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Abbreviations 

AP-2 activator protein 2 
ARE adenosine-uridine (AU)-rich element 
8-Br-cAMP 8-bromoadenosine 3′,5′-cyclic monophosphate sodium salt
BMM bone marrow-derived macrophage 
cAMP cyclic adenosine 3',5'-monophosphate 
CCCH cysteine-cysteine-cysteine-histidine 
CM cytokine mixture (IFN-γ, IL-1β, and TNF-α) 
COX-2 cyclooxygenase-2 
db-cAMP N ,2′-O-dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt6

EGF epidermal growth factor 
ERK1/2 extracellular signal-regulated kinase 1 and 2 
FAM 6-carboxy-fluoroscein, dye used in quantitative PCR 
FGF fibroblast growth factor 
GAPDH glyceraldehyde-3-phosphate dehydrogenase 
GM-CSF granulocyte-macrophage colony-stimulating factor 
IFN interferon 
IL interleukin 
iNOS inducible nitric oxide synthase 
JAK Janus kinase 
JNK c-Jun N-terminal kinase 
KO knockout, gene deletion 
KSRP heterogeneous nuclear ribonucleoprotein K homology domain- 

type splicing regulatory protein 
LIF leukaemia inhibitory factor 
LPS lipopolysaccharide 
MAPK mitogen-activated protein kinase 
MG132 N-[(phenylmethoxy)carbonyl]-L-leucyl-N-[(1S)-1-formyl-3- 

methylbutyl]-L-leucinamide, proteasome inhibitor 
MK MAPK-activated protein kinase (also called MAPKAPK) 
MIP macrophage inflammatory protein 
NF-κB nuclear factor κB 
NGF nerve growth factor 
PD98059 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one, ERK1/2 

inhibitor 
PKC protein kinase C 
PPAR peroxisome proliferator-activated receptor 
RIE rat intestinal epithelial (cells) 
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SB203580 4-(4-fluorophenyl)-2-(4-methylsulphinylphenyl)-5-(4-pyridyl)-1H- 
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SEM standard error of mean 
Smad mediators of TGF-β family signals. The term is a merger of the Sma 

genes in Caenorhabditis elegans and the Drosophila gene Mad 
(mother against decapentaplegic) (Derynck et al. 1996) 

SP600125 anthra[1,9-cd]pyrazol-6(2H)-one, JNK inhibitor 
STAT signal transducer and activator of transcription 
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TGF transforming growth factor 
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TSA trichostatin A, inhibitor of histone deacetylases 
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Abstract 

Inflammation is a host defence reaction against pathogens and tissue injury. 
However, if inflammation is dysregulated, prolonged, or inappropriately 
focussed, it can become harmful for the host and cause diseases such as 
rheumatoid arthritis and asthma. At the site of inflammation, the tissue and 
immune cells secrete cytokines and other inflammatory modulators. The 
expression of these factors is regulated at both the transcriptional and post-
transcriptional levels. Recently, the post-transcriptional regulation of gene 
expression has become a topic of interest since it may represent a potential 
therapeutic target. 

One of the post-transcriptional regulators is tristetraprolin (TTP). TTP can 
bind to the AU-rich elements (AREs) in the 3'-untranslated region (3'-UTR) of 
many transiently expressed genes, e.g. tumor necrosis factor α (TNF-α). The 
bound TTP induces deadenylation and increases degradation of the target 
mRNA, thereby reducing the translation and expression of the target gene.  

The aim of the present study was to investigate the regulation of TTP 
expression and the effects of TTP knockdown in macrophages. Dexamethasone, 
and the dissociated steroid, RU24858, both inhibited lipopolysaccharide (LPS)-
induced TTP mRNA and protein expression in a glucocorticoid receptor 
dependent and a glucocorticoid response element-independent manner, possibly 
through histone deacetylation and transcriptional silencing.  

cAMP-elevating agents increased the expression of TTP mRNA both in 
resting cells and in macrophages activated by bacterial LPS. In resting cells, 
cAMP-elevating agents increased TTP protein expression, with this effect likely 
being mediated by activation of transcription factor activator protein 2 (AP-2). In 
contrast, cAMP-elevating agents decreased TTP protein levels in cells activated 
by LPS, probably by increasing TTP degradation through the proteasome.  

TTP expression was down-regulated in J774 macrophages by siRNA 
technique. The cytokine antibody array revealed interleukin (IL)-12, macrophage 
inflammatory protein 2 (MIP-2, a homologue to human IL-8), and MIP-3α as 
novel cytokine targets for TTP-regulated mRNA decay, and confirmed the 
earlier findings that TNF-α and IL-6 expression is regulated by TTP. 

In the present study, novel mechanisms regulating the expression of TTP in 
macrophages were discovered. Glucocorticoids and cAMP-elevating agents (e.g. 
salbutamol) were found to decrease TTP expression in activated macrophages, 
and their mechanisms of action were clarified in greater detail. In addition, novel 
targets of TTP-mediated mRNA decay were discovered by cytokine antibody 
array after down-regulation of TTP by shRNA. The findings of the present study 
can be applied in the development of novel anti-inflammatory drugs. 
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Tiivistelmä 

Tulehdus on elimistön puolustusreaktio taudinaiheuttajaa tai kudosvaurioita 
vastaan. Tulehtuneen kudoksen solut sekä tulehdusalueelle kertyneet valkosolut 
erittävät tulehdusta muokkaavia välittäjäaineita, kuten sytokiineja. Jos 
puolustusmekanismien sammuttaminen on häiriintynyt tai reaktio kohdistuu 
väärin, seurauksena voi olla tulehdustauti, kuten reuma tai astma. 
Tulehdusgeenien aktivoitumista säätelevät mm. solun pintareseptorien määrä ja 
aktivoituminen, solunsisäisten signaalivälitysketjujen aktivoituminen ja 
transkriptiota aktivoivien transkriptiotekijöiden siirtyminen tumaan. 
Transkriptiossa syntynyttä lähetti-RNA:ta muokataan eri tavoin ja sen stabiiliutta 
ja translaatiota säädellään useilla eri mekanismeilla. 

Tristetraproliini (TTP) on yksi lähetti-RNA:n stabiiliutta säätelevä tekijä. 
TTP voi sitoutua tiettyjen lähetti-RNA-molekyylien 3’-päässä olevaan 
adenosiini-uridiini (AU) -rikkaaseen proteiinia koodaamattomaan 
säätelyalueeseen. Tunnetuin sytokiini, jonka ilmenemistä TTP säätelee, on 
tuumorinekroositekijä alfa (TNF-α). TTP voi sitoutua lähetti-RNA-molekyylien 
3’-pään säätelyalueelle, edistää deadenylaatiota ja nopeuttaa lähetti-RNA:n 
hajoamista, jolloin näiden koodaamien proteiinien synteesi vähenee.  

Tämän väitöskirjatutkimuksen tarkoituksena oli tutkia TTP:n ilmenemisen 
säätelyä ja TTP:n poiston vaikutuksia makrofageissa. Pääasiallinen mielenkiinto 
kohdistui glukokortikoidien sekä β2-agonistien ja muiden syklisen 
adenosiinimonofosfaatin (AMP) tasoja nostavien yhdisteiden TTP:n ilmenemistä 
säätelevään vaikutukseen. TTP:n lähetti-RNA:n ja proteiinin tuoton esto 
glukokortikoideilla välittyi glukokortikoidireseptorin kautta, todennäköisesti 
histonien deasetylaation kautta.  

Syklisen AMP:n määrää nostavat yhdisteet lisäsivät TTP:n lähetti-RNA:n 
määrää sekä stimuloimattomissa että LPS:llä aktivoiduissa makrofageissa. Samat 
yhdisteet lisäsivät TTP-proteiinin ilmentymistä vain stimuloimattomissa soluissa 
ja todennäköisesti transkriptiotekijä AP-2-välitteisesti. Sen sijaan LPS:llä 
käsitellyissä makrofageissa forskoliini nopeutti TTP-proteiinin hajoamista, koska 
TTP-proteiinin proteasomivälitteinen hajoaminen nopeutui forskoliinin 
vaikutuksesta. 

TTP:n vaikutuksia tulehdustekijöiden tuottoon makrofageissa tutkittiin 
vaimentamalla TTP:n ilmentymistä siRNA-menetelmällä. Pienten inhiboivien 
RNA-molekyylien avulla saatiin TTP:n tuotto aktivoiduissa makrofageissa 
vähenemään merkittävästi. Sytokiinivasta-ainearraylla selvitettiin mahdollisia 
uusia proteiineja, joiden ilmenemistä TTP voisi säädellä. Menetelmällä 
todennettiin TTP:n tunnetut kohteet TNF-α ja interleukiini-6 (IL-6). Näiden 
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lisäksi uusiksi mahdollisiksi kohteiksi ilmenivät IL-12, 
makrofagitulehdusproteiini 2 (MIP-2, humaani IL-8:n homologi) ja MIP-3α.  

Väitöskirjatutkimuksessa löydettiin useita uusia mekanismeja säädellä TTP:n 
ilmenemistä tulehdusreaktion kannalta tärkeissä soluissa, makrofageissa. 
Glukokortikoidit ja syklisen AMP:n määrää nostavat yhdisteet (mm. 
salbutamoli) vähentävät TTP:n ilmentymistä aktivoituneissa makrofageissa. Kun 
TTP:n ilmeneminen vaimennettiin siRNA-tekniikalla, sytokiinivasta-ainearraylla 
löydettiin uusia sytokiineja, joiden ilmenemistä TTP mahdollisesti säätelee. 
Väitöskirjatyön tuloksia voidaan hyödyntää uusien anti-inflammatoristen 
lääkkeiden kehittämisessä.  
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Introduction 

The expression of proinflammatory cytokines is upregulated in inflammation. 
During the stage of ongoing inflammation, the post-transcriptional regulation of 
gene expression might provide possible drug targets to dampen the expression of 
these genes. One of the mechanisms controlling gene expression at the post-
transcriptional level is the regulation of mRNA stability through cis-acting AU-
rich elements (AREs) in the 3'-untranslated region (3'-UTR) of mRNAs of many 
inflammatory and other transiently expressed genes. Several trans-acting factors 
have been found to bind to AREs (Hollams et al. 2002, Khabar 2005). 

Tristetraprolin (TTP, also known as TIS11, Nup475, G0S24, ZFP36) is one 
of the trans-acting factors known to destabilize the mRNAs of e.g. tumor 
necrosis factor α (TNF-α) and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) (Blackshear 2002). A direct connection between TTP and 
inflammation was demonstrated in mice with a disrupted TTP gene (Taylor et al. 
1996). The TTP knockout (KO) mice developed a severe inflammatory 
syndrome, including arthritis, autoimmunity, and myeloid hyperplasia, which 
was associated with elevated levels of circulating TNF-α, and which could be 
alleviated by administration of TNF-α antibody. TTP KO mice produce excess 
amounts of proinflammatory cytokines, TNF-α and GM-CSF, due to the 
increased stability of their mRNAs (Carballo et al. 1998, Carballo et al. 2000). 
TTP can bind to the ARE of these cytokine mRNAs and induce their 
deadenylation and degradation (Lai et al. 1999). 

The expression of TTP can be induced by several factors including serum, 
insulin, and 12-O-tetradecanoylphorbol-13-acetate ester (TPA) (Lai et al. 1990). 
The expression of TTP has been observed in several tissues including lung, liver, 
and spleen (Lai et al. 1990, Cao et al. 2004). Generally, TTP has been regarded 
as a factor that destabilizes mRNAs of transiently expressed genes. As an 
exception, TTP has been reported to stabilize inducible nitric oxide synthase 
mRNA by interfering with the function of other destabilizing factors (Fechir et 
al. 2005). 

Since TTP can destabilize the mRNAs of proinflammatory genes, it down-
regulates their expression and in that way tilts the equilibrium of the 
inflammatory responses towards an anti-inflammatory and immunosuppressive 
direction. The aim of the present study was to investigate the regulation of TTP 
expression and the effects of TTP knockdown by siRNA on cytokine production 
in macrophages. 
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Review of the literature 

Inflammation 

The inflammatory reaction is generally protective and directed against pathogens 
and other noxious agents. Redness, swelling, heat, pain, and loss of function are 
the classical signs of inflammation. Sometimes the defensive responses are 
focussed inappropriately, causing diseases such as rheumatoid arthritis and 
asthma. Several types of cells are involved in the inflammatory reaction. Some 
of these cells are present in tissues (e.g. mast cells and tissue macrophages) while 
others gain access from the blood (e.g. neutrophils, monocytes/macrophages, and 
lymphocytes). (Rang et al. 2007a) 

Inflammation is mediated and regulated by soluble modulators. Cytokines 
such as interleukins (IL), tumor necrosis factors (TNF), interferons (IFN), 
chemokines, and colony-stimulating factors can be either proinflammatory or 
anti-inflammatory (Rang et al. 2007a). The eicosanoids are another group of 
inflammatory modulators and the expression of prostanoid producing enzyme, 
cyclooxygenase-2 (COX-2), is significantly upregulated during inflammation 
(Rajakariar et al. 2006). Another modulator and regulator of inflammation is the 
nitric oxide, which is produced by inducible nitric oxide synthase (iNOS) 
(Moncada et al. 1991, MacMicking et al. 1997, Korhonen et al. 2005, 
Vuolteenaho et al. 2007)  

Many of the cytokines are expressed transiently in inflammation. Their 
induction is mediated by ligands binding to receptors, a multitude of signalling 
pathways as well as transcription factors. The signalling pathways regulating 
cytokine biosynthesis include the mitogen-activated protein kinases (MAPK) 
p38, c-jun N-terminal kinase (JNK), and extracellular signal-regulated kinase 1 
and 2 (ERK1/2). The p38 MAPK pathway has been shown to regulate the 
biosynthesis of proinflammatory cytokines, to regulate the function of proteins 
involved in post-transcriptional regulation, and the dysregulation of p38 has been 
shown to be associated with inflammation and inflammatory diseases such as 
rheumatoid arthritis (Cuenda and Rousseau 2007). Gene expression can be 
regulated also by post-transcriptional mechanisms e.g. via the regulation of the 
rate of mRNA decay (Wilusz et al. 2001). In inflammation, the post-
transcriptional regulation of gene expression represents a meaningful drug target 
since targeting the transcription of a gene, once it has been triggered to function 
or ceased, no longer provides a way to regulate gene expression. Inhibitors of the 
p38 MAPK pathway, which also affect post-transcriptional regulation, have been 
developed for the therapy of inflammatory diseases (Saklatvala 2004). For 
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example, inhibitors of the p38 and JNK pathways have been shown to regulate 
the stability of iNOS mRNA (Lahti et al. 2003, Lahti et al. 2006). In addition, 
some anti-inflammatory drugs appear to be able to destabilize the mRNAs of 
certain proinflammatory modulators and via that mechanism they can reduce 
inflammation. For example, the glucocorticoid, dexamethasone, has been shown 
to destabilize the mRNA of iNOS (Korhonen et al. 2002). It has been claimed 
that p38 and dexamethasone exert a combined action on the mRNA 
destabilization of COX-2 (Lasa et al. 2001). 

Messenger RNA decay 

Aberrant control of mRNA stability has been implicated in various disease 
states, including inflammation. The expression of many cytokines, growth 
factors, and proto-oncogenes is regulated also at the level of mRNA stability i.e. 
not simply through the rate of gene transcription. Modifying the stability of 
mRNA is a flexible and rapid way to regulate mRNA expression. One good 
example is the regulation of iNOS expression. It has been noted that there is 
basal transcription of iNOS mRNA although no mRNA can be detected in 
resting cells, indicative of a continuous degradation of the mRNA as it is 
produced. Without any major changes in the transcription rate of iNOS mRNA, 
the expression  of this  gene can be markedly increased by the combination of 
IL-1β and interferon (IFN)-γ (Linn et al. 1997). 

There are several ways of controlling and triggering the decay of mRNAs 
(Wilusz et al. 2001, Garneau et al. 2007). The decay of mRNA can be 
deadenylation-dependent, deadenylation-independent, endoribonucleolytic, or 
nonsense (premature stop codon)-mediated, and regulated by trans-acting factors 
on cis-acting elements. One of the best-characterized cis-acting elements is the 
AU-rich element (ARE) in the 3'-untranslated region (3'-UTR) of mRNAs of 
many inflammatory and other transiently expressed genes (Chen and Shyu 
1995). Several trans-acting factors have been investigated and several of them 
have been shown to bind to AREs (Table 1). These proteins affect the stability of 
mRNA and may play a role in many serious diseases such as cancer, 
inflammatory diseases, and Alzheimer's disease (Guhaniyogi and Brewer 2001, 
Khabar 2005). The mechanisms, how these factors trigger mRNA decay and 
where the mRNA decay takes place, are not understood in detail. The 
proteasome (Laroia et al. 1999, Laroia et al. 2002), exosome (Chen et al. 2001, 
Mukherjee et al. 2002), and RNA processing body (PB) (Franks and Lykke-
Andersen 2007, Stoecklin and Anderson 2007) have been suggested as sites of 
mRNA decay, while stress granules (SGs) have been proposed to store mRNAs 
during stress (Kedersha and Anderson 2002). In addition, TTP has been claimed 
to be a component of the miRNA and siRNA pathways, which may also play a 
role in ARE-mediated mRNA decay (Jing et al. 2005, Dorner et al. 2006). 
Efforts have been made in recent years to identify the factors binding to the ARE 
and TTP is recognized as one of the ARE-binding factors. TTP expression has 
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been shown to be induced by inflammatory stimuli and TTP KO mice develop 
arthritis-like symptoms (Taylor et al. 1996, Carballo et al. 1998). Therefore the 
present study has focused on the regulation of TTP expression in macrophages. 

 
 

Table 1. Examples of ARE-binding proteins. 
 

   
RNA-Binding protein Function 

(if known) 
Reference 

   
   
ELAV family   
   HuB Stabilizing, 

translational 
enhancing 

Levine et al. 1993 

   HuC Stabilizing Sakai et al. 1994 
   HuD Stabilizing Chung et al. 1996 
   HuR (HuA) Stabilizing Ma et al. 1996 
   
Tristetraprolin family  Blackshear 2002 
   TTP (TIS11, G0S24, Nup475, ZFP36) Destabilizing Carballo et al. 1998 
   BRF1 (TIS11B, ZFP36L1, cMG1, ERF1, 

Berg36) 
Destabilizing Lai et al. 2000 

   BRF2 (TIS11D, ZFP36L2, ERF2) Destabilizing Lai et al. 2000 
   
Others   

AUF1 (isoforms p37, p40, p42, p45) Destabilizing, 
stabilizing 

Zhang et al. 1993 

KSRP (FBP2)  Destabilizing Chen et al. 2001 
TIA-1 Translational 

silencing 
Piecyk et al. 2000 

TIAR Translational 
silencing 

Gueydan et al. 1999 

   
AUF1, ARE- and poly(U)-binding and degradation factor-1; BRF, butyrate-response factor; 
ELAV, embryonic lethal abnormal vision; ERF, epidermal growth factor response factor; FBP, 
far upstream sequence element binding protein; HuA/B/C/D/R, Hu antigen A/B/C/D/R; KSRP, 
heterogeneous nuclear ribonucleoprotein K homology domain-type splicing regulatory protein; 
Nup, nuclear protein; TIA-1, T cell-restricted intracellular antigen-1; TIAR, TIA-1-related; TIS, 
TPA-induced sequence; ZFP, zinc finger protein. 
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Tristetraprolin (TTP) 

Tristetraprolin (TTP) belongs to a family of the cysteine-cysteine-cysteine-
histidine (CCCH) tandem zinc finger proteins (Blackshear 2002). TTP was first 
found to be induced by insulin in mouse NIH 3T3 HIR 3.5 cells (Lai et al. 1990). 
It was named tristetraprolin due to the three groups of four consecutive prolines 
in the mouse TTP protein. Soon the sequence of a human analogue was revealed 
(Taylor et al. 1991). HUGO Gene Nomenclature Committee named the gene as 
zinc finger protein 36 (Zfp36 in mice, ZFP36 in humans). TTP was also found to 
be induced by 12-O-tetradecanoylphorbol-13-acetate ester (TPA) in mouse 
Swiss 3T3 cells and named as TPA-induced sequence 11 (TIS11) (Varnum et al. 
1989b). The original sequence reported there was later corrected in its 5' and 3' 
portions (Ma and Herschman 1991). Nuclear protein 475 (Nup475), an mRNA 
induced by growth factors in mouse 3T3 fibroblasts (DuBois et al. 1990)), and 
G0S24 in human lymphocytes (Heximer and Forsdyke 1993) were also found to 
have the same sequence as TTP. TTP has also been found in rat (Kaneda et al. 
1992, Kaneda et al. 2000) and bovine cells (Lai et al. 1995), and the Xenopus 
protein XC3H-1 seems to be related to TTP protein (De et al. 1999).  

Other family  members of  CCCH tandem zinc finger proteins include 
ZFP36-like 1 (ZFP36L1), ZFP36-like 2 (ZFP36L2), and Zfp36-like 3 
(ZFP36L3). All of these share similar ARE-binding, deadenylation, and RNA 
degradation promoting properties as TTP (Lai et al. 2000, Chinn et al. 2002, Lai 
et al. 2003, Hudson et al. 2004, Blackshear et al. 2005). 

TTP is an RNA-binding protein that affects the stability and expression of 
certain mRNAs and its role in the post-transcriptional regulation of transiently 
expressed genes has become clearer in recent years. Studies on TTP knockout 
(KO) mice revealed a direct connection between TTP and inflammation, i.e. the 
mice developed a systemic inflammatory syndrome with arthritis, autoimmunity, 
and myeloid hyperplasia (Taylor et al. 1996). The best-studied target of TTP-
mediated  mRNA instability derived from TTP KO mice is tumor necrosis 
factor-α (TNF-α). TTP can promote the deadenylation and decay of TNF-α 
mRNA by binding to the conserved AU-rich element  (ARE) in the 3’-
untranslated region (3'-UTR) of TNF-α mRNA (Lai et al. 1999, Lai and 
Blackshear 2001), thereby decreasing the production of TNF-α protein. Another 
well-studied target of TTP is granulocyte-macrophage colony-stimulating factor 
(GM-CSF) (Carballo et al. 2000). In addition, inflammatory modulators such as 
cyclooxygenase-2 (COX-2), interleukin 3 (IL-3), and IL-6 have been found to be 
destabilized by TTP (using TTP overexpression and gene silencing methods) 
(Stoecklin et al. 2000, Stoecklin et al. 2001, Sawaoka et al. 2003). TTP has been 
shown to destabilize the proinflammatory mRNAs, down-regulating their 
expression, i.e. the inflammatory responses are shifted towards an anti-
inflammatory and immunosuppressive direction. 

TTP expression has been detected in various tissues including spleen, lymph 
nodes, and thymus (DuBois et al. 1990, Lai et al. 1990, Cao et al. 2004, Lu and 
Schneider 2004, Stumpo et al. 2004, Smoak and Cidlowski 2006) and its 
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expression can be induced by inflammatory and related stimuli including 
bacterial products, growth factors, serum, and tumor promoters (Arenander et al. 
1989b, Arenander et al. 1989c, DuBois et al. 1990, Lai et al. 1990, Beauchamp et 
al. 1994). A better understanding of the regulation of TTP expression and its 
actions in inflammation may help identify new potential drug targets. 

TTP is coded by a gene with one intron. Information on the sequences of the 
mouse (Zfp36) and human (ZFP36) TTP genes and proteins are given in Table 2. 
The calculated molecular weight of TTP is 36 kDa, but the observed molecular 
weight in gel electrophoresis is somewhat higher due to post-translational 
modifications such as phosphorylation (Mahtani et al. 2001, Zhu et al. 2001, Cao 
et al. 2004, Lai et al. 2006). TTP can bind to AU-rich sequences through its two 
conserved CCCH zinc finger domains and promote deadenylation and 
degradation (Lai et al. 1999), but additional sequences in the N- and C-terminal 
regions are required for full activity of TTP (Rigby et al. 2005).  
 
 
Table 2. Information on mouse and human TTP gene and protein sequences. 
 

      
 Gene 

name 
cDNA 
RefSeq 

Chromosome Protein 
RefSeq 

Amino 
acids 

      
      
Mouse TTP Zfp36 NM_011756 7 NP_035885 319 
Human TTP ZFP36 NM_003407 19 NP_003398 326 
      

Transcription factor binding sites and the mRNA 3' untranslated 
region in TTP gene 

Several different transcription factor binding sites have been identified by 
computer analysis in the mouse (DuBois et al. 1990, Lai et al. 1995), human 
(Heximer and Forsdyke 1993, Lai et al. 1995, Smoak and Cidlowski 2006), rat 
(Kaneda et al. 2000, Murata et al. 2000), and bovine (Lai et al. 1995) TTP 
promoter regions (Figure 1) and in the mouse, human, and bovine TTP intron 
(Lai et al. 1998). One common feature of the promoter regions of mouse, human, 
rat, and  bovine TTP seems to be consensus sequences of activator protein 2 
(AP-2) and Sp1 (DuBois et al. 1990, Heximer and Forsdyke 1993, Lai et al. 
1995, Kaneda et al. 2000). The intron regions also seem to contain these 
sequences (Lai et al. 1998). One other common transcription factor consensus 
site in mouse and human TTP promoter region is that for EGR1 (DuBois et al. 
1990, Heximer and Forsdyke 1993, Lai et al. 1995). The involvement of EGR1, 
AP-2, and TTP promoter element 1 (TPE1) in serum inducibility of mouse TTP 
has been confirmed by mutation analysis and gel mobility shift assays (Lai et al. 
1995). The mouse TTP promoter region was also sensitive to mutations at the 
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Sp1 site but direct binding of Sp1 to the binding site in TTP promoter was not 
demonstrated (Lai et al. 1995). In the same study, the TTP intron was also found 
to be important for full serum inducibility. The intron indeed may be an 
important binding site for Sp1 and contribute to full serum inducibility of mouse 
TTP (Lai et al. 1998). The mouse, human, and bovine intron and human 
promoter region  of TTP  have been  shown to  contain a  nuclear factor  κB  
(NF-κB)-like binding site and NF-κB consensus binding sites, respectively (Lai 
et al. 1998, Smoak and Cidlowski 2006). 

IL-4 has been shown to stimulate TTP expression through signal transducer 
and activator of transcription 6 (STAT6) in mice (Suzuki et al. 2003), while 
another cytokine, transforming growth factor β (TGF-β), has been shown to 
upregulate TTP expression through Smad3 and Smad4 (Ogawa et al. 2003). 
Binding sites for STATs and Smads have also been putatively detected by 
promoter analysis (Smoak and Cidlowski 2006). A glucocorticoid-like response 
element has also been suggested to reside in the mouse TTP promoter region 
(DuBois et al. 1990) as well as a single hexameric half glucocorticoid response 
element sequence in the human TTP 3'-flanking region (Smoak and Cidlowski 
2006). A functional GAS element that binds STAT1 has also been reported to 
mediate the increases in TTP expression with interferons with co-stimulatory 
stress signal mediated by p38 MAPK in mice (Sauer et al. 2006). 

 
 
 

 
 

igure 1. Suggested transcription factor binding sites in mouse (mTTP) and human (hTTP) TTP 
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The 3' untranslated region of mouse, human, and rat TTP mRNA contains 
several AUUUA or related sequences associated with unstable mRNA (DuBois 
et al. 1990, Lai et al. 1990, Kaneda et al. 2000, Brooks et al. 2004, Tchen et al. 
2004). This has lead to the hypothesis that TTP itself regulates the stability of its 
own mRNA (Heximer et al. 1998, Brooks et al. 2004, Tchen et al. 2004, Lin et 
al. 2007). On the other hand, no difference in mRNA stability was seen between 
TTP mRNA and the TTP protein-disrupting TTP-neo fusion mRNA in wildtype 
(WT) and TTP KO cells, respectively, indicating that the regulation of TTP 
mRNA stability is identical in TTP WT and KO fibroblasts irrespective of TTP 
expression (Lai et al. 2006). 

Protein sequence of TTP and CCCH zinc finger domains 

Mouse and human TTP proteins share 84-87% identity (Taylor et al. 1991, 
Rigby et al. 2005), while mouse and rat TTP are 97% homologous at the protein 
level (Kaneda et al. 1992). The N-terminal domain of mouse TTP is 75% 
identical to human TTP, 16% to the mouse ZFP36L1, and 15% to the mouse 
ZFP36L2. The percentages for the C-terminal region are 82%, 22%, and 19%, 
respectively. The most striking similarity is between the CCCH zinc finger 
domains, where the similarity is 99%, 70%, and 72%, respectively (Johnson and 
Blackwell 2002). Overall the protein sequences of the TTP-related CCCH zinc 
finger proteins appear to be quite well conserved, especially in the region 
surrounding the zinc fingers (Lai et al. 2000). The amino acid sequences of the 
zinc finger structures are described in Figure 2. From the sequence alignments, it 
can be concluded that ZFP36L1 and ZFP36L2 zinc finger regions are more 
extensively conserved among species than these regions in TTP proteins, 
whereas the ZFP36L3 has the least well-conserved zinc finger region. In fact, the 
human, rat, and mouse ZFP36L1 coding sequences are strongly conserved 
(94.5% and 93.7%, respectively, at the nucleic acid level, and 99% at the protein 
level) (Barnard et al. 1993). ZFP36L3 found in mouse and rat X chromosome are 
67% identical at the protein level, and at the zinc finger domain the mouse 
ZFP36L3 shares 76% amino acid homology with mouse TTP (Blackshear et al. 
2005). 

The two CCCH zinc fingers are separated by 18 amino acids. In all of the 
species listed in Figure 2, there seems to be a conserved lead-in sequence before 
the zinc finger domains, RYKTEL before the first one, and HPKYKTEL before 
the second one, with the exception of the mouse and rat ZFP36L3, where the last 
leucine is replaced by a proline residue in the second lead-in sequence. These 
sequences are underlined in Figure 2. With respect to ZFP36L2, it has been 
claimed that amino acids from these sequences represent a critical part of the 
RNA-binding surface of TTP (Hudson et al. 2004, Brown 2005).  

The structure of the first zinc finger of murine TTP has been determined by 
multidimensional nuclear magnetic resonance spectroscopy (Worthington et al. 
1996, Amann et al. 2003). Studies on the ZFP36L2 zinc finger domain later 
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Mouse TTP (NP_035886)  SSRYKTELCRTYSESGRCRYGAKCQFAH GLGELRQANRHPKYKTEL CHKFYLQGRCPYGSRCHFIHN 
Human TTP (NP_003398)    PSRYKTELCRTFSESGRCRYGAKCQFAH GLGELRQANRHPKYKTEL CHKFYLQGRCPYGSRCHFIHN 
Rat TTP (P47973)    SSRYKTELCRTYSESGRCRYGAKCQFAH GPGELRQANRHPKYKTEL CHKFYLQGRCPYGSRCHFIHN 
Bovine TTP (P53781)    SSRYKTELCRTFSESGRCRYGAKCQFAH GLGELRQASRHPKYKTEL CHKFYLQGRCPYGSRCHFIHN 
Xenopus C3H-1 (AAD24207)   SPRYKTELCRTFSETGTCKYGAKCQFAH GKIELREPNRHPKYKTEL CHKFYLYGECPYGSRCNFIHH 
TTP consensus    --RYKTELCRT-SE-G-C-YGAKCQFAH G--ELR---RHPKYKTEL CHKFYL-G-CPYGSRC-FIH- 
 
Mouse ZFP36L1 (P23950)    SSRYKTELCRPFEENGACKYGDKCQFAH GIHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
Human ZFP36L1 (X79066)    SSRYKTELCRPFEENGACKYGDKCQFAH GIHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
Rat ZFP36L1 (X52590)    SSRYKTELCRPFEENGACKYGDKCQFAH GIHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
Xenopus C3H-2 (AAD24208)   SSRYKTELCRPFEENGSCKYGDKCQFAH GIHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
ZFP36L1 consensus    SSRYKTELCRPFEENG-CKYGDKCQFAH GIHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
 
Mouse ZFP36L2 (P23949)    STRYKTELCRPFEESGTCKYGEKCQFAH GFHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
Human ZFP36L2 (X78992)    STRYKTELCRPFEESGTCKYGEKCQFAH GFHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
Xenopus C3H-3 (AAD24209)   STRYKTELCRPFEENGACKYGEKCQFAH GFHELRSLTRHPKYKTEL CRTFHTIGFCPYGPRCHFIHN 
ZFP36L2 consensus    STRYKTELCRPFEE-G-CKYGEKCQFAH GFHELRSLTRHPKYKTEL CRTFHTIGFCPEGPRCHFIHN 
 
Mouse ZFP36L3 (NM_001009549) SERYKTELCRPFEESGICKYGHKCQFAH GYRELRTLSRHPKYKTEP CRTFHSVGFCPYGTRCHFIHN 
Rat ZFP36L3 (XP_228661)   SERYKTELCRPFEENGTCRYGNKCQFAH GYHELRTLSRHPKYKTEP CRTFHSIGYCPYGSRCHFIHN 
Xenopus C3H-4 (AAD24210)   SLRYKTELCSRYAESGFCAYRNRCQFAH GLSELRPPVQHPKYKTEL CRSFHVLGTCNYGLRCLFIHS 
ZFP36L3 consensus    S-RYKTELC----E-G-C-Y---CQFAH G--ELR----HPKYKTE- CRTFH--G-C--G-RC-FIH- 
  
 
CCCH consensus    --RYKTELC----E-G-C-Y---CQFAH G--ELR----HPKYKTE- C--F---G-C--G-RC-FIH- 
 
 
Figure 2. Comparison of the tandem zinc finger regions of the CCCH proteins. The cysteine and histidine residues of the putative zinc 
finger domains are marked in bold. Arginines important for nuclear import are shaded in gray. The lead-in sequences are underlined. 
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                N-terminal          C-terminal 
 Mouse TTP (NP_035886) MDLSAIYESLQSMSHD RRLPIFNRISVSE 
 Human TTP (NP_003398) MDLTAIYESLLSLSPD RRLPIFNRISVSE 
 Rat TTP (P47973) MDLSAIYESLMSMSHD RRLPIFNRISVSE 
 Bovine TTP (P53781) MDLAAIYKSLLSLSPE RRLPIFNRISVSE 
 TTP consensus MDL-AIY-SL-S-S-- RRLPIFNRISVSE 

 
Figure 3. Comparison of the N- and C-terminal regions of the mammalian TTP proteins. 
Hydrophobic residues of the nuclear export signal are shaded in gray. Modified from Phillips et 
al. (2002). 
 
 
revealed that the structure described by Amann et al. (2003) may not be 
completely correct (Hudson et al. 2004). The zinc fingers bind one zinc molecule 
per finger (Worthington et al. 1996) and it has been determined that both of the 
fingers are involved in the binding of RNA sequence UUAUUUAUU (Michel et 
al. 2003). It has also been suggested that iron as Fe(II) and Fe(III) can substitute 
zinc in TTP zinc fingers (diTargiani et al. 2006). 

TTP localization in the cell 

The localization of TTP protein has been primarily described as cytosolic or 
largely nonnuclear (Carballo et al. 1998, Lai et al. 1999, Brooks et al. 2002, 
Fairhurst et al. 2003, Twizere et al. 2003, Cao et al. 2004). In mouse fibroblasts, 
constitutively expressed TTP remained mostly in the nucleus until the cells were 
stimulated by mitogens, and then TTP was translocated into the cytoplasm 
(Taylor et al. 1996). On the contrary, in resting human umbilical vein endothelial 
cells, TTP was predominantly located in the cytoplasm and TNF-α treatment 
sequestrated TTP into the nucleus (Gringhuis et al. 2005). In cells transiently 
transfected with TTP, its expression has been reported both in the cytoplasm and 
in the nucleus (Stoecklin et al. 2002). Mutations of the zinc fingers reduced the 
cytoplasmic localization of TTP (Johnson and Blackwell 2002). Indeed, the zinc 
finger regions have been shown to be important for nuclear localization, 
especially the two arginine residues between the two zinc fingers (shaded in grey 
in Figure 2) (Murata et al. 2002, Phillips et al. 2002). These arginine residues are 
quite well conserved in the CCCH family proteins. One of these arginines is 
missing from the Xenopus C3H-4, which may affect the localization of this 
protein. The N-terminal and C-terminal portions of TTP protein contain leucine 
rich hydrophobic nuclear export signals (Murata et al. 2002, Phillips et al. 2002), 
which are shown in Figure 3. In addition to the localization signals, the N- and 
C-terminal domains include sequences required for activation of target mRNA 
degradation (Lykke-Andersen and Wagner 2005). 

TTP localization is also dependent on 14-3-3 proteins. The 14-3-3 family of 
proteins regulates many processes (such as inhibition, activation, structural 
stabilization, or translocation) in the cell via interactions with other cellular 
components (Aitken 2006). The individual isoforms of 14-3-3 bind to 
differentially phosphorylated forms of TTP protein and binding of 14-3-3 



proteins promotes the cytoplasmic localization of TTP (Johnson et al. 2002). The 
phosphorylation of Ser176 of murine TTP downstream of the zinc fingers by 
MAPK-activated protein kinase 2 (MK2) has been shown to create a functional 
14-3-3 binding site (Chrestensen et al. 2004). Nucleoporin CAN/Nup214 also 
interacted with TTP and this translocated TTP to the cytosol (Carman and Nadler 
2004). The expression of a truncated mutant of CAN/Nup214 has resulted in a 
nuclear localization of TTP (Phillips et al. 2002). 

