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The mouse 3T3-Ll fibroblastic cell line  rapidly dif- 
ferentiates  to  an adipocyte phenotype when post-con- 
fluent cells are treated  for 48 h in fetal calf serum- 
containing medium supplemented with 1 PM dexameth- 
asone (D), 0.5 mM methylisobutylxanthine (M) and 10 
pg/ml insulin (I). D  and I act  synergistically  to commit 
the cells to  differentiate 24-48 h after  initiating  treat- 
ment, and  this  is blocked by the phorbol ester, 12-0- 
tetradecanoylphorbol- 13-acetate. In  order  to  identify 
cellular  proteins involved in  the  differentiation process 
we analyzed differentiating 3T3-Ll cells using two- 
dimensional electrophoresis on large  format gels. We 
observed changes in over 300 proteins  during  differ- 
entiation (over 100 within 5 h of initiating  differentia- 
tion)  and many of these are also changed at the level 
of  mRNA (by analysis of in vitro translation products). 
About 75% of the  initial changes were maximally in- 
duced by treatment  with a combination of M and I, 
while no more than 10 proteins  and their correspond- 
ing mRNAs were maximally induced by D  within 3.5 
h. Another 10 proteins  were  synergistically  regulated 
by  the combination of all  three  agents (DMI) within 
3.5 h. Additional species were induced at  later times. 
Five of these were  synergistically induced by treat- 
ments that lead to  differentiation,  were first expressed 
at  elevated levels during commitment and remained 
elevated in fully differentiated adipocytes. One or more 
of these proteins could well have a functional  role  in 
the commitment to  and/or expression of the adipocyte 
differentiation  program. 

The study of myotube differentiation from the pluripotent 
stem cell line, C3HlOT1/2, has led to  the discovery of several 
novel protein factors, myoD, myogenin, herculin and myf-5, 
which seem to play a role in myotube differentiation (1). 
Although several cell culture models of adipocyte differentia- 
tion exist (e.g. the 3T3-L1, 3T3-F442A, and TA1 cell lines) 
the factors involved in determination to the adipocyte lineage, 
commitment to terminal  differentiation, and evolution and 
maintenance of the adipocyte phenotype are unknown. 3T3- 
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L1 preadipocytes are fibroblastic cells determined to  the adi- 
pocyte lineage (2). Consistent, rapid (4-6 days),  and uniform 
(85-95% of cells) conversion to adipocytes is obtained when 
post-confluent 3T3-Ll cells are  treated for 48 h  in  fetal calf 
serum (FCS)l-containing medium supplemented with the glu- 
cocorticoid, dexamethasone (D); the cyclic AMP-phosphodi- 
esterase  inhibitor, methylisobutylxanthine (M),  and high con- 
centrations of insulin (I), followed  by a period of  3-6 days of 
incubation in agent-free medium (3). Fully differentiated 3T3- 
L1 adipocytes possess most of the morphological, biochemical, 
and hormonal response characteristics of adipocytes in uiuo 
(2,4-6).  Furthermore,  they form a  fat pad when injected into 
nude mice (7). 

The cDNAs of several adipocyte-specific proteins have  been 
cloned (8-11). Analysis of the genomic structure  and promoter 
sequences of these genes has resulted in  the identification of 
cis-regulatory sequences which  may mediate their differentia- 
tion-dependent expression. Differentiation-dependent bind- 
ing of nuclear factors to some of these elements has been 
demonstrated,  and in several cases the promoter elements 
confer differentiation-dependent expression on a  reporter 
gene in cell culture (12-15). The promoters of several adipo- 
cyte-specific genes contain  a binding site for the transcription 
factor C/EBP, which is itself induced during adipocyte differ- 
entiation (16-18). It has recently been suggested that  C/EBP 
may also promote withdrawal from the cell  cycle during 
commitment. However, expression of C/EBP alone is not 
sufficient to promote differentiation of 3T3-Ll cells in the 
absence of inducing agents  (19).  Thus, the elucidation of the 
protein factors involved in  the expression of adipocyte-spe- 
cific  genes has so far  not resulted in the identification of 
“master regulatory proteins,” whose expression is alone suf- 
ficient to trigger commitment and/or to drive adipocyte dif- 
ferentiation. 

As an alternative approach to identifying proteins involved 
in  the differentiation process we used large format two-di- 
mensional electrophoresis to follow the synthesis of over 4000 
metabolically labeled proteins  and 2000 in vitro translation 
products of cellular mRNA during differentiation. We sought 
to identify proteins  and mRNAs that are rapidly induced’ or 
repressed in response to  the inducing agents, as well as those 

The abbreviations used are: FCS, fetal calf serum; D, dexameth- 
asone; M, 1-methyl-3-isobutylxanthine; I, insulin; TPA, 12-0-tetra- 
decanoylphorbol-13-acetate; C/EBP, CCAAT enhancer-binding pro- 
tein; DAP, differentiation-associated protein;  PBS,  phosphate-buff- 
ered saline; DMEM, Dulbecco’s  modified  Eagle’s  medium; SDS, 
sodium dodecyl sulfate; Hepes, 4-(2-hydroxyethyl)-l-piperazineeth- 
anesulfonic acid; FCS, fetal calf serum. 

