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Terminal differentiation of cultured 3T3-L1 fibroblasts to the adipogenic phenotype is potently stimulated by 
dexamethasone (DEX) and methylisobutylxanthine (MIX). Previous studies have shown that these hormones 

induce the expression of genes encoding two members of the CCAAT/enhancer binding protein (C/EBP) 
family of transcription factors. In the absence of new protein synthesis DEX activates the gene encoding 
C/EBP~. Likewise, MIX is a direct inducer of C/EBP~ gene expression. Optimal conditions for differentiation 
entail a 2-day period wherein confluent fibroblasts are exposed to DEX and MIX, followed by removal of the 
hormones and subsequent culture in the presence of insulin and fetal bovine serum. During the early phase of 
differentiation, high levels of C/EBP6 and C/EBP~ accumulate. These transcription factors diminish during 
the terminal phase of differentiation and come to be replaced by a third member of the C/EBP family, 
C/EBP~. Conclusive evidence has already shown that C/EBPot regulates terminal adipocyte differentiation, 
turning on the battery of fat-specific genes required for the synthesis, uptake, and storage of long chain fatty 
acids. Here we provide evidence that C/EBP~ and C/EBP~ play early catalytic roles in the differentiation 
pathway, relaying the effects of the hormonal stimulants DEX and MIX in a cascade-like fashion, leading to 
the activation of the gene encoding C/EBP~. Conditions facilitating the precocious expression of either 
C/EBP6 or C/EBPI3 were observed to accelerate adipogenesis and, in the case of C/EBPI3, relieve dependence 
on the early hormonal stimulants. Likewise, conditions that prevented the expression of functional C/EBP~ 
effectively blocked terminal differentiation. Finally, we have discovered that ectopic expression of C/EBPI3 in 
multipotential NIH-3T3 cells results in their conversion into committed adipoblasts capable, upon hormonal 
stimulation, of synchronous and uniform differentiation into fat-laden adipocytes. 

[Key Words: Adipocyte differentiation; CCAAT/enhancer binding protein (C/EBP)c~; C/EBPt3; C/EBPg; 
liver-enriched transcriptional activator protein (LAP); liver-enriched transcriptional inhibitory protein {LIP)] 
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Adipocyte conversion has emerged as a model system for 
studies of terminal cell differentiation. Such studies 
have been facilitated by the availability of the 3T3-L1 
and 3T3-F442A adipoblast cell lines (Green and Kehinde 
1974, 1976). The conversion of 3T3-L1 fibroblasts into 
fat-laden adipocytes occurs in a time span of -1  week 
following exposure of confluent cells to an appropriate 
cocktail of hormonal stimulants (Green and Kehinde 
1975; Russell and Ho 1976; Rubin et al. 1978; Reed and 
Lane 1980; Student et al. 1980). The latter phase of the 
differentiation process is accompanied by the coordinate 
activation of a battery of adipocyte-specific genes (Bern- 
lohr et al. 1985: Cook et al. 1985), cessation of mitotic 
proliferation, and striking changes in cell morphology 
resulting from the massive accumulation of cytoplasmic 
fat. 

2Corresponding author. 

An unexpected clue relevant to the molecular mecha- 
nisms controlling terminal adipogenesis came from 
studies of CCAAT/enhancer binding protein (C/EBP). 
The first member of the C/EBP family, since termed 
C/EBPa (Johnson et al. 1987; Landschulz et al. 1988), 
was found to be expressed at high levels in both white 
and brown fat of rodents and observed to accumulate 
during adipocyte conversion with temporal kinetics con- 
cordant with acquisition of the differentiated phenotype 
(Birkenmeier et al. 1989). Three lines of evidence have 
firmly established the regulatory role of C/EBPcx in adi- 
pocyte differentiation. First, C/EBPa was shown to be 
capable of selective trans-activation of the adipocyte- 
specific genes encoding stearoyl CoA desaturase, the in- 
sulin-responsive glucose transporter and a fatty acid- 
binding protein variously termed aP2 or 422 (Christy et 
al. 1989; Kaestner et al. 1990). Second, antisense inhibi- 
tion experiments designed to prevent the expression of 
C/EBPc~ were shown to prevent the terminal differenti o 
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ation of both 3T3-F442A and 3T3-L1 cells (Samuelsson 

et al. 1991; Lin and Lane 1992). Finally, ectopic or gra- 
tuitous expression of C/EBPo~ has been shown to pro- 

mote, and in some cases directly induce, adipocyte dif- 
ferentiation in a number of fibroblastic cell lines (Umek 
et al. 1991; Freytag and Geddes 1992; Freytag et al. 1994; 
Lin and Lane 1994). 

Despite providing conclusive evidence of a central reg- 

ulatory role for C/EBPo~ in adipocyte differentiation, past 

studies have failed to resolve the temporal gap between 
the initial presentation of adipogenic hormones and in- 

duction of the gene encoding C/EBPc~. 3T3-L1 preadipo- 
cyte conversion is potently stimulated by a mixture of 

insulin (INS), dexamethasone (DEX), methylisobutylx- 

anthine (MIX), and fetal bovine serum (FBS). When con- 
fluent 3T3-L1 cells are exposed to this adipogenic cock- 
tail, neither C/EBPa nor its encoding mRNA are ob- 

served for at least 3 days. Optimal differentiation 
conditions entail the removal of DEX and MIX 2 days 

into the differentiation program, a time point well before 
the initial appearance of C/EBPa. These observations 

prompt the conclusion that the stimulatory effects of 

DEX and MIX must be relayed during differentiation, 

presumably by the induction of genes other than that 
encoding C/EBPa. 

MIX is a synthetic organic chemical that inhibits 
phosphodiesterases and thus causes an elevation in the 

intracellular level of cAMP. Because cAMP, functioning 
through protein kinase A, can directly alter the activity 

of nuclear transcription factors (Brindle and Montminy 
1992), it is possible that MIX activates the expression of 
regulatory genes that proceed to control later steps in the 

differentiation pathway. DEX, acting through the gluco- 

corticoid receptor, might also relay its regulatory effects 

by controlling, early in the adipocyte conversion process, 
genes whose products proceed to facilitate terminal dif- 
ferentiation. 

Two genes that might represent targets for the early 
effects of MIX and DEX action during adipocyte conver- 

sion were identified several years ago (Cao et al. 1991). 

Both encode proteins highly related to C/EBP~ that have 
thus been termed C/EBP[3 and C/EBP~. The c/ebp[3 and 

c/ebp8 genes are expressed during adipogenesis with 
temporal kinetics matching hormone presentation. 
Moreover, one gene (c/ebp[3) is induced by MIX and the 

other (c/ebp8) by DEX. Because transcriptional induc- 

tion of these genes occurs in the absence of protein syn- 
thesis, they probably represent direct targets of the re- 

spective hormonal inducers (Cao et al. 1991). In the 
present study we have investigated these genes and their 

encoded proteins as candidates for relaying the stimula- 
tory effects of MIX and DEX from their early time of 

action to the terminal phase of adipocyte differentiation. 

