
Transcriptional and Posttranscriptional Regulation of Tumor
Necrosis Factor Gene Expression in Human Monocytes
Eric Sariban, Kyoko Imamura, Robert Luebbers, and Donald Kufe
Laboratory of Clinical Pharmacology, Dana-Farber Cancer Institute, Harvard Medical School, Boston, Massachusetts 02115

Abstract

Regulation of tumor necrosis factor (TNF) gene expression
was investigated in resting human monocytes and in 12-0-
tetradecanoylphorbol-13-acetate (TPA) activated monocytes.
TNFtranscripts were undetectable in resting monocytes. How-
ever, in TPA-activated monocytes, TNF mRNAwas first de-
tectable by 3 h and reached maximal levels by 12 h of drug
exposure. Using run-on transcription assays, the TNF gene
was transcriptionally inactive in resting monocytes, but was

rapidly activated after TPA exposure. The protein synthesis
inhibitor, cycloheximide (CHX), had no detectable effect on

levels of TNF transcripts in resting monocytes, while this
agent superinduced the level of TNF mRNAby 50-fold in
TPA-activated cells. TPA activated monocytes were also ex-

posed to actinomycin D and/or CHX to determine whether
transcriptional or posttranscriptional control of TNF gene ex-

pression was responsible for the induction of TNF transcripts.
After 1 h of actinomycin D treatment, the amount of TNF
transcripts was reduced by 75%. In contrast, no difference in
TNFmRNAlevels was observed in TPA-activated monocytes
exposed to CHXalone or CHXin combination with actinomy-
cin D. These findings indicated that CHXprevented the degra-
dation of TNF mRNAby inhibiting the synthesis of a labile
protein. Run-on transcription assays performed on cells ex-

posed to either TPA or the combination of TPA and CHX
further indicated that CHXtreatment increased transcription
of the TNF gene. Thus, TNF gene expression is controlled at
the transcriptional level in resting human monocytes, while
both transcriptional and posttranscriptional events regulate
the level of TNF transcripts in TPA-activated cells.

Introduction

Monocytes can be activated in vitro to exhibit cytolytic activ-
ity against malignant cells (1). The induction of monocyte
tumoricidal activity may involve both cell contact and the
secretion of distinct cytotoxic substances (1). Tumor necrosis
factor alpha (TNF-alpha)' has been described as a tumoricidal
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1. Abbreviations used in this paper: ACT, actinomycin D; CHX, cy-

cloheximide; TNF, tumor necrosis factor; TPA, 12-O-tetradecanoyl-
phorbol-13 acetate.

protein secreted by interleukin 1, interleukin 2, gamma-inter-
feron or endotoxin-activated monocytes (2-4). In contrast,
circulating monocytes neither exhibit cytotoxic activity nor
produce TNF, thus indicating that these functions are induced
by certain stimuli (4-6).

Treatment of human monocytes with 1 2-O-tetradecanoyl-
phorbol-1 3 acetate (TPA) induces further differentiation of
these cells along the macrophage pathway. For example, TPA
phosphorylates the complement receptor CR1 on monocytes
that enables these cells to mediate phagocytosis (7). Certain
protein products of activated macrophages increase after ex-
posure of resting monocytes to TPA. These products include
plasminogen activators that function as proteolytic enzymes in
tissue destruction (8) and PDGF-like proteins that act as medi-
ators of inflammation (unpublished observations). In addi-
tion, an increase in cytotoxic activity has also been found in
TPA-treated monocytes (9). Thus, TPA-treated monocytes
may be useful as a model of activated macrophages.

Wehave studied the regulation of TNFgene expression in
both resting and TPA-activated human monocytes. Wereport
that TNF gene expression is primarily regulated at the tran-
scriptional level in resting monocytes, while both transcrip-
tional and posttranscriptional mechanisms regulate the level of
TNF transcripts in TPA-activated monocytes.

