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Abstract 
Treatment of mouse macrophage-hke RAW 264 7 cells with certam protein synthesis mhlbltors 1s followed by accumulation of the mRNA for 

the mduclble lsoform of mtnc oxide synthase (I-NOS) The actlvlty of these compounds on the I-NOS gene m RAW 264 7 cells was analyzed here 
m detail Results show that both cyclohexlmlde and amsomycm can efficiently Induce l-NOS mRNA, even when used at concentrations so low (0 25 
&ml) to have only neghglble effects on protem synthesis, puromycm, on the other hand, shows only a hmlted effect on l-NOS mRNA expresslon, 
detectable only when cells are treated with higher concentrations of mhlbltor (25 @ml) In RAW 264 7 cells, low concentrations of cyclohexlmlde 
trigger an Immediate-early gene response, as mdlcated by mductlon of c-fos and JE mRNAs, and can efficiently activate transcnptlon of transiently 
transfected recombmant reporter genes including either the I-NOS or the c-fos gene promoters 
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1. Introduction 

Cytokmes. inflammatory peptides and components of 
the bacterial cell wall control the rate of mtrrc oxide (NO) 
production by macrophages, as well as numerous other 
mesenchymal or epithehal cell types, by affecting mduci- 
ble-type mtnc oxide synthase activity (I-NOS) [l-2] This 
is achieved primarily by changes of i-NOS gene tran- 
scription, as demonstrated for bacterial lipolysac- 
charides (LPSs) and interferon gamma (IFN-y), the best 
characterized inducers of i-NOS activity m macrophages 
[3-51. Central to our further understanding of the NO 
role m key biological processes, such as mflammatton 
and defense against mvadmg microorgamsms and tumor 
cells, is thus a better knowledge of the pathways that 
control I-NOS gene expression Treatment of RAW 
264 7 cells with certain protein synthesis mhibitors re- 
sults m rapid and significant accumulation of I-NOS 
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mRNA [5] Exposure of cell cultures to 25 yg/ml cyclo- 
heximide or amsomycm for 5-6 h, a condition that re- 
duces protein synthesis by more than 90%, is followed by 
a 2 5- to 5-fold increase of I-NOS mRNA concentration 
m the cells, puromycm, although equally effective m m- 
htbttmg protein synthesis, is much less efficient m deter- 
mmmg I-NOS mRNA expression [5] These differences 
suggested to us that the sttmulatory activity of cyclo- 
heximide and amsomycm on I-NOS mRNA expression 
derived not from mhibition of protein synthesis, but m- 
stead from a distmct action of these compounds within 
the cell Recent findings, suggestmg pleiotropic activities 
of cycloheximide and amsomycm [HI, that include ag- 
omst-like effects on signal transduction pathways both 
m macrophages [S-lo] and other cell types [ll-141, 
prompted us to mvesttgate m more detail regulation of 
I-NOS gene expression by protein synthesis mhibitors 

Results show that cycloheximide and amsomycm, at 
concentrations as low as 0 25 pg/ml, sigruficantly m- 
crease steady-state I-NOS mRNA levels m RAW 264 7 
cells; puromycm was much less effective m mducmg 
I-NOS mRNA, and did so only when used at higher 
concentrations (25 pg/ml) Kmettc analysis of I-NOS 
mRNA accumulation m response to a low dose of cyclo- 
heximide, and comparison with c-j& and JE mRNA 
accumulation under the same conditions, suggest that 
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the l-NOS gene 1s not a classlcal ‘immediate-early’ gene 
[15]. Furthermore, low doses of cyclohexlmlde were 
found to activate the mouse I-NOS gene promoter cloned 
upstream of the bactenal CAT reporter gene and tran- 
slently transfected m RAW 264.7 cells 

These data indicate that i-NOS gene transcription m 
RAW 264 7 macrophages is controlled by the effector 
of at least one slgnal transduction pathway, that 1s sensl- 
tlve to low concentrations of cyclohexlmide. 

