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C/EBPc~ has a role in growth arrest and differentiation of mouse preadipocytes. To study the mechanism of 

C/EBP,v-induced growth arrest, we developed a cell line, HT1, that contained the human C/EBP~ gene under 

Lac repressor control. IPTG-induced C/EBPc~ caused inhibition of cell proliferation and DNA synthesis as 

measured by colony growth assays, cell counting, and BrdU uptake. A number of proteins that are known to 

be involved in the regulation of the cell cycle, such as cyclin-dependent kinase (CDK) 2 and CDK4, proliferating 

cell nuclear antigen (PCNA), p53, c-fos, and the CDK inhibitor p16 and p27 were investigated by Western 

analysis. No change in their expression was observed. However, the p21 (WAF-1/CIP-1 / SDI-1) protein was 

significantly elevated in growth-arrested HT1 cells. Elevation of p21/SDI-1 mRNA (threefold) and activation of 

the p21/SDI-1 promoter by C/EBPot did not account for the 12- to 20-fold increase in p21/SDI-1 protein. 

Protein synthesis inhibition by cycloheximide (CHX) treatment indicated that the half-life of p21/SDI-1 in 

dividing HT1 cells was - 3 0  min. However, in C/EBP,~ growth-arrested cells, the level of the p21/SDI-1 did 

not change for >80 rain after CHX addition. Our studies demonstrate that C/EBPa activates p21/SDI-1 by 

increasing p21/SDI-1 gene expression and by post-translational stabilization of p21/SDI-1 protein. 

Furthermore, induction of p21/SDI-1 is responsible for the ability of C/EBP,v to inhibit proliferation because 

transcription of antisense p21/SDI-1 mRNA eliminated growth inhibition by C/EBPa. 
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CCAAT/enhancer-binding protein a (C/EBP c~) was first 

identified in rat liver nuclear extracts as a heat-stable, 

sequence-specific, DNA-binding protein (Landschulz et 

al. 1988a). C/EBP~ belongs to the bZIP family of proteins 

that contain a basic DNA-binding region and a leucine 

zipper domain (Landschulz et al. 1988b). The leucine zip- 
per region is necessary for formation of functionally ac- 

tive homo- and heterodimers (Landschulz et al. 1989}. 

C/EBP~ binds specifically to DNA as a homo- or hetero- 

dimer and activates transcription of target genes (Fried- 

man et al. 1989; Williams et al. 1991). High levels of 

C/EBP~ expression are restricted to highly differentiated 

cells such as hepatocytes, adipocytes, and certain cells in 

the lung (Birkenmeier et al. 1989). C/EBP~ has a general 

role in regulation of energy metabolism (McKnight et al. 

1989; Wang et al. 1995), growth arrest (Umek et al. 1991; 

Freytag and Geddes 1992), and differentiation of mouse 

preadipocytes in culture (Cao et al. 1991; Lin and Lane 
1994; Yeh et al. 1995). Several lines of evidence indicate 
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that C/EBP~ has a crucial role in regulating the balance 

between cell proliferation and differentiation. Umek et 

al. (1991) have shown that expression of mouse C/EBPot 

resulted in growth arrest of preadipocytes and promoted 

differentiation. Other investigators showed that C/EBPcx 

expression promotes the adipogenic program in a variety 

of mouse fibroblastic cells (Freytag et al. 1994; Lin and 

Lane 1994). Expression of antisense C/EBP~ has been 

shown to prevent both growth arrest and terminal differ- 

entiation of mouse 3T3 L1 adipoblasts (Lin and Lane 

1992). However, in spite of its antimitogenic effect in 

many cell lines, some cells expressing a high level of 

C/EBPoL can grow (Freytag et al. 1994). 

In several circumstances, expression of C/EBPet shows 

an inverse correlation with cell proliferation. C/EBPot 

was reduced in regenerating liver with a maximal de- 

crease before DNA synthesis (Mischoulon et al. 1992; 

Diehl and Yang 1993). Proliferating hepatoma lines 
HepG2 and Hep3B2 contained low levels of C/EBP~ 
compared with normal liver (Friedman et al. 1989). Nu- 

merous experiments with a transiently transfected 
C/EBP~ expression vector indicated that human C/EBPo~ 
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inhibited proliferation of different human cells, includ- 

ing HeLa, Saos-2 (osteosarcoma), Hep3B2 (hepatoma), 

and diploid fibroblasts (Hendricks-Taylor and Darlington 
1995). Taken together, these observations suggest that 

C/EBPa has an important role in regulation of cell 
growth. 

Cell proliferation has been shown to be regulated by a 

new class of proteins, the cyclin-dependent kinase (CDK) 
inhibitors. These include p21 (known as WAF-1, CIP-1, 
SDI-1, and CAP20) (E1-Deiry et al. 1993; Harper et al. 

1993; Xiong et al. 1993; Noda et al. 1994), p27 (Polyak et 

al. 19941, p57 (Matsuoka et al. 1995}, and p16 and p15 
(Serrano et al. 1995; Sherr and Roberts 1995). p21/SDI-1 

was the first of the CDK inhibitors to be discovered 
(Noda et al. 1994). p21/SDI-1 has been shown to form a 

quaternary complex with CDKs, cyclins, and proliferat- 

ing cell nuclear antigen (PCNA) resulting in inhibition of 
kinase activity and DNA synthesis (Xiong et al. 1993; 

Sherr and Roberts 1995). Expression of p21/SDI-1 is reg- 
ulated by several proteins including p53 (El-Deity et al. 
1993), transforming growth factor-~ (TGF-~) (Li et al. 
1995), and MyoD (Halevy et al. 1995). p53 and MyoD 

activate p21/SDI-1 mRNA transcription through inter- 
action with the p2I/SDI-1 promoter (E1-Deiry et al. 

i993; Halevy et al. 1995). Induction of p21/SDI-1 during 

differentiation of muscle cells was accompanied by ces- 
sation of growth. Activation of p21/SDI-1 was also ob- 
served during differentiation of human HL-60 leukemia 

cells (Jiang et al. 1994). Macleod et al. (1995) described 
the elevation of p21/SDI-1 mRNA and protein coinci- 

dently with murine erythroleukemia cell differentiation 
suggesting a universal role for p21/SDI-1 in growth ar- 

rest and differentiation. In addition, CDK inhibitors p27 
and p57 have sequence similarity to p21/SDI-1 in the 
region responsible for interaction with the CDKs (Mat- 

suoka et al. 1995). It is possible that they inhibit cell 
proliferation through the same pathways as p21/SDI-1. 

To investigate the molecular mechanism of C/EBP~- 

mediated growth arrest, we have generated stable cell 
lines HT1 and HT2 that contain the human C/EBPc~ 

gene under Lac repressor control. In this study we de- 

scribe evidence that human C/EBPc~ inhibits prolifera- 
tion of human fibrosarcoma cells by induction of the 

p21 / SDI- 1 protein. The elevation of p21 / SDI- 1 protein is 
caused, in part, by transcriptional activation of the gene; 
however, stabilization of the protein accounts for sus- 
tained increases in p21 / SDI- 1 levels. The p21 / SDI- 1 pro- 

tein is the final mediator of C/EBP~-induced growth ar- 
rest because expression of antisense p21/SDI-1 mRNA 
released the cells from inhibition of proliferation. 

Results 

Transiently expressed human C/EBP~ inhibits 

proliferation of human fibrosarcoma cells. 

