
Journal of Cellular Biochemistry 59:291-302 (1 995) 

Cytokine Induction of Proliferation and Expression of 
CDC2 and Cyclin A in FDC-P1 Myeloid Hematopoietic 
Progenitor Cells: Regulation of Ubiquitous and Cell 
Cycle-Dependent Histone Gene Transcription Factors 
A. R. Shakoori, A.J. van Wijnen, C. Cooper, F. Aziz, M. Birnbaum, G.P.V. Reddy, X. Grana, A. De Luca, 
A. Giordano, J.B. Lian, J.L. Stein, P. Quesenberry, and G.S. Stein 

Departments of Cell Biology and Hematology and Oncology, University of Massachusetts Medical School 
and Cancer Center, Worcester, Massachusetts 01655 (A.R.S., A.J.v.W., C.C., F.A., M.B., G.P.V.R., J.B.L., 
J.L.S., P.Q., G.S.S.); Fels Institute for Cancer Research and Molecular Biology, Temple University, School 
of Medicine, Philadelphia, Pennsylvania 191 40 (X.G.); Institute for Cancer Research and Molecular 
Medicine, Jefferson Cancer Institute, Thomas Jefferson University, Philadelphia, Pennsylvania 191 07 
(A.D.L., A.G.) 

Abstract To evaluate transcriptional mechanisms during cytokine induction of myeloid progenitor cell prolifera- 
tion, we examined the expression and activity of transcription factors that control cell cycle-dependent histone genes in 
interleukin-3 (IL-31-dependent FDC-PI cells. Histone genes are transcriptionally upregulated in response to a series of 
cellular regulatory signals that mediate competency for cell cycle progression at the G I  /S-phase transition. We 
therefore focused on factors that are functionally related to activity of the principal cell cycle regulatory element of the 
histone H4 promoter: CDC2, cyclin A, as well as RB- and IRF-related proteins. Comparisons were made with activities of 
ubiquitous transcription factors that influence a broad spectrum of promoters independent of proliferation or 
expression of tissue-specific phenotypic properties. Northern blot analysis indicates that cellular levels of cyclin A and 
CDC2 mRNAs increase when DNA synthesis and H4 gene expression are initiated, supporting involvement in cell cycle 
progression. Using gel-shift assays, incorporating factor-specific antibody and oligonucleotide competition controls, we 
define three sequential periods following cytokine stimulation of FDC-PI cells when selective upregulation of a subset 
of transcription factors is observed. In the initial period, the levels of SP1 and HiNF-P are moderately elevated; ATF, 
AP-1, and HiNF-M/IRF-2 are maximal during the second period; while E2F and HiNF-D, which contain cyclin A as a 
component, predominate during the third period, coinciding with maximal H4 gene expression and DNA synthesis. 
Differential regulation of H4 gene transcription factors following growth stimulation is  consistent with a principal role of 
histone gene promoter elements in integrating cues from multiple signaling pathways that control cell cycle induction 
and progression. Regulation of transcription factors controlling histone gene promoter activity within the context of a 
staged cascade of responsiveness to cyclins and other physiological mediators of proliferation in FDC-PI cells provides 
a paradigm for experimentally addressing interdependent cell cycle and cell growth parameters that are operative in 
hematopoietic stem cells. G 1995 WiIey-Liss, Inc. 
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Gene therapy through bone marrow trans- 
plantation represents a promising strategy for 
treatment of many diseases. Implementation 
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depends on an in-depth understanding of physi- 
ological parameters that support cytokine-stimu- 
lated growth of genetically altered hematopoi- 
etic progenitor cells, as well as the successful 
engraftment of these engineered cells in the 
host bone marrow cavity. Cell growth regulation 
of cultured bone marrow-derived cells requires 
the intricate interplay of both autocrine and 
paracrine, as well as culture condition-depen- 
dent processes [Quesenberry et al., 19941. Cyto- 
kine stimulation of cell growth in interleukin-3 
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(IL-3)-dependent FDC-P 1 myeloid hematopoi- 
etic progenitor cells represents an excellent 
model for dissecting the growth factor-depen- 
dent mechanisms that result in commitment to  
induction of proliferation and cell cycle progres- 
sion [Carroll and May, 1994; Dexter et al., 1980; 
Gold et al., 1994; Mayo et al., 1994; McCubrey et 
al., 1990; Reddy et al., 1992; Redner et al., 
19921, including initiation of DNA synthesis at  
the onset of S-phase. 

