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Abstract

Farnesol (FOH) and other isoprenoid alcohols induce apopto-
sis in various carcinoma cells and inhibit tumorigenesis in
several in vivo models. However, the mechanisms by which
they mediate their effects are not yet fully understood. In this
study, we show that FOH is an effective inducer of apoptosis in
several lung carcinoma cells, including H460. This induction is
associated with activation of several caspases and cleavage of
poly(ADP-ribose) polymerase (PARP). To obtain insight into
the mechanism involved in FOH-induced apoptosis, we
compared the gene expression profiles of FOH-treated and
control H460 cells by microarray analysis. This analysis
revealed that many genes implicated in endoplasmic reticu-
lum (ER) stress signaling, including ATF3, DDIT3, HERPUD1,
HSPA5, XBP1, PDIA4, and PHLDA1 , were highly up-regulated
within 4 h of FOH treatment, suggesting that FOH-induced
apoptosis involves an ER stress response. This was supported
by observations showing that treatment with FOH induces
splicing of XBP1 mRNA and phosphorylation of eIF2A. FOH
induces activation of several mitogen-activated protein
kinase (MAPK) pathways, including p38, MAPK/extracellular
signal–regulated kinase (ERK) kinase (MEK)-ERK, and c-jun
NH2-terminal kinase (JNK). Inhibition of MEK1/2 by U0126
inhibited the induction of ER stress response genes. In
addition, knockdown of the MEK1/2 and JNK1/2 expression
by short interfering RNA (siRNA) effectively inhibited the
cleavage of caspase-3 and PARP and apoptosis induced by
FOH. However, only MEK1/2 siRNAs inhibited the induction of
ER stress–related genes, XBP1 mRNA splicing, and eIF2A
phosphorylation. Our results show that FOH-induced apopto-
sis is coupled to ER stress and that activation of MEK1/2 is an
early upstream event in the FOH-induced ER stress signaling
cascade. [Cancer Res 2007;67(16):7929–36]

Introduction

Isoprenoids are important in the regulation of cell proliferation,
apoptosis, and differentiation (1–6). The nonsterol isoprenoid
farnesol (FOH) is produced by dephosphorylation of farnesyl
pyrophosphate, a catabolite of the cholesterol biosynthetic pathway
(7, 8).
FOH and the related isoprenoids perillyl alcohol (POH),

geranylgeraniol (GGOH), and geraniol (GOH) are found in a wide

range of fruits and vegetables (9, 10). Each isoprenoid has been
shown to inhibit proliferation and induce apoptosis in a number of
neoplastic cell lines from different origins (4, 11–14). In addition,
these isoprenoids have been reported to be effective in chemo-
prevention and chemotherapy in various in vivo cancer models
(10, 12, 15, 16). FOH has been reported to exhibit chemopreventive
effects in colon and pancreas carcinogenesis in rats (9, 17) whereas
phase I and II clinical trials have indicated therapeutic potential
for POH (16, 18). The mechanisms by which these isoprenoids
induce these effects are not yet fully understood. Isoprenoids have
been reported to inhibit posttranslational protein prenylation (19)
whereas other studies have shown that FOH is a potent inhibitor
of the CDP-choline pathway (5, 20, 21). Other effects include
inhibition of phospholipase D (22), inhibition of 3-hydroxy-3-
methylglutaryl CoA reductase (HMG CoA reductase) activity (6),
generation of reactive oxygen species (ROS; refs. 23, 24), and
disorganization of the cytoskeleton (4). FOH has also been reported
to act as a weak activator of the farnesoid X activated receptor (25).
To obtain greater insight into the mechanism by which FOH

induces apoptosis, we did microarray analysis and compared the
gene expression profiles between vehicle-treated and FOH-treated
human lung adenocarcinoma H460 cells. This analysis showed that a
large number of genes associated with the endoplasmic reticulum
(ER) stress response are rapidly induced by FOH treatment,
suggesting that FOH-induced apoptosis is coupled to the ER stress
response. The ER is an organelle responsible for the synthesis,
posttranslational modification, and proper folding of membrane and
secretory proteins. Disturbance of ER homeostasis results in the
activation of the unfolded protein response (26–29). During this
response, several prosurvival and proapoptotic signals are activated
and, depending on the extent of the ER stress, cells survive or undergo
apoptosis. Several (pathologic) conditions, including nutrient depri-
vation, oxidative stress, changes in calcium homeostasis, failure in
posttranslational modifications or transport of proteins, and
treatment with a variety of agents, can induce ER stress and trigger
the unfolded protein response. ER stress has been implicated inmany
disease processes, including cancer, diabetes, cardiovascular and
neurodegenerative disease, ischemia, and inflammation (30–32).
In this study, we further show that FOH treatment of H460 cells

results in the activation of several mitogen-activated protein
kinases (MAPK), including p38, extracellular signal–regulated
kinase (ERK)-1/2, and c-jun NH2-terminal kinase (JNK)-1/2.
Treatment with chemical inhibitors and short interfering RNA
(siRNA) knockdown experiments showed that activation of MAPK/
ERK kinase (MEK)-1/2 is an early event that is upstream of the
activation of the ER stress signaling cascade by FOH.

Materials and Methods

Materials. Trans,trans -FOH, GOH, GGOH, and (S )-(�)-POH were

purchased from Sigma-Aldrich. U0126 was obtained from Promega and

SB203580 was purchased from Calbiochem.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Cell lines and cell culture. The human lung carcinoma cell lines H460
(adenocarcinoma), H1355 (adenocarcinoma), H82 (small cell carcinoma),

and Calu6 (alveolar anaplastic carcinoma) and the immortalized human

bronchial epithelial cell line BEAS-2B were obtained from American Type

Culture Collection. The carcinoma cells were grown in RPMI 1640 (Life
Technologies, Inc.) supplemented with 10% heat-inactivated fetal bovine

serum (Atlanta Biologicals) and 100 units/mL each of penicillin and

streptomycin (Sigma-Aldrich). BEAS-2B cells were grown in KGM

(Cambrex).
Proliferation and cell death assays. Cell proliferation and viability were

evaluated using the Cell Proliferation Kit II (XTT) following the

manufacturer’s protocol (Roche). Absorbance was measured at 450 nm

using a microplate reader (Molecular Devices Corp.). Apoptosis was
measured with a Cell Death Detection ELISA kit (Roche).