Results 

Effects of hormonal stimulants on the accumulation 
of C/EBP isoforms and process of adipocyte conversion 

To assess the respective roles of MIX and DEX on the 

expression of the various C/EBP isoforms (a, [3, and 8) 

and subsequent process of adipocyte conversion, we ex- 

posed confluent 3T3-L1 cells to hormonal cocktails in 

which different components were systematically omit- 
ted. Cell lysates were recovered at the starting point of 
differentiation and at 2-day intervals thereafter for use in 
Western blotting assays. Each culture was visually in- 

spected and photographed throughout the differentiation 

process to monitor adipogenic conversion. 

Optimal differentiation was observed using a protocol 

that involved exposure of confluent 3T3-L1 cells to FBS, 
INS, MIX, and DEX. Two days later the culture medium 
was changed and MIX and DEX were omitted. Under 

these conditions, morphological evidence of differentia- 

tion was first observed 3 days into the program. The cells 
were uniformly fat-laden between days 6 and 8 (Fig. 1A). 
Western blotting assays using antibodies specific to each 

C/EBP isoform revealed maximal levels of C/EBP~ at 
day 2, C/EBP[3 between days 2 and 4, and C/EBPcx be- 
tween days 6 and 8 (Fig. 1B). The very earliest appearance 

of C/EBPa, on day 3 of the differentiation program, cor- 
responded well with the first appearance of differentiated 

adipocytes. As has been reported previously/McKnight 

1992), the earliest cells that show morphological evi- 

dence of differentiation are precisely those that stain in 
immunohistochemical assays with antibodies specific to 

C/EBPcx. 
Cultures deprived of MIX differentiated more slowly 

than those exposed to the complete hormonal cocktail. 
Likewise, by day 8 of the differentiation program, such 
cultures did not show uniform differentiation of the en- 
tire cell population (Fig. 1A). Inspection of immunoblots 

of cell lysates collected throughout the differentiation 
program revealed modest changes in the expression of all 

three C/EBP isoforms. A considerable delay in C/EBPI3 

expression was observed relative to control cultures. Be- 

cause previous experiments had shown MIX to act as a 
direct inducer of the c/ebp[3 gene (Cao et al. 1991), we 

attribute the early absence of C/EBPt3 to the inactivity of 
its encoding gene. More surprising was the observation 
of relatively high levels of C/EBP[3 late in the differen- 

tiation program. The initial appearance of C/EBPc~ pro- 
tein occurred with a slight delay relative to control cul- 
tures and was modestly diminished in level. Finally, 

C/EBP8 protein was first induced, as with control cul- 
tures, at day 2. Unexpectedly, however, C/EBP~ expres- 
sion persisted much later in the differentiation program 

despite removal of DEX at the normal time point (day 2) 

(Fig. 1B). 
Cultures deprived of DEX showed very minimal evi- 

dence of differentiation even during the latest period of 
the differentiation program (Fig. 1A). The levels of all 
three C/EBP proteins were significantly diminished rel- 

ative to control cultures. Very little C/EBP8 protein was 

observed, consistent with the absence of the hormonal 
inducer (DEX) of its encoding gene. The level C/EBP[3 

protein was observed to increase at the normal time (day 
2), yet its accumulation was diminished and failed to be 

sustained through its normal peak period (days 2-4). Fi- 
nally, almost no C/EBPo~ protein was observed when cul- 

tures were deprived of DEX (Fig. 1B). 
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F i g u r e  1. Effects on adipocyte conversion and expression of C/EBP isoforms by systematic deprivation of normal hormonal  stimu- 

lants. (A) Morphological evidence of adipocyte differentiation at day 8 of the conversion process was monitored by the appearance of 

fat droplets utilizing light microscopy. Photographs were taken both before (a-d} and after Oil-Red-O staining (e-h). All photographic 

fields shown in this and all subsequent figures were chosen in an unbiased manner  and are representative of mult iple experimental  

trials. Diagrams shown above the photographs outline hormone treatment as a function of time. (a,e) show cells 8 days after t reatment  

by a cocktail containing insulin (INS), fetal bovine serum {FBS1, MIX, and DEX. (b,ft show cells treated with INS, FBS, and DEX. (c,g) 

show cells treated with  INS, FBS, and MIX. (d,h) show cells treated with only INS and FBS. (B) Western blot analyses of C/EBP(~, 

C/EBPI~, and C/EBP6 expression were performed at 2-day intervals throughout the differentiation program for each category of 

hormone combination. Whole-cell lysates were electrophoresed on 12.5% SDS-polyacrylamide gels. Separated proteins were trans- 

ferred to PVDF membranes  and incubated with specific antiserum against C/EBP~ {top panel), C/EBP[~ (middle panel), or C/EBP6 

(bottom panel). The initials shown above each panel denote the hormone components included in the differentiation program. 

When both MIX and DEX were omitted from the dif- 

ferentiation cocktail we failed to observe any evidence of 

adipocyte differentiation and likewise failed to observe 

the induced expression of any of the three C/EBP iso- 

forms (Fig. 1). 

Retrovirus-mediated expression of C / EB P [3 

and C/EBP8 stimulates adipogenic conversion 

of 3T3-L1 cells 

Having observed a general concordance between the 

early expression of C/EBPI3 and C/EBP6 relative to the 

eventual outcome of adipocyte conversion, we prepared 

recombinant retroviruses designed to express each of 

these protein (Materials and methods}. Recombinants 

designed to produce C/EBPI3 and C/EBP6 were intro- 

duced into the MFG retroviral vector and transfected in 

the BOSC23 cell line to yield high-titer, helper-free re- 

combinant virus stocks (Danos and Mulligan 1988; Dra- 

noff et al. 1993; Pear et al. 1993). In the case of C/EBP~, 

we optimized the context surrounding the second in- 

frame methionine codon according to Kozak (1986) such 

that the recombinant virus would produce the transcrip- 

tionally active form of C/EBPI3 termed liver-enriched 

transcriptional activator protein (LAP) to the exclusion 

of the smaller, inactive form termed liver-enriched tran- 

scriptional inhibitory protein (LIP) (Descombe and 

Schibler 1991). 
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Stocks of the C/EBP[~-expressing virus (MFG-CJ~LAP) 

and C/EBPGexpressing virus (MFG-CS) were used to in- 

fect 3T3-L1 cells. These experimental  samples were 

tested in parallel wi th  a control virus expressing the lacZ 

gene of Escherichia coli (termed MFG-lacZI. Infections 

were carried out wi th  subconfluent,  proliferating 3T3-L 1 

cells. One week following infection the cells reached 

confluence and were tested for adipocyte conversion us- 

ing, as a first experiment,  the optimal induction proto- 

col. 

Cells infected wi th  MFG-Cf3LAP showed modest 

morphological evidence of differentiation even in the ab- 

sence of hormonal  s t imulants  (Fig. 2A). Two days into 

the differentiation program these same cells showed 

widespread evidence of differentiation, wherein nearly 

C/EBP family in adipocyte differentiation 

every cell had begun to accumulate  cytoplasmic stores of 

fat droplets. Neither  uninfected cells nor those infected 

with MFG-lacZ showed any morphological evidence of 

differentiation at day 2. Cells infected wi th  MFG--Cg 

also differentiated at an accelerated rate, showing mor- 

phological evidence of adipocyte conversion earlier than 

control or MFG--lacZ-infected 3T3-L1 cells. As judged by 

morphological criteria, the s t imulatory effect of the 

MFG--C6 virus on adipocyte conversion was, however, 

more modest than that observed for the MFG-CBLAP 

virus (Fig. 2A). 

