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Abbreviations and conventions

AL Argininosuccinate lyase
AP-1 Activating protein-1
APE1 AP-endonuclease 1 protein
ARE Adenosine/uridine-rich element
AS Argininosuccinate synthetase
bp Base pairs
BH4 (6R)-5,6,7,8-tetrahydrobiopterin
bZIP Basic region-leucine zipper
CaM Calmodulin
cAMP Adenosine 3’,5’-cyclic monophosphate 
CAT Cationic amino acid transporter
CBP CREB binding protein
C/EBP CCAAT-enhancer binding protein
cGMP Guanosine 3’,5’-cyclic monophosphate
COX-2 Cyclooxygenase-2
CREB cAMP-responsive element binding protein
dFBS Decomplemented fetal bovine serum
D-GalN D-Galactosamine
DLD-1 Human colorectal adenocarcinoma cells
EBP50 Ezrin-radixin-moesin-binding phosphoprotein 50
EDRF Endothelium-derived relaxing factor
EMSA Electrophoretic mobility shift assay
eNOS Endothelial nitric oxide synthase
ERK1/2 Extracellular signal-regulated kinases p42/p44
FAD Flavin adenine dinucleotide
FBS Fetal bovine serum
FL Full-length
FMN Flavin mononucleotide
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GAS Gamma-activated site
GILZ Glucocorticoid-induced leucine zipper
GR Glucocorticoid receptor
GRE Glucocorticoid response element
HMG High mobility group
hnRNP Heterogeneous nuclear ribonucleoprotein
hsp Heat shock protein
ICSBP Interferon consensus sequence-binding protein
IFN Interferon
I B Inhibitory B
IKK I B kinase
IL Interleukin
iNOS Inducible nitric oxide synthase
IRES Internal ribosome entry site
IRF-1 Interferon regulatory factor-1
ISRE Interferon stimulated response element
J774 Mouse macrophage cell line
JAK Janus activated kinase
kb Kilo base pairs
JNK c-Jun NH2-terminal kinase
KSRP KH-type splicing regulatory protein



LBP LPS binding protein
LPS Lipopolysaccharide
MAPK Mitogen-activated protein kinase 
MAPKAPK-2 MAPK-activated protein kinase 2
MKP-1 MAPK phosphatase-1
MMP-9 Matrix metalloproteinase 9
mtNOS Mitochondrial NOS
NADPH Nicotinamide adenine dinucleotide phosphate (in its reduced form)
NF- B Nuclear factor- B
nNOS Neuronal nitric oxide synthase
nt Nucleotide
NO Nitric oxide
NOS Nitric oxide synthase
Oct Octamer factor
p38 p38 mitogen-activated protein kinase
PABP Poly(A) tract binding protein
PAMP Pathogen-associated molecular pattern
PAP Poly(A) polymerase
PBS Phosphate buff ered saline
PCR Polymerase chain reaction
PKA Protein kinase A
PKC Protein kinase C
PLSD Protected least signifi cant diff erence
PMSF Phenylmethylsulfonyl fl uoride
PPAR Peroxisome proliferator-activated receptor
PPRE PPAR response element
PTB Polypyrimidine tract binding protein
RAW 264.7 Mouse macrophage cell line
RE Response element
RLU Relative light units
RRM RNA recognition motif
RT Room temperature
RXR Retinoid X receptor
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel
SEM Standard error of the mean
sGC Soluble guanylate cyclase
SOCS Suppressor of cytokine signaling
STAT Signal transducer and activator of transcription
TAK1 Transforming growth factor-  activating kinase
TGF- Transforming growth factor-
TIA-1 T-cell intracellular antigen-1
TIAR T-cell intracellular antigen-1-related protein
TIR Toll/interleukin -1 receptor domain
TLR Toll-like receptor
TNF- Tumour necrosis factor-
TRAF6 Tumour necrosis factor receptor associated factor 6
TTP Tristetraprolin
unr upstream of N-ras
USE upstream sequence element
UTR Untranslated region
VEGF Vascular endothelial growth factor
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Introduction

Nitric oxide (NO) is a multifaceted molecule, with both benefi cial and detrimental 
eff ects in the host. Th e fi eld of NO research emerged over a century ago, and from 
1980 forward, a tremendous amount of work has been performed to understand the 
nature of this molecule and how its production is regulated. While two enzymes have 
been attributed to produce constitutive, low amounts of NO, a third enzyme, the 
inducible nitric oxide synthase (iNOS), is responsible for producing large amounts 
of NO upon induction. Th e high level of NO achieved by iNOS is particularly 
interesting in the fi eld of immune response, since it may have both antimicrobial 
and tissue damaging eff ects, due to the Janus nature of this molecule.

Much research has been carried out to decipher the nature of the genetic 
mechanisms that control NO production. Understanding the rules for increasing 
or decreasing the amounts of NO naturally would have large impact on future 
development of new treatment regimens for a number of pathological conditions, 
such as chronic infl ammation and sepsis.

Meanwhile, improvements in the fi eld of molecular biology have provided 
increasingly sophisticated methods enabling a deeper understanding of the processes 
taking place in our cells. In the contemporary view of gene expression, all steps in 
the pathway from gene to protein are coupled in a continuous process involving a 
large array of multifunctional regulatory proteins.

While both transcriptional and post-transcriptional processes have been described 
for iNOS, regulatory mechanisms governing these steps remain to be clarifi ed. In 
this thesis, the mechanisms of post-transcriptional regulation of the iNOS gene have 
been investigated. In particular, the role of trans-acting factors interacting with the 
3’untranslated region of the murine iNOS mRNA during infl ammation dependent 
upregulation of iNOS were studied.

Discovery of NO
Th e fi eld of NO research started slowly in the early 1900 century. One of the fi rst 
observations on the presence of nitrate in urine from febrile patients was made in 
1818 (Prout, 1818). In 1847, the important discovery of nitroglycerin was made by 
Ascanio Sobrero (for review, see Marsh and Marsh, 2000). He tasted the substance 
and noted that even in small quantities on the tongue, he would get a violent 
headache (Marsh and Marsh, 2000). Later on, the vasodilating eff ects of nitrates 
(causing the headache by nitroglycerin), were appreciated as an effi  cient treatment 
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of angina pectoris (Brunton, 1867). Although used for decades as a relief for angina, 
many years would pass before the cellular mode of action of nitrates begun to be 
elucidated.

In 1977, Ferid Murad and his group report on the stimulation of guanylate cyclase 
by various vasodilator compounds, including nitroglycerin and NO (Katsuki et 
al., 1977). Guanylate cyclase from rat liver and bovine tracheal smooth muscle is 
stimulated by the compounds, resulting in an increase in cGMP, causing vascular 
relaxation. Even though they cannot explain the mechanism for this increase in 
cGMP, Katsuki et al. (1977) suggest that it could be an eff ect of the formation of 
NO. Later, it is suggested that nitrovasodilators may relax smooth muscle cells by 
either release or generation of NO (Murad et al., 1979). Meanwhile, Furchgott and 
Zawadzki (1980) show that endothelial cells relax vascular smooth muscle cells upon 
acetylcholine treatment. Th ey suggest that acetylcholine, by activating muscarinic 
receptors on endothelial cells, stimulates the release of a substance(s) that is able to 
relax vascular smooth muscle cells. Th is factor is later called endothelium-derived 
relaxing factor (EDRF) (Cherry et al., 1982). Th e similarities between EDRF and 
NO are thoroughly investigated, and in 1987, both Ignarro’s and Salvador Moncada’s 
groups report that EDRF is indeed NO (Ignarro et al., 1987; Palmer et al., 1987). In 
1998, Furchgott, Ignarro and Murad were rewarded the Nobel Prize in Physiology 
or Medicine “…for their discoveries concerning nitric oxide as a signaling molecule 
in the cardiovascular system”, (http://nobelprize.org/medicine/laureates/1998/press.
html). Hence, 150 years after introducing nitroglycerin as a remedy for chest pain, 
it was clarifi ed that it acts through the release of NO.

Biosynthesis of NO
Nitric oxide is synthesized from the amino acid L-arginine by a family of enzymes 
called nitric oxide synthases (NOSs). Th is process involves hydroxylation of 
a terminal guanidine nitrogen in L-arginine, generating the enzyme-bound 
intermediate N -hydroxy-L-arginine (Fig. 1). Th is intermediate is further oxidized 
to the fi nal products L-citrulline and NO. Th e reaction requires NADPH and O2 
as cosubstrates and the cofactors FMN, FAD, and (6R)-5,6,7,8-tetrahydrobiopterin 
(BH4) (Alderton et al., 2001; Moncada and Higgs, 1993; Stuehr, 2004). To be active, 
the NOS enzymes have to form dimers. In addition, two calmodulins (CaMs) bind 
the dimer, forming a tetramer (Alderton et al., 2001; Stuehr, 1999).
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Figure 1. NOS-catalyzed NO synthesis from L-arginine. Hydroxylation of L-arginine generates the 
intermediate N -hydroxy-L-arginine, which is further oxidized to the products L-citrulline and 
NO.

Th ree diff erent isoforms of NOSs have been identifi ed: neuronal NOS (nNOS; 
NOSI); inducible NOS (iNOS; NOSII); and endothelial NOS (eNOS; NOSIII) 
(Förstermann and Kleinert, 1995). Both nNOS and eNOS are called constitu-
tive NOSs since they are constitutively expressed in neurons and endothelial cells, 
respectively. In addition, their activities are dependent on the levels of intracellular 
Ca2+ and binding of CaM. Both eNOS and nNOS produce low levels (picomolar 
range) of NO.

Th e iNOS can be induced by various agents, such as cytokines and 
lipopolysaccharide (LPS), hence the name “inducible” NOS. Once induced, iNOS 
produces high concentrations (micromolar range) of NO. Th is enzyme was fi rst 
isolated from murine macrophages (Lowenstein et al., 1992; Lyons et al., 1992; Xie 
et al., 1992), and since then, it has been found in many diff erent cell types (Rao, 
2000), e.g. hepatocytes (Geller et al., 1993), vascular smooth muscle cells (Evans 
et al., 1994), epithelial (intestinal) cells (Kleinert et al., 1998b), and neuronal cells 
(Heneka et al., 1998). All NOS isoforms contain an N-terminal oxygenase domain 
where heme, BH4, and L-arginine bind, and a C-terminal reductase domain where 
the binding sites for FAD, FMN, and NADPH reside (Alderton et al., 2001). Th e 
two domains are linked by the CaM-recognition site. iNOS is mainly localized 
in the cytosol, but there are also reports on iNOS localization in peroxisomes in 
hepatocytes (Stolz et al., 2002) and vesicular membranes in primary macrophages 
(Vodovotz et al., 1995). In addition, some studies imply that a fourth mitochondrial 
NOS (mtNOS) exists (Ghafourifar and Cadenas, 2005).

NO can also be generated non-enzymatically from nitrite under acidic conditions 
in various tissues. Th is can be important in for example the ischemic heart, on 
the surface of the skin, and in infected nitrite-containing urine (Weitzberg and 
Lundberg, 1998; Zweier et al., 1999). Th e NO formed in this way cannot be blocked 
by normal NOS inhibitors. Th us, the enzyme-independent formation of NO might 
be of importance for the pathogenesis and treatment of tissue injury (Zweier et al., 
1999).
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Biological function of NO
Low concentrations of NO mainly exert their eff ects through transition metals such 
as iron, zinc, and copper, to alter target enzyme activities (Davis et al., 2001). One 
of the main targets of NO is the soluble guanylate cyclase (sGC), which contains a 
heme-group with a ferrous iron (Friebe and Koesling, 2003). When sGC is activated 
the levels of cGMP, a cellular second messenger molecule, increase and alter the 
activity of a number of target proteins, e.g. cGMP-regulated ion channels and 
cGMP-dependent phosphodiesterases and protein kinases (Huwiler and Pfeilschifter, 
2003). Th ese eff ects result in many of the cytoprotective functions of NO, such as 
vasodilatation, increased vascular permeability, and anti-proliferative, anti-platelet, 
and anti-oxidant eff ects (Fig. 2) (Guzik et al., 2003).

High levels of NO produced by iNOS target additional proteins and generate 
reactive nitrogen species with cytotoxic eff ects (Davis et al., 2001). Increased levels 
of NO have been observed in several infl ammatory conditions, such as asthma 
(Guo et al., 2000; Hamid et al., 1993), rheumatoid arthritis (Onur et al., 2001), 
and sepsis (Titheradge, 1999). However, the role of NO in the immune response 
is double-edged and characterized by both positive and negative eff ects, e.g. while 
NO performs antimicrobial actions, high levels of NO under a prolonged time is 
associated with cellular damage and tissue destruction.

Activated monocytes or macrophages produce a number of antimicrobial and 
cytotoxic substances, such as reactive oxygen intermediates (ROIs), e.g. superoxide 
anion (O·

2
-), which will generate hydroxyl radicals (OH·) and hydrogen peroxide 

(H2O2). Complementary to these agents, iNOS induction results in high levels of NO 
and generation of reactive nitrogen intermediates, such as nitrogen dioxide (NO2) 
and nitrous acid (HNO2) (Davis et al., 2001). One of the nitrogen species formed 
after NO auto-oxidation with molecular oxygen is the nitrosonium ion (NO+). NO+ 
mediates for example S-nitrosylation of cysteine residues (Stamler et al., 2001), which 
changes the activity of various target proteins, such as transcription factors, kinases, 
and caspases (Bogdan, 2001; Kröncke, 2003). In addition, NO can combine with 
superoxide to generate peroxynitrite (ONOO-), a highly reactive molecule (Virag et 
al., 2003). Peroxynitrite-mediated nitration or oxidation of target molecules cause 
many cytotoxic eff ects, such as DNA damage, low density lipoprotein oxidation, 
tyrosine nitration, inhibition of aconitase and mithochondrial respiration, apoptosis, 
and necrosis (Fig. 2) (Guzik et al., 2003; Virag et al., 2003).
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Figure 2. Benefi cial and detrimental eff ects of NO.

Sepsis
Sepsis is a condition resulting from an uncontrolled host response to infection. Despite 
increased knowledge about sepsis, this pathophysiological condition continues to 
result in high mortality, 30-50% depending on the age of the patient and severity 
of the syndrome (Cohen, 2002). LPS is a cell wall component from Gram-negative 
bacteria and considered the primary causing agent of the infl ammatory response. 
Th e initial symptoms of sepsis include fever or hypothermia, tachypnea, tachycardia, 
high levels of white blood cells, and pulmonary edema. In the fi nal stage of sepsis, 
multiple organ failures occur, causing septic shock.

An array of macrophage-produced mediators are involved in the complex network 
contributing to the pathogenesis of sepsis. Th ese include cytokines like tumour 
necrosis factor-  (TNF- ), interleukin-1 (IL-1), IL-18, and interferon-  (IFN- ), 
as well as chemokines, lipid mediators, and radical oxygen and nitrogen species 
(Cohen, 2002).

It is well known that septic shock is associated with increased levels of NO. From 
the early fi ndings of nitrate in urine from febrile patients (Prout, 1818), several 
studies confi rm high nitrate and nitrite levels in plasma and urine in septic shock 
patients (Titheradge, 1999). In addition, there is a relationship between severity of 
sepsis and increasing levels of nitrates and nitrites (Gomez-Jimenez et al., 1995).

In experimental mouse models of septic shock, the animals are treated with 
LPS, often in combination with one or several sensitizing agents, such as D-
galactosamine (D-GalN) (Morikawa et al., 1999). In addition, co-treatment 
with IFN-  and LPS suggests an important role for IFN-  in the pathology of 
experimental sepsis (Heinzel, 1990). Th ese animal models provide important tools 
to study the immunopathogenesis of sepsis and to fi nd means to intervene in this 
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severe condition. Interestingly, confl icting results exist regarding mice lacking the 
iNOS gene, where both resistance (Wei et al., 1995) and non-resistance to LPS-
induced septic shock are reported (Laubach et al., 1995).

Several strategies have been tested for treatment of sepsis. For example, general 
NOS inhibitors, e.g. arginine analogues, have been tested. However, one study was 
stopped in advance because of higher mortality in septic shock patients treated with 
the non-selective NG-methyl-L-arginine hydrochloride (Lopez et al., 2004).

Perrella et al. (1996) observe benefi cial eff ects on septic shock survival in rats 
after administration of transforming growth factor-  (TGF- ), which is shown to 
decrease iNOS mRNA and protein levels in several organs.

Furthermore, inhibitors of nuclear factor- B (NF- B), one of the most important 
transcription factors for iNOS and many other pro-infl ammatory genes, have been 
suggested. So far, they have only been tested in animals, where a D-amino acid 
peptide inhibitor increase the survival rates in septic shock treated mice (Fujihara 
et al., 2000).

Finally, recognizing the importance of reactive oxygen species, the use of 
antioxidant therapy in sepsis has been suggested (Victor et al., 2004).
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Regulation of iNOS expression

From the fi rst description of the DNA molecule in 1953 (Watson and Crick, 1953), 
the area of molecular biology in general, and knowledge about genes and how they 
are regulated in particular, has expanded tremendously. Th e fi eld of iNOS gene 
regulation is no exception, where vast advances in our understanding of how this 
gene is governed have been made.

Transcriptional regulation
Transcription is a highly regulated process where the information within the DNA 
is passed on (transcribed) to RNA. Upstream of the transcription start site is the 
promoter region, which regulates transcription via binding of specifi c transcription 
factors and RNA polymerase (the transcribing enzyme). Much knowledge has been 
gathered regarding transcriptional regulation of iNOS and for many years, this step 
has been considered the most important for iNOS expression.

iNOS promoter
Th e iNOS promoter has been cloned for several species, such as mouse (Lowenstein 
et al., 1993; Xie et al., 1993), human (de Vera et al., 1996), rat (Zhang et al., 1998), 
chicken (Lin et al., 1996), and rainbow trout (Wang et al., 2001). Although several 
regions in these promoters share conserved binding sites for diff erent transcription 
factors, their transcriptional regulation appears to vary considerably. Th e murine 
(Lowenstein et al., 1993; Xie et al., 1993) and human (Chartrain et al., 1994; de 
Vera et al., 1996; Zhang et al., 1996) promoters are approximately 55% homologous 
within the fi rst 1.7 kb of the promoter sequence (Zhang et al., 1996). However, 
while 1 kb of the murine promoter is suffi  cient for full induction in transfection 
experiments (Lowenstein et al., 1993; Xie et al., 1993), the human promoter requires 
a full-length 16 kb promoter, including all upstream sequences, for full inducibility 
(de Vera et al., 1996).

Th e species diff erence is also manifested by diff erent cell requirements for iNOS 
induction; while iNOS is highly expressed in rodent cells in response to LPS (Stuehr 
and Marletta, 1985) and/or various cytokines (Morris and Billiar, 1994), human 
cells often require a combination of diff erent cytokines (Kleinert et al., 1998b; Kwon 
and George, 1999). Moreover, the mouse promoter does not respond to cytokines 
when transfected into human colorectal adenocarcinoma DLD-1 cells (Laubach et 
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al., 1997), while a 1 kb human iNOS promoter, that does not respond to cytokines 
in human cells, is readily inducible by LPS and cytokines when transfected into 
RAW 264.7 cells (Kolyada et al., 1996).

Transcription factors
Th e mouse iNOS promoter contains several putative binding sites for various 
transcription factors (Kleinert et al., 2003). Th ese are organized in two main clusters, 
called Region I (position -48 to -209) and Region II (position -913 to -1029) (Fig. 
3). Region I alone confers inducibility to LPS and IFN- , while region II seems to 
be important for the synergistic inducibility of IFN-  plus LPS, thus acting as an 
enhancer element (Lowenstein et al., 1993; Xie et al., 1993). Some of the main 
transcription factors are discussed in more detail below, and depicted in Fig. 3.

Region II Region I

-50-200-900-1100 +1-1500 -500-1300

PPRE AP-1AP-1 NF- B GAS ISRE Oct1IL6-RENF- BTNF REC/EBPIL6-RE

Figure 3. Simplifi ed overview of the murine iNOS promoter. Th e binding sites for the most 
common transcription factors are indicated. See text for details. RE, responsive element.