Flow cytometry. H460 cells treated with FOH for different time intervals
were harvested, resuspended in PBS, and then fixed in 70% ethanol. Fixed
cells were washed twice in PBS and then resuspended in 0.5-mL propidium

iodide solution consisting of 50 Ag/mL propidium iodide, 0.1 mg/mL RNase

A, and 0.05% Triton X-100 in PBS for 30 min. Cell cycle analysis was done

with a FACSort flow cytometer (Becton Dickinson). Data were analyzed
using CellQuest software (Becton Dickinson).

Microarray analysis. Total RNA was isolated using TriReagent (Sigma)
following the manufacturer’s protocol. Gene expression analyses were

conducted by the NIEHS Microarray Group (NMG) on Agilent Whole
Human Genome microarrays (Agilent Technologies). Total RNA was

prepared from H460 cells treated for 4 h with 250 Amol/L FOH or vehicle

(DMSO). RNA from two independent experiments was used and each
microarray analysis was done in duplicate. Further experimental details of

the microarray analysis are provided in Supplementary Materials and

Methods.

Western blot analysis. Cells were harvested and lysed in lysis buffer
containing 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% NP40, and

0.1% SDS, supplemented with protease and phosphatase inhibitor cocktails

I and II (Sigma). After centrifugation, proteins were examined by Western

blot analysis with the antibodies indicated (Supplementary Materials and
Methods). The blots were developed with a peroxidase-conjugated

secondary antibody and enhanced chemiluminescence detection reagent

(GE Healthcare Life Sciences).
Northern blot analysis and reverse transcription-PCR. Total RNA was

isolated using TriReagent following the manufacturer’s protocol. RNA was

separated on a 1.2% agarose gel containing 0.5% formaldehyde in 1� MOPS

buffer and then transferred onto a nylon membrane (Sigma). After UV cross-
linking, the membrane was hybridized to 32P-labeled probes. The

membrane was then washed and exposed to Hyperfilm (Amersham

Bioscience) at �70jC. Probes used in Northern blot analysis were generated
by PCR as described in Supplementary Materials and Methods. The
nonconventional splicing of XBP1 mRNA was examined by reverse

transcription-PCR (RT-PCR) using 5¶-CCTTGTAGTTGAGAACCAGG and

5¶-GGGGCTTGGTATATATGTGG as primers. This will amplify both

unspliced (XBP1u) and spliced (XBP1s) XBP1 mRNAs.
SiRNA knockdown. Knockdown of MEK1/2 and JNK1/2 expression in

H460 cells was achieved by transfection of siRNAs. The siRNAs of human

MEK-1, MEK-2, JNK-1, and JNK-2 were purchased from Santa Cruz
Biotechnology. The silencer-negative control siRNA was purchased from

Ambion. Transfection of siRNA was done with DharmaFECT 4 transfection

reagent. H460 cells were plated in six-well dishes at a density 3.3 � 105

per well. The next day, cells were treated with the siRNA transfection
mixtures following the DharmaFECT General Transfection Protocol. After

48-h incubation, cells were treated with or without FOH as indicated and

harvested for Western and Northern blot analyses.

Statistics. Values are presented as means F SD. Statistical analysis was
done with the Student t test.

Results

FOH induces apoptosis in lung carcinoma cells. XTT analysis
showed that treatment of human lung carcinoma H460 and Calu6

cells and of the immortalized human bronchial epithelial BEAS-2B
cells with FOH greatly reduced cell proliferation and viability,
extending previous observations (refs. 2, 5, 6, 11, 14, 20, 33; Fig. 1A).
FOH also reduced the growth and viability of lung adenocarcinoma
H1355 and small cell lung carcinoma H82 cells (not shown). The
concentrations at which FOH inhibited cell proliferation ranged
from 100 to 300 Amol/L. FOH inhibited cell proliferation of H460
cells in a time-dependent manner (Fig. 1B). At 225 Amol/L, FOH
reduced cell viability by f50% after 24 h of treatment, whereas at
250 Amol/L, <10% of the cells were viable. Comparison of the
growth inhibitory effect of FOH with those of GOH, GGOH, and
POH showed that FOH was the most effective in inhibiting the
proliferation of H460 cells followed by GGOH whereas treatment
with GOH and POH had little effect (Fig. 1C).
To determine whether the FOH-induced cell death in H460 cells

involved apoptosis, we analyzed the cell cycle distribution and the
induction of nucleosome fragmentation. Flow cytometric analysis
showed that treatment of H460 cells with 250 Amol/L FOH induced
a change in cell cycle distribution (Fig. 1D). The percentage of
sub-G0-G1 cells in FOH-treated H460 cultures steadily increased
over a period of 24 h whereas the number of cells in G1, S, and
G2-M greatly diminished. At 12 and 24 h, respectively, 49% and 71%
of the cells were in sub-G0-G1. The cell cycle profile did not
significantly change over a 24 h period in cells treated with vehicle
only (not shown). Nucleosome fragmentation analysis determined
by Cell Death Detection ELISA confirmed that H460 cells treated
for 6 h with 250 Amol/L FOH undergo apoptosis (Supplementary
Fig. S1). Pretreatment with the pan-caspase inhibitor z-VAD-fmk
effectively inhibited nucleosome fragmentation, indicating that
FOH-induced cell death is caused by a caspase-dependent
apoptotic pathway.
FOH induces ER stress and unfolded protein response. To

