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Abstract
Background: A number of transcription factors coordinate differentiation by simultaneously
regulating gene expression and cell proliferation. CCAAT/enhancer binding protein alpha (C/EBPα)
is a basic/leucine zipper transcription factor that integrates transcription with proliferation to
regulate the differentiation of tissues involved in energy balance. In the pituitary, C/EBPα regulates
the transcription of a key metabolic regulator, growth hormone.

Results: We examined the consequences of C/EBPα expression on proliferation of the
transformed, mouse GHFT1-5 pituitary progenitor cell line. In contrast to mature pituitary cells,
GHFT1-5 cells do not contain C/EBPα. Ectopic expression of C/EBPα in the progenitor cells
resulted in prolongation of both growth 1 (G1) and the DNA synthesis (S) phases of the cell cycle.
Transcription activation domain 1 and 2 of C/EBPα were required for prolongation of G1, but not
of S. Some transcriptionally inactive derivatives of C/EBPα remained competent for G1 and S phase
prolongation. C/EBPα deleted of its leucine zipper dimerization functions was as effective as full-
length C/EBPα in prolonging G1 and S.

Conclusion: We found that C/EBPα utilizes mechanistically distinct activities to prolong the cell
cycle in G1 and S in pituitary progenitor cells. G1 and S phase prolongation did not require that C/
EBPα remained transcriptionally active or retained the ability to dimerize via the leucine zipper. G1,
but not S, arrest required a domain overlapping with C/EBPα transcription activation functions 1
and 2. Separation of mechanisms governing proliferation and transcription permits C/EBPα to
regulate gene expression independently of its effects on proliferation.

Background
Differentiation is commonly associated with intermin-

gled changes in gene expression and cellular proliferation.
In some differentiating cell types, changes in both gene
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transcription and proliferation are regulated by the same
transcription factor [1–9]. CCAAT/Enhancer Binding Pro-
tein alpha (C/EBPα) is a transcription factor that is re-
quired for the differentiation of a number of tissues [10–
18]. Mice homozygous for C/EBPα null alleles have severe
defects in tissues involved in metabolic homeostasis [19–
21]. Cellular proliferation is elevated in the liver of these
knockout mice [22] suggesting that C/EBPα blocks prolif-
eration in vivo. In cultured cells, C/EBPα expression leads
to decreased colony formation upon antibiotic selection
[23–25], decreased DNA synthesis [22,24–27] and an en-
hanced proportion of cells in the G1 phase of the cell cycle
[26]. Thus, C/EBPα regulates cellular proliferation, as well
as gene transcription.

C/EBPα contains a bZIP domain conserved at the carboxy
terminus of a number of transcription factors [12,28]. The
bZIP domain consists of a basic region that binds directly
to DNA, followed immediately by a leucine zipper. C/
EBPα dimerizes via the leucine zipper. This dimerization
is required for DNA binding [28,29]. At least three tran-
scription activation functions have been described in the
more amino terminal regions of C/EBPα [30–32]. C/
EBPα domains and activities associated with proliferation
arrest also have been identified, but vary considerably be-
tween studies [23,25,33–36].

C/EBPα binds to and activates transcription of the gene
promoter for the p21 inhibitor of cyclin-dependent kinase
(CDK) [37]. This led to speculation that p21 gene activa-
tion may contribute to cell cycle arrest by C/EBPα [37].
Similarly, suppression of mitotic growth during adipocyte
differentiation was associated with C/EBPα activation of
the promoters of gadd45 (growth arrest and DNA dam-
age-inducible gene 45), gas2 and gas3 (growth arrest-asso-
ciated genes 2 and 3) [5,6,38,39]. However, C/EBPα
mutants defective in DNA binding still blocked prolifera-
tion [25,33]. This suggested that direct promoter activa-
tion was unnecessary, or redundant, for C/EBPα
proliferation arrest [18].

Possible mechanisms of transcription-independent prolif-
eration arrest by C/EBPα have been suggested by a
number of studies. Decreased proliferation was associated
with C/EBPα stabilization of the p21 protein [22,24]. p21
interacted directly with a large internal segment of C/
EBPα that included transcription activation domain 3
[25] (see Fig. 1A). CDK2 and CDK4 also interacted with
segments of C/EBPα close to, and within, transcription ac-
tivation domain 3 [36]. CDK2 also interacted with the ba-
sic region of the C/EBPα [25]. p21 also has a second
interaction site, within the leucine zipper of C/EBPα [25].
in vitro, C/EBPα enhanced p21 inhibition of CDK2 activi-
ty. C/EBPα inhibition of CDK2 activity correlated with
p21 binding to C/EBPα transcription activation domain 3

[25]. However, proliferation arrest by C/EBPα still oc-
curred in cell lines not containing p21 genes [40]. This in-
dicated that proliferation arrest by C/EBPα did not rely
solely upon C/EBPα enhancement of CDK inhibition by
p21.

Another mechanism reported for proliferation blockage
by C/EBPα involves the E2F-DP1 transcription complex-
es. E2F complexes activate genes required for entry into S
phase. C/EBPα binds to and inhibits transcriptional acti-
vation by E2F [26,33]. The complex of E2F with the retin-
oblastoma-related p107 protein is prevalent in cycling
cells. Transcription activation domain 2 of C/EBPα was
observed to interact specifically with p107 to disrupt
p107/E2F complex formation [34,35]. Disruption of E2F
activity also was associated the basic domain of C/EBPα
[33,34].

Thus, a variety of interactions and mechanisms are poten-
tially involved in proliferation arrest by C/EBPα. This var-

Figure 1
A, Positions of the transcription activation (TA), DNA bind-
ing (basic) and dimerization (ZIP) domains along the linear
sequence of C/EBPα. The numbers below the C/EBPα dia-
gram indicate the amino acid positions at the boundaries of
the domains. Also shown are C/EBPα sequences involved in
known actions with the indicated cell-cycle proteins: p107
[34], p21 [25], CDK2 [25,36], CDK4 [36] and E2F [33]. B,
Schematic of the GFP fusions with full-length and mutant C/
EBPα used in the studies reported here.
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iability may indicate divergent mechanisms for the block
of proliferation by C/EBPα in different study conditions
and/or cell types. In pituitary cells, C/EBPα is part of a
multi-subunit complex [41,42] that activates the growth
hormone [42] and prolactin [43,44] promoters. Full-
length C/EBPα is absent from the pituitary progenitor
GHFT1-5 cell line [42,45] in which ectopically expressed
C/EBPα activates co-transfected growth hormone and
prolactin promoters [42,44,45]. We show here that ectop-
ically expressed C/EBPα prolongs GHFT1-5 cells in the G1
and S phases of the cell cycle in a transcription-independ-
ent fashion. Different C/EBPα domains were required for
G1- and S-phase arrest. C/EBPα domains previously de-
scribed for the interaction with p21 were not required for
arrest in GHFT1-5 cells. Rather, domains previously impli-
cated in the regulation of the E2F and CDK2 pathways by
C/EBPα were required for arrest of these progenitor cells.