The progression from G1- into S-phase is regu- 
lated in part by tumor suppressor proteins, in- 
cluding p53, pRB, and IRF-l/IRF-2 [Levine, 
1993; Hinds and Weinberg, 1994; Harada et al., 
19931, as well as by sequential combinatorial 
interactions between distinct cyclins, cyclin- 
dependent kinases, and E2F transcription fac- 
tors [Farnham et al., 1993; Hunter, 1993; Mar- 
raccino et al., 1992; Krek et al., 1994; Pines, 
1993; Sherr, 1993; van den Heuvel and Harlow, 
19931. The GliS-phase transition coincides with 
the transcriptional activation of genes encoding 
enzymes necessary for DNA synthesis [Pardee, 
1989; Hofbauer and Denhardt, 19911, including 
thymidine kinase [Dou et al., 1991, 1992, 1994; 
Kim and Lee, 1992; Li et al., 19931, thymidylate 
synthase [Horie et al., 1993; Joliff et al., 19911, 
dihydrofolate reductase [Slansky et al., 1993; 
Azizkhan et al., 19931, ribonucleotide reductase 
[Bjorklund et al., 19931, and DNA polymerase-a 
[Sudo et al., 1992; Verma et al., 19911. Transcrip- 
tional upregulation of the five classes of histone 
genes (H4, H3, H2B, H2A, and H1) is required 
to support packaging of newly replicated DNA 
into chromatin [Stein et al., 19941. 

Histone H4 gene expression is tightly coupled 
with DNA replication, and H4 mRNA levels 
closely parallel the rate of DNA synthesis [Stein 
et al., 1984; Osley, 19911. H4 gene transcription 
during the cell cycle is controlled by two princi- 
pal cis-regulatory elements: Sites I and I1 [Pauli 
et al., 19871. Site I1 is required for proliferation- 
specific transcription and enhancement of H4 
gene transcription at the G1 /S-phase transition 
[Kroeger et al., 1987, 1994; Ramsey-Ewing et 
al., 19941. Site I interacts with two general tran- 
scription factors, SP-1 and ATF-1, that together 
function to  amplify H4 transcription rates dur- 
ing the cell cycle [Birnbaum et al., 1995; van 
Wijnen et al., 19891. Site I1 is a multipartite 
protein/DNA interaction site for at least three 
distinct classes of trans-acting factors (HiNF-D, 
-M, and -P) [van Wijnen et al., 1989, 1991, 

19921. HiNF-D is a proliferation-specific mul- 
tisubunit complex containing CDC2, cyclin A, 
and an RB-related protein [Holthuis et al., 1990; 
Stein et al., 1989; van Wijnen et al., 19941. 
HiNF-M is identical to transcription factor IRF-2 
[Vaughan et al., 19951 and may act in conjunc- 
tion with IRF-1 [Harada et al., 1993; Tanaka €4 
al., 19931, which can also bind to  site 11. Be hcau se 
both cyclin A and cyclin-dependent CDC2 ki- 
nase, as well as two classes of tumor suppressor 
proteins (RB and IRF) converge on the cell CJ cle 
regulatory sequences of the H4 gene, transcrip- 
tional control of this gene is directly linked to 
multiple phosphorylation-dependent signaling 
pathways mediating both cell cycle and growth 
control. 

In this study, we have analyzed the induction 
of cyclin A, cyclin B, and CDC-2 in relation to  
both general and histone H4 gene-related tran- 
scription factors during cytokine-stimulated 
growth of FDC-P1 hematopoietic progenitor 
cells. Our results show that cytokine stimula- 
tion of FDC-P1 cells results in sequential upreg- 
ulation of at least three groups of transcription 
factors. These regulatory events may define dis- 
tinct periods of the cytokine-stimulated prolifera- 
tive cycle of PDC-P1 cells that reflect both cell cycle 
and metabolic regulation of gene expression. 

MATERIALS AND METHODS 
Cell Lines and Cell Culture 

FDC-P1 cells, derived from long-term bone 
marrow culture [Dexter et al., 19801, were main- 
tained in RPMI 1640 with 25% WEHI-3 condi- 
tioned medium (WEHIcm) and 10% fetal calf 
serum (FCS). For cytokine-response studies, 
these cells were deprived of growth factors over- 
night by culture in RPMI plus 10% FCS only, 
then transferred into fresh medium supple- 
mented with IL-3 or granulocyte-macrophage 
colony-stimulated factor (GM-CSF) at 100 Uiml 
each. In each case, maximal cell growth stimula- 
tion was predetermined by dose-response titra- 
tion of the individual growth factor; the concen- 
tration of each factor resulting in maximal 
growth response was selected for use in each of 
these experiments. 