obtain insight into the early events involved in FOH-induced
apoptosis, we did microarray analysis to determine the gene
expression profiles of H460 cells treated for 4 h with vehicle
(DMSO) or 250 Amol/L FOH. Comparison of the gene expression
profiles identified a large number of genes that were induced or
repressed by FOH in H460 cells.3 Of the 1,480 changes in gene
expression, 537 genes were found to be induced z2-fold and 320
genes were down-regulated z2-fold in FOH-treated H460 cells. A
selective list of genes induced or repressed by FOH is shown in
Table 1. Closer analysis of the gene expression profiles revealed that
among the genes highly up-regulated by FOH, many were typical
for ER stress response signaling. These included the transcription
factors DNA damage–inducible transcript 3 [DDIT3; also named
GADD153], activating transcription factor 3 (ATF3), and X-box
binding protein 1 (XBP1); the chaperones HSPA5 (also named
GRP78 or BiP) and HSP90B1 (also named GRP94), protein disulfide
isomerase A4 (PDIA4), and homocysteine-inducible, ER stress–
inducible, ubiquitin-like domain member 1 (HERPUD1; also named
HERP); and pleckstrin homologue-like domain family A1 (PHLDA1,
also named TDAG51). The expression of several members of
the Fos/Jun and a number of early response genes, including
the nuclear receptors Nurr1 (NR4A2) and Nur77 (NR4A1), and
members of the Egr family of transcription factors were also greatly

3 The complete listing of all the gene expression profile data discussed in this
article have been deposited in the National Center for Biotechnology Information
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and are acces-
sible through accession number GSE7215.
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up-regulated. Many of these genes have been reported to act
downstream in the ER stress signaling cascade (26, 28, 29, 32).
The induction of the expression of several ER stress–related

genes by FOH was confirmed by Northern blot analysis. Figure 2A
shows a time course of the induction of DDIT3, ATF3, HSPA5,
XBP1, HERPUD1, and PHLDA1 mRNA expression. An increase in
the expression of these mRNAs was observed within 2 h after the
addition of FOH, and the expression of most mRNAs reached a
maximum at 4 h of FOH treatment. These observations suggest
that the FOH-induced cell death program is coupled to activation
of the ER stress signaling pathway.
To compare the ability of several alcohol isoprenoids to induce

an ER stress response, H460 cells were treated with FOH, GOH,
GGOH, and POH for 4 h at the concentrations indicated and the
induction of DDIT3 and ATF3 expression was examined (Fig. 2B).

FOH was the most effective inducer of DDIT3 and ATF3 mRNA
expression in H460 cells followed by GGOH. Treatment with GOH
and POH did not induce these ER stress marker genes. These
results correlate with the effects of these isoprenoids on the
viability of H460 cells and suggest that both FOH and GGOH induce
the unfolded protein response.
ER stress triggers several specific signaling pathways including

the unfolded protein response (26–29, 32). The latter involves the
activation of several proteins including inositol requiring protein 1
(IRE1 or ERN1) and PKR-like ER kinase (PERK). Activation of the
RNase activity of IRE1 initiates splicing of XBP1u into XBP1s mRNA,
which is subsequently translated into a potent transcription factor
(34, 35). Our results showed that FOH induced the generation of
XBP1s transcripts (Fig. 2A, bottom). The ER stress sensor PERK
induces the phosphorylation and inactivation of the translation

Figure 1. FOH induces cell death in lung carcinoma H460 and Calu6 cells and immortalized bronchial epithelial BEAS-2B cells. A, cells were treated with FOH for
24 h at the concentrations indicated. Viability is calculated as the percent of control (as percent of the viability of vehicle-treated cells). B, H460 cells were treated
with FOH (225 and 250 Amol/L) or vehicle (DMSO) for the times indicated. C, H460 cells were treated with FOH, GOH, GGOH, or POH for 24 h at the concentrations
indicated. Cell viability was determined by the XTT assay. Points, mean of three separate experiments; bars, SD. D, FOH treatment causes an increase in the
percentage of sub-G0-G1 cells and induces internucleosomal DNA fragmentation. H460 cells were treated with 250 Amol/L FOH and, at the times indicated, collected
for cell cycle analysis.

Farnesol-Induced ER Stress Response
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Table 1. A partial list of genes induced and repressed in H460 cells after FOH treatment

Gene name Description GenBank no. Fold change

ER stress

ATF3 Activating transcription factor 3 NM_004024 224.94

DDIT3 DNA damage–inducible transcript 3 (CHOP/GADD153) NM_004083 58.93
HERPUD1 Homocysteine-inducible, ER stress–inducible,

ubiquitin-like domain member 1 (HERP)

NM_014685 30.28

HSPA5 Heat shock 70-kDa protein 5 (BIP/GRP78) NM_005347 9.76
HSP90B1 Heat shock protein 90 kDa h member 1 (GRP94) NM_003299 7.51

PHLDA2 Pleckstrin homology–like domain, family A, member 2 NM_003311 6.35

PHLDA1 Pleckstrin homology–like domain, family A,

member 1 (TDAG51)

NM_007350 5.96

XBP1 X-box binding protein 1 NM_005080 4.88

PDIA4 Protein disulfide isomerase related protein NM_004911 2.88

VCP Valosin-containing protein NM_007126 �2.16
Apoptosis/growth

GADD45b Growth arrest and DNA damage–inducible, h NM_015675 27.60

IER3 Immediate early response 3, transcript variant short NM_003897 27.22

AIP1 Baculoviral IAP repeat–containing 3 (BIRC3),

transcript variant 1

NM_001165 23.97

MCL1 Myeloid cell leukemia sequence 1 (BCL2 related) NM_021960 15.06

NAG-1 Homo sapiens growth differentiation factor 15 (GDF15), mRNA NM_004864 14.65