Methods

Cell and cell culture. Peripheral blood monocytes were obtained from
normal blood donors. Monocytes were isolated from plateletpheresis
byproducts after Ficoll-Hypaque gradient sedimentation and adher-
ence to plastic culture flasks for 30 min at 370C in the presence of 5%
pooled human AB serum. Nonadherent cells were removed by vigor-
ous washings with PBS. The remaining adherent cells were designated
as the freshly isolated (activated) monocytes. The adherent cells were
further incubated for 24-48 h in RPMI 1640 medium containing 10%
fetal bovine defined serum (Hyclone Laboratories, Logan, UT). At that
time, most of the deactivated or resting monocytes were detached from
the flasks. All media were supplemented with 2 mML-glutamine and
1% penicillin/streptomycin.

TPA (33 nM), bacterial lipopolysaccharide (LPS, 1 ,ug/ml), cyclo-
heximide (CHX; 10 ,Ag/ml) and actinomycin D (ACT; 5 ug/ml) were
added to the monocyte preparations as indicated in the figure legends.

Isolation and analysis of total cellular RNA. Total cellular RNA
was isolated using the guanidine thiocyanate cesium chloride method
(10) and analyzed as described (1 1). Ethidium bromide staining of the
agarose gels before blotting revealed the presence of equal amounts of
RNA. Transcripts were visualized by autoradiography after hybridiza-
tion to the following 32P-labeled probes: (a) the PE4 plasmid contain-
ing a 1.7-kb Pst I/Bam HI TNFcDNA insert (12); and (b) the chicken
beta actin pAl plasmid (13).

Run-on transcription assay. For transcriptional studies, 108 cells
were pelleted at 500 g for 5 min and then washed twice with ice-cold
PBS. The cell pellet was resuspended in 10 ml of lysis solution (10 mM
Tris HC1, pH 7.4, 2 mMMgCI2, 3 mMCaCl2, 3 IM DTT, 0.3 M
sucrose, and 0.5% Triton X-100) and disrupted in a loosely fitted
Dounce homogenizer. The nuclei were centrifuged at 25,000 rpm for
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60 min at 4VC through a 2.3-M sucrose cushion containing 0.5% Tri-
ton X. The nuclei pellet was either frozen at -70'C in 40% (vol/vol)
glycerol, 50 mMTris HCI, pH 8.3, 5 mMMgCI2 and 0.1 mMEDTAor
incubated immediately for 30 min at 270C in 330 j1 of transcription
mixture (20 mMTris HCI pH 8.3, 100 mMKCI, 4.5 mMMgCI2, 0.4
mMeach of ATP, CTP, and GTP, 2 mMDTT, 20%(vol/vol) glycerol,
and 200 ,Ci of [alpha-32P]UTP (> 760 Ci/mmol; Amersham Corp.).
Transcription was terminated by the addition of 40 jg/ml DNAse I, 10
mMTris-HCG, pH 8.4, 100 mMNaCG, 1 mMEDTAand 150 U/ml
RNAsin for 15 min at 260C. Proteinase K (750 jig/ml) and SDS(1%)
were then added for 30 min at 37°C. Nuclear RNAwas isolated by
phenol/chloroform extractions and then ethanol precipitated several
times in 2.5 Mammonium acetate.

Labeled nuclear RNAwas hybridized to linearized DNAprobes (5
,ug) immobilized to nitrocellulose filters using a dot-blot apparatus.
Alternatively, linearized plasmids DNA(5 jg) were run in a 1%agarose
gel and transferred to nitrocellulose filters by Southern blotting. Filter
prehybridization was performed in 5X Denhardt's solution, 40% form-
amide, 4X SSC, 5 mMEDTA, 0.4% SDSand 100 jig/ml yeast tRNA
for a minimum of 2 h. The labeled RNAwas then heated at 80°C for
10 min in hybridization buffer (same as prehybridization buffer, ex-
cept for 2X Denhardt's), chilled in ice and hybridized (minimum of 106
cpm 32P-labeled RNA/ml hybridization buffer) to the following DNAs:
(a) the chicken beta actin pAl plasmid (13); (b) the JW102 plasmid
carrying a human beta globin gene (14); (c) the PE4 plasmid carrying
the human TNF alpha gene (12); and (d) the 6.7-kb Bam HI/Sal I
fragment of the human c-src- I plasmid (15).