Several transformed human cell lines were growth inhib- 
ited following transient expression of C/EBPa. HT1080 
human fibrosarcoma cells were chosen for further study. 
This cell line has a nearly normal karyotype, expresses 

normal p53, and does not express C/EBPa as measured 

by Western, bandshift, and "supershift" assays. As an 
initial step, we studied the effect of C/EBPa expression 

in transient experiments. Two C/EBPcoexpressing vec- 
tors were used: cytomegalovirus (CMV)-C/EBPe~ and 

pOP13-C/EBPa (see Materials and methods). These two 
vectors produced a high level of functionally active 

C/EBPa after transfection into HT1080 cells (data not 
shown). CMV-C/EBPc~ and pOP13-C/EBPa were 
cotransfected with a 13-gal-expressing vector by calcium 

phosphate precipitation into HT1080 cells. One, 3, and 5 
days after transfection, the proportion of ~-galactosidase- 

positive cells forming clusters of one, two, and more 
than two clusters was calculated. Cells transfected with 

the control CMV-stop plasmid formed cell clusters con- 
taining more than two cells at 3 and 5 days indicating 

that they had undergone division. However, very few 

cells expressing C/EBP~ formed clusters of more than 

two cells at day 5 (Fig. 1) showing that transient expres- 
sion of human C/EBPc~ inhibited proliferation of 
HT1080 cells. 

HT1 and HT2 clones express functionally active 42-kD 
C/EBP~ that is regulated by IPTG 

To study the molecular mechanisms of C/EBPa-induced 
growth inhibition, we developed two clonal derivatives 
of HT1080 cells, HT1 and HT2, which contain the hu- 

man C/EBPa gene under the control of the Lac repressor 
(LacSwitch-inducible mammalian expression system, 

Stratagene). The coding region of C/EBPa was cloned 
into the pOP13CAT vector by replacing the chloram- 

phenicol acetyltransferase (CAT) gene with 1.3 kb of the 
human C/EBPa gene. The pOP13-C/EBPe~ plasmid and 
the Lac repressor-expressing vector were transfected into 

HT1080 cells, and stable clones were selected in hygro- 
mycin and G-418. Two clones, HT1 and HT2, were se- 

lected for further investigation from among several in- 
ducible clones. The kinetic induction of C/EBPa by 

IPTG was analyzed by Western and bandshift assays at 2, 
4, 8, and 24 hr. In the absence of IPTG, C/EBPc~ protein 

and its binding activity were not detectable (Fig. 2, lanes 
0, 24G). Two hours after addition of IPTG, induction of 

the 42-kD C/EBPa was observed. The maximum level of 
C/EBPc~ induction was at 8 hr in both HT1 and HT2 (Fig. 
2A). Bandshift experiments indicated that induction of 

C/EBPa-binding activity correlated with the induction 
of protein level. Incorporation of anti-C/EBP~ sera in the 
bandshift analyses verified that the induced binding 

complex contained C/EBPa (Fig. 2B). Three translation 

products of C/EBP~ mRNA with molecular masses of 
42, 40, and 30 kD have been described previously (Lin et 
al. 1993; Ossipow et al. 1993). All three proteins are al- 
ternative translation products initiated from the first, 
second, and third methionine codons (Lin et al. 1993; 

Ossipow et al. 1993). The 30-kD C/EBP~ isoform lacks 

activation domain one, as defined by Friedman and 
McKnight (1990) and seems to have a role as a negative 
regulator of the full-length 42-kD C/EBPa by competi- 
tion for binding or by formation of inactive hetero- 
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Figure 1. Transient expression of C/EBPa results in growth 
arrest of HT1080 human fibrosarcoma cells. CMV [3-gal was co- 

electroporated into HT1080 cells with CMV-stop, CMV-CEBPa 

or pOPI3-C/EBPa. The number of cell clusters containing one, 
two, and more than two cells was scored at day 1, 3, and 5. 

dimers.  In HT1, the  42- and 40-kD isoforms of C/EBP~ 

were detected.  The  30-kD C /EBPa  isoform was not  ob- 

served on Wes te rn  analysis .  The  IPTG-induced  C /EBPa  

trans-activated a promoter  f rom the h u m a n  C3 gene 

(C31uc 200, w h i c h  conta ins  a h igh  aff ini ty  b inding  si te 

for C/EBP proteins) fo l lowing i ts  t ransfec t ion  in to  HT1 

cells. In these  exper imen t s  luciferase ac t iv i ty  was mea- 

sured 18-24 hr after IPTG s t imula t ion .  No  change in  

luciferase ac t iv i ty  was registered in HT1080 cells. How- 

ever, a three- to fivefold i nduc t ion  was observed in HT1 

cells t reated w i t h  IPTG, ind ica t ing  specific ac t iva t ion  of 

the C3 p romote r  by the C/EBP~ prote in  expressed f rom 

the integrated,  induc ib le  C/EBPc~ gene cons t ruc t  (Fig. 

IPTG-induced C/EBPa inhibits cell proliferation 

A colony  g rowth  assay was used to de te rmine  w h e t h e r  

Figure 2. IPTG-mediated C/EBPa induction in HT1 and HT2 

stably transformed clones. WCEs were isolated at different 
times (shown on the top) after IPTG or glucose addition and 

used in bandshift and Western experiments. {AI Western: 100 ~g 

of WCEs was loaded on 10% PAAG-0.1% SDS and blotted on a 

NitroBind membrane. The filter was probed with specific anti- 

bodies to human C/EBP~. The position of the full-length 42-kD 

C/EBP~ isoform is indicated. (BI Bandshift: WCEs were incu- 
bated with the bZIP oligonucleotide containing a high-affinity 
C/EBPu-binding site. DNA-protein complexes and free probe 

were separated in a native 5% acrylamide gel. (Anti-ct) Antibod- 
ies to C/EBPc~ were added to the binding reaction with WCE 
isolated from HT1 cells 24 hr after IPTG stimulation. (C) IPTG- 
induced C/EBPe~ activates the C31uc 200 promoter containing a 
C/EBPa-binding site after transient transfection of C31uc 200. 
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the IPTG-induced C/EBPc~ level was sufficient to cause 

inhibition of cell proliferation. HT1, HT2, and HT1080 

cells were plated in med ium containing IPTG or glucose. 

Seven days after plating, cells were fixed and stained 

with hematoxylin.  The density of the cells is shown in 

Figure 3A. Control cells (HT1080) formed colonies 

equally well in IPTG and glucose. However, a dramatic 

difference was observed between HT1 cells grown in the 

Table 1. Inhibition of DNA synthesis by C/EBP 

Percent BrdU-positive cells 

Harvest 10 mM 10 mM 
time (hr) glucose IPTG 

4 53.9 48.5 
12 56.5 50.5 
24 52.4 33.0 
48 42.5 17.5 

DNA synthesis was measured by BrdU uptake. At the time of 
plating, 10 mM glucose or 10 mM IPTG was added. Between 
1500 and 2000 cells were scored for each point. The results are 
the compilation of three experiments. 

absence or presence of IPTG. The number  of HT1 and 

HT2 colonies in glucose was identical to that  in HT1080 

control cells. In the presence of IPTG, colony formation 

was not observed, indicating strongly that IPTG-induced 

human  C/EBPe~ caused growth inhibit ion of HT1 and 

HT2 cells. The bot tom panel of Figure 3A (HTlx40)  

shows the small size of colonies in IPTG-treated HT1 

cells compared with  those in glucose. 

Further investigations were carried out wi th  the HT1 

clone. To examine the kinetics of IPTG-mediated 

growth inhibition of HT1 cells, we counted the number  

of cells 1, 2, and 3 days after plating in IPTG or glucose. 