GADD45a Growth arrest and DNA damage–inducible, a NM_001924 10.52
INHbA Inhibin, hA NM_002192 4.45

CUL1 Cullin 1 NM_003592 �2.46
PDCD6 Programmed cell death 6 NM_013232 �2.99
CROP Cisplatin resistance–associated overexpressed protein NM_016424 �3.67
MAEA Macrophage erythroblast attacher NM_005882 �3.93

Transcription factor

EGR1 Early growth response 1 NM_001964 364.75

FOS v-fos FBJ murine osteosarcoma viral oncogene homologue NM_005252 144.50
JUN v-jun sarcoma virus 17 oncogene homologue NM_002228 108.20

EGR4 Early growth response 4 NM_001965 80.83

NR4A1 Nuclear receptor subfamily 4, group A, member 1 (Nur77) NM_002135 73.11
KLF6 Krüppel-like factor 6, transcript variant 2 NM_001300 32.58

NR4A2 Nuclear receptor subfamily 4, group A, member 2 (Nurr1) NM_006186 25.55

CREB5 cAMP responsive element binding protein 5 NM_182898 14.36

JUNB jun B proto-oncogene NM_002229 12.32
KLF2 Krüppel-like factor 2 (lung) NM_016270 11.48

FOSB FBJ murine osteosarcoma viral oncogene homologue B NM_006732 10.62

EGR3 Early growth response 3 NM_004430 9.26

KLF10 Krüppel-like factor 10 NM_005655 7.55
RELB v-rel reticuloendotheliosis viral oncogene homologue B NM_006509 7.25

ETS2 v-ets erythroblastosis virus E26 oncogene homologue 2 NM_005239 6.33

FOSL2 FOS-like antigen 2 NM_005253 5.73
BTG2 BTG family, member 2 NM_006763 5.63

FOSL1 FOS-like antigen 1 NM_005438 4.80

FOXQ1 Forkhead box Q1 NM_033260 4.45

BHLHB2 Basic helix-loop-helix domain containing, class B, 2 NM_003670 4.09
MYC v-myc myelocytomatosis viral oncogene homologue (avian), mRNA NM_002467 2.98

MORF4 Mortality factor 4 NM_006792 �2.02
SUPT16H Suppressor of Ty 16 homologue NM_007192 �2.08
CNOT7 CCR4-NOT transcription complex, subunit 7 NM_013354 �2.21
TCF3 Transcription factor 3 (E2A immunoglobulin enhancer

binding factors E12/E47)

NM_003200 �2.38

TFB1M Transcription factor B1, mitochondrial NM_016020 �2.40
MORF4L1 Mortality factor 4 like 1 NM_206839 �2.43
HDAC1 Histone deacetylase 1 NM_004964 �2.53
RXRa Retinoid X receptor, a NM_002957 �2.72
HDAC2 Histone deacetylase 2 NM_001527 �3.25
GTF2E2 General transcription factor IIE, polypeptide 2, h 34 kDa NM_002095 �3.69
TFB2M Transcription factor B2, mitochondrial NM_022366 �4.71
HOXA3 Homeobox A3 NM_153631 �7.08
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initiation factor eIF2a, resulting in an attenuation of the rate of
general translational initiation (36). As shown in Fig. 2C , FOH
induced phosphorylation of eIF2a in H460 cells in a time-dependent
manner. These observations suggest that FOH induces the activation
of two important unfolded protein response sensors, IRE1 and PERK.
Several caspases have been reported to be activated in the

unfolded protein response (26–29, 37). Examination of caspase
activation in FOH-treated H460 cells showed that caspase-3 and
caspase-9 were significantly activated at 4 h, similar to the time
course of poly(ADP-ribose) polymerase (PARP) cleavage (Fig. 2D).
In addition, FOH treatment reduced the level of unprocessed
caspase-4 by f70%, indicating that FOH induces activation of
caspase-4. No activation of caspase-8 was detected.
FOH induces activation of p38, ERK, and JNK. Activation of

MAPKs are involved in many aspects of the control of cellular
proliferation and apoptosis and have been implicated in the
regulation of gene expression in the ER stress signaling cascade
(26–29, 32, 38–40). We therefore examined the effects of FOH on
the activation of several MAPK pathways. As shown in Fig. 3A ,
treatment of H460 cells with FOH induced the level of
phosphorylated ERK, p38, and JNK whereas it did not change the
level of total ERK, p38, and JNK protein. An increase in ERK
phosphorylation was observed at 5 to 15 min and reached a
maximum at 60 min. This activation seemed to precede the
phosphorylation of p38 and JNK.
To determine the role of the activation of p38 and ERK1/2 in

FOH-induced ER stress response, H460 cells were pretreated with
the MEK1/2 inhibitor U0126 or the p38 MAPK inhibitor SB203580
and their effects on the induction of several stress response genes
examined. As shown in Fig. 3B , induction of DDIT3, ATF3, HSPA5,