For simplicity, the word “induction”  or “repression” is used here 
to specify a change in abundance of a gene product without meaning 
to imply the mechanism underlying the change. 
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induced during commitment to differentiation and before the 
accumulation of triglyceride. Addition of the inducing agents 
results in rapid changes in synthesis of more than 100 pro- 
teins, most of which are also changed at  the level of mRNA 
(by analysis of in vitro translation  products). Of these,  ap- 
proximately 75% are maximally induced by treatment with 
MI while no more than 10 are maximally induced by D. An 
additional 10 are synergistically regulated by the colribination 
of  D, M, and I, which synergistically induces differentiation. 
One or more of these rapidly-induced proteins may mediate 
the initial effects of the inducing agents in promoting terminal 
differentiation. Other  proteins display a delayed synergistic 
induction that still precedes the evolution of the adipocyte 
phenotype. Analysis of these  proteins  has highlighted five 
mRNA/protein species, which we call differentiation-associ- 
ated proteins  (DAPs), that  are candidate regulatory proteins 
in  the adipose differentiation program. 

EXPERIMENTAL PROCEDURES 

In Vitro Translation-Poly(A+) RNA (2.5 pg/BO-pl reaction) was 
translated using nuclease-treated rabbit reticulocyte lysate (Promega 
Biotec, Madison WI)  as described by the manufacturer except that 1 
unit/ml RNAsin was included in the reaction mixture and  the RNA 
was preincubated for 10 min in 4 pl  of  3.5 mM methylmercuric 
hydroxide at  22 "C.  After translation  in the presence of 1 mCi/ml 
[35S]methionine (specific activity > 1000 Ci/mmol, Du Pont-New 
England  Nuclear), reaction mixtures were centrifuged for 15 min at 
100,000 X g in  an airfuge (Beckman) at  4 "C to sediment polysomes 
(23). 35S incorporated into in vitro translation products was measured 
by scintillation counting  after incubation of a portion of the reaction 
mixture in alkaline solution, followed  by trichloroacetic acid precipi- 
tation  and collection of the precipitate on glass fiber filters. The 
remainder of the reaction mixture supernatant was lyophilized and 
dissolved in 0.1  ml of two-dimensional electrophoresis sample buffer 
(9.5 M urea, 2% (w/v) Nonidet P-40, 2% (w/v) ampholines, and 5% 
(v/v) 2-mercaptoethanol). Up to one-third of the reaction was sub- 
jected to two-dimensional electrophoresis. 

Metabolic  Labeling-Cells  were rinsed twice in methionine- and 
cystine-free medium and  then incubated in medium containing 10% 
of the normal levels of these  amino acids and combinations of the 
inducing agents. 300  /.&i/ml [35S]methionine (Tran3'S-label, ICN, 

Cell Culture and Differentiation-The 3T3-L1 preadipocytes specific&&ity 1000 Ci/mmol)'was added at various times thereafter. 
(kindly provided by Dr. M. D. Lane, Johns Hopkins University) were After incubation with 35S (normally 3 h)  the cells were rinsed twice 

grown in high glucose Dulbecco,s modified Eagle,s medium (DMEM) in ice-cold DMEM, and 150 11 of two-dimensional electrophoresis 
containing bovine calf serum (HyClone) with the medium sample buffer (9.5 M urea, 2% (w/v) Nonidet P-40,2% (w/v) ampho- 

changed every second day. Adipocyte differentiation was induced as Two-dimensional Electrophoresis-Procedures for the two-dimen- follOws' At days post-confluence (day the medium was changed sional separation of proteins on large format gels have been described for DMEM with lo% bovine Serum (FCS) in detail (24, 25). Briefly, %-labeled proteins were first  separated by 

lines, and 5% (v/v) 2-mercaptoethanol) was added to lyse the cells. 

(HyClone), 1 PM dexamethasone (DL 0.5 m~ meth~lisobut~lxanthine isoelectric focusing in 3.3-mm x 30-cm rod gels containing 1.6% (w/ 
(M),  and 10 d m 1  insulin (1). Thereafter the medium  was replaced ampholytes, p~ 5-8 (pharmacia LKB Biotechnology I ~ ~ . )  and 

(Sigma) was diluted from a stock solution of  16.2 mM in dimethyl the top of 32 x 36 x 0.075-cm, exponential polyacrylamide 

medium. 
Assessment of Differentiation-Cell monolayers were rinsed twice Autoradiograms were carefully visually, and where ap- with PBS and fixed for at 22 " with PBS containing 3'7% propriate the peak density of selected spots was quantified using a formaldehyde. Cells were stained for neutral lipid with Oil Red 0 microcomputer-~ased densitometer (26). Densities were normalized 

at 48-h intervals for DMEM supplemented with lo% FCS TPA 0.4% ampholfles, pH 3.5-10. First dimension gels were attached to 

(stored at -70 O C )  to a concentration loo nM In slab gels. After electrophoresis, fixed, hied were sub- 
jected to autoradiography for 6 X lo7 cpm loaded X days exposed. 

(Sigma). After removal of stain,  the m o n o b r s  were rinsed briefly for differences in sensitivity of detection by scanning several invariant 
with 60% isopropanol and several times with water. The Oil Red spots on each gel. Quantitative differences are expressed as  the fold 
stain was eluted with isopropanol and  the absorbance of the extract change in peak density with  the control value. 
measured at 510 nm (20). 