Nuclear factor- B (NF- B)
Th e mammalian NF- B family consists of fi ve members: RelA (p65), RelB, c-Rel, 
NF- B1 (p50/p105), and NF- B2 (p52/p100) and belongs to the Rel family of 
proteins, which are recognized by their Rel homology domain of about 300 amino 
acids that determines their dimerization, nuclear localization, and DNA binding 
activity (Barnes, 1997). In unstimulated cells, NF- B proteins exist as homo- or 
heterodimers bound to the inhibitory B (I B) family of proteins, which prevents 
nuclear translocation by masking the nuclear localization signal of NF- B (Fig. 4). 
Upon stimulation, the I B kinase (IKK) complex is phosphorylated and activated 
through various upstream kinase pathways. IKK phosphorylates two conserved 
serine residues in I B, which targets this protein for degradation by the ubiquitin 
pathway (Perkins, 2000). When I B is no longer present in the protein complex the 
NF- B dimer translocates to the nucleus and binds to promoter or enhancer regions 
of target genes (Fig. 4) (Hayden and Ghosh, 2004).
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IKK

P

P

Ub

I B

P

P
I B

p50 p65

p65p50

NF B

iNOS

Figure 4. NF- B activation of the iNOS promoter. Th e IKK complex phosphorylates I B, which is 
released from the NF- B dimer (p50/p65), exposing the nuclear localization signal of NF- B. Th e 
dimer translocates into the nucleus and binds to NF- B binding sites in the iNOS promoter. See 
text for details.

Th e transcription factor NF- B belongs to one of the most well described transcrip-
tion factors involved in iNOS transcription. Several iNOS inducers, such as IL-1 , 
LPS, and TNF- , have been shown to exert part of their eff ects through activation 
of NF- B. Th e mouse promoter contains two NF- B sites (Fig. 3): one is found in 
Region I (position –76 to -85) and the other in Region II (position -962 to -971) 
(Lowenstein et al., 1993; Xie et al., 1993).

Signal transducer and activator of transcription-1  (STAT-1 )
Binding of IFN-  to its receptor leads to activation of intracellular pathways 
culminating in the phosphorylation and activation of the transcription factor STAT-
1  in the cytosol. Th is enables translocation of STAT-1  to the nucleus, where it 
binds to gamma-activated sites (GASs) in IFN-  primary response gene promoters 
(Fig. 5) (Bach et al., 1997; Boehm et al., 1997).
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Figure 5. STAT-1  activation of primary and secondary target promoters. Th e active STAT-1  
dimer translocates into the nucleus where it binds GASs in primary target promoters, e.g. IRF-1 
and iNOS. When IRF-1 is synthesized, this transcription factor will bind to ISRE in secondary 
target promoters, e.g. iNOS.

One GAS resides at position -934 to -942 in Region II of the mouse iNOS promoter. 
Th is GAS is reported to confer optimal inducibility of the promoter in response 
to LPS and IFN-  (Gao et al., 1997). In addition, STAT-1-defi cient mice do not 
respond to IFN-  or IFN-  treatments, and no nitrite production was detected in 
macrophages from these mice, confi rming an important role for IFN-  in the induc-
tion of iNOS (Meraz et al., 1996).

Interestingly, prolonged exposure (20 h) of mouse macrophages to IFN-  decreases 
STAT-1  accumulation in the nucleus resulting in impaired iNOS transcription 
(Gao et al., 2000). Th is might represent a mechanism by which transcription of 
genes containing GAS sites is suppressed, which is important for attenuation of 
infl ammatory responses.

Interferon regulatory factor-1 (IRF-1)
IRF-1 belongs to a family of proteins called interferon regulatory factors (IRFs), 
which consists of IRF-1, IRF-2, p48, and interferon consensus sequence-binding 
protein (ICSBP) (Boehm et al., 1997). IRF-1 is inducible by for example IFN-
 (Sims et al., 1993) and TNF-  (Fujita et al., 1989) and is one of the primary 

response genes of IFN- , via GASs in its promoter sequence (Fig. 5). IRF-1 acts as a 
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transcription factor for secondary response genes via binding to interferon stimulated 
response elements (ISREs) (Fig. 5) (Boehm et al., 1997).

Th ere is one IRF-1 binding site (positions -913 to -923) described within region 
II of the mouse iNOS promoter (Fig. 3) (Martin et al., 1994). Th us, the iNOS 
promoter contains both GAS and ISRE elements, and is therefore regulated by both 
primary and secondary pathways (Fig. 5). Th e importance of IRF-1 for induction of 
iNOS is demonstrated by lack of iNOS response in macrophages from IRF-1 knock-
out mice (Kamijo et al., 1994). In addition, Martin et al. (1994) conclude that IRF-
1 binding to the iNOS promoter is necessary for the synergistic eff ect of IFN-  on 
LPS-induced iNOS transcription in macrophages. Initially, IRF-1 binds to DNA 
as a monomer, enabling binding of a second IRF-1 molecule, which confers full 
cytokine-inducibility of the iNOS gene in rat vascular smooth muscle cells (Spink 
and Evans, 1997). In another study, a complex formation between IRF-1 and the 
ICSBP is considered essential for iNOS expression (Xiong et al., 2003).

In rat aortic smooth muscle cells, IFN-  enhances IL-1  induced expression 
of iNOS while IFN-  alone is not eff ective (Teng et al., 2002). Moreover, the 
synergistic induction of iNOS by IFN-  and TNF-  is reported to be due to a 
physical interaction between the transcription factors IRF-1 and NF- B, creating a 
DNA bend optimal for iNOS transcription (Saura et al., 1999).

Activating protein-1 (AP-1)
AP-1 belongs to the basic region-leucine zipper (bZIP) family of DNA binding 
proteins. It consists of a Jun family member (c-Jun, v-jun, Jun-B, or Jun-D) either 
forming a homodimer with another Jun member, or a heterodimer with a Fos protein 
(c-fos, Fos-B, Fra-1, or Fra-2) (Smoak and Cidlowski, 2004).

Confl icting results of AP-1 transcription factors are reported for both murine and 
human iNOS promoters (Kleinert et al., 2003); hence, their role in iNOS regulation 
remains unclear. Two putative binding sites for AP-1 (positions –518 and -1125) 
exist in the mouse iNOS promoter. A mouse iNOS promoter construct lacking the 
distal AP-1 site produces higher promoter activity than the full-length promoter 
(Lowenstein et al., 1993). In agreement with this, successive mutations of both AP-
1 sites reveal that the distal site confers transcriptional repression of the promoter 
(Kizaki et al., 2001). In contrast, Okada et al. (2003) detect reduced murine iNOS 
promoter activity when both AP-1 sites are mutated. However, when c-fos was 
overexpressed in RAW 264.7 cells, iNOS expression diminished. Th is eff ect was 
not abrogated by mutations of the AP-1 sites (Okada et al., 2003).

Octamer factor (Oct)
Octamer factors belong to the POU family (so-called because of the similarity with 
the group of transcription factors Pit, Oct, and Unc) of transcription factors (Oct-
1, Brn-3a, Brn-3b) and bind to octamer sites in target promoters. In addition, the 
octamer sites can bind high mobility group (HMG) proteins I and Y (alternatively 
spliced proteins). While HMF-I(Y) cannot activate transcription alone, they facilitate 
the recruitment of transcription factors (e.g. NF- B and activating transcription 
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factor-2) to their binding sites via DNA-protein or protein-protein interactions 
(Perrella et al., 1999). 

Xie (1997) describes an Oct-1 binding site within region I in the mouse promoter 
and demonstrates that this site together with the nearby NF- B site are required 
for LPS-induced transcriptional activation. Th e octamer factors Brn-3a and Brn-
3b strongly increase iNOS promoter activity by binding to this octamer motif 
(Gay et al., 1998). Furthermore, downregulation of LPS plus IFN -induced iNOS 
expression by NO-donors in murine BNL Cl.2 embryonic liver cells appears to be 
mediated by reduced binding activity to the Oct-1 site (Lee et al., 2001).

cAMP-induced transcription factors
cAMP either stimulates or inhibits iNOS expression in a cell-type dependent manner. 
In macrophages, both stimulatory and inhibitory eff ects are described, which could 
be due to diff erent protocols regarding stimulatory agents and time-points (Galea and 
Feinstein, 1999). Primarily, cAMP regulates iNOS via transcriptional mechanisms 
and various transcription factors can be controlled by cAMP.

cAMP-responsive element binding protein (CREB) belongs to the bZIP family 
of transcription factors and is constitutively present in its inactive unphosphorylated 
form in the nucleus (Daniel et al., 1998). Phosphorylation of CREB homodimers 
increases its affi  nity for cAMP-responsive elements (CREs) in target promoters 
and promotes the association of CREB with the CREB binding protein (CBP), a 
transcriptional coactivator (Galea and Feinstein, 1999). Transfection of a dominant 
negative form of CREB in rat C6 glial cells increases rat iNOS promoter activity, 
indicating a role for this transcription factor in repression of iNOS transcription 
(Bhat et al., 2002). 

CCAAT-enhancer binding protein (C/EBP) is another bZIP transcription factor 
consisting of six members ( , , , , , ) (Galea and Feinstein, 1999). Th e C/EBPs 
form various heterodimers with each other, which bind to their cognate binding 
sites in target promoters (Lekstrom-Himes and Xanthopoulos, 1998). In cultured 
rat hepatocytes, the synergistic eff ect of C/EBP  and NF- B for maximal induction 
of a human iNOS promoter fragment by IL-1  is reported (Sakitani et al., 1998). C/
EBP also mediates cAMP-induced activation of the rat iNOS promoter (Eberhardt 
et al., 1998). In addition, when Bhat et al. (2002) transfect a dominant negative 
form of C/EBP in rat C6 glial cells, the rat iNOS promoter activity decreases. In the 
murine promoter, a consensus binding site for C/EBP  is found at the position –142 
to –153 and LPS/IFN -induced binding of C/EBP  to this site results in increased 
transcription of iNOS (Dlaska and Weiss, 1999). Th is is further confi rmed by gel 
shift analysis and murine iNOS promoter constructs in LPS/IFN -treated RAW 
264.7 cells (Gupta et al., 2000).

Peroxisome proliferator-activated receptors (PPAR)
Th e PPARs belong to the nuclear hormone receptor superfamily and occur in three 
isoforms ( , / , and ) with varying tissue specifi cities (Michalik and Wahli, 
1999). Th ey are ligand-activated transcription factors that heterodimerize with the 
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retinoid X receptor (RXR) and bind to PPAR response elements (PPRE) in target 
promoters.

Both PPAR  and PPAR  are involved in regulation of infl ammatory events 
(Michalik and Wahli, 1999). For example, the role of PPAR  in suppression of 
infl ammatory responses in mouse macrophages has been established (Jiang et al., 
1998; Ricote et al., 1998). Ricote et al. (1998) demonstrate that PPAR  is activated by 
both natural (15-deoxy- -prostaglandin-J2) and synthetic ligands in macrophages, 
resulting in inhibition of iNOS via inhibitory eff ects on AP-1, STAT-1 , and NF-

B transcription factors. In addition, an RXR-agonist together with a PPAR -
agonist result in decreased iNOS mRNA levels and NO production in LPS-treated 
rat Kupff er cells (Uchimura et al., 2001). However, while PPAR :RXR activation 
has no eff ect on nuclear translocation or activation of NF- B, it suppresses the LPS-
induced NF- B promoter construct in RAW 264.7 cells (Uchimura et al., 2001). 
Recently, a PPRE at the position -1320 to -1336 is reported in the murine iNOS 
promoter (Crosby et al., 2005).

In addition, the PPAR -ligand rosiglitazone, besides being used in the treatment 
of diabetes mellitus type II, is reported to exert anti-infl ammatory eff ects in rats in 
vivo (Cuzzocrea et al., 2004).

Post-transcriptional regulation
Regulation at a post-transcriptional level can take place at several diff erent stages in 
the gene expression pathway, from newly transcribed RNAs to synthesis of the fi nal 
product (Fig. 6).

One of the fi rst reports suggesting the importance of post-transcriptional regulation 
of the iNOS expression is the study by Vodovotz et al. (1993). Th ey conclude that 
the mechanisms behind the TGF-  inhibitory eff ect upon iNOS expression in 
mouse peritoneal macrophages include decreased iNOS mRNA stability, reduced 
iNOS mRNA translation, and increased iNOS protein degradation. Furthermore, 
Vodovotz et al. (1993) observe an ongoing basal iNOS transcription in unstimulated 
cells even though no detectable mRNA levels are seen, suggesting that post-
transcriptional events participate in suppressing the iNOS expression under non-
induced conditions. Th is is also reported for rat (Geller et al., 1995) and human (de 
Vera et al., 1996) iNOS, where nuclear run-on assays reveal basal promoter activities, 
which can be induced 2- to 5-fold. In contrast, iNOS mRNA levels can be induced 
50-fold upon stimulation. Contrary to Vodovotz et al. (1993), downregulation of 
iNOS by TGF-  in rat aortic smooth muscle cells did not alter the mRNA stability 
(Perrella et al., 1994). Instead, iNOS transcription was decreased by 65% by TGF-
(Perrella et al., 1994).
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Figure 6. Schematic of the gene expression pathway. Th e information from gene to active protein is 
passed on by several events, depicted here in a simplifi ed manner, with the post-transcriptional steps 
marked in grey. In reality, the various steps are interrelated and some of them occur simultaneously.

Alternative iNOS mRNA transcripts
Alternative splicing represents an important step for control of gene expression, 
generating multiple products from a single gene (Caceres and Kornblihtt, 2002). 
Alternative splicing has been reported for the human iNOS gene (Eissa et al., 1996; 
Eissa et al., 1998; Park et al., 2000). Eissa et al. (1996) describe four alternative 
cDNAs, resulting from deletions of exon 5, exons 8 and 9, exons 8, 9 and 10, or exons 
15 and 16. In addition, these mRNA transcripts are regulated in a tissue-specifi c 
manner and are induced by cytokines, indicating a role for alternative splicing in the 
iNOS regulation under infl ammatory conditions. Another splice variant where exon 
14 is deleted is expressed at high levels in normal B-lymphocytes, and is suggested to 
be involved in downregulation of NO production (Tiscornia et al., 2004).

In an analysis of the 5’fl anking region of the human iNOS gene, several 
additional transcription initiation sites upstream from the TATA box are found, 
and together with alternative splicing within the 5’UTR, truncated transcripts are 
generated (approximately 6% of total transcripts) (Chu et al., 1995). Th ese truncated 
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transcripts are inducible by cytokines. In addition, TATA-independent generation 
of iNOS transcripts in LPS/IFN -treated RAW 264.7 mouse macrophages, without 
any alternative splicing within the 5’UTR, are reported as data not shown (Chu et 
al., 1995).

Th e genomic 3’fl anking sequence of the human iNOS gene is found to be 
important for its expression (Nunokawa et al., 1997). With reporter gene constructs 
containing the 3’UTR and 500 bp of the 3’fl anking sequence, Nunokawa et al. 
(1997) show that the 3’fl anking sequence co-operates with the 5’fl anking promoter 
in the induction of the human iNOS gene.

Another key step in processing of pre-mRNA molecules is alternative 
polyadenylation, resulting in transcripts with variable 3’ends (Zhao et al., 1999). 
Th e enzyme responsible for polymerizing adenosine residues to the 3’end of mRNAs 
is poly(A) polymerase (PAP). In general, long poly(A) tails are considered to confer 
stability to transcripts (Fig. 7). No alternative polyadenylation sites have been 
reported for iNOS. However, one study describes cytokine-induced elongation of 
human iNOS poly(A) tail by activated (dephosphorylated) PAP (Murthy et al., 
2004).

mRNA stability
Degradation of mRNA is determined by several factors, such as the 5’cap structure, 
the 3’poly(A) tail, sequences within 3’UTR, 5’UTR, or in the coding sequence (Fig. 
7) (Derrigo et al., 2000; Kren and Steer, 1996; Pesole et al., 2001; Staton et al., 
2000). In addition, interactions between cap-binding and poly(A)-binding factors 
result in circularization of the mRNA, which is suggested to increase both mRNA 
stability and translation effi  ciency (Gallie, 1998).

Among the most well described cis-acting elements are adenosine- and uridine-
rich elements (AREs) often found in unstable mRNAs. Th ese elements typically 
consist of pentamers of AUUUA (Chen and Shyu, 1995) and are thought to control 
mRNA stability through binding of specifi c trans-acting factors known as ARE-
binding proteins. Chen et al. (2001) conclude that the exosome (a multimeric 
complex containing 3’-5’ exoribonucleases and RNA-binding proteins) is responsible 
for rapid degradation of mRNAs containing AREs. However, since the exosome is 
not capable of recognizing AREs by itself certain ARE-binding proteins with the 
ability to bind the exosome are required to recruit it to labile RNAs (Chen et al., 
2001). Some of these ARE-binding factors appear to play important roles for the 
iNOS transcript stability, and are described in more detail below.

While much attention has focused on AREs and their functional roles in 
destabilizing mRNAs, there are also other cis-elements within the mRNA, which 
seem to have specifi c functions in the gene regulation pathway. For example, CA 
repeats located upstream from an ARE in bcl-2 3’UTR mRNA lead to destabilization 
of the transcript, regardless of the presence of the ARE (Lee et al., 2004). Moreover, a 
pyrimidine-rich region within the 3’UTR of the -globin mRNA confers increased 
mRNA stability via binding of a multiprotein -complex (Chkheidze et al., 1999). 
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In addition, Rodriguez-Pascual et al. (2000) conclude that solely the AREs within 
the human iNOS 3’UTR are not suffi  cient to mediate full destabilizing eff ect, 
suggesting that other elements also contribute to this eff ect.

Trans-acting factors involved in regulation of iNOS mRNA stability
Embryonic lethal abnormal vision (ELAV) protein HuR
Th e HuR protein is ubiquitously expressed in cells and has the ability to shuttle 
between nuclear and cytoplasmic compartments. Two of its three RNA recognition 
motifs (RRMs) bind specifi cally to AREs, while the third C-terminal RRM binds 
the poly(A) tail. Several studies indicate that HuR acts as an mRNA stabilizing 
factor (Brennan and Steitz, 2001; Peng et al., 1998b).

Rodriguez-Pascual et al. (2000) report on a destabilizing eff ect of a reporter 
gene construct containing the human iNOS 3’UTR. Upon cytokine stimulation of 
DLD-1 cells, binding of HuR to AREs in the 3’UTR of iNOS is shown to stabilize 
the human iNOS mRNA (Rodriguez-Pascual et al., 2000). Th e HuR protein binds 
with high affi  nity to one out of four AUUUA sequences in the 3’UTR, suggesting 
that in addition to the primary sequence, its binding activity depends on secondary 
structures surrounding the ARE (Fig. 8) (Rodriguez-Pascual et al., 2000).

Moreover, upon infl ammatory stimulation NO is reported to decrease HuR 
protein binding to matrix metalloproteinase 9 (MMP-9) 3’UTR mRNA, which 
results in decreased MMP-9 transcript stability (Akool el et al., 2003).

Tristetraprolin (TTP)
TTP belongs to a family of Cys-Cys-Cys-His zinc fi nger proteins containing two 
Cys-Cys-Cys-His domains, which confer RNA-binding properties (Lai et al., 2000; 
Lai et al., 2002).

TTP is shown to participate in the regulation of infl ammatory responses, e.g. 
TTP knock-out mice get high levels of TNF- , and develop severe infl ammatory 
reactions (Taylor et al., 1996). Th e elevated levels of TNF-  are a result of 
increased mRNA stability (Carballo et al., 1998). TTP mediates deadenylation and 
destabilization of the TNF-  mRNA through binding to AU-rich elements in its 
3’UTR (Lai et al., 1999; Lai et al., 2003). Other genes reported to be regulated by 
TTP include cyclooxygenase-2 (COX-2) (Sully et al., 2004), IL-3 and granulocyte-
macrophage colony stimulating factor (Lai and Blackshear, 2001), and iNOS (Fechir 
et al., 2005a).

Interestingly, the role for TTP in the regulation of the iNOS gene seems to 
diff er from previous functions described for this protein. Hence, while TTP acts 
as a destabilizing factor through direct binding to AREs in most target 3’UTR 
sequences, Fechir et al. (2005a) describe a stabilizing action of TTP on the human 
iNOS mRNA (Fig. 8). Th is is not accomplished by TTP interacting with the 3’UTR, 
since no protein-RNA interactions is seen. Instead, Fechir et al. (2005a) suggest a 
role for TTP in capturing ARE-binding proteins bound to the iNOS 3’UTR, thus 
preventing exosome-mediated degradation.
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KH-type splicing regulatory protein (KSRP)
KSRP is described as a trans-acting factor capable of interacting with the exosome 
and recruiting it to RNAs, which will be quickly degraded (Chen et al., 2001). A 
role for KSRP in regulating the mRNA stability is proposed for both IL-8 (Suswam 
et al., 2005) and human iNOS (Linker et al., 2005).