There are several types of cytoplasmic RNA granules, which play an 
important role in the posttranscriptional regulation of gene expression by 
modulating the localization, stability, and translation of mRNA (Anderson and 
Kedersha 2006). It has been postulated that stress granules (SGs) serve as storage 
sites for mRNAs that are not translated during stress (Kedersha and Anderson 
2002). mRNA decay and translational repression takes place in processing 
bodies (PBs) (Stoecklin and Anderson 2007). These granules contain the 
enzymes associated with decapping, deadenylation, and nonsense-mediated 
decay as well as exonucleases and ARE-binding proteins (Eulalio et al. 2007). 
Both of these granules are induced by stress and they interact with each other 
and also share some components (Kedersha et al. 2005, Kedersha and Anderson 
2007). 

TTP is one of the factors that is common to both SGs and PBs. 
Overexpression of TTP increases the number of SGs but arsenite-induced 
phosphorylation of Ser176 and the subsequent 14-3-3 binding prevent stress 
granule entry of TTP and therefore the stability of TNF-α mRNA increases 
(Stoecklin et al. 2004). Heat shock and carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP)-induced energy deprivation are 
capable of promoting zinc finger-dependent localization of TTP into SGs, while 
arsenite excludes TTP from the SGs by inducing 14-3-3 binding (Stoecklin et al. 
2004, Murata et al. 2005). TTP and 14-3-3 interactions do not seem to take place 
on the polysomes (Rigby et al. 2005). TTP promotes the interactions of SGs with 
PBs and may direct mRNAs destined for decay from SGs to be degraded in the 
PBs (Kedersha et al. 2005). In TTP and ZFP36L1-depleted cells, the localization 
of reporter ARE-mRNAs to PBs was observed to be impaired (Franks and 
Lykke-Andersen 2007). The N- and C-terminal domains of TTP function as 
activation domains and form a link between the mRNA about to be degraded and 
the mRNA degradation machinery (Lykke-Andersen and Wagner 2005). TTP 
has been reported to be associated with many components of the PBs, for 
example it has been shown to interact with decapping complex subunits and 
activate decapping (Fenger-Grøn et al. 2005). The binding of TTP to the ARE of 
the target mRNA provides a route, either through SGs or via direct PB 
formation, for target mRNA degradation by the mRNA decay machinery at the 
PBs.  
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TTP polymorphisms 

Several polymorphisms have been identified in the human ZFP36 gene 
promoter, intron, protein-coding region, and 3'-UTR, some of which result in 
amino acid changes (Blackshear et al. 2003). One of the polymorphisms has 
been identified to be situated in the strictly conserved lead-in sequence RYKTEL 
and this has revealed an association to rheumatoid arthritis in African-Americans 
(Carrick et al. 2006). The ZFP36 polymorphisms have also been associated to 
obesity-related metabolic complications (Bouchard et al. 2007a). More extensive 
studies are required before to the role of TTP polymorphism in inflammatory and 
other diseases will be fully understood. 

Regulation of TTP expression 

A diverse set of compounds has been reported to induce or inhibit TTP mRNA 
expression. A much more limited number of reagents has been shown to induce 
or inhibit TTP protein levels. TTP mRNA is induced quite rapidly and 
transiently by epidermal growth factor (EGF), fibroblast growth factor (FGF), 
insulin, LPS, and TPA (Arenander et al. 1989b, DuBois et al. 1990, Lai et al. 
1990, Cao et al. 2004), and the mRNA half-life of TTP is relatively short, i.e. 15-
45 min depending on cell type and treatment (Lai et al. 1990, Taylor and 
Blackshear 1995, Brooks et al. 2004, Lin et al. 2007). TTP protein, on the other 
hand, is regarded as being rather stable (Cao et al. 2004). 

Growth factors 

Growth factors were some of the first substances found to induce TTP mRNA 
expression (Table 3). Growth factors are cytokines that are capable of 
stimulating cell proliferation and differentiation.  

In some cell types or conditions, the growth factors listed in Table 3 did not 
influence TTP mRNA expression. For instance, FGF did not induce TTP mRNA 
expression in mouse BaF3 pro-B cells expressing FGF-receptor-4 or wild type 
cells, but did so in cells expressing FGF-1, indicating that FGF-1 but not FGF-4 
receptor is mediating the FGF signalling to induce TTP mRNA expression 
(Wang et al. 1994). In secondary rat astrocytes, nerve growth factor (NGF) did 
not induce TTP mRNA expression (Arenander et al. 1989b). In mouse TV-1 
plcg1 null cells (phospholipase C-γ1 KO) platelet-derived growth factor (PDGF) 
did not induce TTP mRNA expression, suggesting that phospholipase C-γ1 is 
required for TTP mRNA induction by PDGF, but it is not required for EGF 
inducibility, since EGF was able to induce TTP expression in cells lacking 
phospholipase C-γ1 (Liao et al. 2006). 
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Table 3. Growth factors reported to induce TTP mRNA expression. 
 

   
Growth 
factor  

Cell type used Reference 

   
   
Activin Human primary T cells, HuT78, 

and THP-1 cells 
Ogawa et al. 2003 

CNTF Rat muscle and brain DiStefano et al. 1996, Kelly et al. 2004 
EGF Mouse 3T3 fibroblasts Lim et al. 1987, Lai et al. 1990, 

Varnum et al. 1991 
 Mouse TV-1 plcg1 null and null+ 

cells 
Liao et al. 2006 

 Rat PC12 cellsa Kujubu et al. 1987, Kaneda et al. 1992 
 Rat RIE-1 cells Corps and Brown 1995 
 Secondary rat astrocytes Arenander et al. 1989b, Arenander et 

al. 1989c 
 Human MCF10A cells Amit et al. 2007 
FGF Mouse 3T3 fibroblasts Lau and Nathans 1987, Lim et al. 1987, 

Lai et al. 1990, Varnum et al. 1991 
 Mouse BaF3 pro-B cells 

expressing FGF receptor-1 
Wang et al. 1994 

 Rat PC12 cellsa Kaneda et al. 1992 
 Secondary rat astrocytes Arenander et al. 1989b, Arenander et 

al. 1989c 
GM-CSF Mouse myeloid cell line Varnum et al. 1989b 
 Human neutrophils Varnum et al. 1989b 
NGF Mouse 3T3 fibroblasts Varnum et al. 1991 
 Rat PC12 cellsa Kujubu et al. 1987, Varnum et al. 1991, 

Batistatou et al. 1992, Kaneda et al. 
1992, Peng et al. 1995 

NGF 
withdrawal 

Rat PC12 cellsa Mesner et al. 1995 

PDGF Mouse 3T3 fibroblasts Lau and Nathans 1987, Lai et al. 1990 
 Mouse TV-1 plcg1 null+ cells Liao et al. 2006 
TGF-α Rat RIE-1 cells DuBois et al. 1995 
TGF-β Human primary T cells, HuT78, 

and THP-1 cells 
Ogawa et al. 2003 

   
a  pheochromocytoma cell line 
NGF, nerve growth factor; PDGF, platelet-derived growth factor; RIE, rat intestinal epithelial. 
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Interleukins, interferons, and TNF-α 

Cytokines other than growth factors that induce TTP expression include 
interleukins, interferons (IFNs), and TNF-α. Interleukins 4, 6, and 11 have been 
shown to induce TTP mRNA expression in mouse bone marrow-derived 
macrophages (BMMs) and mouse B cell hybridomas (Nakajima and Wall 1991, 
Yin and Yang 1993, Yang and Yin 1995, Suzuki et al. 2003). IL-4 has also been 
used in combination with LPS or anti-CD40 to induce TTP mRNA expression in 
young and old BALB/c mice primary splenic B cells, but it was not able to 
elevate TTP mRNA levels on its own (Frasca et al. 2007). Furthermore, IL-4 did 
not induce TTP mRNA expression in mouse STAT6-/- BMMs (Suzuki et al. 
2003), indicating that IL-4 acts through the activation of STAT6. Also leukaemia 
inhibitory factor (LIF), an IL-6 class cytokine, has been observed to induce TTP 
mRNA expression in male Sprague-Dawley rats (DiStefano et al. 1996). A pre-
dose of LIF evoked desensitisation to a test dose of LIF as well as to ciliary 
neurotrophic factor (CNTF), while CNTF did not induce desensitisation towards 
LIF, only towards CNTF (DiStefano et al. 1996). IL-4 is anti-inflammatory, IL-6 
proinflammatory, and IL-11 is a cytokine belonging to the IL-6 family, which 
has both pro- and anti-inflammatory effects. IL-6 is also one of the mRNAs that 
TTP destabilizes and it could be that induction of TTP expression by IL-6 may 
provide a means to down-regulate IL-6 expression. The induction of TTP 
expression by anti-inflammatory interleukins on the other hand could explain 
some of their anti-inflammatory actions. 

IFN-β, in combination with the antibiotic anisomycin, which inhibits protein 
synthesis, anisomycin alone, as well as IFN-γ with or without anisomycin, all 
induce TTP mRNA expression in mouse embryonic fibroblasts (MEFs). Based 
on studies with STAT1 and p38 deficient MEFs, it was concluded that IFNs 
induce TTP expression through STAT1 in the presence of the costimulatory 
stress signal provided by p38 (Sauer et al. 2006). 

TNF-α can induce both TTP mRNA and protein expression. TNF-α induced 
the expression of TTP mRNA in wildtype (WT) and TNF receptor 2 KO mouse 
BMMs (Carballo and Blackshear 2001) as well as in human primary bronchial 
epithelial cells (Cooper et al. 2001). In TNF receptor 1 and 2 double KO, and 
TNF receptor 1 KO mouse BMMs, TNF-α did not seem to be able to induce 
TTP mRNA expression, indicating that the TNF receptor 1 is crucial for TNF-α 
signalling to induce TTP expression (Carballo and Blackshear 2001). TTP 
protein expression was shown to be induced by TNF-α in primary mouse 
macrophages (Carballo et al. 1998) and human THP-1 cells (Fairhurst et al. 
2003) as well as in human glioma cell lines (Suswam et al. 2008). 

A mixture of cytokines (IFN-γ, IL-1β, and TNF-α) was reported to induce 
both TTP mRNA and protein expression in human DLD-1 cells (Fechir et al. 
2005) and in human A549/8 alveolar epithelial cells (Korhonen et al. 2007). 
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Hormones and related compounds   

Insulin was one of the first hormones found to induce TTP mRNA expression 
in mouse 3T3 fibroblasts (Lai et al. 1990). In the same cell type, a mixture of 
insulin, dexamethasone, methylisobutylxanthine, and foetal bovine serum 
induced both TTP mRNA and protein expression (Inuzuka et al. 1999, Lin et al. 
2007). In contrast, in rat intestinal epithelial (RIE)-1 cells, insulin or insulin-like 
growth factor 1 did not induce TTP mRNA expression (Corps and Brown 1995).  

Endogenous and synthetic glucocorticoids, e.g. dexamethasone, are anti-
inflammatory agents used to prevent or inhibit the inflammatory symptoms in 
asthma (Rang et al. 2007c). In addition to asthma treatment, glucocorticoids are 
used to treat a wide range of other inflammatory diseases such as rheumatoid 
arthritis, and they function as immunosuppressants after organ transplantation 
(Rang et al. 2007b). Dexamethasone alone was reported to induce TTP mRNA 
and protein expression in resting human A549 alveolar epithelial cells and rat 
tissues such as liver, lung, spleen, and thymus (Smoak and Cidlowski 2006). In 
an earlier study, dexamethasone decreased TTP mRNA and protein expression in 
J774 mouse macrophages exposed to inflammatory stimuli (bacterial endotoxin, 
LPS) (Jalonen et al. 2005). Dexamethasone also inhibited TTP mRNA 
expression in CD4+CD8+ double-positive thymocytes from C3H/HeN mice 
(Bianchini et al. 2006). Dexamethasone did not affect TTP mRNA expression in 
rat PC12 pheochromocytoma cells (Kujubu et al. 1987) nor on TTP protein 
expression in TPA + phytohemaglutinin or anti-CD3 + anti-CD28-treated human 
peripheral blood mononuclear cells (Bergmann et al. 2004).   

Other hormones or their synthetic analogues that have been reported to 
induce TTP mRNA expression include angiotensin II in rat RIE-1 cells (Corps 
and Brown 1995), gonadotropin-releasing hormone (GnRH) in mouse LβT2 
gonadotrope cell line (Yuen et al. 2002), medroxyprogesterone in combination 
with 17β-estradiol in a human T47D breast cancer cell line (Mrusek et al. 2005), 
and leptin has been shown to weakly induce TTP mRNA expression in certain 
parts of male Sprague-Dawley rat brain (Kelly et al. 2004). Dihydrotestosterone 
on the other hand did not change TTP protein levels in human Jurkat T cells 
(Sheflin et al. 2004). 

Arachidonic acid and its metabolite eikosatetraynoic acid have been reported 
to induce TTP mRNA expression in mouse liver cell lines (Ledwith et al. 1996). 

Serum, which contains a multitude of cytokines, hormones, and other 
biologically active compounds, has been shown to stimulate TTP expression in 
several mouse (Lau and Nathans 1987, Lim et al. 1987, DuBois et al. 1990, Lai 
et al. 1990, Taylor et al. 1995, Ledwith et al. 1996, Taylor et al. 1996, Lai et al. 
2006) and some human cell lines (Gubits et al. 1993b). Furthermore, serum 
withdrawal has been shown to induce TTP mRNA expression in rat PC12 
pheochromocytoma and Rat-1 cells (Mesner et al. 1995). 

The diverse quantity of cytokines and hormones that can induce TTP 
expression suggests that TTP is a crucial regulator of gene expression and it may 
have a function in many physiological responses.  
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Tumor promoters 

One of the first compounds reported to induce TTP mRNA expression was the 
tumor promoter 12-O-tetradecanoylphorbol-13-acetate ester (TPA) (Kujubu et 
al. 1987, Lim et al. 1987). The effects of TPA on TTP mRNA levels in many 
mouse, human, and rat cells are summarized in Table 4. In addition to the 
treatments listed in Table 4, in human T lymphocytes, TPA + ionomycin-
treatment was reported to induced both TTP mRNA and protein expression 
(Raghavan et al. 2001). The same treatment combination also induced TTP 
protein expression in Herpesvirus saimiri-transfected marmoset T cells (Cook et 
al. 2004). TPA + phytohemaglutinin in human peripheral blood mononuclear 
cells induced TTP protein expression (Bergmann et al. 2004). A mouse myeloma 
cell line J558L was unable to produce TTP mRNA when exposed to TPA, while 
another myeloma cell line S107 did activate TTP mRNA expression in response 
to TPA (Anderson et al. 1991). These cell lines also differed in the functionality 
of NF-κB. Another phorbol ester, phorbol dibutyrate, has induced TTP mRNA 
expression in resting mouse splenic cells and in B lymphoma cell lines 
(Mittelstadt and DeFranco 1993). 
 
 
Table 4. Studies and cell lines, in which TPA has been shown to increase TTP mRNA levels. 
 

  
Cell type used Reference 
  
  
Mouse 3T3 fibroblasts Lim et al. 1987, DuBois et al. 1990, Lai et al. 1990, 

Varnum et al. 1991 
Mouse myeloid cell line Varnum et al. 1989a 
Mouse B cell hybridomas  Nakajima and Wall 1991, Yin and Yang 1993 
Mouse J774 macrophages Leppänen et al. 2008 
Mouse liver cell lines Ledwith et al. 1996 
  
Human neutrophils Varnum et al. 1989a 
Human blood mononuclear cells Heximer et al. 1998 
Human astrocytoma cell line G18 Gubits et al. 1993b 
  
Rat PC12 cellsa Kujubu et al. 1987, Varnum et al. 1991, Kaneda et al. 

1992 
Rat RIE-1 cells Corps and Brown 1995, DuBois et al. 1995 
Rat secondary astrocytes Arenander et al. 1989b, Arenander et al. 1989c 
Rat astrocytes Priller et al. 1998b 
Rat microglial cells Priller et al. 1995 
  

a  pheochromocytoma cell line 
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Many tumor promoters including the nongenotoxic peroxisome proliferators, 

e.g. WY14643, mono-ethylhexyl phthalate, clofibrate, and ciprofibrate ethyl-
ester, but not dehydroepiandrosteronesulfate, could induce TTP mRNA 
expression comparable to that observed with another tumor promoter 
thapsigargin in mouse liver cell lines (Ledwith et al. 1996).  

Benzene has induced TTP protein expression in male Sprague-Dawley rats 
(Lee et al. 2004) and nongenotoxic carcinogens elevated TTP mRNA levels in 
human HepG2 cells (van Delft et al. 2005). A tumor-promoting toxin, okadaic 
acid, has been reported to induce TTP expression in mouse liver cell lines as well 
as in rat RIE-1 cells (DuBois et al. 1995, Ledwith et al. 1996). 

Lipopolysaccharide (LPS) 

LPS is one of the substances that has been extensively used in studies on TTP, 
and it has been consistently shown to increase TTP protein levels. LPS is a 
component of the outer membrane of Gram-negative bacteria, and it acts as an 
endotoxin. LPS activates Toll-like receptor 4 and promotes the secretion of 
proinflammatory cytokines, especially in macrophages (Fujihara et al. 2003, 
Jerala 2007). The induction of anti-inflammatory factor TTP by LPS is believed 
to be one of the feedback mechanisms intended to prevent overwhelming 
inflammation and to initiate the resolution of the process. The diversity of cell 
types in which LPS has been shown to induce TTP expression is described in 
Table 5. 

Agonists of adrenergic receptors, cAMP analogues, and related 
compounds 

Adrenoceptor agonists, also known as sympathomimetics, mimic the actions of 
adrenaline and noradrenaline on β-receptors. β2-agonists are widely used as 
bronchodilatators in the treatment of asthma and chronic obstructive pulmonary 
disease. Activation of β2-adrenoceptors triggers a series of events that lead to 
airway smooth muscle relaxation but it may also evoke some anti-inflammatory 
effects (Bissonnette and Befus 1997, Johnson 2002, Sitkauskiene and 
Sakalauskas 2005, Broadley 2006, Giembycz and Newton 2006, Johnson 2006). 
β2-adrenoceptors activate adenylate cyclase resulting in increased intracellular 
cyclic adenosine 3',5'-monophosphate (cAMP) levels and activation of protein 
kinase A (PKA), which in turn regulates phosphorylation (activation) of target 
molecules and gene expression. The effects of adrenoceptor agonists on TTP 
expression are summarized in Table 6. 
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Table 5. Studies and cell lines, in which LPS has been shown to increase TTP levels. 
 

   
Cell type used Enhances TTP  

mRNA  and/or  
protein expression 

Reference 

   
   
Mouse RAW264.7 macrophages mRNA, protein Mahtani et al. 2001, Zhu et al. 

2001, Cao et al. 2004, Tchen et 
al. 2004, Brook et al. 2006, Chen 
et al. 2006, Deleault et al. 2008 

Mouse J774 macrophages mRNA, protein Jalonen et al. 2005, Jalonen et al. 
2008, Leppänen et al. 2008 

Primary mouse macrophages protein Carballo et al. 1998 
Mouse BMMs and MEFs protein Cao et al. 2004, Hitti et al. 2006 
Mice liver mRNA Beauchamp et al. 1994 
Mouse primary splenic B cells  mRNA, protein Frasca et al. 2007 
   
Human THP-1 cells mRNA, protein Baseggio et al. 2002, Fairhurst et 

al. 2003, Brooks et al. 2004 
Human peripheral blood cells mRNA, protein Baseggio et al. 2002, Fairhurst et 

al. 2003, Fabris et al. 2005 
Human primary monocytes mRNA Carrick and Blackshear 2007 
Human HCA-7 cell linea mRNA Sawaoka et al. 2003 
   
Rat brain mRNA Kelly et al. 2004 
   

a  colorectal adenocarcinoma 
MEF, mouse embryonic fibroblast. 
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Table 6. The effects of adrenoceptor agonists on TTP expression. Selectivity towards α- or β-
receptors is indicated in parenthesis. ↑ Upregulation, ↓ down-regulation. 
 

    
Adrenoceptor 
agonist 
(selectivity) 

Cell type used Effects on TTP 
expression 

Reference 

    
    
Formoterol (β) Mouse J774 macrophages mRNA ↑ Jalonen et al. 2007 
    
Isoprenaline (β) Human astrocytoma cell 

line G18 
mRNA ↑ Gubits et al. 1993b 

 Rat secondary astrocytes mRNA ↑ Arenander et al. 
1989a 

    
Noradrenaline (α 
and β) 

Rat secondary astrocytes mRNA ↑ Arenander et al. 
1989a 

    
Phenylephrine (α) 
 

Rat secondary astrocytes mRNA ↑ Arenander et al. 
1989a 

    
Salbutamol (β) Mouse J774 macrophages mRNA, protein ↑ Jalonen et al. 2007 
Salbutamol (β) 
with LPS 

Mouse J774 macrophages mRNA ↑, protein ↓ Jalonen et al. 2008 

    
Terbutaline (β) Mouse J774 macrophages mRNA ↑ Jalonen et al. 2007 
Terbutaline (β) 
with LPS 

Mouse J774 macrophages protein ↓ Jalonen et al. 2008 

    

 
 
cAMP analogs such as N ,2′-O-dibutyryladenosine 3′,5′-cyclic 

monophosphate sodium salt

6

 (db-cAMP) and 8-bromoadenosine 3′,5′-cyclic 
monophosphate sodium salt (8-Br-cAMP) can also be used to mimic the effects 
of adrenoceptor agonists as can forskolin, an activator of adenylate cyclase, that 
increases intracellular cAMP levels. The effects of cAMP analogs and forskolin 
are shown in Table 7. In addition to cAMP analogs, the effects of the cGMP 
analog, 8-Br-cGMP, have been tested but it seems to exert no effect on TTP 
mRNA levels in two mouse B cell hybridoma cell lines (Nakajima and Wall 
1991, Yin and Yang 1993). 
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Table  7.  The  effects  of cAMP agonists  and  forskolin  on  TTP expression.  ↑  Upregulation,  
↓  down-regulation,  ⎯  no effect. 
 

    
Compound Cell type used Effects on TTP 

expression 
Reference 

    
    
8-Br-cAMP Mouse J774 macrophages mRNA, protein ↑ Jalonen et al. 2007 
8-Br-cAMP 
with LPS 

Mouse J774 macrophages mRNA ↑, protein ↓  Jalonen et al. 2008 

    
db-cAMP Mouse J774 macrophages mRNA, protein ↑ Jalonen et al. 2007 
 Mouse B cell hybridomas mRNA ⎯ Nakajima and Wall 

1991, Yin and Yang 
1993 

 Rat PC12 cellsa mRNA ↑ Kaneda et al. 1992 
 Rat secondary astrocytes mRNA ↑ Arenander et al. 1989b 
db-cAMP 
with LPS 

Mouse J774 macrophages mRNA ↑, protein ↓  Jalonen et al. 2008 

    
forskolin Mouse 3T3 fibroblasts mRNA ↑ DuBois et al. 1990 
 Mouse J774 macrophages mRNA, protein ↑ Jalonen et al. 2007 
 Rat secondary astrocytes mRNA ↑ Arenander et al. 1989b 
 Rat microglial cells mRNA ⎯ Priller et al. 1995 
forskolin 
with LPS 

Mouse J774 macrophages mRNA ↑, protein ↓  Jalonen et al. 2008 

    
a  pheochromocytoma cell line 
 
 

Phosphodiesterase inhibitors of cyclic nucleotides can potentiate the effects 
of cAMP-elevating agents due to the inhibition of the breakdown of cAMP. A 
non-specific inhibitor of cyclic nucleotide phosphodiesterases, 3-isobutyl-1-
methylxanthine (IBMX), and a type IV phosphodiesterase inhibitor, rolipram, 
increased salbutamol-induced TTP mRNA levels and forskolin-induced TTP 
mRNA and protein levels in mouse J774 macrophages (Jalonen et al. 2007). 

Carbachol, a cholinergic agonist, has been reported to induce TTP mRNA 
expression in secondary rat astrocytes (Arenander et al. 1989a) and in a mouse B 
lymphoma cell line transfected with muscarinic receptor type 1 (Mittelstadt and 
DeFranco 1993). In rat secondary astrocytes, TTP mRNA induction by carbachol 
was potentiated by lithium and in both cell types atropine blocked the induction.  

Nucleosides, like adenosine, and nucleotides like AMP, ADP, and ATP also 
function as neurotransmitters. Adenosine and AMP did not induce TTP mRNA 
expression in rat microglial cells, unlike ADP and ATP (Priller et al. 1995). 
Adenosine-5'-O-(2-thiodiphosphate) increased TTP mRNA levels in rat 
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astrocytes (Priller et al. 1998b). In rat PC12 pheochromocytoma cells, treatment 
with 2-aminopurine reduced NGF-induced TTP mRNA levels (Batistatou et al. 
1992). 

Ganglioside GM1 as well as neuropeptide galanin could induce TTP mRNA 
expression in rat astrocytes but not in rat PC12 pheochromocytoma cells 
(Arenander et al. 1989b, Priller et al. 1998a). Substance P (a short-chain 
neuropeptide), calcitonin gene-related peptide (a strong inducer of 
vasodilatation), and cholecystokinin (a stimulator of digestion and a hunger 
suppressant), did not seem to have any effect on TTP mRNA levels in rat 
astrocytes (Priller et al. 1998a). 

Inhibitors of signalling pathways 

Several signalling pathways are involved in the upregulation of TTP 
expression as shown by studies with inhibitors of signalling pathways. Tyrosine 
kinases were involved in TTP mRNA upregulation by IL-6 and IL-11 in mouse 
B cell hybridomas as demonstrated by the use of inhibitors like tyrphostin, 
genistein, and herbimycin A (Nakajima and Wall 1991, Yin and Yang 1993). 
Genistein had no statistically significant effect on LPS-induced TTP mRNA 
accumulation in mouse macrophages (Jalonen et al. 2005). Tyrphostin AG 490 is 
a specific and potent Janus kinase 2 (JAK2) protein tyrosine kinase inhibitor, 
which did not inhibit LPS-induced TTP mRNA expression in mouse J774 
macrophages (Jalonen et al. 2005). These results would appear to indicate that 
tyrosine phosphorylation is required in the mediation of some but not all 
signalling pathways.   

H7, an inhibitor of several protein kinases (PKC, PKA, PKG), has been 
reported to inhibit   IL-6 and IL-11-induced  TTP mRNA  expression in  mouse 
B cell hybridomas (Nakajima and Wall 1991, Yin and Yang 1993) as well as 
TTP mRNA expression in mouse liver cell lines (Ledwith et al. 1996), and 
mouse 3T3-L1 cells (Yang and Yin 1995). On the other hand, H8, a potent 
inhibitor of cGMP-dependent protein kinase (PKG) and cAMP-dependent 
protein kinase (PKA), was unable to influence TTP mRNA expression in mouse 
liver cell lines (Ledwith et al. 1996), suggesting that of these three protein 
kinases, PKC might be the principal mediator of signalling aimed at TTP mRNA 
transcription (see below). 

The phosphatidylinositol 3-kinase (PI3K) inhibitor, LY294002, did not 
inhibit LPS-induced TTP protein expression in mouse RAW264.7 macrophages 
(Brook et al. 2006) or TTP mRNA expression in mouse 3T3 preadipocytes 
induced by adipogenic hormones (combination of insulin, dexamethasone, 
methylisobutylxanthine, and foetal bovine serum, Inuzuka et al. 1999). 
Furthermore, another PI3K inhibitor, Wortmannin, did not prevent TTP mRNA 
induction in rat RIE-1 cells treated with EGF, angiotensin II, or TPA (Corps and 
Brown 1995). TTP mRNA expression induced by several stimuli in mouse liver 
and B cells was not inhibited by W7, an inhibitor of calmodulin, a calcium 
sensor protein that activates the serine/threonine phosphatase calcineurin 
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(Nakajima and Wall 1991, Yin and Yang 1993, Ledwith et al. 1996). Inhibition 
of calcineurin, a downstream target of PI3K, did not block TTP mRNA 
accumulation in mouse J774 macrophages (Jalonen et al. 2005). These data 
suggest that  PI3K  signalling  or  the activation  of  nuclear  factor of  activated 
T cells (NFAT) is not important for TTP mRNA or protein expression.   

Protein kinase C (PKC) 

The protein kinase C (PKC) pathway, which consists of several different 
isoenzymes, is a major signal transduction pathway in inflammation (Way et al. 
2000, Tan and Parker 2003). Pre-treatment with tumor promoter TPA can be 
used to deplete cells from classical and novel protein kinase C isoforms (Chen 
1993). When cells were pre-treated to down-regulate PKC expression, TPA no 
longer could induce TTP mRNA expression in mouse 3T3 fibroblasts (Lai et al. 
1990), mouse B cell hybridoma (Yin and Yang 1993), and rat HIRc-B and 
H4IIEC3 cells (Stumpo et al. 1994). In LPS+TPA-stimulated mouse J774 
macrophages, both TTP mRNA and protein were inhibited by TPA pre-treatment 
(Leppänen et al. 2008). On the other hand, TPA pre-treatment did not inhibit 
induction of TTP mRNA by insulin in mouse 3T3 fibroblasts (Lai et al. 1990), 
and rat  HIRc-B and H4IIEC3 cells (Stumpo et al. 1994), or by IL-11 in  mouse 
B cell hybridoma (Yin and Yang 1993), indicating that TPA, but not insulin and 
IL-11, require PKC isoforms for induction of TTP mRNA expression.  

The effects of several PKC inhibitors are listed on Table 8. The regulation of 
TTP expression by PKC isoforms is not yet fully understood and the results are 
somewhat conflicting. Clarification of the role of PKC in TTP expression will 
require further studies though the best-characterized candidate is PKC βII 
(Leppänen et al. 2008). 

Mitogen-activated protein kinases (MAPKs) 

The three better-characterized serine/threonine kinases of the mitogen-activated 
protein kinase (MAPK) family, p38, c-Jun N-terminal kinase (JNK), and 
extracellular signal-regulated kinase 1 and 2 (ERK1/2) play an essential role in 
signal transduction via phosphorylation (Figure 4) (Turjanski et al. 2007). 
MAPK p38 is involved in mRNA stabilization, but the ARE-binding proteins 
involved are still unknown (Dean et al. 2004). Also the role of TTP in this 
stabilization process is still unclear. It appears likely that p38, as well as other 
MAPKs, is involved in TTP upregulation, and this may serve as a negative 
feedback loop, inducing TTP expression to turn off the expression of 
inflammatory genes. The effects of p38, ERK1/2, and JNK inhibition on TTP 
expression are collated in Table 9. 
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Table 8. The effects of PKC inhibitors on TTP expression. Specificity towards certain PKC 
isoenzymes is given in parenthesis, > describing the descending specificity towards different 
isoenzymes over others. ↓ Down-regulation and ⎯  no effect. 
 

    
Compound Cell type used Effects on TTP 

expression 
Reference 

    
    
CGP53353 (βII) Mouse J774 

macrophages 
LPS+TPA-induced 
mRNA and protein ↓ 

Leppänen et al. 
2008 

    
HBDDE (α) Mouse J774 

macrophages 
LPS+TPA-induced 
mRNA and protein ⎯ 

Leppänen et al. 
2008 

    
GÖ6976 (α, β, γ) Mouse J774 

macrophages 
LPS+TPA-induced 
mRNA and protein ↓ 

Leppänen et al. 
2008 

    
LY333531 (βI, βII) Mouse J774 

macrophages 
LPS+TPA-induced 
mRNA and protein ↓ 

Leppänen et al. 
2008 

    
Ro-31-8220 (α, β, γ, ε) Mouse J774 

macrophages 
LPS+TPA-induced 
mRNA and protein ↓ 

Leppänen et al. 
2008 

    
Ro-32-0432 (α > βI > 
ε) 

Mouse 3T3 
preadipocytes 

Adipogenic hormonesa -
induced mRNA ↓ 

Inuzuka et al. 1999 

    
Rottlerin (δ > α, β, γ > 
ε, η, ζ) 

Mouse 
RAW264.7 
macrophages 

LPS-induced protein ⎯ Brook et al. 2006 

    
Sphingosine Mouse B cell 

hybridoma  
TPA-induced mRNA ↓ Nakajima and Wall 

1991 
 Mouse B cell 

hybridoma  
IL-6-induced mRNA ⎯ Nakajima and Wall 

1991 
 Mouse B cell 

hybridoma  
IL-11-induced mRNA ⎯ Yin and Yang 1993 

    
Staurosporine 
analogue compound 3 

Mouse B 
lymphoma cell 
lines  

Phorbol dibutyrate-, 
ionomycin-, and anti-
IgG-induced mRNA ↓ 

Mittelstadt and 
DeFranco 1993 

    
a combination of  insulin, dexamethasone, methylisobutylxanthine, and foetal bovine serum
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Figure 4. A simplified scheme of the MAPK activation pathways including the MAPKs that have 
been reported to have an effect on TTP expression or phosphorylation. MKK, MAPK kinase; 
MK, MAPK-activated protein kinase; MNK, MAPK-interacting kinase; MSK, mitogen- and 
stress-activated kinase.  
 
 

There is very strong evidence for the involvement of p38 in the upregulation 
of LPS-induced TTP mRNA and protein expression in several human and mouse 
cell lines. On the other hand, the role of ERK1/2 seems to depend on the 
inhibitor being used and clarification will require further studies with both mouse 
and human cells. Tamoxifen, a selective estrogen receptor modulator used for the 
treatment of breast cancer, was shown to induce ERK1/2 activation and TTP 
mRNA expression (Essafi-Benkhadir et al. 2007). In one study, phosphorylation 
of TTP by ERK1/2 appeared to stabilize TTP protein but inhibited the 
destabilizing effect of TTP on vascular endothelial growth factor (VEGF) 
mRNA (Essafi-Benkhadir et al. 2007). 
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Table 9. The effects of p38, ERK1/2, and JNK inhibition on TTP expression. ↓  Down-regulation, 
⎯  no effect. 
 

    
Compound Cell type used Effects on TTP 

expression 
Reference 

    
p38 inhibition   
SB202190 Mouse primary 

macrophages 
LPS-induced protein ↓ Brook et al. 2006 

 Mouse RAW264.7 
macrophages 

LPS-induced mRNA, 
protein ↓ 

Brook et al. 2006 

 Human monocytes LPS-induced protein ↓ Brook et al. 2006 
 Human THP-1 cells mRNA stability ⎯, LPS-

induced protein ↓ 
Brooks et al. 2004 

SB203580 Mouse RAW264.7 
macrophages 

LPS-induced mRNA, 
protein ↓ 

Mahtani et al. 2001, 
Chen et al. 2006 

 Mouse J774 
macrophages 

LPS-induced mRNA ↓ Jalonen et al. 2005 

 Mouse 3T3 
preadipocytes 

Adipogenic hormonesa -
induced mRNA ⎯  

Inuzuka et al. 1999 

 Human DLD-1 cells CM-induced mRNA, 
protein ↓ 

Fechir et al. 2005 

ERK1/2 inhibition   
PD98059 Mouse J774 

macrophages 
LPS-induced mRNA ↓ Jalonen et al. 2005 

 Mouse 3T3 
preadipocytes 

Adipogenic hormonesa -
induced mRNA ↓ 

Inuzuka et al. 1999 

 Human THP-1 cells mRNA stability ↓, LPS-
induced protein ↓ 

Brooks et al. 2004 

U0126 Mouse RAW264.7 
macrophages 

LPS-induced mRNA, 
protein ⎯ 

Tchen et al. 2004, 
Brook et al. 2006 

JNK inhibition   
JNK siRNA Human A549/8 alveolar 

epithelial cells 
CM-induced mRNA ⎯, 
CM-induced protein ↓ 

Korhonen et al. 2007 

SP600125 Mouse J774 
macrophages 

LPS-induced mRNA ↓ Jalonen et al. 2005 

 Mouse RAW264.7 
macrophages 

LPS-induced protein ⎯ Brook et al. 2006 

 Human THP-1 cells mRNA stability ⎯, LPS-
induced protein ↓ 

Brooks et al. 2004 

 Human A549/8 alveolar 
epithelial cells 

CM-induced mRNA ⎯, 
CM-induced protein ↓ 

Korhonen et al. 2007 

    
a  combination of insulin, dexamethasone, methylisobutylxanthine, and foetal bovine serum 
CM, cytokine mixture (IFN-γ, IL-1β, and TNF-α) 
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There is not much known about the effects of the JNK pathway on mouse 
TTP expression. In human cells, JNK has been claimed to regulate TTP 
expression posttranscriptionally, independent of p38 (Korhonen et al. 2007). 
Cycloheximide (CHX), which is used as an inhibitor of protein synthesis, is also 
a potent activator of JNK (Newton et al. 1997, Lahti et al. 2006), which may 
have contributed to its effects on TTP expression. In general, cycloheximide has 
been reported to increase TTP mRNA expression in mouse, human and rat cells 
though there are a few exceptions (Lim et al. 1987, Arenander et al. 1989c, 
Varnum et al. 1989a, Lai et al. 1990, Nakajima and Wall 1991, Varnum et al. 
1991, Mittelstadt and DeFranco 1993, Heximer et al. 1998, Maclean et al. 1998).  