As shown in Figure 3B, IPTG addition to HT1 cells 

caused inhibition of cell proliferation. The inhibition of 

growth was specific to cells expressing C/EBPc~, as IPTG 

addition did not affect growth of control HT1080 cells. 

We also analyzed D N A  synthesis in C/EBP~ growth-ar- 

rested HT1 cells by measuring uptake of the thymidine 

analog BrdU at different t imes after induction of 

C/EBPR. Table 1 shows that incorporation of BrdU is 

reduced at 24 and 48 hr indicating that C/EBPe~ inhibits 

D N A  synthesis. However, D N A  synthesis was detect- 

able in >15% of the HT1 cells even at day 3. In sum- 

mary, transient expression, colony growth, and BrdU up- 

take revealed that IPTG-induced C/EBPet caused growth 

arrest of human  fibrosarcoma cells. 

Figure 3. IPTG-induced C/EBPR inhibits proliferation of HT1 
and HT2 cells. (A) Colony growth assay. HT1, HT2, and 
HT1080 cells were plated with 10 mM IPTG or with 10 mM 
glucose. Cells were fixed and stained with hematoxylin at 7 
days. HT1X40- colonies of glucose- and IPTG-treated HT1 
cells were at 40x magnification. (B) The number of HT1 and 
HT1080 cells grown in the absence and in the presence of 10 
mM IPTG was counted every 24 hr. 

C/EBP~ induces p21 (WAF-1/CIP-1/SDI-1) protein 

in growth-arrested cells 

The level of different proteins that  are known to be in- 

volved in cell cycle control was examined by Western 

analysis. Whole-cell extracts (WCEs)from glucose {con- 

trol) and IPTG-treated HT1 cells were prepared at 2, 4, 8, 

and 24 hr after IPTG addition. The levels of CDK2, 

CDK4, and PCNA (Fig. 4A, B) and c-Fos, p16, and p27 

(data not shown) were identical in both IPTG-induced 

and uninduced cells. However, the level of p21/SDI-1 

protein was significantly increased in HT1 cells express- 

ing C/EBPc~ and its elevation was coordinate wi th  

C/EBPc~ induction. Note that  the results presented in 

Figure 4 were obtained by reprobing the same filters wi th  

different antibodies (see legend to Fig. 4). Little or no 

decrease in PCNA protein level was observed in growth- 
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arrested cells. No change or a slight decrease of p53 pro- 

tein level (Fig. 4B) was observed, suggesting that eleva- 

tion of p21/SDI-1 is p53-independent. The degree of p21 / 

SDI-1 induction was estimated by laser densitometry of 

immunoreactive bands comparing each time point with 

time 0 (Fig. 4C). A 20-fold induction of p21/SDI-1 pro- 

tein was observed in experiments presented in Figure 4 

(A,B). Western blots for p21/SDI-1 were repeated 10 

times. The induction of p21/SDI-1 was reproducible 

with differences in the level varying between 12- and 

20-fold. All experiments were carried out with low den- 

sity cells (<30% confluent) within 24 hr after IPTG ad- 

dition. We have observed that the level of p21/SDI-1 

protein increased in high density cells, both HT1080 and 

HT1, perhaps as a consequence of cell-cell contact {data 

not shown). 

Figure 4. The level of p21/SDI-1 protein is increased in 
C/EBPa growth-arrested HT1 cells. Western analysis of WCEs 
from HT1 cells was carried out as described for Fig. 2. Two 
filters were probed sequentially by antibodies to p21/SDI-1, 
C/EBPe~, PCNA, p53, CDK2, and CDK4 (B) and by antibodies to 
p21/SDI-1, C/EBPa, and PCNA (A). (C) The density of p21/ 
SDI-1 immunoreactive bands in B was determined by laser den- 
sitometry, and the histograms were calculated as a ratio to the 
density of PCNA. 

Transcriptional activation of the p21/SDI-1 gene 

by C/EBPa is transient and modest 

The relative p21/SDI-1 mRNA levels in HT1 in the pres- 

ence of IPTG or glucose were determined as a ratio of 

p21/SDI-1 mRNA to 18S rRNA. The expression of p21/ 

SDI-1 mRNA can be regulated by several factors such as 

fresh serum, cycloheximide (CHX), transforming growth 

factor-13 (TGF-13), p53, and DNA damage (E1-Deiry et al. 

1993; Li et al. 1995; Macleod et al. 1995). The 1.5-kb 

C/EBP~ mRNA contained within the expression con- 

struct was induced within 2 hr after IPTG addition, 

reached a maximum level at 4 hr and was stable for 24 hr 

(Fig. 5A). C/EBPo~ caused induction of p21/SDI-1 mRNA 

shortly after IPTG addition. The increase was first ob- 

served 2 hr after the addition of IPTG, with maximal 

induction of p21/SDI-1 mRNA occurring at - 4  hr. This 

increase was transient, however, with return to control 

levels within 8-12 hr. Activation of p21/SDI-1 mRNA is 

specific for HT1 cells expressing C/EBPa. Glucose- 

treated HT1 cells did not show a change in the level of 

p21/SDI-1 mRNA. Expression of C/EBP~ protein re- 

sulted in induction of an additional mRNA species {2.7- 

kb C/EBP~) that hybridized with the C/EBP~ probe (Fig. 

5A). Although the p21/SDI-1 and C/EBPcx probes were 

hybridized simultaneously in the blot shown in Figure 
5A, other blots using only the C/EBPa probe showed 

that the 2.7okb band was specific to this gene. The size of 

human C/EBPa mRNA transcribed from the chrsomo- 

somal gene is identical to that detected in IPTG-induced 

HT1 cells, suggesting that C/EBPo~ expression from the 

pOP13-C/EBPa construct activated the promoter of the 

endogenous C/EBP~ gene. It is known that both mouse 

and human C/EBP~ promoters can be activated by 

C/EBP~, but the mechanisms of activation are different 

(Legraverend et al. 1993; Timchenko et al. 1995). Mea- 

surements of the Northern blot by phosphorimaging as 

an p21 / SDI- 1 / 18S ratio shows that p21 / SDI- 1 mRNA is 
induced 3.5-fold at 4 hr {Fig. 5B). The transient induction 

of p21/SDI-1 mRNA was reproducible in four experi- 
ments with the level of p21/SDI-1 mRNA induction 
varying between three and fourfold. 
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tion of three- to fourfold at 8-14 hr. No change in CAT 

activity was observed in glucose-treated cells (Fig. 6B), 

indicating that  activation of the p21 /8DI-1 promoter  was 

specific to cells expressing a high level of C/EBPa. We 

conclude that  IPTG-induced C/EBP~ activates the p21/ 

SDI-1 promoter, but the level and duration of transcrip- 

tional activation are not great enough to explain the in- 

creased amount  of p21/SDI-1 protein present in HT1 

cells treated with  IPTG. 

p21/SDI-1 protein stability is increased in C/EBPa 

growth-arrested cells 

The induction of p21/SDI-1 m R N A  is moderate  and 

transient (see Fig. 5). However the p21/SDI-1 protein in- 

creased by 12- to 20-fold and was stable for 24 hr, sug- 

gesting that p21/SDI-1 expression in C/EBPc~ growth- 

arrested cells is regulated at the post-translational level. 