For determination of the percentage of lipid-containing cells, the RNA were to electrophoresis in 1.2% (w/v) agarose con- 
Northern Blot Analysis-Equivalent amounts (1 pg) of poly(A+) 

monolayers were tVPsinized and suspended cells were counted in taining 2.2 M formaldehyde (27) and transferred to nylon membrane 
trypan blue-containing l r d h m  using a hemacytometer. A1iquots Of (Duralon,  Stratagene) by overnight capillary transfer  in 10 X SSC (1 
the  tmsinized cells were replated, and after  2  h the wells  were rinsed x ssc is 0.15  NaC1,  0.015 sodium citrate). RNA was fixed to 
twice with PBS and  the cells were fixed and stained as above.  500 the membrane by uv cross-linking (Stratalinker,  Stratagene). The 
cells/well were counted and scored for the absence or presence of Oil membrane was prehybridized for 1 h at 42 oc in a solution containing 
Red 0-stainable lipid droplets. No significant difference in the plating 50% (v/v) deionized formamide, 2 x s s c ,  1% (w/v) SDS, 0.1% (w/ 
efficiency of adipocytes versus non-differentiated cells was observed. v) bovine Serum albumin, 0.1% p o ~ y v ~ n y ~ p y r r o ~ ~ ~ o n e ,  0.1% ~ i ~ ~ l l 4 0 0 ,  

DNA Synthesis-Triplicate cultures were labeled for 8 h  in 2 pCi/ 50 mM sodium phosphate, p~ 6.5, and 150 pg/ml sonicated and 

were fixed in 1 M citric acid, transferred to microcentrifuge tubes solution at 42 ec with 32p-labeled c-myc probe (human third exon; 
and left overnight in  10% (w/v) trichloroacetic acid. Precipitated oncor) labeled by the random hexamer priming  method to a specific 
material was collected on glass fiber filters, washed with ice-cold activity of greater than 109 cpm/pg DNA (28). The membrane was 
ethanol, and subjected to scintillation spectrometry. In some experi- washed in 1% (w/v) SDS in 2 X ssc at 65 "c for 60 min. ~ f t ~ ~  
ments an  alternative procedure was  followed. After incubation with autoradiography, the membrane was reprobed with 32p-labeled 8- 
['Hlthymidine, the monolayers were rinsed twice with ice-cold PBS tubulin  (human 40-mer, oncogene sciences) labeled by the 5'  end- 
and subjected to three 10-min incubations with cold 10%  trichloroa- labeling method. 
cetic acid, followed  by three rinses with ethanol, and air-dried. The Subcellular Frationation-Cells were metabolically labeled with 
remaining material was solubilized in 0.3 M NaOH, neutralized with [35SImethionine for 4  h, 1 h after initiating treatment with FcS alone, 
HCl and subjected to scintillation spectrometry. DMI, DMI+ TPA, or 6 days after  initiating DM1 treatment (fully 

RNA Isolation-cells (2 15-cm diameter dishes/condition) were differentiated adipocytes) and subjected to  the subcellular fractiona- 

guanidinium isothiocyanate, 0.5% (w/v) Sodium  N-laUryl sarcosine, 1 mM EDTA, 3 mM MgC12, as well as protease (1 pg/ml leupeptin, 1 
1% (v/v) 2-mercaptoethano1, and 25 mM trisodium citrate,  PH 7.0. pg/ml aprotinin, 0.7 pg/ml pepstatin, and phenylmethylsulfonyl flu- 
After  shearing the DNA, the RNA was pelleted through a Cscl oride added to 1 mM before use) and phosphatase (20 mM sodium 
cushion (21). RNA  (0.4-1.0  mg)  was subjected to two successive fluoride, 1 mM sodium orthovanadate, and 5 mM sodium pyrophos- 
affinity chromatography purifications using a 50-mg column of phate) inhibitors, scraped off the plate, and lysed by 10 passes through 
oligo(dT)-cellulose (Type 3, Collaborative Research). The method of a 20-gauge needle. Nuclei and cell debris were pelleted by centrifu- 
Aviv and Leder (22) was modified as follows; RNA was bound to  the gation at 1000 X g for 5 min, and  the  supernatant was centrifuged at 
column and washed in  a solution containing 10 mM Tris.HC1, pH 100,000 X g for 60 min. The high speed supernatant (cytosolic 
7.5, 2 mM EDTA, 0.5% SDS, and 1 M LiC1, the bound RNA was fraction) was  removed, and  the pellet (crude membrane fraction) was 
rinsed in a solution containing 10 mM Tris. HCl, pH  7.5,2 mM EDTA, briefly rinsed, then dissolved in two-dimensional electrophoresis sam- 
and 0.1 M LiC1, and  the poly(A+)RNA was eluted with the above ple buffer. The low speed pellet was washed twice with a solution 
solution but containing no LiC1. The RNA concentration of a  portion containing 10 mM Tris. HC1, pH 7.4, and 10 mM NaCl either with or 
of the eluate was determined by absorbance at 260 nm. without 0.5% (w/v) Nonidet P-40 to remove attached membrane 

ml [3HlmethYlthYmidine  (5.0 Ci/mmol, Amersham COrP.). The cells denatured salmon sperm DNA and incubated overnight in the Same 

briefly rinsed in ice-cold PBS  and lysed in  a solution containing 4 M tion procedure. Cells were rinsed in 10 mM Hepes, pH 7.4, containing 
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FIG. 1. Promotion of 3T3-Ll adipocyte differentiation: ef- 
fects of the inducing agents. A, phase  contrast microscopy (mag- 
nification 140 X)  of monolayers of 3T3-Ll cells 6 days  after  the 
addition of agents. 2-day post-confluent cells were treated for  2 days 
with  either 10% FCS-containing medium alone (C), or with the 

