
MOLECULAR AND CELLULAR BIOLOGY, Mar. 1989, p. 974-982 Vol. 9, No. 3
0270-7306/89/030974-09$02.00/0
Copyright © 1989, American Society for Microbiology

Transcriptional Regulation of Acetyl Coenzyme A Carboxylase Gene
Expression by Tumor Necrosis Factor in 30A-5 Preadipocytest

MICHAEL E. PAPE AND KI-HAN KIM*
Department of Biochemistry, Purdue University, West Lafayette, Indiana 47907

Received 23 August 1988/Accepted 3 December 1988

Acetyl coenzyme A (acetyl-CoA) carboxylase activity, amount, and mRNA levels increase during the
differentiation of 30A-5 preadipocytes to adipocytes. Tumor necrosis factor (TNF) completely prevents this
differentiation, with concomitant inhibition of acetyl-CoA carboxylase mRNA accumulation. To investigate the
mechanisms by which TNF prevents acetyl-CoA carboxylase mRNA accumulation, we determined the effect of
TNF on the transcription rate of the carboxylase gene and the half-life of carboxylase mRNA. Nuclear runoff
transcription assays revealed no differences in the number of RNA polymerase molecules actively engaged in
transcription of the acetyl-CoA carboxylase gene in preadipocytes, adipocytes, TNF-treated preadipocytes, or
at any time during the course of differentiation. However, changes in adipsin, glycerophosphate dehydroge-
nase, and actin mRNAs, whose levels are also differentiation dependent, can be accounted for in part by
changes in the number of polymerase complexes on their respective genes. To determine whether TNF caused
a decrease in the stability of carboxylase RNA transcripts, we measured the rate of decay of prelabeled
acetyl-CoA carboxylase mRNA. Control and TNF-treated cells showed no difference between the apparent
half-lives of acetyl-CoA carboxylase mRNAs (9 h). However, the rate of acetyl-CoA carboxylase mRNA
synthesis in vivo was decreased three- to fourfold in the presence of TNF. These data demonstrate that TNF
prevents accumulation of acetyl-CoA carboxylase mRNA during preadipocyte differentiation by decreasing the
rate of acetyl-CoA carboxylase gene transcription. However, transcriptional control is not due to a change in
the number of RNA polymerase complexes actively engaged in carboxylase transcript elongation which could
be measured by a nuclear runoff assay. Instead, transcriptional control may be related to the rate at which
RNA polymerase traverses the acetyl-CoA carboxylase gene.

Tumor necrosis factor (TNF) or cachectin is part of a
polypeptide network made up of several cytokines and
growth factors that have wide and varied effects on the
growth, differentiation, and functions of immune system and
normal cells (4, 26). With the availability of cloned TNF and
TNF-specific antibodies, it has been possible to assess the
specific role that TNF plays in mediating the broad range of
effects elicited by these polypeptides and also the synergism
and antagonism TNF displays with respect to factors of the
network. Recent work has implicated TNF in mediating such
diverse immunological and inflammatory processes as mac-
rophage-induced angiogenesis (13), endotoxic and septic
shock due to bacterial infection (5, 35), hemorrhagic necrosis
of certain transplanted tumors (25), prevention of enceph-
alomyocarditis virus replication in human fibroblasts (11),
monocyte-mediated cytotoxicity (29), and cytolysis of cer-
tain murine and human cell lines (33). Most of these effects
are due to TNF action on reticuloendothelial cells and
lymphocytes; however, TNF also alters the growth, differ-
entiation, and functions of normal cells, such as fibroblasts,
myocytes, and adipocytes. For instance, TNF is mitogenic
for human fibroblasts (33, 38) and prevents the differentia-
tion of myoblasts (19) and preadipocytes (27, 34) in culture.
Furthermore, TNF dramatically alters the cellular functions
of fully differentiated adipocytes (28, 34).
The wide-ranging effects of TNF on these various cell

types may ultimately be due to alterations in the expression
of key gene products. There are several examples of TNF
affecting the levels of mRNAs that encode key proteins.
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TNF stimulates the production of granulocyte-monocyte,
granulocyte, and monocyte colony-stimulating factor
mRNAs in endothelial cells and other cell types by increas-
ing the rates of transcription of their respective genes (21,
31). TNF also regulates oncogene expression, since the
monokine has been shown to cause a rapid and transient
increase in c-fos and c-myc mRNA levels in human fibro-
blasts (14) while reducing c-myc mRNA levels in HeLa cells
through a transcriptional control mechanism (40). TNF
inhibits the expression of alpha-cardiac actin, alpha-skeletal
actin, and myosin heavy-chain mRNAs during myogenesis
(19) but increases beta 2 interferon mRNA in myoblasts,
myotubes (19), and human fibroblasts (11). Finally, TNF has
been shown to decrease the amounts of acetyl coenzyme A
(acetyl-CoA) carboxylase (27), glycerophosphate dehydro-
genase (GPD) (10, 34), lipoprotein lipase (8, 41), and adipsin
(20) mRNAs and also mRNAs for other developmentally
regulated genes of unknown identity (34) both in fully
differentiated adipocytes and during preadipocyte differenti-
ation. In some of these cases, the decrease in mRNA amount
for these lipogenic genes is due to a decreased rate of gene
transcription as demonstrated by nuclear transcription as-
says (34, 41). A goal of the present study was to investigate
in detail the mechanisms by which TNF decreases acetyl-
CoA carboxylase mRNA levels during preadipocyte differ-
entiation.
Acetyl-CoA carboxylase catalyzes the rate-limiting step in