Figure 5. Induction of p21/SDI-1 mRNA by C/EBP~ is tran- 
sient. HT1 cells were incubated in the presence of IPTG (I) or 
glucose (G). RNA was isolated at different times after IPTG 
addition (indicated on the top) and used for Northern blots as 
described in Materials and methods. (A) Top: The filter was 
hybridized with probes for p21/SDI-1 and C/EBPc~ in the same 
hybridization mixture. Bottom: the same filter was reprobed 
with an oligonucleotide complementary to 188 rRNA. (B)The 
level of p21/SDI-1 mRNA was normalized to the level of 188 
rRNA. Signal density was quantitated by phosphorimaging. 

Human C/EBPa activates the p21/SDI-1 promoter 

p21/SDI-1 m R N A  can be regulated by several factors 

including D N A  damage. Transient  transfection of plas- 

mid D N A  (vector only) elevated p21/SDI-1 m R N A  (data 

not shown); therefore, we used stable clones with  the 

p21/SDI-1 promoter  coupled to C A T ( - 5 5 0 - p 2 1 / S D I - 1 -  

CAT) integrated into genomic D N A  to avoid the high 

background of p21/SDI-1 expression observed in tran- 

sient transfection experiments.  Several populations of 

HT1 cells containing -550- -p21/SDI-1-CAT were se- 

lected (see Materials and methodsl and tested by North- 

ern analysis wi th  a specific CAT probe. Figure 6A shows 

that  IPTG-induced C/EBP~ st imulates transcription of 

CAT m R N A  through the p21/SDI-1 - 550 promoter. The 

level of activation varied from two- to fourfold above the 

baseline in different populations. CAT activity of popu- 

lation 1 after IPTG addition showed a maximal  induc- 

Figure 6. Activation of the p21/SDI-1 promoter by C/EBPc~. 
(A) Six populations of HT1 cells (lanes 1-6) stably transformed 
with a -550-p21/SDI-1-CAT construct were treated with 
IPTG (I) or glucose (G). After 12 hr, total RNA was isolated, 
blotted, and probed for CAT. (B) Population 1 (stably trans- 
formed with a - 550-p21/SDI- 1-CAT construct) was treated 
with IPTG or glucose for 0, 4, 8, 14, and 24 hr. CAT activity 
(percentage of counts converted to the acetylated form) was de- 
termined (Gorman et al. 1982) at these time points. (C) Fold 
induction was estimated as the ratio of CAT activity in IPTG- 
treated cells to those treated with glucose. 

GENES & DEVELOPMENT 809 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Timchenko et al. 

To test this possibility, the half-life of the p21/SDI-1 

protein was measured in HT1 cells expressing C/EBPa 

and in HT1 cells treated with glucose. After overnight 

incubation with IPTG or glucose, CHX, an inhibitor of 

protein synthesis, was added (20 ~g/ml). Proteins were 

isolated at 0, 40, and 80 min after CHX addition and 

analyzed in Western blots. To detect p21/SDI-1 protein 

in glucose-treated cells, it was necessary to load 300 ~g 

of protein, whereas only 30 ~g of protein from IPTG- 

induced cells was used. In dividing HT1 cells, the half- 

life of p21/SDI-1 protein is - 30  min. However in HT1 

cells expressing C/EBPR, no decrease of p21/SDI-1 was 

observed >80 min after CHX blockage of protein synthe- 

sis (Fig. 7). The same filter was reprobed with antibodies 

Figure 7. p21/SDI-1 protein is stable in C/EBP(x growth-ar- 
rested HT1 cells. (A) HT1 cells were incubated with 10 mM 
IPTG or 10 mM glucose ovemight. CHX (20 ~g/ml) was added, 
and proteins were isolated at 0, 40, and 80 min after CHX ad- 
dition. Cell proteins were used for Westem analysis as described 
in Materials and methods. To detect the low level of p21/SDI-1 
protein present in dividing cells, 300 ~g of total protein from 
glucose-treated HT1 cells was loaded in each lane. Thirty mi- 
crograms of protein from IPTG-induced cells was loaded per 
lane. The filter was probed sequentially with antibodies to p21/ 
SDI-1 and to C/EBPa. (B) Signal intensity was measured by 
densitometry and calculated as a percentage of point 0. 
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specific to C/EBP~. The 42-kD C/EBP~ is not detectable 

in control HT1 cells. In IPTG-induced cells, the level of 

C/EBP~ did not decrease within 80 min after CHX addi- 

tion. This observation indicates that expression of 

C/EBPa results in stabilization of the p21 / SDI- 1 protein. 

Expression of antisense p21/SDI-1 mRNA eliminates 

C/ EBPa-mediated growth inhibition 

To demonstrate that p21/SDI-1 is responsible for 

C/EBP~-mediated growth arrest, we determined the ef- 

fect of antisense p21/SDI-1 mRNA expression on the 

ability of C/EBP~ to inhibit proliferation of HT1 cells. 

Expression of antisense p21/SDI-1 mRNA has been 

shown to decrease the p21/SDI-1 protein level and to 

abolish p21 / SDI- 1-mediated growth arrest in cotransfec- 

tion assays (Nakanishi et al. 1995). Cotransfection of 

CMV-stop (control) or CMV-As-p21/SDI-1 (expressing 

antisense p21/SDI-1 mRNA, + 1 to + 165) with CMV- 

B-Gal into HT1 cells was followed by addition of IPTG or 

glucose 18 hr after plasmid delivery. Cells receiving con- 

trol DNA (CMV-stop) remained as single cells in the 

presence of IPTG-induced C/EBP~ (Fig. 8A). In contrast, 

the expression of antisense p21/SDI-1 mRNA abolished 

C/EBP~-mediated growth arrest, indicating that C/EBP~ 

inhibits cell proliferation through the p21 / SDI- 1 protein. 

HT1080 cells are responsive to overexpression of p21/ 

SDI- 1 following transient transfection of a p21 / SDI- 1 ex- 

pression construct and exhibit significant growth arrest 

(data not shown). An additional association between 

C/EBP~ and p21/SDI-1 expression was observed in two 

clones that expressed a relatively high level of C/EBPR in 

response to IPTG but did not show growth arrest. These 

two clones (HT2C4 and HTlbg) were among the clones 

isolated simultaneously with HT1 and HT2. Westem 

blotting of cell extracts showed that no elevation of the 

p21/SDI-1 protein was detected in these clones follow- 

ing IPTG induction of C/EBP~ (Fig. 8B; data not shown 

for HTlb9). These results demonstrated that induction 

of p21/SDI-1 by C/EBP~ is important for C/EBP~-medi- 

ated growth arrest. Taken together, the observations 

strongly indicate that C/EBP~ inhibits cell proliferation 

through the elevation of p21/SDI-1 protein. 

