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Abstract:

X-linked inhibitior of apoptosis (XIAP) is known as a potent inhibitor of apoptosis, but more recently has been shown to also act as

a modulator of the nuclear factor kB (NF-�B) signaling pathway. To investigate whether XIAP also affects other signalling

pathways, we studied the transcriptional regulation of interleukin 6 (IL-6), a gene that is strongly affected by XIAP, in more detail.

The human IL-6 gene contains transcription factor binding sites for activator protein 1 (AP1), enhancer binding protein � (C/EBP-�)

and NF-�B. In reporter gene assays, mutation of these binding sites revealed the necessity of functional NF-�B and AP1-sites for its

ability to respond to XIAP. In contrast, IL-6 promoter activity was slightly increased in the C/EBP deletion mutant. Pharmacologic

inhibition of extracellular signal regulated kinase (ERK) kinases (MEK1/2) as well as inhibition of the p38 signaling pathway both

reduced XIAP-induced IL-6 promoter activity. In conclusion, these results suggest that XIAP regulates IL-6 transcription via NF-�B

in cooperation with AP1 and C/EBP-�.
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Abbreviations: AP1 – activator protein1, BIR – baculovirus

IAP repeat, C/EBP – CCAAT/enhancer binding protein, ERK –

extracellular signal regulated kinase, HUVEC – human umbili-

cal vein endothelial cells, IL-1� – interleukin 1�, IKK – I-kappa

B kinase, JNK – N terminal c-Jun kinase, MAPK – mitogen ac-

tivated protein kinase, NF-�B – nuclear factor-B, TAK1 – TGF�

activated kinase1, TGF – transforming growth factor, TNF – tu-

mor necrosis factor, XIAP X – linked inhibitor of apoptosis

Introduction

The human X-linked inhibitor of apoptosis protein

(XIAP) has originally been described as an anti-

apoptotic protein that acts through direct inhibition of

caspases [9]. However, XIAP is also involved in

a number of signaling pathways, e.g. in nuclear factor

kB (NF-�B), transforming growth factor-� (TGF-�)

and bone morphogenetic protein signaling pathways

[4]. Anti-apoptotic and signaling properties of XIAP

confer to distinct protein domains, the three

N-terminal BIRs as well as a C-terminal RING-

domain [15]. The RING domain contains E3-ligase

activity, thereby catalyzing ubiquitination of hitherto

unknown proteins within the NF-�B- and TGF-� sig-

naling pathways [12, 14]. In endothelial cells, XIAP

levels are upregulated upon pro-inflammatory cyto-

kine (TNF-� and IL1-�) treatment as well as after

stimulation with vascular endothelial growth factor
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(VEGF), depending on the transcription factor

NF-�B. Its ectopic expression protects endothelial

cells from TNF-�-induced cell death [19]. XIAP-

augmented NF-�B activity in endothelial cells involves

TAK1 mediated activation of the IKK2 kinase [11].

Interleukin-6 (IL-6) plays an important role in host

defense as well as in bone metabolism, reproduction,

neoplasia or inflammation. In the vasculature, it en-

hances permeability and promotes proliferation of

vascular smooth muscle cells [17]. Furthermore,

macrophages can be stimulated by IL-6 to produce

pro-inflammatory cytokines, which may affect in-

flammatory reactions. Pro-inflammatory stimuli elicit

IL-6 synthesis in a variety of cells, including vascular

endothelial cells, which actively participate in local

and systemic inflammatory response by regulating

leukocyte recruitment and expression of inflamma-

tory genes [5, 13]. The regulation of transcription of

IL-6 is mainly controlled by several cis-acting re-

sponse elements present within the promoter region,

including binding motifs for transcription factors

AP1, C/EBP-� and NF-�B which mediate IL-6 ex-

pression depending upon cell type and stimulus [1, 8].

To further investigate the role of XIAP in the in-

flammatory response we have taken advantage of the

availability of XIAP��� cells (mouse embryonic fibro-

blasts, MEF), and observed a strongly reduced IL-6

expression in XIAP��� cells compared to wild type

cells, demonstrating a regulatory role of XIAP in the

inflammatory response (manuscript in preparation).