the de novo biosynthesis of long-chain fatty acids (12, 39).
Various nutritional, hormonal, and developmental states
which alter the rate of fatty acid biosynthesis have a marked
effect on carboxylase activity and amount (16, 17, 22-24). In
some instances, these changes in carboxylase have been
shown to be due to alterations in carboxylase mRNA content
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and the amount of translatable carboxylase mRNA (2, 15,
27a). A system which is amenable to investigating the effects
of hormones on the regulation of carboxylase mRNA is the
30A-5 preadipocyte cell line (27). Upon treatment with
dexamethasone and insulin, 30A-5 preadipocytes differen-
tiate into adipocytes, as demonstrated by precocious lipid
accumulation. Acetyl-CoA carboxylase activity, amount,
and mRNA levels increase in parallel with the number of
lipid-exhibiting cells (27). TNF completely prevents the
conversion process, with a corresponding inhibition of car-
boxylase gene expression (27).

In this paper, we report that TNF prevents accumulation
of acetyl-CoA carboxylase mRNA during preadipocyte dif-
ferentiation by decreasing the rate of acetyl-CoA carboxyl-
ase gene transcription, as measured by in vivo labeling of
RNA. Furthermore, the decreased rate of synthesis is not
due to fewer RNA polymerase molecules on the acetyl-CoA
carboxylase gene, as determined by nuclear runoff transcrip-
tion assays. Thus, we provide an example in which the
nuclear runoff transcription assay does not reflect a true in
vivo transcription rate.

MATERIALS AND METHODS
Materials. The following commercial products were ob-

tained: Eagle basal medium (MA Bioproducts, Walkersville,
Md.); fetal bovine serum (GIBCO Laboratories, Grand
Island, N.Y.); dexamethasone and insulin (Collaborative
Research, Inc., Waltham, Mass.); RNase-free DNase I,
RNase-free bovine serum albumin, and ribonucleotides,
(Pharmacia, Inc.; Piscataway, N.J.); RNasin (Promega Bio-
tec); guanidine isothiocyanate (Fluka); [5,6-3H]uridine (43
Cilmmol) and [U-32P]UTP (3,000 Ci/mmol) (ICN Pharmaceu-
ticals, Inc., Irvine, Calif.); [o-32P] dCTP (3,000 Ci/mmol)
(Amersham Corp., Arlington Heights, Ill.). Recombinant
human TNF-ct (2.7 x 107 U/mg) was generously provided by
Tatsuro Nishihara of the Suntory Institute, Osaka, Japan.

Cell culture. The 30A-5 preadipocyte cells were grown in
Eagle basal medium containing 10% fetal bovine serum and
induced to differentiate by adding insulin and dexametha-
sone at confluency, as previously described (27).
Nuclear runoff transcription assays. Nuclei were isolated

from the cells of six 100-mm-diameter plates for each treat-
ment. Cell monolayers were rinsed twice in ice-cold rinsing
buffer (10 mM Tris hydrochloride [pH 7.5], 10 mM NaCl, 3
mM MgCl,), and then cells were lysed in rinsing buffer
containing 0.5% Nonidet P-40, 2.75 mM dithiothreitol, and
20 U of RNasin per ml. The cells on plates were scraped, and
the lysates were gently shaken for 5 s, followed by centrif-
ugation at 700 x g for 7 min at 4°C to pellet the nuclei. All
procedures were performed on ice and in the cold. The
supernatant was used to make cytoplasmic RNA as de-
scribed below. The nuclear pellet was washed twice in
rinsing buffer containing 2.75 mM dithiothreitol and 20 U of
RNasin per ml and centrifuged as before to decrease the
amount of detergent present in the nuclear preparation. The
final nuclear pellet was suspended in the transcription reac-
tion buffer, which contained 50 mM N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid(HEPES; pH 7.5); 90 mM
NH4Cl; 5 mM MgCl2; 0.5 mM MnCl,; 2 mM dithiothreitol;
0.1 mM EDTA; 0.4 mM each ATP, CTP, and GTP; 10%
glycerol; 10 ,ug of RNase-free bovine serum albumin per ml;
and 200 U of RNasin per ml. Nuclei were counted with a
hemacytometer, and 2 x 106 to 4 x 106 nuclei were divided
into aliquots and stored at -70°C.
The in vitro transcription reaction was performed with an