HERPUD1, and PHLDA1 mRNA by FOH was effectively inhibited
by U0126. These results suggest that activation of MEK1/2 is
important for FOH-induced ER stress response and is an upstream
event. SB203580 had a small effect on the increase in DDIT3 and
HERPUD1 mRNA expression but significantly reduced the induc-
tion of ATF3 expression. The latter is in agreement with previous
observations showing that p38 MAPK is involved in induction of
ATF3 by stress signals (41).
Induction of ER stress response and apoptosis by FOH is

dependent on MEK1/2 activation. To analyze the role of MAPKs
further, we examined the effect of MEK1/2 and JNK1/2 knockdown
by siRNA on the ER stress signaling cascade. As shown in Fig. 4A ,
the MEK1/2 and JNK1/2 siRNAs reduced significantly the
expression of MEK1/2 and JNK1/2, respectively. In addition, these
siRNAs very effectively inhibited FOH-induced apoptosis in H460
cells (Fig. 4B) and the cleavage of PARP and several caspases
(Fig. 4C). The inhibition of the apoptotic cascade was confirmed by
morphologic observations (Supplementary Fig. S2).
We next examined the effects of MEK1/2 and JNK1/2 knockdown

on the induction of several ER stress–related genes. As shown in
Fig. 5A , siMEK1/2 significantly reduced the induction of DDIT3,
ATF3, HSPA5, HERPUD1, and PHLDA1 mRNA expression by FOH,
consistent with the observed inhibition by U0126 (Fig. 3B). In
contrast, knockdown of JNK1/2 by siJNK1/2 had little effect on the
expression of these ER stress–related genes. Transfection of
siMEK1/2 also inhibited XBP1 mRNA splicing whereas siJNK1/2
had no effect. These observations suggest that activation of MEK1/2
is upstream of IRE1 activation whereas JNK activation is a
downstream event. The latter conclusion is in agreement with
previous studies (27–29, 32, 39, 40).

Figure 2. Induction of ER stress–related response
and caspase activation by FOH. H460 cells were
treated with 250 Amol/L FOH and, at the times
indicated, cells were collected and RNA isolated.
A, RNA was examined by Northern blot analysis
with radiolabeled probes for ER stress–related
genes (DDIT3, ATF3, HSPA5, XBP1, HERPUD1,
and PHLDA1 ). ER stress–induced alternative
splicing of XBP1 mRNA was analyzed by
RT-PCR. B, H460 cells were treated with different
isoprenoids, FOH (250 Amol/L), GOH (250 and
800 Amol/L), GGOH (250 and 700 Amol/L), and
POH (250 and 800 Amol/L), for 4 h and expression
levels of ATF3 and DDIT3 mRNA were examined
by Northern blot analysis. Bottom, 18S and 28S
rRNA. C, H460 cells were treated with 250 Amol/L
FOH for the times indicated. Phosphorylation of
eIF2a was examined by Western blot analysis with
an anti–p-eIF2a specific antibody. D, H460 cells
were treated with 250 Amol/L FOH and, at the times
indicated, cells were harvested. Cell lysates were
examined by Western blot analysis with antibodies
against PARP and the caspases indicated. Actin
is shown as a control for equal loading.
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As expected, knockdown of siMEK1/2 greatly reduced total
MEK1/2 protein and, as a consequence, the level of phosphorylated
MEK1/2. Knockdown of MEK1/2 expression also inhibited the
induction of phosphorylated JNK by FOH without affecting the

total level of JNK1/2 protein (Fig. 5B). In addition, PERK-induced

phosphorylation of eIF2a by FOH was greatly diminished in H460

cells transfected with siMEK1/2. These results are in agreement

with the conclusion that activation of MEK1/2 is upstream in the

ER stress signaling cascade.

Discussion

In this study, we show that FOH is able to induce apoptosis in a
number of human lung carcinoma cell lines, as indicated by the
activation of several caspases, and the induction of PARP cleavage
and nucleosomal degradation. The mechanism by which this
isoprenoid induces apoptosis in a variety of cell systems is not yet
fully understood (4, 5, 11–14). The objective of this study was to
obtain greater insight into the mechanisms involved in the
induction of apoptosis by FOH. We therefore did microarray

analysis and compared the gene expression profiles between
human lung carcinoma H460 cells treated for 4 h with FOH or
vehicle (DMSO). This analysis showed that FOH induced the
expression of a great number of genes typically associated with ER
stress response signaling, including ATF3, DDIT3, XBP1, HSPA5,
HSP90B1, PDIA4, HERPUD1, and PHLDA1 (26, 28, 29, 32). These
observations suggested that FOH induces an ER stress response.
The ER plays a critical role in the regulation of protein synthesis,

protein folding, and trafficking. A wide variety of signals have been
reported to disrupt ER function and induce ER stress, which is
associated with an accumulation of unfolded or malfolded proteins
in the ER (26, 28, 29, 32). Activation of the ER stress response leads
to attenuation of protein synthesis to prevent the accumulation of
more proteins, the translocation of unfolded or malfolded proteins
and their degradation by the ubiquitin/proteasome system,
induction of chaperone synthesis to increase folding capacity,
and induction of apoptosis. The ER stress response is a balance
between prosurvival and proapoptotic signaling pathways. When
the prosurvivor responses fail, cells undergo apoptosis, as seems to
be the case in FOH-treated H460 cells.

Figure 4. Knockdown of MEK1/2 or JNK1/2 expression by siRNAs inhibits FOH-induced apoptosis. H460 cells were transfected with siMEK1/2, siJNK1/2, or control
(scrambled) siRNAs for 48 h before they were treated with or without 250 Amol/L FOH. A, cell lysates were prepared and examined by Western blot analysis with
antibodies against total MEK1/2 and JNK1/2. B, cells were treated with FOH for 6 h before they were assayed for apoptosis by Cell Death Detection ELISA. C, cells
were treated with FOH for 4 h. Cell lysates were then examined by Western blot analysis to determine the processing of PARP and the caspase indicated. Actin is shown
as a loading control. Columns, mean of three separate experiments; bars, SD. *, P < 0.0001, versus control siRNA group.

