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Abstract Tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL) has dual functions mediating both
apoptosis and survival of cells. This review focusses on the
current regulatory factors that control TRAIL transcription.
Here, we also highlight the role of distinct transcription
factors that co-operate and regulate TRAIL in different
pathological states. A better understanding of the molecular
signalling pathways of TRAIL-induced cell death and sur-
vivalin disease may lead to more sophisticated technologies
for novel therapeutic targets.
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Introduction

Tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL)

Tumour necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL, also known as Apo2L and TNFSF10) is
a member of TNF-cytokine family of ligands, originally
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discovered based on sequence homology of its extracellular
domain to Fas ligand (FasL) and TNF, and has the ability to
induce apoptosis [1, 2]. TRAIL is a type II transmembrane
protein that can be proteolytically processed by metallopro-
teinases (MMPs) to produce a soluble form [3, 4]. MMP-2,
for example, was recently shown to cleave TRAIL in vitro
[4, 5]. In humans, TRAIL signalling is the most complex of
all TNF ligand members since membrane-bound or soluble
TRAIL has the ability to bind five different receptors lead-
ing to either apoptosis or survival of cells (Fig. 1). Receptors
of TRAIL include two death-domain-containing receptors,
TRAIL-R1 (DR4) [6] and TRAIL-R2 (DRS5) [7, 8]; two
decoy receptors, TRAIL-R3 (DcR1) [7-9] and TRAIL-
R4 (DcR2) [10, 11]; and osteoprotegerin (OPG), the only
known soluble receptor for TRAIL [12].

TRAIL signalling

Apoptosis Depending on the cell type, trimeric TRAIL
mediates apoptosis via the extrinsic and intrinsic (mitochon-
drial) apoptotic pathways upon binding to its death-domain
containing receptors, TRAIL-R1 and-R2 (Fig. 1). Formation
of the death-inducing signalling complex (DISC), which
contains Fas-associated deathdomain (FADD) and caspase-8
or -10, and subsequent activation of caspase-8 (or -10)
and downstream effector caspases-3, -6 and -7, results
in apoptosis characteristic of the extrinsic apoptotic
pathway. On the other hand, TRAIL-induced apoptosis
via the mitochondrial or the intrinsic pathway involves
activation of caspase-8, activation of bid (truncated bid),
Bax and Bak, and formation of the apoptosome complex,
containing apoptotic peptidase activator factor-1 (Apaf-1),
cytochrome ¢ and caspase-9. This complex is then able to
activate caspase-9 as well as effector caspases resulting in
apoptosis [13-15].

@ Springer



3618

N.S.M. Azahri, M.M. Kavurma

Fig. 1 TRAIL-receptor signal-
ling. TRAIL initiates cell death
by binding to its death recep-
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Non-apoptotic functions Intriguingly, TRAIL can also
mediate non-apoptotic signalling following binding to its
receptors, including death-domain containing receptors
(Fig. 1). A secondary signalling complex formation has
been proposed following DISC assembly. This secondary
complex contains TNF-receptor-associated death domain
(TRADD), TNF-receptor-associated factor-2 (TRAF2),
receptor interacting protein (RIP) and the inhibitor of kB
kinase (IKKy). When this complex is assembled, NFkB,
PI3K/Akt and members of mitogen-activated protein
kinases (MAPKSs), including extracellular signal-regulated
kinase (ERK), as well as c-Jun NH2-terminal kinase (JNK)
and p38, are activated, leading to survival signals [13, 16,
17].

The human TRAIL gene

The human gene that encodes for TRAIL spans approxi-
mately 20 kb [18] and is located on chromosome 3q26 [1].
The genomic organisation of TRAIL includes five exons and
four introns [18] (Fig. 2). The first exon encodes a 21-amino
acid hydrophobic transmembrane domain, whilst exons
2 and 3 encode products that are 46 and 14 amino acids,
respectively. Exons 4 and 5 encode the domain responsible
for TRAIL’s interaction with its receptors. Exon 5, being the
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longest exon, also encodes the 142-amino acid C-terminal
domain, a termination codon (TAA), a 3’-untranslated
region and a poly-A tail [18].

Interestingly, spliced variants of human TRAIL have
been identified. The first of these include an RT-PCR study
by Kreig et al. [19], identifying two TRAIL spliced vari-
ants, termed TRAILB and TRAILy. Whilst TRAILf mRNA
lacks exon 3, TRAILy was found to lack both exons 2 and

TRAIL pre-mRNA
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Fig. 2 Genomic structure of human TRAIL isoforms. Patterned
boxes depict novel exons and sequences recently identified
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3 (Fig. 2). Five years later, a third isoform was identified
by the same group and termed TRAILS [20]. TRAILS was
found to lack both exons 2 and 3 [20] (Fig. 2). These trun-
cated variants appear not to display apoptotic properties, but
may neutralise the biological activity of wild-type TRAIL
[19]. More recently, additional TRAIL variants were cloned
and functional assessment by NFkB activation was deter-
mined in vitro [21]. This study identified seven alterna-
tively spliced variants, termed DA, AK, E2, E3, E4, BX424
and BX439 (Fig. 2). While DA encodes a protein product
identical to TRAILP [19], both DA and AK were shown to
contain a novel exon [21]. E2, E3 and E4 contain extended
sequences at the last exon. BX424, which was previously
identified and known as TRAILS [20], lacks exons 2 and
3, whilst BX439 lacks exons 2, 3 and 4. All the identified
variants share common N-terminal sequences encoding
the transmembrane domain, but display altered C-termi-
nal regions. Interestingly, Wang et al. [21] showed that all
variants were widely expressed in tissues and cells, and
could also activate NFkB, except for BX439. Surprisingly,
BX424, DA and E4 displayed significantly greater activa-
tion of the NFkB promoter, as well as promoter activation
of inflammatory cytokines IL-8, CCL4 and CCL20, greater
than wild-type TRAIL. Furthermore, these variants failed to
induce apoptosis of multiple cancer cell lines [21]. Expres-
sion and function of these variants in disease are currently
unknown.