Results
Transcriptionally active and inactive GFP fusions with C/
EBPα
The domains of C/EBPα and their known interactions
with cell-cycle proteins are summarized in figure 1A. We
conducted studies to determine which, if any, of those ac-
tivities affect the proliferation of GHFT1-5 pituitary pro-
genitor cells. In prior studies, we noticed that fewer cells
were present in GHFT1-5 cell cultures transfected with the
C/EBPα expression vector than in cultures transfected
with control vectors (X. Wang, F. S., unpublished data).
The decreased cell number might be due to impaired pro-
liferation of GHFT1-5 cells expressing C/EBPα. To exam-
ine if C/EBPα affected the progression of GHFT1-5 cells
through the cell cycle, we needed to distinguish transfect-
ed cells that expressed C/EBPα from those that did not.
We fused the cDNA for the green fluorescence protein
(GFP) to either the 5' (GFP-C/EBPα) or the 3' (C/EBPα-
GFP) end of the coding sequence of the C/EBPα cDNA.
The cDNAs for the GFP-C/EBPα and C/EBPα-GFP fusion
proteins were inserted into an expression vector and trans-
fected into GHFT1-5 cells. Flow cytometry was used to
specifically identify green fluorescent, C/EBPα-expressing
cells.

We initially characterized the abilities of the C/EBPα-GFP
and GFP-C/EBPα fusion proteins to bind DNA and acti-
vate transcription in GHFT1-5 cells (Fig. 2). The C/EBPα-
GFP or GFP-C/EBPα expression vectors were transfected
into GHFT1-5 cells with a promoter consisting of a single
C/EBPα binding site upstream of the growth hormone
TATA box. This minimal promoter was specifically re-
sponsive to C/EBPα expression in GHFT1-5 cells [45,46].
Cells transfected with the C/EBPα-GFP expression vector
showed a statistically significant (p<0.05, n = 5) 9.66 +/-
6.08-fold higher promoter activity than did cells sham-
transfected with the same expression vector deleted of the

C/EBPα cDNA (Fig. 2A). In contrast, activation by GFP-C/
EBPα was a statistically insignificant 1.88 +/- 1.48-fold
(Fig. 2A). Promoter activation by C/EBPα-GFP was repro-
ducibly less than promoter activation by unfused C/EBPα.
Western blots of nuclear extracts from the transfected cells
showed that unfused C/EBPα was expressed at marginally
higher levels (Fig. 2B).

C/EBPα-GFP and GFP-C/EBPα both were expressed as in-
tact, full-length proteins of the appropriate molecular
weight [45](Fig. 2B, arrow). In addition, both C/EBPα-
GFP and GFP-C/EBPα bound similarly to DNA (Fig. 2C).
Extracts of cells expressing either C/EBPα-GFP or GFP-C/
EBPα shifted the electrophoretic mobility of a radiola-
beled oligonucleotide containing a C/EBPα binding site
(Fig. 2C). No shift was observed with sham-transfected
cells (not shown). The shifted bands were specifically
competed by a 100-fold molar excess of the cold oligonu-
cleotide and were supershifted with an antibody directed
against C/EBPα. GFP-C/EBPα truncated of its leucine zip-
per (Fig. 1B) was ineffective at shifting the binding site
(Fig. 2C, ∆LZ). Flow cytometry (discussed later) showed
that comparable levels of green fluorescence were emitted
from cells expressing C/EBPα-GFP, GFP-C/EBPα and ∆LZ.
Thus, C/EBPα-GFP and GFP-C/EBPα were expressed and
could bind to C/EBPα binding sites in DNA, but differed
in their ability to activate gene transcription.

Cell cycle distribution of GHFT1-5 cells
Transcriptionally active C/EBPα-GFP and transcriptional-
ly inactive GFP-C/EBPα were compared for their effects on
proliferation of GHFT1-5 cells. We first determined the
distribution of untransfected GHFT1-5 cells in each phase
of the cell cycle. GHFT1-5 cells were grown to subconflu-
ence, collected and the DNA within the cells was stained
with propidium iodide. The DNA content within each cell
was quantified by flow cytometry as the amount of orange
fluorescence from the propidium iodide-stained DNA
(see Materials and Methods for details). The fluorescence
intensity measured from each cell falls into one of three
populations: cells centered around the lowest level of or-
ange fluorescence, cells centered around the highest level
of orange fluorescence which is twice that of the lowest,
and cells with intermediate levels of orange fluorescence.
This corresponds, respectively, to cells containing a 2n
DNA complement prior to duplication of the genome (in
G1 phase), cells containing a 4n DNA complement fol-
lowing genome duplication (in growth phase 2 or in mi-
tosis, G2/M), and cells containing a partially replicated
genome intermediate between 2n and 4n (in S phase). As
averaged from nine independent experiments, the propor-
tion of growing GHFT1-5 cells in G1, S and G2/M corre-
sponded to 42%, 38% and 20%, respectively (Fig 3, white
bars).
Page 3 of 11
(page number not for citation purposes)



BMC Cell Biology 2002, 3 http://www.biomedcentral.com/1471-2121/3/6
We next synchronized GHFT1-5 cells in particular stages
of the cell cycle. GHFT1-5 cells were treated for 20 hours
with nocodazole, which prevents microtubule polymeri-
zation/depolymerization and exit from M phase [47]. The
delivery vehicle, DMSO, was added to parallel cell cul-
tures. Cells also were treated with mimosine (in DMSO),
which blocks cells in late G1 immediately before entry
into S phase [48]. Mimosine also prolongs some cell types
in the S phase itself [48]. GHFT1-5 cells grow with an av-
erage doubling time of approximately 18 to 24 hours. 20
hours of treatment allowed most cells to pass through one
cell cycle and to accumulate as 4n cells upon nocodazole
treatment (Fig. 3, light gray bars) or as 2n cells at the G1/
S boundary upon mimosine treatment (Fig. 3, stippled
gray bars). Thus, GHFT1-5 cells can be synchronized at
particular stages of the cell cycle. Synchronization facili-
tated characterization of the cell cycle stages blocked or
prolonged by C/EBPα expression.

Transcriptionally active and inactive C/EBPα both retain 
GHFT1-5 cells in the G1 and S phases of the cell cycle
We determined if either C/EBPα-GFP or GFP-C/EBPα al-
tered the distribution of GHFT1-5 cells in the G1, S or G2/
M phases of the cell cycle. GHFT1-5 cells were transfected
with the expression vectors for C/EBPα-GFP or GFP-C/EB-
Pα, or with the sham expression vector not containing the
C/EBPα cDNA. The cells were incubated for one day to al-
low time for C/EBPα expression. Cells were then synchro-
nized in M-phase or in G1/S by 20-hour incubations with
nocodazole (Fig. 4A) or mimosine (Fig. 4B). Cells were
collected and stained with propidium iodide. Flow cytom-
etry was used to measure DNA content in 1) cells trans-
fected with the sham expression vector (Fig. 4, Sham), 2)
green fluorescent cells expressing GFP-tagged C/EBPα
(Fig. 4, C/EBPα-GFP or GFP-C/EBPα) or 3) the subpopu-
lation of cells from the C/EBPα-GFP or GFP-C/EBPα
transfections that did not express measurable amounts of
green fluorescent C/EBPα (Fig. 4, No C/EBP). The "No C/
EBP" cells represent an internal control for cells not ex-
pressing C/EBPα collected simultaneously with cells ex-
pressing C/EBPα. The No C/EBP controls also indicated
the extent to which green fluorescent, C/EBPα-expressing
cells were distinguished from non-expressing cells by flow
cytometry. For all our experiments, the distribution of
cells in the G1, S and G2/M phases was similar for the "No
C/EBPα " and sham-transfected cells.

