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Abstract

Sesquiterpene lactones are known for their anti-inflammatory activity which has been proven in various assays on DNA, mRNA and protein

level. Here we report on the change in the gene expression profile in TNF-α stimulated human 293 cells after treatment with parthenolide using a

cDNA microarray analysis. Twenty-one of 7028 genes were found to be up- and 18 down-regulated. They encode for chemoattractants, immune

system proteins, glycoproteins, metabolism, serine proteinases, and transcription factors. Confirmatory analyses were carried out using

quantitative real-time RT-PCR (TaqMan®). Additional studies with selected genes revealed the concentration-dependent influence of parthenolide

on the expression of these genes.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

Sesquiterpene lactones (SLs) are the active constituents of

many medicinal plants from the Asteraceae family and possess a

variety of biological effects (Schmidt, 1999). In particular, their

potent anti-inflammatory and cytotoxic properties have received

considerable attention. Their anti-inflammatory activity has

been corroborated using various assays and it has been

established that one of the main targets inhibited by SLs is

the transcription factor NF-κB (Bork et al., 1997; Garcia-

Pineres et al., 2001; Hehner et al., 1999; Lyss et al., 1997). This

protein plays a pivotal role in controlling the expression of

multiple proinflammatory, inflammatory and immune genes

involved in diseases, such as asthma, rheumatoid arthritis or

cancer (Aggarwal et al., 2004; Bacher and Schmitz, 2004). NF-

κB is a dimeric transcription factor formed by the hetero- or

homodimerization of proteins of the rel-family (Bonizzi and

Karin, 2004). In most cell types, NF-κB dimers are cytoplasmic

and retained in an inactive complex by binding to IκB, its

inhibitory subunit (Cramer and Muller, 1999; Hoffmann et al.,

2002a). Translocation to the nucleus takes place in response to a

variety of proinflammatory stimuli. Two major pathways

account for translocation of NF-κB dimers from the cytoplasm

to the nucleus where they activate target genes by binding with

high affinity to κB elements in their promotors (Bonizzi and

Karin, 2004; Hoffmann and Baltimore, 2006).

It has been shown that SLs exert most of their biological

effects, e.g., cytotoxicity and anti-inflammatory activity, by

alkylating biological nucleophiles. The α,β-unsaturated car-

bonyl structures of SLs, such as α-methylene-γ-lactone and

α,β-en-one groups, react with thiol groups of enzymes and

proteins via a Michael type addition thus interfering with their

functions (Picman et al., 1979; Schmidt, 1999). Recently, we

could demonstrate that these structural elements are also

involved in inhibiting NF-κB DNA binding, probably by

alkylating the p65 subunit (Garcia-Pineres et al., 2001).
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but this might not be the decisive step in NF-κB inhibition

(Garcia-Pineres et al., 2001).

SLs do not only inhibit the DNA binding activity of NF-κB

but also influence the NF-κB dependent gene expression

(Bork et al., 1997; Li-Weber et al., 2002a; Mazor et al., 2000)

and consequently mRNA levels of NF-κB regulated genes,

(Li-Weber et al., 2002a; Mazor et al., 2000; Lindenmeyer

et al., 2006; Gertsch et al., 2003) as well as the respective

protein (Li et al., 2006). Recently, a comprehensive analysis of

the effects of the SL parthenolide on gene expression in

keratinocytes has been carried out using cDNA microarray

technology (Banno et al., 2005). This technique allows the

monitoring of the expression of thousands of individual genes

including those regulated by NF-κB (Zhou et al., 2003).

Using a 7 K cDNA microarray, we here analyzed gene

expression changes in cultures of human 293 cells, a permanent

line of primary human embryonal kidney cells, after treatment

with the SL parthenolide (for structure see Fig. 1) and

stimulation with TNF-α. Some of the results were confirmed

using quantitative real-time RT-PCR (TaqMan® analysis). We

found distinct alterations in the expression pattern of genes

associated with the immune response and with a variety of

cellular pathways. This study represents the second global

analysis of the transcriptional response of cells to SLs using

parthenolide as an example. As SLs may serve as lead structures

for the development of therapeutically and cytokine supressing

remedies valuable for the treatment of various inflammatory

diseases (Wagner et al., 2006), knowledge concerning their

effects on genes stimulated by TNF-α and regulated by NF-κB

and other transcription factors is important for estimating

possible side effects.

Materials and methods

Reagents

Parthenolide was purchased from Sigma-Aldrich, TNF-α

from Roche Molecular Biochemicals.

Cell culture

Human 293 cells were maintained in Dulbecco's modified

Eagle Medium and supplemented with 10% fetal calf serum,

100 IU/ml penicillin and 100 μg/ml streptomycin (all Gibco-

BRL).

