol on reporter activity was determined. As shown in
Fig. 4A, farnesol increased NF-«B-dependent reporter activity
about 5-fold in a dose-dependent manner. NF-«kB-dependent
transcriptional activity has been reported to depend on the
phosphorylation status of p65, which can be phosphorylated at
multiple sites, including Ser®”®, Ser®*, and Ser®*® (36, 37, 41).

276)

, and phospho-
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FIGURE 3. Inhibition of the NF-«B signaling pathway reduces the induction of CXCL3, IL-1«, and COX-2
mRNA expression by farnesol. A, analysis of IkBa in H460(IkBa) cells overexpressing IkBa. IkBa levels were
examined in H460(Empty) and H460(IkBa) cells by Western blot analysis using an anti-lkBa antibody. Actin is
shown as a control for equal loading. B, H460(IkBa) and H460(Empty) cells were treated with 250 um farnesol
(FOH) for 6 h. RNA was then isolated, and the expression of CXCL3, IL-1«, and COX-2 was examined by QRT-PCR.
C, H460 cells were pretreated with the NF-«B inhibitor, CAPE, at 10 or 25 ng/ml 2 h before 250 um farnesol was
added. After an additional 6 h of incubation, RNA was harvested and analyzed by QRT-PCR for the expression
of CXCL3, IL-1a, and COX-2 mRNA. Each value is the mean = S.D. of three separate PCRs. *, p < 0.0001; **, p <
0.001.
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FIGURE 4. The Ser?’¢ phosphorylation site in p65-RelA is important in NF-kB-mediated transcriptional
activation by farnesol. A, activation of NF-«B-dependent transcriptional activation by farnesol (FOH). H460
cells were transfected with pNF-kB-Luc and subsequently treated with farnesol for 24 h at the concentrations
indicated before cells were collected and assayed for luciferase reporter activities. *, p < 0.1; **, p < 0.01
compared with vehicle-treated control (0 um). B, H460 cells were co-transfected with pNF«B-Luc and expres-
sion vectors containing wild type or various point mutants of FLAG-p65-RelA (Empty, empty vector; Wt, FLAG-
p65; S276A, FLAG-p65/5276A mutant; S529A, FLAG-p65/S529A; S536A, FLAG-p65/S536A; Triple, FLAG-p65/
$276/529/536A triple mutant). After 48 h, cells were treated with 250 um farnesol, and 24 h later, they were
harvested. Cells were assayed for luciferase reporter activities (bottom) or Western blot analysis with anti-FLAG
M2 to determine the expression levels of FLAG-p65 proteins (top). Each value is the mean = S.D. of three
separate experiments. #, p < 0.0001; ##, p < 0.001; NS, no significant change.

To determine which phosphorylation site of p65/RelA is
important in the induction of NF-kB-dependent transcrip-
tional activation by farnesol, we transfected H460 cells with
expression vectors containing wild type p65 or several p65
mutants and compared their transcriptional activity in farne-
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sol-treated H460 cells. Western blot
analysis showed that p65 and its
mutants were equally expressed
(Fig. 4B, top). As shown in Fig. 4B
(bottom), transfection of wild type
p65 increased reporter activity
about 6-fold in farnesol-treated
cells compared with cells trans-
fected with empty vector. The
mutations (S529A and S536A) had
little effect on the transcriptional
activity of p65 in farnesol-treated
cells; however, activation of the
reporter activity was significantly
diminished with p65(S276A) and
the triple mutant. These results
suggest that phosphorylation of
p65 at Ser?’® is important in the
induction of NF-kB transactiva-
tion by farnesol.

MEK and MSKI-mediated Phos-
phorylation of p65(Ser*”®) Plays an
Important Role in Farnesol-induced
Immune Response and Inflamma-
tory Gene Expression—Our previ-
ous studies showed that treatment
of H460 cells with farnesol results in
the activation of several MAPKs,
including MEK1/2, ERK1/2, p38,
and JNK (26). Other studies have
reported that phosphorylation of
p65(Ser*’®) can be mediated by
MEK1/2-ERK1/2 and p38 through
activation of MSK1 (37, 42). We
therefore examined whether the
activation of NF-«B transcriptional
activity and the induction of
immune response and inflamma-
tory genes by farnesol was depend-
ent on its activation of MAPKs. To
obtain insight into the role of
MAPKs in the induction of these
responses by farnesol, we first
examined the effect of several
MAPK inhibitors. Fig. 54 shows
that the MEK1/2 inhibitor U0126
significantly reduced the induction
of CXCL3, IL-la, and COX-2
mRNA expression by farnesol,
whereas the p38 inhibitor SB203580
had little effect on this induction.
The JNK inhibitor SP600125
reduced the expression of IL-la.