The expression of C/EBPα-GFP or GFP-C/EBPα resulted in
a statistically significant decrease in the amount of cells
blocked in G2/M upon nocodazole treatment compared
to sham-transfected cells (Fig. 4A) (p << 0.01, n = 6). This
indicated that C/EBPα expression prevented a significant
proportion of GHFT1-5 cells from reaching G2/M to be
blocked by nocodazole. When cells were blocked in G1 by
mimosine treatment, C/EBPα expression caused no de-

Figure 2
A, Chloramphenicol acetyltransferase activity expressed
from a promoter transiently transfected into GHFT1-5 cells
together with vectors expressing C/EBPα, fused or not, with
GFP. The promoter contained a single C/EBPα binding site
upstream of a TATA box [45]. CAT activities were normal-
ized to the activity present in cells transfected with the
expression vector not containing the C/EBPα cDNA
("Sham") and plotted as the mean +/- standard deviation from
five independent experiments. B, Nuclear extracts from
sham-transfected cells and cells expressing C/EBPα, C/EBPα-
GFP and GFP-C/EBPα were separated by SDS-polyacryla-
mide gel electrophoresis. The separated proteins were trans-
ferred to a membrane and stained with an antibody directed
against the FLAG epitope, which was appended to the amino
terminus of C/EBPα in all the constructs. Arrow, expressed
C/EBPα-GFP and GFP-C/EBPα. C, Whole cell extracts, from
cells transfected with C/EBPα-GFP and GFP-C/EBPα or GFP-
C/EBPα∆LZ expression vectors, were incubated with a radi-
olabeled oligonucleotide containing a high affinity consensus
C/EBPα binding site. The observed complexes were com-
peted with a 1, 10 and 100 fold molar excess of unlabeled oli-
gonucleotide or were supershifted with an antibody directed
against C/EBPα.
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crease in the proportion of cells in G2/M (Fig. 4B). This
demonstrated that C/EBPα expression did not actively de-
crease the proportion of cells in G2/M.

The C/EBPα-induced reduction in cells blocked in G2/M
was associated with a highly statistically significant in-
crease in the proportion of GHFT1-5 pituitary progenitor
cells in G1 (p < 0.001) and a statistically significant in-
crease in the proportion of cells in S phase (p < 0.03) (Fig.
4A). This retention of GHFT1-5 cells in the G1 and S phas-
es of the cell cycle occurred for both the transcriptionally
active C/EBPα-GFP and inactive GFP-C/EBPα fusions. The
independence of C/EBPα-induced proliferation arrest
from C/EBPα-regulated transcriptional activation also has
been observed in other studies [25,26]. Thus, simple tran-
scription activation mechanisms do not account for the
effect of C/EBPα on the cell cycle.

Targeting of C/EBPα to the presumed centromeric G1/S 
checkpoint is insufficient for prolongation of G1
Our prior fluorescence microscopy studies showed that C/
EBPα-GFP, GFP-C/EBPα, and antibody-stained C/EBPα
[45,46], concentrated at specific intranuclear domains in
GHFT1-5 cells (see Fig. 5A, GFP-C/EBPα). These domains
coincide with regions that stain with the blue fluorescent
DNA-binding dye Hoechst 33342 (Fig. 5A, Hoechst
33342). Hoechst 33342 stains AT-rich DNA that concen-
trates around the centromeres [45,49]. Given the role of
the centromere as a checkpoint for regulation of the mi-
totic phase of the cell cycle [50,51], it was hypothesized
that C/EBPα localization around the centromere could
play a role in C/EBPα regulation of the cell cycle [49].

To investigate if targeting of C/EBPα to the peri-centro-
meric chromatin is necessary or sufficient to cause G1 and
S phase prolongation in GHFT1-5 cells, we first deter-
mined the domain of C/EBPα required to target C/EBPα
to the peri-centromeric chromatin. It was previously sug-
gested that the peri-centromeric targeting of C/EBPα was
a function of DNA binding: C/EBPα binding sites are con-
centrated within the repeated DNA sequences that com-
prise the bulk of peri-centromeric chromatin [49]. Indeed,
C/EBPα truncated to contain little more than the DNA
binding, bZIP domain still concentrated at peri-centro-
meric chromatin [45]. By contrast, C/EBPα deleted of
amino acids 310 to 358 (Fig. 1B, ∆LZ) no longer targeted
to the peri-centromeric DNA (Fig. 5B). This deletion dis-
rupts DNA binding (Fig. 2C) by eliminating the leucine
zipper required for DNA binding by all members of the
bZIP family of transcription factors [52]. Thus, as predict-
ed [49], the bZIP domain is necessary and sufficient for C/
EBPα targeting to peri-centromeric chromatin.

When expressed in GHFT1-5 cells, ∆LZ was as effective as
full-length GFP-C/EBPα in prolonging both G1 and S

(Fig. 6A). Thus, leucine zipper dimerization, site-specific
DNA binding and targeting of C/EBPα to peri-centromeric
were not required for C/EBPα prolongation in G1 and S.
In contrast, the isolated C/EBPα bZIP DNA binding do-
main (Fig. 1B, DBD), which still targeted to peri-centro-
meric chromatin, did not prolong G1 (Fig. 6B). S phase
remained prolonged upon DBD expression. The different
effects of the isolated DBD on G1 and S blockage indicat-
ed that C/EBPα regulation of G1 and S phase arrest was
mechanistically distinct. Thus, C/EBPα regulates prolifer-
ation by two distinct pathways. Both pathways do not de-
pend upon site-specific DNA binding, which is commonly
considered a prerequisite for gene-specific transcription.

Prolongation in G1 requires the amino terminal domain of 
C/EBPα
The C/EBPα DBD therefore was insufficient for prolonga-
tion of G1 (Fig. 6B). We next determined which addition-
al domains of C/EBPα were required for G1 prolongation.
C/EBPα amino acids 1–154 or 154–257 were appended
to the DBD (see Fig. 1B). The addition of amino acids 1–
154 (Fig. 7, DBD + 1–154) caused a statistically significant
increase, relative to sham-transfected cells, in the propor-
tion of cells in G1 (p << 0.01, n = 6). The proportion of
cells in G1 was not statistically different in cells expressing
DBD + 1–154 from that in cells expressing full-length C/

Figure 3
GHFT1-5 cells were grown to subconfluence and treated for
20 hours with DMSO (white bars), 100 ng/ml nocodazole
(gray bars) or 0.5 mM mimosine (speckled gray bars), both in
DMSO. The amount of DNA within each cell was measured
by flow cytometric quantification of the orange fluorescence
emitted from propidium iodide-stained DNA. The propor-
tion of GHFT1-5 cells containing a 2n complement of DNA
(G1), a 4n complement of DNA (G2/M), and an intermediate
amount of DNA (S) was determined for each treatment and
presented as the mean +/- standard deviation from nine inde-
pendent experiments.
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EBPα-GFP. Adding amino acids 1–125, instead of amino
acids 1–154, caused a similar prolongation in G1 (Fig. 7,
DBD + 1–125). Thus, an element in the amino terminal
domain of C/EBPα was required for G1 prolongation.