2. Materials and methods 

2 I Reagents and cell culture 
The mouse macrophage-hke cell hne RAW 264 7 (ATCC TIB71) was 

obtained from the American Type Culture Collection (ATCC, USA) 
Cells were cultured m Dulbecco’s modified Eagle medium (DMEM, 
Glbco, USA), supplemented with 2 mM L-glutamme, antibiotics (50 
U/ml pemcdhn-G, 50 fig/ml streptomycin and 125 ng/ml amphotencm 
B, Sigma, USA) and 10% fetal bovine serum (MultiSer, Cytosystems, 
Australia) Bactenal hpopolysacchande (LPS, from E colz serotype 
0127 B8), cyclohexmude, puromycm and amsomycm were from Sigma, 
recombinant mouse IFN-y was a generous gift of Sluono@ Pharmaceu- 
ticals Company (Japan) 

.? 2 RNA purzjcatzon, electrophoreszs and transfer to nylon membranes 
Treatment of RAW 264 7 cells with inducers, and cellular RNA 

extraction were performed as described earlier [5] Twenty-five pg of 
total RNA was electrophoresed m 1% formaldehyde-agarose gels ac- 
cording to standard protocols [16], blotted onto nylon filters (Hybond- 
N, Amersham, USA) by capdlary transfer and crosshnked to the mem- 
brane by UV lrradiatlon 

2 3 Hybrzdzzatzon of membranes wzth “P-labelled DNA probes 
RNA-containing filters were hybnchzed with labelled DNA probes 

ds described [5] Probes used were a 700 bp DNA fragment mcludmg 
the 5’ portion of the cloned rat hver mduable-type NO synthase cDNA 
(I-NOS probe) [17], the full length mouse c-fos [18] and JE [19] cDNAs 
and a 1300 bp DNA fragment mcludmg the 3’-untranslated and flank- 
mg regions of the rat B-actm gene [20], they were labeled with [a- 
‘*PldCTP (3.000 Cl/mmol. DuPont-New Enland Nuclear. USA) bv . , 
random pruning (Multlpnme DNA Labeling System, Amersham)‘at g 
specdic actlvlty of ca 10’ cpm/pg DNA Autoradlography was per- 
formed by exposing the filters for 12 to 16 h to lmagmg plates and 
visuahzatlon of the autoradiographlc signals on a FUJI Image Analyzer 

2 4 Transzent transfectzon and CAT assay 
For transient transfections, RAW 264 7 cells were plated on Day 1 

at about l&20% confluency m DMEM, 10% FCS culture medium On 
Day 2, fresh medium was added and cells were transfected, using the 
calcium phosphate-DNA co-precipitation method [21] with 5 pg plNOS 
CAT 1 [5] or pFC4-BL [22] DNA, 3 pg of the p-galactosidase expres- 
sion vector pnlsLAC-Z (contammg the bactenal LAC-2 ORF fused to 
the nuclear localization signal of SV40 large T antigen) [22], as an 
internal control for transfectlon efficiency, and carrier DNA 
(Bluescnbe M13+) up to 15pg total DNA/cellculturedlsh After 18-20 
h, cells were washed once for 30 mm with PBS lx before adchtlon of 
fresh medium and mcubatlon for an additional 24 h Where indicated, 
IO2 U/ml IFN-I. 5 pg/ml LPS or protein synthesis mhlbltors were added 
to the cell culture media starting from Day 2 

CAT enzyme assays were performed m whole-cell extracts as de- 
scribed earlier [5,22], after normahzatlon for /I-galactosidase activity 
and under assay condltlons where substrate converSion was wltlun a 
linear range m respect to the concentration of cell extract used Chlo- 
ramphemcol acetyltransferase activity was calculated as cpm acetylated 
chloramphemcol/h/umt BGAL 