D i s c u s s i o n  

An antiproliferative effect of C/EBPo~ has been described 

by several investigators (Umek et al. 1991; Freytag and 

Geddes 1992; Freytag et al. 1994; Lin and Lane 1994); 

however, the molecular mechanisms that are involved in 

C/EBP~-mediated growth arrest are unknown. C/EBPo~- 

mediated growth arrest is likely to involve coordinate 
expression of several genes. Here, we examined gene 

products known to be important in cell cycling and 

found a dramatic increase of p21/SDI-1 protein in 

C/EBP~-arrested HT1 cells. The maximum level of p21 / 
SDI-1 induction (12- to 20-fold) was observed at 8-24 hr 
after IPTG addition, immediately after the maximal 
C/EBPc, induction. The levels of other proteins, includ- 

ing two other CDK inhibitors, p16 and p27, were unaf- 
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Figure 8. p21/SDI-1 protein is responsible for C/EBP~ inhibition of cell proliferation. (A) Expression of antisense p21/SDI-1 mRNA 
blocks C/EBPe~ growth inhibition. The CMV-As-p21/SDI-1 plasmid (expressing antisense p21/SDI-1 mRNA) was cotransfected with 
CMV-~-Gal into HT1 cells, and growth inhibition was measured as described in Materials and methods. CMV-stop was used as the 
control. (B) C/EBP~ failed to induce p21/SDI-1 protein in clone HT2C4, which showed no growth inhibition. Cell extracts were 
isolated at different times after IPTG addition (top) and used in Western blotting with specific antibodies to p21/SDI-1 and to C/EBPe~. 
(Right) The positions of C/EBP~ (42 kD) and p21/SDI-1. 

fected in growth-arrested cells. We would predict that 

C/EBP~ activates the transcription of a gene whose prod- 

uct is responsible for prolonging the half-life of p21/ 

SDI-1 protein as opposed to the direct interaction of 

C/EBP~ with  the CDK inhibitor. Macleod et al. (1995) 

reported post-translational regulation of the p21/SDI-1 

protein in mur ine  erythrsoleukemia cells, although pro- 

tein stabili ty was not examined. We are currently inves- 

tigating both direct and indirect mechan i sms  for the spe- 

cific effect of C/EBPa on the half-life of p21/SDI-1. 

The pOP13-C/EBPe~ gene construct integrated into 

the chrsomosomal  D N A  of HT1080 cells, produced the 

full-length 42- and 40-kD C/EBP~ isoforms. Both iso- 

forms contain activation domains and have been shown 

to possess ant imitogenic  activity (Lin et al. 1993). In the 

clonally derived HT1 line, IPTG-induced C/EBP~ was 

functionally active and s t imulated the promoter from 

the h u m a n  C3 gene, which  contained a high affinity 

C/EBP~-binding site (Wilson et al. 1990; Juan et al. 

1993). We did not detect expression of the 30-kD C/EBP~ 

isoform in any experiments wi th  HT1 or HT2 cells. This 

observation was unexpected because other investigators 

had reported a significant level of expression of the 30- 

kD C/EBP~ in adipocytes and in the liver (Diehl and 

Yang 1993; Lin et al. 1993; Diehl  et al. 1994). The 30-kD 

C/EBP~ isoform was shown to be a translational product 

from the third in-frame AUG codon of the C/EBPe~ 

m R N A  (Lin et al. 1993). This translat ional  start is 

present in pOP13-C/EBPa but is apparently not used in 

HT1 cells. Calkhoven et al. (1994) have reported that a 

short 5' open reading frame (ORF) dictated the use of the 

third AUG codon as a translational start wi th in  chicken 

and rat C/EBP~ mRNA. A short 5' ORF is also present in 

the human  C/EBPc, gene and in the integrated construct, 

yet expression of the 30-kD C/EBPc~ was not detectable 

in HT1 IPTG-induced cells. We suggest that alternative 

translation of the 30-kD C/EBPc~ isoform may  also be 

dictated by the properties of the cell type under study or 

by the 3'- untranslated portion of the m R N A  that is lack- 

ing in our inducible construct. 

Growth arrest of HT1 and HT2 clones by C/EBPe~ was 

confirmed by three independent methods: colony growth 

assay, cell counting, and BrdU uptake. However, we have 

also identified clones of HT1080 cells transformed by the 

C/EBP~ LacSwitch constructs that expressed levels of 

C/EBPc~ similar  to HT1 and HT2 in response to IPTG but 

did not show significant growth arrest. These clonal iso- 

lates had elevated levels of liver inhibi tory protein (LIP), 
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the 21-kD translation isoform from the C/EBPB gene 

(N.A. Timchenko, unpubl.). Yeh et al. (1995) have de- 

scribed the ability of LIP to ablate C/EBP~ activity. 

Freytag et al. (1994) also have observed that clonal mouse 

cell lines stably expressing high amounts of C/EBPa can 

be generated, although the expression of LIP was not 

examined. Lin and Lane (1994) reported the isolation of 

clonal lines that expressed moderate levels of C/EBP~ 

but did not show growth arrest. These investigators sug- 

gested that the level of C/EBPa in these clones was not 

sufficient to block cell proliferation (Lin and Lane 1994). 

These multiple observations show that C/EBP~ growth 

inhibition is complex and can be regulated by a number 

of factors including the level of C/EBP~ protein, the 

C/EBP~ isoform expressed, and the expression of LIP. 

Because the human C/EBPa is a transcription factor, 

its growth inhibitory effect would be predicted to be at- 

tributable to the transcriptional activation of genes re- 

sponsible for the inhibition. However, transcriptional ac- 

tivation of the p21/SDI-1 gene is minor and does not 

account for the sustained elevation of p21/SDI-1 protein 

in HT1 growth-arrested cells. Our results indicate that 

p21/SDI-1 protein is responsible for C/EBP~-mediated 

growth arrest. We suggest that human C/EBP~ uses two 

different mechanisms for activation of p21/SDI-1. First, 

transcriptional activation is necessary for the initial 

events, but stabilization of the p21/SDI-1 protein is re- 

sponsible for its high level at the later steps of growth 

arrest. The mechanism of p21/SDI-1 stabilization by 

C/EBPet is unknown. It may be that transcriptional ac- 

tivation by C/EBP~ is important to produce a relatively 

high concentration of p21/SDI-1 protein, which then 

sets up a C/EBPc~-independent pathway. For example, 

p21/SDI-1 could be involved in an autoregulatory loop. 
In such a case, a modest transcriptional induction would 

be a key element of p21/SDI-1 protein elevation. 

The HT1080 cells from which HT1 was derived, do 

not express endogenous C/EBP~ mRNA or protein. The 

size of the endogenous C/EBP~ mRNA is 2.7 kb, 

whereas the transcript from pOP13-C/EBP~ is 1.5 kb, 

enabling us to detect activation of the endogenous 2.7-kb 

C/EBPa mRNA in growth-arrested HT1 cells. The acti- 

vation of endogenous C/EBP~ is probably caused by the 
induction of its own promoter by the C/EBP~ protein. 

We showed previously that human C/EBPa can activate 

its own promoter through upstream stimulatory factor 

(USF), a ubiquitous nuclear factor (Timchenko et al. 

1995). Lin and Lane (1994) also observed activation of 
endogenous murine C/EBP(x in stable transformants 

overexpressing the mouse C/EBPa protein. It is interest- 

ing to note that IPTG-induced C/EBPa (42 kD) could not 

activate the expression of the endogenous 2.7-kb 

C/EBPa mRNA in the HT2C4 clone that was resistant 

to C/EBP~ growth inhibition (data not shown). In HT1 

cells, IPTG-induced C/EBP~ increased expression of 

both p21/SDI-1 and endogenous C/EBPcx mRNA. Acti- 
vation of p21/SDI-1 mRNA by C/EBPa in growth-ar- 
rested HT1 cells was transient with a maximal level at 4 

hr after IPTG stimulation. Elevation of the p21/SDI-1 

promoter (550 bp) by C/EBPa in stable transformants 

suggests that the elevation in p21/SDI-1 mRNA is 

caused by an elevation in transcription of the gene. In- 

duction of the endogenous 2.7-kb C/EBP~ mRNA spe- 

cies correlated with the level of the 1.5-kb C/EBP~ 

mRNA. Thus, two endogenous genes (p21/SDI-1 and 

C/EBP~) were activated in C/EBP~ growth-arrested HT1 

cells. Both genes are known to be involved in inhibition 

of cell proliferation. C/EBPa is a transcription factor and 

may well activate several genes during growth arrest. 