Cell Synchronization 

The FDC-P1 cell line was synchronized by 
isoleucine deprivation, which arrests cells in 
early G1-phase [Reddy et al., 19921. Cells grow- 
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ing actively in early to mid log-phase were precul- 
tured for 36 h in isoleucine-deficient medium 
(i.e., isoleucine-deficient DMEM supplemented 
with 10% dialyzed WEHIcm and 10% FCS). At 
time zero, half of the cells were resuspended in 
growth medium, while the control cells were 
resuspended in DMEM plus 10% FCS only. Cells 
were grown for 48 h, during which time samples 
were withdrawn for RNA preparation [Sam- 
brook et al., 19891 and analysis of 3H-thymidine 
incorporation [Reddy et al., 19921. Additionally, 
cell growth and viability were monitored at se- 
lected time points by cell counts and trypan blue 
exclusion. 

Northern Blot Analysis 

RNA samples were electrophoretically frac- 
tionated in 1% agarose gels [Sambrook et al., 
19891. The integrity and quantity of RNA 
samples were evaluated by ethidium bromide 
staining. Samples were transferred to a nylon 
membrane and the blots subjected to hybridiza- 
tion conditions as described previously [Shal- 
houb et al., 19891, using probes derived from 
cloned murine cDNAs homologous to cyclins A2 
and B1 (kindly provided by Debra Wolgemuth, 
Columbia University) [Chapman and Wolge- 
muth, 1992; S. Ravkin and D.J. Wolgemuth, 
unpublished data] and CDCB (generously sup- 
plied by Kerstin Nyberg, Imperial Cancer Re- 
search Fund), as well as a human H4 gene. 

Gel-Shift Assays 

Isolation of nuclear proteins by 0.4 M KC1 
extraction of nuclei, description of sequences for 
transcription factor oligonucleotides, and prepa- 
ration of binding reactions with 32P-labeled 
probes were documented in previous studies 
[van Wijnen et al., 1991, 19921. Detection of 
transcription factors HiNF-M, HiNF-P, and E2F 
(salmon sperm DNA), HiNF-D (mixture of poly 
G/C and poly I/C DNA), as well as SP-1, AP-1 
and ATF (poly I/C DNA) was performed in the 
presence of different nonspecific competitor 
DNAs, as indicated in parentheses. Electropho- 
retic fractionation of protein-DNA complexes 
was performed in 4% (8O:l) polyacrylamide gels 
using 0.5 x TBE as buffer [Ausubel et al., 19871. 
Gel-shift immunoassays for HiNF-D were per- 
formed with antibodies directed against CDCB 
(G6) [Draetta and Beach, 19891, CDK2 [Rosen- 
blatt et al., 19921, cyclin A (C160) [Giordano et 

al., 19891, and cyclin B and RB (XZ104) [Hu et 
al., 19911. 

RESULTS AND DISCUSSION 
Induction of Cyclin A, Cyclin B, and 

Cyclin-Dependent Kinase CDC2 During 
Cytokine Stimulation of FDC-P1 Cell 

Proliferation 

Cyclins A and B are the regulatory compo- 
nents of multisubunit CDCB kinase complexes, 
and cyclin A/CDC2 and cyclin B/CDC2 kinase 
complexes perform key regulatory functions dur- 
ing cell cycle transitions. In addition, cyclins A 
and B, as well as CDC2, represent cell cycle 
stage-specific markers reflecting progression 
through the SIG2lM-period of the cell cycle. 
Histone H4 mRNA levels were determined be- 
cause H4 gene expression is restricted to the 
S-phase of the cell cycle [Plumb et al., 19831. To 
evaluate expression of these proteins during cy- 
tokine stimulation of FDC-P1 cells, we induced 
FDC-P1 cell growth by treating cytokine-de- 
prived FDC-P1 cells with either IL-3 or GM- 
CSF. Under these conditions, acute stimulation 
of FDC-P1 cell proliferation is observed in the 
presence of IL-3, whereas FDC-P1 cells treated 
with GM-CSF have a delayed proliferative re- 
sponse (Fig. 1). 

