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ABSTRACT We have analyzed the hormonal basis for the acceleration of differentiation by 
dexamethasone and insulin in the stable adipogenic cell line TA1. These cells, which were 
derived from 5-azacytidine-treated 10T1/2 mouse embryo fibroblasts, undergo differentiation 
in culture after reaching confluence. The ensuing morphological changes are accompanied by 
widespread alterations in the pattern of protein synthesis and the increased accumulation of 
specific mRNAs. Using cDNA clones corresponding to mRNAs that are induced during 
adipogenesis, we find that dexamethasone elicits the precocious accumulation of differentia- 
tion-specific gene products. This effect appears to be mediated by the glucocorticoid receptor, 
yet unlike standard steroid inductions, most of the RNAs reach the same maximal levels in 
the absence of dexamethasone. Glucocorticoids thus may increase the expression of a 
regulatory factor required for activating the entire set of differentiation-dependent genes. We 
also describe a gene whose transcription is not only activated during adipogenesis but is also 
specifically inducible by dexamethasone in the mature adipocyte. Moreover, the glucocorti- 
coid responsiveness of this gene in differentiated cells appears to be dependent on its prior 
developmental activation. 

During development, cells that were pluripotent become in- 
creasingly restricted to specific differentiation pathways. This 
process, which culminates with differentiation into adult tis- 
sues, undoubtedly involves an ordered sequence of changes 
in gene expression reflected by synthesis of increasingly spe- 
cialized proteins. Although little is known about how these 
changes are regulated, many of them involve interaction with 
specific inducers or hormones. Examples include induction 
of amphibian metamorphosis by thyroxine (l 5), stimulation 
of oviduct development by estrogen and progesterone (37, 
41), and triggering of insect molting by ecdysone (49). Such 
hormonal effects may provide useful insights into the mech- 
anisms underlying the developmental control of gene expres- 
sion. Analysis of such mechanisms, however, has been ham- 
pered by the complexity of the systems being studied and the 
difficulty in obtaining pure populations of precursor cells that 
undergo differentiation under controlled conditions. To over- 
come this problem, we sought a cell line that can be induced 
to undergo differentiation in culture. We recently described 
the isolation and characterization of a stable adipogenic cell 
line, TA1, derived from 5-azacytidine-treated 10Tl/2 mouse 

embryo fibroblast (7). The cells are preadipocytes which dur- 
ing growth resemble the 10T1/2 fibroblasts. Once growth is 
arrested by allowing cells to reach confluence, they exhibit 
(over a period of 1-2 wk) the morphology characteristic of 
adipocytes and accumulate lipid droplets. This morphological 
change is accompanied by widespread alterations in the pat- 
tern of protein and RNA synthesis, and, as has also been 
found in other adipogenic cell lines (for review see reference 
1), the appearance of enzymatic activities involved in fatty 
acid and triglyceride synthesis. We have isolated several 
cDNA clones from a lambda gtl0 TA1 adipocyte library that 
correspond to mRNAs induced during adipogenesis (7) and 
have used these clones to begin characterizing the mechanisms 
controlling gene induction during the developmental conver- 
sion of these cells. 

The differentiation of adipocytes in tissue culture is under 
the influence of many extracellular factors. In general, it is 
dependent on growth hormone and other unidentified serum 
factor(s) (28). Furthermore, the differentiation has been re- 
ported to be accelerated by many hormones and pharmaco- 
logical agents including insulin (17), indomethacin (46), pros- 
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taglandin F2 (40), methyl isobutylxanthine (40), and a com- 
bination ofdexamethasone and methylisobutylxanthine (39). 
The adipose conversion of TA 1 cells is similarly accelerated 
by treatment with dexamethasone and insulin (7), resulting 
in lipid accumulation within several days and the precocious 
accumulation of specific RNAs for all of the adipose-induced 
cDNAs we have studied. 

In this paper, we analyze the basis for the acceleration of 
TA 1 adipocyte differentiation by dexamethasone and insulin 
and suggest that glucocorticoids control the expression of a 
regulatory factor required for triggering the expression of 
differentiation-dependent genes. We also examine the expres- 
sion of a single gene whose mRNA is not only activated 
during adipocyte differentiation but is also specifically in- 
ducible by dexamethasone in the mature adipocyte. More- 
over, the glucocorticoid responsiveness of this gene is depend- 
ent on its prior developmental activation. 

MATERIALS AND METHODS 

Cell Culture Conditions: 10Tl /2 cells (32) and TA I  cells (7) were 
grown in Eagle's basal medium (Gibco Laboratories, Grand Island, NY) 
supplemented with 10% fetal calf serum. All serum used was heat inactivated 
at 56"C for 30 min. Cultures were grown in 100-mm petri dishes at 37"C in a 
humidified incubator at 5% CO2 atmosphere. The medium was changed every 
3d.  