Our results demonstrate that the inhibition by C/EBP~ 

is mediated through p21/SDI-1 because expression of 

p21/SDI-1 antisense mRNA abolished C/EBP~-medi- 

ated growth arrest indicating that p21/SDI-1 is critical to 

inhibition of cell proliferation by C/EBPe~. Two clones, 

HT2C4 and HTlb9--not subject to arrest by C/EBPcx-- 

had no increased expression of p21/SDI-1, consistent 

with the role of p21/SDI-1 in C/EBP~-mediated growth 

arrest. The mechanism by which these clones are pro- 

tected from C/EBPa action is unknown, but it is clear 

that C/EBP~ cannot elevate p21/SDI-1 in these cells. 

Our results show that C/EBPe~ influences p21/SDI-1 

expression in HT1 cells in two ways: (1) a modest and 

transient transcriptional induction of the message level 

and post-translational stabilization of the protein that 

resulted in a significant increase in p21 / SDI- 1 levels, and 

(2} in inhibition of cell proliferation, p21/SDI-1 is also 

induced by MyoD during growth arrest and differentia- 

tion of skeletal muscle cells (Halevy et al. 1995) and by 
p53 during p53-mediated growth arrest (E1-Deiry et al. 

1993). The involvement of p21 / SDI- 1 in growth arrest by 
several DNA-binding proteins, both tissue specific and 

ubiquitous, suggests that p21/SDI-1 is a universal cell 

cycle regulator, functioning in growth arrest associated 

with differentiation, DNA damage response pathways, 

and cellular senescence. 

Materials and methods 

Cell culture conditions 

HT1080 human fibrosarcoma cells were cultured in M/M (three 
parts Eagle's minimal essential medium, one part Waymouth 
MAB 87/3) plus 8% bovine serum and 2% fetal bovine serum. 
General tissue culture methods are as described (Wilson et al. 
1990). HT1 and HT2 clonal derivatives were cultured in me- 
dium that also contained 250 ~g/ml of G418 and 100 ~g/ml of 
hygromycin. To induce expression of 42-kD C/EBPc~, 10 mM 
IPTG was added to the culture medium. Control cells received 
10 mM glucose. Most experiments were carried out with low- 
density (<50% confluence) HT1 cells. The functional activity of 
IPTG-induced C/EBP~ was tested by using a plasmid C31uc 200 
that contained a 200-bp DNA fragment of the human third com- 
ponent of complement C3 promoter that has a high affinity 
C/EBP-binding site (Wilson et al. 1990). The C31uc 200 plasmid 
was electroporated into HT1 cells or into HT1080 cells, and 
luciferase activity was measured 18-24 hr after IPTG addition. 

For investigation of p21/SDI-1 protein stability, HT1 cells 
were incubated overnight with 10 mM IPTG or with 10 mM 
glucose. CHX was then added to a final concentration of 20 
~g/ml of medium. WCEs were isolated at 0, 40, and 80 min after 
CHX addition. 

BrdU uptake was measured by counting the number of im- 
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munopositive cells after a 2-hr incubation with medium con- 
taining BrdU (Amersham). 

Generation of clonai derivatives containing the human 

C/EBP~ gene under Lac repressor control 

The LacSwitch-inducible promoter system (Stratagene) was 

used for conditional expression of C/EBP~. The coding region of 

C/EBPa was cloned into the pOP13CAT vector (Stratagene) by 

replacing the CAT gene with 1.3 kb of the C/EBPa gene 

(pOP13-C/EBP~). This 1.3-kb DNA fragment also was used for 

the generation of a CMV-C/EBP~-expressing vector described 

previously (Timchenko et al. 1995). The vector containing the 

lac repressor gene, and pOP13-C/EBP~ were coelectroporated 

into HT1080 human fibrosarcoma cells in a ratio of 10:1. Clones 

resistant to G418 and to hygromycin were tested for C/EBPa 

induction by the addition of 10 mM IPTG. Based on the results 

of electrophoretic mobility-shift assays (EMSAs), Western and 

Northern analyses, we selected several clones that did not ex- 

press a detectable amount of C/EBPa in the absence of IPTG but 

were highly induced for C/EBPa in the presence of IPTG. Two 

clones, HT1 and HT2, were used for study of C/EBP~-mediated 

growth arrest. 

Stable clones containing the p21/SDI-I-CAT promoter 

HT1 cells were cotransfected with plasmids - 550-p21 / SDI- 1- 

CAT and pPGK-puromycin coding for the puromycin resis- 

tance gene. Clones resistant to three antibiotics--G418, hygro- 

mycin, and puromycin--were selected and tested by Southern 
hybridization with a probe derived from the CAT gene. Several 

populations of -550-p21/SDI-1-CAT stable clones were in- 

duced by IPTG or by glucose. Activation of the p21/SDI-1 pro- 

moter was investigated by using Northern analysis with a CAT- 

specific probe and by detection of enzymatic CAT activity. 

Colony growth assay 

HT1, HT2, and HT1080 (800 cells) were plated in petri dishes 

with l0 mM IPTG or with 10 mM glucose. Seven days after IPTG 

stimulation, cells were fixed and stained with hematoxylin. 

RNA extraction and Northern analysis 

Total RNA was isolated by Stat-60 (TEL-TEST "B," INC.). Total 

RNA (15 txgl was loaded on 1% agarose/2.2 M formaldehyde gel, 

transferred onto a nylon filter (Zeta probe), and hybridized with 

specific probes as described in the supplier's manual. For detec- 

tion of p21/SDI-1 mRNA, a 2.1-kb full-length cDNA probe was 

used (Noda et al. 1994). C/EBPa mRNA was detected by a 228- 

bp fragment obtained after digestion of the C/EBPa DNA by 

BsmaI (1085) and XhoI (1.313). The 228-bp probe corresponds to 

the 3' end of the coding region. The p21/SDI-1 and C/EBPe~ 

probes were labeled by random priming (Pharmacia) to high 

specific activity. After hybridization with these probes, the 

membrane was stripped and rehybridized with an oligonucle- 

otide complementary to 18S RNA (5'-GCCGTGCGTACTTA- 

GACATGCATG-3') used as a control for sample loading. The 

hybridization solution for this short oligonucleotide contained 

40% formamide, 5x SSPE, 7% SDS, and 100,000 cpm/ml of 

a2P-labeled oligonucleotide. The filter was washed twice with 

2x SSC, 0.1% SDS, for 30 min at room temperature. 

Protein isolation and Western assay 

Low-density HT1 cells were induced by 10 mM IPTG or 10 mM 

glucose. WCEs were isolated at different times after induction. 

Cells were scraped in PBS, centrifuged for 5 rain at 5000 rpm, 

and resuspended in 100 ~1 of buffer B [10 mM Tris-HCL (pH 7.5), 

0.420 M NaC1, 1.5 mM MgCI~, 1 mM DDT, 0.5 mM EDTA, and 

25% sucrose]. Cells were homogenized by shearing the suspen- 

sion through a 23-gauge needle and incubated on ice for 10 min. 