In contrast, addition of amino acids 154–257 to C/EBPα
DBD did not rescue G1 prolongation (Fig. 7, DBD + 154–
257). Again, appending amino acids 1–125 to this mutant
restored G1 prolongation (A126–153), as did amino acids
1–97 (A 98–153). All of the mutants contained the DBD
and prolonged the cell cycle in S phase (Fig. 7). Thus, the
DNA binding, bZIP domain was sufficient to direct S
phase regulation by C/EBPα whereas amino acids 1–97
contained a domain required for G1 regulation.

Discussion
C/EBPα prolongs GHFT1-5 cells in G1 and S
The differentiative and anti-mitotic actions of C/EBPα
have been observed in a variety of cell culture models
[23,24,26,40,53]. To date, studies of the C/EBPα block of
proliferation have relied on comparing the growth [23–
25,40] or DNA synthetic [22,24–27] rates of C/EBPα-ex-
pressing and non-expressing cells. These studies suggest
that multiple, possibly independent, mechanisms may
contribute to C/EBPα arrest in a variety of cells [18,23–
26,33–37,40,54–56]. Studies that distinguish the anti-
proliferative actions of C/EBPα at different phases of the
cell cycle, and in specific cell types, may clarify these dis-
crepancies.

Our studies showed that C/EBPα expression prolonged
the proliferation of GHFT1-5 pituitary progenitor cells at
two different phases of the cell cycle, G1 and S (Fig. 4). A
G1 block has been reported previously in C/EBPα-ex-
pressing mouse L cells [26]. However, those studies did
not define the activities within C/EBPα required for that
blockage. Here, we observed that prolongation in G1 re-
quired the amino terminal 97 amino acids of C/EBPα
(Fig. 7.). In contrast, amino acids 1 to 97 were not re-
quired for S phase arrest (Figs. 6, 7). This showed that C/
EBPα prolongation of GHFT1-5 cells in the G1 and S
phases occurred through molecularly distinct pathways.
Such distinct effects on G1 and S may contribute to the
wide variations in mechanisms reported, to date, to partic-
ipate in proliferation arrest by C/EBPα.

Cell Cycle Proteins and C/EBPα Inhibition of Proliferation
Candidate mechanisms for the block of proliferation by
C/EBPα include 1) activation of the gene promoters of the
cyclin-dependent kinase inhibitor p21 [37], gadd45 [5,6],
gas2 and gas3 [38,39], 2) post-transcriptional stabiliza-
tion of p21 [22], or 3) interactions of C/EBPα with cell cy-
cle proteins including p21 [22,24,25,55], CDK2 [25,36],
CDK4 [36], retinoblastoma [54], the retinoblastoma-re-
lated protein p107 [34] and the G1/S-regulating E2F tran-

scription complex [26,33] (Fig. 1A). We found that
transcriptional activation domain 3 and the leucine zip-
per were not required for prolongation of either G1 or S
(Fig 7). These domains interact with p21, CDK2 and
CDK4 [22,24,25,36,55]. Thus, C/EBPα interactions with
at least p21 and CDK4 were not required for the anti-pro-
liferative actions of C/EBPα in GHFT1-5 cells. CDK2, and
other proteins, also interact with another domain of C/
EBPα [25] required for proliferation arrest (discussed be-
low).

Figure 4
Cells were transfected with the control expression vector
(Sham), the transcriptionally active C/EBPα-GFP expression
vector or the transcriptionally inactive GFP-C/EBPα expres-
sion vector and treated one day later with A, nocodazole or
B, mimosine. Cells from the transfections with the C/EBP-
GFP and GFP-C/EBP expression vectors were separated into
cells with green fluorescence above background levels (C/
EBP-GFP and GFP-C/EBP) or at background (No C/EBP).
The proportion of cells in the G1, S and G2/M phases were
plotted as the mean +/- standard deviation from A, six or B,
three independent experiments. Statistically significant differ-
ences in the proportion of cells in G1, S or G2/M, relative to
the proportions determined for the sham-transfected cells,
are indicated (one-way ANOVA: **, p < 0.01; *p < 0.05; -, no
difference).
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Arrest in S phase was associated with amino acids 259 to
310 (Fig. 6), which include the basic amino acid-rich,
DNA binding region of C/EBPα. C/EBPα deleted of the
leucine zipper dimerization domain, also required for
DNA binding [25] (Fig. 2C), was as effective as full-length
GFP-C/EBPα in prolonging both S and G1 (Fig. 6A). Thus,
DNA binding per se was not required for proliferation ar-
rest. The basic region of C/EBPα blocks the transcriptional
activity of E2F by unknown mechanisms [33] and con-
tains another known CDK2-interaction site [25]. Either of
these activities may contribute to basic region-dependent,
S phase arrest of GHFT1-5 cell proliferation.

G1 block in GHFT1-5 cells required C/EBPα amino acids
1–97 (Fig. 7), comprising activation domains 1 and 2
[31]. Amino acids 1 to 97 have been implicated in C/EBPα
growth arrest via the E2F/pl07 complexes [34,35]. C/
EBPα interaction with p107 is believed to prevent the for-
mation of an S-phase promoting complex containing
p107 and E2F [26,34,35]. Thus, G1 block in GHFT1-5

cells may be related to the ability of C/EBPα to interact
with p107. However, the amino terminus of C/EBPα also
functionally interacts with a number of other factors
[31,45,46], any of which might contribute to proliferation
arrest.

Subnuclear Architecture and C/EBPα Inhibition of Prolifer-
ation
Tang and Lane [49] showed that C/EBPα becomes associ-
ated with peri-centromeric chromatin upon expression
during adipocyte differentiation. We observed that C/EB-
Pα, expressed in mouse pituitary progenitor GHFT1-5
cells, also localized to peri-centromeric chromatin [45].
Here we show that targeting of C/EBPα to peri-centromer-
ic chromatin in GHFT1-5 cells required the DNA binding
domain of C/EBPα (Fig. 5). However, C/EBPα deleted of
the DNA binding domain was as effective as full-length C/
EBPα in prolonging GHFT1-5 cells in the G1 and S phases
of the cell cycle (Fig. 6A). Thus, the specific association of
C/EBPα with peri-centromeric chromatin, speculated to
contribute to C/EBPα growth arrest [49], was not neces-
sary for disruption of the cell cycle by C/EBPα. The inde-
pendence of C/EBPα regulation of proliferation from its
intranuclear localization may even be necessary since we
have recently determined that pituitary cell differentiation
is associated with the dispersal of C/EBPα from peri-cen-
tromeric heterochromatin by the pituitary-specific tran-
scription factor Pit-1 (J. F. E., M. A. Kawecki, F. S., R. N. D.,
submitted).