Linker et al. (2005) detect an increase in iNOS mRNA stability when KSRP 
expression is downregulated either by immunodepletion or by small interfering 
RNAs. In addition, the authors identify a binding site for KSRP in the iNOS 
3’UTR, coinciding with the previously described cis-element for HuR (Linker et 
al., 2005; Rodriguez-Pascual et al., 2000). Upon cytokine treatment, binding of the 
stabilizing HuR protein prevails, thereby contributing to increased iNOS mRNA 
expression (Fig. 8) (Linker et al., 2005).

T cell intracellular antigen-1-related protein (TIAR)
TIAR is another RNA binding protein, which is reported to interact with AREs. 
It is closely related to the T-cell intracellular antigen-1 (TIA-1) protein. Both 
proteins contain three RRMs and exert similar RNA binding properties (Dember 
et al., 1996). For example, TIAR binding to AREs in IL-8 (Suswam et al., 2005) 
and COX-2 (Cok et al., 2003; Cok et al., 2004) mRNAs is suggested to mediate 
an mRNA stabilizing eff ect. Interestingly, for COX-2 a cluster of ARE-binding 
proteins consisting of TIA-1, TIAR, HuR, heterogeneous nuclear ribonucleoprotein 
(hnRNP) U, and hnRNPD binds the fi rst 60 nt of the 3’UTR (Cok et al., 2003; 
Cok et al., 2004), suggesting that several ARE-binding factors working in concert 
might be needed. In the case of IL-8, at least three ARE-binding proteins (TIAR, 
KSRP, and HuR) are identifi ed (Suswam et al., 2005). 

Overexpression of TIAR in DLD-1 cells enhances the cytokine-induced iNOS 
expression and TIAR is shown to bind to the iNOS 3’UTR, suggesting a role for 
this protein in the post-transcriptional regulation of the human iNOS gene (Fig. 8) 
(Fechir et al., 2005b). However, the cytokine stimulation per se did not change the 
TIAR expression (Fechir et al., 2005b).

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
Th e hnRNPD (also known as AUF1) exists in four isoforms, generated by alternative 
splicing (p37, p40, p42, p45). Th e role for hnRNPD in destabilizing mRNAs 
containing AREs has been established (Lofl in et al., 1999; Xu et al., 2001). However, 
Kiledjian et al. (1997) suggest a stabilizing role of hnRNPD for the -globin mRNA. 
Since hnRNPD does not degrade mRNA on its own, it is suggested that it has to 
interact with other proteins to achieve mRNA degradation. One interesting partner 
for hnRNPD is identifi ed as NSEP-1 (a member of the Y-box family of proteins), 
which in itself displays endoribonuclease activity in vitro (Moraes et al., 2003). 
Other hnRNPs reported to be involved in regulation of mRNA stability are e.g. 
hnRNPA1 (Glisovic et al., 2003), E1/E2 (Ostareck-Lederer and Ostareck, 2004), 
and K (Th iele et al., 2004).
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Some hnRNPs have been described in the context of the human iNOS mRNA 
stability. For example, p37AUF1 (hnRNPD) is found to bind with high affi  nity to 
AREs in the human iNOS 3’UTR (Fig. 8) (Mangasser-Stephan et al., 2002). In 
addition, overexpression of the p37AUF1 isoform in DLD-1 cells downregulates 
the iNOS expression (Kleinert et al., 2004). Th e same group also reveals that 
overexpression of hnRNPA1 in DLD-1 cells is followed by increased levels of iNOS 
mRNA and NO production (Fechir et al., 2003). However, cytokine treatment 
does not change the expression of hnRNPA1. Furthermore, hnRNPE1 and poly(A) 
tract binding protein (PABP) are reported to bind the human iNOS mRNA 3’UTR 
(Kleinert et al., 2004). Th us, for the human iNOS gene, a cluster of proteins 
(including three hnRNPs) seems to be involved in the complex machinery governing 
the iNOS expression via its 3’UTR (Fig. 8) (Kleinert et al., 2004). Th e exact role of 
each individual protein remains to be studied in more detail.

Figure 8. Cis- and trans-factors reported to interact with the human iNOS mRNA 3’UTR. A pos-
sible mechanism for regulation of the cytokine-induced mRNA stability by TTP, HuR, and KSRP, 
as proposed by Linker et al. (2005), is depicted. In unstimulated DLD-1 cells, KSRP binds the 
3’UTR, recruiting the exosome-complex to the mRNA, which will be degraded (upper panel). 
Upon cytokine treatment, TTP levels and interaction with KSRP increase, thereby dissociating 
the KSRP/exosome complex from the RNA. Instead, the HuR protein, having the same binding 
site as KSRP, will bind and stabilize the transcript (lower panel). Question marks indicate that the 
possible roles of TIAR, hnRNPE1, hnRNPA1, hnRNPD, and PABP remain to be elucidated in 
more detail. HuR (Rodriguez-Pascual et al., 2000); TTP (Fechir et al., 2005a); KSRP (Linker et 
al., 2005); TIAR (Fechir et al., 2005b); hnRNPD (Mangasser-Stephan et al., 2002), hnRNPA1 
(Fechir et al., 2003), hnRNPE1, and PABP (Kleinert et al., 2004)
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Translation
Translation is another major step in the gene expression pathway, where mRNA is 
translated to protein. While most eukaryotic genes are translated through a cap-
dependent pathway, where the ribosomes start translating the mRNA from the 5’cap 
structure, cap-independent translation via internal ribosomal entry sites (IRESs) in 
the 5’UTR has also been described.

Th e circularization of the mRNA, where the 3’UTR is brought in close contact 
with the 5’cap, is important for both mRNA stability and translation (Gallie, 1998). 
ARE-binding proteins appear to play vital roles in both events (Zhang et al., 2002). 
For TNF- , several of the ARE-binding proteins (e.g. TIAR and TIA-1) that 
interact with its 3’UTR, are important factors in translation (Gueydan et al., 1999; 
Piecyk et al., 2000). However, the possible role for these proteins in the translation 
of iNOS remains to be elucidated.

Th e role of regulatory processes involved in translation of iNOS is rather 
unknown. By using primary human cardiomyocytes treated with LPS and cytokines, 
Luss et al. (1997) detect increased iNOS mRNA levels, which are not paralleled by 
increases in iNOS protein levels or NO production. However, when transfecting 
human embryonic 293 kidney cells with expression vectors containing the human 
full-length cardiac iNOS cDNA, NO production increased. Similarly, transduction 
of a retroviral vector (containing only the coding region of iNOS) into human 
cardiac myocytes resulted in marked increases in both iNOS mRNA and protein 
expressions (Luss et al., 1997). In summary, these results indicate that the human 
cardiomyocytes might express translational inhibitors that interact with the 3’- or 
5’UTRs of iNOS mRNA.

Substrate (L-arginine) availability is an important determinant for NO 
production (as described below). Interestingly, arginine depletion in rat astrocytes 
is shown to block NO formation solely as a result of translational inhibition, while 
iNOS transcription, mRNA expression, and protein stability remain unaltered (Lee 
et al., 2003). Th is is suggested to be due to decreased dephosphorylation (mediated 
by increased L-arginine) of the translation initiation factor eIF2 , resulting in 
impaired iNOS translation.

In the 5’UTR of the human iNOS mRNA, eight partially overlapping open 
reading frames upstream of the AUG are found. However, whether these have any 
implications for the translational control of iNOS is not known (Chu et al., 1995).

Post-translational regulation
Translation results in the production of a native protein, which often requires post-
translational modifi cations such as chemical modifi cations and proper folding to 
generate the fi nal product, the active protein.

In general, it is believed that iNOS is primarily regulated at the transcriptional 
and post-transcriptional levels. However, some reports describe the regulation of 
iNOS protein stability and activity. Th ese processes include for example changes in 
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substrate availability or levels of the cofactor BH4, phosphorylation events, interaction 
with other protein factors, and impaired dimerization. Degradation of the iNOS 
protein represents another important mechanism to limit NO production, in order 
to avoid e.g. cytotoxicity. Finally, NO may autoregulate itself through an inhibitory 
feedback mechanism.

Substrate availability
NO is synthesized from L-arginine and the availability of L-arginine is one of 
the rate-limiting steps for NO production by NOS (Mori and Gotoh, 2000). NO 
production depends on exogenous L-arginine supply, despite high intracellular L-
arginine levels. Th is is referred to as the “arginine paradox” (Closs et al., 2000). 
Besides being a substrate for NOS, L-arginine is also a precursor for synthesis of 
urea, polyamines, creatine phosphate, and proteins.

Th e cells take up L-arginine from the blood circulation through cationic amino 
acid transporters (CATs) (Closs et al., 2004). Th is uptake may be regulated by 
modulation of the expression of CATs (Closs et al., 2000). Yang et al. (2005) report 
that LPS induced iNOS mRNA levels in rats are paralleled by a decrease in CAT-
2 and CAT-2B mRNA levels, and that these CATs respond to NF- B inhibitors. 
Contrary to this, coinduction of CAT-2 and iNOS is found in rat brain astrocytes 
(Stevens et al., 1996). Moreover, Tabuchi et al. (2000) describe the coinduction of 
iNOS, CAT-2, and C/EBP  concomitantly with a decrease in expression of urea 
cycle enzymes. Th ey suggest that this would ensure synthesis of proteins important 
for the immune response activity.

Arginine availability is reported as a central factor for the regulation of iNOS 
protein expression, and El-Gayar et al. (2003) suggest eff ects on both iNOS 
translation and protein stability. Arginine can be synthesized from citrulline by 
the action of two intracellular enzymes: argininosuccinate synthetase (AS) and 
argininosuccinate lyase (AL), constituting the citrulline-NO cycle (Mori and Gotoh, 
2000). Coinduction of AS and iNOS was fi rst demonstrated in LPS/IFN  treated 
RAW264.7 macrophages (Nussler et al., 1994) and increases of iNOS, AS, and 
AL are also reported in vivo in LPS treated rats (Nagasaki et al., 1996). However, 
in the liver the arginine produced from citrulline is rapidly converted to urea and 
ornithine by arginase and will therefore not be an important source of arginine 
for NO synthesis. Nevertheless, viewing the fact that both arginase and NOS use 
arginine as a substrate, it is not surprising that regulation of iNOS activity via 
reduction of arginine levels by arginase has been found (Bruch-Gerharz et al., 2003; 
Mori and Gotoh, 2000). In addition, one of the proposed mechanisms for TGF- 1-
mediated inhibition of iNOS expression in macrophages is by increasing the activity 
of arginase (Boutard et al., 1995).
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Tetrahydrobiopterin (BH4) availability
BH4 is an essential cofactor for iNOS and several reports conclude that the 
concentration of BH4 is an important determinant for iNOS activity. Treatment of 
rat aortic vascular smooth muscle cells with IL-1  results in coinduction of iNOS 
and GTP cyclohydrolase I, an enzyme that regulates the synthesis of BH4 (Scott-
Burden et al., 1993). When Di Silvio et al. (1993) treat rat hepatocytes with LPS and 
a cytokine-mixture iNOS mRNA levels and NO production increase, concomitantly 
with increased BH4 and GTP cyclohydrolase I levels. Coinduction of iNOS and 
GTP cyclohydrolase I is also confi rmed in rats treated with LPS (Werner-Felmayer 
et al., 1993). In addition, in vivo administration of a GTP cyclohydrolase I inhibitor 
to rats results in reduced NO formation (Bune et al., 1996). In rat vascular smooth 
muscle cells, treatment with sepiapterin (a BH4 source) increases iNOS expression 
(Linscheid et al., 1998). Th is eff ect was attributed to a BH4-induced stabilization of 
iNOS mRNA.

Phosphorylation of iNOS
Pan et al. (1996) report that iNOS is tyrosine phosphorylated immediately after 
synthesis, and that this phosphorylation seems to be connected to increased enzyme 
activity of iNOS.

Dimerization and protein interactions
Alternative splicing is reported to result in deletion of exons 8 and 9 of the iNOS 
gene. Th is iNOS product does not dimerize and cannot produce NO, while the 
reductase activity is still intact (Eissa et al., 1998). It is concluded that exons 8 and 
9 are necessary for iNOS dimerization and NO production. 

Furthermore, the possibility of NO to interact with the zinc tetrathiolate cysteines 
of iNOS results in S-nitrosation of the cysteines and release of zinc from the dimer 
interface, leading to formation of inactive iNOS monomers (Mitchell et al., 2005).

Not many proteins interacting directly with the iNOS protein have been 
found. Ratovitski et al. (1999a) conclude that the protein kalirin inhibits iNOS by 
preventing dimerization of the protein. Th is is found in the central nervous system, 
and a neuroprotective role for kalirin during infl ammatory conditions aff ecting 
the central nervous system is suggested (Ratovitski et al., 1999a). In RAW 264.7 
macrophages, the NAP110 protein is identifi ed as a protein that prevents iNOS 
dimerization by interacting directly with the amino-terminus of iNOS (Ratovitski 
et al., 1999b).

Heat shock protein (hsp) 90 is reported to act as an allosteric enhancer of iNOS, 
thus overexpression of hsp90 enhances NO formation in iNOS transfected human 
embryonic kidney 293 and COS-7 cells, while inhibition of hsp90 decreases NO 
production in RAW 264.7 macrophages (Yoshida and Xia, 2003). Moreover, the 
Rho GTPase members Rac1 and Rac2 are reported to interact with the iNOS 
protein in activated RAW 264.7 macrophages, and there seems to be a link between 
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Rac2 interaction and post-translational stimulation of iNOS activity and possibly its 
subcellular localization (Kuncewicz et al., 2001).

In polarized human proximal tubule epithelial cells, iNOS protein is co-localized 
and bound to the ezrin-radixin-moesin-binding phosphoprotein 50 (EBP50), also 
known as Na+/H+ exchanger regulatory factor, in the apical membrane of the cell 
surface (Glynne et al., 2002). Th is protein-protein interaction is shown to depend 
on the C-terminal SAL tripeptide of iNOS, as well as on additional unidentifi ed 
proteins. Glynne et al. (2002) suggest that this physical interaction could be a 
solution for the cells to get locally delivered NO to modulate EBP50 function, while 
avoiding unwanted eff ects of NO in other areas of the cells.

iNOS protein degradation
One of the fi rst reports suggesting regulation of iNOS expression via degradation of 
the protein is provided by Vodovotz et al. (1993). Th eir results imply that TGF- 1-
dependent inhibition of iNOS in mouse peritoneal macrophages is partly mediated 
by degradation of the iNOS protein.

Musial and Eissa (2001) demonstrate that the degradation of iNOS is regulated 
by the ubiquitin-proteasome pathway. Th is pathway may explain the TGF- 1-
dependent iNOS degradation in IFN- -treated RAW 264.7 cells (Mitani et 
al., 2005) as well as the protein degradation reported by Vodovotz et al. (1993). 
Enhanced expression of caveolin-1 in transfected human carcinoma cell lines HT29 
and DLD-1 reduces cytokine-induced iNOS activity (Felley-Bosco et al., 2000). 
Th is was accompanied by decreased iNOS protein levels, while the mRNA levels 
remained intact. Using proteasome inhibitors, Felley-Bosco et al. (2000) conclude 
that caveolin-1 down-regulates iNOS via the proteasome pathway.

In human primary bronchial epithelial cells, iNOS protein half-life is short (1.6 
+/- 0.3 h) and unaff ected by BH4 depletion (Kolodziejski et al., 2004). Th e authors 
speculate that the cells need a rapid decay of iNOS protein to avoid unnecessarily 
prolonged production of NO.

NO autoregulation
Several papers describe the inhibitory eff ect of both endogenously and exogenously 
produced NO on the induction of iNOS (Hinz et al., 2000; Peng et al., 1998a). Th is 
negative feedback regulation of the iNOS gene can be important for the internal 
control of termination of infl ammatory processes. NO provoked inhibition is shown 
by e.g. reduced iNOS induction by addition of NO donors (Peng et al., 1998a) or 
increased iNOS mRNA levels and transcription by adding iNOS enzyme inhibitors 
(Hinz et al., 2000).

Various mechanisms have been proposed for the NO inhibiting eff ects: inhibition 
of NF- B (Chang et al., 2004; Matthews et al., 1996; Peng et al., 1998a); binding 
of NO to the heme-group within the iNOS enzyme (Griscavage et al., 1993); and 
reduced binding activity to the Oct-1 site in the iNOS promoter (Lee et al., 2001). 
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As described above, another mechanism is proposed by Mitchell et al. (2005), where 
NO-generated S-nitrosation of zinc tetrathiolate cysteines involved in the iNOS 
dimer interface results in dissociation of iNOS into inactive monomers.

Perez-Sala et al. (2001) suggest that the NO/cGMP pathway can mediate both 
iNOS induction and inhibition in human mesangial cells, in a time-dependent 
manner. Th us, after 8 h of treatment, NO donors and cGMP analogues increase 
iNOS expression, while the same stimuli reduce iNOS expression at later time 
points (Perez-Sala et al., 2001). In addition, the cGMP analogue was reported to 
inhibit iNOS expression by reducing the mRNA stability. In contrast, NO-mediated 
feedback inhibition of iNOS activity is not detected in primary mouse peritoneal 
macrophages, either by sustained endogenous production of NO or by addition of 
NO gas (Vodovotz et al., 1994).

Signaling pathways
Several intracellular signaling pathways have been suggested to be involved in the 
regulation of iNOS expression. Many pathways within the cell act via various kinases 
and phosphatases, of which only a few will be mentioned here.

Protein kinases
Protein kinase A (PKA)
Upon ligand binding to membrane bound receptors GTP-binding proteins (G-
proteins) are activated, leading to subsequent activation of adenylyl cyclase and 
conversion of ATP to cyclic AMP (cAMP). cAMP is a second messenger, which 
activates PKA, resulting in phosphorylation of numerous target proteins (Daniel et 
al., 1998).

PKA has diverse eff ects on iNOS expression; inhibitory, stimulatory, or no 
eff ects are reported (reviewed in Kleinert et al., 2003). Th e role of cAMP-induced 
transcription factors is described above (transcriptional regulation of iNOS). In 
addition, Zhong et al. (1998) describe the involvement of PKA in phosphorylation 
of the NF- B p65 subunit, resulting in increased transcriptional activation. 
Interestingly, this eff ect seems to be cAMP-independent, representing a new 
mechanism for PKA-mediated eff ects (Zhong et al., 1997).

Protein kinase C (PKC)
PKC belongs to a serine/threonine kinase family consisting of several isoforms. 
Several reports confi rm a positive eff ect for PKC in LPS- or cytokine-mediated 
iNOS induction. In murine 3T3 fi broblasts, PKC-activating phorbol esters result 
in increased iNOS expression, mediated via activation of NF- B (Kleinert et al., 
1996b). However, in IFN- -stimulated RAW 264.7 macrophages, phorbol esters 
synergistically increase iNOS expression via increased IRF-1 activity (Momose et 
al., 2000). Furthermore, treatment of LPS-stimulated RAW 264.7 macrophages 
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with Gö6976, a PKC inhibitor, results in decreased NF- B-mediated transcription 
(Jung et al., 2004). In rat pancreatic -cells, IL-1  is reported to induce iNOS by 
both transcriptional and post-transcriptional mechanisms, where PKC  appears to 
be involved in increasing the iNOS mRNA stability (Carpenter et al., 2001). 

In contrast, in rat renal mesangial cells, PKC  inhibits IL-1 -induced iNOS 
expression (Muhl and Pfeilschifter, 1994), while no eff ect of PKC is detected in 
human DLD-1 cells (Kleinert et al., 1998a). Th us, depending on cell-types and 
PKC isoforms studied, diff erent results are reported.

Tyrosine protein kinases
Treatment of rat glial cells with various tyrosine kinase inhibitors inhibited LPS- and 
cytokine-induced iNOS expression (Galea et al., 1995). Similarly, tyrosine kinases 
are reported to be important for both LPS- and IL-1-induced iNOS expression in 
human chondrocytes (Geng et al., 1995). In vivo treatment of septic shock induced 
rats with genistein (a tyrosine kinase inhibitor) prevents hypotension and vascular 
defects normally seen with LPS induced septic shock (Bermejo et al., 2003). 
Th e authors speculate that these results are due to both antioxidative eff ects and 
prevention of NO overproduction resulting from tyrosine kinase inhibition.