After centrifugation, the supernatant (WCE) was frozen and 

stored at - 80~ Extracted proteins (80-100 Ixg) were loaded on 

a 0.1% SDS-12% polyacrylamide gel (Laemmli 1970), electro- 

phoresed, and electroblotted onto NitroBind membranes (Mi- 

cron Separations, Inc.). To equalize the loading of proteins, a 

preliminary filter was stained with Coomassie blue. The filter 

was blocked by 10% dry milk, 2% BSA, prepared in TTBS (20 

mM Tris-HC1 at pH 7.5, 150 mM NaCI, 0.05% Tween 20) buffer 

saline. For estimation of p21/SDI-1 protein, we used three dif- 

ferent specific antibodies: monoclonal anti-p21 (Santa Cruz Bio- 

technology, Cat. no. SC-817), monoclonal anti-SDI-1 6B6 (Phar- 

mingen), and a polyclonal anti-SDI-1 (Pharmingen). All antibod- 

ies showed identical results with little or no difference in 

sensitivity. Antibodies to C/EBPa were obtained by immuniza- 

tion of rabbits with bacterially expressed full-length human 

C/EBP~. These antibodies are specific to C/EBP~ and do not 

cross-react with C/EBP[~ or C/EBP8 in Western assay (data not 

shown). Antibodies to PCNA, p16, p27, CDK2, CDK4, CDC2, 

and c-Fos were obtained from Santa Cruz Biotechnology. Anti- 

p53 monoclonal antibody was from Oncogene Science. Immu- 

noreactive proteins were detected by the enhanced chemilumi- 

nescent (ECL) protocol (Amersham). Each filter was reprobed 

three to five times with different antibodies according to the 

recommended procedure (ECL system). 

EMSA 

Binding activity of C/EBP~ was determined by bandshift assay 
as described previously (Timchenko et al. 1995). A 32P-labeled 

basic leucine zipper (bZIP) oligonucleotide was used as the 

probe (Wilson et al. 1990). Unlabeled bZIP oligonucleotide (100- 

fold excess) or antibodies were added to cell protein extracts 

before probe addition. 

Transient transfection of an antisense p21/SDI-1 expression 

vector 

The CMV-As-p21 / SDI- 1 plasmid contained 1-165 nucleotides 

of p21/SDI-1 cDNA in the opposite orientation. CMV-stop 

(control) and CMV-As-p21/SDI-1 were cotransfected with 

CMV-~-Gal plasmid into HT1 cells using calcium phosphate 

precipitation. IPTG was added to the cells 18 hr after plasmid 

delivery. Cell growth was measured by counting cell clusters of 

one, two, three, and more cells at day 1 and 3 after addition of 

IPTG. 

A c k n o w l e d g m e n t s  

This work was supported by National Institutes of Health 

grants AG 07123 (J.R.S. and G.J.D.), DK 45285 (G.J.D.), and AG- 

01166 (J.R.S.). We thank Sandy Abdelsayed for immunohisto- 

chemical staining of incorporated BrdU. 

The publication costs of this article were defrayed in part by 

payment of page charges. This article must therefore be hereby 

marked "advertisement" in accordance with 18 USC section 

1734 solely to indicate this fact. 

GENES & DEVELOPMENT 813 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Timchenko et al. 

R e f e r e n c e s  

Birkenmeier, E.H., B. Gwynn, S. Howard, J. Jerry, J.I. Gordon, 

W.H. Landschulz, and S.L. McKnight. 1989. Tissue-specific 
expression, developmental regulation, and genetic mapping 

of the gene encoding CCAAT/enhancer binding protein. 
Genes & Dev. 3: 1146-1156. 

Calkhoven, C.F., P.R.J. Bouwman, L. Snippe, and A.B. Geert. 

1994. Translation start site multiplicity of the CCAAT/en- 

hancer binding protein ~ mRNA is dictated by a small 5' 

open reading frame. Nucleic  Acids Res. 22(25): 5540--5547. 

Cao, Z., R.M. Umek, and S.L. McKnight. 1991. Regulated ex- 
pression of three C/EBP isoforms during adipose conversion 
of 3T3-L1 cells. Genes & Dev. 5: 1538-1552. 

Diehl, A.M., and S.Q. Yang. 1993. Regenerative changes in 

C/EBPe~ and C/EBP{~ expression modulate binding to the 

C/EBP site in the c-fos promoter. Hepatology 19: 447--456. 

DieM, A.M., P. Michaelson, and S.Q. Yang. 1994. Selective in- 

duction of CCAAT/enhancer binding protein isoforms oc- 

curs during rat liver development. Gastroenterology 

106: 1625-1637. 

E1-Deiry, W.S., T. Tokino, V.E. Velculescu, D.B. Levy, R. Par- 

sons, J.M. Trent, D. Lin, W.E. Mercer, K.W. Kinzier, and B. 

Vogelstein. 1993. WAF1, a potential mediator of p53 tumor 
suppression. Cell 75(4): 817-825. 

Freytag, S.O. and T.J. Geddes. 1992. Reciprocal regulation of 
adipogenesis by Myc and C/EBPe~. Science 256(5055): 379- 
382. 

Freytag, S.O., D.L. Paielli, and J.D. Gilbert. 1994. Ectopic ex- 
pression of the CCAAT/enhancer-binding protein e~ pro- 

motes the adipogenic program in a variety of mouse fibro- 
blastic cells. Genes & Dev. 8: 1654-1663. 

Friedman, A.D. and S.L. McKnight. 1990. Identification of two 
polypeptide segments of CCAAT/enhancer-binding protein 
required for transcriptional activation of the serum albumin 
gene. Genes & Dev. 4: 1416-1426. 

Friedman, A.D., W.H. Landschulz, and S.L. McKnight. 1989. 

CCAAT/enhancer binding protein activates the promoter of 

the serum albumin gene in cultured hepatoma cells. Genes 

& Dev. 3: 1314-1322. 

Gorman, C.M., L.F. Moffat, and B.H. Howard. 1982. Recombi- 

nant genomes which express chloramphenicol acetyltrans- 

ferase in mammalian cells. Mol. Cell. Biol. 2: 1044-1052. 

Halevy, O., B.G. Novitch, D.B. Spicer, S.X. Skapek, J. Rhee, G.J. 

Hannon, D. Beach, and A.B. Lassar. 1995. Correlation of ter- 

minal cell cycle arrest of skeletal muscle with induction of 
p21 by MyoD. Science 267: 1018-1021. 

Harper, J.W., G.R. Adami, N. Wei, K. Keyomarsi, and S.J. 
Elledge. 1993. The p21 Cdk-interacting protein Cipl is a 
potent inhibitor of G1 cyclin-dependent kinases. Cell 

75: 805-816. 

Hendricks-Taylor, L.R. and G.J. Darlington. 1995. Inhibition of 
cell proliferation by C/EBP~ occurs in many cell types, does 

not require the presence of p53 or Rb, and is not effected by 

large T-antigen. Nucleic  Acids  Res. 23(22): 4726-4733. 
Jiang, H., J. Lin, Z. Su, F.R. Collart, E. Huberman, and P.B. 

Fisher. 1994. Induction of differentiation in human pro- 

myelocytic HL-60 leukemia cells activates p21, WAF/CIP 1, 

expression in the absence of p53. Oncogene 9(11): 3397- 
3406. 

Juan, T.S., D.R. Wilson, M.D. Wilde, and G.J. Darlington. 1993. 
Participation of the transcription factor C/EBP delta in the 
acute phase regulation of the human gene for complement 
component C3. Proc. Natl.  Acad. Sci. 90: 2584-2588. 

Laemmli, U.K. 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature  223: 680-- 

814 GENES & DEVELOPMENT 

685. 
Landschulz, W.H., P.F. Johnson, E.Y. Adashi, B.J. Graves, S.L. 

McKnight. 1988a. Isolation of a recombinant copy of the 

gene encoding C/EBP. Genes & Dev. 2" 786--800. 
Landschulz, W.H., P.F. Johnson, and S.L. McKnight. 1988b. The 

leucine zipper: A hypothetical structure common to a new 

class of DNA binding proteins. Science 240:1759-1764. 