equal number of nuclei per reaction (2 x 106 to 4 x 106) in

transcription reaction buffer containing 325 iLCi of [cx-
32P]UTP (0.3 ,uM) in a final volume of 300 jil. The transcrip-
tion reaction was performed at 28°C and proceeded for 40
min. Newly transcribed RNA was isolated by two succes-
sive DNase I-proteinase K digestions with an ethanol pre-
cipitation step in between (18). After two more ethanol
precipitations, the labeled RNA was counted. About 3 x 106
to 5 x 106 cpm was recovered from each reaction. The
reaction products ranged from 6 kilobases to 0.5 kilobase,
with an average size of 2 kilobases in nuclei isolated from all
cells with the different treatments.
To assay the amounts of specific RNAs synthesized, the

transcribed RNA was hybridized to plasmids containing a
cDNA fragment of the specific gene. Plasmids were immo-
bilized on Zetabind membrane (AMF-Cuno, Houston, Tex.)
as follows. Plasmids were completely linearized with the
appropriate restriction enzyme, phenol-chloroform ex-
tracted, and ethanol precipitated. The DNA was denatured
by boiling in 0.1 N NaOH for 5 min, followed by addition of
ice-cold 20x SSPE (lx is SSPE is 0.15 M NaCl, 1 mM
EDTA, and 10 mM NaH2PO4 [pH 7.4]) to a final concentra-
tion of 12x. Plasmids (3 to 5 jig per dot) were dotted onto
Zetabind membrane with dot blot apparatus (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md.), and the filter
was baked.

Plasmid filters were prewashed in 0.1x SSPE containing
0.5% sodium dodecyl sulfate at 65°C for 1 h, followed by
overnight prehybridization at 50°C in hybridization buffer
which contained 50% formamide, 6x SSPE, 1% sodium
dodecyl sulfate; 0.1% Tween 20, 500 jig of Toriula RNA per
ml, and 1 x Denhardt solution (0.2 mg each of bovine serum
albumin, Ficoll, and polyvinylpyrrolidone per ml). Equal
numbers of counts of the newly transcribed RNA (3 x 106 to
5 x 10' cpm) were used for hybridization in 0.5 ml of fresh
hybridization buffer for 96 h at 50°C. After hybridization, the
filters were washed four times for 5 min each time in 2 x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
containing 0.1% sodium dodecyl sulfate at room tempera-
ture, followed by two 15-min washes in 0.1x SSC-0.1%
sodium dodecyl sulfate at 500C. Filters were exposed to
Kodak XAR-5 film at -70°C. Quantitation of all autoradio-
graphs was performed with an LKB laser densitometer and
LKB GSXL software.

In defining the hybridization conditions, we determined a
minimum Rot number as follows. We added equal amounts
of counts to identically prepared filters containing acetyl-
CoA carboxylase- or actin-specific plasmids and determined
the time at which maximum hybridization was obtained. By
preliminary experiments, we had determined that the actin
gene was transcribed at the highest rate and the acetyl-CoA
carboxylase gene was transcribed at the lowest rate, under
any treatment of the 30A-5 cells, of all of the genes studied.
The complete hybridization signal for actin occurred by 24 h
of hybridization, while that for acetyl-CoA carboxylase
occurred by 48 h, consistent with the various degrees of
transcription for each gene. We chose to use 96 h for the
length of hybridization to ensure that the hybridizations
were complete.

Labeling of RNA in vivo with [3H]uridine and measurement
of the half-life of acetyl-CoA carboxylase mRNA. Confluent
monolayers of 30A-5 preadipocytes in 100-mm plates (day 0)
were subjected to the standard differentiation scheme (27)
with or without 200 U of TNF per ml. At day 6, [5,6-
3H]uridine was added to each plate. At day 8, the medium
containing the [3H]uridine was removed and the cell mono-
layers were washed twice with 10 ml of phosphate-buffered
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saline each. Fresh medium containing 2.5 mM cytidine, 5
mM uridine, and 5 jig of insulin per ml was then added
(chase period). TNF-treated cells were exposed to the
monokine at all times; from day 0 until the cells were
harvested for RNA isolation. Total RNA was isolated 5, 10,
15, and 20 h after initiation of the chase, by a modification
(36) of the method of Chirgwin et al. (6). Incorporation of
[3H]uridine into total RNA was determined by measurement
of trichloroacetic acid-precipitable counts in the final RNA
preparation. About 2 x 108 dpm was used for the quantita-
tion of the specific mRNA species through hybridization as
described above. Three and five plates were used for each
time point for control and TNF data, respectively.

Isolation and analysis of RNA. Total RNA was isolated by
directly lysing cell monolayers in a 4.5 M guanidine solution
(36) and centrifuging the lysate through CsCl (36). Cytoplas-
mic RNA was isolated from the first supernatant fraction in
the preparation of nuclei by addition of guanidine isothiocy-
anate to a final concentration of 4.5 M and centrifugation
through CsCl. For dot blot analysis, RNA was dotted onto
Zetabind membrane (3) and hybridized to nick-translated
plasmids containing gene-specific cDNAs. The hybridization
and washing conditions were identical to those used for the
nuclear runoff transcription assays and [3H]RNA experi-
ments.