3. Results and discussion 

We have previously shown that cyclohexlmide, am- 

somycm and puromycin can induce significant accumu- 
lation of I-NOS mRNA m RAW 264.7 macrophages [5]. 
Although at the concentration used m those experiments 
(25 &ml) protein synthesis was efficiently inhibited m 
all cases, substantial differences were observed between 
the ability of different compounds to determine l-NOS 
mRNA accumulation m RAW 264.7 cells. cyclohexlmide 
and amsomycm were m fact very efficient when com- 
pared to puromycm [5] This observation suggested to us 
the possibility that the action exerted on I-NOS mRNA 
expression by cyclohexlmlde and amsomycin could only 
m part depend upon their ability to mhlblt protein syn- 
thesis 

To further investigate this phenomenon, we performed 
a dose-response experiment, where we measured steady- 
state l-NOS mRNA levels m RAW 264 7 cells before and 
after exposure for 5 h to variable concentrations of cyclo- 
heximlde, puromycm or amsomycm, ranging from 0 25 
to 25 pg/ml At the lowest concentration, none of the 
compounds slgmficantly inhibited protein synthesis in 
the cells [ 12-13, and data not shown] Results of a repre- 
sentative experiment are reported m Fig. 1 A, and show 
that cyclohexlmlde or amsomycm can increase slgmfi- 
cantly I-NOS mRNA levels m RAW 264.7 cells already 
at 0.25 &ml (3- to 6-fold and 4- to 8-fold mductlon, 
respectively. compare lane 1 with lane 2 or lane 8). In 
contrast, puromycm was meffectlve (lane 5), even when 
used at a lo-fold higher concentration (2.5 &ml lane 
6); a limited effect on I-NOS mRNA was observed only 
with 25 ,&ml of this inhibitor (1.5- to 3-fold mductlon. 
lane 7), comcldent with its maximal mhlbltory effect on 
protein synthesis Higher concentrations of either com- 
pound (up to 125 pg/ml) did not increase I-NOS mRNA 
expression above the value detectable when 25 yg/ml was 
used (data not shown) In Fig 1A are also reported the 
effects of combined stlmulatlon of the cells with LPS and 
IFN-)I (lane 11) to show how i-NOS mRNA accumula- 
tion m response to low doses of cyclohexlmlde or am- 
somycm reaches much lower levels than those octirlrrmg 
m response to these two physlologlcal inducers (8- to 
lo-fold lower compare lanes 2 to 4 or 8 to 10 with lane 

11) 
The activity of cyclohexlrmde was then analysed m 

more detail by performing a kinetic analysis of I-NOS 
mRNA accumulation m response to a low concentration 
of the mhlbltor. Cyclohexlmlde was selected since it has 
been shown to exert m macrophages important effects 
both on gene expression [9-lo] and on the activity of 
NF-KB transcription factors [lo]. Cells were harvested 
immediately before (time 0) or at the indicated times 
after addition m the culture medium of 0 25 ,.@ml cyclo- 
hexlmide. As a control, one of the cultures was treated 
for 5 h with 5 pglrnl LPS. I-NOS mRNA levels were then 
assessed m 25 ,ug total cellular RNA by Northern blot 
hybridization (lower panel m Fig 1B). Maximal I-NOS 
mRNA accumulation was detected after 5 h of cyclo- 
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Fig 1 Activation of gene expresslon followmg exposure of RAW 
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264 7 macrophages to low concentrations of protein synthesis mhlbltors 
(A) Dose-response analysis of I-NOS mRNA mductron by cyclohexlmrde, puromyczn and amsomycm Cells were Incubated for 5 h either m medium 
alone (lane 1), or m medium supplemented with cyclohexlmlde (C, 0 25, 2 5 or 25 &ml lanes 2 to 4), puromycm (P, 0 25, 2 5 or 25 &ml lanes 
5 to 7), amsomycm (A, 0 25, 2 5 or 25 ,@ml lanes 8 to 10) or bactenal hpopohsaccharlde (LPS, 5 &ml) plus mouse Interferon gamma (IFN-y, 
100 U/ml lane 11) Followmg cell lysls and RNA punficatlon, I-NOS (I-NOS) and p-actm (ACTIN) mRNA concentration was assessed m 25 pug 
total cellular RNA by ‘Northern blot’ analysis Data are reported as actual autoradlograph of a representative filter (top) or as graphic representation 
of the results obtained by quantltatlve densltometrlc analysis of autoradlographlc signals correspondmg to the I-NOS mRNA, assessed m multiple, 
independent experiments and corrected on the basis of p-actm mRNA concentration m the same lane (bottom) 
(B) Kmetxs of JE, c-fos and I-NOS mRNA rnductlon by cyclohexlmrde Cells were Incubated for the indicated times m medium supplemented with 
0 25 &ml cyclohexlmlde, or for 5 h m medium containing 5 pglml LPS Followmg cell lysls and RNA purification, JE, c-fos and I-NOS (I-NOS) 
mRNA concentration was assessed m 25 pg total cellular RNA by ‘Northern blot’ analysis Data are reported as graphic representation of the results 
obtained by quantitative densltometrlc analysis of autoradlographlc signals correspondmg to the each mRNA, corrected on the basis of the /%actm 
mRNA hybndlzatlon signal detected m the same lane 