Time After Initiating Treatment (h) 

rB roo , 

0.24 h 23-48 h 48-72 h 
Labelling Period 

C 3.5 h 51.5 h 

C MI DM1 DMI+T C MI DM1 DMI+T 

FIG. 2. DNA synthesis and c-myc expression during adipo- 
cyte differentiation. A ,  cells were differentiated  as described above 
in  the presence ( D M I )  or absence ( M I )  of dexamethasone.  Quadru- 
plicate dishes of cells were pulse-labeled  for 8 h  with ["Hlthymidine 
a t  various  points  during  differentiation. B, triplicate wells of cells 
were incubated with ["Hlthymidine for 24 h a t  various points  during 
differentiation.  The  incorporation of tritium  into trichloroacetic  acid- 
precipitable material was determined.  Results  represent  the mean 
incorporation  (cpm) f standard error. C, cells were lysed 3.5 h and 
51.5 h (3.5 h after removal of inducing  agents  and  the addition of 
fresh  medium) after  initiating  treatment. 2 pg of twice 
poly(A+)selected  RNA was subjected to  denaturing agarose gel elec- 
trophoresis,  transferred to nylon membrane, hybridized to '"P-labeled 
c-myc and  @-tubulin probes, and visualized by autoradiography  as 
described under  "Experimental Procedures." 

proteins,  and  the washed  pellet was dissolved in two-dimensional 
electrophoresis sample buffer (crude nuclear fraction). High salt 
extracts of crude nuclei were prepared according to  the  method of 
Dignam (29). Whole cell lysate, cytosolic fractions, and high salt 
nuclear  extracts were dialyzed overnight  against water, then lyophi- 
lized and redissolved in two-dimensional  electrophoresis  sample 
buffer. 

RESULTS 

The Synergistic  Induction of Differentiation by Dexameth- 
asone  and  Insulin  and  Inhibition by TPA-As an  initial  step 

addition of various combinations of dexamethasone (D),  methyliso- 
butylxanthine (M), insulin ( I ) ,  and  TPA (5") as described under 
"Experimental Procedures." Thereafter,  all cells received fresh  FCS- 
containing medium  every  second day  until  staining. B,  the percentage 
of cells that  had  differentiated a t  4 or 6 days after  the addition of 
various  agents was quantified by replating cells a t  lower densities 
after brief trypsinization, fixation, Oil Red 0 staining,  and  counting 
of individual cell as described under  "Experimental Procedures." 
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Time  after initiating treatment  (h) 
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FIG. 3. Dexamethasone and TPA both influence commit- 
ment during the period 24-48 h after  initiating  differentia- 
tion. A,  dexamethasone was added at  various times  after  initiating 
treatment of 2-day post-confluent cells with MI (open circles). TPA 
was added at  various times  after  initiating  treatment  with DM1 (solid 
circles). The medium was exchanged  for 10% FCS-containing medium 
after 48 h.  The  extent of differentiation  in duplicate cultures  per 
condition  (compared with cells treated with DM1 for the full  2-day 
period) was estimated 6 days after  initiating  treatment by quantita- 
tion of Oil Red 0 staining  as described under  “Experimental  Proce- 
dures.’’ B, dexamethasone was added to  MI-treated cells for 12-h 
periods at  the indicated times (0, no D  added) followed by three 
washes and replacement with  MI-containing medium. In other re- 
spects cells were subjected to  the  standard  differentiation protocol. 
Control treatments received DM1 for the full 48 h,  either with or 
without  washout and readdition of DM1 every 1 2  h.  The  extent of 
differentiation  in triplicate  cultures  per  condition was estimated 6 
days  after  initiating  treatment  as described above. Results  are  the 
means (5% of DM1 control) k S.E. 0-48 represents  the summed 
value of the four treatments (0-12, 12-24,  24-36, and 36-48 h). 

in identifying proteins involved in  the  differentiation process, 
we determined  the efficacy of combinations of the  differen- 
tiating  agents  and  the  phorbol  ester,  TPA,  to induce or inhibit 
triglyceride accumulation. Lipid accumulation was first  de- 
tected 72 h after  initiating  treatment  with  either  dexametha- 
sone  and  insulin  (DI) or dexamethasone,  methylisobutylxan- 
thine,  and  insulin  (DMI),  and  differentiation was complete 
by 8 days  (Fig. 1). The  extent of differentiation was quantified 
by determining  the  percentage of adipocytes  for each  culture 
condition 4 and 6 days  after  initiating  treatment. At least 
70% of the cells in  DMI-  and  DI-treated  cultures,  but less 
than 0.6% of the cells treated  with  FCS  alone or with  MI, 
contained  numerous Oil Red  0-stainable lipid droplets  and 
had  the  characteristic  rounded adipocyte morphology. Neither 
D nor I  alone  induced  more than 20%  of the cells to differ- 
entiate (Fig. 1B). Consistent  with  the  results of others (30, 
31), co-addition of TPA  with DM1 results  in a dramatic 
inhibition of differentiation (9% conversion).  These  results 
reveal  a  synergism  between  D and I to  commit cells to  adi- 
pocyte differentiation which is blocked by TPA. 

Commitment to Adipocyte Differentiation-As a result of 
treatment  with  DMI,  the cells  undergo DNA  synthesis  and 
division followed by arrest  in a unique GI state  related  to 
terminal  differentiation  (32,33).  In our hands,  the peak DNA 
synthesis occurs at  about 24 h and  committed cells have 
withdrawn from the cell cycle by 48  h  (Fig. 2A). Analysis of 
the  number of cells per  dish  during  differentiation  (results 
not  shown) also supports  the conclusion that by  48  h the 
DMI-,  but  not  the  MI-treated cells,  have withdrawn from the 
cell cycle after  an  initial  round of cell division.  Additional 
experiments showed that  TPA  blunts  the  initial mitogenic 
responses seen  in  response  to DM1 and also inhibits  with- 
drawal from the cell cycle after 48  h (upon  addition of fresh 
FCS-containing  medium),  as  measured by DNA  synthesis  and 
c-myc expression  (Fig. 2, B and  C). 