Mitogen-activated protein kinases (MAPK)
Th ree MAPKs are described in mammalian cells: the extracellular signal-regulated 
kinases p42/p44 (ERK1/2), c-Jun NH2-terminal kinases (JNKs), and p38. Th ese 
MAPK pathways consist of parallel kinase cascades and activated MAPKs exert their 
eff ects by direct phosphorylation of their substrates, e.g. transcription factors, or by 
indirect activation of downstream kinases (Johnson and Lapadat, 2002). All three 
major MAPK pathways have been implicated in the regulation of iNOS expression 
(Chan and Riches, 2001).

p38 mitogen-activated protein kinase (p38)
Th e p38 MAPK is strongly activated by pro-infl ammatory stimuli (Clark et al., 2003) 
and several mRNAs of infl ammatory mediators are stabilized by p38-dependent 
pathways. Some of the genes identifi ed include TNF- (Brook et al., 2000), 
IL-6 (Winzen et al., 1999), and COX-2 (Lasa et al., 2001). Th e p38-dependent 
stabilization of mRNAs is mainly mediated by the p38 substrate MAPK-activated 
protein kinase 2 (MAPKAPK-2) and by AREs within the 3’UTR of target mRNAs 
(Clark et al., 2003). Suggested substrates for MAPKAPK-2 are the ARE-binding 
proteins TTP, hnRNPA0, PABP, and hsp27 (Dean et al., 2004; Espel, 2005).

Th e p38 MAPK pathway is also involved in the regulation of iNOS (Kim et al., 
2004). Several studies suggest a stimulating eff ect of the p38 MAPK pathway on 
iNOS expression (Ajizian et al., 1999; Chen and Wang, 1999; Kim et al., 2004). 
In addition, the results by Chen and Wang (1999) in RAW 264.7 macrophages 
indicate that LPS-stimulated p38 results in NF- B-mediated iNOS induction and 
NO production.
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In contrast, other studies describe an increased iNOS expression upon p38 
inhibition in macrophages (Chan and Riches, 2001; Lahti et al., 2002; Lui et al., 
2004). Lahti et al. (2002) demonstrate that low concentrations of a p38 inhibitor 
stimulate iNOS, while higher concentrations inhibit iNOS. In summary, the 
confl icting results may be explained by cell-type and stimulus-dependent (time, 
concentration etc.) factors. In addition, the p38 MAPK family consists of fi ve 
isoforms, and it is possible that the disparate eff ects originate from diff erent isoforms 
being aff ected.

While several of the above studies have measured iNOS mRNA levels, no study 
examined whether the transcript stability was aff ected. Th us, the increase in mRNA 
levels reported might as well originate from increased transcription. While there 
are no information on a possible role of p38 MAPK in the regulation of iNOS 
mRNA stability, both TTP and PABP, which are known targets of the p38 cascade, 
are reported to be involved in interactions with the human iNOS 3’UTR mRNA 
(Kleinert et al., 2003).

Extracellular regulated kinases p42/p44 (ERK1/2)
Besides regulating transcription, ERK1/2 are involved in post-transcriptional 
control of immune mediators. In addition, ERK1/2 are important for proliferating 
haematopoietic cells and eosinophil activation (Clark and Lasa, 2003).

ERK1/2 seem to be implicated in the induction of iNOS in RAW 264.7 
macrophages (Ajizian et al., 1999). Th e positive involvement of ERK1/2 activation 
in LPS-induced iNOS expression in both murine macrophages and human colon 
epithelial cells is reported (Chan and Riches, 2001; Lahti et al., 2000), although 
it does not seem to be crucial for the induction. Moreover, inhibition of iNOS 
expression by an ERK1/2 inhibitor did not involve the NF- B pathway (Lahti et 
al., 2000). In contrast, Chen and Wang (1999) do not see any eff ect of ERK1/2 
inhibition on iNOS induction.

c-Jun NH2-terminal kinase (JNK)
Th e JNK pathway is strongly activated by pro-infl ammatory stimuli and is shown 
to participate in the regulation of many infl ammatory responses. For example, JNK 
phosphorylates and activates c-jun in the AP-1 transcription factor, which regulates 
the transcription of several pro-infl ammatory genes (Clark and Lasa, 2003). In 
addition, JNK-dependent post-transcriptional regulation of IL-2, IL-3, and TNF-  
genes is reported (Clark and Lasa, 2003).

A dominant negative MAPK kinase-4, which is an upstream kinase of the JNK 
pathway, inhibits the LPS/IFN  induced iNOS promoter activity, implicating a 
role for JNK in its transcriptional regulation (Chan and Riches, 2001). Since the 
same eff ect was not found with other factors in the JNK pathway, Chan and Riches 
(2001) propose that the eff ect is AP-1-independent. However, in rat hepatocytes, the 
JNK activator anisomycin inhibits IL-1 /IFN- -stimulated iNOS transcription via 
c-Jun binding to AP-1- sites in the promoter (Zhang et al., 2004).

Interestingly, the JNK pathway seems to be positively involved in the LPS-induced 
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iNOS expression in J774 macrophages via stabilization of the iNOS transcript (Lahti 
et al., 2003).

Janus kinase-signal transducer and activator of transcription (JAK-STAT) 
pathway
Cytokines exert their eff ects on cells by binding to specifi c receptors on the cell 
surface, leading to receptor dimerization and tyrosine-phosphorylation of Janus 
activated kinases (JAKs) (internal proteins associated with the receptor). Activated 
JAKs phosphorylate the cytokine receptor, which enables recruitment of signaling 
molecules and subsequent activation of downstream cascades, where the STAT 
pathway is one of them (Tan and Rabkin, 2005). IFN-  activates the JAK2-STAT-
1  pathway to induce iNOS (Meraz et al., 1996) (see above).

Suppressor of cytokine signaling (SOCS)
SOCS are a family of proteins controlling the cytokine-signaling cascade by negative 
feedback regulation. When STAT pathways are activated, the STATs dimerize, 
translocate into the nucleus, and bind target promoters, where some of the target 
genes are SOCS. Th e SOCS proteins inhibit the JAK/STAT pathway by binding to 
the phosphorylated receptors or JAKs (Tan and Rabkin, 2005).

INF-  induces SOCS 1-3 (Tan and Rabkin, 2005) while LPS is known to 
induce e.g. SOCS-1 and SOCS-3 (Crespo et al., 2002). Overexpression of SOCS-
1 or SOCS-3 decreases IFN- /LPS or IL-1 -stimulated iNOS promoter activity 
in murine bone marrow-derived macrophages (Crespo et al., 2002) or rat INS-1 

-cells (Karlsen et al., 2001). Moreover, TNF- /IFN- -stimulated iNOS protein 
levels and NO production increase in pancreatic islet cells from SOCS-1 knock-out 
mice (Chong et al., 2002).

Protein phosphatases
While protein kinases phosphorylate target proteins, phosphatases counterbalance 
this by dephosphorylation events. Both tyrosine- and serine/threonine protein 
phosphatases positively aff ect iNOS expression in rat hepatocytes (Taylor et al., 
1999). However, the phosphatase-eff ects reported for iNOS vary from stimulatory to 
inhibitory depending on cell-system and type of inhibitor (Kleinert et al., 2003).

Upregulation of iNOS expression by LPS and IFN-
Lipopolysaccharide (LPS)
LPS is a cell wall component from Gram-negative bacteria composed of three regions: 
the outer region consisting of multiple polysaccharide units that forms the specifi c 
O-antigen; the core region; and the lipid A component that links the endotoxin unit 
to the bacterial outer membrane (Fig. 9) (Titheradge, 1999). Lipid A is generally 
considered as the pathogenic agent.
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Figure 9. Simplifi ed structural organization of the LPS molecule. Th e O-antigen contains species-
specifi c repeated polysaccharide chains, and the core region consists of polysaccharide units. Lipid 
A is a glucosamine-based phopholipid.

LPS is part of the plethora of agents exhibiting pathogen-associated molecular pat-
terns (PAMPs). PAMPs are formed grace to unique structures present in microbes. 
Molecules that have the ability to recognize PAMPs are e.g. lysozyme, complement 
components, and pattern recognition receptors, such as toll-like receptors (TLRs) 
(Janeway and Medzhitov, 2002). Th e TLR family consists of 10 diff erent recep-
tors (TLR1-10) characterized by an extracellular leucine-rich repeat domain and an 
intracellular Toll/interleukin-1 receptor (TIR) domain (Takeda et al., 2003). Mono-
cytes, macrophages, and phagocytes express most TLRs. Other TLRs are preferen-
tially expressed in B cells or in mast cells.

LPS is recognized mainly by TLR4 (Fig. 10). First, LPS binds a serum LPS-
binding protein (LBP). Th is complex is recognized by CD14, which is a glycosylp
hosphatidylinositol-anchored cell surface protein expressed mainly in monocytes, 
macrophages, and neutrophils. MD-2 (a protein binding to the extracellular region 
of TLR4) is another component present in the LPS-recognition complex, which 
confers LPS responsiveness (Shimazu et al., 1999; Takeda et al., 2003).

All TLRs activate a common signaling pathway, which is highly homologous 
to the pathway activated by the interleukin-1 receptor (IL-1R) family (Takeda et 
al., 2003). First, the intracellular TIR domain of the receptor interacts with the 
TIR domain of the intracellular protein MyD88. Activated MyD88 recruits the 
IL-1R-associated kinase (IRAK), which is phosphorylated (Fig. 10). IRAK binds 
to tumour necrosis factor receptor associated factor 6 (TRAF6), which will activate 
transforming growth factor-  activating kinase (TAK1). Th is kinase promotes 
downstream activation of the I B kinases (IKKs). Th e IKKs phosphorylate members 
of the inhibitory I B family, allowing the NF- B to translocate into the nucleus and 
to bind target promoters (as described above) (Fig. 4 and 10).

TAK1 phosphorylates the kinases upstream of MAPK p38 and JNK pathways 
(Barton and Medzhitov, 2003). Th e ERK1/2 pathway is also activated by TLRs, 
although via a diff erent signal (Barton and Medzhitov, 2003). In addition, a MyD88-
independent pathway is described, which contributes to activation of IFN-inducible 
genes via interferon regulatory factors (IRFs) (Moynagh, 2005). It is now clear that 
the diff erent TLRs, although sharing several mechanisms, activate various pathways 
resulting in diff erent biological responses (Akira et al., 2001).
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Interferon-  (IFN- )
Th e cytokine IFN-  is primarily produced by activated T cells and natural killer 
cells, and is an important factor in both the innate and adaptive immunity 
(Boehm et al., 1997). One of the key eff ects mediated by IFN-  is the activation 
of macrophages. IFN-  interacts with its specifi c receptor at the surface of the cell, 
stimulating dimerization of the receptor and subsequent recruitment of JAK2 
proteins, transphosphorylation of JAKs, and fi nally phosphorylation of STAT-1  
subunits (Fig. 10). Th e STAT-1  subunits dimerize and translocate into the nucleus, 
where they bind target promoter elements, including those of the iNOS gene (as 
described above) (Fig. 5 and 10) (Boehm et al., 1997). Besides inducing the iNOS 
expression, IFN-  aff ects a wide array of other genes; at least 200 genes have been 
reported so far, although the biological signifi cance of all these eff ects is not known 
(Boehm et al., 1997).

Blanchette et al. (2003) conclude that the JAK2-STAT-1 - and ERK1/2-
dependent pathways are the most important ones for the IFN- -mediated iNOS 
induction in murine J774 macrophages.

In addition to transcriptional eff ects, IFN-  is suggested to regulate the expression 
of the complement factors C3 and C4 by mRNA stabilization (Mitchell et al., 
1996). For iNOS, mRNA half-lives reported after IFN-  treatments vary from 1-1.5 
h (Weisz et al., 1994) to 12 h (Walker et al., 1997) (Table 1).

IFN-  also regulates NO production post-translationally via induction of two 
enzymes important for cofactor and substrate synthesis; GTP-cyclohydroxylase I 
(Werner et al., 1989) and AS (Nussler et al., 1994).

Synergism between LPS and IFN-
For murine macrophages, the combined treatment with LPS and IFN-  represents 
the strongest stimulus for induction of iNOS expression. Th e synergistic eff ect of 
these two stimuli is demonstrated by several groups (Ding et al., 1988; Held et al., 
1999; Lorsbach et al., 1993; Weisz et al., 1994).

While LPS increases TLR4 mRNA levels, expression of the receptor protein 
decreases (Bosisio et al., 2002). IFN-  counteracts this decrease by increasing TLR4 
mRNA and surface expression, as well as MD-2 and MyD88 expressions. Th ese 
results may explain the IFN-  priming eff ect and synergism with LPS at a receptor 
level (Bosisio et al., 2002).

In murine aortic endothelial cells, the synergistic induction of iNOS by LPS/IFN-
 is suggested to be mediated by LPS-induced p38 MAPK-mediated phosphorylation 

of the IFN-  transcription factor STAT-1 , which increases its DNA binding activity 
(Huang et al., 2004).
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for details.
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Held et al. (1999) disclose that pre-treatment of RAW 264.7 macrophages with 
IFN-  increases the LPS-mediated NF- B activation, resulting in a synergistic 
increase in iNOS mRNA and NO production. Similarly, pre-treatment with LPS 
increases the IFN- -induced STAT-1  activation, suggesting that the two inducers 
cross-regulate each others signaling pathways (Held et al., 1999). In line with these 
results, Lorsbach et al. (1993) detect increased iNOS mRNA levels by the combined 
LPS/IFN- -treatment in RAW 264.7 macrophages. After nuclear run-on assays and 
mRNA stability measurements, they conclude that the increase in mRNA is due to 
increased transcription, while the mRNA stability is unaff ected. Th e fact that LPS 
and IFN-  aff ect diff erent transcription factors situated in two separate regions of 
the murine iNOS promoter (Region I, LPS: NF- B, C/EBP , and Oct; Region 
II, IFN- : NF- B, GAS, and ISRE) supports a transcriptional synergism between 
these two compounds.

In contrast, Weisz et al. (1994) report no synergistic increase in transcriptional 
activation by LPS/IFN-  in RAW 264.7 macrophages (tested by nuclear run-on 
assay and with promoter constructs). While IFN-  alone results in rather labile iNOS 
mRNA, LPS seems to stabilize the transcript (Weisz et al., 1994). Moreover, in J774 
macrophages the combined treatment with LPS/IFN-  is reported to increase iNOS 
mRNA stability compared to LPS alone (Korhonen et al., 2002) (Table 1).

In addition to synergism, suppressive eff ects have also been reported for LPS 
and IFN- . For example, pretreatment of primary mouse macrophages for at least 
8 h with low concentrations of LPS (50-200 pg/ml) results in impaired IFN- -
mediated iNOS inducibility (Bogdan et al., 1993). Moreover, when murine 
peritoneal macrophages were treated with LPS plus IFN- , iNOS enzyme activity 
was inhibited after 3 days, which was not the case after single treatment with IFN-  
(Vodovotz et al., 1994).

Downregulation of iNOS expression
An extensive number of studies have focused on inhibitors of iNOS expression 
because of the potential therapeutic advantages that could be achieved in various 
chronic infl ammatory diseases, such as rheumatoid arthritis and asthma, as well as 
in the acute clinical treatment of sepsis.

A large array of inhibitors has been identifi ed, ranging from non-specifi c substrate 
(L-arginine) analogues and specifi c iNOS inhibitors (Salerno et al., 2002) to inhibitory 
cytokines (e.g. TGF- 1) (Vodovotz, 1997) and antioxidants (Tetsuka et al., 1996). 
In addition, some clinically used drugs such as acetaminophen (Ryu et al., 2000), 
salicylates (Sakitani et al., 1997), and glucocorticoids (Liu et al., 1993) are reported 
to exert parts of their eff ects through inhibition of iNOS. From mechanistic studies 
on the regulatory eff ect of these compounds on iNOS expression at least TGF- 1 
(Vodovotz et al., 1993) and glucocorticoids (e.g. dexamethasone) (Korhonen et al., 
2002; Walker et al., 1997) are reported to exert post-transcriptional eff ects.
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Glucocorticoids
In 1950, Hench, Kendall, and Richtenstein were awarded the Nobel Prize in Medicine 
for their work on the identifi cation, characterization, and therapeutic use of adrenal 
and synthetic glucocorticoids. Since then, glucocorticoids are widely used in the 
treatment of various chronic and acute infl ammatory diseases such as rheumatoid 
arthritis, infl ammatory bowel disease, and asthma (Smoak and Cidlowski, 2004).

Glucocorticoids typically exert their eff ects through initial binding to the 
glucocorticoid receptor (GR) in the cytoplasm. Upon binding, the GR translocates 
into the nucleus and activates transcription (transactivation) of target genes via 
binding to promoter elements known as glucocorticoid response elements (GREs) 
(Buckbinder and Robinson, 2002; Schoneveld et al., 2004). Among the targets are 
several potentially anti-infl ammatory genes, such as IL-1 receptor antagonist and 
I B , as well as metabolic liver genes. In addition, glucocorticoids are known to 
repress the transcription (transrepression) of pro-infl ammatory genes, such as COX-
2 and iNOS (Newton, 2000).

Several mechanisms for transrepression have been suggested. First, direct 
interaction of the ligand-bound GR with negative GRE in target promoters is 
suggested for the prolactin gene (Sakai et al., 1988). Second, binding of the ligand-
bound GR to positive GRE, thereby blocking stimulatory trans-acting factors, has 
been proposed for the IL-6 transcriptional repression (Ray et al., 1990). Th ird, 
inhibition of transcription factors through direct binding of the GR is described for 
both NF- B (Heck et al., 1997; Ray and Prefontaine, 1994; Scheinman et al., 1995b) 
and AP-1 (Jonat et al., 1990). Finally, GR-mediated induction of I B is suggested 
to inhibit NF- B–dependent transcription (Auphan et al., 1995; Scheinman et al., 
1995a) even though others have shown that increased synthesis of I B is neither 
required, nor suffi  cient for the glucocorticoid-dependent inhibition of the NF- B 
activity (Heck et al., 1997).

It is generally believed that the anti-infl ammatory eff ects of glucocorticoids are 
mediated by transrepression mechanisms, while harmful side eff ects (including 
reduced bone mass, hypertension, and diabetes) occur through transactivation 
events (Clark and Lasa, 2003). However, whether the eff ects of glucocorticoids can 
be easily divided into two paths is questionable. For example, the contribution from 
transactivation of anti-infl ammatory genes should not be forgotten.

Recently, glucocorticoid actions on cellular signaling pathways have started to 
be unraveled. For example, GR-mediated inhibition is reported for all three major 
MAPK pathways. Th is eff ect seems to be mainly due to a glucocorticoid-dependent 
induction of MAPK phosphatase-1 (MKP-1), reported in e.g. mast cells (Kassel et 
al., 2001), HeLa cells (Lasa et al., 2002), fi broblast-like synoviocytes (Toh et al., 
2004), and macrophages (Chen et al., 2002). In addition, MKP-1 is also induced 
by infl ammatory signals such as LPS (Chen et al., 2002; Valledor et al., 2000; 
Zhao et al., 2005) and IL-1  (Toh et al., 2004). Th e induction of MKP-1 by LPS is 
suggested to be mediated by PKC  in murine bone marrow macrophages (Valledor 
et al., 2000). MKP-1 is a member of a large family of phosphatases and inactivates 
MAPKs by dephosphorylation of threonine and tyrosine residues of their Th r-Xxx-
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Tyr activation motifs (Clark and Lasa, 2003).
In several cases, glucocorticoids inhibit gene expression at the level of mRNA 

turnover, as described for e.g. cyclin-D3 (Garcia-Gras et al., 2000), IFN-  (Peppel 
et al., 1991), IL-8 (Chang et al., 2001), IL-11 (Wang et al., 1999), and COX-2 
(Ristimäki et al., 1996). Th e mechanism for dexamethasone-induced destabilization 
of COX-2 mRNA has been resolved in detail. Lasa et al. (2001) conclude that the 
destabilizing action of dexamethasone is achieved through inhibition of the MAPK 
p38. Th is eff ect is mediated via dexamethasone-induced expression of MKP-1, a 
potent inhibitor of MAPK p38 (Lasa et al., 2002).

Another protein, known as the glucocorticoid-induced leucine zipper (GILZ), 
seems to mediate the inhibitory eff ects of glucocorticoids on the transcription factors 
NF- B and AP-1. For example, inhibitory actions of GILZ on AP-1 blocks the 
transcription of IL-2 (Mittelstadt and Ashwell, 2001). In addition, GILZ inhibits 
the ERK1/2 pathway via the MAPK-kinase-kinase Raf (Clark and Lasa, 2003).