Hormonal Treatment of  Cells: To compare the acceleration of 
adipocyte differentiation by different hormonal treatments, TAl cells were 
treated at confluence with either l uM dexamethasone, 5 ~g/ml insulin, or a 
combination of both. Treatments were continued throughout the experiment. 
To generate a log dose response curve of the acceleration of clone 1 mRNA 
accumulation, TA l cells were treated at confluence with varying concentrations 
of dexamethasone and harvested for RNA isolation after 3 d. 

In analyzing the time course of clone l0 mRNA induction by dexametha- 
sone, TAI cells were maintained without treatment for 16 d after confluence 
to allow adipocyte differentiation. 1 ~M dexamcthasone was then added and 
cells were harvested at varying times for RNA isolation. Similarly, to generate 
a log dose response curve of clone 10 mRNA'induction, TA 1 cells were allowed 
to differentiate 15 d without treatment, after which varying concentrations of 
dexamethasone were added. 3 d later, cells were harvested for RNA isolation. 

To analyze clone 10 mRNA induction in preadipocytes and 10TI/2 cells, 
cells were seeded into 100-mm petri dishes such that confluence would not be 
reached after 3 d. These cells were treated with 1 uM dexamethasone and 
harvested for RNA isolation 3 d later, while still subconfluent. 

RNA Isolation: Total cell RNA was prepared by the method of Chirg- 
win et al. (8). Briefly, cells were suspended in 4 M guanidinium thiocyanate, 
25 mM sodium citrate, 0.2% N-lauroylsarcosine~ 0.2 mM ~-mercaptoethanol. 
The resulting cell lysate was layered on a 5.7 M cesium chloride cushion and 
centrifuged at 80,000 g for 19 h. The RNA pellet was collected, and its 
concentration was determined by reading absorbance at 260 nm. Poly(A)- 
containing RNA was isolated by oligo(dT)-cellulose (Bethesda Research Labo- 
ratories) chromatography, as described by Aviv and Leder (4). 

Subcloning of Lambda gtlO eDNA Clones: Clone 1 and clone 
10 were originally isolated from a lambda g t l0  TAI adipocyte eDNA library 
as described by Chapman et al. (7). The recombinants were digested with Eco 
RI and ligated into the unique Eco RI site of pEMBL 9 (11) using T4 DNA 
ligase. Recombinants were transfected into E. coli C600, and ampicillin- 
resistant transfectants were selected. Taking advantage of the location of the 
Eco RI site in the fl-galactosidase gene, recombinants were picked from Xgal 
indicator plates as galactosidase-negative colonies. Final verification of clone 1 
and clone 10 eDNA subcloning was performed by hybridizing nick-translated 
parent lambda gt 10 DNA to nitrocellulose blots containing Eco R 1 cut recom- 
binant plasmid. These subclones were then used for nick translation (see below). 

Hybridization Conditions: Prehybridizations were performed over- 
night at 42"C with 50% formamide, 2x  SSPE ( I x  SSPE consists of 0.18 M 
NaC1, 10 mM NaH2PO4, pH 7.7, 1 mM EDTA), 5x Denhardt's reagent ( I x  
consists of 0.02% each of ficoll, polyvinyl pyrollidone, and bovine serum 
albumin [BSA]), and 200 ~g/ml of denatured herring sperm DNA. Hybridiza- 
tions were performed for 48 h under the same conditions with denatured ~2p_ 
labeled nick-translated DNA probe (33). Filters were washed twice in 2x SSPE, 
0.1% SDS at 50"C for 15 rain followed by two washes in 0.2x SSPE, 0.1% SDS 
at 50°C for 20 min. They were then exposed to Kodak XAR-5 film at -70°C 
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with intensifying screens. To rehybridize filters with new probes, filters were 
washed in 10 mM Tris pH 7.4, 1 mM EDTA, at 70"C for 30 min, and then 
prehybridized as described above. Results were quantitated by densitometry 
using a GS3000 scanning densitometer (Hoefer Scientific Instruments, San 
Francisco, CA). 

Analysis of  RNA: 10-15 #g of total RNA or 10 /~g of poly(A)- 
containing RNA were treated with 2.2 M formaldehyde in 50% formamide, 10 
mM NaH2PO4 pH 7.0, at 50"C for 15 min. Samples were then electrophorescd 
in a 1.4% agarose formaldehyde gel containing 2.2 M formaldehyde, 20 mM 
morpholine propane sulfonic acid pH 7.0, 5 mM sodium acetate, and 1 mM 
EDTA (25). The gels were briefly washed in water and incubated 30 min in 50 
mM NaOH, 10 mM NaCI. Gels were then neutralized in 100 mM Tris pH 7.4 
and incubated 1 h in 20x SSPE. RNA was then transferred to nitrocellulose 
using 20x SSPE as described by Thomas (43). 