In addition to the three well-characterized members of MAPKs, the roles of 
MAPK-activated protein kinases 2 and 3 (MK2/3), MAPK-interacting kinases 
(MNKs), and mitogen- and stress-activated kinases (MSKs) in the regulation of 
TTP expression have been studied, pointing to a possible role for MK2 and 
MSKs in the upregulation of TTP expression in mouse macrophages (Brook et 
al. 2006, Hitti et al. 2006, Ronkina et al. 2007). 

It is possible that MAPKs do not only induce TTP mRNA expression but 
they may also phosphorylate TTP protein (Cao et al. 2007). Both mouse and 
human TTP are extensively phosphorylated, and this has been reported be 
reduced by treatment with alkaline phosphatase that also increased the 
electrophoretic mobility of TTP in Western blot (Cao 2004, Cao et al. 2004). The 
stability of TNF-α mRNA via the ARE sites depended on p38 and JNK MAPKs 
(Kontoyiannis et al. 1999), with this regulation being impaired in the TTP KO 
mice (Carballo et al. 2001). In TTP protein, several sites, which can be 
phosphorylated by several kinases at least in vitro, have been identified, and 
MAPKs p38, JNK, ERK1/2, and MK2 have been implicated (Taylor et al. 1995, 
Mahtani et al. 2001, Cao et al. 2003, Chrestensen et al. 2004, Brook et al. 2006, 
Cao et al. 2006, Cao et al. 2007, Suswam et al. 2008). 

The function of TTP may be influenced by phosphorylation. Some 
phosphorylation sites, like Ser178 of mouse TTP, create a binding site for 14-3-3 
proteins and are involved in translocating TTP to the cytosol (Johnson et al. 
2002, Chrestensen et al. 2004). It has been claimed that arsenite-induced 
phosphorylation of Ser176 induced 14-3-3 binding and prevented the entry of 
TTP to stress granules and therefore the stability of TNF-α mRNA became 
increased (Stoecklin et al. 2004). This binding protected phosphorylated TTP 
from dephosphorylation by protein phosphatase 2a thereby increasing TNF-α 
mRNA stability (Sun et al. 2007). There is conflicting evidence about whether 
the phosphorylation status affects TTP binding to the ARE. Cao et al. (2003) and 
Chrestensen et al. (2004) have shown that phosphorylation of TTP did not affect 
mRNA binding while others have reported that the phosphorylation of TTP 
reduced its binding, possibly through an interaction with 14-3-3 proteins 
(Carballo et al. 2001, Chen et al. 2006, Hitti et al. 2006). Phosphorylation of 
Ser176 by MK2 and the subsequent 14-3-3 binding prevents stress granule entry 
of TTP and therefore the stability of TNF-α mRNA increases (Stoecklin et al. 
2004). Phosphorylation of TTP or activation of MAPK pathways may also 
reduce the function of TTP i.e. decrease the mRNA degradation rate 

 
 

                   37 



(Marderosian et al. 2006, Ehlting et al. 2007, Essafi-Benkhadir et al. 2007, 
Frasca et al. 2007), and in the presence of the p38 inhibitor, SB203580, mouse 
chemokine CXCL1 (KC) mRNA is degraded more rapidly (Datta et al. 2008), 
providing further evidence that the phosphorylation status of TTP protein 
represents a feasible way to control mRNA stability. 

Other conditions and compounds 

Several cell manipulations and some surgical procedures in experimental animals 
have been shown to induce TTP expression. Overexpression studies have 
indicated that the protein encoded by the breast cancer susceptibility gene 
BRCA1 (Harkin et al. 1999) and EGF receptors (Edman et al. 1997) positively 
regulate TTP mRNA expression, while STAT5 may be a negative regulator of 
TTP protein expression (Barnstein et al. 2006).  

Cell culturing conditions such as cell confluence (Sawaoka et al. 2003) and 
cell cycle activation (Sachidanandan et al. 2002) seemed to increase TTP mRNA 
expression, whereas monocyte/macrophage differentiation reduced TTP mRNA 
expression (MacKenzie et al. 2002).  

Ultraviolet A radiation has been shown to increase TTP mRNA in normal 
human melanocytes (Jean et al. 2001). Hemodynamic pressure overloading 
(Baumgarten et al. 2002), hypoxia-ischemia (Gubits et al. 1993a), 
pneumonectomy (Landesberg et al. 2001), muscle injury (Sachidanandan et al. 
2002), myocardial ischemic preconditioning (Zubakov et al. 2003), as well as 
resections of the small bowel (Ehrenfried et al. 1995, Sacks et al. 1995) have 
been shown to increase TTP mRNA expression in experimental animals 
suggesting a role for TTP in the regulation of the healing processes. 

According to these results, TTP mRNA is upregulated in several organisms 
in different tissues in response to very diverse kinds of treatment. It would be 
useful to have the same data on TTP protein in order to gain a better insight into 
in which tissues and procedures TTP may play a role. 

The effect of several reagents has been tested on TTP mRNA and protein 
expression. Reagents that have been shown to have an effect on TTP expression 
are listed in Table 10. Several of the tested compounds did not influence TTP 
mRNA expression. Such compounds include purine analogues (Batistatou et al. 
1992), several short-chain fatty acids (Barnard and Warwick 1993, Maclean et 
al. 1998, Fukae et al. 2005), calcium channel agonists (Arenander et al. 1989b), 
benzodiazepine without other stimulus (Arenander et al. 1989c), cholera toxin 
(Nakajima and Wall 1991, Yin and Yang 1993), cyclooxygenase inhibitor 
indomethacin and lipoxygenase inhibitor nordihydroquiaretic acid (Ledwith et al. 
1996), taxol (Gubits et al. 1993b), and veratridine (Arenander et al. 1989b). 

Elevated levels of cations, such as Ag+, Cd2+, Cu2+, K+, and Zn2+, are capable 
of increasing TTP mRNA levels (Kujubu et al. 1987, DuBois et al. 1990, Taylor 
and Blackshear 1995, Muramatsu et al. 2006), whereas zinc depletion can down-
regulate TTP mRNA expression (Cousins et al. 2003). The cations are most 

 
 

38



likely coordinated to the zinc fingers and are required for the proper function of 
the zinc fingers. 

In conclusion, a diverse group of compounds increase TTP mRNA levels but 
not many have been shown to increase TTP protein levels. There is still much 
research to be done to determine whether these substances have physiological 
effects, i.e. can they increase TTP protein levels or affect the binding and 
functional activity of TTP. 

 
 

Table 10. Examples of other reagents investigated in relation to TTP expression.↑ Upregulation. 
 

    
Compound Cell type used Effects on TTP 

expression 
Reference 

    
    
Benzodiazepine 
Ro-3351 (with 
NGF) 

Rat PC12 cellsa mRNA ↑ Kujubu et al. 
1987 

    
Benzodiazepine 
Ro5-4864 (with 
TPA) 

Rat secondary astrocytes mRNA ↑ Arenander et al. 
1989c 

    
Calyculin A (with 
LPS) 

Mouse RAW264.7 
macrophages 

mRNA, protein ↑ Brook et al. 2006 

    
Capsaicin Male Sprague-Dawley rat 

brains 
mRNA ↑ Honkaniemi et al. 

1994 
    
Cinnamon extract 
and polyphenols 

Mouse 3T3-L1 adipocytes mRNA, protein ↑ Cao et al. 2007b 

    
Concanavalin A 
(lectin) 

Human mononuclear cells mRNA ↑ Heximer et al. 
1998 

    
Green tea Rat liver and muscle mRNA, protein ↑ Cao et al. 2007a 
    
Ricin (lethal dose) BALB/c mice mRNA ↑ DaSilva et al. 

2003 
    
Simvastatin Human monocytes mRNA, protein ↑ Patino et al. 2006 
    

a  pheochromocytoma cell line 
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TTP in inflammation 

Several mammalian mRNAs are destabilized by TTP and thereby their 
expression in the cells becomes decreased. The strongest evidence is available 
for some mouse target genes, which have been confirmed in cells derived from 
WT and KO mice. The evidence of TTP involvement in some cases relies only 
on actinomycin D or other mRNA stability studies of synthetic ARE probes, 
when TTP is over- or underexpressed, with or without evidence of TTP binding, 
or on the fact that in the absence of TTP or in the presence of overexpressed 
TTP, the expression patterns of certain genes have been altered. Mouse mRNAs 
proposed to be stabilized by TTP are listed in Table 11. 

The best characterized target mRNA is TNF-α, which is a physiological 
target of TTP in intact animals and has been extensively studied. In a large 
microarray analysis on fibroblasts from TTP KO and WT mice, novel TTP 
targets were discovered, of which Ier3 was further characterized (Lai et al. 
2006). In a recent study, Stoecklin et al. (2008) used a microarray to identify 
mRNAs to which TTP possibly binds with the binding of TTP to a smaller set of 
mRNAs being confirmed by Northern blot experiments. 

Other mRNAs suggested to be destabilized by TTP are listed in Table 12. 
These include many human as well as rat mRNAs, the altered decay of which 
has not been confirmed in KO organisms. mRNA species that have been shown 
to be destabilized by TTP in both mouse and human cells include IL-2, TNF-α, 
and TTP itself. 

There may be cell type-specific differences in the regulation of mRNA 
stability since it involves such a complex network of several proteins operating 
through AREs. In HeLa cells, a reporter gene with a part of COX-2 ARE was 
destabilized although it was not possible to detect TTP expression in HeLa cells, 
indicating that factors other than TTP were capable of destabilizing COX-2 
mRNA in that cell line (Sully et al. 2004). Although TTP has been shown to 
destabilize mRNAs in overexpression studies, this is not definitive evidence that 
TTP is the sole and indispensable regulator of mRNA stability of these genes. 
This was the case of suppressor of cytokine signalling 3 (SOCS3), i.e. the 
SOCS3 mRNA stability was affected in cell transfection assays but unaffected in 
cells derived from TTP KO mice compared to cells derived from WT mice 
(Ehlting et al. 2007). TTP has also been shown to stabilize iNOS mRNA 
possibly through an interaction and inhibition of another ARE-binding protein, 
KSRP (Fechir et al. 2005, Linker et al. 2005).  

There are also reports, where TTP binding to an ARE has been examined, but 
the effect on mRNA stability was not studied or confirmed. For example, in 
some studies  it has been  shown that TTP  can bind to AREs of c-fos, IL-3, 
TNF-α,  and GM-CSF,  with  much weaker affinity  for the AREs  of c-jun and 
c-myc but the effect on mRNA stability was not studied (Mahtani et al. 2001, 
Raghavan et al. 2001). In a study comparing TTP WT and KO cells, it was 
concluded that the stability of c-fos was not altered in the absence of TTP (Lai et
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Table 11. Mouse mRNAs suggested to be destabilized by TTP. Target mRNAs that have been 
shown to be bound by TTP have been specified in the mRNA binding column by +. If the stability 
of  the  target  mRNA  has  been  studied on WT  and TTP KO  mice, the  result is  described  by 
+ (significant  difference between  WT and TTP KO cells in the expression of the target gene), 
++ (decay rates of the target mRNAs affected), or ⎯ (no difference between WT and TTP KO 
cells). 
 

    
Target mRNA 

binding 
WT vs. KO Reference 

    
    
Bdp1  ++ Lai et al. 2006 
Ccl2  + Sauer et al. 2006 
Ccl3  + Sauer et al. 2006 
CXCL1 
(KC) 

+ ++ Datta et al. 2008 

E47 +  Frasca et al. 2007 
GM-CSF  ++ Carballo et al. 2000, Stoecklin et al. 2001 
Ier3 + ++ Lai et al. 2006 
IL-2 + + Stoecklin et al. 2001, Ogilvie et al. 2005 
IL-3 +  Ming et al. 2001, Stoecklin et al. 2001, 

toecklin et al. 2003 
IL-6  + Stoecklin et al. 2001, Sauer et al. 2006 
IL-10 + + Stoecklin et al. 2008 
IL-13   Barnstein et al. 2006 
IL-15 + ⎯ Stoecklin et al. 2008 
LIF + ++ Lai et al. 2006, Stoecklin et al. 2008 
Mllt11  ++ Lai et al. 2006 
Pim3  ++ Lai et al. 2006 
Plk2  ++ Lai et al. 2006 
Plk3  ++ Lai et al. 2006 
Rusc2  ++ Lai et al. 2006 
SOCS3  ⎯ Ehlting et al. 2007 
TGF-β   Chang et al. 2007 
TNF-α + + Carballo et al. 1998, Lai et al. 2000, Stoecklin 

et al. 2001, Chen et al. 2006 
TTP + ⎯ Brooks et al. 2004, Tchen et al. 2004, Lai et 

al. 2006, Lin et al. 2007 
    

Bdp1, B double-prime 1; Mllt11, myeloid/lymphoid or mixed-lineage leukaemia (trirhorax 
homolog, Drosophila, translocated to 11); Pim3, proviral integration site 3; Plk, polo-like 
kinase; Rusc2, RUN- and SH3 domain-containing 2.  
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Table 12. Other mRNAs suggested to be destabilized by TTP. Target mRNAs that have been 
shown to be bound by TTP have been specified in the mRNA binding column by +. 
 

   
Target mRNA binding Reference 
   
   
hCOX-2 + Sawaoka et al. 2003 
Cyclin D1 + Briata et al. 2003, Marderosian et al. 2006 
hFOS + Patino et al. 2006, Amit et al. 2007 
hIL-2 + Ogilvie et al. 2005 
hIL-8 + Suswam et al. 2008 
c-Jun  Briata et al. 2003 
c-myc + Marderosian et al. 2006 
hPAI-2  Yu et al. 2003 
Pitx2 + Briata et al. 2003 
hTNF-α + Lai et al. 2000, Brooks et al. 2002, Brooks et al. 

2004 
hTTP + Brooks et al. 2004 
hVEGF + Essafi-Benkhadir et al. 2007, Suswam et al. 2008 
rVEGF  Ciais et al. 2004 
   

h, human; PAI-2, plasminogen activator inhibitor type 2; Pitx2, paired-like homeodomain 
transcription factor 2; r, rat; VEGF, vascular endothelial growth factor.  
 
 
al. 2006) The involvement of TTP in the regulation of IL-3 expression was first 
described in a mutant cell line, where the IL-3 mRNA decay pathway was 
defective but expression of exogenous TTP could revert the phenotype 
(Stoecklin et al. 2000). In this cell line it was then established that also AREs of 
other mRNAs were sensitive to expression of TTP (Stoecklin et al. 2001). Later 
it was claimed that the mutated protein in this cell line was the butyrate response 
factor (BRF1, ZFP36L1), a TTP family member (Stoecklin et al. 2002). 
ZFP36L1 and ZFP36L2 were also described as possible targets of TTP in a large 
microarray study (Stoecklin et al. 2008). This may represent a negative feedback 
loop to down-regulate the expression of these RNA-binding proteins. 

TTP expression may be implicated in many pathological conditions e.g. 
rheumatoid arthritis (Taylor et al. 1996, Phillips et al. 2004, Tsutsumi et al. 2004, 
Fabris et al. 2005, Suzuki et al. 2006b, Sugihara et al. 2007), obesity-related 
metabolic complications (Bouchard et al. 2007a), glycemic control, insulin 
resistance, and diabetes (Bouchard et al. 2007b), allergic diseases or parasitic 
infections (Suzuki et al. 2003), celiac disease (Benahmed et al. 2007), cardiac 
dysfunction (Hikoso et al. 2004), and cancers, involving IL-3 (Stoecklin et al. 
2003) and COX-2 (Boutaud et al. 2003, Dixon 2003). Therefore, more research 
into the regulation of TTP expression and function is needed to gain more 
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knowledge on how to use TTP-related therapies to treat these conditions in the 
future. 

TTP may also be involved in the outcome of viral infections. TTP expression 
and cytoplasmic localization were induced in studies where cells were infected 
with herpes simplex virus 1, (Esclatine et al. 2004a, Esclatine et al. 2004b, 
Taddeo et al. 2004). One report claimed that, TTP accumulation in the cells was 
dependent on an interaction with virion host shutoff (Vhs) protein, which 
mediates the degradation of both viral and cellular RNAs (Esclatine et al. 
2004b). The Vhs protein also affects the stability of TTP mRNA, with TTP being 
more stable in WT virus-infected cells than in mutant Vhs-infected cells 
(Esclatine et al. 2004c). The Vhs protein appeared to be recruited to intracellular 
granules but it is not known whether these structures are SGs or other granules, 
where TTP is also colocalized (Taddeo et al. 2006).  

The interaction of TTP with cellular Tax oncoproteins, transcriptional 
regulators of viral expression, through their C-terminal regions has been reported 
to inhibit TTP-induced TNF-α destabilization leading to increased TNF-α levels, 
which may increase the pathogenic capabilities of leukomogenic retroviruses 
(Twizere et al. 2003). 

TTP also binds to and enhances the degradation of human immunodeficiency 
virus type 1 (HIV-1) but does not seem to affect the stability of HIV-1 RNA. In 
one experiment, cells were transfected with siRNA against TTP, and this 
elevated HIV-1 production, thereby suggesting a role for TTP in the regulation 
of HIV progression (Maeda et al. 2006). 

TTP has also been proposed to have a role in transcriptional activation. TTP 
was first described as a transcription factor due to the presence of the zinc finger 
structures and its nuclear localization (DuBois et al. 1990, Taylor et al. 1995). 
There is evidence that TTP possesses a transcriptional activation capability 
(Murata et al. 2000) although no functional binding sites on DNA for TTP have 
been identified. In in vitro studies, TTP was found to bind a UUUAUUU RNA 
probe tighter than the corresponding DNA probe (Michel et al. 2003). The ability 
to activate transcription has also been shown for yeast TIS11 (Ma and 
Herschman 1995). Due to the lack of evidence about potential DNA targets, it is 
not possible to state conclusively whether or not TTP is a transcription factor. 

Continuous expression of TTP induces apoptosis, and TTP, but not its family 
members ZFP36L1 and ZFP36L2, sensitises several cell types to undergo 
programmed cell death triggered by TNF-α (Johnson et al. 2000, Suzuki et al. 
2006a). On the other hand, ZFP36L1 and ZFP36L2 induce apoptosis 
independently of TNF-α, and all the family members make use of the 
mitochondrial pathway (Johnson and Blackwell 2002). The zinc finger domains 
alone are not sufficient enough to induce apoptosis, both N- and C-terminal 
domains are required for full pro-apoptotic effects (Johnson and Blackwell 
2002). Apoptosis does not seem to involve sequestering of anti-apoptotic 14-3-3 
proteins to phosphorylated TTP, but to promote TTP localization to the cytosol 
(Johnson et al. 2002). It still remains unclear whether this phenomenon is related 
to overexpression of TTP or whether it has any a physiological relevance. 
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Target sequence of TTP 

There are several kinds of AREs, which can be divided into three categories 
(Chen and Shyu 1995, Peng et al. 1996). One set of AREs contains one to three 
scattered copies of AUUUA in a U-rich region. The second set contains 
overlapping copies of a nonamer UUAUUUA(U/A)U/A) in a U-rich region. The 
last set lacks the AUUUA sequences and is described only as a U-rich region. 
The overall minimal cis-acting ARE sequence that mediates mRNA instability 
has been suggested to be a nonamer UUAUUUAUU (Zubiaga et al. 1995). This 
nonamer is also believed to be the preferred sequence for binding of TTP 
(Worthington et al. 2002, Blackshear et al. 2003). On the other hand, poly(U) 
sequences have not been shown to serve as a binding site for TTP (Michel et al. 
2003, Park-Lee et al. 2003), and substitutions of the As or Us of the nonamer to 
Cs or Gs were reported to reduce the binding affinity of TTP towards the probe 
(Worthington et al. 2002, Michel et al. 2003, Lai et al. 2005). The 73-amino acid 
zinc finger domain of human TTP required only about 9 bases on a TNF-α ARE 
probe to bind and two zinc finger domains have been claimed to bind to a probe 
as short as 19 nucleotides (Blackshear et al. 2003). The same 73-amino acid 
domain also demonstrated high affinity towards sequences, where two As were 
separated by 3-6 U-rich stretches, such as AUUUA and AUUUUA (Brewer et al. 
2004). Binding of the N-terminal zinc-finger domain has induced conformational 
changes in both of the zinc fingers and this increased binding to the probe 
(Brewer et al. 2006). It has been reported that one nonamer is sufficient to induce 
at least a partial increase in mRNA turnover, but two binding sites increase 
mRNA turnover markedly (Lai et al. 2005). Due to the differences in ARE 
sequences, TTP can bind TNF-α ARE with higher affinity than IL-1β ARE, 
which may be one reason why IL-1β mRNA is more stable than TNF-α mRNA 
(Chen et al. 2006). A recent microarray study provided further evidence that TTP 
prefers binding to mRNAs with AUUUA pentamers and especially 
UUAUUUAUU nonamers (Stoecklin et al. 2008). 

The affinity of TTP towards TNF-α ARE depends not just on sequence but 
also on TTP protein levels and possibly the phosphorylation status of TTP. It 
seems that relatively low levels of TTP protein have a greater destabilizing effect 
on TNF-α mRNA (Lai et al. 1999, Chen et al. 2006) because an excess of TTP 
may prevent other factors necessary for degradation from gaining access to the 
mRNA. The impact of phosphorylation status of TTP was discussed earlier in the 
context of MAPK in the regulation of TTP expression. There also seems to be 
competition between different ARE-binding proteins and TTP for the same 
sequence (Ming et al. 2001, Raghavan et al. 2001) and better understanding of 
the conditions where TTP binds to and destabilizes mRNAs in humans may 
provide important information for drug design purposes. The ARE-binding 
proteins represent one part of a network of stabilizing and destabilizing effects 
but a greater understanding of the mechanisms that regulate mRNA stability is 
needed before these mechanisms can be exploited in drug design. 
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Mechanisms of action of TTP 

The function of TTP has been studied mostly on TNF-α ARE with mutated 
probes and mutated TTP protein. After the initial finding that TTP could 
destabilize TNF-α mRNA (Carballo et al. 1998) it was discovered that TTP 
could bind to TNF-α mRNA and thereafter promote deadenylation and 
degradation of TNF-α mRNA (Lai et al. 1999) by stimulating poly(A) 
ribonuclease (PARN) (Lai et al. 2003). Other zinc finger protein family members 
have similar actions on TNF-α ARE probe (Lai et al. 2000, Lai et al. 2003). The 
poly(A) tail is not required for TNF-α destabilization, indicating that ARE is 
sufficient to promote destabilization, even in the presence of a distinct 3'-end-
processing sequence such as a histone stem loop structure (Lai and Blackshear 
2001). The zinc finger domains of TTP are not enough to promote TNF-α ARE 
mediated degradation. Additional sequences in the N- and C-terminal regions are 
required for full activity of TTP (Rigby et al. 2005). In addition, mutations in the 
zinc finger domains or in the ARE sequence have been reported to prevent 
transcript deadenylation (Lai et al. 2003). 

Non-binding zinc finger domain mutants of TTP inhibited ARE mRNA 
degradation and increased mRNA stability (Lai et al. 2002). This may be due to 
an interaction with proteins that are needed in the degradation of mRNA. In the 
presence of excess non-binding mutants, these factors bind to the free mutants 
and therefore they are not available to the ARE to promote degradation. TTP 
recruits several components of mRNA decay pathways to these ARE sequences. 
These enzymes include the components required for deadenylation, decapping, 
as well as 3'-to-5' and 5'-to-3' exonucleolytic activity (Fenger-Grøn et al. 2005, 
Lykke-Andersen and Wagner 2005, Hau et al. 2007, Stoecklin and Anderson 
2007). 

The processes, which occur after the binding of TTP to an ARE, are still not 
fully understood. Different RNA granules seem to be involved, though the roles 
of SGs and PBs are now well established (Kedersha and Anderson 2002, 
Anderson and Kedersha 2006, Stoecklin and Anderson 2007). Both of these 
granules are induced by stress, interact with each other and both contain TTP 
(Kedersha et al. 2005, Kedersha and Anderson 2007). The entry of TTP into the 
stress granules can be inhibited by phosphorylation of TTP by MK2 and the 
subsequent interaction with 14-3-3 proteins (Stoecklin et al. 2004). Either the 
interaction with 14-3-3 proteins does not occur on polysome-bound TTP, or else 
any TTP bound by 14-3-3 proteins is quickly removed from the polysomes 
(Rigby et al. 2005). It has been postulated that TTP promotes the interactions of 
SGs with PBs and may direct mRNAs destined for decay from SGs to be 
degraded in the PBs (Kedersha et al. 2005). 

 A model for the inflammatory process involving MAPK, TTP, TNF-α, and 
14-3-3 is described in Figure 5. In resting cells, the expression of TNF-α is low, 
but in response to inflammatory stimuli, the MAPK cascade becomes activated, 
leading to inactivation of TTP, stabilization of TNF-α mRNA and increased 
TNF-α levels. In normal situations, MAPK activity is down-regulated and the 
activity of TTP is restored and the expression of inflammatory cytokines is 
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down-regulated. When this control is dysfunctional, for example in TTP KO 
mice, high levels of stabilized TNF-α mRNA remain and induce the 
inflammatory symptoms encountered in TTP KO mice. It is important to regulate 
the expression of TTP tightly to avoid problems that may arise if TTP is 
overexpressed or underexpressed but still to allow an adequate response to 
pathogens and injuries. Understanding the regulation of TTP expression in detail 
may provide an opportunity to apply this knowledge in the design of novel 
treatments for inflammatory diseases, in which there is TTP involvement. 
 
 

igure 5. A simplified model for the inflammatory process involving MAPK, TTP, TNF-α, and 
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F
14-3-3 proteins. In resting cells, MAPK expression and activation is low. TTP expression is low 
as well, but unphosphorylated TTP is highly active in destabilizing TNF-α mRNA. In response to 
inflammatory stimuli, the MAPK cascade is activated by phosphorylation. Phosphorylation of 
TTP induces 14-3-3 binding and low activity of TTP. High levels of TNF-α can be detected. 
During the resolution of inflammation, MAPK activity becomes reduced, and TTP is 
dephosphorylated, restoring the mRNA destabilizing activity. Both the level of TTP protein and 
TNF-α mRNA begin to decline. Modified from Brook et al. (2006) and Hitti et al. (2006). 
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Aims of the study 

TTP is an anti-inflammatory factor that has been shown to bind to the AU-rich 
elements in the 3'-UTR of TNF-α and some other inflammatory genes. TTP 
binding results in the degradation of the target mRNAs, thereby reducing their 
expression. Down-regulation of inflammatory genes at the post-transcriptional 
level, e.g. by mechanisms and factors related to the regulation of mRNA 
stability, is an important therapeutic target. Therefore it is important to gain 
knowledge on the mechanisms, which regulate these factors, especially TTP.  

The aim of the present study was to investigate the regulation of TTP 
expression and the effects of TTP knockdown in macrophages. 
 
 
 
The detailed aims were: 
 

1. to study the role of major signalling pathways in the regulation of TTP 
expression in macrophages by pharmacological means (I, II, III). 

 
2. to study the regulation of TTP mRNA and protein expression by 

dexamethasone in activated macrophages (I). 
 
3. to study the regulation of TTP mRNA and protein expression by cAMP 

elevating agents in resting cells (II) and in cells stimulated with LPS 
(III). 

 
4. to study the effects of TTP knockdown on cytokine expression by using 

a cytokine antibody array (IV). 
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Materials and methods 

Cell culture (I-IV) 

The murine J774A.1 macrophages (I) (American Type Culture Collection, 
Manassas, VA, USA) and murine J774.2 macrophages (II-IV) (European 
Collection of Cell Cultures, Porton Down, Wiltshire, UK) were maintained in an 
atmosphere of 5% carbon dioxide at 37°C in Dulbecco's modified Eagle's 
medium with UltraGlutamine 1 (DMEM/U1, Lonza Verviers SPRL, Verviers, 
Belgium, formerly known as Cambrex and BioWhittaker) supplemented with 
10% heat-inactivated foetal bovine serum (FBS, Lonza Verviers SPRL), 
penicillin (100 units/ml), streptomycin (100 µg/ml), and amphotericin B (250 
ng/ml) (Invitrogen, Paisley, UK). J774A.1 macrophages were harvested with 
trypsin-EDTA (Invitrogen). Cells were seeded on 6- or 24-well plates or 10 cm 
dishes and grown to confluence prior to the experiments. 

The human THP-1 promonocytes (American Type Culture Collection) were 
cultured at 37°C in a humidified 5% carbon dioxide atmosphere in RPMI 1640 
medium (Lonza Verviers SPRL) adjusted to contain 2 mM L-glutamine, 10 mM 
HEPES (Lonza Verviers SPRL), 1 mM sodium pyruvate (Lonza Verviers 
SPRL), 4.5 g/l glucose, and 1.5 g/l bicarbonate (Lonza Verviers SPRL) and 
supplemented with 10% heat-inactivated fetal bovine serum (Lonza Verviers 
SPRL), penicillin (100 units/ml), streptomycin (100 μg/ml) and amphotericin B 
(250 ng/ml) (Invitrogen), and 0.05 mM 2-mercaptoethanol. The cells were 
differentiated by adding the phorbol ester 12-O-tetradecanoylphorbol-13-acetate 
(TPA, 100 nM) 72 h before the experiments at the time of seeding of the cells on 
6- or 24-well plates (Tsuchiya et al. 1982). 

Cell viability test (III) 

Cell viability was tested using the Cell Proliferation Kit II (Roche Diagnostics, 
Mannheim, Germany), which measures the amount of an orange formazan dye 
produced from sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-
methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) by metabolically active 
cells in a cleavage reaction. Cells were incubated with LPS or LPS in 
combination with the tested compounds for 12 h before addition of XTT 
labelling reagent (final concentration 0.3 mg/ml) and N-methyl dibenzopyrazine 
methyl sulfate (2.5 µg/ml). Then cells were incubated for 3 h and the amount of 
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formazan accumulated in the growth medium was assessed 
spectrophotometrically. No difference in cell viability between treated and 
untreated cells was detected. Triton-X-treated cells were used as a positive 
control, resulting in 97% reduction in cell viability. 

RNA extraction and quantitative real-time reverse 
transcriptase polymerase chain reaction (PCR) (I-III) 

Macrophages were washed with PBS and homogenized using QIAshredder 
(QIAGEN Inc., Valencia, CA, USA), after which total RNA was extracted with 
an RNeasy kit for isolation of total RNA (QIAGEN Inc.). The amount of RNA 
was measured with spectrophotometer and purity was confirmed by the 
absorbance ratio at A260/280.  

Reverse transcription to cDNA was carried out with TaqMan Reverse 
Transcription Reagents and random hexamers (Applied Biosystems, Foster City, 
CA, USA) in 10 µl reaction volume, containing 25 ng (I) or 100 ng (II-III) of 
purified total RNA with the following parameters: incubation at 25°C for 10 min, 
reverse transcription at 48°C for 30 min and inactivation of reverse transcriptase 
at 95°C for 5 min.  

Total RNA transcribed to cDNA (1.25 ng in I, and 2.5 ng in II-III) was used 
in PCR, by applying primers and probes, TaqMan Universal PCR Master Mix 
and ABI PRISM 7000 Sequence Detection System (Applied Biosystems). The 
rodent glyceraldehyde-3-phosphate dehydrogenase (rGAPDH) primers and 
probe were from Applied Biosystems. The rGAPDH probe contained VIC 
(proprietary dye, Applied Biosystems) as the 5'-reporter dye and TAMRA (6-
carboxy-tetramethyl-rhodamine) as the 3'-quencher. The sequences of other 
primers and probes used in the present study are described in Table 13. The 
primers and probes were designed using Primer Express Software, version 2.0.0 
(Applied Biosystems) to meet the following guidelines for primers: GC-content 
in the range of 20-80%, less than 5 identical nucleotides in a row, less than two 
G and/or C bases among the last five nucleotides at the 3'-end, no G at the 3'-end, 
length around 20 bases, Tm of each primer 58 to 60 °C, and the Tm difference 
between primers less than 0.5 °C; and for probes: GC-content in the range of 20-
80%, less than 5 identical nucleotides in a row, no G at the 5'-end, more Cs than 
Gs, length less than 30 bases, Tm of 68 to 70 °C. The amplicon length was kept 
in the range from 50 to 150 base pairs. The software also checked that the 
primers and probes should not base pair strongly in any combinations; especially 
that there should be no dimerization involving 3'-ends. A BLAST search was 
done to ascertain that primers and probes do not amplify any other sequences. 
The probes contained 6-FAM (6-carboxy-fluoroscein) as the 5'-reporter dye and 
TAMRA as the 3'-quencher (Metabion, Martinsried, Germany). The 
concentrations were optimized according to the manufacturer's guidelines in 
TaqMan Universal PCR Master Mix Protocol part number 4304449 revision C 
and are given in Table 13. The thermal cycling conditions were: AmpErase 
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uracil-N-glycosylase incubation at 50°C for 2 min, AmpliTaq Gold activation at 
95°C for 10 min, thereafter 40 cycles of denaturation at 95°C for 15 sec and 
annealing/extension in 60°C for 1 min. Each sample was determined in 
duplicate. 

The relative mRNA levels were quantified and compared using the relative 
standard curve method as described in Applied Biosystems User Bulletin #2. 
Total RNA was isolated from LPS-stimulated macrophages and reverse 
transcribed. Standard curves for all genes used in the present study were created 
using a dilution series of cDNA corresponding to approximately 1 pg - 50 ng of 
total RNA in PCR as described above. The gained threshold cycle values were 
plotted against the dilution factor to create a standard curve. Relative mRNA 
levels in test samples were then calculated using the standard curve. The relative 
amount of gene transcript present in samples was calculated and normalized by 
dividing the calculated value of TTP by the GAPDH value in each sample. 

Preparation of cell lysates for Western blot (I-IV) 

After the indicated times of incubation, the cells were rapidly washed with 
ice cold phosphate-buffered saline (PBS) and lysed in ice-cold extraction buffer 
(10 mM  Tris-base,  pH 7.4, 5 mM EDTA,  50 mM NaCl,  1%  Triton-X-100,  
0.5 mM phenylmethylsulfonyl fluoride,  1 mM Na3VO4,  20 µg/ml  leupeptin,  
50 µg/ml aprotinin, 5 mM NaF, 2 mM sodium pyrophosphate, 10 µM n-octyl-β-
D-glucopyranoside). When preparing cell lysates for ubiquitin Western blotting 
(III), lysis buffer contained also ubiquitin aldehyde (20 µg/ml) and N-
[(phenylmethoxy)carbonyl] - L- leucyl - N-[(1S) - 1- formyl - 3-methylbutyl]-L-
leucinamide (MG132, 25 µM) to prevent deubiquitination of the sample. After 
15 min incubation on ice and centrifugation (13400 g, 4°C, 10 min), the 
supernatant was collected and stored in sample buffer [62.5 mM Tris-HCl, pH 
6.8, 10% glycerol, 2% sodium dodecyl sulphate (SDS), 0.025% bromophenol 
blue, 5% β-mercaptoethanol] at -20°C. Samples were boiled for 5 min prior to 
Western blotting. An aliquot of the supernatant was used to determine the protein 
concentration by the Coomassie blue method (Bradford 1976). 
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Table 13. Sequences of primers and probes used in quantitative real-time reverse transcriptase 
PCR. 

 
    
 Sequence Conc. Study 
    
    
mTTP   
forward 5'-CTCAGAAAGCGGGCGTTGT-3' 300 nM I-III 
reverse 5'-GATTGGCTTGGCGAAGTTCA-3' 300 nM I-III 
probe 5'-FAM-CCAAGTGCCAGTTTGCTCACGGC-TAMRA-3' 200 nM I-III 
    
hTTP   
forward 5'-CCCCAAATACAAGACGGAACTC-3' 300 nM II 
reverse 5'-GGGCCGCCAGGTCTTC-3' 300 nM II 
probe 5'-FAM-CCCTACGGCTCTCGCTGCCACTT-TAMRA-3' 200 nM II 
    
mTNF-α   
forward 5'-AATGGCCTCCCTCTCATCAGTT-3' 300 nM III 
reverse 5'-TCCTCCACTTGGTGGTTTGC-3' 300 nM III 
probe 5'-FAM-CTCAAAATTCGAGTGACAAGCCTGTAGCCC-

TAMRA-3' 
150 nM III 

    
mGAPDH   
forward 5'-GCATGGCCTTCCGTGTTC-3' 300 nM II-III 
reverse 5'-GATGTCATCATACTTGGCAGGTTT-3' 300 nM II-III 
probe 5'-FAM-TCGTGGATCTGACGTGCCGCC-TAMRA-3' 150 nM II-III 
    
hGAPDH   
forward 5'-AAGGTCGGAGTCAACGGATTT-3' 300 nM II 
reverse 5'-GCAACAATATCCACTTTACCAGAGTTAA-3' 300 nM II 
probe 5'-FAM-CGCCTGGTCACCAGGGCTGC-TAMRA-3' 150 nM II 
    
rGAPDH   
forward Unknown (Applied Biosystems) 300 nM I 
reverse Unknown (Applied Biosystems) 300 nM I 
probe Unknown VIC-TAMRA (Applied Biosystems) 50 nM I 
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Preparation of nuclear extracts for Western blot of 
transcription factors activator protein 2 (AP-2) and 
nuclear factor κB (NF-κB) (II) 

At the indicated time points, the cells were rapidly washed with ice-cold PBS 
and solubilized in hypotonic buffer A (10 mM HEPES-KOH, pH 7.9, 1.5 mM 
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl 
fluoride, 1 mM Na3VO4, 10 µg/ml leupeptin, 25 µg/ml aprotinin, 1 mM NaF and 
0.1 mM EGTA). After incubation for 10 min on ice, the cells were vortexed for 
30 s and the nuclei were separated by centrifugation (21000 g, 4°C, 10 s). The 
nuclei were resuspended in buffer C (20 mM HEPES-KOH, pH 7.9, 25% 
glycerol, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 
0.2 mM  phenylmethylsulfonyl  fluoride,  1 mM  Na3VO4, 10 µg/ml leupeptin, 
25 µg/ml aprotinin, 1 mM NaF and 0.1 mM EGTA) and incubated for 20 min on 
ice. The nuclei were vortexed for 30 s and nuclear extracts were obtained by 
centrifugation (21000 g, 4°C, 2 min). The protein contents of the nuclear extracts 
were measured by the Coomassie blue method (Bradford 1976), and samples in 
SDS sample buffer were boiled for 5 min prior to Western blotting. 