hextmide treatment, the longest stimulation time allowed 
m the experiment shown m the figure (4- to 6-fold m- 
crease); extending the length of the stimulation up to 20 
h did not result m further increase of I-NOS mRNA 
levels (data not shown) This gene thus is not a ‘primary 
response’ gene, as far as cyclohexlmide is concerned m 
RAW 264.7 macrophages whereas it is here directly stim- 
ulated by both LPS and IFN-y [5] iNOS mRNA level 
rose higher m the cells after LPS stimulation than after 
cycloheximide treatment (3- to 4-fold higher compare 
the last two lanes at the bottom of Fig 1B) The same 
blots were then hybridized with DNA probes specific for 
JE and C-&H, two immediate-early genes that, as such. 
are both mducible and super-inducible by this protem 
synthesis mhibitor m several cell lines [14,23] Even these 
genes are inducible m RAW 264 7 cells by cyclo- 
heximide, although then response is more rapid and 
readily reversible when compared to that of the I-NOS 
gene (upper panels m Fig 1B) These results show two 
distmct features of the response of these genes to a low 
dose of cycloheximide that distmguishes it from that of 
the I-NOS gene (1) c-fos and JE mRNA accumulation 
occurred very early after the beginning of the treatment 

(maximal within the first 30 mm for c-fos and between 
1 and 2 h for JE), and (n) it was tranaent, m both cases 
dechnmg from a peak value within 5 h According to the 
criteria established for defining immediate-early genes 
(rapid and transient response to cell stimulation and m- 
duction and super-mduction by protein synthesis mhib- 
itors) [14], the I-NOS gene is thus not to be classified as 
an immediate-early gene, despite its response to cyclo- 
heximide It is worth mentionmg that accumulation of 
i-NOS mRNA m response to cycloheximide and am- 
somycm is rather poor when compared to that of certain 
immediate-early gene mRNAs [9,12,14] A combmation 
of two distmct factors helps to explam this result first, 
I-NOS mRNA stability is not greatly affected by the 
translational mhibitors m RAW 264 7 cells (data not 
show), whereas this is a major factor for unmediate-early 
gene mRNA accumulation during protem synthesis mhi- 
bition m a variety of cell types [5] second, RAW 264 7 
cells also c-fos mRNA accumulation is rather limited 
(2-to 4-fold, see Fig lB), to mdicate that under these 
experimental conditions a considerable effect of the m- 
hibitors on mRNA levels it is not to be expected 