To analyze effects of IL-3 relative to GM-CSF 
on cell cycle regulatory mechanisms during cyto- 
kine stimulation of FDC-P1 cell proliferation, 
we determined mRNA levels of cyclin A, cyclin 
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Fig. 1. Determination of FDC-PI cell growth following cyto- 
kine stimulation of growth factor-deprived FDC-PI cells. Cell 
counts were corrected for cell viability by trypan blue exclusion. 
At 0 hr, FDC-PI cells were incubated in the presence of IL-3 (0) 
or CM-CSF (0) containing medium, or in medium not supple- 
mented with cytokines (0). 
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Fig. 2. Northern blot analysis of CDCZ, cyclin A, and cyclin B 
mRNA levels (A), as well as H4 mRNA levels (6) and 18 S rRNA 
(C) in cytokine-stimulated FDC-P1 cells following release from 
cytokine deprivation as assessed in Figure 1. Total cellular RNA 
was isolated at the indicated times after refeeding cells with 

B, CDC2, and histone H4 by Northern blot 
analysis (Fig. 2). The cyclin A probe detects two 
mRNAs species (3.0 and 1.7 kB) encoding the 
A2-type cyclin [S. Ravkin and D.J. Wolgemuth, 
personal communication]. Similarly, the cyclin 
B probe also detects two mRNA variants that 
encode the B1-type cyclin (2.5 and 1.7 kB); these 
mRNAs differ in the 3' untranslated region, 
owing to usage of alternative polyadenylation 

culture medium containing either IL-3 ( I )  or CM-CSF ( C ) ,  or 
control medium that was not supplemented with cytokines 11). 
The cyclin A and cyclin B probes each detect two distinct mRN4 
species (see text for details). 

signals [Chapman and Wolgemuth, 19921. The 
results demonstrate that IL-3 stimulation of 
FDC-P1 cells results in elevation of cyclin A, 
cyclin B, and CDC2 levels between 12 and 24 h 
(Fig. 2). By contrast, at this time, no significant 
stimulation of these cell cycle mediators is ob- 
served in cells supplemented with GM-CSF. In 
IL-3-stimulated cells, induction of histone H4 
gene expression, which is tightly coupled to DNA 
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DNA synthesis of DNA synthesis for cytokine-stimulated cells 
are observed 12-24 h after release from inhibi- 
tion, based on the level of 3H-thymidine uptake 
(Fig. 3). The timing of the peak of DNA synthe- 
sis indicates that the majority of cytokine- 
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Fig. 3. DNA synthesis time course following cytokine stimula- 
tion of FDC-P1 cells after cell cycle inhibition by isoleucine 
deprivation. DNA synthesis rates were determined by ?H- 
thymidine incorporation into acid-precipitable material and 
expressed as cpm. At 0 hr, FDC-PI cells were supplemented 
with amino acids in the absence (0) or presence (0)  of 
conditioned medium (WEHlcm). 

synthesis, occurs at the same time (at 12-24 h) 
when maximal levels of cyclin A and CDC2 
mRNAs are observed. This result is consistent 
with a requirement for cyclin A and CDC2 in 
gene regulatory events during S-phase. We con- 
clude that IL-3, but not GM-CSF, induces selec- 
tive and immediate progression through the cell 
cycle with concomitant elevation of the principal 
components for CDC2icyclin kinase complexes 
that mediate key cell cycle transitions during 
the SIG2IM period of the cell cycle. 

Upregulation of Cyclins A and B, As Well As 
CDC2 During Cytokine Stimulation of FDC-P1 
Cell Proliferation Following Inhibition of Cell 

Cycle Progression 

Inhibition of cell cycle progression by isoleu- 
cine deprivation of FDC-P1 myeloid hematopoi- 
etic progenitor cells can be relieved by supple- 
mentation with amino acids and the appropriate 
cytokines. Under our conditions, maximal levels 

Fig. 4. Northern blot analysis of CDCZ, cyclin A, and cyclin B 
mRNA levels (A), as well as histone H4 mRNA levels (B), and 
glyceraldehyde-3-phosphate dehydrogenase (CAPDH) and 18 S 
rRNA (C) in cytokine-stimulated FDC-P1 cells following cell 
growth inhibition by isoleucine deprivation. Total cellular RNA 
was isolated at the indicated times after refeeding growth 
inhibited cells in the absence (D) or presence (R) of cytokine- 
containing conditioned medium (WEHlcm) supplemented with 
amino acids. The cyclin A and cyclin B probes each detect two 
distinct mRNA species (see text for details). 
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stimulated FDC-P1 cells apparently begm cell 
cycle progression from a period in early G1- 
phase. The sustained period of elevated 3H- 
thymidine incorporation reflects growth factor- 
dependent but parasynchronous growth of the 
cell population. 