Transcriptional regulation

While novel pathways of TRAIL-mediated apoptosis and
non-apoptotic functions are emerging, we also need to
recognise the control of this gene at the molecular level. In
this review, we will discuss transcription factor control of
TRAIL.

The human TRAIL promoter lacks a TATA box; however,
its transcriptional start site has been identified [18, 22].
TRAIL gene expression is regulated at the transcriptional
level by distinct interactions between transcription factors
and DNA. To date, a number of transcription factors have
been identified to play a role in regulating TRAIL transcrip-
tion. These include nuclear factor kappa B (NFkB), speci-
ficity protein-1 (Spl), interferon regulatory factors (IRFs),
signal transducers and activators of transcription (STATS),
FOXO3a, p53, early growth response (Egr) and nuclear
factor of activated T cells (NFATc).

Table 1 lists the identified transcription factors and
sequences of the elements that control TRAIL transcrip-
tional activity at the promoter level. Here we also discuss
TRAIL gene expression in the context of different patho-
logical settings including vascular diseases, cancer, immune
regulation and infection, particularly in response to various
stimuli such as cytokines, growth factors, pharmacologi-
cal/chemotherapeutic agents and viral infection. A list of
transcription factors controlling TRAIL gene expression in

Table 1 Transcription factors with their coordinates and sequences of corresponding cis elements (relative to transcriptional start site) on the

human TRAIL promoter

Transcription factor ~ Element Sequence Site Functionality ~References
NFkB, Spl Spl-1 5'-GGGAGGG-3' —74/—68 v [25]
NFkB, Spl Sp1-2 5'-GGTGGG-3’ —43/=37 v [25]
NF«B kB1 5'-AGAAAATCCC-3' —265/-256 v [80]
NF«B kB2 5-TGGAAGTTTC-3' —385/-376 v [80]
NF«B kB3 5-TGACTCAGTGG-3’ -1,327/-1,317 - [80]
Spl Spl-5/6 5'-CCTCCCCTCC-3' —257/-248 v [31]
Spl Spl1-7 5'-CCCTCC-3' —129/—-124 v [31]
FOXO3a FBST 5'-ATAAATAAAT-3' —995/-986 v [52]
IRF-1 IRF-E 5’ACAACTCATTCGCTTTCATTTCCTCACTGA-3 —13/+17 v [59]
IRF-1 ISRE - —165/-35 v [59]
IRF-9* ISRE 5'-AGTTTCACTTTTGG-3’ —57/-44 - [87]
IRF-3 ISRE 5-GCTTCTTTCAGTTTCCCTCCTTT-3 —143/—-121 v [85]
NFATc1 NFAT binding 5-ATGTTTTTTTCCTTTGCCTT-3’ —666/—647 - [94]

site (N4)
NFATcl NFAT binding 5'-ATTTCTATTTTCCTTTATCC-3’ —458/—439 - [94]
site (N5)

p53 p53 binding site  5’-AAACAGGCCT-3' —346/—337 - [64]
p53 p53 binding site  5-AGCCAGGCCA-3’ —324/-315 - [64]
HSF-1 HSE 5'-GCTTCTTTCAGTTTCCCTCCTTTCCAACG-3’" —143/—-115 - [82]

# Mouse TRAIL promoter sequence
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Table 2 Transcription factors regulating TRAIL in response to various stimuli including cytokines, growth factors, pharmacological agents and

infection
Stimuli Transcription factor TRAIL expression Cell type References
Injury, FGF2 NFkB, Spl 1 mRNA and protein VSMC [25]
PMA, PMA + Con A NFxB 1 mRNA and protein Jurkat (WT and IkBa mutant), [80]
human primary T cells
TNF, PMA + Io NFxB 1 mRNA Jurkat (WT and IKKy mutant) [81]
Influenza virus NFxB 1 protein A549 [88]
Tax oncoprotein (human NFxB 1 mRNA Jurkat (WT and IKKy-deficent cells) [53]
T cells leukemia virus)
15d-PGJ, NFxkB, HSF-1 J mRNA and protein Jurkat (induced by PMA + Io) [82]
W peptide (FPRL1 agonist) NFxB 1 protein Human THP-1 monocytes [83]
and neutrophils, mouse leukocytes
IFN-B8 Statl 1 mRNA and protein Colorectal cancer cells, fibrosarcoma [56]
IFN-a Statl, IRF-1 4 protein UM-UC-12 (bladder cancer cell) [58]
IFN-y Statl 4+ mRNA and protein KMS-20 (myeloma) [57]
Retinoic acid + IFN-y IRF-1 1+ mRNA Breast cancer cells [59]
Sendai virus infection IRF-3 1+ mRNA Colon adenocarcinoma, HEC-1B [85]
(lacks IFN receptor)
HIV-1 infection IRF1, IRF-7, STAT1 4 mRNA and protein Human MDM [86]
PMA + Io NFAT 1 protein Human intestinal cells [94]
BCR-ABL oncoprotein FOXO3a J mRNA Haematopoietic cells [52]
PolyIC IRF-9 1+ mRNA Mouse NK cells [87]
Adriamycin p53 4 protein Human colon cancer [64]
PDGF-BB Spl 4+ mRNA and protein VSMC [31]
TNF-a Spl 1 protein Human breast cancer cells [65]
MS275 + Adriamycin Spl 1 protein Human breast cancer cells [66]
TNF-a Egr-1 J mRNA HUVEC [39]
SEB Egr-2, Egr-3 T mRNA Murine intestinal epithelial cells [84]

response to various stimuli and in multiple cell types can
be found in Table 2, and is discussed in more detail below.
Understanding control at this utmost basic level may pro-
vide additional clues into the mechanisms of TRAIL’s pleio-
tropic functions observed in vivo.