Nuclear Transcription Assays: Assays performed were a modifi- 
cation of the methods described by Vannice et al. (45). Nuclei were isolated 
from TA l cells in the following manner: dishes containing cells were placed on 
ice, the medium was removed, and the cells were washed with 3 ml cold 
phosphate-buffered saline (PBS). 1 ml hypotonic buffer (20 mM Tris/HCl, pH 
8.0, 4 mM MgCI2, 6 mM CaCI2, 0.5 mM dithiothreitol) was added and the 
dishes were held on ice for 5 min. Lysis buffer (0.6 M sucrose, 0.2% Nonidet 
P-40, 0.5 mM dithiothreitol) was added (1 ml), and the dishes were scraped 
with a rubber policeman. The cells were then homogenized in a tight-fitting 
Dounce homogenizer. Nuclei were pelleted by centrifugation at 500 g, washed 
once in resuspension buffer (0.25 M sucrose, 10 mM Tris/HC1 pH 8.0, 10 mM 
MgCI2, 1 mM dithiothreitol), repelleted at 500 g, and resuspended in reaction 
buffer (50 mM HEPES pH 8.0, 90 mM NH4CI, 5 mM MgC12, 0.5 mM MnCI2, 
2 mM dithiothreitol, 0.1 mM EDTA, 0.4 mM each of ATP, CTP, and GTP, 
10% glycerol, 10 ~g/ml BSA) at a concentration of -108 nuclei/ml, a3~P-UTP 
(~600 Ci/mmol, ICN K & K Laboratories Inc., Plainview, NY) was added to 
a concentration of 2 mCi/ml, and the nuclei were incubated for 30 rain at 26"C 
with occasional shaking. The tubes were placed on ice to stop the reactions. 

RNA was prepared from the nuclei by a modification of the method of 
Smith et al. (42). The nuclei were pelleted and resuspended in 1 ml Tris/HCl 
pH 7.8, 0.3% SDS, 100/~g/ml yeast RNA as carrier, and transferred to new 
tubes. The reaction tubes were rinsed with 1 ml 100 mM sodium acetate, 20 
mM EDTA pH 5.0, and the solution was added to the nuclear lysate. The 
nuclear lysate was extracted with water-saturated phenol. After removal of the 
aqueous phase, the phenolic phase was reextracted with 50 mM sodium acetate, 
pH 5.0, 10 mM EDTA, 0.2% SDS. The aqueous phases were combined, 
neutralized with 1 M Tris/HCl pH 8.0, and the RNA was precipitated with 2.5 
vol of ethanol. The pellets were resuspended in water and extracted once with 
phenol/chloroform ( 1:1 ), reprecipitated with ethanol, and resuspended in water. 

Nitrocellulose filters (7-mm disks, Schleicher & Schuell, Inc., Keene, NH) 
containing eDNA were prepared by denaturing 3 gg of linear plasmid DNA at 
100*C in 0.1 N NaOH for 5 min, adding 1.5 vol of 20x SSPE, and applying 
the mixture to the filters (presoaked in 20x SSPE) using a dot-blot apparatus 
(Bethesda Research Laboratories). The filters were air dried and baked for 2 h 
in vacuo at 80"C. Fillers were prehybridized for at least 4 h in 3x SSPE, 5x 
Denhardts reagent (9), 200 gg/ml yeast RNA, 1% SDS, 50% formamide. The 
32p reaction products (-107 cpm) were hybridized to the eDNA-containing 
filters in 200 ul of the same buffer used for prehybridization except that dextran 
sulfate was added to 4.8% (16). Hybridization was for 3-4 d at 42"C with 
shaking. After hybridization, the filters were washed twice at room temperature 
in 2x  SSPE, 0.1% SDS for 15 min followed by two washes, 30 min each, in 
0. Ix  SSPE, 0.1% SDS at 60"C. The filters were then exposed to x-ray film at 
-70°C with a Cronex intensifying screen. 