Figure 3. Treatment of H460 cells with FOH induces
activation of ERK, p38, and JNK. A, H460 cells were
treated with 250 Amol/L FOH for the time intervals
indicated. Cell lysates were examined by Western blot
analysis with antibodies against phosphorylated ERK
(p-ERK ), total ERK, phosphorylated p38 MAPK (p-p38
MAPK ), total p38 MAPK, phosphorylated JNK (p-JNK),
and total JNK. B, H460 cells were pretreated with MEK
inhibitor U0126 (10 Amol/L) or p38 MAPK inhibitor
SB203580 (10 Amol/L) for 30 min and then treated with
250 Amol/L FOH. Total RNA was isolated 4 h later and
examined by Northern blot analysis with radiolabeled
probes for DDIT3, ATF3, HSPA5, HERPUD1, and PHLDA1
mRNA expression. Bottom, 18S and 28S rRNA.
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ER stress triggers the activation of several sensor proteins,
including PERK, IRE1, and ATF6 (27–29, 32). FOH treatment seems
to activate both IRE1 and PERK because FOH induces splicing of
XBP1 mRNA and phosphorylation of eIF2a. Splicing of XBP1
mRNA has been reported to depend on the activation of the RNase
activity of IRE1 (34, 35) and to result in the synthesis of a potent
XBP1 transcription factor. Phosphorylation of eIF2a is catalyzed
by PERK. Phosphorylated eIF2a causes a decrease in the rate of
translation initiation of many proteins but enhances the transla-
tion of the transcription factor ATF4 (26–29, 32, 42). ATF4 and
XBP1 in combination with ATF6 regulate the transcription of
several ER stress–related genes, including ER luminal chaperones
HSPA5, HSP90B1, and PDIA4 and the transcription factor DDIT3.
These observations support the conclusion that FOH induces an
ER stress response.
Treatment with FOH, as has been shown for other ER stress–

inducing conditions, results in the activation of the MAPK family
members p38, ERK, and JNK (29, 32, 39, 40). In response to ER
stress, IRE1 becomes activated through autophosphorylation
and recruits tumor necrosis factor receptor–associated factor 2
(TRAF2), an adaptor protein involved in the signaling pathways of
proinflammatory cytokines. This complex in turn activates
apoptosis signal–regulating kinase 1 (ASK1) and subsequently the
MAPK kinase 4-JNK pathway (39, 40) and, possibly, the p38
pathway. The IRE1-TRAF2-ASK1-JNK pathway is an important
pathway in ER stress–induced apoptosis. Our results show that
knockdown of JNK1/2 expression did not inhibit activation of IRE1
but inhibited caspase activation and the induction of apoptosis in
H460 cells by FOH. However, JNK1/2 siRNAs had little effect on
the induction of most ER-stress–related genes analyzed (Fig. 5A).
Our observations are consistent with the concept that JNK
activation is dependent on IRE1 activation and suggest that
activation of IRE1-TRAF2-ASK1-JNK pathway plays a critical role in
FOH-induced apoptosis.

Activation of the MEK-ERK signaling pathway is generally
considered as a prosurvival signal. However, activation of ERK1/2
has been reported to play a significant role in the induction of
apoptosis in renal, neuronal, and hepatoma cells by a variety of
conditions (43, 44). Our study shows the importance of the MEK-
ERK signaling pathway in the FOH-induced ER stress response.
This is indicated by the inhibition of the induction of ER stress–
related genes by the MEK1/2 inhibitor U0126. Moreover, knock-
down of MEK1/2 expression in H460 cells by siRNA inhibited the
FOH-induced splicing of XBP1 mRNA, eIF2a phosphorylation,
activation of JNK1/2 and several caspases, the induction of several
ER stress–related genes, and apoptosis. These observations suggest
that activation of the MEK1/2 signaling pathway is an early event
and critical in triggering FOH-induced ER stress.
This raises the question on what mechanism FOH activates the

MEK-ERK pathway. FOH has been reported to generate ROS in
Saccharomyces cerevisiae (24, 45) and ROS has been shown to
induce activation of ERK1/2 in mammalian cells under several
conditions (46, 47). Preliminary results showed that FOH enhances
ROS in human lung carcinoma cells.4 Therefore, generation of ROS
by FOH may result in the activation of the ERK1/2 pathway and
subsequently trigger the ER stress response. However, activation of
the ERK1/2 pathway might be related to other actions of FOH,
including inhibition of the CDP-choline pathway (5, 20, 21, 48) and
inhibition of phospholipase D (22) or HMG CoA reductase activity
(6). Future studies have to provide insight into the mechanism by
which FOH activates the MEK-ERK pathway.
FOH also induces the expression of several members of the

Egr family, transcription factors that are important regulators of
apoptosis and cell proliferation. Egr1 has previously been shown to

Figure 5. Knockdown of MEK1/2 expression by siRNA
reduces the induction of ER stress–related response
by FOH. A, H460 cells were transfected with control
(scrambled) siRNA, siMEK1/2, or siJNK1/2 and, 48 h later,
treated for 4 h with 250 Amol/L FOH. Total RNA was
then isolated and examined by Northern blot analysis for
checking the mRNA level of several ER stress–related
genes. Bottom two, the effect of the siRNAs on ER
stress–induced alternative splicing of XBP1 mRNA
was analyzed by RT-PCR. B, control siRNA and
siMEK1/2-transfected cells were treated with 250 Amol/L
FOH for 1 h. Cell lysates were examined by Western blot
analysis with antibodies against p-MEK1/2, MEK1/2,
p-JNK, JNK, and p-eIF2a. Actin is shown as a control for
equal loading.

4 J.H. Joo, A.M. Jetten, unpublished observations.
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be induced during ER stress (49) and has been implicated in the
regulation of several genes, including ATF3 (50). Therefore, the
induction of ATF3 in FOH-treated H460 cells might be related to
the observed increase in Egr1 expression. The induction of ATF3 in
FOH-treated H460 cells also depends on the activation of p38
MAPK, in agreement with a previous report showing that ATF3 is a
p38 target gene (41). These observations indicate that the
transcriptional regulation of genes downstream in the ER stress
signaling cascade might be regulated by multiple kinase pathways
and transcription factors that affect their transcription either
synergistically or antagonistically.
In summary, in this study we show that FOH-induced apoptosis

in human lung carcinoma cells is coupled to the activation of an ER

stress response that includes activation of the sensors IRE1 and
PERK. In addition, we show that this induction is dependent on the
activation of the MEK-ERK signaling pathway, suggesting that it is
an early event in FOH-induced ER stress and apoptosis.