TRAIL regulation in vascular disease

TRAIL has the ability to kill vascular cells in vitro [23, 24]
and may play a role in death of cells in the vasculature.
Emerging data indicate a protective role for TRAIL in the
development of vascular disorders including restenosis,
atherosclerosis and pulmonary hypertension [25-30]. While
the TRAIL-dependent mechanism(s) in these pathologies
are not fully elucidated, recent studies implicate TRAIL in its
ability to promote vascular cell proliferation and migration
as opposed to cell death [25, 27, 28, 31-33]. Intriguingly,
circulating TRAIL levels are significantly reduced in patients
with cardiovascular disease [30, 34], and low TRAIL levels
are linked to increased cardiovascular events and mortality
[35, 36]. TRAIL transcriptional control and gene expression
in the vascular cells are not fully established.

@ Springer

A study by our laboratory demonstrated the involve-
ment of Spl and NFkB in regulating TRAIL transcription
and expression in vascular smooth muscle cells (VSMCs)
in response to vascular injury both in vitro and in vivo
following perivascular cuff placement to the femoral artery
of wild-type and TRAIL ™~ mice [25]. Spl and NF«B are
transcription factors that are ubiquitously expressed and
control a number of essential cellular functions such as
proliferation and apoptosis. Mechanical injury increased
TRAIL mRNA, protein and promoter activity in an Spl
and NFkB-dependent manner, a finding also observed with
fibroblast growth factor-2 (FGF-2) [25], a potent growth
factor for VSMCs released within minutes of injury. Electro
mobility shift assays (EMSA) confirmed binding of Sp1 and
NFkB to Spl-1 (—74/—68) and Sp1-2 (—44/—37) elements
on the human TRAIL promoter [25], and interestingly,
a role for Sp1 phosphorylation at Thr*>* following injury
and regulation of TRAIL was identified. ChIP analysis con-
firmed enrichment of phospho-Sp1-Thr*>? and NF«B on the
endogenous human TRAIL promoter [25].

More recently, we have shown that platelet-derived
growth factor-BB (PDGF-BB), another potent growth



TRAIL transcriptional regulation

3621

factor for VSMCs, can positively regulate TRAIL expres-
sion to control proliferation and migration inducible by
PDGEF-BB [31]. PDGF-BB-inducible TRAIL transcription
was blocked via introduction of a dominant negative-Spl
mutant [31], again demonstrating the importance of Spl in
mediating TRAIL transcription in VSMCs. Along with the
originally identified Sp1-1 and Sp1-2 sites [25], two novel
Spl binding sites were discovered to bind Spl: Sp1-5/6 (2
overlapping sites) and Sp-7. PDGF-BB-inducible TRAIL
promoter activity was blocked in the presence of transverse
mutations of each site, suggesting that all sites are essen-
tial for PDGF-BB’s actions in VSMCs [31]. Furthermore,
PDGF-BB-inducible TRAIL transcription required the
cooperation of Sp1, the transcriptional coactivator p300 and
acetylated histone-3, demonstrated by co-immunoprecipita-
tion and ChIP assays [31].

In contrast to Spl and NFkB in positively regulat-
ing TRAIL transcription and expression in VSMCs, in
endothelial cells, Egr-1 inhibited TRAIL expression. Egr-1
is a member of the Egr family of zinc finger transcription
factors. Other members include Egr-2, Egr-3, Egr-4 and
NGFI1-B. Egr-1 mRNA is expressed constitutively in many
tissues, but not Egr-2 and Egr-3 [37]. Egr-1 is the major
isoform expressed in the vasculature and contributes to the
pathogenesis of vascular disorders [38]. A study in human
umbilical vein endothelial cells (HUVECS) confirmed inhi-
bition of TRAIL mRNA expression via adenovirus overex-
pression of Egr-1 [39]. TNF-a-inducible Egr-1 expression
also repressed TRAIL mRNA. Interestingly, this repression
was blocked by NAB2, a co-repressor of Egr-1 [39]. While
mechanisms of TRAIL repression by Egr-1 at the transcrip-
tional level are not established, both Egr-1 and TRAIL are
involved in VSMC proliferation and neointima formation
[25, 40], and it is currently unknown whether Egr-1 over-
expression can lead to suppression (or induction) of TRAIL
in VSMCs. Taken together, the findings from the aboves-
tudies implicate TRAIL as a potential therapeutic target for
vascular proliferative disorders.