RESULTS 

Hormonal Control of Adipogenesis 
As previously described, treatment of  confluent TA 1 cells 

with a combination of  l #M dexamethasone and 5 tzg/ml 
insulin accelerates their morphological adipose conversion 
and leads to precocious accumulation of  adipose-inducible 
RNAs (7). This effect is shown in Fig. 1 for clone l, a 
representative gene whose m R N A  is regulated in an on /o f f  
fashion during adipose conversion. Nick-translated clone l 
D N A  was hybridized to filters containing RNAs isolated from 
TA l cells treated with various hormone regimens. To correct 
for differences in the amounts of  RNAs loaded in each lane 
and in transfer efficiency, results were normalized to signals 
generated by probing with/3-actin (gift from P. Gunning and 
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FIGURE 1 Hormonal effects on clone 1 RNA accumulation during 
adipocyte differentiation. The Northern blot described in Fig. 2 was 
scanned by densitometry. Results were normalized to/3-actin signals 
(see text) and quantitated as a percentage of maximal clone 1 RNA 
accumulation in these samples. TA1 preadipocytes were treated at 
confluence (day 0 /w i th  either 1 #M dexamethasone (DEX), 5 ug/ml 
insulin, or a combination of both. Treatments were continued 
throughout the experiment. 

L. Kedes). We have found that in TA1 cells, actin mRNA 
levels remain constant after confluence (Chapman, A. B., 
unpublished results). 

Treatment with a combination of 1 #M dexamethasone 
and 5 #g/ml insulin resulted in 48% of maximal clone 1 
expression after 3 d as compared with 3% in control cells. By 
15 d of treatment, though, both control and treated cells have 
reached similar plateau levels of expression. To ascertain 
whether this hormonal acceleration of clone 1 mRNA induc- 
tion was due to dexamethasone or insulin alone, or to a 
synergistic effect of the two, we compared the induction of 
clone 1 mRNA by each hormone alone. In a representative 
experiment, by 3 d after confluence with 1 #M dexamethasone 
treatment, 32% of maximal clone 1 mRNA expression is 
reached as compared to 6% in 5 #g/ml insulin-treated cells. 
By 6 d of treatment, 78% of maximal clone 1 expression is 
reached in dexamethasone-treated cells (as compared to dex- 
amethasone- and insulin-treated cells), whereas only 8% of 
maximal expression is observed in insulin-treated cells and 
7% in control cells. Though the time courses vary, similar 
results have been obtained for other clones we have studied 
(clones 1, 9, 11, 28, and 48). Thus, most if not all of the 
hormonal effect on precocious gene expression seems to be 
due to glucocorticoid treatment. The results of this experiment 
are qualitatively similar to those seen in two other independ- 
ent experiments; since the timing of differentiation varies 
somewhat from experiment to experiment, it is not practical 
to present an average of these. 

Radiolabeled glucocorticoid binding experiments have con- 
firmed that both 10T1/2 and TA1 ceils contain high affinity 
glucocorticoid receptors and that they are functional in stim- 
ulating transcription from the mouse mammary tumor virus 
promoter (Northrop, J., and Ringold, G., unpublished). To 
further characterize the nature of glucocorticoid action of 
TA1 adipocyte differentiation, we analyzed the dexametha- 
sone dose dependence of clone 1 induction 3 d after treatment. 
A half maximal response is seen at - l0 nM dexamethasone 
(Fig. 2), a value consistent with that seen in other systems 
where the glucocorticoid response is known to be mediated 
through the glucocorticoid receptor (36, 44). 

C l o n e  10, A Clucocorticoid-inducible G e n e  

When characterizing the hormonal acceleration of gene 
induction by dexamethasone and insulin, we found that clone 
l0 RNA, unlike the other RNAs studied, did not reach similar 

plateau levels in treated and control cells. Fig. 3 shows an 
autoradiograph of a nitrocellulose blot containing RNA sam- 
pies from TA 1 cells treated with various hormone regimens 
that had been hybridized to nick-translated clone 1 and clone 
10 DNA. Whereas clone 1 RNA reaches similar levels by 12 
d after confluence in treated and control cells, clone 10 RNA 
reaches much higher levels (~25-fold) in cells treated with 
dexamethasone or dexamethasone and insulin than that 
found in control or insulin-treated cells. A longer exposure of 
this autoradiograph (Fig. 3B) shows that clone 10 RNA is 
indeed activated during adipocyte differentiation in untreated 
cells, reaching a low plateau level by 12 d after confluence. 

These results were analyzed by densitometry and quanti- 
tared as a percent of maximal clone 10 RNA expression (Fig. 
4). TA 1 cells treated with a combination of dexamethasone 
and insulin reached -25-fold higher levels of clone 10 RNA 
than did control cells. Furthermore, this effect seems to be 
entirely due to dexamethasone, as insulin-treated cells show 
no greater expression than do control cells. In contrast, dex- 
amethasone-treated cells reach a plateau level of clone 10 
RNA that is indistinguishable from that of dexamethasone- 
and insulin-treated cells. The apparent decrease in clone 10 
RNA seen at days 3 and 6 in dexamethasone- and insulin- 
treated cells relative to the dexamethasone-treated cells has 
not been seen reproducibly, however further investigation is 
warranted. 