Dexamethasone and iNOS
Dexamethasone is a synthetic glucocorticoid that mimics natural glucocorticosteroids. 
It has been used for many years in the treatment of infl ammatory diseases.

In 1990, Di Rosa et al. and Radomski et al. report that glucocorticoids 
(dexamethasone and hydrocortisone) decrease LPS/IFN -induced iNOS expression 
and NO formation in both macrophages and vascular endothelial cells. Since then, 
this has been confi rmed by numerous studies and in several diff erent cell types. 
Nevertheless, there are also cells that do not respond to glucocorticoids (Salzman et 
al., 1996; Vuolteenaho et al., 2001). Th e timing of administration of glucocorticoids 
is one important factor, illustrated by lack of iNOS inhibition when rat aortic smooth 
muscle cells are treated with dexamethasone after induction of IL-1  (Perrella et 
al., 1994). In contrast, in RAW 264.7 macrophages, dexamethasone inhibits iNOS 
expression even after induction has taken place (Walker et al., 1997). Moreover, 
dexamethasone inhibits LPS-induction of iNOS in vivo in rats, in several diff erent 
organs and tissues (Liu et al., 1993).

Several mechanisms for transcriptional inhibition of iNOS by dexamethasone 
are described. Induction of I B by dexamethasone is reported to inactivate the 
transcription factor NF- B and to decrease iNOS expression in both rat hepatocytes 
(de Vera et al., 1997) and mesangial cells (Saura et al., 1998). Furthermore, direct 
interaction between NF- B subunits and the GR results in decreased iNOS 
expression in human lung epithelial cells (Kleinert et al., 1996a).

Dexamethasone also aff ects iNOS mRNA turnover (Korhonen et al., 2002; 
Walker et al., 1997). It reduces the iNOS transcription rate, mRNA translation, 
and protein stability in interleukin 1 -stimulated rat mesangial cells (Kunz et 
al., 1996). However, whereas a stabilizing eff ect of dexamethasone on iNOS 
mRNA is suggested in rat mesangial cells (Kunz et al., 1996; Saura et al., 1998), 
destabilizing eff ects are reported in murine J774 (Korhonen et al., 2002) and RAW 
264.7 macrophages (Walker et al., 1997). Th ese seemingly opposite eff ects can 
probably be explained by cell type- and stimulus specifi c eff ects (Table 1). While the 
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mechanisms for destabilization of iNOS mRNA by dexamethasone remain largely 
unknown, Jalonen et al. (2005) report on a dexamethasone-provoked inhibition of 
TTP in activated macrophages. Since TTP increases iNOS mRNA stability (Fechir 
et al., 2005a) an inhibitory eff ect of dexamethasone on the TTP expression would 
decrease iNOS mRNA stability.

In addition to mRNA destabilization, Walker et al. (1997) suggest the importance 
of reduced translation as well as increased iNOS protein degradation, in response 
to dexamethasone. Th is is confi rmed by studies on dexamethasone inhibition of 
iNOS in rat mesangial cells (Kunz et al., 1996). Th e dexamethasone-mediated 
iNOS protein degradation is found to be the result of induced calpain-1-mediated 
proteolytic cleavage of iNOS (Walker et al., 2001).

At a post-translational level, dexamethasone is demonstrated to inhibit the 
coinduction of GTP cyclohydrolase I, BH4, CATs, and AS in IL-1 /IFN- -
stimulated cardiac microvascular endothelial cells (Simmons et al., 1996). While 
iNOS protein levels decreased by only 20%, NO production was almost completely 
inhibited (Simmons et al., 1996).

Finally, a dexamethasone-mediated decrease in GR mRNA accumulation is 
reported both in vivo (Kalinyak et al., 1987) and in vitro (Okret et al., 1986).
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hnRNPs in gene regulation

Th e hnRNPs constitute a family of multifunctional proteins with diverse functions 
in the cell, ranging from transcription and pre-mRNA processing in the nucleus 
to mRNA translation and decay in the cytoplasm. Newly synthesized transcripts, 
known as pre-mRNAs or heterogeneous nuclear RNAs (hnRNAs), are bound by 
hnRNPs, forming large RNA-protein complexes (Dreyfuss et al., 1993). About 20 
abundant hnRNPs have been identifi ed in human cells, ranging from hnRNPA1 
(34 kDa) to hnRNPU (120 kDa) (Dreyfuss et al., 2002; Krecic and Swanson, 1999). 
Many hnRNPs were fi rst regarded as exclusively nuclear proteins, but have later been 
shown to shuttle between the nucleus and cytoplasm, playing important functions in 
the nucleocytoplasmic mRNA transport machinery (Michael et al., 1995; Nakielny 
and Dreyfuss, 1997). Th e hnRNPs are abundant in various cell types and tissues, 
but also exhibit cell type-specifi c expressions (Kamma et al., 1995).

Th e hnRNPK was the fi rst hnRNP reported to play a role in transcriptional 
regulation. Several genes have promoter binding sites for hnRNPK (Bomsztyk et 
al., 2004). For example, binding of hnRNPK to pyrimidine-rich single stranded 
DNA in the c-myc promoter stimulates transcription (Michelotti et al., 1996). In 
addition, hnRNPK can function as a transcriptional repressor, either by blocking 
transcription factors from binding their promoter elements (Du et al., 1998) or 
by binding directly to transcription factors (Miau et al., 1998). Th e hnRNPA1 is 
reported to interact with the inhibitory protein I B  and a role for increasing NF-

B-dependent transcription is suggested (Hay et al., 2001).
Another important function described for hnRNPs is the regulation of telomere 

lengths. Telomeres are repetitive DNA sequences in the ends of human chromosomes, 
which are shortened at each cell division. Th is shortening process is compensated 
for by telomerase, a ribonucleoprotein complex. Several reports suggest a role for 
hnRNPA1, C1/C2 and D in telomere length maintenance via binding to telomeres 
and telomerase (Ford et al., 2002; LaBranche et al., 1998).

In addition, several hnRNPs, e.g. hnRNPA1, C1/C2, H, and I, are reported to 
participate in pre-mRNA splicing in the nucleus (Dreyfuss et al., 2002).

Several hnRNPs are implicated in 3’end processing, where hnRNPI (Castelo-
Branco et al., 2004), H (Bagga et al., 1998), and Nab4p (Hrp1p, structurally related 
to human hnRNPA1) (Kessler et al., 1997) are described to function as cleavage/
polyadenylation factors.
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Among the hnRNPs reported to regulate mRNA stability are hnRNPA1 
(Glisovic et al., 2003), C (Rajagopalan et al., 1998), D (Kiledjian et al., 1997), E 
(Ostareck-Lederer and Ostareck, 2004), I (Tillmar et al., 2002), and L (Shih and 
Claff ey, 1999).

Th ere are also many examples of hnRNPs regulating mRNA translation, such 
as hnRNPC (Kim et al., 2003), E, K (Ostareck et al., 1997), and I (Giraud et al., 
2001). Th e hnRNPs are reported to participate in both cap-dependent and cap-
independent translation.

hnRNPI/PTB
Th ree isoforms of hnRNPI, also known as polypyrimidine tract binding protein 
(PTB) or p57, have been reported. Th e main isoform, PTB1, consists of 531 amino 
acids and has a molecular mass of 57 kDa (Gil et al., 1991; Hellen et al., 1993; 
Patton et al., 1991). PTB2 has 19 additional amino acids, inserted after position 
291 of PTB1 (Garcia-Blanco et al., 1989; Gil et al., 1991; Patton et al., 1991). Th e 
third and largest isoform, named PTB4, was originally called hnRNPI and has an 
insertion of 26 amino acids after position 291 of PTB1 (Ghetti et al., 1992; Patton et 
al., 1991). All hnRNPI isoforms contain four RRMs and can form both monomeric 
and oligomeric forms (Oh et al., 1998). RRM2 seems to be most important for 
oligomerization, while RRM3 and RRM4 are involved in RNA binding (Conte et al., 
2000; Oh et al., 1998; Perez et al., 1997b). RRM2 is also reported to be essential for 
protein-protein interactions between diff erent hnRNPs, e.g. hnRNPI and hnRNPL 
(Hahm et al., 1998a; Kim et al., 2000a). Consensus RNA binding sites for hnRNPI 
consist of UCUU(C), and possibly UUCU/C, in a polypyrimidine-rich context 
(Perez et al., 1997a; Singh et al., 1995). A murine PTB isoform has also been cloned 
(Bothwell et al., 1991). While a high homology between hnRNPI cDNAs in various 
species is reported (Wagner and Garcia-Blanco, 2001), their 3’UTRs are unusually 
long (1.5 kb) and diff er considerably between species (Gil et al., 1991).

Th e hnRNPI was fi rst reported to be a nuclear protein, mainly found in the 
nucleoplasm, with high concentrations in the perinucleolar compartment (a unique 
nuclear structure localized in the periphery of the nucleolus) (Ghetti et al., 1992; 
Huang, 2000; Huang et al., 1997; Matera et al., 1995). In addition, hnRNPI is 
reported to shuttle between the nucleus and cytoplasm in a transcription sensitive 
manner (Michael et al., 1995), and the shuttling is proposed to be uncoupled from 
RNA export (Kamath et al., 2001). Th e nuclear localization signal is situated within 
the fi rst 60 amino acids at the N-terminal end of the protein (Perez et al., 1997b; 
Romanelli et al., 1997) with a nuclear export signal residing within the fi rst 25 
amino acids (Li and Yen, 2002).
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Post-transcriptional regulation by hnRNPI
In mammalian cells, hnRNPI is recognized as a key factor in regulation of alternative 
splicing (Valcarcel and Gebauer, 1997; Wagner and Garcia-Blanco, 2001). For 
example, cell-type specifi c splicing will secure splicing of the c-src N1 exon in neural 
cells, whereas this exon is repressed in non-neural cells by intronic PTB binding sites 
fl anking the exon (Chan and Black, 1997; Chou et al., 2000). Th e repressive eff ect 
on alternative splicing of -tropomyosin exon 3 (Perez et al., 1997a) varies between 
PTB isoforms, where PTB4 is most eff ective (Wollerton et al., 2001).

Furthermore, hnRNPI is proposed to increase the stability of several mRNAs. 
For example, binding of PTB to insulin 3’UTR mRNA increases its stability in 
response to glucose challenge (Tillmar et al., 2002). A complex containing PTB and 
cold shock domain (Y-box) proteins binds to the vascular endothelial growth factor 
(VEGF) 3’UTR mRNA and mediates mRNA stability in both induced and non-
induced conditions (Coles et al., 2004). In addition, interaction of PTB with the 
3’UTR of the membrane phosphoprotein GAP-43 (important for development and 
plasticity of neural connections) mRNA is proposed to have an mRNA stabilizing 
eff ect (Irwin et al., 1997). Furthermore, PTB and a possible splice variant called 
PTB-T (p25) are suggested to have important functions in the expressional control 
of the CD154 (CD40 ligand) in activated T lymphocytes, via its 3’UTR (Hamilton 
et al., 2003).

PTB is also reported to modulate the effi  ciency of polyadenylation in 3’end 
processing, thereby acting as a regulator of mRNA expression (Castelo-Branco 
et al., 2004). Th is is shown for the C2 complement gene, which has an unusual 
poly(A) signal upstream sequence element (USE) required for effi  cient cleavage and 
polyadenylation (Moreira et al., 1998). Th is polypyrimidine-rich USE binds PTB 
and upon mutation of this site, the effi  ciency of the C2 poly(A) site is reduced 
(Moreira et al., 1998).

PTB is involved in translation of both cellular and viral RNAs. In most cases, 
PTB is described as a factor in cap-independent translation via IRESs (Vagner 
et al., 2001). Th e insulin-like growth factor I receptor is an example of a cellular 
protein whose translation is mediated by an IRES, where PTB is reported to bind 
(Giraud et al., 2001). In addition, PTB and upstream of N-ras (unr) are described as 
functionally important proteins in the IRES dependent translation of the apoptotic 
protease-activating factor-1 (Mitchell et al., 2001). Translation of unr itself is 
governed by an IRES that is down-regulated by PTB (Cornelis et al., 2005). Kim 
et al. (2000b) report that PTB overexpression inhibits IRES-dependent translation 
of the immunoglobulin heavy chain binding protein Bip in Cos-7 cells. Several 
viral RNAs depend on PTB for their IRES mediated translation, e.g. PTB increases 
the translation of picornaviruses (Hellen et al., 1994; Hellen et al., 1993) while it 
attenuates the translation of hepatitis C virus (HCV) RNA (Ito and Lai, 1999). In 
addition, a 25 kDa PTB cleavage product is shown to act as a translational inhibitor 
of the hepatitis A virus RNA via binding to its IRES, while addition of full-length 
PTB could revert this inhibition (Venkatramana et al., 2003).
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PTB is also reported to alter the RNA conformation of the complementary 
3’UTR strand of the mouse hepatitis virus, which is suggested to have a role for 
transcription of the viral subgenomic mRNA (Huang and Lai, 1999). 

hnRNPI in apoptosis
Several reports consider a possible role for hnRNPI in apoptotic events. For example, 
apoptosis-induced degradation of hnRNPI has been described (Shav-Tal et al., 
2000). In addition, PTB is shown to be cleaved by caspase-3 during apoptosis (Back 
et al., 2002b). Th e cleavage products from PTB inhibit translation of polioviral 
mRNA, which contains a PTB-binding IRES element (Back et al., 2002a; Back 
et al., 2002b). Th is indicates that translation of IRES-containing mRNAs could 
be inhibited by cleavage of PTB during apoptosis. Th e role of PTB and unr in the 
translation of the apoptotic protease-activating factor-1 (mentioned above) illustrates 
another example where PTB seems to be involved in mediating important apoptotic 
events (Mitchell et al., 2001).

In addition to translational regulation, control of splicing presents PTB with 
other means to regulate genes important for apoptosis. Th us, PTB is reported to 
repress the inclusion of exon 9 in caspase-2, which produces an isoform known 
to induce cell death (Cote et al., 2001). Conversely, including exon 9 results in an 
isoform, which has anti-apoptotic eff ects (Cote et al., 2001).

hnRNPI and immune response
Not much information is available on hnRNPI and infl ammation. However, as 
mentioned above, a role for PTB in regulating the mRNA stability of CD154 
through interactions with its 3’UTR mRNA is suggested (Hamilton et al., 2003). 
Th e authors describe a novel cis-acting instability element within the CD154 3’UTR 
mRNA, consisting of a polypyrimidine-rich region. Th e full-length 3’UTR of 
CD154 confers instability to a reporter gene, while deletion of PTB-binding sites 
increases the reporter gene expression. By co-transfecting CD154 3’UTR full-length 
reporter constructs with plasmids encoding either PTB or PTB-T (PTB splice 
variant, p25), Hamilton et al. (2003) disclose that PTB increases the luciferase 
expression, while PTB-T decreases it. Given the importance of CD154 in activated 
T lymphocytes for development of humoral (antibody response) and cell-mediated 
immunity, regulation of CD154 mRNA stability by PTB could be an important 
event. In addition, the role of PTB in polyadenylation of the C2 complement (an 
important factor in the complement system of the innate immunity) mRNA further 
implies a central role for PTB in the regulation of certain genes in infl ammatory 
conditions (Moreira et al., 1998).

Two-dimensional gel analysis of neonatal rat islets of Langerhans treated for 24 
h with IL-1  and the NOS inhibitor L-NAME reveals that hnRNPI is one of the 
proteins being elevated by cytokine treatment, and this is reversed by inhibition of 
NO production (John et al., 2000). In addition, PTB mRNA is reported to increase 
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in response to glucose- or interleukin-1  treatment of insulin-producing TC-6 
cells (Fred and Welsh, 2005).

Of note, when looking at mRNA expression data of human hnRNPI in the GNF 
expression atlas 2 (data from U133A and GNF1H chips) available online (http://
genome.ucsc.edu) (Karolchik et al., 2003; Su et al., 2004), high levels of hnRNPI is 
consistently reported in cancer cells and in cells participating in immune responses 
(personal observations).

hnRNPL
Th e hnRNPL is a glycine- and proline-rich 68 kDa protein. It is mainly found 
in the nucleus and is abundant in hnRNPL perinucleolar bodies (Huang, 2000; 
Pinol-Roma et al., 1989). However, hnRNPL is also found in the cytoplasm (Hahm 
et al., 1998b; Navakauskiene et al., 2004). Like for many other hnRNPs, multiple 
functions have been proposed for hnRNPL.

Transcriptional regulation by hnRNPL
In the nucleus, hnRNPL is reported to bind together with the major human AP-
endonuclease 1 protein (APE1) to a negative calcium responsive element in the 
promoter of APE1 itself, repressing its transcription (Kuninger et al., 2002).

Post-transcriptional regulation by hnRNPL
Th e hnRNPL binds to a cis-acting sequence within the RNA of the intronless 
herpes simplex virus type 1 thymidine kinase (HSV-TK) gene and enables intron-
independent gene expression (Liu and Mertz, 1995). An element within this cis-
sequence is suggested to be involved in mRNA stabilization, polyadenylation, and 
cytoplasmic accumulation, via the action of hnRNPL (Guang et al., 2005). 

Furthermore, hnRNPL acts as a splicing enhancer for the eNOS gene by binding 
to intronic CA repeats (Hui et al., 2003b). A general role for hnRNPL as a sequence-
specifi c RNA protection factor has been suggested (Hui et al., 2003a). Recently, 
alternative splicing of several genes has been described, where intronic CA RNA 
sequences and their binding to hnRNPL seem to be important (Hui et al., 2005).

Other reports support the role for hnRNPL as an mRNA stabilizing factor. For 
example, hnRNPL stabilizes VEGF mRNA under hypoxic conditions (Shih and 
Claff ey, 1999). In contrast, the Glut1 glucose transporter mRNA 3’UTR binds 
both hnRNPA2 and hnRNPL, and upon stimulation (hypoxia and hypoglycemia), 
Glut1 mRNA stability increases concomitantly with decreased levels of hnRNPA2 
and hnRNPL in the polysomes (Hamilton et al., 1999).

Like hnRNPI, hnRNPL is also suggested to be an important factor in IRES-
dependent viral translation of e.g. HCV (Hahm et al., 1998b).
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hnRNPL in immune response and apoptosis
Few reports suggest a possible role for hnRNPL in immunologic or apoptotic events. 
For example, hnRNPL is involved in alternative splicing of CD45, which encodes 
a transmembrane tyrosine phosphatase, important for intracellular signaling in 
antigen-activated T cells (Tong et al., 2005). 

From a study on tyrosine phosphorylation of cytosolic and nuclear proteins 
in human promyelocytic leukemia HL-60 cells undergoing diff erentiation 
and apoptosis, hnRNPL is reported to decrease in the nucleus, while tyrosine 
phosphorylated hnRNPL increases in the cytosol (Navakauskiene et al., 2004). 
Th e authors speculate on a possible role for hnRNPL in mRNA translation during 
apoptosis.

Finally, hnRNPL is also recognized as an important factor for cancer cell 
susceptibility to the anti-tumour antibiotic KW-2189 (derivative of duocarmycin), 
which acts through binding to the DNA minor groove and inhibiting DNA synthesis 
(Taguchi et al., 2004).
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Aims

Detailed mapping of the molecular mechanisms governing the regulation of 
iNOS expression is of importance for understanding NO production during e.g. 
pathophysiological conditions. Until recently, transcriptional control has been 
considered the most important event in the regulation of the iNOS gene. However, 
a growing number of studies suggest that post-transcriptional mechanisms play 
important roles in the regulation as well. Th e aim of the present thesis was to 
investigate the molecular mechanisms of post-transcriptional regulation of the 
murine iNOS gene.

Th e specifi c aims of this thesis were to:

• Identify and characterize possible trans-acting factors and their binding sites 
within the 3’UTR of the murine iNOS mRNA.

• Investigate the role of these factors in the infl ammation-dependent upregulation 
of the iNOS gene.

• Examine the role of dexamethasone in the post-transcriptional regulation of the 
iNOS gene.
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Materials and Methods

Animals
Male DBA/2J mice, 6-10 weeks old, were provided by Möllegaard, Denmark. Th e 
mice were kept at the animal facility at the Biomedical Centre, Uppsala, and allowed 
food and water ad libitum. Th e animals were allowed to acclimatize for one week, 
before treatment.