Western blot analysis (I-IV) 

An equal amount of protein was loaded on each well on 12% SDS-
polyacrylamide gels transferred to Hybond-ECL nitrocellulose membrane 
(Amersham Biosciences UK Limited, Buckinghamshire, UK) after 
electrophoresis. After transfer, the membrane was blocked with TBS/T [20 mM 
Tris-base pH 7.6, 150 mM NaCl, 0.1% Tween-20] containing 5% bovine serum 
albumin overnight at +4°C (I) or 5% milk powder for 1 h RT (II-IV). Thereafter 
the membrane was incubated with the primary antibody (Table 14) in the 
blocking buffer for 1 h at RT (I) or overnight at 4°C (II-IV). After the membrane 
was washed and incubated with the appropriate HRP-conjugated secondary 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) in blocking buffer 
for 30 min in RT, the bound antibody was detected using SuperSignal West Pico, 
Dura, or Femto chemiluminescent substrate for HRP detection (Pierce Chemical, 
Cramlington, Northumberland, UK) and FluorChem 8800 imaging system 
(Alpha Innotech, San Leandro, CA, USA). The chemiluminescent signal was 
measured with FluorChem software v. 3.1. 
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Table 14. Antibodies used in Western blotting. 
 

   
Actin Santa Cruz Biotechnology, Santa Cruz, CA, USA II-IV 
AP-2 Santa Cruz Biotechnology, Santa Cruz, CA, USA II 
Lamin Santa Cruz Biotechnology, Santa Cruz, CA, USA II 
NF-κB p65 Cell Signaling Technology Inc., Danvers, MA, USA II 
TTP Santa Cruz Biotechnology, Santa Cruz, CA, USA I 
TTP A kind gift from Dr. Perry Blackshear, NIEHS, Research Triangle 

Park, NC, USA (Cao et al. 2004) 
II-IV 

Ubiquitin Zymed Laboratories, South San Francisco, CA, USA III 
   

Cell lines expressing short hairpin RNAs (shRNA) 
against TTP or against a negative control sequence (IV) 

Ambion's siRNA Target Finder was used to detect suitable 21 nucleotide 
sequences that begin with the AA dinucleotide, do not contain runs of 4 or more 
identical nucleotides, and do not detect other sequences (confirmed by BLAST 
search). Five sequences were selected and the Insert Design Tool for the 
pSilencer Vectors was used to design primers containing the selected sequences 
to be inserted into the pSilencer neo vector (Ambion Inc., Austin, TX, USA). 
The nucleotides (Metabion, Martinsried, Germany) were annealed and ligated 
into the pSilencer neo vector with T4 DNA ligase (Fermentas Inc., Burlington, 
Ontario, Canada). One Shot TOP10 Competent Cells (Invitrogen, Carlsbad, CA, 
USA) were chemically transformed according to the manufacturer's instructions. 
Plasmids were isolated with Plasmid Mini kit (QIAGEN Inc., Valencia, CA, 
USA) and the inserts were sequenced in the Department of Biology, University 
of Turku. The work was continued with the three sequences that were inserted 
correctly. The purified vectors and a negative control vector were transfected 
with FuGENE 6 Transfection Reagent (Roche Diagnostics Corporation, 
Indianapolis, IN, USA) into J774.2 macrophages (European Collection of Cell 
Cultures, Porton Down, Wiltshire, UK). G418 disulfide salt was used to select 
and maintain the cell lines. All of the cell lines containing shRNA against TTP 
initially grew more slowly than the negative control cell line and only one cell 
line expressing shRNA against TTP (shTTP) showed decreased levels of TTP as 
compared to the negative control shRNA (shNEG) cell line (Table 15).  

For the  cytokine antibody  array, shTTP  and shNEG  cells were  plated on 
6-well plates 24 hours prior the experiment. Cells were first incubated in 
DMEM/U1+FBS with or without LPS (100 ng/ml). After a 1 h incubation, the 
DMEM/U1 medium without FBS was changed to the wells and incubation was 
continued for 48 h.  Thereafter, cell culture media  were collected  and stored  at 
-20°C until assayed. 
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Table 15. Target sequences and primers for antisense and sense siRNA oligonucleotide 
templates of shTTP and shNEG cell lines. 

 
 
shTTP target sequence 5'-AACAUAAACUCGGACUCCAUC-3'
shTTP sense 5'-GATCCGCATAAACTCGGACTCCATCTTCAAGAGAGATGGA 

GTCCGAGTTTATGTTTTTTGGAAA-3' 
shTTP antisense 5'-AGCTTTTCCAAAAAACATAAACTCGGACTCCATCTCTCTTG 

AAGATGGAGTCCGAGTTTATGCG-3' 
 
shNEG target sequence 5'-AAACUACCGUUGUUAUAGGUG-3'
shNEG sense 5'-GATCCACTACCGTTGTTATAGGTGTTCAAGAGACACCTATA 

ACAACGGTAGTTTTTTTGGAAA-3' 
shNEG antisense 5'-AGCTTTTCCAAAAAAACTACCGTTGTTATAGGTGTCTCTTG 

AACACCTATAACAACGGTAGTG-3' 
  

 
 
For Western blot, shTTP and shNEG cells were plated on 6-well plates and 

grown to confluence. Cells were treated with or without LPS (100 ng/ml) for 6 h 
and proteins were extracted as described above. 

Cytokine antibody array (IV) 

Cytokine levels in cell culture media were determined with Mouse Cytokine 
Antibody Array III (RayBiotech Inc., Norcross, GA, USA), which measures 62 
cytokines and other inflammatory modulators (Figure 6). The array membranes 
were blocked with 2 ml of 1X blocking buffer for 30 min and then incubated 
with the sample (1 ml) for 2 h at RT. The membranes were washed three times 
with 2 ml of 1X wash buffer I and twice with 2 ml of 1X wash buffer II at RT. 
The membranes were then incubated in diluted biotin-conjugated primary 
antibodies overnight at 4°C. The membranes were washed and incubated with 
diluted HRP-conjugated streptavidin for 2 h at RT and washed. Detection buffer 
C  and  detection buffer  D were combined,  and applied  on the membranes  for 
2 min. Each membrane was exposed for 1 min and images were taken with the 
FluorChem 8800 imaging system (Alpha Innotech, San Leandro, CA, USA) and 
the chemiluminescent signals for each spot were measured with FluorChem 
software v. 3.1. The average chemiluminescence of each cytokine and control 
was calculated for all the treatments separately. The average of positive controls 
of each treatment was set to 100 and all cytokines of the same treatment were 
compared to that value. 
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TNF-α enzyme-linked immunosorbent assay (ELISA) 
(IV) 

TNF-α concentrations in culture media were determined by mouse TNF-α 
DuoSet ELISA kit (R&D Systems Inc., Minneapolis, MN, USA) according to 
the manufacturer's instructions. The detection limit was 7.8 pg/ml, and intra- and 
inter-assay coefficients of variation were 4.6% and 5.4 %, respectively. 

Statistics 

Results are expressed as the mean ± standard error of mean (SEM). The 
significance of differences was calculated by analysis of variance supplemented 
with Dunnett multiple comparisons test. A difference between treatment groups 
was considered significant when P<0.05. 

Reagents 

The compounds used in the present study are listed in Table 16. Apicidin was 
from Alexis Corporation, Lausen, Switzerland. Tyrphostin AG-490 [α-cyano-
(3,4-dihydroxy)-N-benzylcinnamide], cyclosporin A, PD98059 [2-(2-amino-3-
methoxyphenyl)-4H-1-benzopyran-4-one], SB202474 [4-ethyl-2-(4-
methoxyphenyl)-5-(4-pyridyl)-1H-imidazole], SB203580 [4-(4-fluorophenyl)-2-
(4-methylsulphinylphenyl)-5-(4-pyridyl)-1H- imidazole] (I), and SP600125 
{anthra[1,9-cd]pyrazol-6(2H)-one} were from Calbiochem, San Diego, CA, 
USA. Dexamethasone was from Orion Corporation, Espoo, Finland. Forskolin, 
genistein, MG132 {N-[(phenylmethoxy)carbonyl]-L-leucyl-N-[(1S)-1-formyl-3-
methylbutyl]-L-leucinamide}, and SB203580 (III) were from Tocris Cookson 
Inc., Ellisville, MO, USA. RU24858 was from Aventis Pharma, Romainville 
Cedex, France. Ubiquitin aldehyde was from Boston Biochem, Cambridge, MA, 
USA. All other reagents were from Sigma-Aldrich, St. Louis, MO, USA. 
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A B C D E F G H I J K L M N

1 POS POS POS POS Blank Axl BLC CD30 L CD30 T CD40 CRG-2 CTACK CXCL16 Eotaxin
2 NEG NEG NEG NEG Blank Axl BLC CD30 L CD30 T CD40 CRG-2 CTACK CXCL16 Eotaxin
3 Eotaxin-2 Fas Ligand Fractalkine GCSF GM-CSF IFN-γ IGFBP-3 IGFBP-5 IGFBP-6 IL-1α IL-1β IL-2 IL-3 IL-3 Rβ
4 Eotaxin-2 Fas Ligand Fractalkine GCSF GM-CSF IFN-γ IGFBP-3 IGFBP-5 IGFBP-6 IL-1α IL-1β IL-2 IL-3 IL-3 Rβ
5 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 p40 IL-12 IL-13 IL-17 KC Leptin R Leptin LIX L-Selectin
6 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 p40 IL-12 IL-13 IL-17 KC Leptin R Leptin LIX L-Selectin
7 Lymphotactin MCP-1 MCP-5 M-CSF MIG MIP-1α MIP-1γ MIP-2 MIP-3β MIP-3α PF-4 P-Selectin RANTES SCF
8 Lymphotactin MCP-1 MCP-5 M-CSF MIG MIP-1α MIP-1γ MIP-2 MIP-3β MIP-3α PF-4 P-Selectin RANTES SCF
9 SDF-1α TARC TCA-3 TECK TIMP-1 TNF-α sTNF RI sTNF RII TPO VCAM-1 VEGF Blank Blank Blank
10 SDF-1α TARC TCA-3 TECK TIMP-1 TNF-α sTNF RI sTNF RII TPO VCAM-1 VEGF Blank POS POS

 
 
 

Figure 6. A schematic diagram of the Mouse Cytokine Antibody Array III showing the locations of controls and duplicate spots of cytokines. Axl, a 
protein tyrosine kinase also called UFO or ark; BLC, B-lymphocyte chemoattractant; CD, cluster of differentiation; CRG, cytokine responsive gene; 
CTACK, cuteaneous T cell-attracting chemokine; CXCL, CXC chemokine ligand; GCSF, granulocyte colony-stimulating factor; IGFBP, insulin-like 
growth factor binding protein; KC, also known as CXCL1; L, ligand; LIX, LPS-induced C-X-C chemokine; MCP, monocyte chemoattractant protein; 
M-CSF, macrophage colony-stimulating factor; MIG, monokine induced by IFN-γ; MIP, macrophage inflammatory protein; NEG, negative control; 
PF, platelet factor; POS, positive control; R, receptor; RANTES, regulated upon activation, normal T cell expressed, and presumably secreted; s, 
soluble; SCF, stem cell factor; SDF, stromal cell-derived factor; TARC, thymus and activation-regulated chemokine; TCA, T cell activation; TECK, 
thymus-expressed chemokine; TIMP, tissue inhibitor of metalloproteinases; TPO, thrombopoietin; VCAM, vascular cell adhesion molecule; VEGF, 
vascular endothelial growth factor. 



Table 16. Compounds used in the present study. 
 

Compound  
  
  
AG-490 JAK2 inhibitor
Apicidin Inhibitor of histone deacetylases
Aurothiomalate Disease-modifying antirheumatic drug
8-Br-cAMP Cell permeable cAMP analogue
Ciglitazone Peroxisome proliferator-activated receptor (PPAR)γ agonist 
Cyclosporin A Calcineurin inhibitor
Db-cAMP Cell permeable cAMP analogue
Dexamethasone Glucocorticoid
Formoterol β2-agonist
Forskolin Activator of adenylate cyclase
Genistein Inhibitor of tyrosine phosphorylation
GW7647 PPARα agonist
Hydroxychloroquine Disease-modifying antirheumatic drug
IBMX Non-specific inhibitor of cyclic nucleotide phosphodiesterases  
Ibuprofen Non-steroidal anti-inflammatory drug
Lactacystin Proteasome inhibitor
Leflunomide Disease-modifying antirheumatic drug
Methotrexate Disease-modifying antirheumatic drug
MG132 Proteasome inhibitor
Paracetamol Centrally-acting analgesic
PD98059 ERK1/2 inhibitor
PDTC NF-κB inhibitor 
D-Penicillamine Disease-modifying antirheumatic drug
15d-PGJ2 PPARγ agonist
Rofecoxib Non-steroidal anti-inflammatory drug
Rolipram Inhibitor of type IV phosphodiesterase
RU24858 Dissociated glucocorticoid
Salbutamol β2-agonist
SB202474 Negative control compound for SB203580 (i.e. a structurally related 

compound, which does not inhibit p38) 
SB203580 p38 inhibitor
SP600125 JNK inhibitor
Sulfasalazine Disease-modifying antirheumatic drug
Terbutaline β2-agonist
TPA Tumor promoter
Trichostatin A Inhibitor of histone deacetylases
Ubiquitin aldehyde Inhibitor of ubiquitin C-terminal hydrolases
WY14643 PPARα agonist
  

IBMX, 3-isobutyl-1-methylxanthine; PDTC, ammonium pyrrolidine dithiocarbamate, 15d-PGJ2, 
15-deoxy-Δ12,14 prostaglandin J2. 
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Results 

LPS enhances TTP expression. Role of MAPK pathways 
(I, III)  

In the absence of an inflammatory stimulus, murine J774A.1 (I) and J774.2 (III) 
macrophages expressed low amounts of TTP mRNA and protein. When the cells 
were activated by adding LPS (1-1000 ng/ml), the TTP mRNA levels increased 
in a dose- dependent manner. LPS rapidly induced TTP mRNA expression and 
the maximal levels were detected after 6 h incubation, and thereafter the 
expression declined (Figure 7A). TTP protein appeared after 3 h induction with 
LPS and the expression level remained quite constant until 9 h (Figure 7B).  

Pharmacological tools were used to inhibit several signalling pathways in the 
murine J774A.1 macrophages and TTP mRNA levels were measured (I). 
Inhibitors of different MAPK pathways, PD98059 (an inhibitor of ERK1/2), 
SP600125 (an inhibitor of JNK) and SB203580 (an inhibitor of p38), reduced 
LPS-induced TTP mRNA levels, evidence that these three MAPK pathways 
positively regulate TTP mRNA expression. Ammonium pyrrolidine 
dithiocarbamate (PDTC), cyclosporin A, genistein and tyrphostin AG-490 were 
used to assess the involvement of NF-κB, calcium/calmodulin-dependent 
phosphatase calcineurin, tyrosine phosphorylation and JAK2 in TTP mRNA 
expression. None of these inhibitors had any statistically significant effect on 
LPS-induced TTP mRNA expression. 

In addition to the inhibitors investigated in (I), several drugs were studied for 
their abilities to inhibit TTP mRNA expression in LPS-treated human THP-1 
cells and murine J774.2 macrophages (Table 17). In neither of the cell lines did 
the disease-modifying antirheumatic drugs aurothiomalate, hydroxychloroquine, 
methotrexate, D-penicillamine, leflunomide, and sulfasalazine have any 
significant effect on LPS-induced TTP mRNA expression. Non-steroidal anti-
inflammatory drugs ibuprofen and rofecoxib, and paracetamol were also tested, 
and they had no effect on LPS-induced TTP mRNA expression.  

Agonists of peroxisome proliferator-activated receptors (PPARs) ciglitazone, 
WY14643, 15d-PGJ2, and GW7647 had no effect on TTP mRNA levels in 
resting THP-1 cells or in THP-1 cells stimulated with LPS (Table 18). 

Inhibitors of the proteasome, lactacystin and MG132, increased LPS-induced 
TTP protein expression, indicating that TTP protein is degraded through the 
proteasome pathway (III). 
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Figure 7. TTP  mRNA  and protein  expression in murine  macrophages in  response  to LPS.  
(A) LPS (10 ng/ml) was used to stimulate J774A.1 macrophages and total RNA was extracted at 
indicated time points. Quantitative PCR was used to measure TTP mRNA and the values were 
normalized to GAPDH mRNA. Values are mean ± SEM (n = 3). (B) LPS (10 ng/ml) was used to 
stimulate J774A.1 macrophages. Proteins were extracted at the time points indicated and TTP 
was measured by Western blot with TTP antibody obtained from Santa Cruz Biotechnology. 
Values are mean ± SEM (n = 3). (Reprinted with permission from: Jalonen et al. 2005, Biochem 
Pharmacol, 69:733-740. ©  ElsevierLtd.) 
 
 

These results suggest that LPS-induced TTP expression is regulated by 
MAPK pathways, but is not dependent on NF-κB, calcium/calmodulin-
dependent phosphatase calcineurin, tyrosine phosphorylation, JAK2, 
cyclooxygenase products, or PPARs. 
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Table 17. Effects of antirheumatic and non-steroidal anti-inflammatory drugs on LPS-induced 
TTP mRNA expression in human (THP-1) and murine (J774.2) macrophage cell lines.  

 
  
Treatment TTP mRNA (% of LPS-induced levels) 
 J774.2 cells THP-1 cells 
   
   
Control 11.1 ± 0.7 27.1 ± 1.4 
LPS (100 ng/ml) 100 ± 7.6 100 ± 5.4 
+ aurothiomalate (30 µM) 90.1 ± 7.3 107.7 ± 6.6 
+ hydroxychloroquine (30 µM) 88.2 ± 7.1 117.1 ± 7.5 
+ methotrexate (30 µM) 83.8 ± 6.8 112.0 ± 11.7 
+ D-penicillamine (30 µM) 84.8 ± 8.1 118.6 ± 8.4 
+ leflunomide (30 µM) 79.5 ± 3.8 90.1 ± 2.4 
+ sulfasalazine (30 µM) 100.4 ± 4.6 97.3 ± 5.4 
+ paracetamol (30 µM) 97.4 ± 9.3 105.2 ± 4.4 
+ ibuprofen (30 µM) 113.2 ± 6.9 94.8 ± 7.1 
+ rofecoxib (30 µM) 112.8 ± 10.3 97.8 ± 4.5 
   

The cells were incubated with the drugs for 30 min before LPS (100 ng/ml) was added to induce 
TTP mRNA expression for 2 h in THP-1 cells and for 1 h in J774.2 macrophages. Values are 
mean ± SEM (n = 4). 

 
 

Table 18. Effects of PPAR agonists on TTP mRNA expression in human THP-1 cell line.  
 

  
Treatment TTP mRNA  

(% of LPS-induced levels) 
  
  
Control 45.6 ± 3.6 
GW7647 (PPARα agonist; 30 µM) 65.2 ± 4.4 
WY14643 (PPARα agonist; 30 µM) 59.0 ± 6.1 
Ciglitazone (PPARγ agonist; 30 µM) 50.2 ±8.1 
15d-PGJ2 (PPARγ agonist; 30 µM) 64.6 ± 3.6 
  
LPS (100 ng/ml) 100 ± 7.1 
+ GW7647 (PPARα agonist; 30 µM) 103.7 ± 19.9 
+ WY14643 (PPARα agonist; 30 µM) 110.8 ± 9.0 
+ ciglitazone (PPARγ agonist; 30 µM) 99.3 ± 8.8 
+ 15d-PGJ2 (PPARγ agonist; 30 µM) 96.6 ± 7.9 
  

The cells were first incubated with the drugs for 30 min and then with or without LPS (100 
ng/ml) for 2 h. Values are mean ± SEM (n = 4). 
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Dexamethasone inhibits LPS-induced TTP expression. 
Role of histone deacetylation (I) 

In an initial screening in murine J774A.1 macrophages, dexamethasone was 
found to decrease LPS-induced TTP mRNA levels. Therefore the aim was to 
investigate the effects of glucocorticoids on TTP expression in activated 
macrophages in more detail. Dexamethasone and the dissociated glucocorticoid, 
RU24858, decreased LPS-induced TTP mRNA levels in a dose-dependent 
manner  with the  maximal inhibition  being reached  at concentrations  of  0.1-
10 µM (Figure 8A, only dexamethasone shown). Both compounds were also 
found to decrease TTP protein expression when measured after 6 h incubation 
(Figure 8B). In our preliminary results on unstimulated J774A.1 macrophages, 
dexamethasone had no significant effect on TTP mRNA levels after 1 or 6 h 
incubation. At the protein level, after 6 h incubation, dexamethasone decreased 
TTP protein expression in unstimulated macrophages similarly as in LPS-treated 
macrophages. In the presence of a glucocorticoid receptor antagonist, 
mifepristone, neither dexamethasone nor RU24858 was able to reduce LPS-
induced TTP mRNA expression, suggesting that the effects of these compounds 
are mediated through the glucocorticoid receptor. 

When the cells were stimulated with LPS in the presence or absence of 
dexamethasone or RU24858 for 6 h and then treated with actinomycin D to 
inhibit transcription, no effect was seen on TTP mRNA decay as measured by 
quantitative PCR from RNAs extracted 1, 2 or 3 h after addition of actinomycin 
D. Instead, a difference was seen when cells were treated with LPS with or 
without dexamethasone and RNA was extracted after 3, 6 or 9 h incubation, 
suggesting that dexamethasone and RU24858 down-regulate TTP expression at 
the transcriptional level. 

As the suppressive effects of anti-inflammatory steroids on certain genes are 
mediated through histone deacetylation (Adcock 2003), the effects of 
dexamethasone and RU24858 on LPS-induced TTP mRNA expression were 
studied in the presence or absence of two histone deacetylase inhibitors, 
trichostatin A (TSA) and apicidin. The inhibitory effect of dexamethasone and 
RU24858 on LPS-induced TTP mRNA was no longer detected after addition of 
TSA or apicidin (Figure 9), suggesting that the inhibitory effects of 
glucocorticoids on LPS-induced TTP mRNA expression are mediated by histone 
deacetylation and transcriptional silencing. 
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Figure 8. The effects of dexamethasone (Dex) and RU24858 on LPS-induced TTP expression in 
J774A.1 macrophages. Cells were incubated  for 6 h with or without LPS, Dex and RU24858.  
(A) Quantitative PCR was used to measure TTP mRNA and the values were normalized to 
GAPDH mRNA. Values are mean ± SEM (n = 3-6). **P<0.01, when compared to samples 
treated with LPS only. (B) TTP protein was analysed by Western blot. The gels are 
representatives of four separate experiments with similar results. Density values are mean ± 
SEM (n = 4). **P<0.01, when compared to samples treated with LPS only. (Reprinted with 
permission from: Jalonen et al. 2005, Biochem Pharmacol, 69:733-740. ©  ElsevierLtd.) 
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F
of dexamethasone and RU24858 on LPS-induced TTP mRNA expression in J774A.1 
macrophages. Cells were incubated for 6 h with the compounds tested. Quantitative PCR was 
used to measure TTP mRNA and the values were normalized to GAPDH mRNA. Values are mean 
± SEM (n = 4). **P<0.01, *P<0.05, ns = not significant, when compared to samples treated 
with LPS or to samples treated with a combination of LPS and TSA or LPS and apicidin. 
(Reprinted with permission from: Jalonen et al. 2005, Biochem Pharmacol, 69:733-740. ©  
ElsevierLtd.) 
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cAMP-enhancing compounds exhibit diverse effects on 
TTP expression. Involvement of AP-2 and proteasome. 
(II-III) 

cAMP-enhancing compounds, i.e. β2-agonists and forskolin, as well as cAMP 
analogues, all increased TTP mRNA expression in both resting and LPS-treated 
J774.2 macrophages (II, III). In contrast, there was a marked difference in the 
effects of these compounds on TTP protein expression between resting cells and 
cells treated with LPS. In resting cells (II), β2-agonists, cAMP analogues (Figure 
10), and forskolin induced TTP protein expression while in LPS-stimulated cells 
(III) these compounds reduced LPS-induced TTP protein levels.  
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Figure 10. Effects  of  cAMP  analogues on  TTP protein  expression in  J774.2 macrophages. 
(A) The cells were incubated with db-cAMP and 8-Br-cAMP (0.1 and 1 mM) for 6 h. Proteins 
were extracted and TTP and actin were measured by Western blot. The TTP level in the control 
samples was set at 1 and the other values were related to that value. The blot is a representative 
of three with similar results. Values are mean ± SEM (n = 3). **P<0.01, *P<0.05, when 
compared  to the control.  (B) The cells  were treated  with LPS  (1 ng/ml) and  8-Br-cAMP or 
db-cAMP (0.1 and 1 mM) for 9 h. Proteins were extracted and TTP and actin proteins were 
measured by Western blot. The TTP level in the LPS-treated samples was set at 100 and the other 
values were related to that value. The blot is a representative of six with similar results. Values 
are mean ± SEM (n = 6). **P<0.01, when compared to cells incubated with LPS only. 
(Reprinted with permission from: Jalonen et al. 2007, Life Sci 81:1651-1658. ©  ElsevierLtd. 
and Jalonen et al. 2008, J Pharmacol Exp Ther 326:514-522. ©  The American Society for 
Pharmacology and Experimental Therapeutics.) 
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In resting cells, the phosphodiesterase inhibitors 3-isobutyl-1-methylxanthine 
(IBMX) and rolipram potentiated salbutamol and forskolin-induced TTP mRNA 
and protein expression providing evidence for the effect being mediated through 
cAMP (II). It could be concluded that cAMP-elevating agents induced TTP 
mRNA and protein expression in resting cells, possibly by activation of 
transcription factor activator protein 2 (AP-2) as demonstrated by the increased 
activation of AP-2 (measured as nuclear translocation of AP-2) by forskolin 
treatment (Figure 11A). 

 
 

 
 

 
Figure 11. Mechanisms how cAMP-elevating agents regulate TTP expression in J774.2. 
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macrophages. (A) Effect of forskolin on nuclear translocation of AP-2. The cells were stimulated 
with forskolin (100 µM) or LPS (1 ng/ml), which was used as a control compound, for 30 min. 
Nuclear extracts were prepared and AP-2 and lamin were detected in nuclear extracts by 
Western blot. The AP-2 level in control samples was set at 1 and other values were related to 
that value. Values are mean ± SEM (n = 3). **P<0.01, when compared to the control. (B) Effect 
of proteasome inhibitor MG132 on TTP protein expression. Macrophages were incubated with 
LPS (1 ng/ml) with or without forskolin (100 µM) for 6 h before MG132 (10 µM) was added and 
incubation was continued for another 6 h. Proteins were extracted and TTP and actin were 
detected by Western blot. The TTP protein level in the LPS-treated samples was set at 100 and 
the other values were related to that value. Values are mean ± SEM (n = 3). **P<0.01 and not 
significant (ns), when compared to the LPS- and LPS+MG132-treated samples. (Reprinted with 
permission from: Jalonen et al. 2007, Life Sci 81:1651-1658. ©  ElsevierLtd. and Jalonen et al. 
2008, J Pharmacol Exp Ther 326:514-522. ©  The American Society for Pharmacology and 
Experimental Therapeutics.) 
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Forskolin did not affect the half-life of TTP mRNA in LPS-induced cells as 
measured by the actinomycin D assay but forskolin, cAMP analogues, and 
salbutamol decreased LPS-induced TTP protein levels in a time-dependent 
manner (III). The reduction in LPS-induced TTP protein levels by elevated 
cAMP was possibly mediated by the degradation of TTP protein through the 
proteasome pathway, because two proteasome inhibitors, lactacystin and MG132 
(Figure 11B), reversed the effects of forskolin (III). 

MAPK p38 was activated rapidly by phosphorylation when LPS was added 
into the culture, and it was associated with increased TTP mRNA expression 
(III). The increase in TTP mRNA levels was reduced in the presence of a p38 
inhibitor SB203580, indicative of a role for p38 in the upregulation of TTP 
expression.  

Since TNF-α is a target of TTP and the decay of TNF-α mRNA is increased 
by TTP, the actinomycin D assay was used to measure the decay of TNF-α 
mRNA in response to forskolin in LPS-stimulated cells. The reduction in LPS-
induced TTP protein levels by forskolin at later time point was capable of 
increasing TNF-α mRNA stability (Figure 12). 

 
 
 
 

 

igure 12. Effects of forskolin on TNF-α mRNA decay in LPS-treated J774.2 macrophages. The 
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cells were treated with LPS (1 ng/ml) with or without forskolin (100 µM) for 9 h before 
actinomycin D (0.5 µg/ml) was added to the culture. Total RNA was extracted 60 and 90 min 
after actinomycin D addition and quantitative PCR was used to detect TNF-α mRNA. GAPDH 
mRNA was measured for normalization. The mean of TNF-α mRNA levels at the time of 
actinomycin D addition was set at 100 and the other values were related to that. Values are mean 
± SEM. (n = 4). **P<0.01, *P<0.05, when compared with the LPS-treated samples. (Reprinted 
with permission from: Jalonen et al. 2008, J Pharmacol Exp Ther 326:514-522. ©  The 
American Society for Pharmacology and Experimental Therapeutics.) 

 
 

66



TTP knockdown by siRNA technique results in changes 
in cytokine expression patterns (IV) 

To investigate the effects of TTP on cytokine production in macrophages, TTP 
expression was down-regulated by the siRNA technique. The J774.2 murine 
macrophages were transfected with shTTP and shNEG vectors to down-regulate 
TTP expression and to serve as a control, respectively. A significant reduction in 
TTP protein expression in the shTTP cell line was detected by Western blot and 
the reduction was proven to be functional by measuring the TNF-α levels 
(Figure 13). TNF-α levels were markedly upregulated in shTTP cells compared 
to shNEG cells. Cytokine antibody array was used to detect levels of 62 
cytokines and other inflammatory mediators from the cell culture medium.  

 
 

igure 13. Down-regulation of TTP expression and enhancement of TNF-α production in shTTP 
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cells. (A) shNEG and shTTP cells were stimulated with LPS (100 ng/ml) and proteins were 
extracted after 6 h incubation. TTP and actin were detected by Western blot. The blot is a 
representative of three blots with similar results. (B) shNEG and shTTP cells were stimulated 
with LPS (100 ng/ml) for 1 h. Thereafter the medium was changed and the cells were incubated 
for another 48 h. TNF-α concentrations in the culture media were measured by ELISA. Values 
are mean ± SEM (n = 3). **P<0.01. 
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oth of the cell lines expressed five cytokines (CTACK, CXCL16, MIP-1α, 

MI

p40 subunit, 
MI

able 19. TTP down-regulation (shTTP cell line) enhanced the production of IL-6, IL-12, MIP-2, 

      

B
P-1γ, and TARC) spontaneously. When LPS (100 ng/ml) was added into the 

cell culture, the expression of 10 cytokines (GCSF, IL-6, LIX, MCP-1, MCP-5, 
MIP-2, MIP-3α, RANTES, sTNF RII and the IL-12 p40 subunit) increased while 
the expression of CXCL16 was decreased in shNEG cells as compared to 
untreated shNEG cells. In the shTTP cell line, the production of 11 cytokines 
(GCSF, IL-6, IL-12, LIX, MCP-1, MCP-5, MIP-2, RANTES, sTNF RII, TNF-α, 
and the IL-12 p40 subunit) was increased following LPS treatment.  

The LPS-induced production of 6 cytokines (IL-6, IL-12, IL-12 
P-2, MIP-3α, and TNF-α) was different between these two cell lines (Table 

19). The production of IL-6, IL-12, MIP-2, and TNF-α was higher in shTTP 
cells than in shNEG cells, whereas the production of MIP-3α and IL-12p40 was 
lower in shTTP cells than in shNEG cells. These results indicate that IL-12, 
MIP-2 (a homologue of human IL-8), and MIP-3α are novel inflammatory 
cytokine targets for TTP-regulated mRNA decay, and confirm the earlier 
findings that TNF-α and IL-6 expression can be regulated by TTP. 
 
 
T
and TNF-α and reduced the production of MIP-3 and IL-12 p40 subunit in response to LPS.  
 

shNEG cells shTTP cells  
without th LPS without L th LPS -value  LPS wi PS wi P

      
      
IL-6 3.8 6 172.3  18.8 3.5 4 258.0  31.1 

 
1  1  

     

± 0. ± ± 0. ± * 
IL-12 2.6 ± 0.4 5.3 ± 0.6 3.6 ± 0.9 44.3 ± 4.9 ** 
MIP-2 51.0 ± 4.9 28.1 ±13.5 33.6 ±4.1 82.3 ± 20.8 * 
TNF-α 4.5 ± 0.7 9.0 ± 1.4 7.2 ± 2.5 149.0 ± 26.4 ** 
MIP-3α 5.3 ± 0.6 18.1 ± 2.2 5.0 ± 0.6 9.6 ± 1.2 ** 
IL-12 p40 2.7 ± 0.6 69.0 ± 7.7 2.9 ± 0.3 41.6 ± 5.0 ** 
 

Cytokine ant ody array mem es were incubated in media from cell cultures of TTP ib bran
knockdown cell line (shTTP cells) or control cell line (shNEG cells) after treatment with or 
without LPS (100 ng/ml). Values are arbitrary units compared to positive controls at the 
antibody array membrane (100) and are presented as mean ± SEM (n = 3). **P<0.01, *P<0.05 
between LPS-treated shNEG and LPS-treated shTTP cells. 
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Discussion 

Methodology 

This study was conducted to investigate the regulation of TTP expression and its 
immunological effects in macrophages. Macrophages play a critical role in 
inflammatory diseases such as rheumatoid arthritis and asthma (Welte and 
Groneberg 2006, Sabroe et al. 2007, Szekanecz and Koch 2007). LPS has been 
shown to induce TTP mRNA and protein expression in mouse primary 
macrophages and mouse RAW264.7 macrophages (Carballo et al. 1998, Mahtani 
et al. 2001) as well as in many other mouse, human, and rat cell types. The 
present experiments were carried out by using J774 and THP-1 macrophage cell 
lines. The use of primary human macrophages would have strengthened the 
study in terms of its applicability to human pathophysiology and this possibility 
should be considered in future studies. 

Standard molecular and cellular biology methods were used to detect mRNA 
(quantitative real-time reverse transcriptase PCR), protein (Western blot), and 
cytokine levels (ELISA). TTP, TNF-α, and GAPDH mRNAs were detected by 
quantitative real-time reverse transcriptase PCR. Quantitative PCR is a simple, 
specific, and sensitive method to measure mRNA levels (Bustin et al. 2005), and 
GAPDH mRNA levels were utilized for normalization. There are some data 
inferring that LPS induces GAPDH expression in rat liver and lungs (Xie et al. 
2006), but in the present study, the levels of GAPDH mRNA remained rather 
constant whereas the levels of TTP and TNF-α varied several cycles between 
treated and untreated cells.  

Western blot is a standard method to measure protein levels. One of the 
major problems in the present study was to obtain a functional antibody against 
TTP. Commercial antibodies exhibited major variations in quality and most often 
proved worthless. Obtaining a functional antibody from the group of Prof. 
Blackshear substantially advanced this study. Western blot was also used to 
study the nuclear translocation of transcription factors. This is an indirect method 
to study the activation of transcription factors by detecting the cytosol to nucleus 
translocation of transcription factors. Another method used to study activation of 
transcription factors is the electrophoretic mobility shift assay (EMSA), which 
was not used in the present study. EMSA detects the binding of proteins to short 
DNA oligos thereby providing perhaps more adequate data, but does not 
guarantee that transcription factors actually bind to the promoter of the studied 
gene or that the binding induces transcription. Another method to study the 
activation of transcription factor consensus binding sites is to place them in front 
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of a reporter gene and to quantify the expression of the reporter gene. This 
method, on the other hand, describes the function of only one or a few binding 
sites, and does not reflect the situation on the intact promoter, where several 
factors interact with each other. Probably the best way to study transcriptional 
activation would be to use the whole TTP promoter region in front of a reporter 
gene. This also possesses defects since the TTP intron is also involved in full 
inducibility of TTP transcription (Lai et al. 1998).  