Microarrays

cDNA microarrays were produced and processed essentially

according to the Standford protocol described recently (Eisen

and Brown, 2004). In short: approximately 7000 annotated

genes from the RZPD (Resource Center and Primary Database,

Berlin, Germany) were obtained as bacterial stocks. Plasmids

were purified using the Qiagen 96-well Turbo Kit (Qiagen,

Hilden, Germany). Inserts were purified by polymerase chain

reaction (PCR) using vector primers flanking the individual

inserts (5′-CTG CAA GGC GAT TAA GTT GGG TAA C-3′

and 5′-GTG AGC GGATAA CAATTT CAC ACA GGA AAC

AGC-3′). PCR products were purified by ethanol precipitation

and dissolved in H2O. Aliquots were transferred into 384-well

plates, dried and dissolved in 3× standard saline citrate to a final

concentration of approximately 40 ng/μl. Printing was

performed on aminosilane-coated slides (CMT-GAP II slides,

Corning, NY), using an arrayer that was assembled according to

specifications by the Stanford group with software provided by

J. de Risi (http://cmgm.stanford.edu/pbrown).

Cell treatment and RNA preparation for microarray analysis

293 cells were maintained in Dulbecco's modified eagle

medium (Gibco), supplemented with 10% fetal bovine serum

(Sigma), 100 IU/ml penicillin and 100μg/ml streptomycin (Roche

Diagnostics). TNF-α was purchased from Roche Diagnostics.

293 cells were plated 48 h prior to treatment with parthenolide

(20 μM) at a density of 1.5×106 cells per 10 cm-dish in 10 ml

medium. Cells were preincubated with parthenolide for 1 h and

subsequently stimulated with TNF-α (2 ng/ml) for 1 h.

Untreated cells were used as negative control; cells stimulated

only with TNF-α as positive control. Cells from four 10 cm-

dishes were pooled and homogenized in 4 M guanidinium

isothiocyanate with 0.72% β-mercaptoethanol. Total RNA was

purified on a caesium chloride gradient. After ethanol

precipitation, RNAwas dissolved in water and stored at −80 °C.

Hybridization

All 12 hybridizations were performed in the presence of an

equal amount of human reference RNA (Stratagene, La Jolla, CA)

as recently described (Boldrick et al., 2002). Twelve micrograms

of total RNA from 293 cells or reference RNAwere transcribed

into cDNA in the presence of Cy3-and Cy5-labeled dUTP, res-

pectively, using Superscript II reverse transcriptase (RT) (Invitro-

gen, Carlsbad, CA). All other steps were performed according to

the protocol published by P. Brown et al. (http://cmgm.stanford.

edu/pbrown). A cDNA purification kit (Qiagen, Hilden,

Germany) was used for cDNA purification after dye labeling.

Data analysis

Signal intensities were measured by an Axon 4000A scanner

using GenePix 4.1 software (Axon Instruments Inc., Union City,

CA). The experimental design included a color-reversal exper-

iment for every sample to correct for dye-specific effects. The log

Fig. 1. Structure of parthenolide.
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Table 1

Sequences of primers and probes for the TaqMan® analysis

Gene Abbreviation Primer/probe name Sequence

Human complement factor B HCFB F hCFb TGCTGACCCCAATACTTGCA

R hCFb GAATGAAACGACTTCTCTTGTGAACT

P hCFb AGGTGATTCTGGCGGCCCCTTG

Human cyclooxygenase-2 hCOX-2 F hCOX-2 GCCCTTCCTCCTGTGCC

R hCOX-2 AATCAGGAAGCTGCTTTTTACCTTT

P hCOX-2 ATGATTGCCCGACTCCCTTGGGTGT

Human cytosolic epoxide hydrolase HCEpoxH F hCEPOXH GTAAAGCCCAGGGTCCGTC

R hCEPOXH GAAATCCATGGCAGAGGCA

P hCEPOXH CATTTTGTGGAGCTGGGCTGGCC

Human epithelial-cell derived neutrophil activating protein-78 hENA-78 F hENA-78 CAGGCCCATCGCCA