Acknowledgments

Received 3/9/2007; revised 5/18/2007; accepted 6/11/2007.
Grant support: Intramural Research Program of the NIEHS, NIH.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
We thank Dr. Carl Bortner for his advice with Flow Cytometry, Drs. Kyung-Soo

Chun and Carl Bortner for their valuable comments on the manuscript, and Dr. Gary
S. Bird and Johnny F. Obie for their advice.

Cancer Research

Cancer Res 2007; 67: (16). August 15, 2007 7936 www.aacrjournals.org

References
1. Hanley K, Komuves LG, Ng DC, et al. Farnesol
stimulates differentiation in epidermal keratinocytes
via PPARa. J Biol Chem 2000;275:11484–91.

2. Rioja A, Pizzey AR, Marson CM, Thomas NS.
Preferential induction of apoptosis of leukaemic cells
by farnesol. FEBS Lett 2000;467:291–5.

3. Bifulco M. Role of the isoprenoid pathway in ras
transforming activity, cytoskeleton organization, cell
proliferation and apoptosis. Life Sci 2005;77:1740–9.

4. Miquel K, Pradines A, Favre G. Farnesol and geranyl-
geraniol induce actin cytoskeleton disorganization and
apoptosis in A549 lung adenocarcinoma cells. Biochem
Biophys Res Commun 1996;225:869–76.

5. Wright MM, Henneberry AL, Lagace TA, Ridgway ND,
McMaster CR. Uncoupling farnesol-induced apoptosis
from its inhibition of phosphatidylcholine synthesis.
J Biol Chem 2001;276:25254–61.

6. Ong TP, Heidor R, de Conti A, Dagli ML, Moreno FS.
Farnesol and geraniol chemopreventive activities
during the initial phases of hepatocarcinogenesis
involve similar actions on cell proliferation and DNA
damage, but distinct actions on apoptosis, plasma
cholesterol and HMGCoA reductase. Carcinogenesis
2006;27:1194–203.

7. Goldstein JL, Brown MS. Regulation of the mevalonate
pathway. Nature 1990;343:425–30.

8. Edwards PA, Ericsson J. Sterols and isoprenoids:
signaling molecules derived from the cholesterol
biosynthetic pathway. Annu Rev Biochem 1999;68:
157–85.

9. Burke YD, Stark MJ, Roach SL, Sen SE, Crowell PL.
Inhibition of pancreatic cancer growth by the dietary
isoprenoids farnesol and geraniol. Lipids 1997;32:151–6.

10. Crowell PL. Prevention and therapy of cancer by
dietary monoterpenes. J Nutr 1999;129:775–8S.

11. Adany I, Yazlovitskaya EM, Haug JS, Voziyan PA,
Melnykovych G. Differences in sensitivity to farnesol
toxicity between neoplastically and non-neoplastically
derived cells in culture. Cancer Lett 1994;79:175–9.

12. He L, Mo H, Hadisusilo S, Qureshi AA, Elson CE.
Isoprenoids suppress the growth of murine B16
melanomas in vitro and in vivo . J Nutr 1997;127:668–74.

13. Ohizumi H, Masuda Y, Nakajo S, Sakai I, Ohsawa S,
Nakaya K. Geranylgeraniol is a potent inducer of
apoptosis in tumor cells. J Biochem 1995;117:11–3.

14. Wiseman DA, Werner SR, Crowell PL. Cell cycle
arrest by the isoprenoids perillyl alcohol, geraniol, and
farnesol is mediated by p21(Cip1) and p27(Kip1) in
human pancreatic adenocarcinoma cells. J Pharmacol
Exp Ther 2007;320:1163–70.

15. Burke YD, Ayoubi AS, Werner SR, et al. Effects of the
isoprenoids perillyl alcohol and farnesol on apoptosis
biomarkers in pancreatic cancer chemoprevention.
Anticancer Res 2002;22:3127–34.

16. Hudes GR, Szarka CE, Adams A, et al. Phase I
pharmacokinetic trial of perillyl alcohol (NSC 641066) in
patients with refractory solid malignancies. Clin Cancer
Res 2000;6:3071–80.

17. Rao CV, Newmark HL, Reddy BS. Chemopreventive

effect of farnesol and lanosterol on colon carcinogen-
esis. Cancer Detect Prev 2002;26:419–25.

18. Azzoli CG, Miller VA, Ng KK, et al. A phase I trial of
perillyl alcohol in patients with advanced solid tumors.
Cancer Chemother Pharmacol 2003;51:493–8.

19. Ren Z, Elson CE, Gould MN. Inhibition of type I and
type II geranylgeranyl-protein transferases by the
monoterpene perillyl alcohol in NIH3T3 cells. Biochem
Pharmacol 1997;54:113–20.

20. Miquel K, Pradines A, Terce F, Selmi S, Favre G.
Competitive inhibition of choline phosphotransferase by
geranylgeraniol and farnesol inhibits phosphatidylcholine
synthesis and induces apoptosis in human lung adeno-
carcinoma A549 cells. J Biol Chem 1998;273:26179–86.

21. Lagace TA, Miller JR, Ridgway ND. Caspase process-
ing and nuclear export of CTP:phosphocholine cytidy-
lyltransferase a during farnesol-induced apoptosis. Mol
Cell Biol 2002;22:4851–62.