Several inhibitors were used to inhibit signal transduction pathways in the 
present study. Inhibitors and drugs may also inhibit other kinases and pathways, 
at least if used in high concentrations (Davies et al. 2000, Bain et al. 2003). On 
the other hand, inhibitors of the signalling pathways were not the main research 
tools in the present study. In study I, inhibitors of signalling pathways were used 
to evaluate the possible role of these pathways in the upregulation of TTP 
expression. Some of these pathways were already known to be involved and 
were tested to confirm that the experimental procedures were appropriate. In 
studies I, II, and III, two chemically different inhibitors of histone deacetylases, 
phosphodiesterases, or proteasome, respectively, were used to strengthen the 
results obtained with the inhibitors. One way to confirm these results would be to 
use siRNA against the components of different signalling pathways. 

In studies II and III, different cAMP-elevating agents and two cell-permeable 
cAMP analogues were used to provide evidence whether there is any 
involvement of cAMP-mediated effects. β2-agonists activate adenylate cyclase 
and increase cAMP via the β-receptors, whereas forskolin is a direct activator of 
adenylate cyclase, and cAMP analogues mimic cAMP produced by the cell. 
Similar results were obtained with each of the three groups of compounds, 
convincing evidence that cAMP is involved in the upregulation of TTP mRNA 
expression or TTP protein down-regulation in LPS-stimulated cells. 
Phosphodiesterase inhibitors 3-isobutyl-1-methylxanthine (IBMX) and rolipram 
also increased TTP expression providing evidence that the effects are mediated 
through cAMP 

In study IV, TTP protein expression was down-regulated by introducing a 
vector that produced siRNA against TTP from a short hairpin RNA. RNA 
interference, first described by Nobel laureates Fire and Mello (Fire et al. 1998), 
has proven to be a powerful method to down-regulate expression of proteins 
(Kong et al. 2007, Martin and Caplen 2007). Sometimes sequences with a few 
mismatches inhibit translation of proteins (Doench et al. 2003, Zeng et al. 2003). 
Therefore it is possible that the sequence against TTP also inhibited translation 
of ZFP36L1 and ZFP36L2, but sequence comparisons did not indicate that such 
a possibility was likely.  Use of one or two other siRNA sequences against TTP 
and the possibility of obtaining similar results as well as studying the effects of 
TTP overexpression would have strengthened the results of study IV. In fact, the 
TTP overexpression vector was transfected to J774.2 macrophages, but the cells 
grew very poorly allowing no experimentation. 

Cytokine antibody array is fast and simple method to measure expression 
level of several cytokines simultaneously (Templin et al. 2002, Haab 2006). At 
the time of the experiment, this method had been quite recently introduced and 

 
 

70



provided an interesting tool to identify cytokines that might be regulated by TTP. 
The results identified a few possible targets, but the results will need to be 
repeated by ELISA, and the direct association of TTP with the mRNA as well as 
the difference in the mRNA half-life should be confirmed. One possible method 
to detect novel targets of TTP-mediated decay would be an actinomycin D assay 
on cDNA microarrays with normal cells and cells that do not express TTP 
(down-regulated by siRNA or cells from knockout mice) and cell that 
overexpress TTP. This kind of experiment was published by Lai et al. (2006) on 
fibroblasts from normal and TTP KO mice. This strategy has been modified by 
Stoecklin et al. (2008). They first conducted RNA-immunoprecipitation with 
TTP antibody in RAW264.7 macrophages and then used a cDNA microarray to 
identify the mRNAs that associated with TTP. This method on the other hand 
does not exclude the possibility that TTP is not bound to the mRNA directly but 
through some association with other proteins that bind to mRNA. However, of 
the mRNAs that were studied further, only the expression of IL-10 was elevated 
in TTP KO mice as compared to WT mice (Stoecklin et al. 2008). None of these 
methods alone is sufficient to provide a general view of the situation in the cells. 
Measuring the levels of proteins does help in elucidating the resolution of all the 
regulatory mechanisms and the outcome at the level of inflammatory cytokines.  

Glucocorticoids in the regulation of TTP expression 

Glucocorticoids are used in the treatment of diverse inflammatory diseases. They 
are basic medicines for example in the treatment of asthma and rheumatoid 
arthritis. There were no previous studies elucidating the mechanisms how 
dexamethasone modifies TTP expression. Although one early study on rat PC-12 
pheochromocytoma cells (Kujubu et al. 1987), and a study done in parallel with 
our study on human peripheral blood mononuclear cells (Bergmann et al. 2004) 
had shown that dexamethasone does not affect TTP expression, our hypothesis 
was that glucocorticoids would increase TTP expression in macrophages and 
down-regulate the levels of inflammatory modulators. Surprisingly, LPS-induced 
TTP expression was down-regulated by dexamethasone and the dissociated 
steroid, RU24858. In another study by Bianchini et al. (2006), treatment with 
dexamethasone slightly reduced TTP mRNA levels in CD4+CD8+ double-
positive thymocytes from C3H/HeN mice. Later it was shown that in human 
A549 alveolar epithelial cells and also in rat tissues that dexamethasone in the 
absence of inflammatory stimuli could enhance TTP expression (Smoak and 
Cidlowski 2006). There seems to be discrepancy on the results about whether 
dexamethasone increases or decreases TTP expression. This may be a species-
specific phenomenon, because based on the existing literature, TTP expression is 
down-regulated by dexamethasone in mice, but unaffected or upregulated in rat 
and human cells. Alternatively this could be a cell type-specific phenomenon, 
because different cell types have been used in all of these studies. The 
involvement of an inflammatory stimulus might also be a factor to explain the 
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results. In our study, LPS was used to induce inflammatory responses in 
macrophages and dexamethasone reduced both LPS-induced mRNA and protein 
levels. In the study of Smoak and Cidlowski (2006), dexamethasone was tested 
in resting  cells. In one of their experiments,  dexamethasone increased also 
TNF-α-induced TTP mRNA levels, but the effects on TTP protein levels were 
not reported. On the other hand, in our recent preliminary experiments 
dexamethasone alone did not affect TTP mRNA expression in J774A.1 
macrophages, but reduced TTP protein expression comparably to that in LPS-
treated macrophages, suggesting that the discrepancies are not due to the 
stimulus used. 

Dexamethasone and the dissociated steroid, RU24858, reduced LPS-induced 
TTP mRNA and protein levels in a dose-dependent manner. Dissociated 
glucocorticoids such as RU24858 are synthetic glucocorticoid ligands possessing 
different transactivation and transrepression profiles than the classical anti-
inflammatory steroids. RU24858 has been shown to have transrepression 
properties similar to those of dexamethasone on AP-1 and NF-κB-dependent 
gene expression, but it does not induce gene expression through glucocorticoid 
response element in mouse fibrosarcoma L929 and human HeLa cells (Vayssière 
et al. 1997, Vanden Berghe et al. 1999). Since both of the drugs showed a similar 
pattern of inhibition on LPS-induced TTP mRNA and protein expression, we 
assume that the effects are not mediated through direct binding of glucocorticoid 
receptor dimers to glucocorticoid response element even though a 
glucocorticoid-like response element has also been suggested to reside in the 
mouse TTP promoter region (DuBois et al. 1990) as well as a single hexameric 
half glucocorticoid response element sequence in human TTP 3'-flanking region 
(Smoak and Cidlowski 2006). Indeed the 5'- and 3'-flanking regions of TTP gene 
have been shown to bind glucocorticoid receptors, but no binding was observed 
in the intron region (Smoak and Cidlowski 2006). In the presence of 
mifepristone, a glucocorticoid receptor antagonist, dexamethasone and RU24858 
were not able to reduce LPS-induced TTP mRNA levels, suggesting that the 
effects of glucocorticoids are mediated through binding to glucocorticoid 
receptors. In the study of Smoak and Cidlowski (2006), mifepristone inhibited 
the induction of TTP mRNA and protein expression by dexamethasone, 
suggesting that also these effects of dexamethasone do require glucocorticoid 
receptor binding. 

Although dexamethasone has been shown to destabilize several mRNAs such 
as iNOS (Korhonen et al. 2002) and COX-2 (Ristimäki et al. 1996, Lasa et al. 
2001), dexamethasone did not affect TTP mRNA half-life in the present study as 
measured by the actinomycin D assay. That was not investigated in the study of 
Smoak and Cidlowski (2006). Since TTP has been shown to interact with KSRP 
and interfere with its action (Fechir et al. 2005, Linker et al. 2005), it is possible 
that dexamethasone, by decreasing the amount of TTP, increases the 
destabilizing effect of KSRP on inflammatory genes. This was not investigated 
in the present study, but may be worth examining in the future. 

Several mechanisms have been reported to explain how glucocorticoids 
affect the expression of inflammatory genes. These include the regulation of 
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transcription by direct activation or inhibition of transcription through 
glucocorticoid response elements in promoter regions, activation or repression of 
transcription by interactions with other transcription factors, histone 
acetylation/deacetylation and chromatin remodelling, regulation of mRNA 
stability, and induction of MAPK phosphatase-1 and inactivation of JNK and 
p38 pathways (Barnes 1998, Newton 2000, Adcock 2003, Ito et al. 2006, Clark 
2007). The present study and the study by Smoak and Cidlowski (2006) suggest 
that the effects of dexamethasone on TTP expression occur at the transcriptional 
level. Glucocorticoid receptors recruit several coactivator factors and induce 
changes in chromatin structure (Li et al. 2003). The histone acetylation status of 
chromatin reflects the availability of DNA for transcription. Histone acetylation 
increases transcriptional activation, whereas histone deacetylation leads to gene 
silencing. Glucocorticoids have been shown to cause histone deacetylation both 
by recruiting histone deacetylase 2 (Ito et al. 2000) and repressing the activity of 
histone acetyltransferase (Ito et al. 2001). In the present study, the presence of 
two histone deacetylase inhibitors, trichostatin A (TSA) and apicidin, abolished 
the inhibitory effect of dexamethasone and RU24858 on LPS-induced TTP 
mRNA suggesting that the inhibitory effects of glucocorticoids on LPS-induced 
TTP mRNA expression are mediated by histone deacetylation and transcriptional 
silencing 

Since TTP expression may be implicated in rheumatoid arthritis (Taylor et al. 
1996, Phillips et al. 2004, Tsutsumi et al. 2004, Fabris et al. 2005, Suzuki et al. 
2006b, Sugihara et al. 2007) glucocorticoids may reflect the outcome of arthritic 
inflammation by regulation of TTP. It would be of interest to investigate the 
effects of glucocorticoids on TTP expression in human synoviums as well as 
their effects on TTP in human lung tissues since it has been shown that TTP 
expression is induced by TNF-α in human bronchial cells (Cooper et al. 2001) 
and glucocorticoids may also regulate TTP expression in asthmatic lung.  

In conclusion, glucocorticoids were found to decrease TTP expression in 
activated macrophages in a glucocorticoid receptor-dependent and glucocorticoid 
response element-independent manner, possibly through histone deacetylation 
and transcriptional silencing. These results suggest that glucocorticoids down-
regulate TTP expression in cells exposed to inflammatory stimuli and this may 
result in increased expression of cytokines and other genes, which are regulated 
by TTP, unless other destabilizing proteins are able to substitute for TTP. 

cAMP in the regulation of TTP expression 

The mechanisms by which cAMP-elevating agents affect TTP expression, were 
studied both in resting and in LPS-activated macrophages. The results presented 
in this thesis show that in resting macrophages, TTP mRNA and protein 
expression are upregulated by β2-agonists and forskolin, which increase the 
intracellular levels of cAMP, and by cAMP analogues. Similar results on TTP 
mRNA expression with these agents were also found in human THP-1 cells, 
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indicating that a similar phenomenon occurs in human cells, as well. α- and β-
agonists were reported to increase TTP mRNA levels in only a few cell lines but 
the mechanisms, or the effect on TTP protein levels, have not been studied 
(Arenander et al. 1989a, Gubits et al. 1993b). 

The effects of 8-Br-cAMP on TTP expression have not been examined 
previously. Db-cAMP has been shown to increase TTP mRNA levels in rat 
secondary astrocytes (Arenander et al. 1989b) and in PC12 pheochromocytoma 
cells (Kaneda et al. 1992), but it had no effect in mouse B cell hybridomas 
(Nakajima and Wall 1991, Yin and Yang 1993). This may reflect some kind of 
species-specific mechanism. However, since db-cAMP was shown to increase 
TTP levels in mouse macrophages in the present study, it is more likely that this 
is a cell type-specific phenomenon. 

The TTP mRNA-increasing effect of forskolin has been shown in mouse 3T3 
fibroblasts (DuBois et al. 1990) and rat secondary astrocytes (Arenander et al. 
1989b), but it had no effect in rat microglial cells (Priller et al. 1995). In the 
present  study, forskolin  induced nuclear translocation of transcription factor 
AP-2, which may provide a mechanism to explain how cAMP-elevating agents 
induce TTP expression. The cAMP pathway has been shown to activate AP-2 
also in human HeLa cells (Imagawa et al. 1987). AP-2 consensus sequences are 
found in the promoter regions of mouse, human, rat, and bovine TTP (DuBois et 
al. 1990, Heximer and Forsdyke 1993, Lai et al. 1995, Kaneda et al. 2000), as 
well as in the mouse TTP intron sequence (Lai et al. 1998). The binding of AP-2 
to these sequences was not investigated in three of the studies. In the work of Lai 
et al. (1995) on the mouse TTP promoter region, the deletion of AP-2 site 
resulted a major reduction in serum-induced TTP mRNA accumulation. They 
also inserted the AP-2 consensus site in front of a minimal human β-globin gene 
and TTP cDNA and showed that TTP mRNA expression in cells transfected with 
this vector was increased as compared to control. In DNA mobility shift 
analyses, an AP-2 competitor oligo was able to inhibit binding of nuclear 
extracts to the AP-2 probe of mouse TTP. In studies on mouse TTP intron, 
competitor oligos of AP-2 were not able to affect the binding results of nuclear 
extracts on mouse TTP intron probes (Lai et al. 1998). These results indicate that 
the AP-2 site in the TTP promoter might be functional, whereas the AP-2 sites in 
the intron appear to be inactive. Therefore it is likely that increased AP-2 
activation induced by forskolin and LPS may explain at least partly the 
increasing effects of forskolin and LPS on TTP mRNA expression. 

The effects of β2-agonists, forskolin, and cAMP analogues were also studied 
in LPS-activated J774.2 macrophages. The actions of cAMP-elevating agents in 
LPS-stimulated macrophages have not been studied previously. As was the case 
in resting cells, these agents also increased TTP mRNA levels in LPS-stimulated 
macrophages. However, these agents decreased TTP protein expression although 
mRNA levels were increased. The stability of LPS-induced TTP mRNA was not 
altered by forskolin. Instead it was noted that the degradation of TTP protein was 
increased i.e. the effects of cAMP were possibly mediated via the proteasome. 
Brook et al. (2006) also reported that hypophosphorylated TTP is targeted for 
degradation by the proteasome and these results were duplicated by Deleault et 
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al. (2008). TTP protein has been shown to contain three putative PEST domains 
(proline, glutamic acid, serine, and threonine) that target proteins for degradation 
by the proteasome, but studies with mutated domains have not yet revealed the 
functional activity of these domains (Rigby et al. 2005). 

MAPK p38 activation was studied at an early time point before the peak of 
TTP mRNA and at a later time point, when LPS-induced TTP protein levels 
showed the greatest decline following forskolin treatment. In LPS-treated cells, 
the activation of p38 by phosphorylation was detected before the increase in TTP 
mRNA levels and the addition of p38 inhibitor SB203580 abolished the increase 
in TTP mRNA levels, providing evidence for a role of p38 in LPS- and LPS + 
forskolin-induced TTP mRNA expression. In addition, p38 is involved in the 
phosphorylation of TTP, which in turn regulates TTP activity. Since 
phosphorylation of TTP creates a binding site for 14-3-3 proteins (Johnson et al. 
2002,  Chrestensen et al. 2004), prevents stress granule entry, and increases 
TNF-α mRNA stability (Stoecklin et al. 2004), i.e. inhibits TTP activity, it is 
possible that at the early time points, TTP is phosphorylated by p38 kinase and 
TNF-α mRNA becomes stabilized. At the later time point when LPS-induced 
TTP protein levels showed the greatest decrease after forskolin treatment, very 
low levels of phosphorylated (i.e. active) p38 were detected, suggesting that the 
remaining TTP may be less phosphorylated and have more functional activity 
e.g. on TNF-α mRNA stability. The stability of TNF-α mRNA was studied at 
the later  time point and  it was shown that forskolin increased LPS-induced 
TNF-α mRNA stability along with its reducing effect on TTP expression. 

The phosphorylation status of TTP was not investigated in the present study, 
but in resting cells it seemed that the molecular weight of the TTP bands 
detected by Western blot in salbutamol, 8-Br-cAMP, and forskolin-treated cells 
was similar to control, suggesting that the TTP protein induced by cAMP-
elevating agents in resting cells might be unphosphorylated and active. 
Interestingly, in LPS-treated cells, cAMP-elevating agents seem to decrease 
especially the higher molecular weight forms of TTP, raising the possibility that 
the remaining TTP protein is in its active form. These results need to be 
confirmed with an antibody against phosphorylated TTP or alternatively 
determining whether treatment with the appropriate phosphatase alters the 
molecular weight of TTP.  

These results suggest that cAMP-elevating agents (e.g. salbutamol) regulate 
TTP expression differently during different phases of inflammation, which is 
likely to induce time-dependent changes in the expression pattern of cytokines in 
different stages of the inflammation process. 

Other signalling pathways involved in TTP upregulation  

In the present study, other signalling pathways in addition to cAMP were 
examined to elucidate their role, if any, on TTP mRNA expression (I). The 
inhibitors of NF-κB, calcium/calmodulin-dependent phosphatase calcineurin, 
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cyclooxygenases, tyrosine phosphorylation, and JAK2 did not have any 
statistically significant effect on LPS-induced TTP mRNA expression in J774 
mouse macrophages in the present study. In fact, little is known about the 
involvement of these factors in the regulation of TTP expression. The mouse, 
human, and bovine intron and human promoter region of TTP has been shown to 
include an NF-κB-like binding site and NF-κB consensus binding sites, 
respectively  (Lai  et al. 1998,  Smoak and Cidlowski 2006).  The role  of the 
NF-κB-like binding site in TTP intron is still unclear since NF-κB probes were 
shown to compete with nuclear extract binding to this site and antibody against 
NF-κB induced a supershift in the electrophoretic mobility shift assay (EMSA), 
when cells treated with TNF-α were examined, but not when serum or TPA-
treated cells  were used  (Lai et al. 1998). In the present study, an inhibitor of 
NF-κB, ammonium pyrrolidine dithiocarbamate (PDTC), was used and the 
results suggest that NF-κB is not an important transcription factor for LPS-
induced TTP expression. 

In the present study, inhibition of the serine/threonine phosphatase 
calcineurin by cyclosporin A did not inhibit LPS-induced TTP mRNA 
expression. Similar results have been obtained earlier with W7, an inhibitor of 
calmodulin (a calcium sensor protein that activates calcineurin), in mouse liver 
and B cells (Nakajima and Wall 1991, Yin and Yang 1993, Ledwith et al. 1996). 
This data suggests that calmodulin and calcineurin are not important modulators 
of TTP expression.   

Genistein, an inhibitor of tyrosine phosphorylation, and tyrphostin AG-490, 
an inhibitor of JAK2 protein tyrosine kinase did not inhibit LPS-induced TTP 
mRNA expression in the present study. A slight decrease in TTP mRNA levels 
was found with genistein, but it was not statistically significant. Tyrosine kinases 
are involved in TTP mRNA upregulation by IL-6 and IL-11 in mouse B cell 
hybridomas as demonstrated by inhibitors like tyrphostin, genistein, and 
herbimycin A (Nakajima and Wall 1991, Yin and Yang 1993). These results may 
indicate that tyrosine phosphorylation is required to mediate some signalling 
pathways but not others or else this pathway is restricted to certain cell types.   

Inhibitory compounds, PD98059, SP600125, and SB203580, were used to 
study the role of MAPKs ERK1/2, JNK, and p38, respectively, on TTP mRNA 
expression. The involvement of ERK1/2 in TTP expression is unclear since the 
use of another inhibitor of ERK1/2, U0126, was shown not to have effects on 
LPS-induced TTP mRNA or protein expression in RAW264.7 macrophages 
(Tchen et al. 2004, Brook et al. 2006) but PD98059 has been shown to decrease 
TTP mRNA levels induced by adipogenic hormones (combination of insulin, 
dexamethasone, methylisobutylxanthine, and foetal bovine serum) in mouse 3T3 
preadipocytes (Inuzuka et al. 1999), and also to decrease LPS-induced TTP 
protein levels and to reduce TTP mRNA stability in human THP-1 cells (Brooks 
et al. 2004). In a study where the specificities of several protein kinase inhibitors 
were evaluated, it was noted that PD98059 and U0126 had somewhat different 
properties (Davies et al. 2000). Therefore the results obtained with inhibitors, 
must be viewed with caution and the role of ERK1/2 in the upregulation of TTP 
transcription needs to be confirmed with other methods. Our results suggest that 
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TTP mRNA expression is, at least partly, dependent on the activation of the 
ERK1/2 pathway.  

Furthermore, the role of JNK in the upregulation of TTP expression seems 
somewhat ambiguous. In the present study, the JNK inhibitor, SP600125, 
decreased LPS-induced TTP mRNA levels in J774 murine macrophages. In 
human A549/8 alveolar epithelial cells, SP600125 and an siRNA against JNK 
did not affect CM-induced TTP mRNA levels, whereas TTP protein levels were 
decreased (Korhonen et al. 2007). SP600125 also inhibited TTP protein levels in 
LPS-induced human THP-1 cells, whereas TTP mRNA stability was unaffected 
(Brooks et al. 2004). In mouse RAW264.7 macrophages SP600125 did not affect 
TTP protein levels (Brook et al. 2006). SP600125 has been shown to inhibit 
some other protein kinases in addition to JNK (Bain et al. 2003), which may be a 
complicating factor. In addition, the effects of JNK inhibitors may be cell type 
and/or stimulus-specific. 

The most consistent evidence lies for an involvement of p38 in the 
upregulation of TTP mRNA expression. In the present study, the p38 inhibitor, 
SB203580, decreased TTP mRNA levels in LPS-stimulated J774 macrophages. 
This inhibitor, as well as another p38 inhibitor SB202190, have been claimed to 
be quite specific p38 inhibitors (Davies et al. 2000), increasing the reliability of 
the data. Both of these inhibitors have been shown to decrease TTP mRNA and 
protein expression in mouse RAW264.7 macrophages (Mahtani et al. 2001, 
Brook et al. 2006, Chen et al. 2006). In primary mouse macrophages, SB202190 
decreased LPS-induced TTP protein levels (Brook et al. 2006). In one study, 
SB203580 did not have any effect on TTP expression in mouse 3T3 
preadipocytes (Inuzuka et al. 1999). The effects of these inhibitors have also 
been studied in human cells. SB202190 inhibited TTP protein expression in 
human monocytes and THP-1 cells exposed to LPS (Brooks et al. 2004, Brook et 
al. 2006). In CM-induced human DLD-1 cells, the levels of both TTP mRNA 
and protein were inhibited by SB203580 (Korhonen et al. 2007). 

In addition, the effects of several antirheumatic drugs, aurothiomalate, 
hydroxychloroquine, methotrexate, D-penicillamine, leflunomide, and 
sulfasalazine, as well as those of paracetamol and nonselective and COX-2 
selective non-steroidal anti-inflammatory drugs, and PPARα and PPARγ 
agonists on TTP mRNA expression were investigated. None of the compounds 
had any significant effect on TTP mRNA expression, indicating that 
cyclooxygenase products and PPARs are not involved in the upregulation of TTP 
mRNA expression, and that regulation of TTP is not involved in the mechanisms 
of the anti-inflammatory actions of these pharmaceuticals. 

Based on the evidence reported in this thesis and in the literature, it would 
seem that NF-κB, serine/threonine phosphatase calcineurin, cyclooxygenase 
products, PPARs, and tyrosine phosphorylation are not crucial for the 
upregulation of TTP expression in mouse macrophages. The involvement of 
MAPK pathways seems evident, although the roles of JNK and ERK1/2 do need 
to be clarified. On the other hand, MAPK p38 has been shown to be a critical 
modulator of LPS-induced TTP expression in mouse macrophages. 
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Effects of TTP down-regulation on cytokine production 

In the present study, TTP expression was down-regulated by an siRNA against 
TTP. The reduction in TTP protein levels was functionally significant since it 
resulted in increased TNF-α production. A cytokine antibody array was used to 
detect the levels of 62 cytokines from the cell culture media of control and LPS-
treated J774 macrophages. At the time of starting our experiments only a few 
cytokines had been reported to be targets of TTP, i.e. GM-CSF (Carballo et al. 
2000,  Stoecklin et al. 2001), IL-2  (Stoecklin et al. 2001, Ogilvie et al. 2005), 
IL-3 (Ming et al. 2001, Stoecklin et al. 2001, Stoecklin et al. 2003), IL-6 
(Stoecklin et al. 2001, Sauer et al. 2006), TNF-α (Carballo et al. 1998, Lai et al. 
2000, Stoecklin et al. 2001, Brooks et al. 2002, Brooks et al. 2004, Chen et al. 
2006), and COX-2 (Sawaoka et al. 2003). After our study, also several other 
cytokines have been reported to be regulated by TTP, of which KC (CXCL1) 
(Datta et al. 2008),  IL-8 (Suswam et al. 2008),  IL-10  (Stoecklin et al. 2008), 
IL-13 (Barnstein et al. 2006), and vascular endothelial growth factor (VEGF) 
(Ciais et al. 2004, Essafi-Benkhadir et al. 2007, Suswam et al. 2008) were also 
included in our cytokine antibody array. The present study revealed that in TTP-
deficient cells, IL-12 and MIP-2 expressions were enhanced, whereas MIP-3α 
levels were decreased, indicating that IL-12, MIP-2, and MIP-3α are novel 
targets of TTP. 

IL-12 is a proinflammatory cytokine involved in the pathogenesis of 
autoimmune diseases (McInnes and Gracie 2004, Becker et al. 2005). IL-12 is a 
homodimer with two subunits, p35 and p40, and is designated as IL-12 p70 
(Becker et al. 2005). The subunits are encoded by two distinct genes and the 
simultaneous expression of both genes is required to generate the biologically 
active heterodimer p70. Neither of the subunits is active on its own, but the p40 
subunit can also form homodimers (IL-12 p80), which can function as 
endogenous IL-12 antagonists, as well as constituting a part of IL-23. On the 
other hand, the expression of the IL-12 p40 subunit was decreased when TTP 
expression was down-regulated. In macrophages, the p40 subunit is secreted in 
several-fold excess as compared to the p35-p40 heterodimer, and the formation 
of active IL-12 p70 is therefore regulated by the synthesis of the p35 subunit 
(Snijders et al. 1996). The mRNA of p35 subunit contains one copy of the 
preferred UUAUUUAUU nonamer, whereas none was found in the p40 mRNA. 
Therefore the target of TTP might be the p35 subunit, though this will have to be 
confirmed in further studies. Other studies have not shown IL-12 to be a target of 
TTP-mediated degradation. 

A member of the CXC chemokine superfamily, MIP-2 (a homologue to 
human IL-8), is a potent chemoattractant for neutrophils (Driscoll 2000). In the 
present study, we found that MIP-2 production in response to LPS was higher in 
TTP knockdown cells than in control cells. A recent study reported that human 
IL-8 was a target of TTP-mediated mRNA destabilization (Suswam et al. 2008), 
increasing the evidence that MIP-2, a homologue to human IL-8, might also be a 
true target of TTP. The fact that the mRNA of MIP-2 contains three copies of the 
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preferred nonamer binding site, also increases the possibility that it may be a 
target of TTP-mediated degradation.  

Chemokine MIP-3α has a potential role in rheumatoid arthritis (Schutyser et 
al. 2003) and the expression pattern of MIP-3α was different from the other 
targets found in the present study, as its expression was decreased in TTP 
knockdown cells as compared to control cells. The 3'-UTR of MIP-3α mRNA 
does not contain any nonamer binding sequences, suggesting that it may not be a 
direct target of TTP. Interestingly, at present, iNOS mRNA is the only other 
mRNA reported to be stabilized by TTP (Fechir et al. 2005). TTP did not bind to 
iNOS mRNA in bronchial epithelial cell line but it was shown to interact with 
another ARE-binding protein, KSRP, and by capturing KSRP and preventing its 
destabilizing effects, there was stabilization of iNOS mRNA (Fechir et al. 2005, 
Linker et al. 2005). 

The cytokine antibody array represents a unique technique to identify novel 
targets of TTP-mediated decay. Most of the previous targets of TTP have been 
found by conventional methods. For example, the TTP-deficient mice were first 
shown to circulate elevated levels of TNF-α, and subsequently the stability of 
TNF-α mRNA in TTP KO mice was found to be elevated (Taylor et al. 1996, 
Carballo et al. 1998). Recently, microarray methods have been applied in the 
search of new target mRNAs (Lai et al. 2006, Stoecklin et al. 2008). In these 
studies, the half-life of several mRNAs was first detected by microarray from 
cells derived from WT or TTP KO mice, or the mRNAs that were 
immunoprecipitated with TTP were detected by microarray. The outcome of 
mRNA targets on protein level also need to be confirmed by other techniques, 
since other compensating mechanisms may restore the dysregulation of mRNA 
stability. 

Pharmacological regulation of TTP expression and the 
use of TTP as a target of drug development 

The effects of several drugs and chemical compounds on TTP expression were 
investigated in the present study. Resting cells were used only in study II, when 
the effects of cAMP-enhancing compounds on TTP expression in macrophages 
were studied. The results on the regulation of TTP expression in resting 
macrophages are summarized in Figure 14. 
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Figure 14. Summary of the main results in resting macrophages (II). β2-agonists, forskolin, and 
cAMP analogues increase or mimic intracellular cAMP and activate AP-2 translocation to the 
nucleus, where TTP mRNA transcription is initiated. The increase in TTP mRNA levels results in 
increased TTP protein expression. PDE, phosphodiesterase. 
 
 

In the three other studies, LPS was used to stimulate inflammatory responses 
in macrophages, and the effects of dexamethasone, cAMP-elevating agents, and 
several inhibitors were investigated. The results on the regulation of TTP 
expression in LPS-activated macrophages are summarized in Figure 15. 

TTP is a fascinating therapeutic target. However, altered expression of TTP 
is likely to affect the stability of both anti-inflammatory and proinflammatory 
modulators. The amounts of other ARE-binding proteins and the interactions of 
TTP with these may also determine the outcome. The phosphorylation of TTP 
also reflects the functional activity of TTP. In some cases it could be beneficial 
to enhance TTP expression by vectors or by medicines in targeted cells, for 
example cancer cells overexpressing IL-3, TNF-α, or COX-2, or cells producing 
degenerative cytokines in rheumatic joints. The issue of the activity of 
phosphorylated TTP should also be examined carefully and taken into account 
when designing these overexpression vectors or other means to upregulate 
functional activity of TTP to shift the cytokine balance towards an anti-
inflammatory direction. 
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Figure 15. Summary of the main results in LPS-treated macrophages (I, III, IV). Dexamethasone 
inhibits TTP expression through a glucocorticoid receptor (GR)-mediated mechanism possibly by 
histone deacetylation (I). β2-agonists, forskolin, and cAMP analogues increase or mimic 
intracellular cAMP and increase TTP mRNA expression and TTP protein degradation (III). The 
increase in TTP protein expression may inhibit the expression of IL-12, MIP-2, TNF-α, and IL-6 
as well as increase the levels of MIP-3α and IL-12p40 (IV). 
 
 

The quantification of the expression levels of ARE-binding proteins may also 
prove beneficial in the diagnosis of certain diseases, where cytokines produced 
by ARE-containing mRNAs are involved. In some cases, these expression 
patterns may provide data on the responsiveness to drug treatment. 

Overall, TTP is a very interesting protein and a thorough understanding of 
the regulation of TTP expression as well as the inflammatory and immunological 
effects of TTP expression may lead to significant advances in drug development. 

 
 

                   81 



Summary and conclusions 

The present study was designed to investigate the regulation of TTP expression 
and the effects of TTP knockdown in macrophages. The major findings and 
conclusions are: 
 

1. LPS induced TTP mRNA and protein expression as well as the 
expression of a number of cytokines in macrophages.  

 
2. TTP mRNA levels were regulated by MAPK pathways and 

intracellular cAMP levels, but were not dependent on NF-κB, 
calcium/calmodulin-dependent phosphatase calcineurin, tyrosine 
phosphorylation, JAK2, cyclooxygenase products, or PPARs.  

 
3. Dexamethasone and dissociated steroid RU24858 decreased LPS-

induced TTP mRNA and protein expression through glucocorticoid 
receptors, but independently of the glucocorticoid response element. 
The results suggest that histone deacetylation and transcriptional 
silencing may be involved in the inhibition of TTP expression by 
dexamethasone and RU24858.  

 
4. In resting macrophages, β2-agonists, cAMP analogues, and forskolin 

enhanced TTP mRNA and protein expression. AP-2 relocation to the 
nucleus was detected prior to the increased TTP expression, which 
may serve as a mediator of cAMP-elevating agents in the 
upregulation of TTP expression. 

 
5. In contrast, in macrophages activated by LPS, β2-agonists, cAMP 

analogues, and forskolin increased TTP mRNA expression but protein 
expression was reduced. The results suggest that TTP protein 
undergoes a rapid degradation via the proteasome pathway, and that 
cAMP-enhancing compounds increase the rate of TTP protein 
degradation in macrophages exposed to inflammatory stimuli. 

 
6. siRNA against TTP was used to down-regulate TTP expression. A 

cytokine antibody array identified IL-12, MIP-2, and MIP-3α as 
potential  novel inflammatory cytokine targets, and regulation of 
TNF-α and IL-6 expression by TTP was confirmed. 
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There is increasing evidence that the post-transcriptional regulation of 
inflammatory genes, e.g. regulation of mRNA stability, is an important way to 
regulate their expression and represents a powerful drug target in inflammatory 
diseases. Therefore it is important to gain more knowledge on the mechanisms 
and factors, including tristetraprolin, which regulate the expression of 
inflammatory genes at the post-transcriptional level. 
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Abstract
Tristetraprolin (TTP) is a factor that regulates mRNA stability and the expression of certain inflammatory genes. In the present study, we

found that TTP expression was increased in macrophages exposed to bacterial lipopolysaccharide (LPS). Dexamethasone and dissociated

steroid RU24858 inhibited LPS-induced TTP protein and mRNA expression and the inhibitory effect was reversed by a glucocorticoid

receptor antagonist mifepristone. Histone deacetylase inhibitors trichostatin A (TSA) and apicidin reduced the inhibitory effect of

dexamethasone and RU24858 on TTP expression, but the glucocorticoids did not alter TTP mRNA half-life. These results suggest that

anti-inflammatory steroids reduce TTP expression in activated macrophages by a glucocorticoid response element (GRE)-independent

mechanism, possibly through histone deacetylation and transcriptional silencing.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Tristetraprolin (TTP), also known as Nup475, TIS11,

G0S24 and Zfp36, was first described as an immediate

early response gene in cells stimulated by growth factors

and mitogens and by factors like cycloheximide, forskolin

and 12-O-tetradecanoylphorbol-13-acetate ester [1–6].

TTP belongs to a family of CCCH tandem zinc-finger

proteins together with Zfp36l1 (Zfp36-like 1, also known

as Berg36, BRF1, cMG1, ERF1, TIS11b) and Zfp36l2

(Zfp36-like 2, also known as BRF2, ERF2 and TIS11d)

[7]. Although these proteins are differentially expressed,

they have structural similarities: they all have two
Abbreviations: Erk1/2, extracellular signal-regulated kinase 1/2;

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GR, glucocorticoid

receptor; GRE, glucocorticoid response element; JNK, c-Jun N-terminal

kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase;

NF-kB, nuclear factor kB; PD 98059, 2-(20-amino-30-methoxyphenyl)-

oxanaphthalen-4-one; PDTC, pyrrolidinedithiocarbamate; SB 202474, 4-

ethyl-2-(4-methoxyphenyl)-5-(4-pyridyl)-imidazole; SB 203580, 4-(4-

fluorophenyl)-2-(4-methylsulphinylphenyl)-5-(4-pyridyl)-imidazole; SP

600125, anthra[1,9-cd]pyrazol-6(2H)-one; TNF-a, tumor necrosis factor

a; TSA, trichostatin A; TTP, tristetraprolin
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Cys-Cys-Cys-His zinc-finger domains, which have

RNA-binding properties [8,9]. TTP mRNA is widely

expressed at particularly high levels in spleen, lymph nodes

and thymus [1,3].

TTP is involved in the regulation of inflammatory

responses. A direct connection between TTP and inflam-

mation was demonstrated in mice lacking the TTP gene

[10]. TTP knock-out mice were found to develop a severe

inflammatory syndrome, which was associated with ele-

vated levels of circulating tumor necrosis factor a (TNF-

a). Increased TNF-a production in these mice was found to

be due to increased mRNA stability [11,12]. In subsequent

studies, TTP has been shown to bind to the A + U-rich

element in the TNF-a 30-untranslated region which pro-

motes deadenylation and destabilization of the TNF-a

mRNA [13]. The mRNA of the granulocyte-macrophage

colony-stimulating factor is also destabilized by TTP,

which is assumed to be the reason for myeloid hyperplasia

observed in TTP-deficient mice [14]. The stability of the

mRNAs of interleukin-3 and cyclooxygenase-2 are also

regulated by TTP [15,16].