When  the  addition of dexamethasone  is delayed until 36 h 
after  adding  MI,  there is a dramatic decrease in  the  proportion 
of cells that undergo  adipocyte differentiation.  Similarly,  the 
ability of TPA  to block differentiation  is also dramatically 
reduced  when added  after 36 h of DM1 treatment (Fig. 3A). 
Interestingly,  when TPA is  added  after DM1  removal at 48 h, 
it does not block expression of the  differentiation program 
nor  the enzymes of lipid synthesis  and  it  actually  increases 
later lipid accumulation.  These  results suggest that D and 
TPA influence the  commitment decision  before 36 h,  although 
it  is  also possible that a greater  than  12-h exposure to  these 
agents is required  for their effect. To address  this  latter 
possibility as well as  to  further  delineate when  D acts  to 
influence commitment, we also  performed “washout”  experi- 
ments  spanning  the  48-h  treatment period. In  this case MI- 
created  cells were exposed to D  for 12-h  intervals followed by 
extensive  washing  in  MI-containing medium. The triglyceride 
accumulated was quantified 8 days after  initiating  treatment 
(Fig. 3B).  Since  any cell that  differentiates  accumulates lipid 
to  about  the  same  extent,  the values obtained  are  proportional 
to  the  number of differentiated cells per  plate.  Most of the 
cells differentiated  when D  was present  during  the second 24 
h of MI  treatment. Moreover, the  summation of numbers of 
differentiated cells over each of the  12-h  periods is very  similar 
to  the  number of differentiated cells obtained  with a  full 48- 
h treatment  with  DMI, suggesting that  independent  subsets 
of the cell population  differentiate  during each 12-h period. 
One  interpretation of these  results  is  that D acts  during a 
particular  phase of the cell cycle to  promote  differentiation, 
most likely after  S-phase,  and  that  TPA  antagonizes  the 
actions of D and/or I during  the  same  time period resulting 
in  commitment. 

Initial Responses to the  Inducing Agents  within 3.5 h- 
Having  established  that D and  MI synergize to  promote 
commitment  to adipocyte differentiation, we used  large for- 
mat  two-dimensional gel electrophoresis  to identify  metabol- 
ically radiolabeled proteins  and  in vitro translation  products 
of cellular mRNAs whose synthesis or abundance  is synergis- 
tically altered by these  agents.  In  particular, we wished to 
single out  candidates for  regulatory proteins  in  the differen.. 
tiation process. Initial metabolic  labeling experiments  indi- 
cated  that  the  combination of D, M, and I alters  the relative 
rate of synthesis of well over 100  polypeptides within 5 h 
(compared with fresh  FCS  alone).  Furthermore, for many of 
these  initial  inductions,  the  identity between the metaboli- 
cally labeled proteins  and  the  primary  in vitro translation 
products of cellular mRNA was readily established by com- 
parison of autoradiograms  and  in some cases was confirmed 
by  Cleveland peptide  mapping  (data  not  shown),  demonstrat- 
ing that  they  are regulated at the level of mRNA (Fig. 4). 
Approximately 75% of these gene products  are maximally 
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FIG. 4. Rapid modulation of gene 
expression by the inducing agents. 
Similar regions of large format two-di- 
mensional gels  loaded with proteins  met- 
abolically labeled 2-5 h  after  initiating 
treatment (left) and  the in uitro trans- D 
lation products of cellular mRNAs from 
cells lysed 3.5 h  after  initiating treat- 
ment  (right). 2-day post-confluent 3T3- 
L1 cells were treated with 10% FCS me- 
dium containing  either no further addi- 
tions (C), dexamethasone (D), methyli- 
sobutylxanthine and insulin (MI), or all 
three agents (DMI) .  Species indicated 
by arrowheads are regulated by MI and 
are not significantly influenced by D. 
Arrowed species are regulated by D and 
are either inhibited or not affected by 
MI. Circled proteins  are regulated by 
DM1 in a synergistic fashion. Not all of MI 
the indicated species are equally detected 
or regulated at  both the level of protein 
synthesis and mRNA, and  not all of the 
differences have been indicated. 

In vitro 

" 

' ** ... *i 

" 0 .  " 3- 
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responsive to MI (D has no  effect),  most likely reflecting the 
consequence of mitogenic stimulation  seen  with MI  treat- 
ment. On the  other hand,  no more than 10 proteins  are 
maximally altered by D alone. These include two proteins 
(glutamine  synthase and "glucocortin") that  are induced in 
every glucocorticoid-responsive cell type we have examined 
(34, 35). A number of proteins show more complex patterns 
of regulation. For example, the induction with  D of mRNAs 
1 and 3 are inhibited  with the coaddition of MI, while 10 
proteins are synergistically regulated by the combination of 
D and MI. The induction or repression of these 10, as well as 
some of the D- and MI-induced proteins, was quantified. The 
10 synergistically regulated proteins  as well as 4 D-induced 
and 8 MI-induced proteins are listed in  Table I, and  their 

locations  on two-dimensional gels are shown in Fig. 5. The 10 
synergistically induced proteins are of particular  interest as 
possible mediators of the effects of the inducing agents since 
these agents have synergistic effects on promotion of differ- 
entiation. These proteins were further characterized by fol- 
lowing the kinetics of induction at  the level of mRNA by 
analyzing in uitro translation products of mRNA isolated 
during the course of differentiation. Most of these rapidly 
induced mRNAs are only transiently elevated in response to 
the inducing agents  (for examples see Fig. 6), and further 
analysis revealed either  they  are not synergistically induced 
by D and I (which also promotes efficient differentiation), or 
they  are  not inhibited by TPA (which inhibits differentiation); 
thus,  the expression of no one of these  proteins is predictive 
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TABLE I 
Some rapidly regulated proteins/mRNAs 