Measurement of TNFprotein production. TNFprotein concentra-
tions in monocyte supernatants were determined by an ELISA that
utilizes two different monoclonal antibodies reactive with distinct epi-
topes on the TNFmolecule (16). Biological activity was determined in
the mouse L-929 cell cytotoxicity assay standardized with recombinant
TNF. L-cells (5 X 104/well) sensitive and resistant to the cytotoxic
effects of TNFwere incubated in the presence of 0.1 sg/ml actinomy-
cin D for 18 h (17). The cells were fixed and stained with 0.5% crystal
violet in 20% methanol. After 10 min, the plates were washed and the
dye released with 33% acetic acid. The absorbance (600 nm) of each
well was determined with an automated plate reader (Bio-Rad Labora-
tories, Richmond, CA).

Results
Effects of TPA on TNF gene expression. TNF mRNAwas
undetectable by Northern analysis in resting monocytes (Fig.
1). However, TNF transcripts were detectable by 3 h after
exposure of resting monocytes to 33 nM TPA. The level of
TNFmRNAreached a maximum by 12 h and then decreased
to low but detectable levels. An increase in TNF mRNAwas
also observed after a 6-h exposure of resting monocytes to
bacterial LPS (1 ,ug/ml).

Effect of protein synthesis inhibition on TNFgene expres-
sion. Resting and activated monocytes were exposed to CHX
to determine if the level of TNFmRNAwas regulated by the
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Figure 1. Kinetics of TNF
mRNAinduction after
TPA treatment of resting
human monocytes. Total
cellular RNAwas isolated
from resting monocytes
treated with TPA (33 nM)
or LPS (1 jig/ml) for the in-
dicated periods of time.

TNF RNA(20 jg) was analyzed
and hybridized to a 32P-la-
beled human TNFcDNA
probe.
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Figure 2. Effect of CHXon TNFgene transcription in resting and
activated monocytes. (A) Total cellular RNAwas isolated from rest-
ing monocytes exposed to CHX(1 jig/ml) for the indicated periods
of time and from TPA (14 h) activated monocytes and from mono-
cytes treated with TPA for 14 h and then TPA/CHX for an addi-
tional 5 h. (B) Total cellular RNAwas isolated from resting mono-
cytes or monocytes exposed to TPA (33 nM), CHX(10 Ag/ml) and
ACT (5 ug/ml) as indicated. RNA(20 jig) was analyzed as in Fig. 1.
CHXwas added after 10 h of TPA treatment and the cells were har-
vested 6 h later. Actinomycin Dwas added after 15 h of TPA treat-
ment and the cells were harvested 1 h later.

synthesis of a labile protein. As shown in Fig. 2 A, the addition
of CHX(10 ,ug/ml) to resting monocytes failed to induce a
detectable level of TNF transcripts. In contrast, CHX in-
creased the level of TNF mRNAin TPA-activated cells by

- 50-fold. To further analyze whether this superinduction by
CHXwas related to transcriptional and/or posttranscriptional
controls, activated monocytes were exposed to actinomycin D.
Exposure to actinomycin D (5 Ag/ml) for 1 h decreased the
level of TNF transcripts by 75% in these cells (Fig. 2 B). In
contrast, there was no detectable decrease in TNF mRNA
when cells were exposed to CHXfor 5 h and then to CHX/ac-
tinomycin D for an additional 1 h.

Similar results were obtained in a more detailed time
course using freshly isolated or activated monocytes that con-
stitutively express TNF. In this study, the monocytes were
exposed to CHX, actinomycin D or the combination of these
agents for 1, 3, and 6 h. CHXwas added 10 min before actin-
omycin D when cells were treated with both drugs. TNF
mRNAlevels decreased by > 90% after a 1-h exposure to ac-
tinomycin D, thus indicating a half-life of < 20 min (Fig. 3). In
contrast, there was no change in the level of TNFtranscripts in
cells treated with both CHXand actinomycin D for 1 h. How-
ever, TNF mRNAdegradation was not completely inhibited
by CHX, since these transcripts were undetectable after 3 h of
exposure to both drugs (Fig. 3).