The behavior of the clone 10 gene is most easily explained 
if in addition to being activated during adipocyte differentia- 
tion, it is specifically responsive to glucocorticoid hormones. 
To test this hypothesis, fully differentiated adipocytes that 
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FIGURE 2 Dose dependence  of  the accelerat ion of  c lone 1 RNA 

induct ion by  dexamethasone in di f ferent iat ing adipocytes.  TA1 cells 

were  treated at conf luence wi th  vary ing concentrat ions of  dexa- 

methasone, and RNA was isolated after 3 d as descr ibed under  
Materials and Methods.  10 #g of  total RNA was e lect rophoresed in 
a formaldehyde gel and transferred to nitrocellulose filters. The 
filters were then hybridized with nick-translated clone 1 DNA, 
autoradiographed, and scanned by densitometry. Results are the 
average of two experiments normalized to ~-actin signals (see text) 
and presented as the fold increase from untreated cells. 
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FIGURE 3 Time course of clone 1 and clone 10 RNA accumulation in control and hormone-treated cells. (A) TA1 preadipocytes 
were treated at confluence with either 1 #M dexamethasone (DEX), 5/~g/ml insulin, or a combinat ion of both. RNA was isolated 
from cells I d before confluence (PC), at confluence (0), and every 3 d postconfluence with continual hormone treatment (3-15). 
10/~g of total RNA were electrophoresed in an agarose formaldehyde gel and transferred to a nitrocellulose filter as described in 
Materials and Methods. This blot was then hybridized to nick-translated clone 1 and clone 10 DNA. Clone 1 RNA is 4.3 kb, and 
clone 10 RNA is 2.3 kb. (B) Fourfold longer exposure of this filter showing lanes of RNA from cells receiving no hormones isolated 
at confluence, 12, and 15 d after confluence. 

had never been exposed to hormone were treated with 1 taM 
dexamethasone. In this experiment, dexamethasone treat- 
ment led to an approximately 2.5-fold induction of clone 10 
RNA by 25 h of treatment, and a maximal 10-fold induction 
after 3 d (Fig. 5). The slow time course of this induction might 
be explained by a long half-life of clone 10 RNA, which would 
also account for our finding only a small decrease in clone 10 
RNA 6 d after washing out the hormone (unpublished results). 
None of the other adipose-induced clones studied to date has 
shown this induction by dexamethasone once differentiation 
is complete. Thus, the action by dexamethasone in inducing 
clone 10 RNA seems to be separate and in addition to its 
effect on accelerating adipocyte differentiation. 

We analyzed a dose response curve of clone 10 mRNA 
induction after a 3-d treatment with dexamethasone in differ- 

entiated adipocytes. The half maximal response (shown in 
Fig. 6) occurs with ~ 10 nM dexamethasone, a value that as 
noted above is characteristic of glucocorticoid-receptor me- 
diated responses. In addition, clone 10 RNA induction by 
100 nM dexamethasone is significantly reduced by addition 
of 10 #M progesterone, a competitive inhibitor of glucocor- 
ticoid binding to its receptor (Fig. 6, inset). Thus, the induc- 
tion of clone 10 RNA appears to be mediated through the 
well characterized glucocorticoid receptor. 

Differentiation Is Required for Clone 10 RNA 
Inducibility by Glucocorticoids 

To test whether clone 10 RNA is glucocorticoid-inducible 
before its differentiation-dependent activation, 10TI/2 cells 
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FIGURE 4 Hormonal effects on clone 10 RNA accumulation during adipocyte differentiation. The Northern blot described in 
Fig. 2 was scanned by densitometry. TA1 preadipocytes were treated at confluence (day 0) with either dexamethasone (DEX), 
insulin, or a combinat ion of both. Results were normalized to #-actin signals (see text) and quantitated as a percentage of maximal 
clone 10 RNA expression in these samples. 
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FIGURE 5 Time course of clone 10 RNA induction by dexameth- 
asone in differentiated TA1 adipocyte. TA1 cells were al lowed to 
differentiate 16 d wi thout  treatment (day 0). The mature adipocytes 
were then treated with 1 #M dexamethasone, and RNA was isolated 
at the times indicated. 10 ~g of total RNA were run in an agarose 
formaldehyde gel, transferred to a nitrocellulose filter, and hybrid- 
ized to nick4ranslated clone 10 DNA as described in the text. The 
results were quantitated by densitometry and plotted as the fold 
induction of clone 10 RNA for dexamethasone-treated cells com- 
pared with control cells. There was a small increase in the control 
clone 10 RNA levels during the course of this experiment. 

and TA1 preadipocytes (preconfluent) were treated for 3 d 
with 1 #M dexamethasone. 10 #g of  poly(A)-containing RNA 
from such cells (corresponding to ~300 #g of  total RNA) were 
fractionated on an agarose formaldehyde gel and transferred 
to nitrocellulose paper. For comparison, 10 ug of  total RNA 
from TA1 adipocytes that were treated for 3 d with dexa- 
methasone were also analyzed (Fig. 7). There is no detectable 
clone 10 mRNA in treated or control 10T1/2 cells despite 
the over 30-fold excess of  poly(A)-containing RNA when 
compared with the glucocorticoid-treated mature adipocytes. 
Similarly, confluent 10T1/2 cells treated with the identical 
hormone regimens described in Fig. 2 for TA 1 cells show no 
clone 10 RNA expression (unpublished results). 