Transcription-Independent Inhibition of Proliferation
Transcription factors, like C/EBPα, may regulate cell pro-
liferation by directly controlling the expression of pro-
teins required for cell cycle progression. Indeed, C/EBPα
activates transcription of the p21 [37], gadd45 [5,6], gas2
and gas3 [38,39] genes. However, similar levels of p21
mRNA in the livers of wild-type and homozygous C/EBPα
knock-out mice [22] argue against a physiologically signif-
icant contribution of C/EBPα to p21 gene transcription in
the liver. We also observed that transcriptionally inactive
and DNA-binding-defective forms of C/EBPα still blocked
GHFT1-5 cell proliferation in both the G1 and S phases of
the cell cycle (Figs. 2, 4,6). DNA-binding-defective mu-
tants of C/EBPα have also been observed to block prolif-
eration in other cell lines [25,33]. Together, this suggests
that C/EBPα regulation of transcription, in general, might
not contribute to the regulation of cell proliferation. It re-
mains possible that C/EBPα activation of the transcription
of some cell cycle regulatory genes does control prolifera-
tion in some cell types or under certain conditions [8,37–
39,56].

The absence of a dependence of GHFT1-5 cell prolifera-
tion on transcription factor activities that are more classi-
cally associated with transcription regulation strongly

Figure 5
A, GFP-C/EBP or, B, GFP-C/EBP deleted of amino acids 310
to 358 (∆LZ) were expressed in GHFT1-5 cells. The ∆LZ
construct is depicted in figure 1B. The transfected cells were
counter-stained with the blue fluorescent, DNA-binding dye
Hoechst 33342 immediately before analysis by fluorescence
microscopy. Green fluorescent (left panels) and blue fluores-
cent (right panels) images were collected from a single cell
using filter sets that selectively discriminate GFP and Hoechst
33342 fluorescence (see Materials and Methods). The subnu-
clear position of GFP-C/EBPα and ∆LZ were compared to
the subnuclear position of the peri-centromeric chromatin
stained by Hoechst 33342. Representative images are shown.
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suggests that C/EBPα, and perhaps other transcription fac-
tors, control proliferation and transcription through com-
pletely separable pathways. The effects of human
papilloma virus E7 proteins on C/EBPα-induced differen-
tiation and growth arrest also suggest that the effects of C/
EBPα on proliferation are mechanistically divergent [40].

Having distinct mechanisms for regulation of gene tran-
scription and proliferation allows a transcription factor to
regulate these two critical processes completely independ-
ently of one another. This may be particularly important
in differentiated, non-proliferating cells in which events
that regulate a transcription factor's contribution to gene
expression must be disconnected from that transcription
factor's continuing blockage of proliferation.

Conclusions
C/EBPα is a transcription factor that controls both prolif-
eration and gene expression. C/EBPα uses molecularly
distinct mechanisms to prolong the G1 and S phases of pi-
tuitary progenitor GHFT1-5 cells. The anti-proliferative ef-
fects of C/EBPα do not require activities in C/EBPα
commonly required for gene-specific transcription. Prolif-
eration arrest instead corresponds with C/EBPα domains
previously implicated in post-transcriptional effects on
E2F and/or CDK2 activity.

Materials and Methods
Plasmid construction
The GFP-C/EBPα vector was constructed by inserting the
cDNA encoding the S65T derivative of GFP [57] at the
start codon of the cDNA encoding rat C/EBPα. The fused
cDNA was cloned into a previously described expression
vector [58]. The GFP and C/EBPα portions of the fusion
were separated by a 16 amino acid long linker including
the epitope for the FLAG antibody. The C/EBPα-GFP vec-
tor was constructed by inserting the S65T GFP into the
NcoI site present near the carboxy terminus of rat C/EBPα
(also tagged at the amino terminus with the FLAG
epitope) in our previously described C/EBPα expression
vector [42]. This resulted in a deletion of the last four ami-
no acids of C/EBPα. The DBD and DBD + 154–257 deriv-
atives of C/EBPα were constructed by replacing,
respectively, the amino terminal 257 amino acids of C/
EBPα-GFP (to the SgrAI site of C/EBPα) and the amino
terminal 153 amino acids of C/EBPα-GFP (to the NotI site
of C/EBPα) with oligonucleotides containing a strong Ko-
zak sequence. DBD + 1–154 was constructed by replacing
amino acids 155 to 257 (from the NotI to SgrAI sites) with
an oligonucleotide. The remaining constructs (Fig. 7)
were generated by appending C/EBPα fragments to the
NotI site of DBD + 1–154, or to the SgrAI site of DBD. ∆LZ
was constructed by deleting amino acids from amino acid
310 (Tth111II site) at the junction of the basic region and
leucine zipper of C/EBPα to the carboxy terminus of the
GFP-C/EBPα fusion. The C/EBP-TATA reporter used to de-
termine the transcriptional activity of the two GFP fusion
proteins was previously described [45].

Transfection
GHFT1-5 cells were propagated at 37°C and 5% CO2 in
Dulbecco's modified Eagle (DME-H21) medium supple-

Figure 6
GHFT1-5 cells were transfected with the A, Sham, GFP-C/
EBP and ∆LZ expression vectors or B, Sham, C/EBP-GFP
and DBD expression vectors and treated with nocodazole.
The proportions of cells in G1, S and M phase were deter-
mined and plotted as the mean +/- standard deviation from
six independent experiments for both A and B. No C/EBP,
the subpopulation of cells with background levels of green
fluorescence (i.e. did not express GFP-linked C/EBPα). Data
from No C/EBP cells are shown adjacent to the green fluo-
rescent cells for each expression construct. Statistically sig-
nificant differences in the proportion of green fluorescent
cells in G1, S or G2/M, relative to the proportions deter-
mined for the sham-transfected cells, are indicated (One-way
ANOVA: **, p < 0.01; *p < 0.05; -, no difference).
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mented with 10% fetal calf serum. Approximately 1 × 107

cells were transfected by electroporation, as previously de-
scribed [42], with 5 µg of either the C/EBPα-GFP, GFP-C/
EBPα, or control expression vectors. Following transfec-
tion, cells were propagated at 33°C. Incubation at 33°C re-
sults in significantly higher levels of green fluorescence
(unpublished data), presumably because of better folding
of the jellyfish GFP. Transfected cells were maintained in
the dark throughout the experiment to minimize fluores-
cence activation of GFP prior to flow cytometry.