Plasmids. To measure labeled acetyl-CoA carboxylase
mRNA in total RNA, we used three plasmids containing
cDNA that spanned 6.6 kilobases of the 10-kilobase carbox-
ylase mRNA: pCX321, pDHN2, and pKHN18 (14a). These
acetyl-CoA carboxylase cDNA fragments were subcloned
into pGEM3 (Promega Biotec) at the unique EcoRI site.
Three micrograms of each plasmid constituted the acetyl-
CoA carboxylase plasmid dot. The adipsin (32) and glycero-
phosphate dehydrogenase cDNA clones (pGPD-1 in refer-
ence 10) were in pBR322 and were generously provided by
Bruce Spiegelman of the Dana-Farber Cancer Institute,
Boston, Mass. The actin plasmid contained a nearly full-
length chicken ,B-actin cDNA insert.
To probe RNA dot blots, linearized plasmids were nick

translated and hybridized as described above. pKHR18 (2,
14a) was used as the acetyl-CoA carboxylase probe.

RESULTS

Changes in acetyl-CoA carboxylase mRNA content during
differentiation with or without TNF. Acetyl-CoA carboxylase
mRNA levels increased 3- to 10-fold during preadipocyte
differentiation, while having TNF present throughout differ-
entiation inhibited carboxylase mRNA accumulation by 70
to 80% (Fig. 1). The increase in carboxylase mRNA during
the conversion of preadipocytes to adipocytes varied, de-
pending on the cell passage number, which has an effect on
the extent of differentiation. The levels of adipsin and GPD
mRNAs under the same experimental conditions responded
to the differentiation and TNF treatments in a fashion
analogous to that of acetyl-CoA carboxylase mRNA; differ-
entiation increased their amounts, and TNF inhibited their
accumulation (Fig. 1). On the other hand, actin mRNA levels
decreased during differentiation and TNF appeared to have
little effect on the actin mRNA amount.
Measurement of the relative number of RNA polymerase

complexes associated with the acetyl-CoA carboxylase gene
during differentiation with or without TNF. To determine
whether changes in the number of RNA polymerase mole-
cules actively engaged in transcribing the carboxylase gene
could account for the changes in carboxylase mRNA levels,
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FIG. 1. Changes in acetyl-CoA carboxylase (ACC), adipsin,
GPD, and actin mRNA levels during differentiation with and without
TNF. The differentiation scheme described in Materials and Meth-
ods was initiated after 30A-5 cells had reached confluency (day 0;
DO). Total RNA was isolated from preadipocytes (DO), fully differ-
entiated adipocytes (day 8; D8), and 30A-5 cells grown in the
presence of 200 U of TNF per ml from day 0 to day 8 (D8 + TNF)
and analyzed by either Northern or RNA dot blot analysis with
nick-translated cDNAs of the indicated genes.

we performed nuclear runoff transcription assays. This as-
say, which is widely used to estimate the rate of RNA
synthesis, provides a "snapshot" of the number of polymer-
ase complexes on a particular gene at the time of isolation of
the nuclei. Since reinitiation of RNA synthesis is a very
inefficient process in the in vitro transcription reaction, only
RNA polymerase molecules associated with the gene com-
plete transcript synthesis during the in vitro reaction.
The following nuclear preparations were used: nuclei from

preadipocytes (day 0), adipocytes (day 8), and 30A-5 cells
treated with the standard differentiation scheme but exposed
to 200 U of TNF per ml from day 0 to day 8. To determine
the optimum time required for the complete runoff of RNA
polymerase molecules that were in the process of elongation,
we performed the transcription reaction by using [a-32P]UTP
to label RNA transcripts that were being synthesized and
determined the time course of UMP incorporation into
newly transcribed RNAs. The initial rates at which UMP
was incorporated were virtually identical for nuclei isolated
from cells given the three different treatments; half-maximal
incorporation occurred at about 5 min (Fig. 2). In addition,
incorporation into newly transcribed RNA reached a plateau
by 40 min for nuclei from all treatments (Fig. 2). Since less
than 1% of the initial label was incorporated into RNA after
the 40-min reaction (data not shown), the amount of UTP
does not appear to be rate limiting. These data suggest that
under our in vitro transcription reaction conditions, all RNA
polymerase molecules associated with the DNA at the time
of nuclear isolation complete their transcription of particular
genes. Therefore, a reaction time of 40 min was used for all
subsequent nuclear transcription reactions.