Here, we investigated whether transcription factors

other than NF-�B (e.g. AP1 or C/EBP-�) contribute

to IL-6 transcription in response to XIAP. For this

purpose, mutants of the respective transcription factor

binding sites within the human IL-6 promoter were

analyzed. In addition, pharmacological inhibitors of

the ERK1/2 and the p38 pathways were used.

Material and Methods

Cell culture

Human umbilical vein endothelial cells (HUVEC)

were isolated from umbilical cords and were cultured

in M199 medium (BioWhittaker, Walkersville, MD)

containing 20% fetal bovine serum (FBS) (Gibco-

BRL Products, Gaithersburg, MD), endothelial cell

growth supplement, 1% penicillin/streptomycin,

L-glutamine, and heparin. HUVECs were subcultured

and used at passage 3 to 5.

Plasmid constructs and transient transfections

The human IL-6 promoter contains several consensus

transcription factor binding sites in a region of about

650-bp upstream of the transcriptional start site, in-

cluding AP1, C/EBP-� and NF-�B. A plasmid con-

taining a 651-bp fragment of this promoter was sub-

cloned (5´-KpnI, 3’-XhoI) into the pGL3 basic lucife-

rase reporter gene vector (Promega) giving the

parental construct pIL-6-luc651. A 5’-deletion mutant

was made by deleting a fragment containing the con-

sensus sequence for AP1 using an internal restriction

site for NheI (pIL-6-luc220).

Mutated versions of the IL-6 promoter in regard to

consensus sites for AP1, C/EBP-�, NF-�B, and the

double-mutant C/EBP-�/NF-�B were kindly provided

by Dr. O. Eickelberg [10]. The double-mutant AP1/NF-

�B was generated by subcloning the NF-�B mutated

fragment (NheI and XhoI) into the AP1 mutant using

the internal restriction site NheI. The XIAP cDNA

was subcloned by PCR (5´-EcoRI, 3’-EcoRI) into

a CMV-myc expression vector (Clontech). Integrity

of the constructs was confirmed by sequencing. Mini-

mal promoters containing multiple copies of the con-

sensus DNA-sequence binding motive for NF-�B

(TGGGGACTTTCCGC)� and AP1 (TGACTAA)�,

were purchased from Stratagene.

Transient transfections were performed in 12-well

plates (Nunc) precoated with 1% gelatine under

serum-free conditions using the polyethylenimine

(PEI) method. Briefly, a 0.87% solution of PEI 25000

(Sigma, USA) in HeBS buffer was mixed with plas-

mid DNA at a ratio of 3:2 (µl/µg). Indicated amounts

of IL-6-luciferase reporter: XIAP DNA ratio were co-

transfected together with an expression plasmid en-

coding Renilla luciferase (pRL-UbC, 0.125 µg/well)

driven by the ubiquitin promoter, as an internal con-

trol for transfection efficiency. The amount of DNA

was kept constant with empty vector (1 µg DNA/well).

After 5–7 h of transfection, medium was replaced by

M199 containing FBS and incubations were contin-

ued until 48 h after transfection. Cells were lysed in

1x passive lysis buffer and the activity of firefly and

Renilla luciferase measured (Dual Luciferase Assay,

Promega). Experiments were performed in triplicates.
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The pharmacological inhibitors SB203580 and

UO126 were purchased from Calbiochem (Bad

Soden, Germany) and Tocris (Missouri, USA), re-

spectively, and added at a final concentration of

10 µM (10 mM stock in DMSO) 24 h after transfection.

Results

XIAP-mediated IL-6 gene induction

In previous experiments, we found that IL-6 levels are

reduced in TNF-� stimulated XIAP��� MEF cells

(manuscript in preparation). In order to study the tran-

scriptional regulation of IL-6 in response to XIAP we

first analyzed an IL-6 promoter-luciferase reporter

construct containing the binding sites for NF-�B,

AP1, and C/EBP-�, and a truncated construct (pIL-6-

luc220) lacking the AP1-site (Fig. 1A). Cotransfec-

tion with XIAP into HUVEC increased IL-6 promoter

activity in a dose-dependent manner (Fig. 1B). Dele-

tion of the AP1-site by truncation from the 5’ end

showed reduced inducibility by XIAP, indicating that

the AP1-site contributes to XIAP responsiveness.