TNFgene transcription rate in resting and TPA activated
monocytes. In order to analyze whether the absence of TNF
transcripts in resting monocytes was secondary to transcrip-
tional or posttranscriptional mechanisms, we measured the
rate of TNF gene transcription in isolated nuclei using the
run-on transcription assay procedure. As shown in Fig. 4 A,
the TNFgene was transcriptionally inactive in resting mono-
cytes. In control experiments, the beta actin gene was actively
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Figure 3. TNFmRNAlevels in activated monocytes exposed to
ACT, CHXor the combination of these agents. Freshly isolated and
activated monocytes were exposed to ACT (5 ,ug/ml), CHX(10
ug/ml) or the combination of these agents for the indicated times.
CHXwas added 10 min before actinomycin Dwhen using both
agents. Total cellular RNAwas hybridized to the 32P-labeled human
TNFcDNAor to a 32P-labeled chicken beta actin DNAprobe.

transcribed in resting monocytes, while the beta globin gene
was also transcriptionally inactive. In contrast, treatment of
resting monocytes was associated with a rapid increase in TNF
gene transcription, which was detected as early as 20 min after
drug exposure.

TNF gene transcription was then compared in TPA and
TPA/CHX-treated monocytes to determine whether tran-
scriptional regulation was also responsible for the increase in

TNF transcripts in activated monocytes exposed to CHX. As
shown in Fig. 4 B, TNFtranscription activity increased 12-fold
after CHXexposure. In contrast, the rate of c-src gene tran-
scription remained unchanged under these experimental con-
ditions.

Effects of TPA on TNFprotein production. The effects of
TPA on TNF protein production were determined by both
ELISA and the L-cell cytotoxicity assay. TNFprotein produc-
tion in supernatants of resting monocytes treated with TPA
was first detectable at 3 h (Fig. 5 A). Furthermore, the level of
TNF protein increased progressively during 15 h of TPA ex-
posure (Fig. 5 A). Culture supernatant from monocytes treated
with TPA for 12 h was monitored for biological activity against
TNF sensitive and resistant L-cells (17). The TNF-sensitive
L-cells were progressively killed by adding increasing amounts
of culture supernatant (Fig. 5 B). In contrast, this supernatant
had loss of a cytotoxic effect against the TNF-resistant L-cells
(Fig. 5 B). Moreover, pretreatment of the supernatant with a
neutralizing anti-TNF monoclonal antibody resulted in a loss
of cytotoxic activity against TNF-sensitive L-cells (Fig. 5 B).
Finally, there was no detectable production of TNFprotein by
ELISA or L-cell cytotoxicity assay in supernatants of untreated
resting monocytes.

Discussion

The TNF gene is transcriptionally active and TNFmRNAis
detectable by Northern analysis (18, 19) in thioglycollate elic-
ited mouse macrophages. However, this TNF mRNAis not
translated into protein (18), thus indicating that TNF gene
expression is primarily regulated at the translational level in
these cells. Our study indicates that TNF gene expression is
controlled at the transcriptional level in resting human mono-
cytes. Thus, in resting monocytes, TNF transcripts are unde-
tectable and nuclear run-on transcription assays indicate that
the TNF gene is transcriptionally inactive. However, a rapid
induction in TNF gene transcription was observed as rapidly