Western blotting experiments were used to moni tor  

biochemical  landmarks accompanying the adipocyte dif- 

ferentiation program. Lysates were prepared from con- 

fluent, untreated cells infected wi th  MFG-Cf3LAP, 
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Figure 2. Effects of retrovirus-mediated overexpression of C/EBPJ3 {LAP) or 

C/EBP8 on adipocyte conversion of 3T3-L1 cells under optimal hormone 
treatment. (A} Morphological evidence of differentiation was monitored by 
light microscopy on day 0 (a,d,g}, day 3 (b,e,h} and day 8 (c,f,i} following 
optimal hormone treatment• 3T3-L1 cells infected by MFG-C8 virus are 
shown in the left column (a-c); cells infected by MFG-Cf3LAP are shown in 
the middle column (d-fl; cells infected with MFG--lacZ are shown in the 
right column (g-i). (B) Biochemical evidence of adipocyte differentiation was 
monitored by Western blotting for expression of aP2/422 (top) and C/EBP~ 
(bottom) utilizing specific antisera (Materials and methods}. 
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MFG-CS, and MFG-lacZ, as well as cells harvested 3 

and 8 days into the differentiation program. Western 

blots were then performed using antibodies specific to 

two proteins known to be expressed as a function of ad- 

ipocyte conversion (aP2 and C/EBPot). As shown in Fig- 

ure 2B, cells infected with MFG-C[SLAP contained sig- 

nificant amounts of both aP2 and C/EBPa at day 3 of the 

differentiation program. Cells infected with MFG-C8 

contained modest amounts of these two biochemical 

markers of differentiation at day 3. Finally, MFG-lacZ- 

infected cells contained very low amounts of either dif- 

ferentiation marker when assayed 3 days into the differ- 

entiation program (Fig. 2B). These data, coupled with the 

aforementioned morphological observations, provide ev- 

idence that gratuitous expression of C/EBP~3, and to a 

lesser extent C/EBPS, can accelerate the conversion of 

3T3-L1 cells into fully differentiated adipocytes. 

We then asked whether retrovirus-mediated expres- 

sion of C/EBP~ or C/EBP~ might obviate the MIX/DEX 

dependence of adipocyte conversion. Recall that conflu- 

ent 3T3-L1 cells failed to induce the expression of any of 

the C/EBP isoforms when MIX and DEX were omitted 

from the differentiation cocktail and likewise failed to 

undergo adipocyte conversion as judged by morphologi- 

cal criteria (Fig. 1). As shown in Figure 3, 3T3-L1 cells 

infected with MFG--C[3LAP differentiated into fat-laden 

adipocytes when cultured in the presence of FBS and INS 

alone. On the other hand, cells infected with MGF-C8 

were not observed to differentiate in the absence of MIX 

and DEX. 

The stimulatory activity of MFG-Cf~LAP relative to 

MFG-C~ might reflect intrinsic differences in the capac- 

ities of C/EBP]3 and C/EBP8 to promote adipogenesis. 

Alternatively, the two viruses might lead to disparate 

levels of expression of the encoded proteins. To distin- 

guish between these possibilities we performed histo- 

chemical staining and Western blotting experiments on 

infected and uninfected 3T3-L1 cells using antibodies 

specific to C/EBP~ and C/EBPK As shown in Figure 4A, 

both viruses led to elevated expression of their encoded 

protein in almost all of the infected cell population. 

Western blot experiments led to a similar conclusion, 

revealing a ~5-fold overproduction of C/EBP[3 in MFG- 

Cf~LAP-infected cells and 10-fold overproduction of 

C/EBP8 in MFG--CS-infected cells (Fig. 4B). We thus con- 

clude that under the present conditions of assay, C/EBP[3 

acts more potently than C/EBP8 to stimulate adipocyte 

differentiation. 

Overexpression of the LIP form of C/EBP[3 

inhibits adipocyte conversion 

The gene encoding C/EBPI3 is transcribed into a single 

mRNA that can be translated into three protein products 

(Descombes and Schibler 1991). Polypeptides translated 

starting at either the first or second (residue +21) initi- 

ator methionine lead to relatively large polypeptides that 

are capable of activating the transcription of genes bear- 

ing avid C/EBP-binding sites. A much smaller polypep- 

tide, termed LIP, is the product of an internal translation 

initiation event that occurs at residue + 151 relative to 

the longest form of the protein. LIP does not function as 

a transcriptional activator because of the absence of an 

activating domain present in the longer LAP polypep- 

tides. It does, however, retain the intact bZIP DNA-bind- 

ing domain of C/EBP~3 and can block the activating ef- 

fects of the LAP derivatives of C/EBPf~, either by occu- 

pying binding sites on target genes or by forming LIP/ 

LAP heterodimers that may represent less potent 

activators of transcription than LAP/LAP homodimers 

{Descombes and Schibler 1991]. 
A recombinant retrovirus encoding the LIP form of 

C/EBP~, termed MFG-C~LIP, was prepared and used to 

infect 3T3-L1 cells. Immunohistochemical and Western 

blot assays established that this virus led to a 5- to 10- 

fold overproduction of LIP in the majority of treated cells 

{Fig. 4). When LiP-expressing 3T3-LI cells were allowed 

to reach confluence and were treated with the optimal 

induction regimen (Fig. 1), no morphological evidence of 

differentiation was observed even after the full 8-day pro- 
tocol (Fig. 5A). Relative to cells infected with the con- 

trol, MFG-lacZ virus, LIP-expressing 3T3-L1 cells also 

failed to synthesize either the aP2 protein or C/EBPo~ 

(Fig. 5B). Thus, precisely contrary to the stimulatory ef- 

fects of LAP, the LIP translation product of C/EBP~ po- 

tently inhibited adipocyte conversion. 

CIEBP[3 expression converts NIH-3T3 cells 

into self-renewing adipoblasts 

Having obtained evidence favoring the involvement of 

C/EBPI3, and to a lesser extent C/EBP~, in the differen- 

Figure 3. Effects of overproduction of C/EBP[~ (LAP) or C/EBP8 on 3T3-L1 adipocyte conversion in the absence of MIX and DEX. 
3T3-L1 cells were infected by MFG-C8 (a}, MFG-C[~LAP virus (b), or mock-infected (c). As soon as cells reached confluence they were 
exposed to insulin and 10% fetal bovine serum. Photographs were taken 6 days after hormone treatment. 
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Figure 4. Evidence of overproduction of C/EBPB (LAP and LIP) and C/EBP~ proteins by recombinant  retroviruses. (A) Histochemical  

staining was performed on uninfected 3T3-L1 cells (a,cl and cells infected with MFG-C~ [b), MFG--C[3LAP (d), or MFG-C[3LIP {e). 