DNA Binding and Promoter Activation
Electrophoretic mobility shifts assays were done by mix-
ing a radiolabeled oligonucleotide containing a consen-
sus, high affinity C/EBP binding site
(GATCGAGCCCCATTGCGCAATCATAGATC) together
with extracts prepared from transfected cells as previously
described [58,59]. Competition with the same, unlabeled
oligonucleotide in 1, 10 or 100 molar excess of the radi-
olabeled probed indicated specific binding. The protein
DNA complex was supershifted with an antibody directed
against C/EBPα (Santa Cruz Biotechnology, sc-61). For
studies of the transcriptional activation properties of the
fusion proteins, 1 µg of the C/EBP-TATA vector [45] was
co-transfected and transcriptional activity was assessed by
measuring the amount of chloramphenicol acetyltrans-

ferase reporter expressed with and without C/EBPα ex-
pression [45].

Fluorescence Microscopy
Following transfection, most cells were plated into 14 cm
dishes and allowed to grow for 24 hours. This ensured
that the cells were not confluent by the time of collection
for cell cycle analysis. A small portion of the transfected
cells were cultivated on a 22 × 22 mm No. 1 borosilicate
glass cover slip in a separate 6-well dish and treated with
nocodazole, mimosine or vehicle alone as described be-
low. The coverslips were removed for fluorescence micro-
scopic observation immediately before collecting cells for
flow cytometric analysis of DNA content and GFP expres-
sion. Cells were stained 10–20 minutes with 5 µg/ml of
the cell-permeable DNA binding dye Hoechst 33342. The
green fluorescence emitted from C/EBPα tagged with GFP
and the blue fluorescence emitted from Hoechst 33342-
stained DNA were readily distinguished by selectively ex-
citing each fluorophore and capturing fluorescence emis-
sions specific for each fluorophore using appropriate
excitation and emission filter sets (Chroma Technology
Corporation, Brattelboro, VT)[45]. The images shown in
Fig. 5 were acquired using an Olympus 40X PlanApochro-
mat (0.95 numerical aperture) objective on an Olympus
IX-70 microscope. Metamorph acquisition software (Uni-
versal Imaging Corporation, Downingtown, PA) on an
Orca cooled interline camera (Hamamatsu, Bridgewater,
NJ) were used to collect the images.

Post-transfection Cell Synchronization
The C/EBPα fusion proteins were expressed for one day
following transfection, after which we added to the cell
culture media 100 ng/ml nocodazole (Sigma) in dimeth-
ylsulphoxide (DMSO), 0.5 mM mimosine (Sigma) in
DMSO, or DMSO vehicle. In some experiments, cells were
also grown for 48 and 72 hours post-transfection before
applying nocodazole (data not shown). The distributions
of cells in G1, S and G2/M, in the presence or absence of
C/EBPα expression, were similar for cells grown for 24 (re-
ported here), 48 or 72 hours (data not shown) prior to
nocodazole addition. Following nocodazole, mimosine
or DMSO addition, the transfected GHFT1-5 cells contin-
ued to be cultivated at 33°C.

Flow Cytometry
24 hours after drug or vehicle treatment, transfected cells
were trypsinized, collected in DME-H21 media contain-
ing 10% fetal calf serum, and washed twice with PBS. The
harvested cells (typically 5 × 106 to 1 × 107 cells) were re-
suspended in 300 µl of 8 µg/ml propidium iodide (Molec-
ular Probes) in PBS containing 0.1% NP-40 and 10 µg/ml
RNAse A, then incubated at room temperature in the dark
for 30 minutes. The cell suspension was then analyzed on
a FACScan flow cytometer (Becton Dickinson) at a flow

Figure 7
The indicated amino acids of C/EBPα were appended to
DBD-GFP (see Fig. 1B) and expressed in GHFT1-5 cells. The
proportions of green fluorescent cells in G1, S and M phase
in nocodazole-treated cells were determined and plotted as
the mean +/- standard deviation from three independent
experiments. The DBD + 1–154 mutant was repeated a total
six times (not shown), for which the statistical significance
remained p < 0.01. Statistically significant increases in the
proportion of G1 cells, compared to Sham cells, are indi-
cated (One-way ANOVA: **, p < 0.01; *p < 0.05; -, no differ-
ence).
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rate of 12 µl/min. Fluorescence of the GFP and propidium
iodide-bound DNA was excited with a 488 nm argon-ion
laser. Green GFP fluorescence was collected using a 530/
30-nm band pass filter, and orange emission from propid-
ium iodide-bound DNA was detected using a 585/42-nm
band pass filter. Photomultiplier tube voltage and spectral
compensation were initially set using single-stained cells
(cells expressing GFP fusions with C/EBPα but not stained
with propidium iodide and cells transfected with the con-
trol vector containing no GFP cDNA but stained with pro-
pidium iodide). Electronic compensation was adjusted
among the fluorescence channels to remove residual spec-
tral overlap. The area and width of each event were meas-
ured to discriminate intact single cells from debris and
from doublet or multiple cells stuck together. GFP fluores-
cence and propidium iodide-stained DNA fluorescence
was thus collected from single cells. A minimum of
10,000 cellular events was collected for each sample. Data
was analyzed using CELLQuest software (Becton Dicken-
son), and cell cycle subset analyses of DNA histograms
were performed using ModFitLT™ software (Verity Soft-
ware House, Topsham, ME).

Statistical Analysis
One-way analysis of variance was used to compare data
from multiple independent experiments. Statistically sig-
nificant differences (**, p < 0.01; *, p < 0.05 compared to
the Sham-transfected cells) and experiment number are
indicated in the figures and legends. All significant differ-
ences were confirmed by paired, one-tailed t-tests.

List of abbreviations
C/EBPα CCAAT/Enhancer Binding Protein alpha

G1 Growth phase 1 of the cell cycle

S DNA Synthesis phase of the cell cycle

G2 Growth phase 2 of the cell cycle

M Mitsosis phase of the cell cycle

CDK Cyclin-Dependent Kinase

GFP Green Fluorescent Protein

GFP-C/EBPα Fusion protein with GFP attached to the
amino terminus of C/EBPα

C/EBPα-GFP Fusion protein with GFP attached to the car-
boxy terminus of C/EBPα

∆ Symbol signifying "deletion" when naming constructs

LZ Leucine Zipper

DBD DNA Binding Domain

DMSO Dimethyl Sulfoxide

Acknowledgements
We thank Dr. Paul Webb (U.C.S.F.) for critical reading of the manuscript. 
This work was supported by Public Health Service grant DK-54345 from 
the National Institutes of Health.