Protein no. Molecular Subcellular A/P 
mass PI location" ratio' 

Dexamethasone-regulated 
1 

3 (glutamine synthase)' 
4 (glucocortin) 

5 
6 
7 
8 
9 
10 

2c.d 

MI-regulated 

11 
12 

DM1 synergies 
13 (PCNA?) 
14 
15 
16 
17' 
18 
19 
20 
2 1  
22 

kDa 

42 
39 
42 
17 

37 
35 
32 
31 
31 
50 
18 
16 

36 
36 
35 
32 
31 
28 
28 
82 
39 
30 

7.2 Nuc/cyto 
6.6 Mem 
7.0 Cyto/mem 
4.0 Cytolnuc 

6.9 Mem 
6.8 Cyto 
6.2 Nuc 
7.3 Cyto 
6.2 Cyto 
6.3 Nuc/cyto 
5.1 Cyto/mem 
6.6 Cyto 

5.2 Cytolnuc 
6.3 Cyto/mem 
7.2 Cyto 
5.2 Mem 
7.1 Cyto/nuc 
6.8 Cyto 
6.4 Cyto 
6.5 Nuc 
4.9 Mem 
5.9 Nuc 

3.2 
101.5 
110.7 

1.7 

4.6 
0.8 
0.2 
0.7 
0.2 
1.0 
1.5 
3.6 

0.01 
1.2 
1.0 
1.5 
5.9 
0.5 
0.8 
0.4 

ND' 
3.6 

Assignment of subcellular locations is based on relative enrich- 
ment above levels in whole cells and are given in  rank order. nuc, 
nucleus; cyto, cytoplasm; mem, membrane. 

Fold difference in  abundance of the in vitro translation product 
in fully differentiated adipocytes over untreated preadipocytes and is 
the mean value of three independent  determinations. 

e These proteins  are also phenotypic markers. 
dProtein 2 is not detected by metabolic labeling in whole cell 

lysates of preadipocytes but is detected in membrane fractions and 
in either whole  cell lysates or membrane fractions from adipocytes. 

e Not detected in adipocytes. 

TABLE I1 
Differentiation-associated  proteins and phenotypic markers 

Protein  no. Molecular Subcellular A/P 
mass PI locations ratiob 

Differentiation-associated 

DAP 1 
DAP 2 
DAP 3 
DAP 4 
DAP 5 

Ph 1 
Ph 2 
Ph 3 
Ph 4 
Ph 5  (GPDH?)d 
Ph 6 (aP2?) 
Ph 7 
Ph 8 

proteins 

Phenotypic markers 

kDa 

53 6.9 Cyto/nuc/mem 10.8 
51 5.7 Cyto/nuc 6.4 
48  5.7 Mem  14.3 
39  6.8 ? 16.6 
37  6.6 Nuc/cyto De novo' 

29 6.9  Nuc 
51 6.4 Cyto 

D e  novo 
58.7 

42  5.3 Nuc 5.1 
37  7.1 Cyto/nuc 7.3 

14 6.5 Cyto/mem 21.4 

36 6.4 Cyto 
39  6.4 Nuc/mem D e  novo 

56.0 

34  7.3 cyto 139.7 

Refer to Table I. Definition of abbreviations is given in  Table I. 

De novo, not detected in preadipocytes. 
GPDH, glycerol-3-phosphate dehydrogenase. 

* Refer to Table I. 

of the biological outcome. However, this does not rule out  the 
involvement of these  initial  inductions  in  commitment to 
differentiation since it is possible that one or more may 
mediate the initial effects of one of the inducing agents. 

Later Responses to the Differentiation Agents Concurrent 

with Commitment (24-48 h)-We also wished to identify the 
earliest  proteins/mRNAs whose synthesis is altered concur- 
rent with or as  a result of comnlitment and  thus are candidates 
for proteins involved in commitment, or that drive differen- 
tiation  in committed cells. Such proteins should be (i) syner- 
gistically induced by DM1 and  DI compared with D, I or MI 
alone, (ii) expressed at elevated levels  before the appearance 
of lipid droplets and  the large group of later-evolving pheno- 
typic marker  proteins,  and  (iii) should also be inhibited by 
TPA, since TPA blocks commitment. For this purpose we 
further analyzed the in  vitro translation products of mRNA 
isolated at various points  during the differentiation process. 
Differentiation results in significant (>3-fold) changes in over 
200 in vitro translation  products by 96 h. Most (all  but 22) of 
these  proteins were first  altered between 51.5 and 96 h  after 
treating  the cells with DM1 or DI when the cellular phenotype 
is in  transition  and remained at elevated levels in fully differ- 
entiated adipocytes; thus, we class these  as phenotypic mark- 
ers of differentiation (Fig. 7). This group includes glutamine 
synthase,  non-neuronal enolase, and phosphoglyceromutase 
(identified either by immunoprecipitation or peptide micro- 
sequencing). Three  others  that  are altered in differentiated 
cells have been tentatively identified as  aP2 (also known as 
gene 422 and  fatty acid-binding protein), glycerol-3-phos- 
phate dehydrogenase and proliferating cell nuclear antigen, 
bn the  latter case by comparison with published gels  on  which 
this protein  has been identified (36,37) (see Fig. 5  and Table 
I). Of the 22 changes that were not phenotypic markers, the 
regulation of most did not correlate with commitment to 
differentiation in that they were either  not synergistically 
regulated by D  and  I  in  the absence of M, or the synergism 
was not blocked by TPA. On the other hand, the regulation 
of five in  vitro translation products and  their corresponding 
metabolically labeled proteins does predict the differentiation 
outcome within the  first 51 h; thus,  they  are candidates for 
proteins which  may function in the differentiation process. 
These species are synergistically induced by  DM1 and DI 
treatments before the appearance of lipid droplets and the 
phenotypic marker proteins,  and  this synergism is blocked by 
TPA. The locations of these species,  which we name differ- 
entiation-associated  proteins  (DAPs),  are shown in Fig.  5, 
and they  are listed in Table 11. 