Infected and uninfected cells were fixed and permeabilized in situ and incubated with rabbit ant iserum specific to C/EBP~ (a,b) or 

C/EBPB (c,d,e). The antigen-antibody complex was visualized using biotinylated anti-rabbit secondary antibody, and avidin-biotiny- 

lated horseradish peroxidase. The brown color was developed by providing the immunoreactive complex with an oxidizable substrate• 
{B) Western blot analyses were performed on lysates harvested 8 days after hormone treatment from MFG-C&infected cells, MFG- 
C[3LAP-infected cells, MFG-Cf~LIP-infected cells, and uninfected control cells. C/EBP~ protein detection is shown in the top panel; 
C/EBPB expression (both LAP and LIP) is shown in the middle and bottom panels. 

tiation of 3T3-L1 cells, we set out to test whether these 

transcription factors might be capable of converting the 

determinative fate of fibroblastic cells otherwise incapa- 

ble of adipogenic differentiation. Given previous evi- 

dence that ectopic expression of C/EBPe~ can directly 

induce terminal adipogenesis in NIH-3T3 cells (Freytag 

et al. 1994), we chose this cell line for similarly designed 

studies of C/EBP[3 and C/EBPK 

NIH-3T3 cells were obtained from the American Type 

Culture Collection and tested for adipocyte conversion 

following exposure to conditions optimal for 3T3-L 1 cell 

differentiation• Neither morphological nor biochemical 

evidence of adipocyte conversion was observed through- 

out the optimal 8-day differentiation program that had 

been empirically developed from studies of 3T3-L1 cells. 

Recombinant expression vectors encoding C/EBPa, 

C/EBP[3 (designed to produce an equivalent ratio of LAP 

and LIP), and C/EBP8 were stably cotransfected into 

NIH-3T3 cells along with a neomycin selection vector 

(Materials and methods}. G418-resistant colonies were 

observed daily and, after 2 weeks of selection, exposed in 

situ to the optimal protocol for adipocyte conversion. 

Prior to hormone stimulation we observed isolated, 

fat-laden cells scattered in the plates transfected with 

the C/EBPa expression vector. Similar, albeit less fre- 

quent observations were made in cultures transfected 

with the C/EBP~ expression vector. NIH-3T3 cells trans- 

fected with the C/EBP~ expression vector were not ob- 

served to contain any terminally differentiated fat cells. 

Upon exposure to the optimal protocol for 3T3-L1 differ- 
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Figure 5. Effect of overexpression of the LIP translation product of C/EBP~ on 3T3-L1 adipocyte conversion. (A) Morphological 

appearance of cells infected with MFG-lacZ (a) and MFG-CBLIP (b) 8 days after exposure to optimal hormone treatment.  (B) Western 

blot analyses performed on cell lysates harvested at days 0, 2, 5, and 8 after the start of hormone treatment,  aP2/422 protein expression 

is shown in the top panel; C/EBPa is shown in the bottom panel. 
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entiation, however, only the plates transfected with the 

C/EBP[3 expression vector contained terminally differen- 

tiated adipocytes. Moreover, in this case, all confluent 

cells within a subset of the G418-resistant colonies were 
observed to differentiate synchronously. 

Similar experiI'nents were subsequently conducted 

with four C/EBP[3 expression vectors: (1) the original 

vector that led to equivalent expression of the LAP and 

LIP forms of the protein; (2) a vector that selectively 

produced only LAP; (3) a vector that selectively ex- 

pressed only LIP; and (4) a vector that expressed a mu- 

tated form of C/EBP[3 (C/EBP[324) known to be incapable 

of binding DNA (Materials and methods; Agre et al. 

1989; de la Brousse et al. 1994). As shown in Table 1, 

conversion of NIH-3T3 cells to adipoblastic colonies was 

only observed in vectors capable of expressing functional 

LAP. Roughly 10% of the G418-resistant colonies 

cotransfected with the initial C/EBPfi expression vector 

(which led to expression of equivalent levels of LAP and 

LIPI were converted into fully differentiated adipocytes 

in response to the differentiation cocktail. A slightly 

higher proportion of colonies transfected with the LAP 

vector alone showed this same behavior. Figure 6 shows 

Oil-Red-O stains of tissue culture plates of stably trans- 

fected NIH-3T3 cells following exposure to the differen- 

tiation regimen that had been optimized for 3T3-L1 
cells. 

These observations were pursued further using retro- 

viral expression vectors capable of ectopic production of: 

(1) the LAP isoform of C/EBP[3, (2) the LIP isoform of 

C/EBP[3, and (3) C/EBP& NIH-3T3 cells infected with 

the LAP-expressing retrovirus showed morphological ev- 

idence of differentiation, even in the absence of hor- 

monal stimulation. As early as 1 week following infec- 

tion, -20% of the cells were observed to contain mature 

fat droplets (Fig. 7). Following exposure to the optimal 

adipogenic conversion cocktail, nearly all cells assumed 

the morphology of fully differentiated adipocytes. No ev- 

idence of differentiation was observed in uninfected cells 

(Fig. 7) or cells infected with the LIP-expressing retrovi- 

rus (data not shown), even following exposure to adipo- 

Table  1. Comparison of adipocyte conversion of NIH-3T3 
ceils transfected by various C/EBP[3 expression vectors 

Expression Total Differentiated 
plasmid colonies a colonies b Percentage 

None 394 0 0 
MSV-no insert 458 0 0 
MSV-C/EBP[3 725 71 9.8 
MSV-LAP 243 38 15.6 
MSV-LIP 261 0 0 
MSV-C/EBP[324 404 0 0 

~Total numbers of G418-resistant colonies observed from three 
independent transfections. 
bNumbers of colonies overtly stained with Oil-Red-O. Some 
colonies from each category contained sporadic fat cells and 
were not scored as differentiated colonies because of compara- 
tively weak staining with Oil-Red-O. 

genic stimulants. Finally, NIH-3T3 cells infected with 

the C/EBPS-expressing retrovirus differentiated sponta- 

neously at a modest level (1-5%) and were converted to 

the adipogenic phenotype more substantially (-20%) 

following exposure to the differentiation cocktail (Fig. 7). 

Stable propagation and inducible differentiation 

of NIH-3T3 sublines expressing C/EBP[3 

When differentiated in situ, -10% of NIH-3T3 clones 

expressing C/EBP[3 (both LAP and LIP) were capable of 

uniform and synchronous differentiation into mature ad- 

ipocytes (Table 1; Fig. 61. To pursue these observations, 

30 G418-resistant clones cotransfected with the C/EBP[3 

expression vector were isolated and individually tested 

for adipogenic conversion in response to hormonal stim- 

ulation (Materials and methods). Three subclones 

showed dramatic adipocyte conversion and another 

three subclones differentiated modestly. One of the more 

substantially differentiative subclones, termed [311, was 

selected for further analyses. Figure 8A shows the mor- 

phological properties of [311 cells at the terminal stage of 

differentiation relative to parental NIH-3T3 cells and 

3T3-L 1 cells. 
Several biochemical aspects of differentiation were ex- 

amined comparing the [311 cell line with 3T3-L1 cells 

and a G418-resistant NIH-3T3 line that was not supplied 

with exogenous C/EBP proteins (a selection "vector 

only" line termed V5). Western blots were carried out 

using protein samples harvested at 2-day intervals 

throughout the adipogenic conversion process and antis- 

era specific to C/EBPoL, C/EBP[3, C/EBPg, and aP2 (Fig. 