FIGURE 6 Dose dependence of clone 10 RNA induction by dexa- 
methasone in mature TA1 adipocytes. TA1 cells were al lowed to 
differentiate 15 d wi thout  treatment. They were then treated for 3 
d with varying concentrations of dexamethasone. RNA was isolated, 
and 15 #g of total RNA were electrophoresed in an agarose form- 
aldehyde gel, transferred to a nitrocellulose filter, and hybridized 
with nick-translated clone 10 DNA as described in Materials and 
Methods. Results were quantitated by densitometry and are ex- 
pressed as a percentage of maximal clone 10 RNA expression in 
this experiment. (Inset) Effect of progesterone on clone 10 RNA 
induction by dexamethasone. TA1 cells were differentiated in the 
absence of steroids for 15 d and then treated for 3 d with: (A) no 
addition; (B) 10 -7 M dexamethasone; (C) 10 -7 M dexamethasone + 
10 -s M progesterone; (D) 10 -s M progesterone. 
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FIGURE 7 Analysis of clone 10 RNA expression and dexamethasone inducibil i ty in 10T1/2 cells and TA1 preadipocytes. 
Preconfluent 10T1/2 cells and TA1 preadipocytes (PRE) were grown in the presence (+) or absence ( - )  of 1 /~M dexamethasone. 
10 ~g of poly(A)-containing RNA was isolated from these subconfluent cells and electrophoresed in an agarose formaldehyde gel 
as described in the text. 10 ~g of total RNA isolated from mature TA1 adipocytes that had been treated for 3 d with dexamethasone 
(POST) was included for comparison. RNA was transferred to a nitrocellulose filter and probed with nick-translated clone 10 
DNA. After exposure to film, the filter was washed free of probe and hybridized with nick-translated clone 1 DNA. 

TAI preadipocytes do show a small amount of clone 10 
mRNA in the dexamethasone-treated cells. Calculations using 
results from densitometry scanning, which take into account 
the relative excess of  poly(A)-containing RNA in these sam- 
ples, show that the level of  clone 10 RNA expression in these 
cells is ~9,000-fold lower than that seen in the mature TA1 
adipocytes similarly treated with dexamethasone. Probing of 
this filter with nick-translated clone 1 DNA (Fig. 7) reveals a 
similar low level of clone 1 RNA expression in both treated 
and control preadipocytes, which could reflect either a very 
low level of  expression in all preadipocytes or a small back- 
ground of differentiating adipocytes in the preadipocyte pop- 
ulation. We feel the latter is more likely because small areas 
of confluence can often be detected in subconfluent cultures, 
and TA1 differentiation is not synchronous. The low levels 
of clone 10 RNA, thus, more likely reflect dexamethasone- 
mediated induction in a small number of differentiated adi- 
pocytes rather than expression in preadipocytes. 

Transcriptional Induction of Clone 10 
mRNA Synthesis 

Relative transcription rates of  the clone l0 and clone 1 
genes were measured using a nuclear transcription assay. TA 1 
cell nuclei were isolated from cells treated with 1 uM dexa- 
methasone and from untreated control cells and then incu- 
bated with a-32p-UTP at 25"C to allow extension and labeling 
of  nascent RNAs. Under these conditions, transcriptional 
initiation does not occur (10, 27, 48); therefore incorporation 
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of UTP into newly synthesized RNA reflects the number of 
RNA polymerase molecules transcribing the gene of  interest 
at the time the nuclei were isolated ( 18, 27). The labeled RNA 
was hybridized to filters containing immobilized clone 1 or 
clone 10 DNA. In control experiments, the amount of  DNA 
used on the filters (3 #g) was found to be in excess of that 
required to obtain maximal hybridization for clone 1 and 
clone 10 RNAs. Although no transcription of  the clone 1 gene 
can be detected in preadipocytes (Fig. 8), by 6 d after conflu- 
ence, transcription reached a plateau level reflecting its acti- 
vation during adipocyte differentiation. In dexamethasone- 
treated cells, a similar plateau level of  clone 1 transcription is 
reached. Although clone 10 gene transcription is also not 
detectable in adipocytes and reaches a plateau transcription 
rate in both treated and control cells, a significantly higher 
level is found in dexamethasone-treated cells. Thus, the spe- 
cific induction of  clone 10 RNA by dexamethasone is in large 
part, if not completely, transcriptional. 