The DAP mRNAs do not  all follow a single pattern of 
regulation (see Fig. 8). DAP-1  and DAP-4 mRNAs display a 
biphasic response to DM1 and DI. DAP-1 is rapidly and 
synergistically induced within 3.5 h by  DM1 or DI treatments 
(Fig. 8A) .  Although this synergism is not  inhibited by TPA 
at  the level of mRNA, TPA inhibits the amount of protein 
synthesized during this time  (results  not shown). After 43 h, 
DAP-1 mRNA levels again increase in DMI-treated cells until 
96 h (10-fold induction)  and remain at  this level in fully 
differentiated adipocytes. In  DI-treated cells the increase in 
DAP-1 occurs more  slowly, consistent with the less synchron- 
ous differentiation induced by this  treatment.  In  contrast,  the 
initial induction of DAP-4 mRNA  by  DM1 is inhibited by 
TPA (Fig. 8B) although the magnitude of the induction is 
somewhat variable at 3.5  h. DAP-4 reaches a peak 12-fold 
induction by 18 h  (results  not shown), after which  levels 
abruptly decrease and  return to control levels by  24 h. There- 
after  the level rises again by  51.5 h  in DMI- and  DI-treated 
cells and reaches maximal levels (25-fold) by  96  h. 

In  contrast  to DAPs 1 and 4, the synergistic induction of 
DAPs 2, 3, and 5 do not follow a biphasic pattern (Fig. 8, C- 
E ) .  For these  proteins the induction with DM1 and DI treat- 
ments begins with commitment (after 24 h), increases through 
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FIG. 5 .  Large format two-dimensional electrophoresis of in vitro translation products of poly(A+) 
mRNA isolated from  3T3-Ll adipocytes. Poly(A+)  RNA isolated  from  cells 4 days  after  treating  with DM1 
was translated in vitro in  the  presence of [:"S]methionine. The labeled in uitro translation  products were subjected 
to large format  two-dimensional  electrophoresis  and visualized by autoradiography.  The  locations of the in vitro 
translation  products listed in  Tables I and I1 are  indicated. 

96 h, and elevated levels are  maintained  in fully differentiated 
adipocytes. 

DISCUSSION 

Many  features of our  results  are  supportive of the  results 
of others.  The  data  are  consistent  with  current  ideas  that 
commitment  to adipocyte differentiation involves  synergistic 
actions of inducing  agents  (hormones  and growth factors) 
that  result  in  withdrawal  from  the cell cycle and  subsequently 
the induction of adipocyte-specific  genes (32,33). It  is  unlikely 
that  the  dramatic  changes  in gene  expression that occur later 
in differentiation  represent  direct  actions of the  inducing 
agents  on  these genes, since  the  continued  presence of the 
inducing  agents  is  not  required  to  maintain  the  differentiated 
state.  Thus,  it  seems  that  commitment  to,  and  expression of, 
the adipocyte phenotype  is  controlled by persistent  changes 
in  the expression of certain gene products  brought  about by 
the actions of the  inducing  agents.  In  this  paper we have 
determined  the  time (24-48 h after  initiating  differentiation) 

during which the  interaction between insulin  and  dexameth- 
asone  results  in  commitment.  We  then describe five proteins 
that  are  candidate  differentiation  factors  (DAPs 1-5) due to 
their synergistic  regulation during  the  time when commitment 
occurs. The  regulation of these  proteins  are  among  the earli- 
est-described  markers of the  differentiation outcome.  We have 
also  identified a number of protein  and mRNA  inductions 
that  are synergistically induced by  D in  combination with MI, 
as well as some that  represent responses to  the individual 
inducing  agents  prior to  the  commitment period. One or more 
of these may also  serve  to  mediate  the individual or combined 
effects of the  inducing  agents  on  commitment. 