After the in vitro transcription reaction, newly transcribed
RNA was isolated and hybridized to filters containing plas-
mids for acetyl-CoA carboxylase, adipsin, GPD, and actin.
The amounts of acetyl-CoA carboxylase transcripts that
were completed during the runoff reaction remained virtually
the same for all of the cell treatments (Fig. 3). However, the
number of adipsin and GPD transcripts synthesized in this
assay increased during preadipocyte-to-adipocyte conver-
sion, whereas TNF-treated preadipocytes showed reduced
levels (Fig. 3). The number of actin transcripts decreased
slightly during differentiation, while TNF-treated preadipo-
cytes had levels comparable to those of day 0 preadipocytes
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FIG. 2. Time course of UMP incorporation into newly transcribed RNAs during the nuclear transcription reaction. Equal numbers of
nuclei isolated from day 0 (0) and day 8 (A) cells and cells treated with TNF from days 0 to 8 (LI) were used in a 300-iLl transcription reaction.
At various times after addition of [C_-32P]UTP, a 5-,ul sample was removed and the amount of trichloroacetic acid-precipitable counts were
determined. The data represent the average of two experiments.

(Fig. 3). Control plasmids pGEM3 and pBR322 were used to
assess the background; it was found that the signal level
remained low in each hybridization (Fig. 3). By four separate
experiments, we found that the number of transcripts syn-
thesized in the preadipocyte nuclei compared with the
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FIG. 3. Transcription of specific genes in isolated nuclei from
30A-5 cells under different hormonal treatments. Nuclei were iso-
lated from day 0 cells (DO), day 8 cells (D8), and cells treated for 8
days with TNF [D8(TNF)]. RNA polymerase complexes actively
engaged in transcription at the time of nuclear isolation were
allowed to complete transcription under standard nuclear runoff
transcription conditions, as described in Materials and Methods.
Nuclear RNA was isolated, and equal counts per minute of newly
transcribed RNA from each reaction were hybridized to immobi-
lized plasmids containing gene-specific cDNAs as indicated. ACC,
Acetyl-CoA carboxylase.

adipocyte nuclei increased 1.2 + 0.2-fold for acetyl-CoA
carboxylase, 1.9 ± 0.2-fold for adipsin, and 3.1 + 0.7-fold for
GPD and decreased by about 30% for actin. For nuclear
transcription assays during differentiation of NIH 3T3-
F442A preadipocytes, Cook et al. (7) reported no detectable
change for adipsin, a greater-than-sixfold increase in GPD,
and a 30% decrease in actin RNA transcripts. The differ-
ences from our results may be attributed to assay sensitivity
or cell lines.
A comparison of transcript amounts from two experiments

with adipocyte nuclei and TNF-treated preadipocyte nuclei
revealed a 20% decrease in acetyl-CoA carboxylase, a 40%
decrease in adipsin, a 60% decrease in GPD, and a 1.3-fold
increase in actin. These data indicate that during conversion
of preadipocytes to adipocytes, the number of polymerase
molecules on the carboxylase gene changed insignificantly, if
at all. Additionally, in the presence of TNF, a treatment that
completely inhibits the conversion, the number of polymer-
ase molecules on the acetyl-CoA carboxylase gene did not
change significantly. However, the number of RNA poly-
merase molecules associated with the adipsin, GPD, and
actin genes changed under the same experimental condi-
tions, reflecting the levels ofmRNA synthesized under these
conditions.
Although these data suggested that there were no changes

in the number of polymerase complexes actively engaged in
transcribing the carboxylase gene under the three different
conditions, we could not exclude the possibility that a
transient increase in the number of polymerase molecules
associated with the carboxylase gene occurs during differ-
entiation. If TNF prevented such a transient increase, then
the same data would have been obtained. Therefore, we
performed the nuclear runoff transcription assay on nuclei
isolated from cells at every stage of differentiation and also
measured cytoplasmic RNA levels (Fig. 4). The number of
polymerase molecules associated with the acetyl-CoA car-
boxylase gene remained the same during preadipocyte-
to-adipocyte conversion, while this number increased for
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FIG. 4. Changes in acetyl-CoA carboxylase (ACC), adipsin, GPD, and actin cytosolic mRNA levels and in vitro-determined transcription
rates during adipocyte conversion. Nuclei were isolated from 30A-5 cells at various days during differentiation, and the number of RNA
polymerase complexes associated with each gene was determined by the nuclear runoff transcription assay. Cytosolic RNA was isolated from
the same nuclear preparations and analyzed by RNA dot blot analysis as described in the legend to Fig. 1.

adipsin and GPD but decreased for actin. In the latter three
cases, the changes in the amounts of cytoplasmic RNAs can
be attributed in part to a change in the numbers of polymer-
ase complexes associated with their respective genes; this
presumably reflects a change in the rate of transcription of
each gene. However, the increase in acetyl-CoA carboxyl-
ase mRNA during differentiation and also the decrease in
carboxylase mRNA in the presence of TNF cannot be
explained by the same mechanism. Therefore, we examined
whether the stability of acetyl-CoA carboxylase mRNA is
affected so as to control carboxylase mRNA levels.