R hENA-78 TCTGTAAACAAACGCAACGCA

P hENA-78 TCCTGCCGCTGCTGTGTTGAGAGAG

Human Fos-related antigene hFra-1 F hFRA-1 CACGACCCATCTGCAAAA

R hFRA-1 GCCACTGGTACTGCCTGTGTC

P hFRA-1 CCCGGAAGGAGCCAAGGAGGG

Human growth related oncogene-α hGRO-α F hMGSA-a AAGTCCCCCGGACCCC

hMGSA-α R hMGSA-a TTCCGCCCATTCTTGAGTGT

P hMGSA-a CTGCGCCCAAACCGAAGTCATAGC

Human growth related oncogene-β hGRO-β, F hMIP-2a AGTCCCCCGGACCCC

hMIP-2α, R hMIP-2a GCCCATTCTTGAGTGTGGC

hMGSA-β P hMIP-2a CTGCGCCCAAACCGAAGTCAT

Human growth related oncogene-γ hGRO-γ, hGSAg-F186 GTCCCCCGGACCCCA

hMIP-2β, hGSAg-R252 ACAAGCTTTCTTCCCATTCTTGAG

hMGSA-γ hGSAg-P204 CGCCCAAACCGAAGTCATAGCCAC

Human IEX-IL CDS hIEX-IL h-IEX-F196 TCTCTACCCTCGAGTGGTGAGTATC

hIEX-R258 ACTCCAGGGCAGCGCA

hIEX-P222 CCGAAGTGGGCATTCGCGGT

Human interleukin-1β hIL-1β F hIL-1b GGGCTCAAGGAAAAGAATCTGTAC

R hIL-1b GGGATCTACACTCTCCAGCTGTAGA

P hIL-1b TCCTGCGTGTTGAAAGATGATAAGCCCA

Human interleukin-8 hIL-8 F hIL-8 ACTGACATCTAAGTTCTTTAGCACTCC

R hIL-8 GCCTTCCTGATTTCTGCAGC

P hIL-8 TGGCAAAACTGCACCTTCACACAG

Human macrophage inflammatory protein-3α hMIP-3α, F hMIP-3a TGTCAGTGCTGCTACTCCACCT

LARC R hMIP-3a CCAAGACAGCAGTCAAAGTTGC

P hMIP-3a TGCGGCGAATCAGAAGCAGCA

Human matrix metalloproteinase-2 hMMP-2 F human MMP-2 CCCTCGCAAGCCCAA

R human MMP-2 CAGATCAGGTGTGTAGCCAATG

P human MMP-2 TGGGACAAGAACCAGATCACATACAGGA

Human matrix metalloproteinase-7 hMMP-7, F human MMP-7 CGGAGGAGATGCTCACTTCG

hPUMP-1 R human MMP-7 CAGCATACAGGAAGTTAATCCCTAGA

P human MMP-7 GCTACCATCCGTCCAGCGTTCATCCT

Human matrix metalloproteinase-9 hMMP-9 F h MMP-9 (1/2) CCTGAGAACCAATCTCACCGA

R h MMP-9 (1/2) GCCACCCGAGTGTAACCATAG

P h MMP-9 (1/2) AGGCAGCTGGCAGAGGAATACCTGTACC

Human peroxisome proliferator activated receptor-α hPPAR-a F h PPAR-alpha CAAGTGCCTTTCTGTCGGGA

R h PPAR-alpha GTTTTGCTTTCTCAGATCTT GGC

P h PPAR-alpha CACACAACGCGATTC GTTTTGGACG

Human receptor activator of nuclear factor kappa B exon 3 /4 HRANK F human RANK GCTTGCTGCATAAAGTTTGTGA

R human RANK TGTTGCCGGCGACCA

P human RANK AGGCAAGGCCCTGGTGGCC

Human transforming growth factor-β1 hTGF-b1 F h TGF-beta1 AAGGGCTACCATGCCAACTTC

R h TGF-beta1 TGCGTGTCCAGGCTCCA

P h TGF-beta1 CCTCGGGCCCTGCCCCTACA

Human tumor necrosis factor-α hTNF-α F hTNF-a TCGAACCCCGAGTGACAA

R hTNF-a AGCTGCCCCTCAGCTTG

P hTNF-a CCTGTAGCCCATGTTGTAGCAAACCC

Human 18S rRNA h18S rRNA F h 18S rRNA CGGCTACCACATCCAAGG

R h 18S rRNA CGGGTCGGGAGTGGGT

P h 18S rRNA TTGCGCGCCTGCTGCCT

1610 M.T. Lindenmeyer et al. / Life Sciences 80 (2007) 1608–1618
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ratio of measured Cy3 and Cy5 values obtained from the image

analysis software was computed. Global normalization of

expression values was performed by adjusting the data to zero

median and unit variance to obtain an identical distribution of

overall gene expression. Taking themean of the expression values

of the dye-swap experiments allows correction for dye-specific

effects. A smooth nonlinear least squares fit was computed to

correct for an intensity-dependent bias (Donauer et al., 2003),

following the approach that the computed expression ratios

should not depend on the intensity of these spots.