TRAIL regulation in cancer

TRAIL is emerging as an attractive anti-tumour agent since
multiple studies report its selective cytotoxicity in vitro
[2, 41, 42] and in vivo [43-45], which is further strength-
ened by the ability of normal cells to resist soluble TRAIL’s
cytotoxic effects [46]. In support of these, TRAIL and
monoclonal antibodies against TRAIL-R1 and R2 are
currently in clinical trials for cancer therapy (reviewed in
[47]). Resistance to soluble TRAIL-induced cytotoxicity
has been observed in some cancer cells [48, 49], and in
apoptosis-resistant tumour cell populations, TRAIL is able
to stimulate proliferation and inhibit cell death via activation
of NF«B [50].

To date, the transcriptional regulation of TRAIL in cancer
cellsinresponse to oncoproteins, cytokines, pharmacological
and chemotherapeutic agents has been the most extensively
researched. However, given the conflict in TRAIL-induced
effects in cancer cells, it is of great importance to decipher
the mechanisms of TRAIL transcriptional activity and
expression.

FOXO3a belongs to a member of the forkhead family of
winged helix transcription factors. This family regulates a
variety of cellular processes including proliferation, apopto-
sis, cell cycle, differentiation and DNA repair [51]. FOXO3a
can regulate TRAIL transcription in cytokine-dependent
haematopoietic cell lines [52]. There are two overlapping
FOXO3a consensus-binding sites (FBST), from —995 to
—986 on the human TRAIL promoter. Using EMSA, Ghaffari
et al. [52] confirmed FOXO3a binding to these sites, which
was abolished with the introduction of a mutation. Tranfec-
tions using both the full length and a short sequence reporter
(—1,023 to —973) demonstrated enhanced TRAIL promoter
activity by FOXO3a. Interestingly mutations to the FBST
site (—1,023 to —973) did not completely reduce this acti-
vation, suggesting the presence of additional non-consensus
FBST sites within this region [52]. Inhibition of FOXO3a
activation is associated with inhibition of TRAIL mRNA
expression, mediated by BCR-ABL expressing haematopoi-
etic cells [52]. BCR-ABL or breakpoint cluster region-abel-
son is an oncoprotein that causes chronic myeloid leukemia.
Inhibition of TRAIL expression by BCR-ABL oncoprotein
led to suppression of apoptosis. These results provide novel
mechanism(s) by which TRAIL may be potentially used
as a therapy against BCR-ABL-induced chronic myeloid
leukemia [52].

In contrast to TRAIL’s protective effect against BCR-
ABL oncoprotein-induced chronic myeloid leukemia,
TRAIL has been shown to play a role in the development
of adult T cell leukemia [53]. Tax is encoded by the human
T cell leukemia virus (HTLV) and is involved in the devel-
opment of adult T cell leukemia by promoting apoptosis
of HTLV-infected T cells [54, 55]. Rivera-Walsh et al.
[53] demonstrated that Tax increased TRAIL mRNA, and
this induction was blocked in IKKy-deficient Jurkat cells,
where IKKYy is essential for NFkB activation. Furthermore,
Tax-induced Jurkat T cell apoptosis was blocked by an
anti-TRAIL antibody [53]. These findings demonstrate that
NF«B signalling is critical for inducible TRAIL expression,
mediating Tax-induced Jurkat T cell apoptosis [53].

In addition to oncoproteins and associated transcription
factors regulating TRAIL as discussed above, TRAIL can
also be induced by interferon family members promoting
cancer cell apoptosis [56-59]. Interferon-induced TRAIL
expression is mediated via STATSs, a family of transcription
factors that can be activated by a variety of cytokines. Seven
structurally and functionally related members of STAT's have
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been identified: STAT1, STAT2, STAT3, STAT4, STAT3a,
STATSb and STAT6. STATs are activated via phosphoryla-
tion by members of the janus-activated kinase (JAK) family
(JAK1, 2, 3 and Tyk2) following binding of cytokines to
their cognate receptors. Once activated, STATs dimerise and
translocate to the nucleus to induce the expression of target
genes [60]. STAT1, together with STAT2 and IRF-9/ISGF3y,
form a heterotrimeric transcription factor complex known
as IFN-stimulated gene factor-3 (ISGF3). Upon stimulation
with type I IFNs (IFN-a and -8), ISGF3 translocates into the
nucleus to bind the interferon-stimulated response element
(ISRE), thus activating IFN-inducible genes [61, 62].

In parental human colorectal adenocarcinoma cells,
IFN-B treatment resulted in increased TRAIL promoter
activity, mRNA, protein expression and apoptosis, in
conjunction with increased levels of STAT1, STAT2 and
ISGF3y/IRF-9 protein expression [56]. Interestingly, these
inductions were no longer observed in IFN-f-resistant
cells [56]. IFN-B-inducible TRAIL mRNA was reduced
in STAT1-deficient cells, and these cells did not respond
to IFN-B-induced apoptosis, confirming the role of STAT1
in this process [56]. IFN-y-induced apoptosis in myeloma
cells was also associated with increased TRAIL mRNA,
protein and STAT1 phosphorylation [57]. Treatment with
IFN-vy did not increase STAT1 phosphorylation in myeloma
cells resistant to IFN-y-induced apoptosis [57]. Further-
more, inhibition of the JAK/STAT pathway using AG490,
an inhibitor of protein tyrosine kinase, suppressed IFN-y-
induced TRAIL secretion and recovered cell viability in
IFN-y-induced cell death [57]. In conclusion, STAT1 acti-
vation following interferon treatment can lead to transcrip-
tional activation of TRAIL, leading to increased cancer cell
death [56, 57].