The results of these experiments are strongly mdicative 
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of a stlmulatlon of i-NOS gene expression by cyclo- 
hexirmde that 1s independent from 1ts ability to interfere 
with protein synthesis. When actlnomycln D, an 1nhib1- 
tor of RNA synthesis, was used in conjunction with cy- 
clohexlmlde, accumulation of 1-NOS mRNA 1n RAW 
264.7’cells was abohshed, suggesting that increased syn- 
thesis of this RNA, more than a reduction of its degrada- 
t1on rate, was the most 11kely mechanism involved (data 
not shown) For this reason, and taking advantage of the 
fact that low concentrations of this compound do not 
affect significantly mRNA translation, we transfected 
the mouse 1-NOS gene promoter-CAT reporter gene 
p1NOS CAT1 [5] 1n RAW 264.7 cells and asked whether 
cyclohexlrmde treatment was accompanied by increased 
activity of the i-NOS gene promoter. Results, reported 
m Fig. 2, demonstrate that 1n the presence of 0 25 &ml 
cyclohexlmlde transcription of 1NOS CAT1 1s increased 
4- to 8-fold 1n this macrophage cell line (compare lane 
2 with lane 1). For companson, parallel cultures were 
transfected with the CAT reporter pFCCBL [22], which 
mcludes the promoter and enhancer of the human c-fos 
gene, responsive to the nuclear effecters of different sig- 
nal transduction pathways, and also activated by cyclo- 
hex1m1de [l 11. Even pFCCBL transcrlptlon was 
enhanced significantly by cyclohexlmlde (2- to 4-fold* 
compare lanes 9 to 11 with lane 8). confirming that low 
concentrations of this compound activate 1n RAW 264 7 
cells pathways that can lead to increased transcription of 
certain genes, including also the 1-NOS and c-fos genes 

In conclusion, we have shown here that 1n macroph- 
ages 1-NOS gene transcription 1s posltlvely regulated by 
one, or more, pathways that are also sensitive to the 
dgonistic activity of low concentrations of certain protein 
synthesis inhibitors A distinct order of potency of these 
compounds toward induction of 1-NOS mRNA can be 
clearly seen, namely cyclohexlmlde = anlsomycln >> 
puromyan, independent from their 1ntnns1c ability to 
inhibit protein synthesis but surpnslngly overlapping 
with their ability to stimulate c-fos, c-/un and pp33k1s- 
tone H3 phosphorylatlon 1n mouse fibroblasts [14] In 
view of the stlmulatory effects of cyclohexexlmlde on 
NF-KB transcrlptlon factor activity 1n mur1ne macroph- 
ages [lo], and of the likely involvement of NF-XB re- 
sponse elements on both basal and inducible transcnp- 
t1on of the 1-NOS gene 1n RAW 264.7 cells ([5,24] and 
Weisz, A , Clcatlello, L. and Esum1, H , manuscript 1n 
preparation), we would like to suggest that the effects of 
cyclohexlmlde described here is, at least 1n part, medl- 
ated by activation of certain components of this complex 
that, 1n turn, leads to more efficient transcription of the 
1-NOS gene Alternatively, 1t 1s also possible that mcom- 
pletely blocked protein synthesis allows translation of 
mRNAs encoding newly induced transcrlptlon factor(s), 
so that 1-NOS mRNA accumulation 1s a secondary, 
rather than primary, response to cyclohexlmlde- and an- 
1somycm-regulated signals 1n the nucleus 
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Rg 2 Actwatlon of the cloned mouse I-NOS gene promoter trans- 
fected m RAW 264 7 macrophages by low concentrations of cyclo- 
hexlmlde pi-NOS CAT1 reporter plasmld (5 pg) was transfected m 
RAW 264 7 cells by the calcium phosphate-DNA co-preclpitatlon 
method Cells were then Incubated for 24 h m medmm alone (lanes 1 
and 5), or m medium supplemented with the mchcated amounts of 
cyclohexmude (lanes 2 to 4), IFN-y (lane 6) or LPS (lane 7) Alterna- 
tively, 5 pg pFCCBL, including the human c-fos gene promoter and 
enhancer hnked to CAT, were transfected and cells were exposed for 
24 h to the indicated amounts of cyclohexlmlde (lanes 8 to 11) CAT 
actlvlty was measured m whole cell extracts, corrected for differences 
m transfectlon efficiency by normahzmg the amount of extract used m 
each case to Its content m /I-galactosldase internal control Data are 
reported as actual autoradiograph of a chromatograpluc plate (upper), 
or as graphic representation of the results obtained by assessing the 
amount of acetylated chloramphemcol present m each sample (lower) 
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