Effect of TNF on the half-life of acetyl-CoA carboxylase
mRNA. To measure the rate of decay of acetyl-CoA carbox-
ylase mRNA in 30A-5 cells, we labeled the mRNA by using
[3H]uridine. We avoided the use of inhibitors of transcription
because of the various effects that these agents can have on
other cellular processes. The 30A-5 cells were subjected to
the standard differentiation scheme without TNF (control) or
with TNF (TNF treated) and then exposed to [3H]uridine to
label cellular RNA. The labeling period was 48 h, from days
6 to 8. [3H]uridine treatment did not noticeably affect lipid
accumulation from days 6 to 8 in the control cells, since the

typical 85 to 90% of cells displayed lipid. At day 8, the cells
were washed and new medium with high concentrations of
uridine and cytidine was added as described in Materials and
Methods. Total RNA was isolated 0, 5, 10, 15, and 20 h later.
The [3H]RNA was then hybridized to filters containing
plasmids for acetyl-CoA carboxylase, adipsin, GPD, and
actin to determine the half-lives of the respective mRNAs.
The rate at which a particular mRNA species changes is

described by the formula dmRNA/dt = k5 - kdmRNA,
where ks is the rate constant of synthesis and kd is the rate
constant of degradation. During the sampling period, ks can
be ignored (essentially, k5 = 0) because during this period the
newly synthesized mRNA contains virtually no labeled
nucleotides and the fate of the prelabeled mRNA can be
examined. Thus, after rearrangement and integration, the
above equation becomes a first-order rate equation for
degradation: ln (mRNA,/mRNAO) = -kdt, where mRNA, is
the amount of RNA at any time after initiation of the chase
and mRNAO is the amount of mRNA at t = 0. Therefore, a
plot of these data as In (mRNA,/mRNAO) versus time gen-
erates a slope that is equal to -kd. Since the half-life (t1/2) is
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FIG. 5. Effect of TNF on the half-life of acetyl-CoA carboxylase
(ACC) mRNA. Cellular RNA in 30A-5 cells at day 6 with or without
TNF was labeled with [3H]undine for 48 h. The chase period was

initiated by adding an excess of cytidine and uridine. Total RNA was

isolated 0, 5, 10, 15, and 20 h later, and gene-specific [3H]RNAs
were detected under hybridization and washing conditions as de-
scribed in Materials and Methods. Symbols: 0, untreated day 8
cells; A, cells treated for 8 days with TNF.

defined as the time it takes for a specific mRNA species to
decay to half of its initial amount, ln (0.5)1-kd = t1/2.

Control and TNF-treated cells showed no differences
between the apparent half-lives of total RNAs (Fig. 5), which
were about 50 h. The half-life of acetyl-CoA carboxylase
mRNA was also not affected by TNF (Fig. 5). An apparent
half-life of about 9 h was measured for both control and
TNF-treated cells. Likewise, the rate of decay of actin
mRNA was not changed significantly by TNF treatment,

since an apparent half-life of about 7 h was measured (Fig.
5). In control cells, we were also able to determine the
apparent half-lives of adipsin and GPD mRNAs, which were

23 and 5.3 h, respectively (data not shown). Unfortunately,
we were unable to examine the half-lives of adipsin and GPD
mRNAs in TNF-treated cells because of diminishingly low
labeling of these mRNA species. Cook et al. (7) have
reported apparent half-lives of 2, 4, and >30 h for GPD,
actin, and adipsin, respectively, in fully differentiated NIH
3T3-F442A cells. The differences between their half-life
values and ours may be attributed to the methods used to

TABLE 1. [3H]RNA amount after pulse-labeling with
[3H]uridine for 48 ha

Specific cpm/,lg of RNA

cDNA probe Expt 1 Expt 2

D8 D8 + TNF D8 D8 + TNF

Acetyl-CoA carboxylase 9.0 2.7 3.7 1.0
Adipsin 9.4 <0.6 3.4 <0.3
GPD 4.2 <0.6 1.5 <0.3
Actin 83.5 79.4 23.0 15.8

a Cell monolayers under the two treatments were exposed to [3H]uridine for
48 h. Total RNA was isolated, and the amounts of specific RNAs for the
respective genes were determined as described in Materials and Methods.
Experiment 1 was performed with 1 mCi of [3H]uridine per plate. The specific
activities of total RNAs (disintegrations per minute per microgram of RNA) in
experiment 1 were as follows: untreated day 8 cells (D8), 2.2 x 106 cells
treated for 8 days with TNF (D8 + TNF), 2.6 x 106. Experiment 2 was
performed with 0.5 mCi of [3H]uridine per plate. The corresponding specific
activities of total RNAs in experiment 2 were 1.5 x 106 and 1.8 x 106,
respectively.

determine the half-lives. They used a transcription inhibitor,
while we used an in vivo labeling approach. Regardless of
the reason for the differences between the apparent half-
lives, the order of increasing half-life (adipsin > actin >
GPD) is the same.
We also performed another pulse-chase experiment in

which we subjected cells to the standard differentiation
scheme while labeling RNA from days 3 to 5. At day 5, we
initiated the chase with or without TNF. This experimental
design also demonstrated that the half-lives of acetyl-CoA
carboxylase mRNA and actin mRNA were not affected by
TNF and that the apparent half-lives were about the same as
those on day 8(8 and 7 h, respectively) (data not shown). We
were unable to label adipsin and GPD mRNAs under these
experimental conditions. The results of these two experi-
ments demonstrate that TNF inhibition of accumulation of
acetyl-CoA carboxylase mRNA during differentiation is not
due to an increase in the rate of decay of carboxylase
mRNA.