IRF-1 has also been shown to regulate TRAIL expression
in response to interferon stimulation. IRF-1 is a member
of the IRF family of transcription factors that regulates
interferon-stimulated genes. Other family members include
IRF-2 to IRF-9, which are characterised by an amino-ter-
minal DNA-binding domain [63]. Following stimulation,
they bind to consensus sequences including ISREs, IRF-E
and interferon consensus sequence (ICS), thus inducing
interferon-stimulated genes [62]. A study by Clarke et al.
[59] showed that IRF-1 mediated synergistic induction of
TRAIL mRNA, protein and promoter activity following
combination treatment of IFN-y and retinoic acid (RA) in
breast cancer cells [59]. Using promoter mapping and muta-
tional studies, two IFN-response elements, ISRE (located
between —165 to —35) and IRF-E (located between —35 to
+1), were responsible for IRF-1’s actions [59]. Mutation to
the IRF-E, or to both IRF-E and ISRE, completely reduced
this synergistic effect. Interestingly, this was not observed
with mutation to the ISRE site alone [59]. EMSA using
the TRAIL IRF-E revealed the existence of an IFN-y- or
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RA-inducible complex containing IRF-1. Consistent with
this, ChIP assays demonstrated synergistic occupancy of
IRF-1 to the TRAIL promoter following IFN-y/RA treat-
ment, resulting in increased recruitment of the creb-binding
protein (CBP) and acetylated histone-3 [59]. Whilst Jurkat
cells are insensitive to IFN-y/RA treatment, breast cancer
SK-BR-3 cells die upon treatment. In order to examine
apoptosis occurring in a paracrine manner, SK-BR-3 and
Jurkat cells were co-cultured, followed by treatment with
IFN-y/RA. IFN-y/RA treatment dramatically increased cell
death of both cell lines, which was prevented by a neutral-
izing TRAIL antibody [59]. These findings suggest that
paracrine apoptosis induced by TRAIL plays a role in this
system and may therefore explain the observed synergistic
induction of TRAIL by IFN-y/RA [59].

Although IRF-1 and STAT1 have been shown to individ-
ually regulate TRAIL in different cancer cells, both IRF-1
and STAT1 are involved in IFN-a-induced TRAIL expres-
sion in human bladder cancer [58]. IFN-a treatment not
only resulted in increased IRF-1 protein expression, but also
rapid phosphorylation of STAT1. While ChIP assays con-
firmed IRF-1 and STAT1 binding to the TRAIL promoter
between —696/—437 following IFN-a treatment, the exact
elements were not verified [58]. In addition, IFN-a-induced
apoptosis was inhibited by an anti-TRAIL antibody and
TRAIL siRNA, suggesting direct involvement of TRAIL in
IFN-a-induced cell death [58]. These results demonstrate
that IRF-1- and STAT1-mediated IFN-a-inducible TRAIL
expression leads to IFN-a-mediated apoptosis in these
cells [58]. Further investigation of the TRAIL promoter is
necessary to identify the molecular mechanism(s) regulat-
ing TRAIL transcription by STAT1 and IRF-1, and whether
a common mechanism in response to interferon exists
between the different cancer cells used. Whether STAT1 and
IRF-1 cooperate to induce TRAIL transcription in this set-
ting is still unknown.

TRAIL expression can also be induced by DNA-dam-
aging agents, including chemotherapy, adriamycin and
5-fluorouracil in HCT116 human colon cancer cells [64].
Interestingly, induction of TRAIL protein was observed in
wild-type HCT116 cells but not in p53~~ HCT116 cells,
indicating the involvement of p53. TRAIL mRNA and
protein expression was induced in HCT116 p53~~ cells
transduced with adenovirus overexpressing p53, confirm-
ing the role of p53 as a regulator of TRAIL [64]. Using
human TRAIL promoter reporter constructs containing two
p53 sites (located between —346 and —625 bp), adenovi-
rus overexpressing pS3 enhanced TRAIL promoter activity
compared to the control [64]. TRAIL promoter activity was
also induced by adriamycin in a dose-dependent manner,
and this induction was associated with reduced cell viabil-
ity in p53-expressing HCT116 cells. Furthermore, TRAIL
induction by adriamycin promoted apoptosis, suggesting
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that TRAIL is required for p5S3-dependent cell apoptosis
[64].

TRAIL is also involved in TNF-a- and MS275-mediated
cancer cell sensitisation to chemotherapy adriamycin, and
this is mediated via Spl [65, 66]. Xu et al. [65] showed
that a region between —80 and +1 on the human TRAIL
promoter, which contains two Spl binding elements, is
responsible for TNF-o-induced TRAIL transcriptional
activity. These Spl elements may correspond to the Spl-1
and Sp1-2 sites that our group has previously identified [25].
Deletion of the second Spl element (from —80 to —65)
completely abolished TNF-o-induced TRAIL promoter
activity, suggesting that this region is essential for TRAIL
induction by TNF-a [65]. Besides TNF-a, TRAIL tran-
scriptional activation by the HDAC inhibitor, MS275 or in
combination with adriamycin chemotherapy was abolished
when the second Sp1 site was mutated [66]. Consistent with
this, Sp1 siRNA inhibited TRAIL expression by MS275 or
the combination of MS275 and adriamycin [66]. Caspase
activation was significantly increased following combina-
tion treatment of MS275 or TNF-a with adriamycin, which
was blocked by TRAIL siRNA [65, 66]. These studies sug-
gest that TNF-a and MS275 may sensitise human breast
cancer cells to chemotherapy by increasing TRAIL tran-
scription through Sp1 and subsequent cancer cell apoptosis
[65, 66].