8B}. Normal patterns of expression for the three C/EBP 

isoforms and aP2 were observed for 3T3-L1 cells. All 

three lines expressed similar amounts of C/EBP& Not 

surprisingly, the [311 subclone expressed elevated levels 

of C/EBP[3 relative to 3T3-L1 cells and the V5 subclone 

of NIH-3T3 cells. Likewise, we observed expression of 

aP2 protein only in the cell lines that showed morpho- 

logical evidence of differentiation ([311 and 3T3-Lll. Sur- 

prisingly, however, the [311 cells failed to induce the ex- 

pression of C/EBP(x. 
Northern blot experiments were performed to exam- 

ine the patterns of C/EBPa and aP2 gene expression 

more rigorously. Total RNA was harvested at days 0, 2, 

and 6 of the differentiation program of 3T3-L1 cells, as 

well as the [311 and V5 subclones of NIH-3T3 cells. As 

shown in Figure 8C, both of the differentiating lines (1311 

and 3T3-L1) expressed aP2 mRNA late in the differenti- 

ation program, whereas the nondifferentiating line (V5) 

did not. In the case of C/EBPa, its encoding mRNA was 

only observed in the late stage of 3T3-L1 cell differenti- 

ation. Neither NIH-3T3 subclone was observed to ex- 

press C/EBPa mRNA, irrespective of differentiation sta- 

tus or expression of exogenous C/EBP[3. 

D i s c u s s i o n  

In this report we provide evidence that the [3 and ~ mem- 

bers of the C/EBP family of transcription factors play an 
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Figure 6. Effects of C/EBP[3 expression on colo- 

nies of NIH-3T3 cells exposed to adipogenic hor- 

mones. Four dishes bearing a similar number of 

transformed colonies (50-60 per dish) were tested 

for differentiation in situ. NIH-3T3 cells were 

transfected with no-insert control (Control}, a 

C/EBP[3 expression vector (MSV-C/EBP~3), a 

C/EBP[3 vector expressing only LAP (MSV-LAP), 

or a C/EBP[3 vector expressing only LIP (MSV- 

LIP). Colonies with tightly packed cells were 

treated with the optimal hormone regimen uti- 

lized for 3T3-L1 cells, fixed, and stained with Oil- 

Red-O. Red colonies correspond to clones that 

showed substantive evidence of fat accumulation 

when monitored by light microscopy. 

early, stimulatory role in the differentiation of 3T3-L1 
cells. Precocious expression of either protein, particu- 
larly the LAP derivative of C/EBP[3, stimulated adipo- 
genic conversion of 3T3-L1 cells. Likewise, manip- 
ulations designed to impede the function of these tran- 
scription factors were observed to block adipogenic 

conversion. We therefore conclude that the [3 and 
members of the C/EBP family play functional roles in 
the process of adipocyte differentiation. 

Earlier studies established that two hormonal inducers 
of differentiation directly activate c/ebpf3 and c/ebp~ 
gene expression (Cao et al. 1991). Here, we provide a 

d "= f 

Figure 7. Effect of retrovirus-mediated overexpression of C/EBP[3 (LAP} or C/EBP8 on NIH-3T3 adipocyte conversion with or without 

hormone stimulation. NIH-3T3 cells were infected with MFG--C8 virus (a,dl, MFG-C~3LAP virus (b,el, or mock-infected (c,f). Mor- 

phological changes of the infected and noninfected cells exposed to regular growth medium were monitored daily by light microscopy 

and photographed 19 days after viral infection (a-c). A second set of infected and noninfected control cells were stimulated by optimal 

hormone regimen as soon as the cells reached confluence and photographed 8 days after hormone treatment (d-f). 
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A 

Figure 8. Characterization of an NIH- 
3T3 cell line stably overexpressing 
C/EBP~ protein. (A) Morphological com- 
parison between differentiated 3T3-L1 
cells (a), parent NIH-3T3 cells (b), and dif- 
ferentiated NIH-3T3 [3-11 cells (c). The 
13-11 cell line was derived from NIH-3T3 
cells stably transfected with a C/EBP~ ex- 
pression vector. All three cell lines were 
treated with optimal hormone stimulants 
for 7 days and then photographed. (B) 
Western blot analyses using antisera spe- 
cific to C/EBPI3, C/EBPS, C/EBPc~, and 
aP2/422 protein (from top to bottom) in 
three cell lines during the adipocyte differ- 
entiation process. NIH-3T3 V-5 cell line is 
a control cell line derived from NIH-3T3 

B 

Day 

C/EBPI3 - -  

3T3-L1 N I H - 3 T 3  NIH-3T3 
v-5 I3-11 

[ ~ 1  1 I I I 
0 2 4 6 0 2 4 6 0 2 4 6 

C / E B P 8 -  ~ m O I D a m  ~ ~' 

CfEBPc~ - -  

O 3T3-L1 NIH-3T3 NIH-3T3 
V-5 }-11 

Day 0 2 6 0 2 6 0 2 6 10 

C/EBPot -- . ~ " " ,, 
--  28S 

- -  18S 

--  28S 

- -  18S 

aP2/422 - -  9 1  i aP2/422 -- I 

cel ls  s t ab ly  t r ans fec t ed  w i t h  a n e o m y c i n s e l e c t i o n  vec tor  only.  Lysa tes  f rom each  cell l ine  were  ha rves t ed  at  days  0, 2, 4, and  6 af ter  

exposure  to  o p t i m a l  h o r m o n e  s t i m u l a n t s .  (C) Express ion  of C/EBPc~ and aP2 /422  m R N A  as e x a m i n e d  by N o r t h e r n  b lo t  ana lyses .  T o t a l  

R N A  was  prepared  f r o m  cells  at  days  0, 2, and  6 (and an add i t iona l  sample  at day  10 f rom f~-i 1 cell  line) f o l l owing  h o r m o n e  t r e a t m e n t .  

T e n  m i c r o g r a m s  of R N A  f r o m  each  sample  was  e x a m i n e d  for express ion  of C / E B P ~  m R N A  (top panel). T h e  same  blo t  was  s t r ipped  

and  t h e n  reprobed  w i t h  a 32P-labeled D N A  f r a g m e n t  specif ic  to aP2 /422  m R N A  lbottom panel}. 

detailed analysis of the effects of the relevant s t imulants  

{MIX and DEX) on adipocyte conversion as judged by 

morphological and biochemical criteria. Omission of both 

s t imulants  substant ial ly delayed differentiation of 3T3- 

L1 preadipocytes and l imited or blocked the expression 

of all three C/EBP isoforms. More interesting observa- 

tions resulted from experiments wherein either stimu- 

lant was omitted singly. When DEX was withdrawn from 

the differentiation cocktail, 3T3-L1 cells were converted 

to fat-laden adipocytes at a significantly reduced level. 