Next, we examined the effect of these inhibitors on the phos-
phorylation of p65(Ser”®). U0126 inhibited the phosphoryla-
tion of p65 at Ser?”®, whereas the p38 and JNK inhibitors had
little effect (Fig. 5B). These data suggest that activation of the
MEK1/2-ERK1/2 pathway is involved in the induction of these
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immune response and inflamma-
tory genes and p65(Ser*’®) phos-
phorylation by farnesol.

To further investigate the possi-
ble link between the activation of
MAPKs, MSK-1, and p65, we exam-
ined the effect of farnesol on MSK1
phosphorylation and the effect of
U0126 on the phosphorylation of
MSK1 and p65(Ser®’®). Fig. 6A
shows that farnesol treatment
induced phosphorylation of MSK1
and that U0126 inhibited the farne-
sol-induced phosphorylation of
ERK1/2, MSK1, and p65(Ser®”®) in a
dose-dependent manner. However,
U0126 did not inhibit the far-
nesol-induced phosphorylation of
p65(Ser®*®) and the degradation of
IkBa. These observations suggest
that the phosphorylation of
p65(Ser?’®) by farnesol involves
activation of the MEK1/2-ERK1/
2-MSK1 cascade. To further sup-
port this hypothesis, we examined
the effect of MEK1/2 knockdown
by siRNAs on the phosphorylation
of MSK1 and p65(Ser®>’®). As
shown in Fig. 6B, MEK1/2 siRNA
knockdown significantly inhibited
the phosphorylation of MSK1 and
p65(Ser*’®) by farnesol (Fig. 6B).
In addition, MEK1/2 siRNA
knockdown greatly reduced the
induction of CXCL3, IL-1c, and
COX-2 expression by farnesol, in
agreement with the role of MEK1/
2-ERK1/2 in the regulation of
these genes by farnesol (Fig. 6C).

To further strengthen the role
of MSK1 in the phosphorylation
of p65(Ser*’®) and induction of
immune response and inflamma-
tory genes by farnesol, we examined
the effect of the MSK1 inhibitor
H89. Fig. 7A shows that H89 inhib-
its the farnesol-induced phospho-
rylation of p65(Ser®”®) and inhibits
the induction of CXCL3, IL-1, and
COX-2 mRNA expression by farne-
sol (Fig. 7B). To confirm that activa-
tion of MSK1 is involved in the
phosphorylation of p65(Ser®”®) and
the up-regulation of these genes by
farnesol, we examined the effect of
MSK1 depletion by siRNA. As
shown in Fig. 7C, knockdown of
MSK1 expression reduced the level
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of phospho-MSK1 as well as the level of phosphorylated
p65(Ser®’®) in farnesol-treated H460 cells. Moreover, MSK1
siRNA greatly reduced the induction of CXCL3, IL-1c, and
COX-2 mRNA expression by farnesol (Fig. 7D). These data fur-
ther support the conclusion that the phosphorylation of
p65(Ser®’®) by farnesol is mediated by activation of the MEK1/
2-ERK1/2-MSK1 cascade and that this cascade is an important
part of the mechanism by which farnesol induces the expres-
sion of a number of immune response and inflammatory-re-
lated genes.

DISCUSSION

Previously, we reported that farnesol treatment induces an
ER stress response in a number of human lung carcinoma cells
and that this induction was greatly dependent on the activation
of the MEK1/2-ERK1/2 pathway (26). Although activation of
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in the regulatory region of specific
target genes, resulting in their tran-
scriptional activation. In this study,
we demonstrated that farnesol
induces activation of the NF-«B
pathway, as indicated by its translo-
cation to the nucleus. The latter was
supported by EMSA that showed a
significant increase in the binding of
p65 protein complexes to NF-«kB
binding sites by nuclear extracts
from farnesol-treated cells. Activa-
tion of the NF-«B pathway was fur-
ther demonstrated by the induction
of NF-«B binding site-dependent transcriptional activation in
farnesol-treated cells. These observations suggested that the
induction of these immune and inflammatory response genes
by farnesol was at least in part related to activation of the NF-«B
pathway (Fig. 8). This was supported by observations showing
that the NF-«B inhibitor CAPE greatly reduced the induction of
the expression of several immune and inflammatory genes by
farnesol.