Landschulz, W.H., P.F. Jonson, and S.L. McKnight. 1989. The 
DNA binding domain of the rat liver nuclear protein C/EBP 

is bipartite. Science 243" 1681-1688. 

Legraverend, K., P. Antonson, P. Flodby, and K.G. Xanthopou- 
los. 1993. High level activity of the mouse CCAAT/en- 

hancer binding protein (C/EBP~) gene promoter involves au- 
toregulation and several ubiquitous transcription factors. 

Nucleic  Acids Res. 21(8): 1735-1742. 

Li, C.Y., L. Suardet, and J.B. Little. 1995. Potential role of 

WAF 1 / Cip 1 / p21 as a mediator of TGF- ~ cytoinhibitory ef- 

fect. J. Biol. Chem. 270(10): 4971--4974. 
Lin, F.T. and M.D. Lane. 1992. Antisense CCAAT/enhancer- 

binding protein RNA suppresses coordinate gene expression 

and triglyceride accumulation during differentiation of 3T3- 

L1 preadipocytes. Genes & Dev. 6(4): 533-544. 

1994. CCAAT/enhancer binding protein ~ is sufficient 

to initiate the 3T3-L1 adipocyte differentiation program. 

Proc. Natl. Acad. Sci. 91" 8757-8761. 
Lin, F.T., O.A. MacDougald, A.M. Diehl, and M.D. Lane. 1993. 

A 30-kDa alternative translation product of the CCAAT/ 
enhancer binding protein alpha messages: Transcriptional 

activator lacking antimitotic activity. Proc. Natl.  Acad. Sci. 

90: 9606-9610. 

Macleod, K.F., N. Sherry, G. Hannon, D. Beach, T. Tokino, K. 

Kinzler, B. Vogelstein, and T. Jacks. 1995. p53-dependent 

and independent expression of p21 during cell growth, dif- 

ferentiation, and DNA damage. Genes & Dev. 9" 935-944. 
Matsuoka, S., M.C. Edwards, C. Bai, S. Parker, P. Zhang, A. 

Baldini, J.W. Harper, and S.J. Elledge. 1995. p57 KIP2, a struc- 

turally distinct member of the p21 cIP1 Cdk inhibitor family, 

is a candidate tumor suppressor gene. Genes & Dev. 9: 650-- 

662. 
McKnight, S.L., M.D. Lane, and S. Glueckshon-Waelch. 1989. Is 

C/EBP a central regulator of energy metabolism? Genes & 

Dev. 3: 2021-2024. 

Mischoulon, D., B. Rana, N.L. Bucher, and S.R. Farmer. 1992. 
Growth-dependent inhibition of CCAAT enhancer-binding 

protein (C/EBPe~) gene expression during hepatocyte prolif- 

eration in the regenerating liver and in culture. Mol. Cell. 

Biol. 12(6): 2553-2560. 
Nakanishi, M., G.R. Adami, R.S. Robetorye, A. Noda, S.F. Ven- 

able, D. Dimitrov, O.M. Pereira-Smith, and J.R. Smith. 1995. 
Exit from Go and entry into the cell cycle of cells expressing 
p21 sail antisense RNA. Proc. Natl.  Acad. Sci. 92: 4352- 

4356. 

Noda, A., Y. Ning, S.F. Venable, O.M. Pereira-Smith, and J.R. 

Smith. 1994. Cloning of senescent cell-derived inhibitors of 
DNA synthesis using an expression screen. Exp. Cell Res. 

211: 90-98. 
Ossipow, V., P. Descombes, and U. Schibler. 1993. CCAAT/ 

enhancer binding protein mRNA is translated into multiple 

protein with different transcription activation potentials. 

Proc. Natl. Acad. Sci. 90: 8219-8223. 

Polyak, K., M.H. Lee, H. Erdjument-Bromage, A. Koff, J.M. Rob- 
erts, P. Tempst, and J. Massague. 1994. Cloning of p27 Kipl, a 
cyclin-dependent kinase inhibitor and a potential mediator 
of extracellular antimitogenic signals. Cell 78: 59-66. 

Serrano, M., E. Gomez Lahoz, R.A. DePinho, D. Beach, and D. 
Bar Sagi. 1995. Inhibition of Ras-induced proliferation and 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


C/EBP~ elevates p21 (WAF-1/CIP-1/SDI-1) protein 

cellular transformation by p16 INK4. Science 267: 249-252. 

Sherr, C.J. and J.M. Roberts. 1995. Inhibitors of mammalian G1 
cyclin-dependent kinases. Genes & Dev. 9: 1149-1163. 

Timchenko, N., D.R. Wilson, L.R. Taylor, A.M. Wilde, S. Ab- 

delsayed, M. Sawadogo, and G.J. Darlington. 1995. Autoreg- 

ulation of the human C/EBPR gene by stimulation of up- 
stream stimulatory factor binding. Mol. Cell. Biol. 

15(3): 1192-1202. 

Umek, R.M., A.D. Friedman, and S.L. McKnight. 1991. 
CCAAT-enhancer binding protein: A component of a differ- 

entiation switch. Science 251: 288-292. 

Wang, N.D., M.J. Finegold, A. Bradley, C.N. Ou, S.V. Abdel- 

sayed, M.D. Wilde, L.R. Taylor, D.R. Wilson, and G.J. Dar- 
lington. 1995. Impaired energy homeostasis in C/EBP alpha 

knock-out mice. Science 269:1108-1112. 

Williams, S.C., C.A. Cantwell, and P.F. Johnson. 1991. A family 
of C/EBP-related proteins capable of forming covalently 

linked leucine zipper dimers in vitro. Genes & Dev. 5: 1553- 

1567. 

Wilson, D.R., T.S. Juan, M.D. Wilde, G.H. Fey, and G.J. Dar- 
lington. 1990. A 58-base-pair region of the human C3 gene 
confers synergistic inducibility by interleukin-1 and inter- 

leukin-6. Mol. Cell. Biol. 10: 6181-6191. 

Xiong, Y., G.J. Hannon, H. Zhang, D. Casso, R. Kobayashi, and 

D. Beach. 1993. p21 is a universal inhibitor of cyclin kinases. 

Nature 366: 701-704. 

Yeh, W.C., Z. Cao, M. Classon, and S.L. McKnight. 1995. Cas- 
cade regulation of terminal adipocyte differentiation by 

three members of the C/EBP family of leucine zipper pro- 

teins. Genes & Dev. 9: 168-181. 

GENES & DEVELOPMENT 815 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


 10.1101/gad.10.7.804Access the most recent version at doi:
 10:1996, Genes Dev. 

  
N A Timchenko, M Wilde, M Nakanishi, et al. 
  
proliferation through the p21 (WAF-1/CIP-1/SDI-1) protein.
CCAAT/enhancer-binding protein alpha (C/EBP alpha) inhibits cell

  
References

  
 http://genesdev.cshlp.org/content/10/7/804.full.html#ref-list-1

This article cites 42 articles, 30 of which can be accessed free at:

  
License

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

Copyright © Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.10.7.804
http://genesdev.cshlp.org/content/10/7/804.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.10.7.804&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.10.7.804.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56662&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fcustom-synthesis%2Fcustom-aso-synthesis%3Futm_source%3DG%2526D%2BJournal%26utm_medium%3DBanner%26utm_campaign%3DASO-Tool-Launch
http://genesdev.cshlp.org/
http://www.cshlpress.com