References
1. Lin FT, Lane MD: CCAAT/enhancer binding protein alpha is

sufficient to initiate the 3T3-L1 adipocyte differentiation
program. Proc Natl Acad Sci USA 1994, 91:8757-8761

2. Brun RP, Tontonoz P, Forman BM, Ellis R, Jasmine C, Evans RM,
Spiegelman BM: Differential activation of adipogenesis by mul-
tiple PPAR isoforms. Gene Dev 1996, 10:974-984

3. Francisco JN, Eric N: a transcriptional target for signaling path-
ways controlling skeletal muscle growth and differentiation.
Curr Opinion Cell Biol 1999, 11:683-688

4. Black BL, Olson EN: Transcriptional control of muscle develop-
ment by myocyte enhancer factor-2 (MEF2) proteins. Ann Rev
Cell Dev Biol 1998, 14:167-196

5. Tao H, Umek RM: Reciprocal regulation of gadd45 by C/EBP al-
pha and c-Myc. DNA and Cell Biology 1999, 18:75-84

6. Constance CM, Morgan JIt, Umek RM: C/EBPalpha regulation of
the growth-arrest-associated gene gadd45. Mol Cell Biol 1996,
16:3878-3883

7. Cha HH, Cram EJ, Wang EC, Huang AJ, Kasler HG, Firestone GL:
Glucocorticoids stimulate p21 gene expression by targeting
multiple transcriptional elements within a steroid respon-
sive region of the p21waf1/cip1 promoter in rat hepatoma
cells. J Biol Chem 1998, 273:1998-2007

8. Ramos RA, Meilandt WJ, Wang EC, Firestone GL: Dysfunctional
glucocorticoid receptor with a single point mutation ablates
the CCAAT/enhancer binding protein-dependent growth
suppression response in a steroid-resistant rat hepatoma cell
variant. FASEB J 1999, 13:169-180

9. Lane MD, Tang QQ, Jiang MS: Role of the CCAAT enhancer
binding proteins (CVEBPs) in adipocyte differentiation. Bio-
chem Biophys Res Comm 1999, 266:677-683

10. Nord M, Cassel TN, Braun H, Suske G: Regulation of the Clara
cell secretory protein/uteroglobin promoter in lung. Annals
NY Acad Scie 2000, 923:154-165

11. MacDougald OA, Lane MD: Transcriptional regulation of gene
expression during adipocyte differentiation. Ann Rev Biochem
1995, 64:345-373

12. Wedel A, Ziegler-Heitbrock HW: The C/EBP family of transcrip-
tion factors. Immunobiology 1995, 193:171-185

13. Rangwala SM, Lazar MA: Transcriptional control of adipogene-
sis. Ann Rev Nutrition 2000, 20:535-559

14. Wu Z, Puigserver P, Spiegelman BM: Transcriptional activation of
adipogenesis. Curr Opinion Cell Biol 1999, 11:689-694

15. Darlington GJ: Molecular mechanisms of liver development
and differentiation. Curr Opinion Cell Biol 1999, 11:678-682

16. Diehl AM: Roles of CCAAT/enhancer-binding proteins in reg-
ulation of liver regenerative growth. J Biol Chem 1998,
273:30843-30846

17. Darlington GJ, Ross SE, MacDougald OA: The role of C/EBP genes
in adipocyte differentiation. J Biol Chem 1998, 273:30057-30060

18. McKnight SL: McBindall-A Better Name for CCAAT/Enhancer
Binding Proteins? Cell 2001, 107:259-261

19. Wang N, Finegold MJ, Bradley A, Ou CN, Abdelsayed SV, Wilde MD,
Taylor LR, Wilson DR, Darlington GJ: Imparied energy metabo-
lism in C/EBPalpha knockout mice. Science 1995, 269:1108-
1112

20. Darlington GJ, Wang N, Hanson RW: C/EBP alpha: a critical reg-
ulator of genes governing integrative metabolic processes.
Curr Opin Genet Dev 1995, 5:565-570

21. Flodby P, Barlow C, Kylefjord H, Ahrlund-Richter L, Xanthopoulos
KG: Increased hepatic cell proliferation and lung abnormali-
ties in mice deficient in CCAAT/enhancer binding protein al-
pha. J Biol Chem 1996, 271:24753-24760

22. Timchenko NA, Harris TE, Wilde M, Bilyeu TA, Burgess-Beusse BL,
Finegold MJ, Darlington GJ: CCAAT/enhancer binding protein
Page 10 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8090719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10025511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8668205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9442036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9442036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9872941
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10603305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7574486
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8530141
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10600708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9812973
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9804754
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11701103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7652557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7652557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8664543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8798745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8798745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9372966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9372966


BMC Cell Biology 2002, 3 http://www.biomedcentral.com/1471-2121/3/6
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMedcentral will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Paul Nurse, Director-General, Imperial Cancer Research Fund

Publish with BMC and your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours - you keep the copyright

editorial@biomedcentral.com
Submit your manuscript here:
http://www.biomedcentral.com/manuscript/

BioMedcentral.com

alpha regulates p21 protein and hepatocyte proliferation in
newborn mice. Mol Cell Biol 1997, 17:7353-7361

23. Hendricks-Taylor LR, Darlington GJ: Inhibition of cell prolifera-
tion by C/EBP alpha occurs in many cell types, does not re-
quire the presence of p53 or Rb, and is not affected by large
T-antigen. Nucl Acids Res 1995, 23:4726-4733

24. Timchenko NA, Wilde M, Nakanishi M, Smith I, Darlington GJ:
CCAAT/enhancer-binding protein alpha (C/EBP alpha) in-
hibits cell proliferation through the p21 (WAF-1/CIP-1/SDI-
1) protein. Gene Dev 1996, 10:804-815

25. Harris TE, Albrecht JH, Nakanishi M, Darlington GJ: CCAAT/En-
hancer-binding protein-alpha cooperates with p21 to inhibit
cyclin-dependent kinase-2 activity and induces growth arrest
independent of DNA binding. J Biol Chem 2001, 276:29200-29209

26. Slomiany BA, D'Arigo KL, Kelly MM, Kurtz DT: C/EBPalpha inhib-
its cell growth via direct repression of E2F-DP-mediated
transcription. Mol Cell Biol 2000, 20:5986-5997

27. Soriano HE, Kang DC, Finegold MJ, Hicks MJ, Wang ND, Harrison W,
Darlington GJ: Lack of C/EBP alpha gene expression results in
increased DNA synthesis and an increased frequency of im-
mortalization of freshly isolated mice hepatocytes. Hepatology
1998, 27:392-401

28. Vinson CR, Sigler PB, McKnight SL: Scissors-grip model for DNA
recognition by a family of leucine zipper proteins. Science
1989, 246:911-916

29. Shuman JD, Vinson CR, McKnight SL: Evidence of changes in pro-
tease sensitivity and subunit exchange rate on DNA binding
by CVEBP. Science 1990, 249:771-774

30. Pei DQ, Shih CH: An "attenuator domain" is sandwiched by
two distinct transactivation domains in the transcription fac-
tor C/EBP. Mol Cell Biol 1991, 11:1480-1487

31. Nerlov C, Ziff EB: CCAAT/enhancer binding protein-alpha
amino acid motifs with dual TBP and TFIIB binding ability
co-operate to activate transcription in both yeast and mam-
malian cells. EMBO J 1995, 14:4318-4328

32. Friedman AD, McKnight SL: Identification of two polypeptide
segments of CCAAT/enhancer-binding protein required for
transcriptional activation of the serum albumin gene. Gene
Dev 1990, 4:1416-1426

33. Porse BT, Pedersen TA, Xu X, Lindberg B, Wewer UM, Friis-Hansen
L, Nerlov C: E2F repression by C/EBPalpha is required for ad-
ipogenesis and granulopoiesis in vivo. Cell 2001, 107:247-258