In addition to the findings described above, Clarke et al.
[59] demonstrated that Spl may contribute to IRF-1 and
retinoic acid-induced TRAIL transcription in breast can-
cer cells. Basal and retinoic acid-induced TRAIL promoter
activity was completely blocked when the GC box in the
proximal promoter was mutated. Mutation in the distal GC
box completely inhibited basal and reduced RA-induced
TRAIL promoter activity compared to wild type [59]. These
GC boxes are located between —165/—35 in the human
TRAIL promoter, again corresponding to the Spl-1 and
Spl-2 elements we identified to be functional in VSMCs
[25]. Taken together, IRF-1-mediated RA-induced TRAIL
transcription may also involve Sp1 [59]. This is not surpris-
ing since crosstalk between IRF-1 and Sp1 has been demon-
strated with the human CDK2 promoter [67].

TRAIL in immune regulation and infection

TRAIL is expressed on a number of cells in the innate
and adaptive immune systems including monocytes, mac-
rophages, dendritic cells, natural killer (NK) cells, T cells
and B cells, in response to cytokines such as IFN-f and IFN-y
[68-72]. TRAIL has also been implicated in the regulation
of T helper responses, haematopoiesis and homeostasis of
T cells [73-75). Furthermore, once challenged, TRAIL ™/~
mice display phenotypes of autoimmune diseases including
arthritis, diabetes and multiple sclerosis (reviewed in [76]),

implicating a role for TRAIL in modulating an autoimmune
response. Consistent with this, soluble TRAIL levels are
increased in patients with systemic lupus erythaematous,
multiple sclerosis and systemic sclerosis [77-79]. However,
how TRAIL gene expression and transcription are con-
trolled during an immune response or during infection in
cells of the immune system has not been widely studied.
AroleforNFkBinTcellactivation-induced TRAIL expres-
sion has been described [80, 81]. Baetu et al. [80] showed
that induction of TRAIL mRNA and protein expression was
inhibited following stimulation with T cell receptor (TCR)
mimetics, including phorbol 12-myristate 13-acetate (PMA)
and PMA/Con A (concanavalin A) in Jurkat T cells express-
ing the IkBa mutant [80]. These results suggest that induc-
ible TRAIL expression is NFkB dependent [80]. Siegmund
et al. [81] used another mutant cell type, IKKy/NEMO-
deficient Jurkat T cells, which also inhibited NFkB activa-
tion despite the presence of a variety of NFkB stimuli. The
induction of TRAIL mRNA by PMA/ionomycin (PMA/I)
and TNF was completely prevented in these mutant cells
[81]. In addition, pharmacological inhibitors of NFkB,
NaSal and Bay 11-7082 (both inhibit IkB phosphorylation),
and MG132 (proteosomal inhibitor) dramatically reduced
PMA/ConA-induced TRAIL mRNA in primary human T
lymphocytes [80]. Collectively, these findings demonstrate
a key role of NFkB in the regulation of TRAIL expression
in response to T cell activation in both Jurkat T cells and
primary T lymphocytes, and this regulation may contribute
to TRAIL-mediated apoptosis in T lymphocytes [80, 81].
Baetu et al. [80] further reported three potential NFkB bind-
ing elements—«kB1 and kB2 (both in the proximal —538 bp)
and kB3 (—1,317 to —1,327 bp)—on the human TRAIL
promoter. EMSA revealed that only kB1 (—256 to —265)
is essential for increased NFkB binding by PMA in Jurkat
T cells. This is in agreement with mutation to kB1, which
inhibited NIK (an activator of the NFkB pathway)-induced
TRAIL promoter activity [80]. Interestingly, mutation to the
kB2 element also inhibited NIK-induced TRAIL promoter
activity, and further suppression was observed when both
elements were mutated. This suggests cooperative binding
to these elements for activation of TRAIL transcription [80].
In addition to the studies outlined above, inhibition of
TRAIL transcription and expression by the anti-inflamma-
tory 15-deoxy-A-21“-prostaglandinJ, (15d-PGJ,) following
T cell-activation was associated with inhibition of NF«kB
binding to the kB1 element in Jurkat T cells [82]. Besides the
kB1 site, the region between —165 and —35 contained addi-
tional regulatory element(s) essential for 15d-PGJ,-medi-
ated-suppression of TRAIL transcription [82]. Interestingly,
this region was essential for heat shock factor protein-1
(HSF-1)-mediated TRAIL transcriptional repression. Con-
sistent with this, putative HSF-1 binding elements are
located between —143 and —115 bp [82]. EMSA analysis
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demonstrated that 15d-PGJ, increased binding of HSF-1 to
the —143/—115 TRAIL oligonucleotide. While functional
studies were not carried out, these findings suggest that
HSF-1 negatively regulates TRAIL transcription in response
to 15d-PGJ, [82]. In conclusion, this study demonstrated
that 15d-PGJ, exerted its anti-inflammatory properties by
inhibiting TRAIL expression via inhibition of NFkB and
also via HSF-1. The anti-inflammatory action of 15d-PGJ,
may provide a new therapeutic approach for the treatment of
autoimmune diseases mediated by TRAIL [82].