XIAP stimulates IL-6 transcriptional activity via

the NF-�B-site in cooperation with the AP1-site

To exclude the contribution of other sequence ele-

ments in the deleted region upstream of pos. -220, we

mutated the binding site for AP1 (pIL-6-luc651AP1).

In addition, the C/EBP-� (pIL-6-luc651C/EBP-�) and

NF-�B (pIL-6-luc651NFB) binding sites were mu-

tated, either individually or in combination (pIL-6-

luc651AP1NFB, pIL-6-luc651C/EBP-�NFB) (Fig.

2A). Consistent with the truncated version, the pro-

moter construct with a mutated AP1-site showed re-

duced inducibility by XIAP (Fig. 2B). In contrast,

mutation of the C/EBP-� site did not change tran-

scriptional activity remarkably, but rather increases

the inducibility (at low concentrations) by cotrans-

fected XIAP. Mutation of the NF-�B-site reduced re-

porter gene activity to basal levels and below the AP1

mutant at low XIAP levels (0.25 µg). Double mutants

of AP1 and NF-�B or of C/EBP-� and NF-�B simi-

larily showed strongly reduced inducibility, indicating

the necessity for a functional NF-�B-site.

Next, we were interested whether NF-�B or AP1-

sites alone could respond to XIAP (Fig. 3). Using

minimal NF-�B and AP1 reporter constructs, we ob-

served a strong induction of the NF-�B, but only

slight induction of the AP1 minimal promoter (Fig.

3). It should be noted, however, that the AP1-site of

the minimal promoter used in these experiments re-

sembles the consensus DNA-binding motive (TGAC-

TAA), which is not precisely identical to the AP1-site

within the IL-6 promoter (TGAGTCACT). Together,

these experiments indicate that NF-�B alone is suffi-

cient to confer XIAP resposiveness to a promoter; in

contrast, AP1 is not alone sufficient, but acts only in

cooperation with NF-�B.
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Involvement of p38 and ERK1/2 pathways

It has been shown previously that inhibition of the

p38 MAPK pathway abrogates TNF-mediated IL-6

gene expression without affecting the levels of TNF-

induced NF-�B activation and DNA-binding [3], sug-

gesting that the p38 and extracellular signal regulated

kinase MAPK pathways act as necessary cooperative

mechanisms upon TNF-induced gene expression [20].

As XIAP plays a role in TNF-� sitnaling, we investi-

gated whether pharmacological inhibitors of the p38

(SB203580) and ERK1/1 pathways (UO126) can

similarily influence the observed IL-6 inducibility by

XIAP (Fig. 4). We observed that both inhibitors

(SB203580 and UO126) reduce the basal as well as

the XIAP-mediated transcriptional activity of the IL-6

promoter. A slight further synergistic reduction with

the combination of both inhibitors was observed un-

der basal, but not under XIAP-stimulated conditions

(Fig. 4).

Discussion

Pro-inflammatory cytokines stimulate various tran-

scription factors to activate transcription of pro-

inflammatory, pro- and anti-apoptotic genes. XIAP is

known as an anti-apoptotic protein but is also in-

volved in a number of signaling pathways. The sig-

naling properties of XIAP are both attributed to its

E3-ligase activity, which presumably leads to ubiq-

uitination of (not yet identified) proteins involved in

the NF-�B-pathway, as well as to its BIR domains,

which mediate activation of stress-responsive signal-

ing pathways, such as the N-terminal c-Jun kinase

(JNK) pathway [18]. The relative activities of JNK,

p38 and ERK1/2 as well as NF-�B activation may

have an important role in determining the fate of an

endothelial cell.

Our studies were based on the observation that

IL-6 expression was strongly reduced in XIAP��� cells

after TNF-� treatment (manuscript in preparation).