TTP is known to be involved in the expression of certain

inflammatory genes, but the regulation of the expression

of TTP itself remains largely unknown. The aim of the
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present study was to investigate the regulation of TTP

expression in macrophages exposed to an inflammatory

stimulus [lipopolysaccharide (LPS)], and especially the

effect of anti-inflammatory steroids.
2. Materials and methods

2.1. Materials

Reagents were purchased as follows: Tyrphostin

AG-490, 2-(20-amino-30-methoxyphenyl)-oxanaphthalen-

4-one (PD 98059), anthra[1,9-cd]pyrazol-6(2H)-one (SP

600125), cyclosporin A, 4-ethyl-2-(4-methoxyphenyl)-5-

(4-pyridyl)-imidazole (SB 202474) and 4-(4-fluorophe-

nyl)-2-(4-methylsulphinylphenyl)-5-(4-pyridyl)-imidazole

(SB 203580) from Calbiochem, apicidin from Alexis

Corporation, genistein from Tocris, dexamethasone from

Orion Corp., and RU24858 was received from Aventis

Pharma. All other reagents were from Sigma unless other-

wise stated.

2.2. Cell culture

J774 murine macrophages (American Type Culture

Collection) were cultured at 37 8C in humidified 5%

carbon dioxide atmosphere in Dulbecco’s modified Eagle

medium with Ultraglutamine 1 (Cambrex Bioproducts

Europe) supplemented with 10% heat-inactivated fetal

bovine serum (Cambrex Bioproducts Europe), penicillin

(100 units/ml), streptomycin (100 mg/ml) and amphoter-

icin B (250 ng/ml) (Gibco) and harvested with trypsin–

EDTA (Gibco). Cells were seeded on 6- or 24-well plates

and grown to confluence prior to the experiments.

2.3. RNA extraction and quantitative real-time PCR

Cells were homogenized using QIAshredderTM (QIA-

GEN Inc.) after which total RNA was extracted with

RNeasy1 Mini kit (QIAGEN Inc.). The amount of

RNA was measured with a spectrophotometer and the

purity was confirmed by the absorbance ratio at A260/280.

Reverse transcription and quantitative PCR were per-

formed according to the manufacturer’s instructions

(Applied Biosystems). Reverse transcription was carried

out with TaqMan Reverse Transcription reagents and

random hexamers in 10 ml reaction volume containing

25 ng purified RNA. Gene transcript levels of the house-

keeping gene, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) and mouse TTP were quantified by real-time

PCR on ABI PRISM1 7000 Sequence Detection System

(Applied Biosystems). Approximately 1 ng of total RNA

reverse-transcribed into cDNA was used in the polymerase

chain reaction applying TaqMan1 Universal PCR Master

Mix and sequence detection primers and TaqMan TAM-

RATM probes. Rodent GAPDH Control Reagents were
obtained from Applied Biosystems and primer and probe

concentrations were optimized and primers and probes

were used in the following concentrations: both forward

and reverse rGAPDH primers 300 nM, rGAPDH probe

50 nM containing VICTM (proprietary dye, Applied Bio-

systems) as 50-reporter dye and TAMRA (6-carboxy-tetra-

methyl-rhodamine) as 30-quencher. The mouse TTP

primers and probe were designed using Primer Express1

Software (Applied Biosystems) and were 50-CTCA-

GAAAGCGGGCGTTGT-30 (TTP forward, GenBank

accession no. NM_011756, 343–361), 50-GATTGG-

CTTGGCGAAGTTCA-30 (TTP reverse, 400–419), 50-
CCAAGTGCCAGTTTGCTCACGGC-30 [TTP probe con-

taining 6-FAM (6-carboxy-fluoroscein) as 50-reporter dye

and TAMRA as 30-quencher, 372–394] and used in con-

centrations of 300, 300 and 200 nM respectively (all from

Metabion). Thermal cycling conditions were: incubation in

50 8C for 2 min, 95 8C for 10 min, thereafter 40 cycles of

denaturation in 92 8C for 15 s and annealing/extension in

60 8C for 1 min. Each sample was determined in duplicate.

The relative mRNA levels were quantified and compared

using the relative standard curve method as described in

Applied Biosystems User Bulletin #2. Total RNA was

isolated from LPS-stimulated J774 macrophages and

reverse transcribed. Standard curves for GAPDH and

TTP were created using dilution series of cDNA corre-

sponding approximately 1 pg to 10 ng of total RNA in PCR

as described above. The threshold cycle values obtained

were plotted against dilution factor to create a standard

curve. Relative mRNA levels in test samples were then

calculated using the standard curve. The relative amount of

gene transcript present was calculated and normalized by

dividing the calculated value of TTP by the GAPDH value

in each sample.

2.4. Western blotting

After the time indicated, J774 macrophages were

washed with ice-cold PBS and lysed in ice-cold extraction

buffer [10 mM Tris–base, 5 mM EDTA, 50 mM NaCl, 1%

(w/v) Triton-X-100, 0.5 mM phenylmethylsulfonyl fluor-

ide, 2 mM sodiumorthovanadate, 10 mg/ml leupeptin,

25 mg/ml aprotinin, 1.25 mM NaF, 1 mM sodium pyropho-

sphate, 10 mM n-octyl-b-D-glucopyranoside]. After a 15-

min incubation on ice and centrifugation (13 400 � g,

4 8C, 10 min), supernatants were collected and stored in

sample buffer [62.5 mM Tris–HCl, pH 6.8, 10% (v/v)

glycerol, 2% (w/v) SDS, 0.025% (w/v) bromophenol blue,

5% (v/v) b-mercaptoethanol] at �20 8C. An aliquot of the

supernatant was used to determine protein concentration

by the Coomassie blue method [17]. Prior to Western

blotting, proteins were boiled for 5 min with sample buffer

[62.5 mM Tris–HCl, pH 6.8, 10% (v/v) glycerol, 2% (w/v)

SDS, 0.025% (w/v) bromophenol blue, 5% (v/v) b-mer-

captoethanol] and 20 mg of protein was used per lane on

12% SDS-polyacrylamide gel and transferred to Hybond

genbank:NM_011756
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ECLTM nitrocellulose membrane (Amersham). After trans-

fer, the membrane was blocked with TBS/T [20 mM Tris–

base pH 7.6, 150 mM NaCl, 0.1% (v/v) Tween-20] con-

taining 5% (w/v) bovine serum albumin. Thereafter the

membrane was incubated with TTP antibody (Santa Cruz

Biotechnology) in the blocking buffer for 1 h at room

temperature. The membrane was washed and incubated

with the secondary antibody in TBS/T containing 5% (w/v)

milk powder (30 min at room temperature), and thereafter

the bound antibody was detected using Super Signal1

West Pico chemiluminescent substrate for HRP detection

(Pierce) and FluorChemTM 8800 imaging system (Alpha

Innotech).

2.5. Statistics

Results are expressed as the mean � standard error of

mean (S.E.M.). The significance of differences was calcu-

lated by analysis of variance supported by Dunnett’s

adjusted significance levels. A difference between treat-

ment groups was considered significant when P < 0.05.
Fig. 1. The effect of LPS on TTP expression in J774 macrophages. (A) LPS

(10 ng/ml) was used to stimulate macrophages and total RNA was extracted

at the time points indicated. Quantitative PCR was used to measure TTP

mRNA and the values were normalized to GAPDH mRNA. Values are

mean � S.E.M. (n = 3). (B) The cells were stimulated with the indicated

amounts of LPS and total RNA was extracted after 6 h incubation. Quanti-

tative PCR was used to measure TTP mRNA and the values were normal-

ized to GAPDH mRNA. Values are mean � S.E.M. (n = 3). (C) As in A,

LPS was used to stimulate macrophages. Proteins were extracted at the time

points indicated and TTP was measured by Western blot. Values are

mean � S.E.M. (n = 5).
3. Results

3.1. LPS-induced TTP expression in J774 macrophages

Low levels of TTP mRNA were found in unstimulated

J774 macrophages. When the cells were exposed to LPS

(10 ng/ml) the amount of TTP mRNA was doubled in less

than an hour, it peaked at 6 h, and declined thereafter

(Fig. 1A). LPS (1–1000 ng/ml) induced TTP mRNA

expression in a dose-dependent manner (Fig. 1B). Accord-

ingly, increased TTP protein expression was found in LPS-

treated cells (Fig. 1C). TTP protein levels were doubled in

3 h after addition of LPS, peaked at 6 h and declined

thereafter, showing only slightly elevated levels at 24 h.

In Western blot analysis of the TTP protein three immu-

noreactive bands between MWs of 36 and 46 kDa were

found. This concurs with previous studies and is explained

by different molecular sizes resulting from post-transla-

tional modifications of the molecule [18,19].

Pharmacological inhibitors were used to evaluate sig-

naling pathways involved in LPS-induced TTP expression

(Table 1). Dexamethasone (1 mM) had a clear effect and

inhibited TTP mRNA expression by 76%. In addition,

inhibitors of mitogen-activated protein kinase (MAPK)

pathways reduced LPS-induced TTP mRNA expression.

Extracellular signal-regulated kinase 1/2 (Erk1/2) inhibitor

PD 98059 (10 mM) [20] inhibited TTP mRNA levels by

35% (P < 0.05). SP 600125 (10 mM), a novel anthrapyr-

azolone inhibitor of c-Jun N-terminal kinase (JNK) [21],

reduced LPS-induced TTP mRNA by 43% (P < 0.01). An

inhibitor of p38 MAPK, SB 203580 (1 mM) [22], inhibited

TTP mRNA levels by 74% (P < 0.01) whereas SB 202474
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Table 1

The effect of inhibitors of certain signaling pathways on LPS-induced TTP

expression

Treatment TTP mRNA

(% of LPS-induced levels)

Untreated 11 � 1

LPS (10 ng/ml) 100

LPS + dexamethasone (1 mM) 24 � 2 P < 0.01

LPS + PD 98059 (10 mM) 65 � 7 P = 0.047

LPS + SP 600125 (10 mM) 57 � 7 P < 0.01

LPS + SB 203580 (1 mM) 26 � 3 P < 0.01

LPS + SB 202474 (1 mM) 96 � 12 P > 0.1

LPS + PDTC (100 mM) 78 � 9 P > 0.1

LPS + Cyclosporin A (10 mM) 87 � 10 P > 0.1

LPS + Genistein (100 mM) 68 � 8 P = 0.082

LPS + AG-490 (10 mM) 93 � 13 P > 0.1

Cells were incubated for 6 h with or without LPS and the inhibitors of

interest. Total RNA was extracted and subjected to quantitative PCR.

Values are mean � S.E.M. (n = 3), compared to samples treated with

LPS only.
(a structural analog of SB 203580 that does not inhibit p38

[22]) had no effect on TTP mRNA expression.

Pyrrolidine derivative of dithiocarbamate (PDTC),

cyclosporin A, genistein and tyrphostin AG-490 were used

to evaluate the roles of nuclear factor kB (NF-kB), cal-

cium/calmodulin-dependent phosphatase calcineurin, tyr-

osine phosphorylation and JAK-2 in TTP mRNA

expression respectively. Genistein reduced LPS-induced

TTP mRNA expression by 32 � 8%, (P = 0.082) whereas

none of the other compounds had any clear effect on TTP

mRNA accumulation in LPS-treated J774 macrophages.

3.2. Dexamethasone and dissociated steroid RU24858

inhibited LPS-induced TTP expression in J774

macrophages

In subsequent studies, the inhibitory effect of dexa-

methasone on LPS-induced TTP expression was investi-

gated in more detail. The inhibitory effect of

dexamethasone on TTP mRNA accumulation was dose-

dependent, and maximal inhibition was reached at drug

concentrations of 100–10 000 nM (Fig. 2A). A similar

dose-dependent inhibitory effect was also seen in TTP

protein expression (Fig. 2B).

Dissociated glucocorticoids such as RU24858 are syn-

thetic glucocorticoid ligands possessing different transac-

tivation and transrepression profiles than those of classical

anti-inflammatory steroids. RU24858 has been shown to

have transrepression properties similar to those of dexa-

methasone on AP-1- and NF-kB-dependent gene expres-

sion, but it does not induce gene expression through

glucocorticoid response element [23,24]. We tested the

effect of RU24858 on TTP expression to find out if the

TTP-reducing effect of dexamethasone was associated

with the transrepression or transactivation mechanisms

of glucocorticoids. RU24858 inhibited TTP mRNA expres-

sion in a dose-dependent manner, and maximal effect was
reached at 100–1000 nM concentrations (Fig. 2C).

Accordingly, an inhibitory effect on TTP protein expres-

sion was also found (Fig. 2D). These results suggest

that the inhibitory action of glucocorticoids on TTP

expression is mediated through their transrepression

mechanisms.

In the presence of a glucocorticoid receptor (GR)

antagonist, mifepristone (5 mM), dexamethasone or

RU24858 did not reduce TTP mRNA expression in

LPS-treated macrophages (Fig. 3). These data suggest that

the effects of dexamethasone and RU24858 are mediated

through the glucocorticoid receptor.

3.3. Dexamethasone and dissociated steroid RU24858

did not alter TTP mRNA half-life in LPS-treated J774

macrophages

Dexamethasone reduced LPS-induced TTP mRNA

levels when measured at 3 h, 6 h or 9 h after the addition

of LPS � dexamethasone by 31%, 55% and 38% respec-

tively (Fig. 4A). In the subsequent studies, the effects of

dexamethasone and RU24858 on the half-life of TTP

mRNA were investigated by actinomycin D assay. Cells

were stimulated with LPS (10 ng/ml) in the presence or

absence of dexamethasone (100 nM) or RU24858 (100 nM)

for 6 h, and thereafter actinomycin D (0.5 mg/ml) was added

into the culture to inhibit transcription. Total mRNA was

isolated at 1 h intervals after actinomycin D addition, and the

TTP mRNA levels were measured.

The half-life on TTP mRNA was �1 h in LPS-treated

cells, and neither dexamethasone nor RU24858 altered the

TTP mRNA half-life (Fig. 4B).

3.4. Histone deacetylase inhibitors reduced the effects of

dexamethasone and RU24858 on TTP expression in LPS-

treated J774 macrophages

The suppressive effects of anti-inflammatory steroids on

certain genes are mediated through histone deacetylation

[25]. We therefore studied the effects of dexamethasone

and RU24858 on LPS-induced TTP mRNA expression in

the presence and absence of trichostatin A (TSA) and

apicidin, which inhibit histone deacetylases leading to

histone hyperacetylation, and by that mechanism can

abolish the effects of glucocorticoids on histone deacetyla-

tion.

In the absence of histone deacetylase inhibitors, dex-

amethasone (100 nM) and RU24858 (100 nM) inhibited

LPS-induced TTP mRNA expression by 53% (P < 0.05)

and 52% (P < 0.05) respectively (Fig. 5A). In the presence

of TSA or apicidin the glucocorticoids did not significantly

reduce TTP expression (Fig. 5B and C respectively). These

results suggest that histone deacetylation and transcrip-

tional silencing may mediate the inhibitory effects of

dexamethasone and dissociated steroid RU24858 on

TTP expression.
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Fig. 2. The effect of dexamethasone (Dex) and RU24858 on LPS-induced TTP expression. Cells were incubated for 6 h with or without LPS and

glucocorticoids. (A, C) Quantitative PCR was used to measure TTP mRNA and the values were normalized to GAPDH mRNA. Values are mean � S.E.M.

(n = 3–6). (B, D) TTP protein was analysed by Western blot. The gels are representatives of four separate experiments with similar results. Density values are

mean � S.E.M. (n = 4). **P < 0.01, *P < 0.05, when compared to samples treated with LPS only.

Fig. 3. The effect of glucocorticoid receptor antagonist mifepristone on

TTP expression. Cells were cultured with LPS, mifepristone, dexametha-

sone (Dex) and RU24858 as indicated for 6 h and total RNA was extracted.

Quantitative PCR was used to measure TTP mRNA and the values were

normalized to GAPDH mRNA. Values are mean � S.E.M. (n = 4).
**P < 0.01, ns = not significant, when compared to samples treated with

LPS only or samples treated with the combination of LPS and mifepristone.
4. Discussion

In the present study, we found that dexamethasone and

dissociated steroid RU24858 reduced LPS-induced TTP

expression in a glucocorticoid receptor-mediated manner.

The results suggest that the inhibitory effect of glucocor-

ticoids on TTP expression was mediated through enhanced

histone deacetylation and transcriptional silencing. In

addition, the inhibitors of p38, JNK and Erk1/2 MAP

kinases reduced the amount of TTP mRNA, suggesting

a role for these kinases in the regulation of TTP gene

expression.

In an inflammatory reaction, TTP is known to regulate

the production of pro-inflammatory proteins TNF-a, gran-

ulocyte-macrophage colony-stimulating factor, interleu-

kin-3 and cyclooxygenase-2 by destabilizing their

mRNAs through A + U-rich elements [13–16]. In the

present study we found that TTP is expressed in macro-

phages in response to bacterial LPS. This result is in line

with the earlier findings that certain inflammatory stimuli

and growth factors increase TTP expression [1,26], and

suggests that TTP is a part of the endogenous machinery

regulating the restriction and resolution of the inflamma-

tory process.
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Fig. 4. The kinetics of the effect of dexamethasone on TTP mRNA expression. (A) J774 macrophages were treated with LPS (10 ng/ml) in the presence or

absence of dexamethasone (Dex) (100 nM). Total RNA was extracted at the time points indicated. Quantitative PCR was used to measure TTP mRNA and the

values were normalized to GAPDH mRNA. Values are mean � S.E.M. (n = 3). **P < 0.01, *P < 0.05, when compared to samples treated with LPS only. (B)

Macrophages were treated with LPS (10 ng/ml) with or without dexamethasone (100 nM) or RU24858 (100 nM) for 6 h, and then actinomycin D (0.5 mg/ml)

was added to the cells. Cells were then harvested at indicated time points and total RNAwas extracted and subjected to quantitative PCR. The mRNA level of all

treatments at actinomycin D addition was set at 100%. Values are mean � S.E.M. (n = 3).
The most interesting finding in the present study was that

dexamethasone and dissociated steroid RU24858 inhibit

TTP expression in a dose-dependent manner. To our

knowledge this effect has not been reported earlier. A core

glucocorticoid-like response element has been suggested

to reside in TTP promoter [1]. The core glucocorticoid-like

response element of TTP resembles more a glucocorticoid

response element (GRE) than a negative GRE [27]. Based

on these data and on our present results on the effects of

dissociated steroid RU24858 it is not likely that the binding

of glucocorticoid–GR complex to the core glucocorticoid-

like response element is responsible for the inhibition of

TTP expression, but rather that the inhibition is mediated

through GRE-independent transrepression mechanisms.

Glucocorticoid receptor antagonist mifepristone com-

petes with dexamethasone for the same binding site in

glucocorticoid receptor and inhibits the effects of gluco-
Fig. 5. The effect of histone deacetylase inhibitors TSA and apicidin on the s

expression. Cells were incubated for 6 h with the compounds tested. Quantitative

GAPDH mRNA. Values are mean � S.E.M. (n = 4). **P < 0.01, *P < 0.05, ns =

treated with a combination of LPS and TSA or LPS and apicidin.
corticoids [28,29]. In the present study, dexamethasone and

RU24858 had no effect on TTP mRNA expression in the

presence of mifepristone. These data suggest that the

inhibitory effects of dexamethasone and RU24858 on

LPS-induced TTP expression are mediated through GR.

Dexamethasone reduced TTP mRNA expression at early

time points after the stimulus, and neither dexamethasone

nor RU24858 altered the half-life of TTP mRNA. These

data suggest that the effect of glucocorticoids occurs at the

transcriptional level. Transcriptional activation is asso-

ciated with histone acetylation, which facilitates gene

transcription [30]. The inhibitory effects of glucocorticoids

on the expression of certain genes are mediated through

histone deacetylation [25]. In order to study if this is also

the case in glucocorticoid-induced suppression of TTP

expression, histone deacetylase inhibitors TSA and apici-

din were added into the culture. TSA and apicidin reduced
uppressive effect of dexamethasone and RU24858 on LPS-induced TTP

PCR was used to measure TTP mRNA and the values were normalized to

not significant, when compared to samples treated with LPS or to samples



U. Jalonen et al. / Biochemical Pharmacology 69 (2005) 733–740 739
the effects of dexamethasone and RU24858 on TTP

expression. These results suggest that the effects of dex-

amethasone and RU24858 on TTP expression are mediated

through enhanced histone deacetylation. The mechanisms

by which glucocorticoids induce histone deacetylation are

not known in detail. It has been reported that GR is a direct

inhibitor of CREB-binding protein (CBP)-associated his-

tone acetyltransferase (HAT) activity and it also recruits

histone deacetylase 2 to the CBP–HAT complex, and these

two mechanisms may enhance histone deacetylation and

transcriptional silencing [31]. However, the role of histone

deacetylation as a mechanism of anti-inflammatory ster-

oids to regulate the expression of TTP and other genes

needs further mechanistic studies.

We also studied the involvement of some other signaling

mechanisms in LPS-induced TTP expression by pharma-

cological means. PDTC (NF-kB inhibitor), cyclosporin A

(calcineurin inhibitor) and AG-490 (JAK-2 inhibitor) had

no effect, suggesting a minor effect of those signaling

pathways in TTP expression. Although an NF-kB-like

binding site has been described in TTP intron [32] it is

not likely that NF-kB is a critical transcription factor for

TTP as PDTC had no effect on TTP expression. By

contrast, the signaling pathways regulating LPS-induced

TTP mRNA expression seem to involve p38, JNK and

Erk1/2 kinases. A specific inhibitor of p38, SB 203580 [22]

inhibited the expression of TTP mRNA by 74%, whereas

SB 202474, a structural analog of SB 203580, that does not

inhibit p38 [22], had no effect on TTP expression. These

results suggest that p38 positively regulates the expression

of TTP. PD 98059 (an inhibitor of the Erk1/2 pathway)

reduced the accumulation of TTP mRNA by 35% suggest-

ing that Erk1/2 MAPK also has a role in the regulation of

TTP expression. Our results on the involvement of Erk1/2

and p38 in the induction of TTP support the previous

findings of Inuzuka et al. [33] and Mahtani et al. [18].

JNK inhibitor SP 600125 [21] reduced TTP mRNA

levels by 43% in cells stimulated with LPS. This concurs

with the recent findings of Brooks et al. [34] on the

inhibitory effect of SP 600125 on TTP expression in

THP-1 cells. In addition, cycloheximide (which among

its other effects is a strong activator of JNK [35]) has been

reported to cause superinduction of TTP [36–39]. These

reports together support the role of JNK in the up-regula-

tion of TTP expression.

The mechanisms by which MAP kinases regulate TTP

expression are not known in detail. Mitogen- and stress-

activated protein kinases-1 and -2 (MSK1, MSK2) have

been shown to mediate the effects of p38 and Erk1/2 on the

expression of many immediate early genes in inflammation

[40] but their role in TTP expression remains to be

studied.

Two recent articles evaluated the roles of MAPKs in

TTP mRNA stability. Brooks et al. found that in THP-1

cells PD 98059 destabilized TTP mRNA, while SB202190

(an inhibitor of p38) and SP 600125 did not affect LPS-
mediated TTP mRNA stability [34]. In contrast, Tchen

et al. reported that another p38 inhibitor SB 203580

destabilized TTP mRNA in RAW264.7 cells [41]. Both

reports also describe the involvement of TTP itself in the

regulation of TTP mRNA stability [34,41]. In addition to

the regulation of TTP expression, p38, JNK and Erk1/2

may affect the activity of TTP, as they have been shown to

phosphorylate recombinant TTP in vitro [42].

In the present study, we show that LPS-induced TTP

expression in macrophages is down-regulated by anti-

inflammatory steroids and inhibitors of p38, JNK and

Erk1/2 MAP-kinases. To our knowledge, this is the first

report showing that dexamethasone and dissociated steroid

RU24858 inhibit TTP expression. Our results suggest that

the inhibition of TTP expression by glucocorticoids is

mediated through histone deacetylation and transcriptional

silencing in a glucocorticoid receptor-dependent manner.
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Abstract

Tristetraprolin (TTP) is a tandem zinc finger protein that can bind to AU-rich elements (AREs) in the 3′-untranslated regions (3′-UTR) in
mRNAs of transiently expressed genes, e.g. tumor necrosis factor-α (TNF-α) and granulocyte macrophage colony-stimulating factor (GM-CSF).
TTP increases the turnover rate of the target mRNAs, thereby reducing, for example, the expression of TNF-α and GM-CSF. We examined the
role of β2-agonists, cAMP analogs, and forskolin (an activator of adenylate cyclase) on TTP mRNA and protein expression by quantitative real-
time RT-PCR and Western blotting in J774 murine macrophages and THP-1 human macrophages. All of these agents increased TTP expression. A
nonspecific inhibitor of phosphodiesterases (PDEs) 3-isobutyl-1-methylxanthine (IBMX) and type IV PDE-inhibitor rolipram further enhanced
the increase in TTP expression levels, suggesting a cAMP-mediated effect. A possible mediator of these effects is transcription factor activator
protein 2 (AP-2), whereas nuclear factor κB (NF-κB) seemed not to play any role. This mechanism may, at least in part, explain the anti-
inflammatory effects which β2-agonists have been reported to have in macrophages.
© 2007 Elsevier Inc. All rights reserved.
Keywords: Activator protein 2; Asthma; β2-agonist; cAMP; Inflammation; Salbutamol; Tristetraprolin
Introduction

Tristetraprolin (TTP) (Lai et al., 1990), also known as
Nup475 (DuBois et al., 1990), TIS11 (Ma and Herschman,
1991; Varnum et al., 1989), G0S24 (Heximer and Forsdyke,
1993), or Zfp36 (Blackshear, 2002) is an RNA-binding protein
that affects the stability of certain mRNAs and its role in the
post-transcriptional regulation of its known substrates has
become clearer in recent years. Studies on TTP knockout (KO)
mice showed a direct connection between TTP and inflamma-
tion. The mice developed a systemic inflammatory syndrome
with arthritis, autoimmunity, and myeloid hyperplasia (Taylor
et al., 1996). The best-studied target of TTP-mediated mRNA
instability derived from KO mice is tumor necrosis factor-α
(TNF-α). TTP can promote the deadenylation and decay of
TNF-α mRNA by binding to the conserved AU-rich element
(ARE) in the 3′-untranslated region (3′-UTR) of TNF-αmRNA
(Lai and Blackshear, 2001; Lai et al., 1999), thereby decreasing
the amount of TNF-α. Other known targets of TTP include
⁎ Corresponding author. Fax: +358 3 3551 8082.
E-mail address: eeva.moilanen@uta.fi (E. Moilanen).
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granulocyte macrophage colony-stimulating factor (GM-CSF)
and interleukin (IL)-2 (Carballo et al., 2000; Ogilvie et al., 2005).
Recently, cells from TTP-KO mice were subjected to microarray
analysis to identify new targets of TTP-mediated mRNA decay,
revealing more than 250 transcripts whose mRNAwas stabilized
in the absence of TTP (Lai et al., 2006). Those containing two or
more TTP binding sites were taken for further study. The most
dramatic changes inmRNA levelswere found in the expression of
immediate-early response 3 (Ier3), a regulator of blood pressure.
In addition, cyclo-oxygenase-2 (COX-2), IL-3, IL-6 and
plasminogen activator inhibitor type 2 have been found to be
destabilized by TTP in other cell types using overexpression and
gene silencing methods (Sawaoka et al., 2003; Stoecklin et al.,
2000, 2001; Yu et al., 2003). In our recent study, IL-12 and
macrophage inflammatory proteins 2 (a homologue to human IL-
8) and 3α were identified as potential targets of TTP by antibody
array method (Jalonen et al., 2006). By destabilizing proin-
flammatory mRNAs, TTP down-regulates their expression and
thereby modulates inflammatory responses towards anti-inflam-
matory and immunosuppressive direction.

Two of the best-studied targets of TTP, proinflammatory
cytokines TNF-α and GM-CSF, also play a major role in

mailto:eeva.moilanen@uta.fi
http://dx.doi.org/10.1016/j.lfs.2007.09.022


Table 1
Primer and probe sequences

Primer Sequence

mTTP forward 5′-CTCAGAAAGCGGGCGTTGT-3′
mTTP reverse 5′-GATTGGCTTGGCGAAGTTCA-3′
mTTP probe 5′-Fam-CCAAGTGCCAGTTTGCTCACGGC-Tamra-3′
mGAPDH forward 5′-GCATGGCCTTCCGTGTTC-3′
mGAPDH reverse 5′-GATGTCATCATACTTGGCAGGTTT-3′
mGAPDH probe 5′-Fam-TCGTGGATCTGACGTGCCGCC-Tamra-3′
hTTP forward 5′-CCCCAAATACAAGACGGAACTC-3′
hTTP reverse 5′-GGGCCGCCAGGTCTTC-3′
hTTP probe 5′-Fam-CCCTACGGCTCTCGCTGCCACTT-Tamra-3′
hGAPDH forward 5′-AAGGTCGGAGTCAACGGATTT-3′
hGAPDH reverse 5′-GCAACAATATCCACTTTACCAGAGTTAA-3′
hGAPDH probe 5′-Fam-CGCCTGGTCACCAGGGCTGC-Tamra-3′
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asthma. High levels of TNF-α correlate with asthmatic
complications and compounds that reduce TNF-α levels may
be successful in the treatment of asthma (Mukhopadhyay et al.,
Fig. 1. Effects of β2-agonists on TTP mRNA and protein expression in J774 macro
salbutamol, (B) terbutaline or (C) formoterol for 1 h, after which total RNAwas extrac
normalized to GAPDH mRNA. The TTP mRNA level in the control samples was se
⁎⁎Pb0.01 when compared to the control. (D) The cells were stimulated with salbutam
extracted and TTP and actin (as a loading control) proteins were measured by Weste
values were related to that. The blot is a representative of six with similar results. Valu
2006). The expression levels of GM-CSF in asthmatic patients
compared to those in non-asthmatic individuals are much higher
in response to different stimuli and GM-CSF may be one of the
factors leading to events that provoke airway inflammation and
asthma (Ritz et al., 2002). Thus, agents that decrease the amount
of TNF-α and GM-CSF may be useful in the treatment of
asthma.

β2-agonists are widely used as bronchodilatators in the
treatment of asthma and chronic obstructive pulmonary disease.
Activation of β2-adrenoceptors leads to a series of events that
induce airway smooth muscle relaxation and also to some anti-
inflammatory effects (Bissonnette and Befus, 1997; Broadley,
2006; Giembycz and Newton, 2006; Johnson, 2002, 2006;
Sitkauskiene and Sakalauskas, 2005). β2-adrenoceptors activate
adenylate cyclase that results in increased intracellular cAMP
levels and activation of protein kinase A (PKA), which in turn
regulates phosphorylation (activation) of target molecules and
gene expression.
phages. J774 macrophages were treated with increasing concentrations of (A)
ted. Quantitative RT-PCR was used to measure TTP mRNA and the values were
t at 1 and the other values were related to that. Values are mean±S.E.M. (n=4).
ol (1 and 3 μM), PMA (100 nM) or LPS (0.1 and 1 ng/ml) for 4 h. Proteins were
rn blot. The TTP protein level in the control samples was set at 1 and the other
es are mean±S.E.M. (n=6). ⁎⁎Pb0.01, ⁎Pb0.05 when compared to the control.
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β2-agonists have been shown to inhibit TNF-α and GM-
CSF release from human mast cells, blood monocytes,
macrophages, lyphocytes, and epithelial cells, and demonstrate
their anti-inflammatory effects possibly through elevation of
cAMP levels (Bissonnette and Befus, 1997; Broadley, 2006;
Izeboud et al., 1999; Johnson, 2002; Sitkauskiene and
Sakalauskas, 2005). There is tentative data that an activator
of adenylate cyclase, forskolin, and an analog of cAMP,
dibutyryl-cAMP, may increase TTP mRNA levels (DuBois
et al., 1990; Kaneda et al., 1992). Therefore we hypothesized
that β2-agonists may enhance TTP expression. Here we show
that β2-agonists and cAMP-elevating agents increase TTP
mRNA and protein expression, possibly through the activation
of transcription factor activator protein 2 (AP-2). We therefore
suggest that β2-agonists in part fulfill their anti-inflammatory
responses by increasing the expression of TTP.

Materials and methods

Materials

Forskolin was purchased from Tocris Cookson Ltd. (Ellis-
ville, MO, USA). All other reagents were from Sigma Chemical
Co. (St. Louis, MO, USA) unless otherwise stated.

Cell culture

The murine J774 macrophages (European Collection of
Cell Cultures, Salisbury, UK) were maintained in an atmosphere
of 5% carbon dioxide at 37 °C in Dulbecco's modified Eagle
Fig. 2. Effects of cAMP analogs on TTP mRNA and protein expression in J774 macr
macrophages for 1 h, after which total RNAwas extracted. Quantitative RT-PCR was u
The TTP mRNA level in the control samples was set at 1 and the other values were re
control. (B) The cells were stimulated with db-cAMP and 8-Br-cAMP (0.1 and 1 mM
Western blot. The TTP protein level in the control samples was set at 1 and the other v
Values are mean±S.E.M. (n=3). ⁎⁎Pb0.01, ⁎Pb0.05 when compared to the contro
medium with UltraGlutamine 1 (Cambrex Bioproducts Europe,
Verviers, Belgium) supplemented with 10% heat-inactivated fetal
bovine serum (Cambrex Bioproducts Europe), penicillin
(100 units/ml), streptomycin (100 μg/ml), and amphotericin B
(250 ng/ml) (Gibco, Paisley, Scotland, UK). Cells were seeded
on 6- or 24-well plates and grown to confluence prior to the
experiments.

The human THP-1 promonocytes (American Type Culture
Collection, Manassas, VA, USA) were cultured at 37 °C in
humidified 5% carbon dioxide atmosphere in RPMI 1640
(Cambrex Bioproducts Europe) adjusted to contain 2 mM
L-glutamine, 10 mM HEPES (Cambrex Bioproducts Eur-
ope), 1 mM sodium pyruvate (Cambrex Bioproducts Europe),
4.5 g/l glucose, and 1.5 g/l bicarbonate (Cambrex Bioproducts
Europe) and supplemented with 10% heat-inactivated fetal
bovine serum (Cambrex Bioproducts Europe), penicillin
(100 units/ml), streptomycin (100 μg/ml) and amphotericin B
(250 ng/ml) (Gibco), and 0.05 mM 2-mercaptoethanol. The cells
were differentiated by adding the phorbol ester 12-O-tetra-
decanoylphorbol-13-acetate (100 nM) 72 h before the experi-
ments at the time of seeding of the cells on 6- or 24-well plates.

RNA extraction and quantitative real-time reverse transcriptase
(RT)-PCR

The protocol for RNA extraction and quantitative real-time
RT-PCR has been described in (Jalonen et al., 2005). Primers
and probes (Table 1) for human and mouse TTP (hTTP and
mTTP respectively) and also human and mouse glyceralde-
hyde-3-phosphate dehydrogenase (hGAPDH and mGAPDH
ophages. (A) Db-cAMP and 8-Br-cAMP (0.1 and 1 mM) were used to stimulate
sed to measure TTP mRNA and the values were normalized to GAPDHmRNA.
lated to that. Values are mean±S.E.M. (n=3). ⁎⁎Pb0.01 when compared to the
) for 6 h. Proteins were extracted and TTP and actin proteins were measured by
alues were related to that. The blot is a representative of three with similar results.
l.



Fig. 3. Forskolin-induced TTP mRNA and protein expression in J774
macrophages. The cells were incubated with forskolin (100 μM). (A) Total
mRNA and (B) proteins were extracted at indicated time points and quantitative
RT-PCR and Western blot were used to measure TTP and GAPDH mRNA, and
TTP and actin protein levels respectively. The TTP mRNA or protein level in the
control samples was set at 1 and the other values were related to that. The blot is
a representative of three blots with similar results. Values are mean±S.E.M.
(n=3). ⁎⁎Pb0.01, ⁎Pb0.05 when compared to the control.
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respectively) were designed using Primer Express® Software
(Applied Biosystems, Foster City, CA, USA) and supplied by
Metabion (Martinsried, Germany).

Western blotting

The protocol for Western blotting has been described in
(Jalonen et al., 2005). The gels were loaded with 35 or 20 μg of
protein for TTP or transcription factor Western blots respectively.
Actin, AP-2, and lamin antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA), nuclear factor κB
(NF-κB) antibody fromCell Signaling Technology Inc. (Danvers,
MA, USA), and the mouse TTP antibody (Cao et al., 2004) was a
kind gift from Dr. Perry Blackshear (NIEHS, Research Triangle
Park, NC, USA). The bound antibodies were detected using
SuperSignal® West Pico (for actin and lamin) or Dura (for AP-2,
NF-κB, and TTP) chemiluminescent substrate for HRP detection
(Pierce, Cheshire, U.K.), and FluorChem™ 8800 imaging system
(Alpha Innotech, San Leandro, CA, USA). The chemilumines-
cent signals were measured with FluorChem™ software v. 3.1.