Since we were unable to detect any changes in the number
of RNA polymerase molecules associated with the acetyl-
CoA carboxylase gene (which presumably was a measure of
the transcription rate) or a change in the stability of acetyl-
CoA carboxylase mRNA under different physiological con-
ditions, the accumulation of acetyl-CoA carboxylase mRNA
during differentiation and TNF inhibition of such accumula-
tion must be explained by some other mechanism. The most
likely explanation for the paradox was that the nuclear runoff
transcription assay did not measure the true in vivo tran-
scription rate. Since the rates of degradation of carboxylase
mRNA were the same in control and TNF-treated cells, a
comparison of the amount of carboxylase mRNA at t = 0

from the pulse-chase experiment would reflect only a differ-
ence in the rate of synthesis of the mRNA. Indeed, after the
48-h labeling period there was a three- to fourfold decrease in
the rate of transcription of the carboxylase gene (Table 1),
which can account for the effect of TNF on acetyl-CoA
carboxylase mRNA levels during differentiation. This exper-
iment was repeated, and a similar result was obtained (Table
1). The amount of actin RNA labeled under these conditions
did not change significantly; this reflects the rate of actin
RNA synthesis, because the half-life was not significantly
affected by TNF. However, the amount of adipsin and GPD
mRNA labeled under these conditions did change markedly.
There were differences of greater than 10- and 5-fold in the

TOTAL RNA

ACC

ti/2 r

Day 8 9.3hr -0.99
Day 8 + TNF 9.1 -0.96

ACTIN

tii2 r

Day 8 7.Ohr -0.97
Day 8 + TNF 6.7 -0.95
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TABLE 2. [3H]RNA amounts after pulse-labeling with
[3H]uridine for 9 ha

Specific cpm/,ug of RNA
cDNA probe

Control D8 D8 + TNF

Acetyl-CoA carboxylase 2.1 13.2 4.3
Adipsin 0.5 2.4 0.7
GPD 0.2 2.2 0.4
Actin 61.7 113.2 149.3

a Control cells were grown to 8 days postconfluence in the presence of lo0
serum with no added insulin or dexamethasone. The experiment was per-
formed with 1 mCi of [3H]uridine per plate. The specific activities of total
RNAs (disintegrations per minute per microgram of RNA) were as follows:
control cells, 0.2 x 106; day 8 cells (D8), 1.0 x 106; cells treated for 8 days
with TNF (D8 + TNF), 0.7 x 106.

adipsin and GPD mRNA amounts, respectively, between
control and TNF-treated cells. Since the labeling period was
so long, the changes in adipsin and GPD mRNA levels may
reflect alterations in the rates of synthesis and degradation of
the mRNAs and thus should agree with studies measuring
mass RNA accumulation using Northern (RNA) or RNA dot
blot analysis. Indeed, a comparison of Fig. 1 with the in vivo
labeling data bears this out.
We also labeled cells with [3H]uridine for 9 h (the half-life

of carboxylase mRNA) and obtained results similar to those
of the 48-h labeling period for acetyl-CoA carboxylase
(Table 2). There was about a threefold difference in the
amounts of carboxylase mRNA and relatively little change in
the actin mRNA amounts between cells untreated for 8 days
and cells treated for 8 days with TNF. Changes in adipsin
and GPD mRNA amounts were also detected under the 9-h
labeling period. The decrease in adipsin mRNA was only
about 70% upon TNF exposure after the 9-h labeling period
but decreased by greater than 90% after the 48-h labeling
period. The difference may be attributed to the relatively
long half-life of adipsin mRNA in relation to the length of the
labeling period. Additionally, in the absence of hormonal
stimulation of differentiation (dexamethasone and insulin),
carboxylase gene transcription remained low as did actin
gene transcription (Table 2). Thus, dexamethasone and
insulin can stimulate carboxylase gene transcription, pro-
vided that the half-life is not different in control and hor-
mone-treated cells. The in vivo labeling data demonstrate
that TNF did decrease the rate of transcription of the
carboxylase gene. However, the mechanism is not a de-
crease in the number ofRNA polymerase molecules actively
engaged in transcribing the gene, which the nuclear runoff
transcription assay is designed to determine.