Since the human IL-6 promoter contains binding sites

for additional transcription factors besides NF-�B,

such as AP1, C/EBP-�, it represents a suitable model

for studying the potential contribution of other signal-

ing pathways that are responsive towards XIAP. Us-

ing reporter gene assays, we found that XIAP induces

IL-6 transcriptional activity in a dose-dependent man-

ner. Deletion of the AP1-site showed reduced induci-

bility by XIAP, indicating that the AP1-site contrib-

utes to the induced transcriptional activity. Mutation

of binding motifs for AP1, C/EBP-� and NF-�B con-

firmed the necessity of the AP1-site, as well as the

NF-�B-binding site. However, reporter activity was

slightly increased in the C/EBP-� mutant. Interest-

ingly, increasing amounts of XIAP did not translate

into increased transcriptional activity in the AP1 mu-

tant, suggesting a basal transcriptional activity pro-

vided by NF-�B. Furthermore, a minimal promoter

containing the NF-�B-site readily responded to XIAP,

whereas an AP1 minimal promoter construct did not.

This suggests that NF-�B alone is sufficient to confer

XIAP resposiveness to IL-6, whereas AP1, although

necessary, appears to act only in combination with

NF-�B.

Further, pharmacologic inhibition of upstream act-

ing kinases which might be responsible for the activa-

tion of the transcription factor AP1 were investigated.

Pharmacologic inhibition of p38 and MEK1/2 signal-

ing pathways reduced the XIAP induced transcrip-

tional activity, indicating that the MAP kinases p38

and ERK1/2 are involved. Since in HUVEC NF-�B

stimulates the expression of XIAP, and XIAP in turn

augments NF-�B activity, the NF-�B-XIAP system

represents a positive “feedforward” loop. This system

appears to be further modulated by stress response

proteins like AP1. The role of each of the investigated

transcription factor binding sites is dependent on cell

type and stimulus. For example, in human lung fibro-

blasts TGF-�1 induces IL-6 expression via AP1 pro-

tein consisting of JunD homodimers [10] whereas in

multiple myeloma cells the AP1 protein c-Fos in co-

operation with NF-�B plays a vital role in the consti-

tutive expression of IL-6 [21]. In monocytic cells,

C/EBP-� and NF-�B were found to synergistically

activate an IL-6 promoter reporter construct [16]. In B

lymphocytes engagement of CD40 induces IL-6 ex-

pression via the involvement of AP1, C/EBP-� and

NF-�B [2]. In the mouse fibrosarcoma cell line L929,

IL-6 gene expression mediated by TNF-� is depend-

ent on NF-�B but modulated by others factors as well,

as inhibition of the p38 pathway could repress TNF-

stimulated IL-6 expression [20]. In a different study,

the involvement of JNK activity in IL-6 expression

induced by IL-1, TNF-� or IL-1� in tubular epithelial

cells has been demonstrated by a specific pharmacol-

ogical inhibitor [7]. Surprisingly, in this cell type, the
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AP1-site within the IL-6 promoter was dispensable

for IL-6 gene expression, suggesting that JNK might

be directly involved in gene induction by NF-�B.

Similarly, an interaction of p38 with NF-�B was

shown to play a role in IL-6 expression [6, 20]. To-

gether, these data demonstrate that IL-6 expression is

subject to different mechanisms in different cell types,

suggesting that the contribution of XIAP may be dif-

ferent as well.

In summary, by using IL-6 as a model for a XIAP

responsive gene, we have shown that besides its main

stimulatory effect towards NF-�B, XIAP can affect

additional signaling pathways that contribute to en-

hanced gene expression. One such signaling pathway

is leading to factors binding to the AP1-site, however,

they appear to act only in combination with NF-�B.

Further studies employing EMSA and ChIP assays

will aim to clarify the identity of these factors.

From a therapeutic perspective, XIAP may serve

a a target to interfere with inflammatory responses. Its

potential is thereby of interest from the perspective

that first, although NF-�B is a common regulator of

a vide variety of pro-inflammatory genes, substantial

differences exist between in regard to their depend-

ence on XIAP, with IL-6 being one showing very high

dependence. Second, our finding that XIAP amplifies

the TNF-�, but not the IL-1 or LPS-mediated NF-�B

activity (not shown), adds another level of specificity.

Together, targeting of XIAP, in contrast to general

NF-�B inhibition, can be expected to provide a higher

level of specificity, and therefore be of therapeutic in-

terest for diseases where TNF-� and IL-6 play a sig-

nificant role.
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