Cell treatment and RNA-isolation for TaqMan® analysis

293 cells were plated 48 h prior to treatment with

parthenolide at a density of 7.5×105 cells per 60 mm-dish in

5 ml medium. Cells were preincubated with different concen-

trations of parthenolide for 1 h and subsequently stimulated

with TNF-α (2 ng/ml) for 3 h. Untreated cells were used as

negative control, cells stimulated only with TNF-α as positive

control. Total RNA isolation was performed using RNeasy

Mini Kit (Qiagen) according to the manufacturers' recommen-

dations. RNA was dissolved in RNase-free water and stored

at −80 °C.

cDNA-synthesis and TaqMan® analysis

cDNAwas prepared using random primers and Superscript II

(all from Invitrogen). In a 50 μl PCR reaction, 3 μl cDNA

(corresponding to 30 to 50 ng of total RNA input) was amplified

in a 7700 Sequence Detector, using the 2× Universal Master Mix,

Table 2

Biological process ID Gene name Symbol Fparthenolide/TNF-α Fparthenolide NF-κBa

Immune response X06026 CD3-γ CD3G ↑ 6.83 1.21 +

L15702 Complement factor B CFB ↑ 4.45 1.18 +

X01683 Alpha-1-antitrypsin SERPINA1 ↑ 2.94 0.85

X06341 Lymphocte activation marker blast-1 CD48 ↑ 2.59 0.98 +

M65292 Factor H homologue CFHR1 ↑ 2.55 1.04

X54489 GRO-α CXCL1 ↓ 0.39 0.98 +

M36820 GRO-β CXCL2 ↓ 0.37 0.98 +

M36821 GRO-γ CXLC3 ↓ 0.23 1.12 +

D86955 CC chemokine LARC precursor (MIP-3α) CCL20 ↓ 0.29 1.22 +

Y14737 Immunoglobulin lambda heavy chain IGHG1 ↓ 0.37 0.87

Signalling M75154 Myeloblastin (MBN) PRTN3 ↑ 5.46 0.94

U68186 Extracellular matrix protein 1 ECM1 ↑ 3.62 1.34

X16323 Hepatocyte growth factor (HGF) HFG ↑ 3.45 ↑1.66

X81006 HCG I TRIM31 ↑ 2.77 1.23

M29893 Low molecular mass GTP-binding protein (ral) RALA ↑ 2.72 1.06

U01134 Soluble vascular endothelial cell growth factor receptor FLT1 ↑ 2.64 1.06

AF018253 RANK, receptor activator of NF-κB TNFRSF11A ↓ 0.80 1.08 +

M69043 MAD-3, encoding IkB-like activity NFKBIA ↓ 0.38 1.10 +

X02910 Tumor necrosis factor (TNF-α) TNF ↓ 0.34 1.09 +

AF036271 EEN-B2-L3 SH3GL3 ↓ 0.27 1.00

U79457 WW domain binding protein-1 WBP1 ↓ 0.26 1.15

Protein metabolism AB007948 Nicotinamide nucleotide adenylyltransferase NMNAT2 ↑ 3.74 1.12

AB014523 KIAA0623 ULK2 ↑ 2.96 0.23

J00146 Dihydrofolate reductase pseudogene DHFRP1 ↓ 0.32 0.91

Cytoskeleton U58331 Placental delta sarcoglycan SGCD ↑ 2.85 1.05

M12125 Fibroblast muscle-type tropomyosin TPM2 ↑ 2.55 0.99

D49958 Membrane glycoprotein M6 GPM6A ↓ 0.34 1.06

Transcription X16707 Fra-1 FOSL1 ↑ 4.04 1.00 +

M24898 Triiodothyronine recptor (THRA1, ear1) NR1D1 ↑ 3.51 1.00

V01512 Cellular oncogene c-Fos FOS ↑ 2.89 1.20 +

U72621 LOT1 PLAGL1 ↓ 0.33 1.27

Apoptosis AF071596 Apoptosis inhibitor (IEX-1L) IER3 ↓ 0.39 1.11 +

X76105 DAP-1 DAP ↓ 0.34 ↑3.63

Coagulation AF093119 UPH1 CFL1 ↑ 2.64 1.07

M68516 Protein C inhibitor SERPINA5 ↓ 0.38 1.09

Metabolism U56417 Lysophosphatidic acid acyltransferase-a AGPAT1 ↑ 4.73 1.02

L05779 Cytosolic epoxide hydrolase (CepoxH) EPHX2 ↑ 3.21 ↑3.49

Adhesion D79206 Ryudocan core protein (Syndecan-4) SDC4 ↓ 0.32 1.05 +

Energy metabolism AF047435 CI-KFYI protein NDUFC1 ↓ 0.37 1.12

No category AB002366 KIAA0368 KIAA0368 ↓ 0.28 1.11

Gene expression profiling in TNF-α stimulated (1h) and parthenolide (20 μM) treated (2h) 293 cells analyzed by cDNA microarray analysis. Fparthenolide/TNF-α represents

the ratio of medians of parthenolide stimulated cells versus TNF-α stimulated cells, generated in four microarray experiments per group (two independent microarrays and

two color reversals). All genes with at least 2.5-fold up- or 2.5 fold down-regulation by parthenolide pretreatment in comparison to the positive control are listed. Annotation

is based on Source database (http://genome-www5.stanford.edu/cgi-bin/source/). Genes written in bold letters were confirmed by TaqMan®analysis.
a known as NF-κB regulated (Gilmore, 2006; Li et al., 2001).
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50 nM primers and 100 nM probe (VIC-TAMRA labeled) for the