Th e mice (approx. 25 g) received intraperitoneal injections of lipopolysaccharide 
(LPS, 100 ng) (Escherichia coli, serotype 0127:B8, Sigma-Aldrich, Stockholm, 
Sweden) and D-galactosamine (D-GalN, 10 mg) (ICN Pharmaceuticals, Costa 
Mesa, CA), dissolved in saline. Control mice received saline only. After six hours 
of treatment, the animals were killed by cervical dislocation, and the livers were 
removed. Th e studies were approved by the Ethical Committee in Uppsala (Sweden) 
with approval number C3/1 and performed accordingly.

Cell cultures
RAW 264.7 murine macrophages were purchased from the American Type Culture 
Collection, Manassas, USA, and maintained in Dulbecco’s modifi ed Eagle medium 
supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/ml), and 
streptomycin (100μg/ml) at 37°C in humidifi ed 5% CO2 atmosphere.

Th e RAW 264.7 cell line (established from ascites of a tumor induced in a male 
BAB/14 mouse by i.p. injection of Abelson leukemia virus) (Raschke et al., 1978) 
was chosen since these cells have been extensively used for iNOS regulation studies 
(Lowenstein et al., 1992; Stuehr et al., 1991), and their response to infl ammatory 
stimuli such as LPS and cytokines are well documented (Barbour et al., 1998; Le 
Page et al., 1996; Raschke et al., 1978; Stuehr and Marletta, 1987).

All experiments were performed before 20 passages, since the response of the cells 
to stimuli decreased after this time-point. Age dependent decline in infl ammatory 
response (e.g. NO production) is previously reported in murine macrophages (Ding 
et al., 1994) and in rat hepatocytes (Pie et al., 2002). Cells were grown to 70% 
confl uence, and the culture medium was changed 24 h before treatment. Increased 
cell density is reported to result in higher iNOS expression through IFN- -mediated 
activation of IFN-dependent signaling pathways in murine macrophages (Jacobs 
and Ignarro, 2003). However, in our conditions, too high confl uence (>90) resulted 
in severe toxicity after 24 h of LPS/IFN  treatment.
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Non heat-inactivated FBS (10106-169, Gibco, Invitrogen AB, Sweden) was 
used in all experiments, since a functional complement system was desired. Th e 
usage of diff erent media and sera is clearly an important factor partly explaining 
the diff ering results gathered in the literature, even when considering the same 
experimental models. We noted that the RAW 264.7 cells seemed to be extremely 
sensitive to conditions such as medium, serum type, confl uence and age to maintain 
reproducible results.

Cells were treated with LPS (100 ng/ml), D-GalN (2.5 mg/ml), or recombinant 
murine interferon-  (IFN , 5 ng/ml). Control cells received vehicle (saline) only. 
Dexamethasone (1 μM) was added at the same time as the inducers. Actinomycin 
D (4 μM) dissolved in DMSO was added after washing and changing of the cell 
medium. Control cells received DMSO only.

Recombinant plasmids and transfections
Th e murine iNOS cDNA plasmid (iNOS-Bluescript KS) was generously donated by 
Dr. Charles J. Lowenstein, John Hopkins University, Baltimore, MD.

Th e design and creation of luciferase reporter gene constructs with insertions of 
full-length iNOS 3’UTR or 3’UTR where binding sites for hnRNPI and hnRNPL 
were deleted are described in detail in papers II and III.

RAW 264.7 cells were transfected at 60% confl uence, using the Superfect® 
transfection reagent (QIAGEN, VWR International, Sweden) according to the 
manufacturer’s protocol. For transfection of 1 μg of fi refl y luciferase construct, cells 
were co-transfected with 0.2 μg of a renilla luciferase reporter plasmid pRL-EF-
1  (kindly provided by Prof. H. Kleinert, Johannes Gutenberg University, Mainz, 
Germany), for transfection effi  ciency correlations. 44 h post-transfection, cells were 
lysed and harvested in 1 x passive lysis buff er (Promega, Scandinavian Diagnostic 
Services, Sweden). Th e luminescence in relative light units (RLU) was read in a TD-
20/20 luminometer (Turner Designs, Scandinavian Diagnostic Services, Sweden) 
with 10 μl of cell extract added to 30 μl of fi refl y or 100 μl of renilla luciferase 
reagents, respectively. Firefl y luciferase reagent was purchased from Promega, while 
Renilla luciferase reagent contained 0.9 μM coelenterazine in 0.1 M NaCl, 25 mM 
Tris-HCl (pH 7.5) and 1 mM CaCl2, and was prepared fresh before use. Th e RLU 
values of fi refl y luciferase were normalized to renilla luciferase activities.

RNA analysis
Northern blot analysis
Total RNA from mice liver and RAW 264.7 cells were isolated using RNeasy® Midi 
and Mini kits, respectively (QIAGEN, VWR International, Stockholm, Sweden). 
20 μg RNA was separated on a 1.2% agarose/formaldehyde gel, transferred onto a 
Hybond™-N nylon membrane (Amersham Biosciences, Uppsala, Sweden) and UV 
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cross-linked before hybridization. Th e membrane was hybridized overnight at 65°C in 
a modifi ed Church buff er (0.25 M phosphate buff er, 7% SDS, 1 mM EDTA) (Church 
and Gilbert, 1984) with 1.7 x 107 cpm [ -32P] dCTP-labeled cDNA. Radiolabeling 
was performed with the Megaprime labeling kit (Amersham Biosciences, Uppsala, 
Sweden). Th e cDNAs used were as follows: the 4-kb NotI fragment, excised from 
the murine iNOS cDNA plasmid; the luciferase coding region, excised from the 
pGL3 Promoter vector (Promega, SDS, Sweden); and glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) cDNA (BD Clontech, Palo Alto, CA). GAPDH was 
routinely used as a control for equal loading of the samples.

Secondary structure analysis
Th e Mfold program was used to perform computer secondary structure predictions 
of the iNOS 3’UTR sequence (Mathews et al., 1999; Zuker et al., 1999).

RNA-protein interactions
In vitro transcription
All templates for in vitro transcriptions were created by polymerase chain reactions 
(PCR), with forward primers fl anked by the T7 promoter sequence and the 
appropriate reverse primers (se details in papers I-III). Th e PCR products were in 
vitro transcribed with T7 RNA polymerase in the presence of [ -32P] UTP (800 
Ci/mmol) using standard protocols (Promega, SDS, Sweden). Unincorporated 
nucleotides were removed with a MicroSpin™ G-50 column (Amersham Biosciences, 
Uppsala, Sweden).

Electrophoretic mobility shift assay (EMSA)
EMSA is widely used to study RNA-protein interactions. It relies on the change 
in electrophoretic mobility of a nucleic acid molecule (here: RNA) when bound to 
proteins. Th us, upon protein binding, the RNA is retarded in the gel, giving rise 
to a so-called shift in the position of the RNA. Non-denaturing conditions are 
maintained, trying to mimic in vivo conditions as much as possible. While an RNA-
protein complex can be detected this way, the method does not allow identifi cation 
of proteins involved in the complex.

Binding reactions were performed for 10 min at room temperature (RT; 20°C) 
with 5 or 25 μg of cytoplasmic protein extracts and 200,000 cpm of 32-P labeled 
RNA transcript in a total volume of 20 μl containing 10 mM HEPES, pH 7.6, 3 mM 
MgCl2, 40 mM KCl, 5% glycerol, 1 mM dithiothreitol (DTT) and 1 μg of yeast 
tRNA. Th ereafter, unbound RNA was digested with 20 units of RNase T1 (Sigma-
Aldrich, Stockholm, Sweden) for 20 min at RT. Th e RNA-protein complexes were 
resolved on a non-denaturing 7% polyacrylamide gel (acrylamide:bisacrylamide 
ratio, 37.5:1). Finally, the gel was dried and autoradiographed for 5 h.

For competition experiments, unlabeled competitors were added 10 minutes 
before the addition of the radiolabeled RNA.
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Supershift assay
Th e supershift assay is an EMSA run in the presence of a specifi c antibody. If the 
expected protein is present in the RNA-protein complex, and available for antibody 
binding, the complex will migrate slower than the control complex without antibody, 
thus producing a supershift.

Here, 5 μg of protein extract was incubated with the RNA probe as described 
above. After RNase T1 treatment, 1 μl of anti-hnRNPI/PTB (Zymed Laboratories, 
South San Francisco, CA), anti-hnRNPL (4D11), or anti-hnRNPC (4F4) monoclonal 
antibodies, were added to the mixtures and incubated for another 10 min, before 
loading on a non-denaturing gel, as described by Min et al. (1995). Anti-hnRNPL 
and anti-hnRNPC antibodies were generously provided by Dr. Gideon Dreyfuss 
(Howard Hughes Medical Institute, University of Pennsylvania, Philadelphia, PA).

UV cross-linking assay
Th e ultraviolet (UV) cross-linking assay is a common method for detecting RNA 
binding proteins. Proteins are cross-linked to a radiolabeled RNA and separated 
under denaturing conditions to allow separation of individual proteins. By using a 
molecular mass standard, the apparent molecular mass of an RNA-binding protein 
can be estimated.

Binding reactions were carried out for 12 min at RT with 10 μg of cytoplasmic 
proteins under the same conditions as for EMSA. Th e samples were then placed 
in cold blocks and exposed to UV light for 20 min in a Spectrolinker XL-1000 
UV cross-linker (Spectronics, Westbury, NY). Next, unbound RNA was digested 
with 2 μg of RNase A (Roche Diagnostics Scandinavia, Bromma, Sweden) at 37°C 
for 20 min, and the samples were denatured and separated by sodium dodecyl 
sulfate polyacrylamide gel (SDS-PAGE) (12%). Finally, the gel was dried and 
autoradiographed over night.

Immunoprecipitation
Immunoprecipitation of UV cross-linked complexes can be used to identify RNA-
binding proteins. Here, immunoprecipitation was performed essentially as described 
by Hamilton et al. (1993). Th e principal behind this technique is to add an antibody, 
which is expected to recognize a specifi c protein, to the UV cross-linked complex. 
Th e antibody is then caught by adding protein A-sepharose beads. Th e beads that 
are now bound to the specifi c RNA-protein complex are separated from the rest 
of the sample by centrifugation. After washing and denaturation, the proteins are 
separated on a denaturing gel, to see if the expected protein has been recognized by 
the antibody.

A typical UV cross-linking was performed with 40 μg of liver cytoplasmic extract 
and 200,000 cpm of radiolabeled RNA. Following RNase A digestion, the RNA-
protein complexes were incubated with a 1:500 dilution of anti-hnRNP L (4D11), 
anti-hnRNP I/PTB or anti-hnRNP C (4F4) (used as a control antibody) monoclonal 
antibodies for 2h at 4°C. Th e samples were then incubated with 30 μl of protein A-
Sepharose beads (Amersham Pharmacia Biotech, Sweden) for 1 h at 4°C. Th e beads 
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were recovered by brief centrifugation and washed three times in phosphate buff ered 
saline (PBS). Th e proteins were denatured and analyzed by SDS/PAGE (12%). After 
drying, the gels were exposed to X-ray fi lms.

Protein analysis
Protein isolation
Crude extract from mouse liver
For preparation of crude cytoplasmic protein extracts, excised mouse liver was 
homogenized in 15 mM Hepes buff er, pH 7.6, containing 3 mM MgCl2, 40 
mM KCl, 1 mM DTT, 0.5 mM phenylmethylsulfonyl fl uoride (PMSF), 10 ng/
μl Leupeptine and 0.4% Igepal. Th e homogenate was centrifuged at 12,000 g for 
10 min at 4°C. Th e supernatant, corresponding to the cytoplasmic extract, was 
aliquoted and stored at -80°C until further use.

Cytoplasmic protein isolation from cells
Cytoplasmic proteins from RAW 264.7 cells were prepared as described by Tsai et al. 
(1999). Briefl y, the cells were washed once and then harvested in cold 1 x PBS. Th e 
cell pellet was resuspended in 100 μl Buff er A (10 mM Hepes pH 7.6; 10 mM KCl; 
0.1 mM ethylenediamine tetraacetic acid (EDTA); 1 mM DTT; 0.5 mM PMSF) 
and homogenized. After 20 s centrifugation at 12,000 x g, 4°C, the supernatant 
containing the cytoplasmic fraction was recovered and stored at -80°C.

Western blot analysis
Cytoplasmic protein samples (5-25 μg) were denatured, separated on a 12% SDS-
PAGE, and blotted onto a Hybond™ECL™ nitrocellulose membrane (Amersham 
Biosciences, Uppsala, Sweden). After blocking for 1 h in 0.1% Tris-buff ered saline-
Tween 20 (TBS-T) with 5% milk, the membrane was incubated with primary 
antibody for 3 h at RT. Th e primary antibodies used were as follows: monoclonal 
antibody 4D11 (anti-hnRNPL), 1:5000; monoclonal anti-polypyrimidine tract 
binding protein (PTB/hnRNPI) 1:1000; polyclonal anti-iNOS antibody (M-19) 
1:500; and anti- -actin antibody (C-11) (Santa Cruz Biotechnology, Santa Cruz, 
CA) 1:250. After 1 h washing with TBS-T (with 5% milk), the membrane was 
incubated with the secondary horse-radish peroxidase-labeled antibody (purchased 
from Bio-Rad Laboratories AB, Sundbyberg, Sweden). Detection was performed 
with the ECL Western blotting analysis system (Amersham Biosciences, Uppsala, 
Sweden). actin levels were routinely measured as a control for equal loading of 
the samples.
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Nitric oxide production
NO is rapidly converted to the stable metabolite nitrite (NO2

-) in aqueous solutions. 
Here, NO production was measured as nitrite, accumulated in the cell culture 
medium, with the modifi ed Griess reagent (Sigma-Aldrich, Stockholm, Sweden). 
100 μl Griess reagent was added to 100 μl culture supernatant and incubated for 
15 min before reading the absorbance at 540 nm. Nitrite concentrations were 
determined using sodium nitrite as a standard (Green et al., 1982).

Statistical analysis
Data represent means +/- SEM. For comparisons between two groups, Student’s 
unpaired t-test was used. Statistical diff erences of overall comparisons of multiple 
means were determined by Analysis of Variance (ANOVA), followed by Fisher’s 
Protected Least Signifi cant Diff erence (PLSD) post-hoc test. Diff erences were 
considered statistically signifi cant at p<0.05. Th e StatView 5.0.1 (SAS Institute Inc., 
Cary, NC) computer program was used for all statistical analyses.
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Infl ammation dependent RNA-protein interactions 
with iNOS 3’UTR (Papers I and III)

Previous reports demonstrate that iNOS mRNA is stabilized upon induction by 
infl ammatory stimuli, suggesting the involvement of post-transcriptional events 
in the regulation of the murine iNOS gene (Vodovotz et al., 1993; Walker et al., 
1997; Weisz et al., 1994). However, the mechanisms behind the stabilization have 
not been studied in detail. Th erefore, the presence of possible trans-acting factors 
interacting with the murine iNOS 3’UTR, and their potential contribution to the 
increased iNOS mRNA levels, were investigated.

RNA-protein interactions with iNOS 3’UTR mRNA, and 
their alteration upon septic shock
Identifi cation of trans-acting factors binding to the iNOS 3’UTR was initiated by 
performing an EMSA with iNOS full-length 3’UTR mRNA and mouse liver crude 
protein extracts (Paper I). Th e mice were either untreated or treated with LPS and 
D-GalN for 6 h, to simulate sepsis. Th e EMSA (Fig. 11A) revealed a retarded band 
in untreated samples, which disappeared upon LPS/D-GalN treatment, when iNOS 
was induced (verifi ed as increased mRNA levels in Northern blot).
UV cross-linking experiments with the iNOS 3’UTR revealed that the RNA-protein 
complex seen in EMSA contained at least two proteins with the apparent molecular 
masses of 60 and 70 kDa (Fig. 11B). Th e intensity of the bands decreased slightly 
upon treatment with LPS/D-GalN.

Characteristics of the RNA-protein interactions
Characteristics of the 60- and 70-kDa proteins were examined in detail, regarding 
specifi city of the RNA-protein interactions, preferences for homoribopolymers and 
identifi cation of their binding sites.

From competition analyses, it could be concluded that the RNA-protein 
interactions were specifi c. However, while the 60-kDa complex was more sensitive 
than the 70-kDa complex to the LPS/D-GalN treatment (Fig. 11B), the 70-kDa 
complex was slightly more aff ected by the non-specifi c RNAs used for competition 
analyses. Th ese results refl ect diff erences in their RNA binding and sensitivity to 
infl ammation.
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Free
probe

60 kDa
70 kDa

A B

Figure 11. RNA-protein complex formation with iNOS 3’UTR. 25 μg of liver crude protein extracts 
from untreated (C) and treated (LPS/D-GalN) mice were incubated with 32P-radiolabeled iNOS 
mRNA 3’UTR and analyzed by EMSA and UV cross-linking. (A) Th e EMSA complex is marked 
with an arrow. Th e third lane (-) contains no extract. (B) Th e UV cross-linked 60 and 70 kDa com-
plexes, and molecular weights (MW) in kDa, are indicated.

To identify the binding sites for the 60- and 70-kDa proteins within the iNOS 
3’UTR, various RNA fragments were created and used in protein binding analysis. 
Th e binding site for the 60-kDa protein was identifi ed within a 112-nt pyrimidine-
rich region, situated approximately 160 nt from the coding region, while that for the 
70-kDa protein was found within the last 81 nt of the 3’UTR (see Fig. 17B below). 
Antisense oligodeoxyribonucleotides, covering various parts of the two protein-
binding regions, mapped the primary binding site of the 60-kDa complex to a 50-nt 
CU-rich region within the 112-nt sequence, and that of the 70-kDa complex to an 
AU-rich 35-nt region located 30 nt upstream from the 3’end (see Fig. 17B below).

Competition analyses with unlabeled homoribopolymers revealed that poly(U) 
competed out the EMSA complex as well as the 60-kDa complex in UV cross-linking, 
while the 70-kDa protein displayed no particular affi  nity for homoribopolymers.
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Identifi cation and protein expressions of the trans-acting 
factors binding to iNOS 3’UTR mRNA
From the above results, it was concluded that the 60-kDa complex contained a 
protein with an apparent molecular mass of 60 kDa with a high affi  nity for U-rich 
regions, which was also refl ected in its polypyrimidine-rich (90% CU) primary 
binding site. Based on these characteristics, it was postulated that the protein 
could be hnRNPI/PTB, which was confi rmed by immunoprecipitation of the UV 
cross-linked 60-kDa complex (Fig. 12A). Th e identifi ed 50-nt primary binding site 
within the iNOS mRNA 3’UTR contains fi ve UUCC/U consensus motifs in a 
pyrimidine-rich context, typical for the binding site described for PTB (Perez et al., 
1997a; Singh et al., 1995).

BA

Free
probe

Figure 12. Identifi cation of trans-acting factors binding to iNOS mRNA 3’UTR. (A) Immunopre-
cipitation of: the 60-kDa protein binding to the 112-nt sequence (Upper panel) and the 70-kDa 
protein binding to the 81-nt sequence (Lower panel). Immunoprecipitated samples were incubated 
without (-) antibody or with antibodies against hnRNPC, hnRNPI, or hnRNPL (1:500 dilution). 
UVXL, UV cross-linked reference sample, without immunoprecipitation. (B) Supershift assay with 
the EMSA complex binding to the iNOS full-length 3’UTR RNA. Th e RNA-protein complex was 
incubated without (-) antibody or with 1 μl of anti-hnRNPC, anti-hnRNPI, or anti-hnRNPL anti-
bodies, as depicted. Th e fi rst lane contains no extract. Th e RNA-protein complex is marked with an 
arrow on the left, and the supershifted band is indicated with (*) on the right.
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Similarly, based on the characteristics gathered for the 70-kDa complex, i.e. its 
apparent molecular mass and lack of homoribopolymer recognition, together with 
previous information on the interaction of hnRNPI with hnRNPL (Hahm et al., 
1998a), and the 70% identity of its binding site with a known hnRNPL-binding 
site in VEGF 3’UTR mRNA (Shih and Claff ey, 1999), it was hypothesized that 
this protein could be hnRNPL. Indeed, positive results were obtained by immu-
noprecipitation with an antibody against hnRNPL (Fig. 12A). In addition, immu-
noprecipitation with the anti-hnRNPI antibody recognized the 60-kDa complex, 
revealing that this protein could bind to the same region as the 70-kDa complex, i.e. 
within the last 81 nt of the 3’UTR (Fig. 12A). Th is was verifi ed by overexposure of 
the UV cross-linked control sample, which unveiled the presence of both complexes 
at the 81-nt probe.