DISCUSSION

We have previously shown that during the conversion of
30A-5 preadipocytes to adipocytes, the activity, amount,
and mRNA levels of acetyl-CoA carboxylase increase about
10-fold (27). If the standard differentiation scheme is moni-
tored with TNF present, the conversion to the adipocyte
phenotype and the accumulation of acetyl-CoA carboxylase
mRNA is inhibited by 70 to 80%. We have shown that this
inhibitory effect is reversible upon withdrawal of TNF from
the medium of cells exposed to the monokine. In this report,
we have extended these studies to investigate the mecha-
nisms by which TNF controls acetyl-CoA carboxylase
mRNA metabolism in this system.
We demonstrated that TNF decreased the rate of tran-

scription of the carboxylase gene three- to fourfold, as

measured by in vivo labeling of RNA, but TNF had no effect
on the 9-h half-life of the mRNA. It is also likely that a
transcriptional mode of regulation caused the accumulation
of mRNA during preadipocyte differentiation, because the
half-life of the carboxylase mRNA did not increase signifi-
cantly as preadipocytes differentiated into adipocytes. The
half-lives of the carboxylase mRNAs were about the same
on days 5 and 8 at 8 to 9 h. Adipsin and GPD, which showed
large increases in mRNA levels during preadipocyte differ-
entiation, also exhibited transcriptional control. The nuclear
runoff transcription assay revealed two- and threefold in-
creases in the adipsin and GPD transcription rates, respec-
tively. We also demonstrated that the ability of TNF to
prevent accumulation of adipsin and GPD mRNAs during
differentiation of preadipocytes was due in part to downreg-
ulation of adipsin and GPD gene transcription. However, the
decreases in the mRNA amounts for GPD and adipsin upon
TNF treatment, greater than 5- and 10-fold, respectively,
cannot be accounted for by 2- and 3-fold decreases in the
transcription rates of the genes. Therefore, TNF may also
affect posttranscriptional regulation of the mRNAs, namely,
RNA stability. Unfortunately, we were unable to assess
whether TNF altered the rate of degradation of adipsin and
GPD mRNAs, because we could not detect them in TNF-
treated cells after [3H]uridine labeling.
We initially overlooked a transcriptional mode of regula-

tion for the carboxylase gene by TNF because the nuclear
runoff transcription assays revealed no differences in the
amounts of carboxylase transcripts synthesized in isolated
nuclei, although the assay did reveal differences for adipsin,
GPD, and actin. Why, then, did the nuclear runoff transcrip-
tion assay not reveal a difference in the acetyl-CoA carbox-
ylase transcription rate in TNF-treated cells, whereas the in
vivo determination of the rate of carboxylase gene transcrip-
tion did? A brief discussion of the nuclear transcription
assay will aid in giving a possible interpretation of our data
on the effect of TNF on acetyl-CoA carboxylase gene
expression in the 30A-5 preadipocyte system.
The nuclear transcription assay and various derivations

have been used to roughly measure the in vivo rate of
transcription of a particular gene. When the true in vivo rate
has been compared with the in vitro data from isolated
nuclei, the nuclear transcription assay has been found to be
comparable to the in vivo rate of transcription (1, 9, 18).
However, our data clearly demonstrate that the nuclear
transcription assay does not reflect the in vivo rate of
carboxylase mRNA synthesis. We attribute this discrepancy
to the fact that the nuclear runoff transcription assay mea-
sures only the number of RNA polymerase molecules asso-
ciated with the gene, not the rate at which the polymerase
complexes transcribe the gene (i.e., the rate of transcript
elongation). A measurement of the in vivo transcription rate
inherently includes differences in the number of polymerase
complexes on the gene and also the rate at which these
complexes transcribe the gene. Since we have demonstrated
that the number of polymerase complexes associated with
the carboxylase gene does not change upon TNF treatment,
a difference in the rate of transcript elongation is the most
likely reason why the nuclear transcription data do not
correlate with the in vivo data. Thus, it seems reasonable to
conclude that the mechanisms by which TNF deceases
acetyl-CoA carboxylase gene transcription is by reducing
the rate at which the RNA polymerase molecules associated
with the carboxylase gene traverse the gene. This type of
transcriptional regulation is not without precedent.
We are aware of one published example of transcriptional
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control by regulation of the rate of elongation of a particular
gene transcript in eucaryotes (30). This period of elongation
from the 5' end to the 3' end of the gene has been referred to
as the transit time. Phosphoenolpyruvate carboxykinase, the
rate-limiting enzyme in hepatic gluconeogenesis, displays
this type of transcriptional control in H4IIE hepatocytes in
response to insulin and cyclic AMP. Insulin, which de-
creases the number of RNA polymerase molecules associ-
ated with the gene, also decreases the rate of phosphoe-
nolpyruvate kinase transcript elongation by about 2.5-fold in
comparison with cyclic-AMP-treated cells. Since phospho-
enolpyruvate kinase and acetyl-CoA carboxylase are both
rate-limiting enzymes which control critical pathways in
central metabolism, it seems reasonable that similar tran-
scriptional control mechanisms work on both. A changing
transit time may be a general form of transcriptional control
that has largely been overlooked, especially for genes regu-
lated by TNF. One reason for the lack of data in the
literature on this type of transcriptional control may be the
difficulty in assaying the rate of transcript elongation. The
approaches by Sasaki and Granner (30) and Ucker and
Yamamoto (37) are generally applicable to any gene, and we
are currently using derivations of these approaches to deter-
mine directly whether TNF alters the rate of acetyl-CoA
carboxylase transcript elongation.
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