18S rRNA internal control and 300 nMprimers and 100 nMprobe

(FAM-TAMRA labeled) for the gene of interest. Each PCR was

carried out in duplicate. For an optimal activity of the Uracil-N-

glycosylase AmpErase the PCR mix was heated for 2 min at

50 °C. The PCR reaction was initiated by a 10 min step at 95 °C,

followed by 40 cycles at 95 °C for 15 s and 60 °C in theABI Prism

7700 sequence Detection System. Primers and probe sets were

designed with the Primer Express™ software.

The cycle number at which the fluorescence exceeded the

threshold of detection (CT) for 18S rRNA was subtracted from

that of the target genes for each well (ΔCT). Messenger RNA

levels were then indicated as 2−ΔΔC
T where ΔΔCT is the ΔCT

of unstimulated minus treated cells. The primers and probes

used for PCR analysis are listed in Table 1.

Viability test

The viability of cells which were treated with parthenolide

for 4 h was determined by Trypan blue exclusion as described

by Ausubel et al. (1998).

Statistical analysis

Statistical analysis was performed by using the Origin 7.0

software. Data are reported as means±SD and analyzed using

an independent t-test (2 groups). A P-valueb0.05 is considered

statistically significant. ⁎Pb0.05, ⁎⁎Pb0.005 versus positive

control.

Results

Microarray analysis of gene expression after treatment with

parthenolide

To investigate systematically genes that are modulated by

parthenolide, a 7 K cDNA microarray (7028 genes) was used.

293 cells were preincubated with parthenolide (20 μM) for 1 h

and subsequently stimulated with TNF-α (2 ng/ml) for another

hour. These conditions have recently been used to show the

inhibitory effect of parthenolide on NF-κB DNA binding

(Garcia-Pineres et al., 2004). Untreated cells were used as a

negative control, cells treated only with TNF-α for 1 h as a

positive control. Cells were harvested and total RNA extracted

and reverse-transcribed into cDNA using Cy5- and Cy3-labeled

dUTP for two-color microarray analysis. Two samples

incubated with parthenolide and stimulated with TNF-α, two

Table 3

Gene Microarray TaqMan®

Parthenolide/

TNF-α-Ratio

Parthenolide/

TNF-α-Ratio

s.d.

hGRO-α ↓ 0.39 ↓ 0.35 0.008

hGRO-β ↓ 0.37 ↓ 0.51 0.024

hGRO-γ ↓ 0.23 ↓ 0.47 0.090

hMIP-3α (LARC) ↓ 0.29 ↓ 0.37 0.025

hCFB ↑ 4.45 ↑ 2.00 0.077

hTNF-α ↓ 0.34 ↓ 0.45 0.051

hRANK ↓ 0.80 ↑ 1.01 0.012

hIEX-1L ↓ 0.39 ↓ 0.50 0.057

hFRA-1 ↑ 4.04 ↑ 1.72 0.136

hCepoxH ↑ 3.21 ↑ 1.75 0.159

Comparison of the results from microarray and TaqMan® analysis.The mRNA

expression of 10 different genes was analyzed with both real-time quantitative

RT-PCR and microarray analysis. The expression ratios by TaqMan® were

generated by comparing the mRNA level for a given gene in parthenolide treated

cells relative to the amount of 18S rRNA. The expression ratios by microarray

analysis represent the ratio of medians of parthenolide stimulated cells versus

TNF-α stimulated cells.