In addition, presence of hnRNPL within the gel shift complex was verifi ed by 
supershift analysis with the anti-hnRNPL antibody (Fig. 12B). However, supershift 
analysis with the hnRNPI antibody gave negative results, possibly due to the epitope 
being hidden within the protein complex.

We concluded that the 70-kDa protein was hnRNPL. Th e lack of a consensus-
binding site may refl ect fl exibility in recognizing various targets. It is possible that 
this fl exibility is mediated by interactions with other proteins. Th e binding site 
described herein shared 70% identity with a previously described hnRNPL-binding 
site within the VEGF 3’UTR mRNA, where hnRNPL has a stabilizing role (Shih 
and Claff ey, 1999). An alternative splicing and possible mRNA stabilizing function 
of hnRNPL via CA-rich cis-elements have also been reported (Hui et al., 2003a; 
Hui et al., 2003b; Hui et al., 2005). However, Hui et al. (2005) note that solely 
CA-rich elements do not confer high hnRNPL binding affi  nity. Th is could partly 
explain why we are able to detect hnRNPL binding to the 3’end of iNOS 3’UTR, 
where no CA-repeats can be found. Although hnRNPL is not reported to be an 
ARE-binding protein, the binding site within iNOS 3’UTR consists of 79% AUs, 
including one typical AUUUA site. To verify if this AUUUA element is important for 
hnRNPL binding, it was mutated to CCGGG, which resulted in increased binding 
of hnRNPL (data not shown). In addition, the fact that hnRNPL did not display 
any particular preference to either poly(A) or poly(U) in competition analyses also 
suggested that AU-rich sites are not important for its binding. Rather, it seems that 
a specifi c sequence defi nes the binding, in addition to secondary structures fl anking 
the region, as well as interacting protein partners, possibly hnRNPI.

To examine whether the decrease in RNA-protein complex formation was due to 
changes in cellular levels of hnRNPI and/or hnRNPL, Western blot analyses were 
performed with the mouse liver crude extracts from untreated and LPS/D-GalN 
treated mice (Paper III). Th e results revealed that the levels of hnRNPI decreased 
upon treatment with LPS/D-GalN, while hnRNPL remained unchanged (Fig. 13). 
Moreover, the anti-hnRNPI antibody detected shorter protein fragments (≈ 40 and 
25 kDa), in addition to hnRNPI itself (Fig. 13).
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Figure 13. hnRNPI protein levels decrease upon septic shock treatment. 25 μg of crude protein 
liver extracts from control (C) and LPS/D-GalN treated mice, were analyzed by Western blot. Th e 
protein levels of hnRNPL (L), hnRNPI (I), and actin are indicated. Th e shorter fragments detected 
by the anti-hnRNPI antibody are marked with I’ and I’’. Th e protein levels were measured by den-
sitometer analysis and normalized with actin. Th e bars (white for untreated and grey for treated) 
for each protein represent the means +/- SEM from three separate experiments. *p<0.05, p<0.05, 
compared to control (Student’s unpaired t-test).

Th e shorter hnRNPI fragments observed in mouse liver upon infl ammatory stimuli 
are likely to arise from degradation of hnRNPI. Indeed, there are reports on degra-
dation of hnRNPI (Shav-Tal et al., 2000) and appearance of hnRNPI degradation 
products (Back et al., 2002a; Back et al. 2002b) during apoptosis. Poliovirus pro-
tein, 3Cpro, cleaves hnRNPI into two fragments (Back et al., 2002a), similar in sizes 
(41 and 26 kDa) to the bands detected in this work, and in both cases an hnRNPI 
antibody reacting with the c-terminus of the protein was used. Th us, the infl amma-
tory stimuli creating apoptotic or pre-apoptotic conditions may cause degradation 
of hnRNPI.

Another explanation to the appearance of shorter protein fragments could be 
alternatively spliced or truncated proteins, as suggested by Hamilton et al. (2003). 
Th ey describe a role for PTB and for its possible splice variant PTB-T (p25) in 
regulating the mRNA stability of CD154 mRNA (as described under hnRNPI/
PTB above). CD154 plays an important role in the humoral and cell-mediated 
immunity, via binding to its receptor CD40 (Grewal and Flavell, 1998). Lack of 
CD154 is reported to result in impaired antigen-presentation and antimicrobial 
activity of macrophages (Noelle, 1996; Stout et al., 1996). Activation of T-cells with 
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phytohemagglutinin and phorbol myristate actetate/ionomycin induces CD154 
concomitantly with increasing PTB levels, and decreasing PTB-T levels (Hamilton 
et al., 2003). Co-transfection of a CD154 3’UTR full-length reporter construct with 
plasmids encoding either PTB or PTB-T reveals that PTB increases the luciferase 
expression, while PTB-T decreases it (Hamilton et al., 2003). In addition, cytosolic 
levels of PTB-T correlate with CD154 mRNA instability (Rigby et al., 1999).

Th is shorter PTB isoform is potentially interesting for iNOS regulation. However, 
while Hamilton et al. (2003) suggest a stabilizing function for PTB full-length, our 
results point to the contrary.

hnRNPI and hnRNPL in stimulated RAW 264.7 cells
To enable functional studies on the role of hnRNPI and hnRNPL in the regulation 
of iNOS expression, it was necessary to establish a cell model (Paper III). Since the 
fi rst studies were performed with mouse liver extracts, we examined the possibility 
to use mouse primary hepatocytes, which represent about 90% of the cells in the 
liver. A gel shift complex, as well as the 60- and 70-kDa complexes were seen with 
cytoplasmic hepatocyte proteins (data not shown). However, the complex formation 
with the 3’UTR of iNOS mRNA seemed to be unaff ected by infl ammatory treatment 
when protein extracts from hepatocytes were used, indicating that the eff ect seen in 
liver extracts does not originate from hepatocytes. Next, rat primary Kupff er cells 
were treated with LPS and analyzed by Western blot. Indeed, whereas hnRNPL 
levels were intact, hnRNPI levels decreased (data not shown). Encouraged by these 
results, the murine macrophage cell line RAW 264.7 was chosen as a model.

RAW 264.7 cells were treated with LPS in combinations with D-GalN or 
IFN- , resulting in increased iNOS expression and NO formation. RNA-protein 
interaction analyses revealed a gel shift complex in control cells, which decreased in 
intensity upon maximal iNOS induction. In UV cross-linking assays, the 60- and 
70-kDa complexes were detected, and hnRNPI-RNA binding activity diminished 
when cells were treated with LPS/IFN-  (Fig. 14A). In addition, the protein levels 
of hnRNPI and hnRNPL correlated with their RNA-binding activities (Fig. 14B). 
Th us, upon LPS/IFN-  treatment, hnRNPI levels decreased, while hnRNPL levels 
were unaltered. However, the shorter protein fragments, recognized by the anti-
hnRNPI antibody in liver extracts, were not detected in RAW 264.7 extracts.
In summary, two proteins interacting with the murine iNOS mRNA 3’UTR were 
identifi ed and characterized as hnRNPI and hnRNPL. Th e RNA-protein complex 
formation and cellular level of hnRNPI were shown to be sensitive to LPS/D-GalN 
treatment of mice, and to LPS/IFN- -treatment of murine macrophages, thus sug-
gesting a role in the post-transcriptional regulation of iNOS induction during 
infl ammatory conditions.
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Figure 14. hnRNPI and hnRNPL RNA-protein complex formations and cellular levels in stimu-
lated RAW 264.7 macrophages. (A) UV cross-linking with the 32P-radiolabeled iNOS 3’UTR 
full-length probe incubated with 10 μg of cytoplasmic proteins from RAW 264.7 cells treated for 
20 h as indicated and as described in Materials and Methods. hnRNPL (L) and hnRNPI (I) are 
indicated. Molecular weight (MW) standards are marked on the left. (B) Western blot analysis with 
25 μg of the same proteins used in A. Protein levels of hnRNPL (L), hnRNPI (I), and actin were 
measured densitometrically and normalized with actin. Protein ratios are expressed as the means +/- 
SEM, where n=6 (C, LPS), n=3 (D-GalN, LPS/D-GalN), and n=4 (IFN- , LPS/IFN- ). **p<0.01, 
compared with control (ANOVA, Fisher’s PLSD test).
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Identifi cation of a regulatory cis-element within 
the 3’UTR of iNOS mRNA (Papers I-III)

To further analyze the contributions of hnRNPI and hnRNPL in the regulation of 
iNOS, the primary binding sites for these proteins were deleted.

Role of cis-factors within iNOS 3’UTR
To delete the hnRNPI-binding site ( I) within the iNOS 3’UTR, a megaprimer 
approach was used to circumvent the problem with the target sequence being situated 
in a pyrimidine-rich region (Paper II). An additional deletion of 50 nt at the 3’end, 
representing the hnRNPL-binding site, resulted in a double deletion construct 
( I L). Both the full-length 3’UTR (3’FL) and those with deleted binding sites 
were cloned downstream of the luciferase gene in a reporter vector driven by the 
SV40 promoter (Paper III) (Fig. 15A).

RAW 264.7 macrophages were transfected with the luciferase constructs. Th e 
3’FL construct exhibited a signifi cantly (p<0.0001) decreased luciferase activity, 
when compared to vector without iNOS insert (Fig. 15B). Th is demonstrated that 
the 3’UTR contains elements capable of aff ecting the luciferase activity (e.g. through 
mRNA destabilization or translational repression). Similarly, a decrease in luciferase 
activity is also described for a human iNOS 3’UTR reporter construct (Rodriguez-
Pascual et al., 2000). In addition, when the binding sites were successively deleted 
from the 3’UTR ( I and I L), the luciferase levels increased gradually, suggesting 
that both regions contribute to downregulation of luciferase activity (Fig. 15B).
When transfected cells were treated with LPS/IFN-  for 20 h, luciferase activity 
with the 3’FL construct increased compared to its untreated control (Fig. 15B). Th e 
result implies that the LPS/IFN- -treatment is able to exert parts of its eff ect via the 
3’UTR. Th is eff ect was gradually decreased with the successive deletions, indicating 
that the protein binding sites for hnRNPI and hnRNPL are important for optimal 
eff ect of LPS/IFN-  on the iNOS expression (Fig. 15B).

Whereas several cis-elements involved in mediating the transcriptional eff ects 
of LPS/IFN-  have been identifi ed within the iNOS promoter (see Fig. 3), the role 
of the murine 3’UTR for iNOS induction is not clarifi ed. Th e results presented 
herein show that the inducers exert parts of their eff ects via the 3’UTR. Th is is 
congruent with previous reports on possible post-transcriptional events needed for 
full inducibility by LPS/IFN- (Korhonen et al., 2002; Weisz et al., 1994).
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Figure 15. A cis-element within the iNOS 3’UTR aff ects the luciferase reporter activity. (A) Sche-
matic overview of the iNOS 3’UTR fi refl y luciferase constructs. Th e iNOS 3’UTR full-length 
(3’FL), 3’UTR with deleted hnRNPI binding site ( I), and 3’UTR with deleted binding sites for 
both hnRNPI and hnRNPL ( I L), were inserted into the XbaI site downstream of the luciferase 
gene. (B) RAW 264.7 cells transfected with pGL3, 3’FL, I, or I L reporter constructs, together 
with the renilla luciferase plasmid. 24 h post-transfection, cells were treated with LPS/IFN-  for 
20 h. Firefl y luciferase activities were normalized with renilla luciferase, and are expressed relative 
to control plasmid (pGL3=1), with the means +/- SEM (n=3). p<0.0001, compared to pGL3; 
****p<0.0001, compared to control 3’FL; **p<0.01, compared to control I; *p<0.05, compared to 
control I L (ANOVA, Fisher’s PLSD test).

Th e results presented in papers I and III reveal that the hnRNPI RNA-binding 
activity is sensitive to infl ammatory stimuli, while that of hnRNPL is not. However, 
the native gel shift complex, which includes both proteins, cannot form without 
hnRNPI, since the complex disappears as soon as hnRNPI levels decrease. Th e 
fact that hnRNPL still forms an RNA-protein complex in UV cross-linking assays 
(Fig. 14A) could suggest that hnRNPL is able to interact with the mRNA partially 
independent from hnRNPI.

One possibility is that hnRNPI and hnRNPL co-operate to achieve a labile iNOS 
mRNA in unstimulated conditions, but when iNOS is induced their functions may 
change. Th ere are several examples of trans-acting factors that bind to separate regions 
of an mRNA 3’UTR, and exert opposing eff ects. For example, for the ribonucleotide 
reductases R1 and R2 (responsible for synthesis of the deoxyribonucleotides needed 
in DNA synthesis), two proteins bind to their 3’UTRs and have opposite eff ects on 
the mRNA stability (Amara et al., 1993; Chen et al., 1993). Th ey bind simultaneously 
to separate regions in the 3’UTR, and promote destabilization and stabilization, 
respectively. Th e authors speculate that the stabilizing protein has a dominant role 
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upon stimulation with TGF- . In addition, HuR (a stabilizing factor) and AUF1 
(a destabilizing factor), are reported to bind target transcripts on separate, non-
overlapping sites, as well as on common sites (Lal et al., 2004). Th us, depending on 
the situation, either HuR or AUF1 binding will prevail, and aff ect the fate of the 
mRNA. A third example is depicted in Fig. 8, where a balance between KSRP and 
HuR determines the human iNOS mRNA stability (Linker et al., 2005). In this 
case, the two proteins compete for the same binding sequence.

While most studies on mRNA stability have been performed on AREs, microarray 
analysis of transcripts that are post-transcriptionally regulated at the level of mRNA 
stability, revealed that this type of regulation is widely used in mammalian cells 
(Grigull et al., 2004; Raghavan et al., 2002). Of these genes, only a fraction had 
AREs, suggesting the existence of several other cis-elements governing the fate of 
mRNA. As previously described, mRNA can be degraded by the exosome complex, 
which is recruited to ARE containing mRNAs by ARE-binding proteins. One 
possibility is that hnRNPI acts via a similar mechanism, binding to the iNOS 
mRNA and recruiting the exosome for targeted degradation of the mRNA.

Secondary structures of iNOS 3’UTR
Alterations in the secondary structure of an RNA, a process that is either facilitated 
by trans-acting factors or is self-induced, may result in functional changes of the 
RNA (Nagel and Pleij, 2002). A prerequisite for a self-induced conformational 
change is that the fi nal structure has a lower minimum free energy than the original 
structure. In vitro and in silico studies on rearrangements of mRNA conformations 
support the idea that binding of a specifi c factor (e.g. an oligonucleotide or a protein) 
to the mRNA sequence may increase or reduce the accessibility of other trans-factors 
to their target sequences (Meisner et al., 2004). 

We do not know the prevailing secondary structures for iNOS 3’UTR mRNA 
in unstimulated or stimulated cells, respectively. However, predictions of secondary 
structures with Mfold computer analysis revealed at least two possible metastable 
secondary structures (Fig. 16B and C) in addition to the most stable variant (Fig. 
16A).

In summary, these results would agree with a model (Fig. 17A) where hnRNPI, 
possibly in concert with hnRNPL, acts as a chaperone to create a metastable 
conformation (Fig. 16B or C) of the iNOS 3’UTR, possibly exposing the mRNA to 
RNases, and targeting the mRNA for degradation under non-induced conditions. 
Upon infl ammatory stimuli with LPS/IFN- , hnRNPI no longer binds, which will 
enable the RNA to seek a more stable conformation (Fig. 17A). In support of this, 
Huang and Lai (1999) reveal that PTB is able to alter the conformation of the 
mouse hepatitis virus RNA.

Deletions of the hnRNPI and hnRNPL binding sites prevent protein binding, 
possibly leading to changes in the secondary structure of the iNOS mRNA, and 
to stabilization of the transcript (Fig 17A). In addition, the deletions may result 
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Figure 16. Mfold computer predicted secondary structures of the murine iNOS mRNA 3’UTR 
(Mathews et al., 1999; Zuker et al., 1999). Th e binding sites for hnRNPI (I) and hnRNPL (L) 
are depicted in each structure. (A) Th e structure of the most stable conformation is shown (dG = 
-109.7). (B) and (C) Two possible metastable conformations (dG = -106.6 and -102.4, respectively).

C A G
C

C
C

A
G

A
G

U

U
C

C

A
G

C
U

U
C

U

GGC

A
C

U

GAGU

AA

AGA
U

A

AU

G

G

U

G

A

G

G

G

G

C

U

U

G

G

G

G

AG

A

C

AG

C

G
A

A

A

U G

C

A

A U

C

C
C C

C

C

C

A

A

G

C

C

C

C

U

C

A

U
G

U
C

A
U

U
C

C
C

C
C

C
U

C

C U
C

C
A

C
C

C
U

A
C

C
A

AGUAGUA
U

UG

UA
U

U

A
U

U G
U G

G A C U A C U
A

A
A

U

C

U

C

U

C

U

C

C

U

C

U

C
C

U
C

C C U C C
C

C
U

C

U

C

U

C

C

C

U

U

U

C

C

U

C
C

C
U

U
C

U
U C U

C C

A C U C

C
C C

A

G C U
C

C
CU

C
C

U

U

C

U

C
C U U

C

U

C

C

U

C

C

U

U

U

G

C
C
U

C

U

C

A

C

U

C

U

U

C
C

U

U

G

G

A

G
C

U

G

A

G

A

G

C

A

G

A

G

A

A

A

A

A
C U C

A

A

C

C

U

C

C
U

GA
CUG

A
A

G
C

A
C

U
U

U
G

G
G

U

G

A

C
C A

C

C A G G A G G C A C C A
U

G C C
G

C
C G C U

C
U

A A
U

A
C

U U
A

G

C U

G

C
A

C
U

A

UG
U

A

C
A

G
A
U A U U U

AUACU
U

C
A

U

A
U U

U

A

A
G

A A
A

A
C

A
G

A
U

A

CU

U
U

U
G

U
CU

A

C
U

C
C

C

A

A
U

G
AU

GGC
U

UGGGCCUUUCCUG
U

A
U

A

A
U

U
C

C
U

U

G

A

U
G

A

A

A

A

A

U

A U U
U

A

U

A

U

A

A
AAU

A

C

A

U

U

U

U

A

U

U

U

U

A

A

U

C

A

A

A

A

A
AA

A

A

A

A

 50 

 100 

 150 

 200 

 250 

 300 

 350 

 400 

 450 

I

L

A

C A G
C

C
C

A
G

A
G

U

U
C

C

A
G

C
U

U
C

UG
G

C

A
CU

G
A

G

U
AA

A
G

A
U

A

A

U
GG

U

G

A

G

G

G

G

C

U

U

G

G

G

G

AG

A

C

AG

C

G
A

A

A

U G

C

A

A U

C

C
C C

C

C

C

A

A

G

C

C

C

C

U

C

A

U
G

U
C

A
U

U
C

C
C

C
C

C
U

C

C U
C

C
A

C
C

C
U

A
C

C
A

AGUAGUA
U

UG

UA
U

U

A
U

U G
U G

G A C U A C U

A A

A
U

C
U

C
U

C
U

C

C

U
C U

C
CUCCCUCCC

C

U

C

U

C

U

C

C
C

U U U
C

C

U

C

C

C

U

U

C

U

U

C

U

C
C

A

C

U

C
C

C

C

A

G

C

U

C

CCU
C

C
U

U

C

U

C

C

U

U

C

U

C

C

U
C

C U U U G
C

C
U

C

U

C

A

C

U

C

U

U

C

C
U

U
G

G

A

G

C

U

G

A

G

A

G
C

A

G

A

G

A

A

A

A

A

C
U

C A
A

C

C

U

C

C

U
G

AC
UG
A

A
G

C
A

C
U

U
U

G
G

G
U

G

A

C
C A

C

C A G G A G G C A C C A
U

G C C
G

C
C G C U

C
U

A A
U

A
C

U U
A

G

C U

G

C
A

C
U

A

UG
U

A

C
A

G
A
U A U U U

AUACU
U

C
A

U

A
U U

U

A

A
G

A A
A

A
C

A
G

A
U

A

CU

U
U

U
G

U
CU

A

C
U

C
C

C

A

A
U

G
AU

GGC
U

UGGGCCUUUCCUG
U

A
U

A

A
U

U
C

C
U

U

G

A

U
G

A

A

A

A

A

U

A U U
U

A

U

A

U

A

A
AAU

A

C

A

U

U

U

U

A

U

U

U

U

A

A

U

C

A

A

A

A

A
AA

A

A

A

A

 50 

 100 

 150 

 200 

 250 

 300 

 350 

 400 

 450 

I

L

B

C
A

G

C

C

C

A
G

A

G

U

U

CC

A

G

C

U

U

C

U
G

G

C
A
C

U

G

A
G

U

A
A

A

G

A

U

A

AU
GG

U
G

A
G

G
G

G
C

U
U

G
G

G
G

AG
A

C
AG

C

G
A

A

A

U G
C

A
A U

C

C
C C

C
C

C
A

A
G

C
C

C
C

U
C

A
U

G
U

C

A

U

U

C
C

CCC
C

U

C

C

U

C

C

A
C

C
C U A

C
C

A

A

G

U

A

G

U
A

U

U
G

U

A

U

U

A
U

U

G

U

G

G

A

C

U

A

C

U

A

A

A

U

C

U

C

U
C

U
C

C
U

C
U

CCUCCCUCCC
C

U
C

U
C

U
C

C

C

U

U

U

C

C

U

C

C

C

U

U

C

U

U

C

U

C

C

A

C

U
C

C
C

C
A

G
C

U C C C U C C U U C
U

C
C

U
U

C
U

C

C

U

C

C

U

U

U

G

C
C
U

C

U

C

A

C

U

C

U

U

C
C

U

U

G

G

A

G
C

U

G

A

G

A

G

C

A

G

A

GA

A

A

A

A
C

U

C

A

A C

C

U

C

C

U

G
A

C

U
G

A

A

G
C

A

C
U

U

U
G

G

G
U

G

AC
C

A
CC

A

G

G

A

G

G
C A

C
C

A

U
G

CC
G

C

C

G

C
U

C

U

A

A

U

A

C
U

U

A
G

C

U

G

C

A C

U

A
U G U A C A G

A
U

A U U U A U
A

C
U
U C A U

A
U U

U
A

A G
A A

A

A C A G A U

A

CU

UUUGU
CU

A

CU

CCC

A

AUGA
U

G
G

C U

U

GG

G
C

C
U

U

U

C

CUGUAUA
A

U

U
CC

U

U

G

A

U

G

A

A
A

A
A U A

U
U

U

A

U

A

U

A
A

AAUA
C

A

U

U

U

U

A

U

U

U

U

A

A
U

C

A

A
A A A

A

A

A

A
A

A

 50 

 100 

 150 

 200 

 250 

 300 

 350 

 400  450 

L

IC



69

Post-Transcriptional Regulation of the Murine Inducible Nitric Oxide Synthase Gene