22. Taylor MM, Macdonald K, Morris AJ, McMaster CR.
Enhanced apoptosis through farnesol inhibition of
phospholipase D signal transduction. The FEBS J 2005;
272:5056–63.

23. Machida K, Tanaka T. Farnesol-induced generation of
reactive oxygen species dependent on mitochondrial
transmembrane potential hyperpolarization mediated
by F(0)F(1)-ATPase in yeast. FEBS Lett 1999;462:108–12.

24. Fairn GD, Macdonald K, McMaster CR. A chemo-
genomic screen in Saccharomyces cerevisiae uncovers a
primary role for the mitochondria in farnesol toxicity
and its regulation by the Pkc1 pathway. J Biol Chem
2007;282:4868–74.

25. Forman BM, Goode E, Chen J, et al. Identification of a
nuclear receptor that is activated by farnesol metabo-
lites. Cell 1995;81:687–93.

26. Wu J, Kaufman RJ. From acute ER stress to
physiological roles of the unfolded protein response.
Cell Death Differ 2006;13:374–84.

27. Szegezdi E, Logue SE, Gorman AM, Samali A.
Mediators of endoplasmic reticulum stress-induced
apoptosis. EMBO Rep 2006;7:880–5.

28. Schroder M, Kaufman RJ. The mammalian unfolded
protein response. Annu Rev Biochem 2005;74:739–89.

29. Kim R, Emi M, Tanabe K, Murakami S. Role of the
unfolded protein response in cell death. Apoptosis 2006;
11:5–13.

30. Marciniak SJ, Ron D. Endoplasmic reticulum stress
signaling in disease. Physiol Rev 2006;86:1133–49.

31. Zhao L, Ackerman SL. Endoplasmic reticulum
stress in health and disease. Curr Opin Cell Biol 2006;
18:444–52.

32. Yoshida H. ER stress and diseases. The FEBS J 2007;
274:630–58.

33. Haug JS, Goldner CM, Yazlovitskaya EM, Voziyan PA,
Melnykovych G. Directed cell killing (apoptosis) in
human lymphoblastoid cells incubated in the presence
of farnesol: effect of phosphatidylcholine. Biochim
Biophys Acta 1994;1223:133–40.

34. Lee K, Tirasophon W, Shen X, et al. IRE1-mediated
unconventional mRNA splicing and S2P-mediated ATF6
cleavage merge to regulate XBP1 in signaling the
unfolded protein response. Genes Dev 2002;16:452–66.

35. Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K.
XBP1 mRNA is induced by ATF6 and spliced by IRE1 in
response to ER stress to produce a highly active
transcription factor. Cell 2001;107:881–91.

36. Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D.
Perk is essential for translational regulation and cell
survival during the unfolded protein response. Mol Cell
2000;5:897–904.

37. Kim SJ, Zhang Z, Hitomi E, Lee YC, Mukherjee AB.
Endoplasmic reticulum stress-induced caspase-4 activa-
tion mediates apoptosis and neurodegeneration in
INCL. Hum Mol Genet 2006;15:1826–34.

38. Chang L, Karin M. Mammalian MAP kinase signalling
cascades. Nature 2001;410:37–40.

39. Matsukawa J, Matsuzawa A, Takeda K, Ichijo H. The
ASK1-MAP kinase cascades in mammalian stress
response. J Biochem (Tokyo) 2004;136:261–5.

40. Urano F, Wang X, Bertolotti A, et al. Coupling of stress
in the ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science 2000;287:
664–6.

41. Lu D, Chen J, Hai T. The regulation of ATF3 gene
expression by mitogen-activated protein kinases. Bio-
chem J 2007;401:559–67.

42. Wek RC, Jiang HY, Anthony TG. Coping with stress:
eIF2 kinases and translational control. Biochem Soc
Trans 2006;34:7–11.

43. Arai K, Lee SR, van Leyen K, Kurose H, Lo EH.
Involvement of ERK MAP kinase in endoplasmic
reticulum stress in SH-SY5Y human neuroblastoma
cells. J Neurochem 2004;89:232–9.

44. Zhuang S, Schnellmann RG. A death-promoting role
for extracellular signal-regulated kinase. J Pharmacol
Exp Ther 2006;319:991–7.

45. Machida K, Tanaka T, Fujita K, Taniguchi M.
Farnesol-induced generation of reactive oxygen species
via indirect inhibition of the mitochondrial electron
transport chain in the yeast Saccharomyces cerevisiae .
J Bacteriol 1998;180:4460–5.

46. Donadelli M, Dalla Pozza E, Costanzo C, et al.
Increased stability of P21(WAF1/CIP1) mRNA is
required for ROS/ERK-dependent pancreatic adeno-
carcinoma cell growth inhibition by pyrrolidine
dithiocarbamate. Biochim Biophys Acta 2006;1763:
917–26.

47. Zhang X, Shan P, Sasidhar M, et al. Reactive oxygen
species and extracellular signal-regulated kinase 1/2
mitogen-activated protein kinase mediate hyperoxia-
induced cell death in lung epithelium. Am J Respir Cell
Mol Biol 2003;28:305–15.

48. Lagace TA, Ridgway ND. Induction of apoptosis by
lipophilic activators of CTP:phosphocholine cytidylyl-
transferase a (CCTa). Biochem J 2005;392:449–56.

49. Muthukkumar S, Nair P, Sells SF, Maddiwar NG, Jacob
RJ, Rangnekar VM. Role of EGR-1 in thapsigargin-
inducible apoptosis in the melanoma cell line A375-6.
Mol Cell Biol 1995;15:6262–72.

50. Bottone FG, Jr., Moon Y, Alston-Mills B, Eling TE.
Transcriptional regulation of activating transcription
factor 3 involves the early growth response-1 gene.
J Pharmacol Exp Ther 2005;315:668–77.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/16/7929/2572090/7929.pdf by guest on 19 M

ay 2023