With  the  differentiation protocol we used, addition of the 
combination of fresh FCS, M, I,  and D to post-confluent 
quiescent cells results  in a round of DNA synthesis, (peaking 
around 24 h)  and cell division. This is followed by withdrawal 
from  the cell cycle by 51 h, and triglyceride  accumulation is 
evident by 72-94 h. The high level of insulin necessary to 
induce  differentiation  and  additional observations by us  and 
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FIG. 6. The  kinetics of expression of some synergistically 
regulated  proteins  during  differentiation. %day post-confluent 
3T3-Ll cells were treated for  up to 48 h as indicated. Cultures were 
lysed at the indicated times and poly(A+) RNA was isolated, trans- 
lated in uitro, and the labeled translation products subjected to large 
format two-dimensional electrophoresis and visualized by autoradi- 
ography. The abundance  of protein spots on matched exposures was 
determined by densitometric scanning and the fold change (versus 
FCS control for each time point) determined. 

others, including the functional substitution of 6 nM, insulin- 
like growth factor-1 for insulin (data  not  shown), indicate 
that insulin influences adipocyte differentiation  through  in- 
teractions with insulin-like growth factor-1 receptors (20, 38, 
39). We also find that initially D seems to potentiate the 
initial mitogenic response elicited by M, I, and FCS. However, 
it is clear that post-confluent cell division alone is  not suffi- 
cient  to commit the cells. A subsequent withdrawal from the 
cell cycle also seems to be necessary since treatments that 
promote continued growth and cell division block commit- 
ment  rather  than promote differentiation (Refs. 33, 40, and 
41 and our data with TPA). Interestingly, the initial  and the 
later effects of D  on  MI-stimulated DNA synthesis  and c-myc 
expression are opposite in sense. This may result from inter- 
actions of D with cell cycle-dependent or  other evolving 
cellular processes. 

Platelet-derived growth factor and basic fibroblast growth 
factor also inhibit adipocyte differentiation (Ref. 41 and  data 

o k r m r * c m m r . . . .  
0 1 2  2 4  36 4 8  6 0  7 2  8 4  9 6  

Time (h) 

- .  . . . . . . . . J 
0 1 2  2 4  36 4 8  6 0  7 2  8 4  9 6  

Time (h) 

FIG. 7. The  kinetics of expression of some phenotypic mark- 
ers during  differentiation. 3T3-Ll cells were treated, and RNA 
was isolated and analyzed as described  in Fig. 6. 

not shown). This suggests that inhibition by these growth 
factors  and TPA is through  protein kinase C activation,  as 
opposed to  its down-regulation, since these peptide hormones 
activate  but do not down-regulate protein kinase C (42-44). 

The presence of D (we find that 10 nM is sufficient) is 
critical for efficient commitment, but  the g1ucocorticoid;reg- 
ulated factors that mediate this action are unknown. One 
possibility is that D influences commitment by inhibiting 
prostaglandin production (45). Glucocorticoids inhibit pros- 
taglandin production in several cell types and tissues (46) and 
the major prostaglandin species produced in 3T3-Ll preadi- 
pocytes (prostaglandins E2 and 12) are inhibitory for differ- 
entiation (6, 47, 48). Furthermore, indomethacin, which in- 
hibits prostaglandin H synthase (cyclooxygenase), enhances 
adipocyte differentiation in  3T3-Ll cells (49, 50). In support 
of this hypothesis, we find that D rapidly inhibits the synthe- 
sis of this enzyme in  these cells and blocks much of the 
increase in synthesis seen in response to MI treatment  (data 
not shown). However, the concentration of indomethacin 
required for a significant effect on differentiation is much 
greater than  that needed for complete inhibition of prosta- 
glandin H synthase activity (51); thus  it appears likely that 
the effect of D on prostaglandin synthesis does not account 
for its entire influence on differentiation. 

Although the effects of M are most likely mediated through 
its  inhibition of soluble cyclic AMP phosphodiesterase (52), 
the role that  it plays in initiating differentiation is unclear. 
The results  presented  in Fig. 1 show  no dramatic  enhance- 
ment of DI-induced differentiation by M, but  in  other exper- 
iments M clearly increases the rapidity and uniformity of 
differentiation when added together with D and I. The pro- 
moter regions of several adipocyte-specific genes contain 

H. B. Sadowski, T. T. Wheeler, and D. A. Young, unpublished 
results. 
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FIG. 8. The  kinetics of expression 
of the mRNAs of the  differentiation- 
associated proteins. 3T3-Ll cells were 
treated, and RNA was isolated and ana- 
lyzed as described in Fig. 6. 
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cyclic AMP-responsive elements (14, 53), and  M  enhances 
the expression of some adipocyte phenotypic marker  proteins 
during differentiation (see Fig. 7). However, the enhancement 
of these proteins above  levels achieved by DI alone does not 
depend on the continued presence of M  after 48 h, when all 
the inducing agents  are removed, suggesting that M also 
influences commitment to differentiation,  perhaps by en- 
hancing the expression of one or more proteins involved in 
the commitment process. An additional complicating factor 
is  the suppressing effect that M  has on the low extent of 
differentiation in response to insulin alone (see Fig. 1). 

Several of the DAPs (which are induced concurrent with 
commitment) have characteristics  consistent with them func- 
tioning  during the differentiation process. Of the over 4000 
proteins  and 2000 in  vitro translation  products we surveyed, 
the five DAPs represent the earliest predictors of the adipo- 
cyte phenotype. DAPs 1, 2, 4, and 5 are present  in nuclei or 
high salt  extracts of nuclei, while DAPs 2,3, and 5 are elevated 
to near maximal levels in the 24-48-h period in which com- 
mitment occurs.  However, we cannot rule out  the possibility 
that these proteins may simply be very rapidly evolving phe- 
notypic markers with no functional role in controlling the 
differentiation process. In  addition to  the DAPs we have 

12 24 36 40  60 72 8 4  9 6  

Time (h) 

Time (n) 

detected a number of rapid protein inductions that may 
mediate the initial effects of the inducing agents. These 
include about 75 MI- and 10 D-mediated inductions as well 
as 10 proteins  and mRNAs that  are synergistically regulated 
by the combination of D  and MI. The molecular cloning and 
functional characterization of the DAPs or of these rapidly 
induced proteins may shed light on the commitment process. 
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