Preparation of nuclear extracts for AP-2 and NF-κB Western
blotting

At indicated time points, the cells were rapidly washed with
ice-cold PBS and solubilized in hypotonic buffer A (10 mM
HEPES–KOH, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM
sodiumorthovanadate, 10 μg/ml leupeptin, 25 μg/ml aprotinin,
1 mM NaF and 0.1 mM EGTA). After incubation for 10 min on
ice, the cells were vortexed for 30 s and the nuclei were separated
by centrifugation at 4 °C, 21 000×g for 10 s. The nuclei were
resuspended in buffer C (20 mM HEPES–KOH, pH 7.9, 25%
glycerol, 420mMNaCl, 1.5mMMgCl2, 0.2mMEDTA, 0.5mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM
sodiumorthovanadate, 10 μg/ml leupeptin, 25 μg/ml aprotinin,
1 mM NaF and 0.1 mM EGTA) and incubated for 20 min on ice.
The nuclei were vortexed for 30 s and nuclear extracts were
obtained by centrifugation at 4 °C, 21 000×g for 2 min. The
protein contents of the nuclear extracts were measured by the
Coomassie blue method (Bradford, 1976).

Statistics

Results are expressed as the mean±standard error of mean
(SEM). The significance of differences was calculated by
analysis of variance supported by Dunnett's adjusted signifi-
cance levels. A difference between treatment groups was
considered significant when Pb0.05.

Results

β2-agonists, cAMP analogs, and forskolin-induced TTP
expression in murine J774 macrophages

Resting J774 macrophages expressed low levels of TTP
mRNA. When the cells were treated with increasing concentra-
tions of salbutamol or terbutaline (1–1000 nM) for 1 h, a
maximum of 3 to 3.5-fold increase in TTP mRNA levels was
found (Fig. 1A and B). Maximal effect was achieved at 100 nM
salbutamol. Similarly, formoterol 1 and 3 μM increased TTP
mRNA levels approximately 2.5-fold (Fig. 1C). A clear increase
was observed also in TTP protein levels (as detected by Western
blot) when J774macrophageswere treatedwith salbutamol (1 and
3 μM) for 4 h (Fig. 1D). Phorbol 12-myristate 13-acetate (PMA,
100 nM) and lipopolysaccharide (LPS, 0.1 and 1 ng/ml) were
used as control compounds to evaluate the level of TTP protein
expression. PMA (100 nM) and LPS (1 ng/ml) increased TTP
protein levels, and their effect was somewhat stronger than that of
salbutamol.

Since β2-agonists are known to elevate cAMP levels, we
were curious to know whether cAMP analogs and other cAMP-
elevating agents were able to promote TTP expression. The
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cells were treated with cAMP analogs N6,2′-O-dibutyrylade-
nosine 3′,5′-cyclic monophosphate sodium salt (db-cAMP)
and 8-bromoadenosine 3′,5′-cyclic monophosphate sodium
salt (8-Br-cAMP) at concentrations of 100 μM and 1 mM for
1 h and mRNA levels were quantitated. A 2 to 3-fold increase
in TTP mRNA levels was detected with the concentrations
used (Fig. 2A). Db-cAMP and 8-Br-cAMP also increased TTP
protein levels when measured by Western blot after 6 h
incubation (Fig. 2B).

An activator of adenylate cyclase forskolin (100 μM) also
induced TTP mRNA and protein expression in J774 macro-
phages. TTP mRNA expression peaked at 1 h and declined to
basal level after 6 h incubation (Fig. 3A). TTP protein
expression followed mRNA expression and peaked at 6 h
showing a 3-fold increase in that time point (Fig. 3B).
Fig. 4. PDE-inhibitors enhanced salbutamol and forskolin-induced TTP mRNA and
(100 μM) and rolipram (20 μM) for 30 min prior to the addition of (A) salbutamol (1 μ
used in quantitative RT-PCR to detect TTP and GAPDH mRNA. The TTP mRNA le
Values are mean±S.E.M. (n=4 in A, n=3 in B). ⁎⁎Pb0.01 when compared to sample
with IBMX (100 μM) and rolipram (20 μM) for 30 min prior to the addition of fors
analyzed by Western blot to detect TTP and actin protein. The TTP protein level i
representative blot of three with similar results is shown. Values are mean±S.E.M. (n
The induction of TTP mRNA expression by β2-agonists,
cAMP analogs, and forskolin was clear and statistically
significant but weaker than that induced by LPS (1 ng/ml). The
ΔCt value between control and LPS-treatment was around 3,
while with the β2-agonists, cAMP analogs, and forskolin theΔCt
value between control and treatment was around 2.

Phosphodiesterase (PDE) inhibitors increased salbutamol and
forskolin-induced TTP expression in murine J774
macrophages

The J774 macrophages were incubated with a nonspecific
inhibitor of PDEs, 3-isobutyl-1-methylxanthine (IBMX,
100 μM), and type IV PDE inhibitor, rolipram (20 μM), for
30 min. Thereafter salbutamol (1 μM) or forskolin (100 μM)
protein expression in J774 macrophages. The cells were incubated with IBMX
M) or (B) forskolin (100 μM). Total RNAwas extracted after 1 h incubation and
vel in the control samples was set at 1 and the other values were related to that.
s treated with salbutamol (A) or forskolin (B) alone. (C) The cells were incubated
kolin (100 μM) and proteins were extracted after 6 h incubation. Proteins were
n the control samples was set at 1 and the other values were related to that. A
=3). ⁎Pb0.05 when compared to samples treated with forskolin (100 μM) alone.



Table 2
Effects of salbutamol and terbutaline on TTP mRNA expression in human THP-
1 cells

Treatment TTP mRNA (relative units)

control 100±9.4
Salbutamol (1 μM) 139.4±20.1
Salbutamol (3 μM) 153.8±12.1⁎

Terbutaline (1 μM) 169.3±17.3⁎⁎

Terbutaline (3 μM) 171.4±12.8⁎⁎

The cells were cultured with β2-agonists for 1 h. Total RNAwas extracted and
used to detect TTP and GAPDH mRNA by quantitative RT-PCR. The TTP
mRNA level in the control samples was set at 100 and the other values were
related to that. Values are mean±S.E.M. (n=4). ⁎⁎Pb0.01, ⁎Pb0.05 when
compared to the control.
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was added to induce TTP expression for 1 h. In the presence of
these compounds salbutamol-induced TTP mRNA levels were
further increased (Fig. 4A), as was also forskolin-induced TTP
mRNA expression (Fig. 4B). PDE inhibitors also augmented
forskolin-induced TTP protein expression levels (Fig. 4C).

β2-agonists, cAMP analogs, and forskolin-induced TTP
expression in human THP-1 macrophages

We were interested whether the same phenomena could be
seen in human cells, and used human THP-1 macrophages in
the subsequent experiments. Resting THP-1 macrophages
expressed low levels of TTP mRNA. A 39–71% increase in
TTP mRNA levels was seen when the cells were incubated with
β2-agonists salbutamol and terbutaline (1 and 3 μM) for 1 h
(Table 2). Forskolin (100 μM) and db-cAMP (1 mM) increased
TTP mRNA levels by 126% and 151% respectively (Table 3).
In addition, PDE-inhibitor IBMX (100 μM) resulted in a 48%
increase in salbutamol-induced TTP mRNA in THP-1 cells
suggesting a cAMP-mediated response (Data not shown).

Forskolin-induced nuclear translocation of AP-2 but not NF-κB
in murine J774 macrophages

The TTP promoter region has been shown to include AP-2
binding site (Lai et al., 1995) and the single intron to contain
NF-κB-like binding motif (Lai et al., 1998), which are assumed
to be important regulators of TTP expression. Therefore we
Table 3
Effects of forskolin and db-cAMP on TTP mRNA expression in human THP-1
cells

Treatment TTP mRNA (relative units)

Control 100±1.8
Forskolin (100 μM) 225.7±15.0⁎⁎

db-cAMP (1 mM) 251.1±16.5⁎⁎

The cells were stimulated with forskolin or db-cAMP for 3 h, after which total
RNAwas extracted and used to detect TTP and GAPDH mRNA by quantitative
RT-PCR. The TTP mRNA level in the control samples was set at 100 and the
other values were related to that. Values are mean±S.E.M. (n=4). ⁎⁎Pb0.01
when compared to the control.
tested the effect of forskolin on the activation of AP-2 and NF-
κB, which was assessed by measuring their nuclear transloca-
tion by Western blot. The results showed that AP-2 relocated to
the nucleus when cells were treated with forskolin (100 μM) or
LPS (1 ng/ml), which was used as a control compound (Fig. 5A).
This implies that AP-2 may be involved in forskolin-induced
TTP expression. On the other hand, forskolin treatment
(100 μM) for 30 min was not able to relocate NF-κB to the
nucleus (Fig. 5B). LPS was used as a control compound and
induced nuclear translocation of NF-κB, which peaked at
30 min.
Fig. 5. Nuclear translocation of AP-2 and NF-κB in response to forskolin
treatment in J774 macrophages. The cells were stimulated with forskolin
(100 μM), or LPS (1 or 10 ng/ml), which was used as a control compound, for
30 min. Nuclear extracts were prepared as described in materials and methods.
AP-2 (A), NF-κB (B) and lamin protein were detected in nuclear extracts by
Western blot. The AP-2 (A) and NF-κB (B) level in control samples was set at 1
and the other values were related to that. Values are mean±S.E.M. (n=3).
⁎⁎Pb0.01 when compared to the control.
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Discussion

In the present study,β2-agonists, cAMP analogs, and forskolin
(an activator of adenylate cyclase) were shown to increase TTP
expression in both mouse and human macrophages. PDE-
inhibitors further enhanced the response. A possible mediator
for the effect is transcription factor AP-2, whereas NF-κB seemed
to play no role in forskolin-induced TTP expression.

The significant role of TTP in inflammation was discovered
when the TTP-KO mice were generated and investigated
(Taylor et al., 1996). TTP-KO mice produce proinflammatory
cytokines TNF-α and GM-CSF in excess due to increased
mRNA stability of the two factors (Carballo et al., 1998, 2000),
and this leads to inflammatory syndrome including severe
arthritis, autoimmunity, and myeloid hyperplasia (Phillips et al.,
2004; Taylor et al., 1996). The symptoms could be alleviated by
injections of TNF-α antibody (Taylor et al., 1996). TTP
expression has been shown in various tissues and the high
expression of TTP in mouse and rat lung tissues is of interest
(Cao et al., 2004; Lai et al., 1990; Smoak and Cidlowski, 2006).
Only little is known about the pharmacological regulation of
TTP expression. In addition to the β2-agonists used in the
present study, dexamethasone has been shown to increase TTP
mRNA and protein levels in resting human A549 lung epithelial
cells and in rat lung tissue (Smoak and Cidlowski, 2006). On the
other hand, dexamethasone reduced LPS-induced TTP expres-
sion in J774 macrophages (Jalonen et al., 2005). Interferons
have been reported to up-regulate TTP expression, which in turn
results in down-regulation of several proinflammatory genes
(Sauer et al., 2006). Cinnamon extract and cinnamon poly-
phenols have been shown to increase both the protein and
mRNA levels of TTP in mouse adipocytes (Cao et al., 2007b).
In addition, green tea, which is also associated with anti-
inflammatory effects, increased the levels of TTP mRNA in rat
liver and skeletal muscle (Cao et al., 2007a).

TNF-α and GM-CSF, whose expression is regulated by TTP
at post-transcriptional level, play a major role in asthma. Here
we show that β2-agonists, which are used as bronchodilatators
by asthmatic patients, and also cAMP analogs and forskolin,
increase the expression of TTP in mouse and human
macrophages. The results are supported by earlier findings
that forskolin and db-cAMP increase TTP mRNA levels in
mouse fibroblasts and rat pheochromocytoma cells (DuBois
et al., 1990; Kaneda et al., 1992). A nonspecific PDE-inhibitor
IBMX and type IV PDE-inhibitor rolipram further increased the
level of TTP mRNA suggesting a cAMP-mediated effect.

Little is known about transcription factors that bind to TTP
promoter and enhance TTP mRNA transcription. Computer
analyses of sequence elements in TTP promoter of mouse,
human, and rat origin have given some indications of such factors
(DuBois et al., 1990; Heximer and Forsdyke, 1993; Kaneda et al.,
2000; Lai et al., 1995; Smoak and Cidlowski, 2006). The
involvement of the single intron of TTP gene has also been
characterized (Lai et al., 1998). NF-κB-like binding site in TTP
intron has been reported to be involved in TNF-α induced TTP
expression (Lai et al., 1998), but according to the present results it
seems not to be involved in cAMP-mediated TTP expression.
One of the transcription factors emerging in most of the analyses
and is required for full serum inducibility ofmouse TTP (Lai et al.,
1995) is AP-2. cAMP pathway is one of the signaling pathways
that activates AP-2 (Imagawa et al., 1987). There is evidence that
shuttling between cytoplasm and nucleus regulates the activity of
AP-2 (Mazina et al., 2001). In the present study, forskolin-
induced nuclear translocation of AP-2. This effect may well
explain the increases in TTP expression detected.

In addition to bronchodilatation, salbutamol and other β2-
agonists have been shown to have some anti-inflammatory
effects (Bissonnette and Befus, 1997; Broadley, 2006; Johnson,
2002; Sitkauskiene and Sakalauskas, 2005). Inflammatory cells
including macrophages express β2-adrenoceptors on their cell
surface. Activation of these receptors on inflammatory cells
results in the inhibition of the release of modulators such as
leukotrienes and histamine and suppression of the secretion of
cytokines such as TNF-α, GM-CSF and interleukins 2, 3 and 6
(Bissonnette and Befus, 1997; Sitkauskiene and Sakalauskas,
2005). TNF-α, GM-CSF, IL-2, IL-3 and IL-6 have all been
reported to be targets of TTP (Carballo et al., 1998, 2000;
Ogilvie et al., 2005; Stoecklin et al., 2000, 2001). Therefore it is
tempting to speculate that TTP mediates, at least to some extent,
the anti-inflammatory effects of β2-agonists in macrophages.

In the present study, salbutamol and other β2-agonists were
found to elevate TTP expression in human and murine
macrophages, possibly through increased intracellular cAMP
levels and activation of transcription factor AP-2. cAMP analogs
and forskolin had very similar effects. The TTP-enhancing effect
described here may be one of the mechanisms by which β2-
agonists regulate cytokine expression inmacrophages and display
anti-inflammatory properties in inflammation.
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ABSTRACT
Tristetraprolin (TTP) is a trans-acting factor that can regulate
mRNA stability by binding to the cis-acting AU-rich element
(ARE) in the 3�-untranslated region in mRNAs of certain tran-
siently expressed genes. The best-studied target of TTP is
tumor necrosis factor (TNF)-�. By binding to ARE, TTP in-
creases the degradation of TNF-� mRNA, thereby reducing the
expression of TNF-�. We examined the effects of cAMP ana-
logs and the cAMP-elevating agents forskolin and �2-agonists
on lipopolysaccharide (LPS)-induced TTP mRNA and protein
expression by quantitative real-time reverse transcriptase-poly-
merase chain reaction and Western blotting in activated mac-
rophages. All of these agents caused a slight increase in LPS-

induced expression of TTP mRNA. However, TTP protein levels
were significantly reduced when the cells were treated with the
combination of LPS and cAMP-elevating agent compared with
LPS alone. Proteasome inhibitors MG132 (N-[(phenylmethoxy)-
carbonyl]-L-leucyl-N-[(1S)-1-formyl-3-methylbutyl]-L-leucinamide)
and lactacystin increased TTP protein levels and abolished the
effects of cAMP-enhancing compounds on TTP protein levels.
The results suggest that mediators and drugs that enhance
intracellular cAMP reduce TTP expression in macrophages ex-
posed to inflammatory stimuli by increasing TTP degradation
through the proteasome pathway.

Post-transcriptional regulation of gene expression by cis-
acting elements and trans-acting factors has been an object of
growing interest in recent years. One of the trans-acting
factors regulating the stability of transiently expressed
mRNAs is tristetraprolin (TTP), also known as Nup475,
TIS11, G0S24, or Zfp36 (Blackshear, 2002). The cis-acting
element to which TTP binds resides in the AU-rich element
(ARE) in the 3�-untranslated region of mRNAs of many in-
flammatory and other transiently expressed genes. The sta-
bility of an increasing number of transcripts has been shown
to be regulated by TTP in studies with overexpression of TTP
or by knockout (KO) or knockdown of TTP expression. Most

studies have focused on the post-transcriptional regulation of
tumor necrosis factor (TNF)-� mRNA. TTP can promote the
deadenylation and decay of TNF-� mRNA by binding to the
conserved ARE in the 3�-untranslated region of TNF-�
mRNA (Lai et al., 1999; Lai and Blackshear, 2001), thereby
decreasing the amount of proinflammatory cytokine TNF-�.
TTP KO mice developed a complex inflammatory syndrome
characterized by arthritis, autoimmunity, cachexia, and my-
eloid hyperplasia due to increased levels of TNF-� (Taylor et
al., 1996; Carballo et al., 1998).

Other suggested and/or partially confirmed targets of TTP
include inflammatory modulators such as granulocyte mac-
rophage colony-stimulating factor (GM-CSF), interleukin
(IL)-2, IL-3, IL-6, IL-12, macrophage inflammatory protein-2,
macrophage inflammatory protein-3�, inducible nitric oxide
synthase, and cyclooxygenase-2 (Carballo et al., 2000; Stoecklin
et al., 2000, 2001; Sawaoka et al., 2003; Linker et al., 2005;
Ogilvie et al., 2005; Jalonen et al., 2006). The most recent
members in the group of mRNAs possibly regulated post-
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transcriptionally by TTP include suppressor of cytokine sig-
naling 3 (SOCS3), transforming growth factor �1, and tran-
scription factor E47 (Chang et al., 2007; Ehlting et al., 2007;
Frasca et al., 2007). However, studies using cells derived
from TTP KO mice have not confirmed TTP as a sole regu-
lator of mRNA stability of these genes. For instance, in the
case of SOCS3, the results showed that in NIH 3T3 cells,
down-regulation of TTP by small interfering RNA and TTP
overexpression affected SOCS3 mRNA stability, but SOCS3
mRNA half-life was similar in cells from wild-type and TTP
KO mice (Ehlting et al., 2007).

In addition, there is increasing evidence that the p38 mi-
togen-activated protein kinase (MAPK) pathway is a crucial
regulator of the expression, stability, and function of TTP
(Mahtani et al., 2001; Brook et al., 2006; Hitti et al., 2006).
Phosphorylation of particular serine residues of TTP in-
creases binding of 14-3-3 proteins, thereby excluding TTP
from stress granules and inactivating TTP and increasing
the stability of target mRNAs (Johnson et al., 2002; Chrest-
ensen et al., 2004; Stoecklin et al., 2004). In addition to stress
granules, other sites where degradation of ARE-containing
mRNAs has been shown to occur are the processing body
(Franks and Lykke-Andersen, 2007; Stoecklin and Anderson,
2007), the exosome (Chen et al., 2001), and the proteasome
(Laroia et al., 1999). Micro-RNAs have also been reported to
have a role in TTP-mediated mRNA degradation (Jing et al.,
2005). Whatever the site of mRNA degradation is, TTP pro-
tein has been proposed to be degraded by the proteasome
(Brook et al., 2006; Deleault et al., 2008).

We have recently shown that �2-agonists, cAMP analogs,
and forskolin increase TTP mRNA and protein expression in
resting cells, possibly by increasing the activation of tran-
scription factor activator protein 2 (Jalonen et al., 2007). In
the present study, we found that TTP protein expression was
differently regulated by cAMP-increasing compounds in cells
exposed to LPS (which mimics the inflammatory situation)
than in our earlier study in resting cells. Even though TTP
mRNA amounts were increased, the TTP protein levels de-
creased when J774 macrophages were treated with a combi-
nation of LPS and cAMP-elevating agents. A possible mech-
anism of these effects is the increased degradation of TTP
protein through the proteasome pathway because the inhibi-
tion of proteasome activity by proteasome inhibitors MG132
and lactacystin inhibited the decrease in TTP protein levels
found with the combination of LPS and cAMP-elevating
agents compared with treatment with LPS alone.

Materials and Methods
Materials. Reagents were purchased as follows: forskolin,

MG132, and SB203580 from Tocris Cookson Inc. (Ellisville, MO), and

ubiquitin aldehyde was from Boston Biochem (Cambridge, MA). All
other reagents were from Sigma-Aldrich (St. Louis, MO) unless
otherwise stated.

Cell Culture. The murine J774 macrophages (European Collec-
tion of Cell Cultures, Porton Down, Wiltshire, UK) were maintained
in an atmosphere of 5% carbon dioxide at 37°C in Dulbecco’s modified
Eagle’s medium with UltraGlutamine 1 (Lonza Verviers SPRL, Ver-
viers, Belgium) supplemented with 10% heat-inactivated fetal bo-
vine serum (Lonza Verviers SPRL), penicillin (100 units/ml), strep-
tomycin (100 �g/ml), and amphotericin B (250 ng/ml) (Invitrogen,
Paisley, UK). Cells were seeded on six- or 24-well plates and grown
to confluence before the experiments. Tested compounds were added
to the cell culture at the same time as LPS, unless otherwise stated.

Cell Viability Test. Cell viability was tested using the Cell Pro-
liferation Kit II (Roche Diagnostics, Mannheim, Germany). Cells
were incubated with LPS (1 ng/ml) or LPS (1 ng/ml) and forskolin
(100 �M) for 12 h before the addition of the sodium 3�-[1-(phenyl-
aminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sul-
fonic acid hydrate labeling reagent (final concentration, 0.3 mg/ml)
and N-methyl dibenzopyrazine methyl sulfate (2.5 �g/ml). Then,
cells were incubated for 3 h, and the amount of formazan accumu-
lated in the growth medium was assessed spectrophotometrically.
No difference in cell viability between treated and untreated cells
was detected. Triton X-treated cells were used as a positive control
resulting in 97% reduction in cell viability.

RNA Extraction and Quantitative Real-Time Reverse Tran-
scriptase-PCR. The protocol for RNA extraction and quantitative
real-time reverse transcriptase (RT)-PCR has been described by Ja-
lonen et al. (2005). Primers and TaqMan 6-carboxyfluorescein (Fam)-
TAMRA probes (Table 1) for TTP, TNF-�, and the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed
using Primer Express Software (Applied Biosystems, Foster City,
CA) and supplied by Metabion (Martinsried, Germany).

Western Blotting. The protocol for Western blotting has been
described by Jalonen et al. (2005). When preparing cell lysates for
ubiquitin Western blotting, lysis buffer also contained ubiquitin al-
dehyde (20 �g/ml) and MG132 (25 �M) to prevent deubiquitinylation
of the sample. The gels were loaded with 35 �g of protein for TTP and
actin Western blots and 240 �g for ubiquitin Western blotting. Actin
antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA), the mouse TTP antibody (Cao et al., 2004) was kindly
provided by Dr. Perry Blackshear (National Institute of Environ-
mental Health Sciences, Research Triangle Park, NC), ubiquitin
antibody was from Zymed Laboratories (South San Francisco, CA),
p38 mitogen-activated protein kinase and phospho-p38 mitogen-ac-
tivated protein kinase (Thr180/Tyr182) antibodies were from Cell
Signaling Technology Inc. (Danvers, MA). The bound antibodies
were detected using SuperSignal West Dura or Femto chemilumi-
nescent substrate for horseradish peroxidase detection (Pierce
Chemical, Cramlington, Northumberland, UK) and the FluorChem
8800 imaging system (Alpha Innotech, San Leandro, CA). Actin was
used as a loading control, and it was detected from the same mem-
brane as TTP after stripping the membrane. The chemiluminescent
signals were measured with FluorChem software, version 3.1.

TABLE 1
Primer and probe sequences

Primer Sequence

mTTP forward 5�-CTCAGAAAGCGGGCGTTGT-3�
mTTP reverse 5�-GATTGGCTTGGCGAAGTTCA-3�
mTTP probe 5�-Fam-CCAAGTGCCAGTTTGCTCACGGC-TAMRA-3�
mTNF-� forward 5�-AATGGCCTCCCTCTCATCAGTT-3�
mTNF-� reverse 5�-TCCTCCACTTGGTGGTTTGC-3�
mTNF-� probe 5�-Fam-CTCAAAATTCGAGTGACAAGCCTGTAGCCC-TAMRA-3�
mGAPDH forward 5�-GCATGGCCTTCCGTGTTC-3�
mGAPDH reverse 5�-GATGTCATCATACTTGGCAGGTTT-3�
mGAPDH probe 5�-Fam-TCGTGGATCTGACGTGCCGCC-TAMRA-3�

cAMP Enhances LPS-Induced TTP Degradation 515

 at U
niv of T

am
pere Lib D

ept of H
ealth S

ciences on A
ugust 11, 2008 

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org


Statistics. Results are expressed as the mean � S.E.M. The
significance of differences was calculated by analysis of variance
supported by Dunnett’s adjusted significance levels. A difference
between treatment groups was considered significant when p � 0.05.

Results
cAMP Analogs, Forskolin, and �2-Agonists Decreased

LPS-Induced TTP Protein Expression in J774 Macro-
phages. In resting cells, low levels of TTP protein were
detected. LPS (1 ng/ml) induced transient expression of TTP
protein, which enhanced rapidly, remained relatively con-
stant for 4 to 9 h, and declined thereafter (data not shown).
After incubation with LPS (1 ng/ml) for 9 h, TTP protein
amount was increased 5-fold in J774 macrophages compared
with resting cells (Fig. 1A). cAMP analogs N6,2�-O-dibutyry-
ladenosine 3�,5�-cyclic monophosphate sodium salt (db-cAMP; 1
mM) and 8-bromoadenosine 3�,5�-cyclic monophosphate sodium
salt (8-Br-cAMP; 1 mM) decreased LPS-induced TTP protein
expression by 40% (Fig. 1A). At lower concentrations (0.1 mM),
db-cAMP was less efficient than 8-Br-cAMP in decreasing TTP
protein levels. Likewise, forskolin (an activator of adenylate
cyclase; 100 �M) decreased LPS-induced TTP protein levels by

45% when measured after 9 h of incubation (Fig. 1B). In addi-
tion to the cAMP analogs and forskolin, �2-agonists salbuta-
mol and terbutaline (0.3 and 1 �M) decreased LPS-induced
TTP protein levels by 41 to 50% when measured after 9-h
incubation (Fig. 1C).

cAMP Analogs, Forskolin, and Salbutamol Increased
LPS-Induced TTP mRNA Levels in J774 Macrophages.
Low levels of TTP mRNA were found in unstimulated cells,
and that was significantly increased when LPS (1 ng/ml) was
added into the culture. J774 macrophages were incubated
with LPS (1 ng/ml) and 8-Br-cAMP or db-cAMP (0.1 or 1 mM)
for 1 h (Fig. 2A). 8-Br-cAMP (0.1 and 1 mM) increased TTP
mRNA levels by 49 and 79%, respectively, compared with
cells treated with LPS only. db-cAMP (0.1 and 1 mM) had a
similar effect and enhanced TTP mRNA levels by 37 and 93%
compared with LPS-treated cells. When the cells were incu-
bated with LPS (1 ng/ml) in combination with forskolin (100
�M), TTP mRNA levels were higher than when treated with
LPS (1 ng/ml) alone (Fig. 2B). The difference between the
treatments was statistically significant after 1- and 2-h in-
cubation. A slight increase in TTP mRNA levels was also
observed when the cells were treated with LPS (1 ng/ml) and
increasing concentrations (0.1–3 �M) of salbutamol for 1 h

Fig. 1. Effects of cAMP analogs, forskolin, and
�2-agonists on LPS-induced TTP protein expres-
sion in J774 macrophages. The cells were
treated with LPS (1 ng/ml) and indicated con-
centrations of 8-Br-cAMP or db-cAMP (A), fors-
kolin (B), or salbutamol or terbutaline (C) for
9 h. Proteins were extracted, and TTP and actin
proteins were measured by Western blot. The
TTP protein level in the LPS-treated samples
was set at 100, and the other values were related
to that. The blot is a representative of six (in A
and C) or three (in B) with similar results. Val-
ues are mean � S.E.M. (n � 6 in A and C, n � 3
in B). ��, p � 0.01 when compared with the
LPS-treated samples.
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(Fig. 2C). Salbutamol (3 �M) increased LPS-induced TTP
mRNA levels by 35%.

Forskolin Did Not Affect TTP mRNA Half-Life in
LPS-Treated J774 Macrophages. To find out the reasons
for the differences between mRNA and protein expression,
we first examined the degradation rate of TTP mRNA by
actinomycin D assay (Fig. 3). Cells were treated with LPS (1
ng/ml) in the presence or absence of forskolin (100 �M) for
1 h; thereafter, actinomycin D (0.5 �g/ml) was added to the

culture to inhibit transcription. Total RNA was extracted 2,
4, and 5 h after addition of actinomycin D, and the TTP
mRNA levels were measured. Forskolin did not alter the TTP
mRNA degradation rate, and the half-life of TTP mRNA with
both treatments was approximately 4.5 h.

Forskolin, cAMP Analogs, and �2-Agonists Decreased
LPS-Induced TTP Protein Expression in a Time-Depen-
dent Manner. Because forskolin had no effect on TTP mRNA
half-life, we examined its effects on TTP protein expression
after different incubation times (Fig. 4A). Macrophages were
incubated with LPS (1 ng/ml) with or without forskolin (100
�M), and proteins were extracted after 4, 6, 9, and 12 h of
culture. With both treatments, TTP protein levels were al-
most equal when measured after 4-h incubation. After 6-h
incubation, TTP protein levels were 10% lower in forskolin-
treated cells. After 9- and 12-h incubations, LPS-induced
TTP protein levels were 51 and 57% lower in forskolin-
treated cells, respectively. In addition, TTP mRNA levels
were measured at the same time points (Fig. 4B). As ex-
pected, after 4-h incubation, TTP mRNA levels were higher
in forskolin-treated cells. In contrast, after 6-, 9-, and 12-h
incubation, the TTP mRNA levels in LPS � forskolin-treated
cells were similar to those in cells treated with LPS only.

Thereafter, we investigated the effects of cAMP analogs
and the �2-agonist on TTP protein levels (Fig. 5). The cells
were treated with LPS (1 ng/ml) with or without the cAMP
analogs or �2-agonist. Proteins were extracted after 4- and
9-h incubation, and TTP protein was detected by Western
blot. After 4-h incubation, LPS-induced TTP protein levels
were approximately similar in control cells and in cells

Fig. 2. Effects of cAMP analogs, forskolin, and
salbutamol on LPS-induced TTP mRNA expres-
sion in J774 macrophages. A, LPS (1 ng/ml) and
indicated concentrations of 8-Br-cAMP or db-
cAMP were used to stimulate macrophages for
1 h, after which total RNA was extracted. Quan-
titative RT-PCR was used to measure TTP
mRNA, and the values were normalized to
GAPDH mRNA. The mean of TTP mRNA levels
in the LPS-treated samples was set at 100, and
the other values were related to that. Values are
mean � S.E.M. (n � 3). ��, p � 0.01 and �, p �
0.05 when compared with the LPS-treated sam-
ples. B, cells were stimulated with LPS (1 ng/ml)
in combination with forskolin (100 �M). Total
RNA was extracted at the time points indicated.
Quantitative RT-PCR was used to measure TTP
mRNA, and the values were normalized to
GAPDH mRNA. The mean of TTP mRNA levels
in the LPS-treated samples at the 1-h time point
was set at 100, and the other values were re-
lated to that. Values are mean � S.E.M. (n � 3).
��, p � 0.01 when compared with the LPS-
treated samples in each time point. C, LPS (1
ng/ml) and indicated concentrations of salbuta-
mol were used to stimulate macrophages for 1 h,
after which total RNA was extracted. Quantita-
tive RT-PCR was used to measure TTP mRNA,
and the values were normalized to GAPDH
mRNA. The TTP mRNA level in the LPS-treated
samples was set at 100, and the other values
were related to that. Values are mean � S.E.M.
(n � 3). ��, p � 0.01 and �, p � 0.05 when
compared with the LPS-treated samples.

Fig. 3. Effects of forskolin on TTP mRNA decay in LPS-treated J774
macrophages. The cells were treated with LPS (1 ng/ml) with or without
forskolin (100 �M) for 1 h before actinomycin D (0.5 �g/ml) was added to
the culture. Total RNA was extracted 2, 4, and 5 h after actinomycin D
addition, and quantitative PCR was used to detect TTP mRNA. GAPDH
mRNA was measured for normalization. The mean of TTP mRNA levels
in the LPS-treated samples at the time of actinomycin D addition was set
at 100, and the other values were related to that. Values are mean �
S.E.M. (n � 3).
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treated with 8-Br-cAMP, db-cAMP, or salbutamol. After 9-h
incubation, all of the three compounds significantly de-
creased the level of TTP protein expression. The cAMP ana-
logs 8-Br-cAMP and db-cAMP decreased TTP protein levels
after 9-h incubation by 52 and 40%, respectively. Likewise,
salbutamol decreased the amount of TTP protein by 41%. In
conclusion, the results suggest that cAMP analogs and
cAMP-elevating agents increase the rate of TTP protein deg-
radation.

Proteasome Inhibitors Abolished Differences be-
tween TTP Protein Levels Extracted from LPS- and
LPS � Forskolin-Treated J774 Macrophages. We used
two inhibitors of proteasome, lactacystin and MG132, to in-
vestigate whether the proteasome-mediated degradation of
TTP protein is increased with forskolin in LPS-treated cells.
First, we wanted to confirm that lactacystin, an inhibitor of
20S and 26S proteasomes, has a functional effect as a pro-
teasome inhibitor in the cell culture conditions used. When
protein degradation through the proteasome is inhibited,
ubiquitinated proteins accumulate in the cells. Therefore, we
examined the effects of lactacystin on the levels of ubiquiti-
nated cellular proteins (Fig. 6A). The cells were first treated

with or without LPS (10 ng/ml) for 8 h, and then lactacystin
(10 �M) was added to inhibit the activity of proteasome. Total
proteins were extracted as described under Materials and
Methods after 16-h incubation with lactacystin. Ubiquiti-
nated proteins were detected with ubiquitin antibody. Addi-
tion of lactacystin to untreated cells increased the amount of
ubiquitinated proteins as can be seen in Fig. 6A, lanes 1 and
2. An even greater increase of ubiquitinated proteins in cells
by lactacystin could be seen in samples extracted from LPS-
treated cells (see Fig. 6A, lanes 3 and 4).

J774 macrophages were incubated for 5 h with LPS (1
ng/ml) in the presence or absence of forskolin (100 �M) before
lactacystin (20 �M) was added into the culture (Fig. 6B).
Incubations were continued for 4 h, after which proteins were
extracted and detected by Western blot. Addition of lactacys-
tin increased LPS-induced TTP protein levels by 68%, sug-
gesting that the degradation of TTP protein was decreased
during inhibition of the proteasome. In the absence of lacta-
cystin, forskolin reduced the amount of LPS-induced TTP
protein by 45%. When lactacystin was added to the culture,
forskolin had no effect on TTP protein levels.

Another inhibitor of proteasome, MG132, was used to as-
sess the effect of forskolin on TTP protein degradation in a
similar experiment (Fig. 6C). The cells were first incubated
with LPS (1 ng/ml) with or without forskolin (100 �M) for 6 h
before MG132 (10 �M) was added. Incubation was continued
for another 6 h. After protein extraction, TTP and actin
proteins were detected by Western blot. MG132 increased
TTP protein levels of LPS-treated samples more than 10-fold,
indicating that without the inhibitor of proteasome large
amounts of TTP protein are degraded by the proteasome. In
the absence of MG132, forskolin decreased LPS-induced pro-
tein levels by 55%. In the presence of MG132, forskolin did
not alter TTP protein levels.

LPS and LPS � Forskolin Activated MAPK p38 at 30
min but Not at 9 h. Activation of p38 by phosphorylation
was studied by Western blot (Fig. 7A). J774 macrophages
were treated with LPS (1 ng/ml) with or without forskolin
(100 �M) for 30 min or 9 h, after which proteins were ex-
tracted, and phosphorylated and total p38 were detected by
Western blot. Thirty-minute incubation with LPS or LPS �
forskolin increased the amount of phosphorylated p38 3 or
4-fold, respectively, compared with control. After 9-h incuba-
tion, phospho-p38 levels were very low, and there were no
differences between the treatments.

The p38 pathway is one of the regulators of TTP transcrip-
tion. To find out whether the inhibition of p38 activation
affects the mRNA levels of TTP, we treated the J774 macro-
phages with different combinations of LPS (1 ng/ml), forsko-
lin (100 �M), and p38 inhibitor SB203580 (1 �M) (Fig. 7B).
Total RNA was extracted after 1-h incubation, and TTP
mRNA was measured by quantitative PCR. Both LPS-in-
duced and LPS � forskolin-induced TTP mRNA levels were
inhibited by the p38 inhibitor SB203580 by 51 to 53%, indi-
cating that p38 regulates TTP mRNA expression both in LPS
and LPS � forskolin-treated cells.