DISCUSSION 

Glucocorticoid Acceleration of 
Adipocyte Differentiation 

We have previously described the stimulation of  TAI adi- 
pocyte differentiation by treatment with dexamethasone and 
insulin (7). At 6 d after confluence, this effect can be seen 
both morphologically by the increased number of  lipid-con- 
taining cells and biochemically by the more rapid induction 



of adipose-specific RNAs. By 2 wk after confluence, though, 
an equal number of lipid-containing cells are found in control 
and treated cells. Similarly, as shown here for clone 1 RNA, 
the plateau level of most of these RNAs is similar in control 
and treated cells. Thus, hormone treatment seems to acceler- 
ate the normal differentiation process. 

Results presented here demonstrate that dexamethasone is 
the hormone primarily responsible for this precocious induc- 
tion of adipose RNAs. Several groups studying similar mouse 
adipogenic cell lines have reported acceleration of differentia- 
tion by insulin alone when analyzed morphologically (17), by 
lipid accumulation (17), and by induction of enzymatic activ- 
ities (1, 47). We have not found a consistent effect in TA1 
cells of insulin on specific RNA accumulation, despite the 
finding that these cells contain functional insulin receptors 
(unpublished observations). This discrepancy could be due to 
differences in cell lines or alternatively, as suggested by Rosen 
et al. (38), the effect of insulin might be predominantly 
mediated through its known role in stimulating enzymatic 
activities involved in lipid accumulation (9, 22). Thus, insulin 
would hasten the morphological appearance of lipid droplets 
without affecting the machinery that activates adipose genes. 

The pattern of clone 1 gene expression during differentia- 
tion in the presence of dexamethasone is unlike that of a 
typical glucocorticoid-inducible gene because there is no dif- 
ference in the maximal levels of RNA attained in treated and 
control cells. Rather, the effect of glucocorticoids seems to be 
on the mechanism that triggers the final differentiation event, 
thus accelerating the adipose conversion. Consistent with this 
notion, neither clone 1 RNA nor most of the other RNAs 
studied are inducible by dexamethasone in fully differentiated 
cells. An attractive hypothesis is that glucocorticoids may 
increase the production of a rate limiting factor(s) required 
for initiating adipocyte differentiation. Consistent with this 
notion we find that dexamethasone indeed accelerates the 
transcriptional activation of the adipose-specific genes 
(Knight et al., manuscript submitted for publication). Analysis 
of proteins or RNAs that are induced shortly after dexameth- 
asone treatment may allow identification of such a factor. 

A General Role for Glucocorticoids 
in Development 

Glucocorticoids do not appear to be absolutely required for 
the triggering of adipocyte differentiation as untreated cells 
undergo adipocyte conversion albeit at a slower rate. We have 

FIGURE 8 Transcriptional induc- 
tion of clone 10 by dexametha- 
sone, TA1 preadipocytes were 
grown after confluence in the 
presence (+) or absence ( - )  of 1 
~,M dexamethasone. Nuclei were 
isolated at the indicated times 
and 32P-UTP was incorporated 
into nascent RNA chains as de- 
scribed under Materials and 
Methods. Labeled RNA (10 x 106 
cpm) was then hybridized for 4 d 
to 3 ~g of clone 1 or clone 10 
DNA immobil ized on nitrocellu- 
lose filters. After washing, filters 
were exposed to x-ray film for 3 
d. 

recently performed experiments using serum from which 
endogenous glucocorticoids have been removed by treatment 
with charcoal-dextran and find that the rate and extent of 
TA 1 cell differentiation is unaltered. Thus, it is unlikely that 
low levels of hydrocortisone in serum simply parallel the 
dexamethasone effect. Rather, there may be two or more 
independent but functionally analogous pathways for trigger- 
ing differentiation, one of which is glucocorticoid regulated. 
It is conceivable that glucocorticoids do not initiate the deter- 
mination process itself, but rather may play a role in acceler- 
ating the maturation process once differentiation has begun. 
It is striking that during most of fetal development in mam- 
mals, cortisol levels remain low (29) despite the presence of 
glucocorticoid receptors in most tissues (5). Late in gestation 
there is a rise in circulating cortisol levels coincident with the 
maturation of many tissues (29). Glucorticoids have been 
implicated in stimulating maturation of the small intestine 
and lung (3, 24), the induction of enzyme systems in various 
differentiating tissues (19, 26, 30), and acceleration of the 
appearance of acetylcholine receptor clusters during myotube 
development in culture (Blau, H., and I. Kaplan, personal 
communication). Thus, a major role of glucocorticoids in 
development may be in accelerating prenatal maturation and 
differentiation of tissues and enzyme systems that facilitate 
extrauterine survival (23). 