Table 4

Gene accession number (ID) Gene name Acronym Function

U04636 Cyclooxygenase-2 COX-2 Proinflammatory process

BC008678 Interleukin-1β IL-1β Cytokine, proinflammatory process

E03028 Transforming growth factor-β1 TGF-β1 Cytokine, cell growth, differentiation,

function

X02910 Tumor necrosis factor-α TNF-α Cytokine, proinflammatory process

M28130 Interleukin-8 IL-8 Chemokine, proinflammatory process

X54489 Growth related oncogene-α GRO-α Chemokine, proinflammatory process

M36820 Growth related oncogene-β GRO-β Chemokine, proinflammatory process

M36821 Growth related oncogene-γ GRO-γ Chemokine, proinflammatory process

L37036 Epithelial neutrophil-activating peptide-78 ENA-78 Chemokine, proinflammatory process

D86955 Macrophage inflammatory protein-3α MIP-3α Chemokine, proinflammatory process

BC002576 Matrix metalloproteinase-2 MMP-2 Degradation of collagen and gelatine

S41832 Matrix metalloproteinase-7 MMP-7 Degradation of extracellular matrix

macromolecules and surface molecules

M68343 Matrix metalloproteinase-9 MMP-9 Degradation of collagene and gelatine

AF071596 Apoptosis inhibitor IEX-1L Apoptosis inhibitor

L02732 Peroxisome proliferator-activated receptor-α PPAR-α Lipid metabolism

AF018253 Receptor activator of NF-κB RANK Regulation of bone and immune system

L15702 Complement factor B CFB Alternative complement pathway

X16707 Human fos related gene Fra-1 Transcription factor

L05779 Cytosolic epoxide hydrolase CEpoxH Oxygen and radical metabolism

Genes studied by quantitative real-time RT-PCR (TaqMan® analysis).

1612 M.T. Lindenmeyer et al. / Life Sciences 80 (2007) 1608–1618
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positive controls stimulated with TNF-α, two samples incubat-

ed with parthenolide and two negative controls, all generated in

independent assays, were hybridized in separate color-reversal

microarray experiments, making a total of 16 different hybrid-

izations, four in each group.

We limited our analysis to genes that were at least 2.5-fold up-

or 2.5-fold down-regulated after treatment of parthenolide in

comparison to the positive control. A list of 39 genes

was obtained which fulfilled these criteria (see Table 2).

Parthenolide alone had no effect on these genes in unstimulated

Fig. 2. TaqMan® analyses of 13 different genes. Given are the mRNA levels in %. The percentage change, relative to the stimulated cells, was defined as (2ΔΔCT×100).

293 cells were preincubated with different concentrations of parthenolide for 1 h and subsequently stimulated with TNF-α (2 ng/ml) for 3 h. Total RNA isolation was

performed using RNeasy Mini Kit (Qiagen), reverse-transcribed in cDNA and analyzed via TaqMan®–RT-PCR. Untreated cells were used as negative control, cells

stimulated only with TNF-α as positive control. Data represent the mean±SEM of at least three separate experiments with each condition carried out in duplicate. A P-

valueb0.05 is considered statistically significant. ⁎Pb0.05, ⁎⁎Pb0.005 versus positive control.

1613M.T. Lindenmeyer et al. / Life Sciences 80 (2007) 1608–1618
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cells except for DAP-1 and CepoxH using the same criteria. The

39 influenced genes belong to different groups including

chemoattractants (e.g., GRO-α, -β, -γ, MIP-3α), cytokines

(e.g., TNF-α, HGF), immune system proteins (e.g., CD3-γ,

CFB), glycoproteins (e.g., δ-sarcoglycan, syndecan-4, protein-C

inhibitor), metabolism (e.g., cytosolic epoxide hydrolase,

lysophosphatidic acid acyltransferase-α), serine proteinases

(e.g., myeloblastin), and transcription factors (e.g., Fra-1, c-

Fos). A number of genes (marked in bold letters) were chosen for

confirmatory studies and further analysis. Access to the

microarray data can be obtained upon request to the authors.

Confirmatory studies with differentially expressed genes by

TaqMan® real-time PCR

Quantitative real-time RT-PCR was performed for 9

regulated genes and one unaffected gene (RANK) as control.

One microgram of total RNA from the same preparation used

for microarray analysis was reverse-transcribed and amplified in

the ABI Prism 7700 sequence Detection System for TaqMan®

analysis. The results obtained by quantitative real-time RT-PCR

showed comparable tendencies to the microarray data (see

Table 3), though the fold increase of the up-regulated genes was

lower in the Taqman® analyses.

Concentration-dependent influence of parthenolide on gene

expression

293 cells were preincubated with different concentrations of

parthenolide (2.5; 5; 10; 20 μM), for 1 h and subsequently

stimulated with TNF-α (2 ng/ml) for 3 h. The time of TNF-α

stimulation was increased from 1 h (microarray) to 3 h to get

different levels of mRNA. Total RNA was isolated, reverse-

transcribed and 19 different genes (for genes see Table 4) were

analyzed via the TaqMan® method. Some genes such as COX-2,

TGF-β1, PPAR-α, and RANKwere constitutively expressed and

only COX-2 was significantly inhibited by parthenolide at the

highest concentration (see Figs. 2 and 3). mRNA of Fra-1,

Fig. 2 (continued ).
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complement factor B and CEpoxyH increased after pretreatment

with parthenolide and TNF-α stimulation, with Fra-1 showing the

most pronounced effect (see Fig. 2). mRNA of IL-1β, GRO-β,

ENA-78, MMP-2, MMP-7 and MMP-9 were not expressed at

significant amounts after 3 h TNF-α stimulation (data not shown).