Forskolin Decreased TNF-� mRNA Decay in LPS-
Treated J774 Macrophages. Because TNF-� mRNA is a
well known target of TTP, and its decay is increased by TTP,
we measured TNF-� mRNA decay by actinomycin D assay at
a time point when the forskolin-induced reduction in TTP
protein amount was most significant (Fig. 8). Macrophages

Fig. 4. Effects of forskolin on TTP protein and mRNA expression in
LPS-treated J774 macrophages. The cells were incubated with LPS (1
ng/ml) with or without forskolin (100 �M) for 4, 6, 9, or 12 h, after which
proteins (A) or total RNA (B) were extracted. A, TTP and actin proteins
were measured by Western blot. The TTP protein levels in the LPS- and
LPS � forskolin-treated samples at 4 h were set at 100, and the other
values gained with the same treatment were related to those. The blot is
a representative of three with similar results. Values are mean � S.E.M.
(n � 3). C, control. ��, p � 0.01 when compared between the LPS- and
LPS � forskolin-treated samples. B, quantitative PCR was used to detect
TTP mRNA, and GAPDH mRNA was measured for normalization. The
mean of TTP mRNA levels in the LPS-treated samples at the 4-h time
point was set at 100, and the other values were related to that. Values are
mean � S.E.M. (n � 4). ��, p � 0.01 and N.S. (ns) when compared
between the LPS- and LPS � forskolin-treated samples.
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were treated with LPS (1 ng/ml) in the presence or absence of
forskolin (100 �M) for 9 h; thereafter, actinomycin D was
added. Total RNA was extracted at 60 and 90 min after
addition of actinomycin D, and TTP mRNA levels were mea-
sured. As seen in Fig. 8, TNF-� mRNA decay was slower in
LPS � forskolin-treated cells that in cells exposed to LPS only.

Discussion
The principal finding in the present study was that cAMP

analogs, forskolin, and �2-agonists decreased LPS-induced TTP
protein expression by increasing the rate of TTP degradation
via proteasome. The role of p38 in the regulation of TTP expres-
sion was also studied, indicating a role for p38 in the regulation
of TTP mRNA expression at early time points. The results
suggest a novel mechanism by which mediators or drugs that
increase intracellular cAMP concentrations may participate in
the up-regulation of the expression of inflammatory genes.

Experiments on TTP KO mice and cells derived from them
have shown that TTP is a physiological regulator to reduce
mRNA stability and, hence, the expression of two important
proinflammatory cytokines, TNF-� and GM-CSF (Taylor et
al., 1996; Carballo et al., 1998, 2000). Due to increased levels
of TNF-� and GM-CSF, the TTP KO mice suffer from arthri-
tis-like symptoms, autoimmunity, and myeloid hyperplasia
(Taylor et al., 1996; Phillips et al., 2004). In this study, we
showed that forskolin reduced LPS-induced TTP protein lev-
els significantly after 9-h incubation (i.e., by approximately
50% based on the Western blot results). Forskolin also re-
duced TNF-� mRNA decay, suggesting that the forskolin-
induced changes in TTP levels may be functionally signifi-

cant. In our earlier study, down-regulation of TTP expression
by small interfering RNA by approximately 50% resulted in
increased release of TNF-� and some other cytokines from
activated macrophages (Jalonen et al., 2006). That result
further supports that down-regulation of TTP expression by
the degree found in the present study may have significant
effects in macrophages.

In addition to arthritis, recent studies suggest that TTP
has a potential role in cancer and in obesity-related metabolic
complications (Bouchard et al., 2007; Carrick and Blacks-
hear, 2007). The possibility to regulate TTP expression to
treat these conditions with future drugs requires intensive
study of the regulation TTP expression and the effects of TTP
over- and underexpression. Only little is known about the
pharmacological regulation of TTP expression. Dexametha-
sone has been shown to increase TTP mRNA and protein
levels in resting human A549 lung epithelial cells and in rat
lung tissue (Smoak and Cidlowski, 2006). On the other hand,
dexamethasone reduced LPS-induced TTP expression in
J774 macrophages (Jalonen et al., 2005). Interferons have
been reported to up-regulate TTP expression, which in turn
results in down-regulation of several proinflammatory genes
(Sauer et al., 2006). Cinnamon extract and cinnamon poly-
phenols have been shown to increase both the protein and
mRNA levels of TTP in mouse adipocytes (Cao et al., 2007b).
In addition, green tea, which is also associated with anti-
inflammatory effects, increased the levels of TTP mRNA in
rat liver and skeletal muscle (Cao et al., 2007a).

We recently reported that the expression of TTP mRNA
and protein could be induced by �2-agonists, cAMP analogs,

Fig. 5. The effects of cAMP analogs and �2-
agonist on TTP protein expression in LPS-
treated J774 macrophages. The cells were
incubated with LPS (1 ng/ml) with or without
8-Br-cAMP (1 mM) (A), db-cAMP (1 mM) (B),
or salbutamol (1 �M) (C) for 4 or 9 h, after
which proteins were extracted. TTP and ac-
tin proteins were measured by Western blot.
The TTP protein levels in the LPS-treated
samples at the 4-h time point were set at 100,
and the other values were related to those. C,
control. The blot is a representative of six
with similar results. Values are mean �
S.E.M. (n � 6). ��, p � 0.01 and �, p � 0.05
when compared between the LPS and LPS �
cAMP analog or LPS � �2-agonist-treated
samples at each time point.
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and forskolin in resting macrophages, and that was probably
mediated by increased activator protein 2 activation (Jalonen
et al., 2007). Here, we have shown that when these com-
pounds were given in combination with LPS, which mimics
the inflammatory situation, TTP protein levels were signifi-
cantly decreased. The decrease in TTP protein amounts could
be prevented by treating the cells with proteasome inhibitors
MG132 and lactacystin. The observed decrease in TTP pro-
tein levels in cells treated with LPS in combination with
cAMP-elevating agents compared with treatment with LPS
alone may be caused by enhanced activity of the proteasome
activated by cAMP. This assumption is supported by earlier
findings that phosphorylation of an ATPase in the 19S cap of
the mammalian proteasome, Rpt6, by cAMP-dependent pro-
tein kinase A enhances proteasome activity (Zhang et al.,
2007). cAMP seems to regulate the expression of TTP differ-
ently in resting cells and in cells exposed to inflammatory
stimulus. It is interesting to note that very similar results
have been reported with glucocorticoid dexamethasone.
Dexamethasone, in combination with LPS, decreased TTP
expression in mouse macrophages (Jalonen et al., 2005), but
in resting human A549 lung epithelial cells and in rat lung
tissues (in the absence of inflammatory stimuli), dexameth-
asone increased TTP mRNA and protein levels (Smoak and
Cidlowski, 2006).

In contrast to TTP mRNA, which is transiently expressed,
TTP protein has been regarded to be fairly stable, and the
stability is regulated by p38 MAPK and its downstream
target, MAPK-activated protein kinase 2, and extracellular
signal-regulated kinase (Cao et al., 2004; Brook et al., 2006;

Hitti et al., 2006; Deleault et al., 2008). It has been suggested
that dephosphorylation of TTP directs TTP to the proteasome
by an unknown mechanism to be rapidly degraded (Brook et
al., 2006; Deleault et al., 2008). TTP protein sequence con-
tains three PEST domains (proline, glutamic acid, serine,
and threonine) that target proteins for degradation by pro-
teasome, but studies with mutated domains have not yet
shown the functional activity of these domains (Rigby et al.,
2005). Here, we provide further evidence that TTP protein
expression is down-regulated by degradation through protea-
some by showing that two proteasome inhibitors (lactacystin
and MG132) enhanced TTP protein levels. Phosphorylation
of p38 was also examined at 30 min and 9 h to gain mecha-
nistic information on the regulation of TTP expression. The
results suggest that at early time points, when p38 is acti-
vated by phosphorylation, it activates TTP transcription. At
later time points, when p38 has been inactivated by phos-
phatases, the phosphorylation status of TTP also may de-
crease, enabling the degradation of TTP protein. We suggest
that the degradation through the proteasome is an inducible
mechanism to withdraw TTP from the cells and serves as a
regulatory mechanism that enhances the inflammatory reac-
tion by limiting the duration of TTP expression. Although the
expression of TTP is regulated in a similar manner in resting
mouse and human macrophages by cAMP-elevating agents
(Jalonen et al., 2007), the results described in the present
study require confirmation in human macrophages. Many
factors increase intracellular cAMP levels through G-protein-
coupled receptors in cell membrane, indicating that several

Fig. 6. Effects of proteasome inhibitors on TTP protein
expression in J774 macrophages. A, cells were incu-
bated with or without LPS (10 ng/ml) for 8 h before the
addition of lactacystin (10 �M). Proteins were extracted
16 h after the addition of lactacystin, and protein ubiq-
uitination was analyzed by Western blot. The blot is a
representative of three with similar results. B, J774
macrophages were treated with LPS (1 ng/ml) with or
without forskolin (100 �M) for 5 h, and then lactacystin
(20 �M) was added. Incubation was continued for 4 h,
after which proteins were extracted. TTP and actin
proteins were measured by Western blot. The TTP pro-
tein level in the LPS-treated samples was set at 100,
and the other values were related to that. The blot is a
representative of three with similar results. Values are
mean � S.E.M. (n � 3). ��, p � 0.01 and N.S. (ns) when
compared with the LPS- and LPS � lactacystin-treated
samples. C, J774 macrophages were incubated with
LPS (1 ng/ml) with or without forskolin (100 �M) for 6 h
before MG132 (10 �M) was added, and incubation was
continued for another 6 h. Proteins were extracted, and
TTP and actin protein were detected by Western blot.
The TTP protein level in the LPS-treated samples was
set at 100, and the other values were related to that.
The blot is a representative of three with similar re-
sults. Values are mean � S.E.M. (n � 3). ��, p � 0.01
and N.S. (ns) when compared with the LPS- and LPS �
MG132-treated samples.
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other factors than those tested in the present study may also
increase TTP protein degradation in a similar manner.

The data in the present study suggest that activation of
cAMP-mediated mechanisms by cAMP analogs, forskolin,
and �2-agonists decreases LPS-induced TTP protein expres-
sion in macrophages possibly through the activation of pro-
teasome. The results described here provide a mechanism by
which the expression of TTP can be turned off at sites of
inflammation. �2-Agonists have been reported to have anti-
inflammatory effects in various in vitro conditions but these
actions do not clearly translate into the in vivo situation, e.g.,
in inflamed lung tissue in patients with asthma (Sit-
kauskiene and Sakalauskas, 2005). The mechanism de-
scribed in the present study and in our earlier study (Jalonen
et al., 2007) could, at least partly, explain the discrepancy
between these in vitro and in vivo findings. In vivo, in situ-
ations with an ongoing inflammation, the expression of TTP
can be down-regulated by �2-agonists. In the absence of an

LPS-like inflammatory stimulus, these agents could increase
the amount of TTP. Actually, the increased TTP degradation
may be involved in the enhancement of asthmatic inflamma-
tion sometimes seen in asthma patients treated with �2-
agonists only without concomitant inhaled anti-inflamma-
tory steroids. Our results suggest that compounds that
increase or mimic cAMP decrease LPS-induced TTP protein
expression, possibly by directing TTP for degradation
through the proteasome, which is likely to enhance the ex-
pression of factors regulated by TTP.
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In inflammation, the post-transcriptional regulation of transiently expressed genes provides a potential therapeutic target. Triste-
traprolin (TTP) is of the factors regulating decay of cytokine mRNAs. The aim of the present study was to identify cytokines whose
expression is regulated by TTP. We established a TTP knock-down cell line by expressing shRNA against TTP (shTTP cell line). A
cytokine antibody array was used to measure cytokine production in macrophages exposed to lipopolysaccharide (LPS). Cytokines
IL-6, IL-12, TNF-α, and MIP-2 (a homologue to human IL-8) were expressed at higher levels whereas MIP-3α was produced at
lower levels in LPS-treated shTTP cells than in control cells suggesting that the expression of these cytokines is regulated by TTP.
The present data provide IL-12, MIP-2, and MIP-3α as novel inflammatory cytokine targets for TTP-mediated mRNA decay and
stress the role of TTP in the regulation of the inflammatory process.
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INTRODUCTION

In inflammation, the post-transcriptional regulation of tran-
siently expressed genes provides a potential therapeutic tar-
get. The regulation of mRNA stability through AU-rich el-
ement (ARE)-containing areas in the 3�-untranslated region
has been found an important means to regulate cytokine pro-
duction. Tristetraprolin (TTP) is one of the factors known to
regulate mRNA stability and expression of proinflammatory
cytokines especially tumor necrosis factor (TNF)-α. TTP
(synonyms: Nup475, TIS11, G0S24, and Zfp36) expression is
induced by inflammatory and related stimuli including bac-
terial products, growth factors, 12-O-tetradecanoylphorbol-
13-acetate ester and serum [1–6]. TTP is a member of a
CCCH tandem zinc finger protein family that also contains
Zfp36-like 1, Zfp36-like 2 and the recently found Zfp36-like
3 [7, 8]. TTP has been reported to bind the ARE of certain
mRNAs, which leads to mRNA deadenylation and degrada-
tion [9, 10]. Recent articles suggest that TTP is a compo-
nent of both stress granules and processing bodies [11] and
that the zinc finger domain is needed to localize TTP into
the stress granules, which are sites of stalled translational
preinitiation complexes [12]. TTP also recruits and activates
enzymes needed in ARE-containing mRNA decay [13], and

TTP seems to have a multifunctional role in mRNA degrada-
tion.

Inflammatory tissues such as spleen, lymph nodes, and
thymus express TTP mRNA [2, 3]. The significant role of
TTP in inflammation was first discovered in TTP knock-out
mice, which developed a set of severe inflammatory symp-
toms due to high levels of TNF-α [14]. In TTP deficient ani-
mals, the levels of TNF-α were elevated because of increased
TNF-α mRNA stability [9, 15]. The mRNAs of granulo-
cyte macrophage colony stimulating factor (GM-CSF), in-
terleukin (IL)-2, IL-3, IL-6, cyclooxygenase-2 (COX-2), and
plasminogen activator inhibitor type 2 have also been re-
ported to be destabilized by TTP [16–21]. In contrast, TTP
has been shown to inhibit human inducible nitric oxide syn-
thase (iNOS) mRNA degradation. TTP did not bind to the
iNOS mRNA but its effect was mediated through interac-
tion with the KH-type splicing regulatory protein (KSRP)
[22].

In the present study, we established a cell line express-
ing shRNA against TTP resulting in reduced TTP expres-
sion in response to inflammatory stimulus. In the further
studies, we used a cytokine antibody array to measure the
effects of TTP down-regulation on cytokine production in
macrophages exposed to LPS.
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MATERIALS AND METHODS

Cell culture

J774 murine macrophages (American Type Culture Collec-
tion, Rockville, Md, USA) were cultured at 37ÆC in humid-
ified 5% carbon dioxide atmosphere in Dulbecco’s modified
Eagle medium with Ultraglutamine 1 (DMEM/U1, Cambrex
Bioproducts Europe, Verviers, Belgium) supplemented with
10% heat-inactivated FBS (EuroClone, Wetherby, UK), peni-
cillin (100 units/mL), streptomycin (100 μg/mL) and am-
photericin B (250 ng/mL) (Gibco, Paisley, Scotland, UK).

Cell lines expressing short hairpin RNAs (shRNA) against
TTP or a negative control sequence

The nucleotides (Table 1) (Metabion, Planegg-Martinsried,
Germany) were annealed and ligated into the pSilencer
neo vector (Ambion Inc, Austin, Tex, USA) with T4 DNA
ligase (Fermentas Inc, Burlington, Ontario, Canada). One
Shot TOP10 Competent Cells (Invitrogen, Paisley, UK) were
chemically transformed according to the manufacturer’s in-
structions. Plasmids were isolated with Plasmid Mini kit (QI-
AGEN Inc, Santa Clarita, Calif, USA) and transfected with
FuGENE 6 Transfection Reagent (Roche Diagnostics Corpo-
ration, Indianapolis, Ind, USA) into J774 macrophages. G418
disulfide salt (Sigma Chemical Co, St Louis, Mo, USA) was
used to select and maintain the J774 cell lines expressing
shRNA against TTP (shTTP) and negative control shRNA
(shNEG).

Stimulation of shTTP and shNEG cell lines

For the cytokine protein array, shTTP and shNEG cells were
plated on 6 well plates 24 h prior to the experiment. Cells
were first incubated in DMEM/U1 + FBS with or without
LPS (100 ng/mL) (Sigma, St Louis, Mo, USA). After 1 h of
incubation medium without FBS was changed to the wells
and incubation was continued for 48 h. Thereafter, cell cul-
ture mediums were collected and stored at �20ÆC until as-
sayed.

For Western blot shTTP and shNEG cells were plated on
6 well plates and grown to confluence. Cells were treated with
or without LPS (100 ng/mL) for 6 h and proteins were ex-
tracted as described [23].

Western blotting

The protocol for Western blotting was described in [23].
The gels were loaded with 50 μg of protein. Actin antibody
was purchased from Santa Cruz Biotechnology, Santa Cruz,
Calif, USA and the mouse TTP antibody was a kind gift from
Dr Perry Blackshear (NIEHS, Research Triangle Park, NC,
USA). The bound antibodies were detected using Super Sig-
nal West Pico (for actin) or Dura (for TTP) chemilumines-
cent substrate for HRP detection (Pierce, Cheshire, UK) and
FluorChem 8800 imaging system (Alpha Innotech, San Le-
andro, Calif, USA). The chemiluminescent signals were mea-
sured with FluorChem software v. 3.1.

TNF-α enzyme-linked immunosorbent assay (ELISA)

TNF-α concentrations in culture media were determined by
mouse TNF-α DuoSet ELISA kit (R&D Systems, Inc, Min-
neapolis, Minn, USA) according to the manufacturer’s in-
structions.

Cytokine antibody array

Cytokines were detected in cell culture media with Mouse
Cytokine Antibody Array III (RayBiotech, Inc, Norcross, Ga,
USA), which measures 62 cytokines and other inflamma-
tory mediators. The array membranes were blocked with
2 mL of 1X blocking buffer for 30 min and then incubated
with the sample (1 mL) for 2 h at room temperature. The
membranes were washed three times with 2 mL of 1X wash
buffer I and twice with 2 mL of 1X wash buffer II at room
temperature. The membranes were then incubated in di-
luted primary antibodies over night at +4ÆC. The mem-
branes were washed as described earlier and incubated with
diluted HRP-conjugated streptavidin for 2 h at room temper-
ature and washed. Detection buffer C and detection buffer
D were combined and applied on the membranes for 2 min.
Each membrane was exposed for 1 min and images were
taken with FluorChem 8800 imaging system (Alpha Innotech
Corp, San Leandro, Calif, USA) and chemiluminescent sig-
nals for each spot were measured with FluorChem software
v. 3.1. The average chemiluminescence of each cytokine and
control was calculated for all the treatments separately. The
average of positive controls of each treatment was set to 100
and all cytokines of the same treatment were compared to
that.

Statistics

Results are expressed as the mean � standard error of mean
(SEM). The significance of differences was calculated by anal-
ysis of variance supported by Dunnett’s adjusted significance
levels. A difference between treatment groups was considered
significant when P < .05.

RESULTS

Down-regulation of TTP expression in macrophages
transfected with shTTP

J774 macrophages were transfected with shTTP expression
vector (shTTP cell line) or with shNEG negative control vec-
tor (shNEG cell line) and maintained under G418 disulfide
salt selection. Neither of the cell lines expressed detectable
amounts of TTP protein when cultured in the absence of
lipopolysaccharide (LPS). When LPS (100 ng/mL) was added
into the culture, TTP was clearly expressed in shNEG cell
line whereas TTP protein expression was markedly lower in
shTTP cells (Figure 1(a)).

TTP knock-out mice have been shown to have increased
levels of circulating TNF-α due to increased TNF-α mRNA
stability in the absence of TTP [15, 24]. LPS-induced TNF-
α levels produced by shNEG and shTTP cell lines were
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Table 1: Target sequences and primers of shTTP and shNEG.

shTTP target sequence 5�-AACAUAAACUCGGACUCCAUC-3�

shTTP sense 5�-GATCCGCATAAACTCGGACTCCATCTTCAAGAGAGATGGAGTCCGAGTTTATGTTTTTTGGAAA-3�

shTTP antisense 5�-AGCTTTTCCAAAAAACATAAACTCGGACTCCATCTCTCTTGAAGATGGAGTCCGAGTTTATGCG-3�

shNEG target sequence 5�-AAACUACCGUUGUUAUAGGUG-3�

shNEG sense 5�-GATCCACTACCGTTGTTATAGGTGTTCAAGAGACACCTATAACAACGGTAGTTTTTTTGGAAA-3�

shNEG antisense 5�-AGCTTTTCCAAAAAAACTACCGTTGTTATAGGTGTCTCTTGAACACCTATAACAACGGTAGTG-3�
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Figure 1: Down-regulation of TTP expression and enhancement of
TNF-α production in shTTP cells. (a) shNEG and shTTP cells were
stimulated with LPS (100 ng/mL) and proteins were extracted af-
ter 6 h of incubation. TTP and actin were detected by Western blot.
The blot is a representative of three blots with similar results. (b)
shNEG and shTTP cells were stimulated with LPS (100 ng/mL) for
1 h. Thereafter the medium was changed and the cells were incu-
bated for another 48 h. TNF-α concentrations in the culture me-
dia were measured by ELISA. Values are mean � SEM (n = 3).
�� = P < .01.

determined by ELISA. The results show that the TNF-α levels
were more than three fold higher in LPS-treated shTTP cells
than in shNEG cells (Figure 1(b)) confirming the functional
consequences of TTP knock-down in shTTP cells.

Cytokine production in shNEG and shTTP cell lines

Cytokine production in shNEG and shTTP cell lines was
measured by using an antibody array that detects 62 cy-
tokines and other inflammatory mediators (Figure 2(a)).
shNEG and shTTP cell lines were incubated with or without
LPS (100 ng/mL) and cytokines produced into the culture
medium were measured after 48 h incubation. An example
membrane of each treatment is shown in Figures 2(b)–2(f).

When analyzing the results of the cytokine antibody ar-
ray the positive control was set as 100 and the cytokine results
were related to the positive control. The average of negative
controls and blanks obtain values <2.5. The immunoreactiv-
ity of different cytokines in the cell culture medium was < 5
when compared to the positive controls.

In the absence of LPS, shNEG, and shTTP cell lines
produced five out of the 62 measured cytokines into the
culture medium, that is, cutaneous T-cell attracting che-
mokine (CTACK), CXCL16, MIP-1α, MIP-1γ and thymus
and activation-regulated chemokine (TARC). Between the
shNEG and shTTP cell lines, CXCL16 was expressed at
higher levels in shNEG cell line whereas only minor differ-
ences between shNEG and shTTP cell lines were found in the
other cytokines. The results are shown in Table 2.

LPS induced changes in cytokine production in
shNEG and shTTP cell lines

In shNEG cell line the expression of 11 out of the 62
measured cytokines was changed following LPS treatment
(Table 3). With LPS treatment the expression of 9 cytokines
[GCSF, IL-6, LPS induced C-X-C chemokine (LIX), MCP-
1, MCP-5, MIP-2, MIP-3α, RANTES, and sTNF RII] and
the IL-12 p40 subunit increased. IL-12 p40 detects p40 sub-
unit in the active IL-12 p70 as well as all otherwise engaged
p40 subunits. On the contrary, the expression of CXCL16 in
LPS-treated shNEG cells decreased as compared to untreated
shNEG cells.

In shTTP cell line, the production of 10 cytokines (GCSF,
IL-6, IL-12, LIX, MCP-1, MCP-5, MIP-2, RANTES, sTNF
RII, and TNF-α) and IL-12 p40 subunit were increased fol-
lowing LPS treatment (Table 4).

Differences in LPS-induced cytokine expression in
shNEG and shTTP cell lines

The LPS-induced production of six cytokines (IL-6, IL-12,
IL-12 p40 subunit, MIP-2, MIP-3α, and TNF-α) was altered
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A B C D E F G H I J K L M N

1 POS POS POS POS Blank Ax1 BLC CD30 L CD30 T CD40 CRG-2 CTACK CXCL16 Eotaxin

2 NEG NEG NEG NEG Blank Ax1 BLC CD30 L CD30 T CD40 CRG-2 CTACK CXCL16 Eotaxin

3 Eotaxin-2
Fas
Ligand

Frac-
talkine

GCSF GM-CSF IFN-γ IGFBP-3 IGFBP-5 IGFBP-6 IL-1α IL-1β IL-2 IL-3 IL-3 Rβ

4 Eotaxin-2
Fas
Ligand

Frac-
talkine

GCSF GM-CSF IFN-γ IGFBP-3 IGFBP-5 IGFBP-6 IL-1α IL-1β IL-2 IL-3 IL-3 Rβ

5 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 p40 IL-12 IL-13 IL-17 KC Leptin R Leptin LIX L-Selectin

6 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 p40 IL-12 IL-13 IL-17 KC Leptin R Leptin LIX L-Selectin

7
Lympho-
tactin

MCP-1 MCP-5 M-CSF MIG MIP-1α MIP-1γ MIP-2 MIP-3β MIP-3α PF-4 P-Selectin RANTES SCF

8
Lympho-
tactin

MCP-1 MCP-5 M-CSF MIG MIP-1α MIP-1γ MIP-2 MIP-3β MIP-3α PF-4 P-Selectin RANTES SCF

9 SDF-1α TARC TCA-3 TECK TIMP-1 TNF-α sTNF RI sTNF RII TPO VCAM-1 VEGF Blank Blank Blank
10 SDF-1α TARC TCA-3 TECK TIMP-1 TNF-α sTNF RI sTNF RII TPO VCAM-1 VEGF Blank POS POS

(a)

Medium without cells

(b)

shNEG cells
without LPS

(c)

shNEG cells
with LPS (100 ng/mL)

(d)

shTTP cells
without LPS

(e)

shTTP cells
with LPS (100 ng/mL)

(f)

Figure 2: Cytokine antibody array. (a) A schematic diagram of the Mouse Cytokine Antibody Array III shows the locations of controls
and the duplicate spots of cytokines. (b)–(f) Images of the membranes treated with cell culture media from the following experiments: (b)
culture medium without cells, (c) shNEG cells, 49 h incubation, (d) shNEG cells, stimulated for 1 h with LPS (100 ng/mL) and incubated
thereafter for 48 h, (e) shTTP cells, 49 h incubation, (f) shTTP cells, stimulated for 1 h with LPS (100 ng/mL) and incubated thereafter for
48 h. Representative membranes of three with similar results are shown. POS = positive control, NEG = negative control.

Table 2: Cytokines secreted spontaneously by shNEG and shTTP
cell lines. Arbitrary units compared to positive controls (100) are
presented. Mean� SEM (n = 3).

Cytokine
Medium shNEG shTTP

without cells cell line cell line

CTACK 1.9 5.8 6.3�

CXCL16 1.1 72.3�� 35.7�

MIP-1α 2.9 82.3� 117.5��

MIP-1γ 1.8 118.4�� 128.8��

TARC 2.5 41.3�� 28.1�

�� = P < .01, � = P < .05 as compared to the medium without cells.

in shTTP cells as compared to shNEG cells suggesting that
the expression of these six cytokines is regulated by TTP.
Cytokines IL-6, MIP-2, IL-12, and TNF-α were expressed
at higher levels in shTTP cell line than in shNEG cell line
(Figure 3). In contrast, MIP-3α and IL-12 p40 subunit were
expressed at lower levels in LPS-treated shTTP than in LPS-
treated shNEG cell lines (Figure 4).

DISCUSSION

The role of mRNA turnover in the regulation of inflamma-
tory gene expression has been recognized pathophysiologi-
cally and therapeutically important. TTP is one of the fac-
tors regulating mRNA decay. Here we report that TTP down-
regulation resulted in increased expression of TNF-α, MIP-2,
IL-6, and IL-12 in macrophages exposed to bacterial LPS. On
the other hand, the levels of MIP-3α were reduced in LPS-
treated TTP knock-down cells. The possible new targets for
TTP discovered in the present study are IL-12, MIP-2 (a ho-
mologue to human IL-8) and MIP-3α.

TTP is a regulator of the stability of some transiently ex-
pressed ARE-containing cytokine mRNAs. TTP has been re-
ported to down-regulate the expression of TNF-α, GM-CSF,
IL-2, IL-3, and IL-6 by destabilizing their mRNAs [9, 15–19].
In the present study, we established a cell line where TTP
was knocked down by expressing an shRNA against TTP, and
evaluated the levels of 62 cytokines secreted by the cells into
the culture medium by cytokine antibody array. Protein an-
tibody array has proved to be a useful tool to measure the
expression of multiple proteins in cells and tissues at the
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Table 3: Cytokines secreted by untreated and LPS- (100 ng/mL)
treated shNEG cells during 48 h incubation. Arbitrary units com-
pared to positive controls (100) are presented. Mean�SEM (n = 3).

Cytokine
Medium shNEG cells

without cells Untreated LPS-treated

CXCL16 1.1 72.3 43.0�

GCSF 2.3 3.3 21.4��

IL-6 2.4 3.8 172.3��

IL-12 p40 1.8 2.7 68.0��

LIX 4.0 6.1 62.5��

MCP-1 4.4 81.2 293.6��

MCP-5 3.3 4.3 13.5��

MIP-2 4.2 51.0 128.1��

MIP-3α 3.9 5.3 18.1��

RANTES 3.0 4.3 53.8��

sTNF RII 3.9 11.4 20.6�

�� = P < .01, � = P < .05 for the difference between untreated and
LPS-treated shNEG cells.

Table 4: Cytokines secreted by untreated and LPS- (100 ng/mL)
treated shTTP cells during 48 h incubation. Arbitrary units com-
pared to positive controls (100) are presented. Mean�SEM (n = 3).

Cytokine
Medium shTTP cells

without cells Untreated LPS-treated

GCSF 2.3 3.6 32.0��

IL-6 2.4 3.5 258.0��

IL-12 p40 1.8 2.9 41.6��

IL-12 1.7 3.6 44.3��

LIX 4.0 6.2 85.2��

MCP-1 4.4 46.3 349.1��

MCP-5 3.3 3.5 11.0��

MIP-2 4.2 33.6 182.3��

RANTES 3.0 4.6 57.5��

sTNF RII 3.9 12.1 27.3��

TNF-α 3.7 7.2 149.0��

��P < .01 for the difference between untreated and LPS-treated
shTTP cells.

same time. The results obtained are more significant than
when using cDNA microarrays as mRNAs are subjected to
post-transcriptional and post-translational processes and the
amount of mRNA may not correlate with protein expression
[25]. The advantage of protein array as compared to ELISA
is the simultaneous measurement of multiple proteins, but
it is regarded as a semiquantitative method. In the present
study, when TTP expression was induced by LPS, the TTP
knock-down cell line showed clearly reduced TTP protein
levels as compared to control cells. The reduction was func-
tionally significant as it resulted in a clear increase in TNF-α
production that is in line with the previous literature on the
effects of TTP on TNF-α production [14, 24].

In experiments with TTP knock-out mice and cells de-
rived from them, TTP has been shown to mediate the

degradation of TNF-α and GM-CSF mRNAs [15, 16]. Both
transcripts contain AREs [26] and TTP binds to the non-
amer UUAUUUAUU in these structures with its zinc finger
domains [9, 27–30]. ARE-binding proteins such as TTP and
KSRP seem to accelerate the degradation of ARE-mRNAs
via the exosome pathway by recruiting the exosome to the
mRNA [31]. It has also been shown that TTP can promote
mRNA deadenylation by stimulating poly(A) ribonuclease
[32]. The N-terminal domain of TTP also associates with
mRNA decay enzymes involved in decapping, deadenylation,
and exonucleolytic decay [13]. In addition, TTP has been
proposed to direct certain mRNAs through stress granules
to processing bodies to be degraded there [11]. However, the
detailed mechanisms involved in the TTP-mediated mRNA
decay are not known.

IL-6 is another proinflammatory cytokine produced by
macrophages that is known to be regulated by TTP. It was
shown that IL-6 mRNA degradation was impaired in a
HT1080-derived mutant cell line. When the cells were then
stably transfected with TTP, the IL-6 mRNA decay restored
to the wild-type levels [19]. Here, we show that down-
regulation of TTP expression in activated macrophages re-
sulted in increased IL-6 production. These data suggest that
in wild-type cells IL-6 mRNA is destabilized by TTP.

In addition to TNF-α and IL-6 [9, 15, 19], TTP has been
reported to down-regulate the expression of GM-CSF, IL-
2, and IL-3 by destabilizing their mRNAs [16–18]. In the
present experiments, we were not able to detect these cy-
tokines in our macrophage cultures and could not draw any
conclusions on the effects of TTP deficiency on those cy-
tokines.

IL-12 is a proinflammatory cytokine involved, for exam-
ple, in the pathogenesis of autoimmune diseases [33, 34]. IL-
12 is a heterodimer comprised of p35 and p40 subunits and
designated as IL-12 p70 [34]. The subunits are encoded by
two distinct genes and they need to be expressed simultane-
ously by the same cell to generate the biologically active het-
erodimer p70. Neither of the subunits is active on its own.
The p40 subunit can also form homodimers (IL-12 p80),
which act as endogenous IL-12 antagonists by binding to the
IL-12 receptor without inducing a cellular response. The p40
subunit is also a part of IL-23. Our results showed that IL-
12 was produced at higher levels in TTP-knock-down cells
than in control cells in response to LPS. The result suggests
a similar pattern of regulation of one or both of the subunits
of IL-12 as with TNF-α and IL-6 where TTP destabilizes the
mRNA and promotes its rapid degradation. To our knowl-
edge, this is the first time to report that the expression of IL-
12 is regulated by TTP.

In addition, we found a decrease in the expression of IL-
12 p40 subunit in LPS-treated shTTP cells as compared to
shNEG cells. In macrophages, the p40 subunit is secreted in
several-fold excess as compared to the p35–p40 heterodimer,
and the formation of active IL-12 (p35 and p40 heterodimer)
is regulated by the synthesis of p35 subunit [35]. The mRNA
of p35 (GenBank accession number NM 008351) contains
one copy of UUAUUUAUU nonamer which is the preferred
TTP binding site [30], where as none of those are found
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Figure 3: TTP down-regulation (shTTP cell line) enhanced the production of IL-6, IL-12, MIP-2, and TNF-α in response to LPS. Cytokine
antibody array membranes were incubated in medium control (M) or in media from cultures of TTP knock-down cells (shTTP cell line)
or control cells (shNEG cell line) after treatment with or without LPS (100 ng/mL). Values are arbitrary units compared to positive controls
(100) and are presented as mean� SEM (n = 3). �� = P < .01, � = P < .05.

in p40 mRNA (GenBank accession number NM 008352).
Therefore we suggest that the target for TTP might be the
p35 subunit, which could be expressed at lower levels in the
LPS-treated shNEG cells than in shTTP cells. Further studies
are needed to understand the mechanisms how TTP regu-
lates IL-12 production.

A member of the CXC chemokine superfamily, MIP-2 (a
homologue to human IL-8), is a potent chemoattractant for
neutrophils [36]. In the present study, we found that MIP-2

production in response to LPS was higher in TTP knock-
down cells than in control cells. We are not aware of ear-
lier reports on the regulation of MIP-2 by TTP, and the re-
sults suggest a role for TTP as a destabilizer of MIP-2 mRNA.
The sequence of MIP-2 mRNA (GenBank accession number
NM 009140) contains three copies of the preferred nonamer
binding site of TTP (UUAUUUAUU), which further sup-
ports MIP-2 mRNA as a target of the destabilizing effect of
TTP.
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Figure 4: TTP down-regulation (shTTP cell line) reduced the pro-
duction of MIP-3α and IL-12 p40 subunit in response to LPS. Cy-
tokine antibody array membranes were incubated in medium con-
trol (M) or in media from cell cultures of TTP knock-down cells
(shTTP cell line) or control cells (shNEG cell line) after treatment
with or without LPS (100 ng/mL). Values are arbitrary units com-
pared to positive controls (100) and are presented as mean � SEM
(n = 3). �� = P < .01.

MIP-3α (synonyms: CC chemokine ligand 20, CCL20;
liver and activation-regulated chemokine, LARC; and
Exodus-1) is a chemokine which has a potential role in
rheumatoid arthritis [37]. In the present study, we found that
MIP-3α production in response to LPS was lower in cells
with reduced TTP expression than in control cells. That is
interesting, because TTP has been recognized as a factor that

down-regulates the expression of certain inflammatory genes
by destabilizing their mRNAs. MIP-3α seems to be an excep-
tion to that rule. Our result is supported by the fact that MIP-
3α mRNA (GenBank accession number NM 016960) con-
tains no nonamer binding sites for TTP (UUAUUUAUU),
and therefore it is unlikely a direct target of TTP. Recently,
Fechir and coworkers reported that TTP was able to en-
hance human iNOS expression by stabilizing its mRNA in
cytokine-treated bronchial epithelial cell line [22]. TTP did
not bind to human iNOS mRNA but was shown to enhance
the half-life of iNOS mRNA by an indirect mechanism. TTP
was found to interact with KSRP and it was proposed to in-
hibit the degradation of iNOS mRNA and enhance iNOS ex-
pression by capturing KSRP [22]. In the present study, we
found that down-regulation of TTP resulted in reduction of
MIP-3α production. To our knowledge, this is the first report
to show that TTP regulates the production of MIP-3α. It re-
mains to be studied if TTP regulates MIP-3α expression in a
similar mechanism as has been reported for human iNOS.

The results presented here provide IL-12, MIP-2, and
MIP-3α as novel inflammatory cytokine targets for TTP-
regulated mRNA decay. The data are implicated in the under-
standing of basic mechanisms of the inflammatory process
and in the development of novel anti-inflammatory drugs.
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