Stable mRNA

Labile mRNA

DELETIONS

Stable mRNA
I L

1 2

hnRNPI

Identical nt
Purines

human
mouse

human
mouse

human
mouse

human
mouse

human
mouse

human
mouse

human
mouse

human
mouse

AREs

hnRNPI  site

hnRNPL site

I

L

Deleted regions
Primary binding sites

Figure 17. (A) Tentative model for hnRNPI and hnRNPL mediated destabilization of the murine 
iNOS 3’UTR. Two approaches were used to study the role of hnRNPI and hnRNPL in the regula-
tion of the iNOS mRNA: 1) Upon induction with LPS/IFN- , hnRNPI-RNA-binding and cel-
lular levels decrease. Th e destabilizing EMSA complex can no longer form, enabling the mRNA 
to change conformation and become more stable. 2) Deletions of hnRNPI and hnRNPL binding 
sites prevent the RNA-protein complex formation, rendering the mRNA more stable. In addition, 
the deletions per se may contribute to increased mRNA stability. Th e “pacman” denotes a possible 
RNase. (B) Comparison of human and murine iNOS 3’UTR sequences (Genebank accession 
numbers U20141 and M92649, respectively). Th e primary binding sites for hnRNPI and hnRNPL 
within the murine 3’UTR are depicted, as well as the deleted regions used for the reporter con-
structs (described above, Fig. 15A). In addition, the AREs are indicated.
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in removal of possible destabilizing elements, contributing to increased mRNA 
stability.

For eNOS, a cytosolic 60-kDa protein binding to its 3’UTR mRNA has been 
characterized (Sanchez de Miguel et al., 1999). Th is unidentifi ed protein binds to 
a 38-nt sequence consisting of 71% CU residues, forming a stem-loop structure. 
Treatment of endothelial cells with TNF-  induces the levels of the 60-kDa 
protein, together with a concomitant destabilization of the eNOS mRNA (Sanchez 
de Miguel et al., 1999). Th e authors speculate that binding of the 60-kDa protein 
to the stem-loop structure results in changed mRNA confi guration, exposing it to 
an RNase. Th is type of mechanism is previously reported for the iron-regulated 
transferrin receptor mRNA stability (Mullner and Kuhn, 1988). 

Comparisons of mouse and human iNOS 3’UTRs revealed a 60% identity 
between the sequences (Fig. 17B). However, hnRNPI and hnRNPL are not reported 
to bind the human 3’UTR. Conversely, none of the trans-acting factors described for 
human iNOS (Fig. 8) are reported for the murine isoform. As depicted in Fig. 17B, 
the human iNOS 3’UTR lacks a large part of the hnRNPI primary binding site, 
possibly explaining the disagreeing results. Th is cannot explain the diff ering results 
on hnRNPL binding, since the 3’ends of the 3’UTRs appear to be highly similar 
(79%) between the species (Fig. 17B). Notably, our results indicate that hnRNPL 
needs hnRNPI to be able to participate in the destabilizing EMSA complex. Since 
hnRNPI does not bind the human iNOS 3’UTR, this could explain the lack of 
hnRNPL binding, despite high nucleotide identity in the 3’end.
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Post-transcriptional eff ects of dexamethasone on 
iNOS expression (Paper IV)

Dexamethasone is a synthetic glucocorticoid reported to inhibit iNOS expression 
both transcriptionally and post-transcriptionally (Kunz et al., 1996). However, while 
dexamethasone is shown to destabilize iNOS mRNA in macrophages (Korhonen et 
al., 2002; Walker et al., 1997), the molecular mechanisms behind this event have 
not been clarifi ed.

Results from Papers I-III suggest that two trans-acting factors, identifi ed as 
hnRNPI and hnRNPL, participate in the post-transcriptional regulation of the 
iNOS gene. Th erefore, the aim was to investigate the possible roles of these proteins 
in downregulation of iNOS by dexamethasone.

Eff ect of dexamethasone on iNOS expression and NO 
production in activated RAW 264.7 cells
RAW 264.7 cells were treated for 18 h with LPS, IFN- , or LPS plus IFN- . While 
only a weak inhibitory eff ect of dexamethasone on NO production and iNOS protein 
levels was achieved, inhibition at the mRNA level was more pronounced. Th e results 
with IFN-  alone are in concert with those reported by Walker et al. (1996), where 
dexamethasone is demonstrated to inhibit both iNOS mRNA expression and NO 
formation. While Korhonen et al. (2002) detect a strong inhibition of dexamethasone 
on induced NO production and iNOS mRNA levels after LPS single treatment but 
not after the combined treatment with LPS/IFN- , our results revealed weak eff ects 
on iNOS protein levels and NO formation, regardless of stimulus. In addition, 
iNOS mRNA levels were strongly aff ected by dexamethasone in all samples. Th us, 
IFN-  did not seem to nullify the dexamethasone eff ect, as described by Korhonen 
et al. (2002). Variations in cell culture conditions might explain these discrepancies, 
e.g. usage of diff erent macrophage cell lines (RAW 264.7 vs. J774), diff erent LPS 
concentrations (100 ng/ml vs. 10 ng/ml), usage of FBS vs. decomplemented FBS 
(dFBS), and diff erent cell confl uences (70% vs. 100%). Of note, in our conditions, 
the confl uence of the cells seemed to be particularly important for reproducible results. 
Moreover, when dFBS was used (data not shown), nitrite levels were in concert with 
those reported by Korhonen et al. (2002). However, since the complement system 
is important for the immune system, and LPS and IFN-  are known to activate 
the alternative pathway of this system (active in the innate immune response), we 
choose to use FBS.



72

Malin Söderberg

Eff ect of dexamethasone on iNOS mRNA stability
While both stabilizing (Kunz et al., 1996) and destabilizing (Korhonen et al., 
2002; Walker et al., 1997) eff ects of dexamethasone on the iNOS mRNA have 
been reported (Table 1), none of these studies examined the eff ects after long-term 
treatment. Here, an 18 h treatment with LPS/IFN-  with or without dexamethasone 
and actinomycin D was applied.
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Figure 18. Eff ects of dexamethasone and actinomycin D on LPS/IFN-  induced iNOS mRNA 
levels. RAW 264.7 cells were treated with LPS/IFN-  for 18 h with or without dexamethasone 
(Dex) as indicated. Th ereafter, cells were washed and treated with actinomycin D (ActD). Cells 
were harvested at 0, 3.5, 6.5, and 8.5 h, and RNA levels for iNOS and GAPDH were assessed by 
Northern blot. (A) Results from one Northern blot with 20 μg of total RNA are shown. (B) Density 
ratios of iNOS and GAPDH mRNA levels were determined, and values are expressed as percentage 
of control (at 0 h). Th e data are means +/- SEM, from two independent experiments. Solid lines are 
least square fi ts to data points, in the order (from top to bottom); LPS/IFN- +ActD, LPS/IFN-
+Dex+ActD, LPS/IFN- , LPS/IFN- +Dex

As demonstrated in Fig. 18, LPS/IFN- -induced iNOS mRNA degraded faster 
when dexamethasone was present, suggesting that dexamethasone destabilizes the 
mRNA, which is in concert with other reports (Korhonen et al., 2002; Walker et 
al., 1997). However, while others report iNOS mRNA half-lives below 12 h (Table 
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1), the mRNA of iNOS after 18 h treatment was rather stable. Th is is in line with 
results reported by Vodovotz et al. (1993), where they state that the iNOS mRNA 
is more stable after longer exposure times (13 h vs. 5 h) (Table 1). However, while 
Vodovotz et al. (1993) lost the inhibitory eff ect of TGF-  after long-time exposure, 
dexamethasone could still aff ect iNOS mRNA in our study even after 18 h (Fig. 
18). With dexamethasone added, the half-life for iNOS mRNA was approximately 
9.5 h (Fig. 18). In the literature, reported half-lives for iNOS mRNA vary between 
experimental settings. Th us, factors such as cell-type and stimuli seem to aff ect the 
reported values (Table 1). For example, dexamethasone destabilizes iNOS mRNA 
in murine macrophages (Korhonen et al., 2002; Walker et al., 1997), while a stabi-
lizing eff ect of dexamethasone is described in rat mesangial cells (Saura et al., 1998; 
Kunz et al., 1996) (Table 1).

Removal of the inducers by washing the cells resulted in a rapid decrease in mRNA 
levels (Fig. 18). Although removal of the inducers without addition of actinomycin 
D would allow transcription to continue in the cells, it seems that a continuous 
stimulus is required for optimal iNOS expression. Somewhat surprisingly, when 
actinomycin D was added to stop transcription, the mRNA decay process was slowed 
down (Fig. 18). Th is suggests that actinomycin D, besides inhibiting transcription, 
is able to stabilize the mRNA.

Stabilization of mRNA by transcriptional inhibition has been reported for 
several genes. For example, IL-1  stabilizes COX-2 mRNA in human umbilical 
vein endothelial cells, and the stabilization is further increased by Actinomycin D 
(Ristimäki et al., 1994). One explanation to the stabilizing eff ect by transcriptional 
inhibitors could be the inhibition of genes coding for products needed for 
degradation of the mRNA. In line with this, a mechanism where transcriptional 
arrest leads to decreased synthesis of an endogenous antisense transcript that targets 
the glial glutamate transporter 1 mRNA for degradation, is proposed (Zelenaia and 
Robinson, 2000). Indeed, the formation of antisense transcripts from conserved 
long regions within UTRs has been suggested to regulate mRNA stability (Lipman, 
1997). One other study suggests a stabilizing eff ect of actinomycin D on LPS/IFN -
induced iNOS mRNA levels in RAW 264.7 cells, although they only measure the 
mRNA level at one time-point (6 h) after transcriptional arrest (Park and Murphy, 
1996). Th e mechanism for actinomycin D-mediated stabilization of iNOS mRNA 
is not known. It is noted, however, that this will question the use of a transcriptional 
inhibitor for determinations of the iNOS mRNA half-life.

Eff ect of dexamethasone on cellular levels of hnRNPI and 
hnRNPL and on their binding to iNOS mRNA
As depicted in Fig. 19, dexamethasone prevented the LPS/IFN-  induced 
disappearance of the iNOS RNA-protein complex in EMSA, as well as the hnRNPI-
RNA complex in UV cross-linking. In addition, the decreased hnRNPI levels after 
LPS/IFN-  treatment were recovered with dexamethasone.
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Figure 19. Eff ect of dexamethasone on RNA-protein interactions with iNOS 3’UTR. RAW 264.7 
cells were untreated (C) or treated for 18 h with LPS/IFN- , or LPS/IFN-  + dexamethasone (Dex), 
as indicated. Cytoplasmic protein extracts were incubated with the 32P-radiolabeled iNOS 3’UTR 
and analyzed by (A) EMSA, Th e gel shift complex is indicated. Th e fi rst lane (-) contains no extract. 
(B) UV cross-linking, the hnRNPL (L) and hnRNPI (I) complexes are indicated.

According to these results, dexamethasone seems to aff ect one or more pathways 
regulating the binding activity and expression of hnRNPI. Post-transcriptional reg-
ulation by glucocorticoids, including dexamethasone, is thought to be mediated by 
induction of the phosphatase MKP-1, (Kassel et al., 2001; Lasa et al., 2002; Toh et 
al., 2004; Chen et al., 2002), which inactivates MAPKs (Clark and Lasa, 2003). In 
addition, MKP-1 is also induced by infl ammatory signals such as LPS (Chen et al., 
2002; Valledor et al., 2000; Zhao et al., 2005) and IL-1  (Toh et al., 2004). AREs 
within target mRNA 3’UTRs and the p38 substrate MAPKAPK-2 are the main 
players for the p38-dependent stabilization of mRNAs (Clark et al., 2003). In addi-
tion to the previously suggested substrates for MAPKAPK-2 (e.g. TTP, hnRNPA0, 
PABP, and hsp27) (Dean et al., 2004; Espel, 2005), hnRNPI may represent a new 
trans-acting target factor for MAPKAPK-2 and p38.

Pretreatment of protein extracts from untreated and LPS/IFN-  treated cells 
with potato acid phosphatase before UV cross-linking prevented the complex 
formation (data not shown), indicating that the RNA-binding activities of both 
hnRNPI and hnRNPL are regulated by phosphorylation. Th erefore, not only the 
pathway regulating degradation of hnRNPI but also signaling pathways regulating 
phosphorylation of the proteins may be of importance for the complex formation 
with iNOS mRNA and for the regulation of the iNOS expression. Phosphorylation 
dependent regulation of hnRNP activities has been reported (Allemand et al., 
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2005; Habelhah et al., 2001; Wilson et al., 2003). For example, Xie et al. (2003) 
show that PKA-mediated Ser-16 phosphorylation of hnRNPI modulates its nucleo-
cytoplasmic transport, and suggest that this phosphorylation is important for the 
cytoplasmic function of hnRNPI. Furthermore, one study reports the involvement 
of the mTOR (a phosphatidylinositol kinase related kinase) pathway in the glucose-
induced binding of PTB to the 3’UTR of insulin mRNA (Tillmar and Welsh, 2004), 
mediating its stabilization (Tillmar et al., 2002). In addition, Navakauskiene et al. 
(2004) identifi ed hnRNPL as one of the proteins being tyrosine-phosphorylated 
in apoptotic human promyelocytic leukemia HL-60 cells. However, the signaling 
pathway(s) involved in hnRNPI/L actions in the regulation of iNOS remain to be 
studied.

In summary, the results in paper IV suggest a role for hnRNPI in the regulatory 
pathway aff ected by dexamethasone. Th e hnRNPI could therefore be one of the trans-
acting factors mediating the post-transcriptional eff ects of this glucocorticoid.
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Conclusions and future perspectives

Upon plunging into the fi eld of regulation of the iNOS gene, tremendous amounts 
of reports are available, often with contradictory results. Th e diff ering results are 
often ascribed to high cell- and species specifi cities (Rao, 2000), and refl ect the 
complexity of this biological process.

An interest in understanding the complex molecular biology of the iNOS 
gene regulation laid the foundation for this thesis. Th e work focused on post-
transcriptional processes important for iNOS induction by infl ammatory stimuli. 
Key fi ndings in this thesis are:

• Identifi cation of hnRNPI and hnRNPL as trans-acting factors binding to the 
murine iNOS 3’UTR mRNA. 

• Th e region of the 3’UTR interacting with hnRNPI and hnRNPL has a dual 
regulatory role in iNOS expression: as a downregulating cis-element, and as an 
element important for strong induction by infl ammation.

• Dexamethasone downregulates the iNOS gene post-transcriptionally via a path-
way involving hnRNPI.

To our knowledge, this is the fi rst report where such regulatory functions have been 
assigned to two multifunctional hnRNPs. However, several important questions 
regarding the role of hnRNPI and hnRNPL in the regulation of the iNOS gene 
remain to be answered.

For example, the cis-element(s) involved in the interactions of hnRNPI and 
hnRNPL with the iNOS 3’UTR needs to be studied in detail, as well as the eff ects 
the RNA-protein interactions may have on the RNA conformation. Additionally, 
further analysis on the degradation pathway of iNOS mRNA involving hnRNPI 
and hnRNPL is required.

Moreover, the involvement of upstream signaling pathways linking the eff ects 
of dexamethasone to hnRNPI remains to be clarifi ed. Knowledge of upstream 
pathways would help in discerning whether other target genes are being regulated 
post-transcriptionally by hnRNPI, for example in infl ammatory or apoptotic 
conditions.

Finally, the fi nding that dexamethasone seems to act via hnRNPI to exert its 
eff ects on iNOS mRNA, raises the question whether this mechanism applies to 
other glucocorticoids. Th is could be potentially important for understanding the 
anti-infl ammatory actions of glucocorticoids.
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Populärvetenskaplig svensk sammanfattning

Kväveoxid bildas i kroppens olika celler, och har visat sig fylla en rad viktiga 
funktioner, bland annat i vårt nervsystem, hjärtkärlsystem, samt immunförsvar. En 
av dess gåtor är att en överproduktion av kväveoxid kan vara till både nytta och skada 
för kroppen: dels fyller det en viktig funktion i vårt försvar mot infektioner, dels kan 
det leda till skadliga eff ekter på våra celler vid t.ex. kroniska infl ammationssjukdomar 
såsom astma och reumatism. Forskningen kring kväveoxid kan förhoppningsvis leda 
fram till utvecklandet av nya behandlingsformer för fl era allvarliga sjukdomar.

Celler som är aktiva i immunförsvaret kan producera stora mängder kväveoxid, 
som hjälper till att förstöra till exempel viruspartiklar. Alltför stor produktion av 
kväveoxid kan dock ställa till problem på grund av att en rad andra system också 
aktiveras av molekylen. Det enzym som kan åstadkomma stora mängder kvävoxid 
i våra celler vid infl ammation kallas inducerbart kväveoxidsyntas (iNOS). Genom 
att studera hur detta enzym fungerar och styrs av cellen kan man bättre förstå hur 
produktionen av kväveoxid regleras.

Receptet för alla enzymer som bildas i våra celler fi nns i generna (DNA). Dessa 
läses av till något som kallas mRNA, som i sin tur är en mall för bildandet av 
enzymet ifråga. På sin väg från DNA till färdigt enzym fi nns en rad kontrollerande 
mekanismer som styr hur mycket eller litet av enzymet som ska bildas. Genom att 
förstå hur dessa processer fungerar för iNOS, ges en möjlighet att styra produktionen 
av kväveoxid.

I den här avhandlingen har molekylära mekanismer för hur mängden iNOS styrs 
studerats. Bland annat har två proteiner som binder till iNOS mRNA identifi erats. 
Dessa proteiner verkar ha en hämmande funktion på iNOS mRNA. Vid infl ammation 
minskar proteinernas möjlighet att binda iNOS mRNA, vilket resulterar i höga 
koncentrationer av iNOS mRNA, enzym, och kväveoxidproduktion. Dessutom 
verkar det som att dexametason, en glukokortikoid som används vid behandling 
av infl ammationer, utövar en del av sin eff ekt genom att påverka dessa proteiner, så 
att de kan minska iNOS produktionen, och därmed minskar de skadliga eff ekter av 
kväveoxid som ofta ses vid kroniska infl ammationer.

Resultaten i den här avhandlingen kan eventuellt göra det möjligt att fi nna nya 
behandlingsstrategier för en rad olika infl ammationssjukdomar.
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