Clone 10 R, NA Is Induced by Glucocorticoids in 
TA 1 Adipoc)/tes 

We have shown that unlike the other adipocyte-specific 
RNAs we have studied, clone 10 RNA is induced by gluco- 
corticoids in fully differentiated adipocytes. This induction is 
most likely mediated by the glucocorticoid receptor as indi- 
cated by a characteristic log-dose response curve and antago- 
nism of the induction by progesterone. Furthermore, the 
induction is at least in large part due to a stimulation of clone 
10 transcription by treatment with dexamethasone. 

Although these features are characteristic of the well studied 
primary transcriptional inductions by glucocorticoids of 
mouse mammary tumor virus (34, 35), metallothionein (20), 
and lysozyme (31) genes, we have not yet determined whether 
clone 10 mRNA induction is independent of protein synthesis 
(i.e., reflective of direct activation by the glucocorticoid- 
receptor complex). These experiments have been complicated 
by the slow time course of the induction, which might reflect 
either a long half-life for clone 10 RNA or the requirement 
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for induction and synthesis of a factor that mediates the 
hormonal effect on clone 10 gene expression. Binding studies 
with purified glucocorticoid-receptor complexes and genomic 
fragments of clone 10 may help in resolving this issue. 

The induction of clone 10 RNA in mature TA1 adipocytes 
probably reflects a role for glucocorticoids in adipocytes dis- 
tinct from that seen during adipocyte differentiation. Gluco- 
corticoids are known to affect lipid metabolism as evidenced 
by the redistribution of adipose stores in the hypercorticoid 
state (for review see reference 12). They are also known to 
facilitate the lipolytic effects of various agents. For example, 
Fain et al. (13) showed that dexamethasone alone stimulates 
fatty acid release from adipose tissue. Addition of growth 
hormone, which alone has no effect, led to a dramatic rise in 
fatty acid release. This effect was found to be dependent on 
both protein and RNA synthesis. Interestingly, in another 
adipogenic cell (3T3-L1), glucocorticoids regulate adipocyte 
responsiveness to/3-adrenergic agents by inducing a switch in 
receptor subtype expression from 131 to/32 (21). The basis for 
these actions of glucocorticoids are not well understood. The 
identification of the protein encoded by clone 10 RNA as 
well as the characterization of any other similarly induced 
genes in TA 1 adipocytes may better define the role of gluco- 
corticoid hormones in mature adipose tissue. 

Acquisition of Glucocorticoid Responsiveness by 
Clone 10 RNA during Adipocyte Differentiation 

During TA1 adipocyte differentiation, clone 10 mRNA is 
induced in the absence of hormone treatment, reaching a 
plateau level within 12 d after confluence. Its expression 
during differentiation in the presence of dexamethasone is 
thus affected by at least two factors; the hormonal induction 
of the general differentiation mechanism, and the specific 
hormonal induction of clone 10 RNA. The relative impor- 
tance of each factor is difficult to determine given the likeli- 
hood that clone l0 RNA is not inducible by glucocorticoids 
before the adipogenic conversion. Thus, differentiation is 
accompanied by some change that confers hormone respon- 
siveness to the clone l0 gene. This change is not mediated by 
the induction of previously absent receptors, as both 10T1/2 
and TA 1 preadipocytes have functional glucocorticoid recep- 
tors. Rather, differentiation may lead to an alteration of 
chromatin structure or generation of a transcription factor(s) 
that allows clone 10 induction and expression. 

Recent studies on mouse mammary tumor virus have 
revealed a correlation between gene activity and hormonal 
inducibility which is reflected in an altered chromatin DNase 
sensitivity (14, 50). Studies of the chicken vitellogenin gene 
have revealed DNase hypersensitive sites that exist before 
estrogen-mediated expression and that correlate in tissue dis- 
tribution with its hormone inducibility (6). It has not yet been 
possible, though, to observe and study the generation of such 
sites that mark future hormone inducibility during differen- 
tiation. TA1 cells may offer an advantage in characterizing 
such changes since the precursor cells in which clone 10 RNA 
is not inducible are readily available. Analysis of clone 10 
chromatin structure is underway in an attempt to find changes 
that correlate with transcriptional activity, potential hormone 
inducibility, and hormone induction itself. If the induction of 
clone 10 transcription is indeed a primary glucocorticoid 
response it will be particularly interesting to identify DNA 
binding sites for the glucocorticoid-receptor complex and 
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analyze the factors that affect their chromatin structure during 
differentiation. 
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