Although early induct ion of C/EBPI3 expression was ob- 

served under these conditions, due presumably to the ac- 

t ivation of its encoding gene by MIX, its expression level 

was not sustained and li t t le or no evidence of C/EBP8 or 

C/EBP~ expression was observed. These findings raise 

the possibil i ty that DEX, beyond directly activating the 

gene encoding C/EBPS, indirectly leads to other changes 

important  for the terminal  differentiation of adipocytes. 

One candidate to relay these indirect effects is the prod- 

uct of the c/ebp8 gene itself. For example, C/EBP8 may 

serve-- in addition to MIX--as a direct activator of the 

gene encoding C/EBPI3. Whereas this possibility has not 

been rigorously addressed, we have observed a C/EBP- 

binding site located wi th in  the promoter of the C/EBP~ 

gene (W.C. Yeh and S. McKnight, unpubl.). It has like- 

wise been shown that the gene encoding C/EBP~ con- 

tains a functional  C/EBP-binding site wi th in  its pro- 

moter (Christy et al. 1991; Vasseur-Cognet and Lane 

1993a, b). Alternatively, the more robust expression of 

C/EBPI3 and C/EBPc~ in DEX-treated cultures may  reveal 

the implementa t ion  of signaling or regulatory pathways 

unrelated to the C/EBP family of transcription factors. 

Omiss ion of MIX from the differentiation cocktail led 

to a more modest effect on adipocyte conversion. We 

also observed substantive levels of the various C/EBP 

proteins in MIX-deprived cultures. Much of what  we 

have learned about the involvement  of this family  of 

transcription factors in fat cell differentiation has come 

from correlative observations l inking the synthesis  of 

the C/EBP isoforms to various steps in the differentia- 

tion program. We have again observed such correlative 

coupling - -  in this case, revealing that the modest  effects 

of removing MIX from the differentiation cocktail corre- 

lated with modest effects on expression of the various 

C/EBP family members.  As expected, removal of MIX 

impeded the early induction of the c/ebpf3 gene. We were 

surprised, however, to observe significant accumula t ion  

of C/EBP~3 later in the differentiation program. Because 

DEX presentation was restricted to a period prior to the 

accumulat ion of both C/EBPI3 and C/EBPc~, we conclude 

that it must  exert important  indirect effects. We again 

point out the possibility that the hypothetical  indirect 

effects of DEX might  operate via, at least in part, induc- 

tion of the gene encoding C/EBPS. 
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The observations outlined in this report provide a pro- 
visional outline of the regulatory interactions that may 

link expression and function of the various C/EBP fam- 

ily members in the context of adipocyte conversion. The 

hormonal stimulants, DEX and MIX are identified, re- 

spectively, as direct inducers of the genes encoding 

C/EBP~ and C/EBPI3 (Cao et al. 1991). Having observed 

that the c/ebpf3 gene can be activated with delayed ki- 

netics in the absence of its direct inducer (MIX), we pro- 

pose an alternative route of induction indirectly con- 

trolled by DEXo Because DEX directly induces produc- 

tion of C/EBP~, and because the c/ebp[5 gene contains a 

C/EBP-binding site in its promoter, C/EBP3 may convey 
the indirect effects of DEX. This interpretation may fur- 

ther resolve the brief and unsustained expression of 
C/EBP~3 under conditions where its direct inducer MIX 

is present but DEX is omitted. 
These interpretations favor a hierarchy positioning 

C/EBPf3 closer than C/EBP8 to the c/ebpot gene, the 
product of which has heretofore been assigned primary 
responsibility for execution of terminal events in the dif- 

ferentiation program (Umek et al. 1991; Samuelsson et 

al. 1991; Freytag and Geddes 1992; Lin and Lane 1992; 

Freytag et al. 1994; Lin and Lane 1994}. The most direct 
evidence supporting this provisional ordering came from 

experiments wherein retroviruses were used to express 
C/EBP~3 and C/EBP~ in 3T3-L1 cells. We reproducibly 
observed more substantive differentiation upon ectopic 
expression of C/EBP~3 than C/EBPS. In all cases, accel- 

erated morphological differentiation of 3T3-L1 cells was 

accompanied by accelerated expression of C/EBPa. 

The method used to impede C/EBPI~ and C/EBP~ func- 
tion in 3T3-L1 cells, gratuitous expression of LIP, pro- 

vides supportive evidence of the essential roles of these 
transcription factors in adipocyte conversion. Because 

LIP can probably impede the function of all C/EBP iso- 

forms (Cao et al. 1991; Descombes and Schibler 1991; 

Ossipow et al. 1993), it is formally possible that its in- 
hibitory effect on adipocyte conversion operates via 
C/EBPa. Whereas this possibility cannot be rigorously 
discounted, it is notable that LIP-expressing 3T3-L 1 cells 

do not express C/EBPa {Fig. 5B). Thus, if the inhibitory 

effect of LIP does operate via C/EBPa, it would appear to 
be impinging on a sensitively controlled autoregulatory 

process wherein C/EBPa activates the expression of its 

encoding gene. Whereas Lane and colleagues have pro- 
vided evidence consistent with autoregulatory circuitry 

of C/EBPa (Christy et al. 1991), we believe that the ef- 
fects of LIP observed in this study more likely reflect 

impediments in the function of C/EBP~, C/EBP~, or both. 
We make note of several parallels between the regula- 

tory cascade involving C/EBP family members in adipo- 
cyte conversion and the control of skeletal muscle dif- 
ferentiation by a family of basic helix-loop-helix pro- 

teins. The founding member of this myogenic family of 

transcription factors, MyoD (Davis et al. 1987}, was dis- 

covered according to its ability to convert multipotent 
fibroblastic cells into committed myoblasts. Three addi- 
tional family members were subsequently discovered, 

myogenin (Edmonson and Olson 1989}, Myf5 (Braun et 

al. 1989), and MRF4 (Rhodes and Konieczny 1989). Each 
of these proteins acts as a gene-specific transcription fac- 

tor in skeletal muscle and, under appropriate conditions, 
can stimulate terminal differentiation of skeletal mus- 

cle. As in the case of the C/EBP family, however, the 
various myogenic regulatory factors appear to function 

in a regulatory cascade (Emerson 1993; Olson and Klein 
1994). We are careful to point out that the C/EBP family 

of transcription factors, unlike the myogenic family, is 

likely to be utilized by other differentiating cell types 

including liver (Cereghini et al. 1987; Costa et al. 1988; 
Friedman et al 1989; Maire et al. 1989}, myelocytes 
(Scott et al. 1992), intestinal epithelium (Chan- 
drasekaran and Gordon 19931, ovarian follicles (Piontke- 
witz et al. 1993), and type II alveolar cells of the lung. We 
also recognize that if the C/EBP family is utilized in 

these additional differentiation pathways, the hierarchy 

hereby proposed for adipocyte conversion may not apply. 
Finally, we make note of recent evidence that adipocyte 

conversion can be stimulated by agents capable of acti- 
vating peroxisome proliferator-activated receptor 