The role of NFkB is not limited in regulating TRAIL
expression following T cell activation. NFkB can also
regulate TRAIL expression in response to the FPRLI1
agonists, e.g., W peptide (peptide of the invading patho-
gen) [83]. FPRLI or formyl peptide receptor-like-1 plays
a key role in the regulation of host defence against patho-
genic infection. In this study, W peptide increased TRAIL
protein levels in human THP-1 monocytes, in freshly
isolated normal human neutrophils and in mouse leuko-
cytes [83]. Pretreatment with LLnL (N-acetyl L-leucinyl
L-leucinyl L-norleucind), an NFkB inhibitor, inhibited
W peptide-inducible IkBa phosphorylation and TRAIL
expression in THP-1 monocytes and neutrophils [83]. Fur-
thermore, enhanced TRAIL expression by W peptide led to
tumour growth suppression by apoptosis in mice bearing
tumours. These results suggest that FPRL1 activation-
mediated endogenous TRAIL expression plays a role in
tumour immunosurveilance and innate immunity against
pathogenic infection [83].

In separate studies involving non-lymphoid cells, TRAIL,
Egr-2 and Egr-3 mRNA were upregulated in primary
intestinal epithelial cells isolated from mice injected with
superantigen staphylococcus enterotoxin B (SEB) [84].
Egr-2andEgr-3 areimmediate early genes thatcanbeinduced
rapidly by various stimuli. Egr-2 and Egr-3 overexpression
induced TRAIL mRNA expression in these cells, and this
induction was blocked by Nabl overexpression, a co-
repressor of Egr [84]. Although this study did not determine
the functionality of the Egr sites in the promoter, sequence
analysis identified a putative Egr site, suggesting that Egr
family members may directly regulate TRAIL transcription
in non-lymphoid cells [84]. These findings implicate a role
for TRAIL during an immune response, whereby induc-
ible TRAIL expression in response to an antigen in non-
lymphoid tissue may contribute to peripheral lymphocyte
deletion by this tissue [84].

TRAIL expression has been shown to be induced follow-
ing several virus infections. A study by Kirshner et al. [85]
reported that Sendai virus (SeV) infection induced TRAIL
mRNA expression in a human colon adenocarcinoma cell
line. This induction was mediated by the transcription fac-
tor IRF-3, since IRF-3 overexpression increased TRAIL
mRNA in SeV-infected cells lacking the IFN receptor [85].
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IRF-3 overexpression also increased TRAIL promoter activ-
ity. Consistent with this, overexpression of the constitutively
active IRF-3 construct transactivated the promoter, whilst
overexpression of dominant negative IRF-3 inhibited trans-
activation [85]. IRF-1, -2 and -7 failed to induce promoter
activity suggesting that the IRF-3 effect on the TRAIL
promoter was specific [85]. Increased IRF-3 bound to the
TRAIL ISRE site (—121 to —140), whilst no IRF-7 binding
was observed in a no-shift assay (similar to EMSA) in SeV-
infected cells [85]. Mutations to the TRAIL ISRE, mutant
1 and 2, reduced IRF-3 binding. Furthermore, both ISRE
mutations significantly impaired basal and SeV-induced
TRAIL promoter activity [85]. This study implicates a
mechanism of TRAIL induction by SeV infection and may
suggest TRAIL as a mediator of SeV-induced apoptosis in
infected cells [85].

In addition to SeV infection, HIV-1 infection increased
TRAIL mRNA and membrane-bound TRAIL in human
monocyte-derived macrophages (MDM) [86]. However,
in contrast to SeV infection [85], IRF-3 was not required
for HIV-1-induced TRAIL expression. Instead, this induc-
tion was mediated by IRF-1 and IRF-7, since knockdown
of IRF-1 and IRF-7, but not IRF-3, reduced TRAIL mRNA
in HIV-infected cells. Silencing IRF-1 and IRF-7 also
reduced STAT1 phosphorylation, and STAT1 inhibition
blocked HIV-1-induced TRAIL expression. Interestingly,
knockdown of IRF-1 but not IRF-7 inhibited HIV replica-
tion. The increase in TRAIL expression was also associated
with type I IFN activity since TRAIL mRNA was reduced
following treatment with IFN-a or IFN-f neutralizing
antibody in HIV-1-infected cells with STAT1 phospho-
rylation also reduced [86]. This study showed that TRAIL
induction following HIV-1 infection involves a feedback
loop through IRF-1, IRF-7, type I IFNs and STAT1 sig-
nalling, thus contributing to the macrophage-induced HIV
pathogenesis [86].

Interestingly, TRAIL-mediated cytotoxicity is induced
by encephalomyocarditis virus (EMCV) infection, and
TRAIL mainly contributed to reducing the encephalo-
myocarditis replication in vivo through the NK-mediated
antiviral response [87]. In this system, IRF-9 was impli-
cated in regulating inducible TRAIL expression. As dem-
onstrated by Sato et al. [87], poly-IC (a potent inducer of
IFN-a/p that can mimic viral infection) treatment in IRF-
9=/~ mice reduced TRAIL mRNA expression on isolated
natural killer (NK) cells compared to NK cells isolated
from wild-type mice. Furthermore, transient transfec-
tions using a murine TRAIL promoter luciferase reporter
construct (—220 to +47), containing an ISRE element
(—57/—44), demonstrated induction of TRAIL promoter
activity by IFN-B in wild-type mouse embryonic fibro-
blasts (MEFs), which was completely abrogated in IRF-
9=/~ MEFs [87]. The involvement of IRF-9 was further
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confirmed using EMSA with TRAIL ISRE oligonucleo-
tides, which showed an inducible ISRE-ISGF3 complex
formation following IFN-B treatment. ISGF3 or IFN-
stimulated gene factor-3 is a heterotrimeric transcription
factor complex consisting of IRF-9, Statl and Stat2.