The canonical pathway of NF-kB activation, through the
activation of various receptors, including those for TNFa or
IL-1pB, involves phosphorylation and ubiquitination of IkBa
and its subsequent degradation by the proteosome machinery
(36). This alleviation of the inhibition of NF-kB activation by
IkBa allows translocation of NF-«B into the nucleus and tran-
scriptional activation of target genes. The activation of NF-«B
by several stress-inducing agents has been reported to involve a
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FIGURE 8. A schematic model of the role of the NF-«xB and MEK1/2 path-
ways in the induction of inflammatory genes by farnesol. Farnesol treat-
ment reduces the level of IkBa and induces translocation of NF-«B transcrip-
tion factors to the nucleus. Activation of the MEK1/2-ERK1/2 pathway by
farnesol results in the activation of MSK1 and subsequently the phosphoryl-
ation of p65 at Ser?’® and increased p65 activity. Together this leads to
increased CXCL3, IL-1a, and COX-2 expression by NF-«B. Inhibition of MEK1/2
by U0126 or by siRNAs results in reduced MSK1 and p65 phosphorylation,
whereas inhibition of MSK1 by H89 or siRNAs represses the phosphorylation
of p65 and the induction of these inflammatory genes. (—, induction; I,
inhibition).

reduction in the level of IkB protein; however, it does not
involve phosphorylation and degradation of IkBa but appears
to be related to a reduction in the translation of IkB mRNA
(49 -51). This reduced translation was shown to depend on the
phosphorylation of the translation initiation factor 2« (elF2a)
subunit. Our data demonstrate that farnesol treatment also
reduces the level of IkBa protein and that overexpression of
IkBa inhibits the induction of the expression of several immune
response and inflammatory genes by farnesol. Previously, we
reported that farnesol also induces elF2a phosphorylation (26).
However, elF2a phosphorylation appears not to be essential for
the reduction in IkBa levels by farnesol, since the MEK1/2
inhibitor U0126 inhibited the phosphorylation of elF2a but had
no effect on the observed decrease in [kBa protein.

Not only degradation of IkB and nuclear translocation of
NEF-«B but also post-translational modifications of NF-«B,
including site-specific phosphorylation, are important for opti-
mal transactivation activity of NF-kB. We demonstrate that
farnesol treatment induced phosphorylation of p65/RelA at
Ser?”® and Ser®®® (Fig. 2A) and that the S276A mutation but not
the S536A mutation greatly diminished the induction of NF-«B
transactivation by farnesol. We show that inhibition of MEK1/2
by U0126 or knockdown of MEK1/2 expression significantly
reduced the phosphorylation of p65 at Ser*’® but not that of
Ser®3®, whereas the p38 inhibitor SB203580 and the JNK1/2
inhibitor SP600125 did not block farnesol-induced phosphoryl-
ation of p65(Ser®”®) or the induction of immune response and
inflammatory genes. These observations suggest that
p65(Ser®’®) phosphorylation is dependent on the activation of
the MEK1/2-ERK1/2 pathway. We further show that inhibition
of MSK1, a kinase acting downstream of MEK1/2-ERK1/2, by
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H89 or knockdown of MSK1 expression also inhibited phos-
phorylation of p65/RelA(Ser?”®), suggesting that this phospho-
rylation is dependent on MSK1. The latter is in agreement with
previous reports showing MSK1-mediated phosphorylation of
p65(Ser®”®) in TNFa-stimulated mouse fibroblast L929sA and
in C2 murine myoblast by oxidative stress (36, 37, 42).

The physiological significance of the activation of the NF-«B
pathway may relate to its established role in the regulation of
immune and inflammatory responses and the promotion of cell
survival (30, 36, 48, 51). Although activation of NF-«B can pro-
mote cell death, during development and in response to many
signals, including ER stress, it appears to be part of a prosurvival
response. Thus, the activation of the NF-«B pathway during
farnesol-induced ER stress may be part of a prosurvival
response. The reduced (24% lower) cell viability in IkBa-over-
expressing H460 cells treated with 200 um farnesol compared
with that of farnesol-treated control cells (data not shown) is in
agreement with this hypothesis. This is further supported by
the observed increase in expression of several cytokines, includ-
ing CXCL1 and IL-8, as well as of COX-2, which have been
reported to be associated with growth-stimulatory activities.
These observations are in agreement with the conclusion that
activation of the NF-«B pathway by farnesol is part of a pro-cell
survival response. In cells treated with pharmacological doses
of farnesol, prosurvival and proapoptosis signals compete
among each other (19, 26). Therefore, differences in the suscep-
tibility of cells to the growth-inhibitory and apoptosis-inducing
effects of farnesol might be due to differences in the balance
between pro-cell survival and proapoptosis responses.
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