(Chawla and Lazar 19941. Given that one of the peroxi- 

some proliferator-activated receptors (PPAR'¢) is very se- 
lectively expressed in adipose tissue IChawla et al. 1994; 
Tontonoz et al. 1994a), it is quite possible that it abets 

the activity of C/EBP proteins in the process of adipocyte 

conversion (Tontonoz et al. 1994b). 
Up to this point the only member of the C/EBP family 

that had shown the capacity to control the differentia- 

rive fate of multipotential fibroblastic cells was C/EBPc, 

(Umek et al. 1991; Freytag et al. 1994). We have provided 

evidence that ectopic expression of C/EBP~ and, to a 
lesser extent C/EBPS, can promote the developmental 
fate of NIH-3T3 cells in an adipogenic direction. Thus, as 

has been observed for multiple myogenic factors, adipo- 

genic conversion can be catalyzed by more than one 
C/EBP isoform. Our observations are at odds with those 

of Freytag et al. (1994), who also used recombinant ret- 
rovirus to express C/EBPI3 in NIH-3T3 cells, yet did not 
observe any effect on adipogenic conversion. We offer 

two possible explanations for this apparent discrepancy. 
First, our C/EBP~3-expressing retrovirus was modified to 

selectively express the LAP translation product (Materi- 
als and methods}. Freytag et al. (1994) did not specify the 

precise nature of the C/EBPJ3-expressing retrovirus used 
in their study. Second, the differentiation protocols used 

in the two studies were not identical. Additional studies 

will be required to resolve this discrepancy. 
Perhaps the most surprising observation of the present 

study was that NIH-3T3 cells expressing C/EBPI3 failed 
to induce expression of C/EBPot during the terminal 

phase of differentiation. Despite conclusive morpholog- 
ical and biochemical evidence of differentiation, these 
cells expressed neither C/EBPa protein nor C/EBPoL 
mRNA. To our knowledge, this represents the first in- 

stance in which the correlation between terminal adipo- 

cyte differentiation and C/EBPa expression has been bro- 
ken. Interpreted most simply, these observations indi- 
cate that C/EBPI3 may be capable of activating much the 

same battery of fat-specific genes as C/EBPet. The two 
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prote ins  have  very s imi la r  DNA-b ind ing  specificities,  

cross-dimerize w i t h  one another ,  and he te rod imer ize  

w i t h  a s imi la r  spec t rum of leucine  zipper proteins  (Cao 

et al. 1991; Wi l l i ams  et al. 1991; Ron and Habener  1992). 

Further  s tudies  wil l  be required to de te rmine  w h e t h e r  

our observat ion favoring the direct  i n v o l v e m e n t  of 

C/EBP[3 in the  d i f ferent ia t ion  of cu l tured  adipocytes  is 

biological ly re levant  or an aberra t ion reflective of un- 

usual  assay condi t ions .  

I rrespect ive of these  possibi l i t ies ,  these  observat ions  

poin t  to one concrete  conclus ion.  Gra tu i tous  expression 

of C/EBP[3 can cause ac t iva t ion  of the C/EBP~ gene in 

3T3-L1 cells, ye t  not  in  NIH-3T3 cells. We pos tu la te  tha t  

th is  difference, the  po ten t ia l  for induc ib i l i ty  of the 

C/EBPe~ gene, m a y  represent  an integral  difference be- 

tween  a c o m m i t t e d  adipoblas t ic  l ine (3T3-L1 cells) and 

the m u l t i p o t e n t i a l  NIH-3T3 line. By s tudying  differ- 

ences  in  the ep igenet ic  s ta te  of the c/ebpo~ gene in  the 

two cell l ines, i t  may  be possible to address the molec- 

ular  m e c h a n i s m s  cont ro l l ing  l ineage c o m m i t m e n t  in an 

expe r imen ta l ly  tractable,  m a m m a l i a n  sys tem.  

M a t e r i a l s  a n d  m e t h o d s  

Cell culture and differentiation induction 

The 3T3-L1 preadipocyte cell line was kindly provided by M.D. 

Lane (Johns Hopkins University School of Medicine, Baltimore, 

MD). The NIH-3T3 cell line, batch 10997, was obtained from 
the American Type Culture Collection. Both cell lines were 

maintained in Dulbecco's modified Eagle medium (DMEM) 

with 10% bovine serum. Only cells of the early passages from 

the original source were utilized for transfection or infection 

experiments. Cells were propagated in 100-mm dishes for plas- 

mid transfection and in 35-mm, six-well dishes for retrovirus 

infection. Differentiation induction was performed as described 

previously (Reed and Lane 1980; Student et al. 1980). Briefly, 

when cells reached confluence in culture dishes, or were tighly 

packed in colonies derived from stable transformation, they 
were fed with DMEM supplmented with 10% FBS, 10 ~tg/ml of 

INS (Elanco Products Co.), 0.5 mM MIX (3-isobutyl-l-methyl- 

xanthine, Sigma) and 1 VLM DEX (Sigma). The start point of dif- 

ferentiation was referred as day 0. Forty-eight hours later (day 21 

cells were changed to DMEM containing only INS and 10% FBS. 

The medium was replenished at 2-day intervals. The appear- 

ance of cytoplasmic triglyceride droplets was monitored by 

bright-field microscopy and confirmed by staining with Oil- 

Red-O (Preece 1972}. 

Plasmid construction 

Retrovirus constructs The retroviral vector MFG-lacZ (Dra- 

noff et al. 1993) was a gift from G. Nolan (Stanford University, 

CA). The vector contains the retroviral long terminal repeat 

(LTR) upstream from the E. coli lacZ gene. Retroviral vectors 

encoding the various C/EBP proteins were prepared by double 
digestion of MFG-lacZ with NcoI and BamHI, which removed 

the lacZ gene. The coding sequence of C/EBP[3 contains NcoI 

sites that correspond to the positions of the initiator methion- 

ines for LAP and LIP (Cao et al. 1991). The MFG-C[3LIP vector 

was prepared by inserting a -1.0-kb NcoI-BamHI double-di- 

gested fragment from a C/EBP[3 cDNA clone (Cao et al. 1991) 
into the MFG vector. Because LAP starts with the first NcoI 

site, a three-way ligation between the MFG vector (NcoI- 

BamHI!, and NcoI-BstBI and BstBI-BamHI of C/EBP~ frag- 

ments was devised to construct MFG--C~LAP. A similar strat- 
egy was utilized to generate MFG-CK In this case, an NcoI site 

was introduced by polymerase chain reaction (PCR) at the be- 

ginning of the C/EBPS-coding sequence. All constructs were 

verified by automated DNA sequencing utilizing dye-labeled 

dideoxynucleotides (Applied Biosystems model 373A DNA Se- 

quencing System). 

Nonretroviral eukaryotic expression plasmids The mamma- 

lian expression vectors, MSV-C/EBP~, C/EBP[3, and C/EBP8 

contained the Moloney murine sarcoma virus long terminal re- 
peat (MSV-LTR) and were constructed as described (Friedman 

et al 1989; Cao et al. 1991). The parental MSV vector contains 
unique EcoRI and BamHI sites between which different C/EBP- 

encoding sequences were inserted. To construct MSV-LAP and 

MSV-LIP, 5' PCR primers were devised to introduce an optimal 

Kozak consensus sequence, CCACCATGG (Kozak 1986), as 

well as an EcoRI restriction site upstream from the second and 

third in-frame ATGs, respectively, in the C/EBPI3-coding se- 

quence. The primer sequences were 5'- GCCGGAATTCCCAC- 

CATGGAAGTGGCCAACTT-3' (for MSV-LAP) and 5'-GA- 

CGGAATTCCCACCATGGCGGCCGGT-3' (for MSV-LIP). 