Besides IRFs, NFkB has been demonstrated to regulate
TRAIL expression in response to virus infection, and this is
associated with TRAIL’s proapoptotic activity [88]. Apop-
tosis via caspase activation is essential for efficient influ-
enza virus propagation, and TRAIL enhanced-influenza
virus propagation required NFkB signalling [88]. In this
study, inhibition of NFkB signalling by utilising host cells
expressing a dominant negative mutant of IKK2/IKKp
or a non-degradable phosphorylation site mutant of
IkBa (IkBamut) blocked influenza virus-induced TRAIL
expression [88]. Virus propagation was also reduced in
these mutant cells. Interestingly, recombinant human
TRAIL was able to rescue this effect by inducing virus
propagation [89].

TRAIL regulation in cellular differentiation

NFATc proteins are a family of transcription factors with
4 members: NFATc1, 2, 3 and 4 [90]. Their activity is
controlled by calcineurin, a calcium-dependent phos-
phatase, and they are involved in a variety of biological
processes including regulation of cell differentiation [91—
93]. TRAIL gene expression can be indirectly regulated
by NFATcl1, implicating a role for TRAIL in cell differ-
entiation [94]. Treatment with PMA + calcium ionophore
A23187, which is known to activate NFAT, resulted in
increased TRAIL protein expression in human intestinal
cells. This induction was blocked by pretreatment with
cyclosporine A, an antagonist of NFAT signalling [94].
NFATcl overexpression, but not NFATc2, NFATc3 and
NFATc4, strongly activated the TRAIL promoter. NFATc1
overexpression also increased TRAIL mRNA and pro-
tein expression [94]. Five putative NFAT-binding ele-
ments were identified—N1, N2, N3, N4 and N5—Ilocated
between —923 and —383 of the human TRAIL promoter.
Although EMSA analysis showed that PMA + calcium
ionophore increased N4 and N5 binding activity and iden-
tified the presence of NFATc1, NFATcl-induced TRAIL
promoter activity was not inhibited following deletion
of these sites (from —1,371 to —165) [94]. Instead, the
region between —165 and —35 was found to be required
for TRAIL induction by NFATcl. Although this region
lacks an NFAT consensus binding site, further analy-
sis identified two sites containing Spl-binding elements
(—86/—57 and —58/—33), important for NFATc1 induc-
tion of TRAIL expression [94]. Knocking down NFATc1
by siRNA or shRNA led to increased Spl binding to
—86/—57 and —58/—33 sites, also confirmed by ChIP

studies [94]. These studies suggest that NFATc1-induced
TRAIL transcriptional activity involves inhibition of Spl
binding to the TRAIL promoter [94].

Challenges

TRAIL’s activity and function(s) are complicated, display-
ing multiple levels of control dependent on cell type and
the cellular environment. In this review we have discussed
the transcriptional control of TRAIL in multiple cell types
and in multiple pathologies. We know that TRAIL’s activ-
ity is also controlled at other levels. For example, the
newly identified TRAIL isoforms may mediate the differ-
ential functions of TRAIL we observe in many systems.
We know that in vascular proliferative disorders, at least
in our hands, TRAIL’s role to promote survival is more
important than its role to induce cell death [25]. In con-
trast, TRAIL is more likely to promote apoptosis of can-
cer cells. It is therefore tantalising to speculate that the
TRAIL isoforms lacking cytotoxic activity may be more
highly expressed in the vasculature than in tumours and
cancer cell lines. We are currently in the process of exam-
ining the expression of these isoforms in the vessel wall.
However, their function(s) in disease settings are cur-
rently unknown.

Conflicting reports demonstrating differential cytotox-
icity dependent on membrane-bound versus the soluble
form of TRAIL are also implicated in disease and further
complicate TRAIL’s activity in vivo. For example, adeno-
viral-mediated TRAIL expression significantly increased
apoptosis in human breast cancer cell lines, whilst these
cells appeared to be resistant to apoptosis with the soluble
form, even at high concentrations [95]. Membrane-bound
TRAIL-expressing CD344- cells also had the ability to
kill myeloma, lymphoma and epithelial cancer cells resist-
ant to soluble TRAIL-mediated killing [96]. Interestingly,
TRAIL-R1 could be activated by both membrane-bound
and soluble TRAIL, whilst TRAIL-R2 was only activated
by membrane-bound TRAIL or via soluble TRAIL second-
arily cross-linked by antibodies [97]. While these studies
support the notion that membrane-bound TRAIL may be
more potent in inducing apoptosis, caution needs to be taken
in interpreting these results since different preparations of
soluble TRAIL may have variable effects on TRAIL-recep-
tor signals [98].

In addition to these further challenges, defects in TRAIL-
receptor signalling and components of DISC may also mod-
ulate the differential functions of TRAIL. A characteristic
feature in human cancers is their ability to become resist-
ant to cell death. Defects in caspase-8, for example, can
promote tumour progression and resistance to treatment
[99]. In support of this, TRAIL-induced proliferation of
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tumour cells may be mediated by defects in TRAIL-receptor
signalling at the level of the DISC [100] or loss of cell
surface TRAIL-R1 and -R2 [49].

Conclusion

Although the mechanisms regulating TRAIL at the level of
transcription have still not been widely explored, this review
has highlighted recent understandings of the mechanisms
that control TRAIL transcription and expression. Identifica-
tion of transcription factor(s) regulating TRAIL expression
will help better understand TRAIL functions in the con-
text of both physiological and pathological conditions. In
fact, targeting TRAIL or specific transcription factors may
provide novel therapeutic approaches for treatment of dis-
eases associated with TRAIL.
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