Control TPA 10' TPA 20' TPA 360'
~~~~ ~~~~~~~~ siiw ..

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

,3 Globin
TNF

c-src 4 0

TPA 12h TPA 12h
CHX 1h

Figure 4. Analysis of TNFgene
transcription in resting TPA-acti-
vated, and CHX-treated monocytes.
Nuclei were isolated and run-on
transcription assays were performed
as described in Methods. (A) 5 gg of
linearized beta globin, actin, and
TNFplasmid DNAwere run on a
1%agarose gel, transferred to nitro-
cellulose paper by Southern blot-
ting, and hybridized to similar
amounts of 32P-labeled nuclear
RNA(106 cpm/ml) isolated from
resting monocytes and monocytes
exposed for 10, 20, and 360 min to
TPA. (B) 5 jug of linearized beta glo-
bin, TNFand c-src plasmid DNA
were spotted into nitrocellulose
filters using a dot blot apparatus
and hybridized to 32P-labeled nu-
clear RNA(2 X 106 cpm/ml) iso-
lated from monocytes exposed to
TPA for 12 h and monocytes ex-
posed to TPA for 12 h and CHXfor
1 h.
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Figure 5. Effects of TPA on production of TNFprotein by resting
monocytes. (A) Resting monocytes (106/well) were treated with 33
nMTPA for the indicated times and the supernatants assayed for
TNFprotein by ELISA as described in Methods. The results repre-

sent the mean of three determinations with a standard deviation of
10%. (B) The supernatant from monocytes treated with TPA for 12 h
was monitored for cytotoxic activity against TNF-sensitive (o) and
resistant (A) L-cells. The total volume of the cytotoxicity assay was

200 ul. Supernatant from TPA-treated monocytes was also incubated
with anti-TNF monoclonal antibody (m) before monitoring cytotoxic
activity against the TNF-sensitive L-cells.

Similar results have been obtained in mouse macrophages
(19). These findings suggest that TNFgene activation can also
occur in the absence of protein synthesis and thus must in-
volve the modification of preexisting cellular factors. This
modification might increase the affinity of a nuclear factor for
DNAbinding or change the conformation of a factor already
bound to a regulatory element controlling expression of the
TNF gene. Modification of preexisting cellular factors has
been investigated as a mechanism responsible for regulating
expression of the heat shock, c-fos and steroid responsive genes
(22). Different DNAbinding proteins involved in the regula-
tion of c-fos proto-oncogene expression have been character-
ized and found to be both cell and inducer specific (23). Since
the TNF gene is expressed in different cell types and can be
induced by different agents, it would be of interest to deter-
mine if: (a) different cis-acting sequences and transcription
factors regulate TNFgene expression, as already described for
the c-fos gene; and (b) these factors are specific for cell type and
inducer.

as 20 min after exposure of resting monocytes to TPA. This
increase in TNFtranscription was accompanied by the appear-

ance of TNF transcripts that reached maximal levels by 12 h
after TPA exposure. This TPA-induced increase in TNF tran-
scription was also associated with release of TNFprotein in the
culture supernatant.

Our results agree with previous studies that demonstrated
that: (a) peripheral blood monocytes do not produce detect-
able levels of TNF protein and do not exhibit spontaneous
cytotoxicity against tumor cell targets (4-6); and (b) mononu-

clear cells exposed to TPA and endotoxin secrete TNFby 2 h
after drug treatment and produce maximal TNF-specific cyto-
toxic activity by 30 h (4). Thus, the absence of TNF gene

expression at the transcriptional level in resting monocytes is a

major reason why these cells fail to exhibit spontaneous tu-
moricidal activity. In this regard, the ability of the combina-
tion of LPS and gammainterferon to induce cytotoxic activity
in monocytes might be related in part to the ability of these
agents to transcriptionally activate the TNFgene (18, 19).

The results of our study also indicate that once the TNF
gene is transcriptionally active, posttranscriptional mecha-
nisms operate to control TNFgene expression. Thus, CHX, an

inhibitor of protein synthesis, markedly increases the level of
TNFmRNAin TPA-activated monocytes. This effect was re-

lated in part to stabilization of TNF transcripts since CHX
prolonged the half-life of TNF mRNAin cells where tran-
scriptional activity was blocked by actinomycin D.

Of interest, the TNF gene, as well as other cytokines and
certain proto-oncogenes, contain AUrich sequences in the 3'
untranslated region of their mRNAs(20). Each of these gene
products is expressed transiently. In contrast, the AUrich se-

quences have not been identified in genes known to express
stable levels of transcripts (20). Consequently, these unique
sequences may be recognition sites for mRNAprocessing
pathways that degrade specific transcripts (20, 21). These
pathways are sensitive to CHX, thus indicating that labile pro-
teins, probably RNases, are responsible for the short-life of
these transcripts.

In addition to stabilizing TNF transcripts, CHXalso in-
creased TNF gene transcription in TPA-treated monocytes.
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