However, levels of TNF-α, IL-8, GRO-α, GRO-γ, MIP-3α, and

IEX-1L increased after TNF-α-stimulation (see Fig. 3), and

decreased after pretreatment with parthenolide in a concentration-

dependent manner, except for IEX-1L (Figs. 2 and 3).

Discussion

The biologically active SLs belong to those natural

products which have been tested in different assays for their

influence on DNA binding and gene expression of different

transcription factors and genes (Bork et al., 1997; Garcia-

Pineres et al., 2001, 2004; Gertsch et al., 2003; Hehner et al.,

1999; Li-Weber et al., 2002a; Lindenmeyer et al., 2004;

Mazor et al., 2000; Lyss et al., 1997). Especially, parthenolide,

the active principle in the herb of Tanacetum parthenium,

(Knight, 1995) is one of the SLs, which has attracted much

attention. In numerous studies, its inhibition of the transcrip-

tion factors NF-κB (Garcia-Pineres et al., 2004; Hehner et al.,

1999), AP-1 (Lindenmeyer et al., 2006) and STAT3 (Sobota

et al., 2000), cytokine suppressing (Li-Weber et al., 2002a;

Li et al., 2006) and apoptotic activities (Li-Weber et al.,

2002b) as well as its inihibitory activity on the p38 MAPK

and p42/44 MAP kinase pathways (Uchi et al., 2002; Fiebich

Fig. 3. Expression levels of selected genes in 293 cells studied by real-time RT-PCR after 1 h pretreatment with parthenolide (20 μM) and subsequent 3 h stimulation

with TNF-α. Values are expressed relative to 18S rRNA and are indicated as means±S.D. of at least three experiments.
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et al., 2002) have been proven. In this study we used a cDNA

microarray containing ∼7000 human genes to analyze the

effect of parthenolide on gene expression in TNF-α activated

293 epithelial cells.

Our results show that in 293 cells stimulated for a period of

1 h by TNF-α a set of 39 genes could be identified from which

21 genes were up- and 18 down-regulated by parthenolide, 14

genes related to the transcription factor NF-κB (see Table 2).

According to the experimental design these genes belong to the

“early group”. These results should be considered as a reliable

basis for designing further experiments. Therefore, we do not

discuss all influenced genes, but the most interesting ones were

depicted in respect to the biological activities of SLs.

The genes for the transcription factors Fra-1 and c-Fos, both

members of the Fos-family and constituents of the AP-1

proteins, were up-regulated by parthenolide. As DNA binding

of the transcription factor AP-1 itself is inhibited by

parthenolide in Jurkat T-cells by direct alkylation (Lindenmeyer

et al., 2006), up-regulation of members of the AP-1 family

could be due to a negative feedback loop. The transcription

factor AP-1 also plays a central role in the inflammatory

response. It contributes to the induction of matrix metallopro-

teinases, COX-2 and IL-8, among other genes. Further

experiments must show to what extent the activating effect on

Fra-1 and c-Fos gene expression may influence the inhibiting

effect on AP-1 DNA binding.

Furthermore, gene expression for the complement factor B

(CFB) is up-regulated after incubation with parthenolide and

subsequent TNF-α stimulation. CFB plays an important role in

activating the alternative complement pathway, which is

associated with inflammation and immune regulation. Addi-

tionally, it is involved in bacterial defense by enhancing

bacterial phagocytosis by macrophages (Huang et al., 2002).

Whether up-regulation of CFB finally may have positive effects

on the host's defense against bacteria and contributes to the

known antibacterial activity of parthenolide has to be clarified

in future experiments (Picman and Towers, 1983). This is the

same with the induced up-regulation of factor H homologue,

which plays an important role in regulation of complement

activation and possesses anti-inflammatory activities (Zipfel

et al., 2002). Interestingly, it has multiple binding sites for

microbial surface proteins and may thus also participate in the

antibacterial activity of SLs such as parthenolide.

The level of α-1-antitrypsin is elevated, which may also have

beneficial effects in inflammation. α-1-antitrypsin is a physi-

ological inhibitor of the serin protease elastase (Doering, 1994).

During inflammation processes elastase levels increase and

those of α-1-antitrypsin decrease. This imbalance causes tissue

erosion. Thus, increasing amounts of the physiological inhibitor

can neutralize elastase. This effect of SLs on α-1-antitrypsin

strengthens the importance of SLs as potent inhibitors of

elastase release from human neutrophils (Siedle et al., 2003).