34. Timchenko NA, Wilde M, Darlington GJ: C/EBPalpha regulates
formation of S-phase-specific E2F-p107 complexes in livers
of newborn mice. Mol Cell Biol 1999, 19:2936-2945

35. Timchenko NA, Wilde M, Iakova P, Albrecht JH, Darlington GJ: E2F/
p107 and E2F/p130 complexes are regulated by C/EBPalpha
in 3T3-L1 adipocytes. Nucl Acids Res 1999, 27:3621-3630

36. Wang H, Iakova P, Wilde M, Welm A, Goode T, Roesler WJ, Tim-
chenko NA: C/EBPalpha arrests cell proliferation through di-
rect Inhibition of Cdk2 and Cdk4. Mol Cell 2001, 8:817-828

37. Cram EJ, Ramos RA, Wang EC, Cha HH, Nishio Y, Firestone GL:
Role of the CCAAT/enhancer binding protein-alpha tran-
scription factor in the glucocorticoid stimulation of the
p21waf1/cip1 gene promoter activity in growth-arrested rat
hepatoma cells. J Biol Chem 1998, 273:2008-2014

38. Shugart EC, Levenson AS, Constance CM, Umek RM: Differential
expression of gas and gadd genes at distinct growth arrest
points during adipocyte development. Cell Growth Diff 1995,
6:1541-1547

39. Tao H, Umek RM: C/EBPalpha is required to maintain postmi-
totic growth arrest in adipocytes. DNA and Cell Biology 2000,
19:9-18

40. Müller C, Alunni-Fabbroni M, Kowenz-Leutz E, Mo X, Tommasino M,
Leutz A: Separation of C/EBPalpha-mediated proliferation ar-
rest and differentiation pathways. Proc Natl Acad Sci USA 1999,
96:7276-7281

41. Schaufele F, Cassill JA, West BL, Reudelhuber T: Resolution by di-
agonal gel mobility shift assays of multisubunit complexes
binding to a functionally important element of the rat
growth hormone gene promoter. J Biol Chem 1990, 265:14592-
14598

42. Schaufele F: CCAAT/enhancer-binding protein alpha activa-
tion of the rat growth hormone promoter in pituitary pro-
genitor GHFT1-5 cells. J Biol Chem 1996, 271:21484-21489

43. Jacob KK, Stanley FM: CCAAT/enhancer-binding protein alpha
is a physiological regulator of prolactin gene expression. En-
docrinology 1999, 140:4542-4550

44. Chuang FM, West BL, Baxter JD, Schaufele F: Activities in Pit-1 de-
termine whether receptor interacting protein 140 activates
or inhibits Pit-1/nuclear receptor transcriptional synergy. Mol
Endocrinol 1997, 11:1332-1341

45. Schaufele F, Enwright JFI, Wang X, Teoh C, Srihari R, Erickson RL,
MacDougald OA, Day RN: CCAAT/enhancer binding protein al-
pha assembles essential cooperating factors in common sub-
nuclear domains. Mol Endocrinol 2001, 15:1665-1676

46. Zhang W-H, Srihari R, Day RN, Schaufele F: CCAAT/Enhancer
Binding Protein alpha alters histone H3 acetylation at large
subnuclear domains. J Biol Chem 2001, 276:40373-40376

47. Ziogas A, Lorenz IC, Moelling K, Radziwill G: Mitotic Raf-1 is stim-
ulated independently of Ras and is active in the cytoplasm. J
Biol Chem 1998, 273:24108-24114

48. Krude T: Mimosine arrests proliferating human cells before
onset of DNA replication in a dose-dependent manner. Exp
Cell Res 1999, 247:148-159

49. Tang QQ, Lane MD: Activation and centromeric localization of
CCAAT/enhancer-binding proteins during the mitotic clonal
expansion of adipocyte differentiation. Gene Dev 1999, 13:2231-
2241

50. Craig JM, Earnshaw WC, Vagnarelli P: Mammalian centromeres:
DNA sequence, protein composition, and role in cell cycle
progression. Exp Cell Res 1999, 246:249-262

51. Skibbens RV, Hieter P: Kinetochores and the checkpoint mech-
anism that monitors for defects in the chromosome segrega-
tion machinery. Ann Rev Gen 1998, 32:307-337

52. Lekstrom-Himes J, Xanthopoulos KG: Biological role of the
CCAAT/enhancer-binding protein family of transcription
factors. J Biol Chem 1998, 273:28545-28548

53. Umek RM, Friedman AD, McKnight SL: CCAAT-enhancer binding
protein: A component of a differentiation switch. Science 1991,
251:288-292

54. Chen PL, Riley DJ, Chen Y, Lee WH: Retionblastoma protein pos-
itively regulates terminal adipocyte differentiation through
direct interaction with C/EBPs. Gene Dev 1996, 10:2794-2804

55. Park J-S, Qiao L, Gilfor D, Yang MY, Hylemon PB, Benz C, Darlington
G, Firestone G, Fisher PB, Dent P: A role for both Ets and C/EBP
transcription factors and mRNA stabilization in the MAPK-
dependent increase in p21 Cip-1/WAF-1/mda6 protein levels
in primary hepatocytes. Mol Biol Cell 2000, 10:2915-2932

56. Ramos RA, Nishio Y, Maiyar AC, Simon KE, Ridder CC, Ge Y, Fire-
stone GL: Glucocorticoid-stimulated CCAAT/enhancer-bind-
ing protein alpha expression is required for steroid-induced
G1 cell cycle arrest of minimal-deviation rat hepatoma cells.
Mol Cell Biol 1996, 16:5288-5301

57. Heim R, Tsien RY: Engineering green fluorescent protein for
improved brightness, longer wavelengths and fluorescence
resonance energy transfer. Curr Biol 1996, 6:178-182

58. Day RN: Visualization of Pit-1 transcription factor interac-
tions in the living cell nucleus by fluorescence resonance en-
ergy transfer microscopy. Mol Endocrinol 1998, 12:1410-1419

59. Day RN, Day KH: Specific repression of rat prolactin gene ex-
pression in transplanted tumor cells. Mol Endocrinol 1994, 8:12-
20
Page 11 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11369759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10913181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9462636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9462636
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2683088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2202050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1996105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7556073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11672531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11672531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10082561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11684017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11684017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9442037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9442037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9019159
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10668787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10377405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10377405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2387870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8702932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10499509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9259323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11579200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11579200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11568179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9727031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10047457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9925740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9786841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1987644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8816441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8816441
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8673464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9731708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8152427
http://www.biomedcentral.com/
http://www.biomedcentral.com/manuscript/
http://www.biomedcentral.com/manuscript/
http://www.ncbi.nlm.nih.gov/PubMed/
http://www.pubmedcentral.nih.gov/

	CCAAT/Enhancer Binding Protein alpha uses distinct domains to prolong pituitary cells in the Grow...
	Abstract
	Background
	Results
	Discussion
	Conclusions
	Materials and Methods
	List of abbreviations
	Acknowledgements
	References