The common downstream primer sequence was 5'-ATCCG- 

GATCCCATCAAGTCCCGAAA-3', which contained a BamHI 

site for cloning into the MSV-LTR expression vector. 

The mutated derivative of C/EBP[3 defective in DNA binding 

(C/EBP~241 was designed following the strategy of de la Brousse 

et al. (1994}. Four PCR primers were devised to generate two 

PCR-amplified products. Primer sequences for generating a 

larger PCR fragment were 5'-CGCGGAATTCGCGTTCATG- 
CACCGCCTGCT-3' corresponding to nucleotides 101-121 of 

C/EBP[3 (Cao et al. 1991) with an EcoRI site introduced up- 

stream from the initiator methionine, and 5'-GGCTCGAGC- 

TCCAGGTTGCGCATCT-3' complementary to nucleotides 

841-854, with an XhoI site that replaced nucleotides 855-860. 

PCR amplification of the C/EBP~ cDNA with these two prim- 

ers generated a 772-bp fragment, corresponding to the coding 
sequence from the initiator methionine to the basic region, 

which was flanked by EcoRI and XhoI restriction sites. The 

other smaller PCR product corresponding to the 3' end of the 

C/EBP~-coding region was generated by two primers: One was 

5'-GGTGCTCGAGCTGACGGCGGAGAA-3' corresponding 
to nucleotides 876-889 and containing an XhoI site introduced 

at nucleotides 870-875, and the other was 5'-CCTCGGATC- 

CGGTGCAGGTGCGCGCAGG-3', which is complementary 

to nucleotides 1091-1108 and carries a BamHI site at nucle- 

otides 1109-1114. The two PCR-amplified products were di- 

gested with XhoI and then ligated to yield a mutated C/EBP[3 

gene in which nucleotides 855-869 (corresponding to amino 

acid codons 250-254) were deleted. This mutated gene was then 

inserted to cloning sites of EcoRI and BamHI into the MSV 

vector. All expression plasmids were characterized by auto- 
mated sequencing, and overexpression of respective proteins 

was verified by transient transfection of each plasmid into hu- 

man 293 cells and subsequent western blot analysis (data not 

shown). 

Transfection and retrovirus infection 

Transfection of NIH-3T3 cells was performed according to the 

calcium phosphate precipitation method (Graham and Van der 

Eb 19731. Stable transfection was achieved by cotransfecting 10 

v.g of linearized MSV-driven expression plasmid with 2 v-g of a 
G418 selection plasmid termed pNeoSRcdI, kindly provided by 
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A. Bothwell (Yale University, New Haven, CT). Stably trans- 

fected cells were selected and propagated in culture medium 

containing 0.4 mg/ml of G418. 

To generate retrovirus-producing cell lines, the packaging cell 

line BOSC 23 was seeded at 2 million cells per 60-ram plate. 

Twenty-four hours later, the cells were transfected with 5 ~g of 

various MFG vectors by the calcium phosphate precipitation 

method in the presence of 50 ~M chloroquine. Two days after 

transfection, culture medium containing high-titer virus was 

harvested and centrifuged at 1500 rpm for 5 min. The viral 

supernatant was used to infect 3T3-L1 or NIH-3T3 cells that 

were seeded in 35-mm six-well dishes at a density of 6 x 10 a cells 

per well 1 day prior to infection. Cells were incubated with 
retrovirus for 24 hr in the presence of 5 ~g/ml of Polybrene 

(Sigma) and changed to fresh growth medium. Two days follow- 

ing the start of infection, the cells were stained in situ with 

antisera specific to each C/EBP isoform. Infected cells reached 

confluence -1  week later and were then tested for differentia- 

tion potential. 

Western blot analysis of C/EBP and aP2/422 proteins 

Protein extracts from total cells were harvested at appropriate 

time points from 3T3-L1 or NIH-3T3 cells during the differen- 

tiation process as described previously (Friedman et al. 1989; 

Cao et al. 19911. Aliquots of protein samples were electropho- 

resed on a 12.5% SDS-polyacrylamide gel (or 15% for aP2/422 
protein detection). Proteins were transferred from the gel to a 

polyvinylidene difluoride (PVDF) membrane {Immobilon, from 
Millipore) and then probed with relevant antisera against spe- 

cific C/EBP isoforms or aP2/422 protein. To adjust and equalize 

the loading of protein samples, a preliminary protein gel was 

stained with Coomassie brilliant blue to visualize the quantity 

of proteins from each sample. Antiserum against C/EBP~ was 

described earlier (Cao et al. 1991). Rabbit antiserum to C/EBP~ 

was raised against the carboxy-terminal 80% of the protein. 

Antiserum to C/EBP~ was prepared against the full-length pro- 

tein. Antiserum against aP2/422 protein was a generous gift 

from M.D. Lane/Johns Hopkins University School of Medicine, 

Baltimore, MD). The immunoreactive protein species were vi- 

sualized by the enhanced chemiluminescence IECLt detection 

system (Amersham). 

Northern blot analysis 

Total RNA was extracted from differentiating 3T3-L1 or NIH- 

3T3 cells according to a single-step procedure (Chomczynski 

and Sacchi 1987). Samples (10 ~g) of each RNA were electro- 

phoresed through a denaturing formaldehyde-agarose gel, trans- 

ferred to a nitrocellulose membrane, and probed with specific 

DNA fragments of C/EBPa or aP2/422 genes. Duplicate mea- 

surements of optical density {OD at 260 nm) were performed to 

equalize loading, which was confirmed by visual inspection of 

18S and 28S rRNA stained with ethidium bromide. The probes 

were labeled utilizing a multiprime DNA labeling system (Am- 

ersham/and [e~-32PldCTP. 

Immunohistochemical staining of infected cells 

The Vectastain ABC kit was purchased from Vector Laborato- 

ries Inc. (Burlingame, CA). Retrovirus-infected cells and control 

cells were fixed on a culture dish with 4% paraformaldehyde 

and then permeablized with 100% methanol for 2 min. After 
blocking with diluted goat serum, cells were incubated with 

relevant anti-C/EBP antibody diluted in phosphate buffered sa- 

line (PBS). For C/EBP~ (LAP or LIP1 staining, 1:500 dilution of 

antiserum was used. For C/EBPS, 1:1000 dilution of antiserum 

was applied. Cells were then incubated with the biotinylated 

secondary antibody and avidin:biotinylated horseradish peroxi- 

dase H complex. Finally, the brownish stain was developed by 

incubating the cells with a substrate solution containing 0.05% 

diaminobenzidine tetrahydrochloride (GIBCO BRL) and 0.01% 

hydrogen peroxide for either 2 min (C/EBP~) or 10 min IC/ 

EBPS). 
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