It is not surprising that parthenolide, which has an epoxide

group, slightly stimulates the expression of cytosolic epoxide

hydrolase, either in TNF-α stimulated or unstimulated cells.

This enzyme is the first line of chemical defense against

xenobiotic-derived epoxides. It hydrolyzes epoxides to form

vicinal 1,2-diols which are normally less reactive and mutagenic

(Argiriadi et al., 1999).

Considering that gene regulation is embedded into a complex

network, several reasons may be responsible for the observed

up-regulation of genes. Besides NF-κB several transcription

factors have been revealed to be involved in regulation of

differential gene expression upon TNF-α stimulation (Kel et al.,

2006). Parthenolide may differently impair promoter binding of

these transcription factors resulting finally in up- or down-

regulation of their target genes. Signals coming from one

pathway may activate other signalling pathways. Moreover,

negative feedback regulatory mechanism as discussed for c-Fos

and Fra-1 can also occur.

The group of down-regulated genes encompasses proteins

that are regulated by the transcription factor NF-κB such as the

chemokines GRO-α andGRO-γ, IL-8 andMIP-3α as well as the

cytokine TNF-α. These genes were also down-regulated by

parthenolide in keratinocytes after a stimulation time of 1 h

(Banno et al., 2005). Only a minor effect could be observed on

mRNA of GRO-β and ENA-78 in our study. GRO-α, GRO-β,

GRO-γ and IL-8 belong to the CXC-chemokines which possess

a wide range of potent stimulatory effects on neutrophils in vitro,

including chemotaxis, degranulation, formation of bioactive

lipids, integrin up-regulation, expression of adhesion molecules

on neutrophils, transendothelial migration and cytoplasmatic

Ca2+elevation (Geiser et al., 1993; Wuyts et al., 1998). MIP-3α

is a CC-chemokine and a chemoattractant factor for dendritic

cells as well as T-cells and plays a crucial role in the initiation of

immune response (Sugita et al., 2002). TNF-α is an inflamma-

tory cytokine with cytotoxic properties and involved in cell cycle

proliferation and apoptosis (Wuyts et al., 1998).

Comparison of the promoter regions of all these down-

regulated genes showed that at least one NF-κB binding site is

present, but that also other transcription factors seem to be

relevant and responsible for the different expression levels.

Thus, MIP-3α possesses binding sites for NF-κB, AP-1, Ets,

Sp1 and C/EBP, whereas the promoter of IL-8 obtains binding

sites for NF-κB, AP-1, C/EBP and Oct-1 (Hoffmann et al.,

2002b; Kwon et al., 2003). Therefore, different compositions of

the promoters could contribute to the various strengths and time

point of gene induction, resulting finally in different kinetics

which enables the chemokines to take over different roles in the

inflammatory response.

Moreover, down-regulation of COX-2 gene expression

observed by treatment with parthenolide has to be emphasized,

too. This inhibitory effect by the SL was also demonstrated in

macrophages (Hwang et al., 1996), in which COX-2 belongs to

the inducible genes, in contrast to cells of the kidney, in which

COX-2 mRNA are constitutively expressed (Parente and

Perretti, 2003). COX-2 is involved in prostaglandin production

and contributes to inflammation and tumorigenesis. The

inhibitory effect of parthenolide on COX-2 gene expression

was recently correlated to suppression of protein tyrosine

phosphorylation (Hwang et al., 1996), but inhibition of NF-κB

DNA binding should also be considered, because the COX-2

promoter contains two binding sites for NF-κB, besides one for

NF-IL6/EBF and CREB (Nie et al., 2003).
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Interestingly, in unstimulated cells parthenolide increased

expression of DAP-1, which interacts with the cytoplasmic

death domain of TNF-R1 and induces apoptosis (Liou and Liou,

1999), whereas gene expression is reduced after TNF-α

stimulation. Further experiments have to show whether this

effect may be of relevance in the apoptotic process influenced

by parthenolide besides the already known down-regulating

effect of the CD95 system (Li et al., 2003).

Altogether, we provided evidence that parthenolide alters the

expression of a variety of genes in 293 cells. In the present study

yet unknown genes influenced by parthenolide were identified

using microarray analysis. We confirmed that NF-κB is an

important target of SLs, because many genes which are

regulated by NF-κB were modulated in SL-treated cells.

Although, in comparison to quantitative real-time RT-PCR,

cDNA microarrays are less discriminatory for the detection of

changes in gene expression, the ability of microarrays to

globally identify genes affected by parthenolide or other

compounds makes them an important tool to understand the

molecular mechanism of biologically active compounds.
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