To assess induction of cyclins A and B, as well 
as CDC2 during cell cycle progression in FDC-P1 
cells, we determined the cellular representation 
of mRNAs for these key cell cycle mediators 
following release from cell growth inhibition by 
isoleucine deprivation. Figure 4 shows that cyc- 

Fig. 5. Gel-shift analysis of ubiquitous SP-1, ATF, AP-1, and 
E2F DNA-binding activities following release from isoleucine 
deprivation of FDC-P1 cells. Binding reactions were performed 
with nuclear proteins from exponentially growing cells (log) or 
from cells isolated at the indicated times after cell growth 
stimulation (time course). A-D: Lanes 1-3, sequence-specific 

competition assay performed in the absence (C) or presence ot 
either unlabeled specific (S) or nonspecific (N) oligonucleo- 
tides. Arrowheads identify the major complexes mediated by 
SP-1, ATF, and AP-1. The E2F probe interacts with three distinct 
E2F-related complexes, with complex II representing an E2F- 
cyclin A complex (see Fig. 7). 
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lin A and CDCB mRNA levels begin to increase 
at 4 h after FDC-P1 cell growth induction, reach- 
ing maximal levels at 12-24 h. These results are 
consistent with the initiation of FDC-P1 cell 
proliferation following cytokine induction, with 
the concomitant upregulation of cyclin A and 
CDC2 at the Gl/S-phase transition during the 
cell cycle [Marraccino et al., 19921. Increased 
representation of cellular cyclin A and CDCB 
mRNAs coincides with induction of H4 gene 
expression (Fig. 41, which parallels the rate of 
DNA synthesis during cell cycle progression in 
FDC-P1 cells (Fig. 3). Upregulation of cyclin B 
mRNA levels is initiated at  8 h and is maximal at 
12-24 hr after cytolune stimulation (Fig. 4). 
Thus, the increase in the cellular levels of cyclin 
B mRNA in FDC-P1 cells is delayed relative to 
those of cyclin A and CDC2, in agreement with 
maximal representation of cyclin B during the 
S/G2/M-period of the cell cycle. 

Differential Regulation of SP-1 , ATF, AP-1 , and 
E2F During Cytokine-Induced Cell Growth of 

FDCP-1 Cells 

To assess cell growth-related modifications in 
the transcriptional control of gene expression 
operative in a broad biological context, we moni- 
tored the DNA-binding activities of several ubiq- 
uitous transcription factors by gel-shift assays. 
These regulatory proteins ultimately transduce, 
integrate, and/or amplify cytokine-stimulated 
signals into cell cycle-related changes in gene 
expression. Initially, we analyzed the binding 
activities of the SP-1, ATF, AP-1, and E2F tran- 
scription factor families. Each of these factors 
has established functions in the trans-activation 
of multiple classes of gene promoters. 

After cytokine induction of FDC-P1 prolifera- 
tive activity, and preceding the maximal level of 
H4 gene expression and DNA synthesis at 24 h 
(Figs. 3, 41, AP-1- and ATF-binding activities 
reach maximal levels a t  12 h (Fig. 5). AP-1 
proteins (encoded by c-FOS, FRA-1, FRA-2, c- 
JUN, JUN-B, and JUN-D genes) and ATF pro- 
teins (encoded by multiple ATF-, CREB-, and 
CREM- genes) are DNA-binding factors of the 
bZIP class that form selective homo- and het- 
erodimers with members from both within and 
between each family. Upregulation of these fac- 
tors as a consequence of cell cycle progression, 
but at a time preceding maximal H4 gene expres- 
sion and DNA synthesis, is consistent with the 
concept that  combinatorial interactions be- 
tween AP-1 and ATF proteins may trans-acti- 

vate a number of AP-1 and ATF responsive 
genes with putative functions during G1. 

In contrast to AP-1 and ATF proteins, the 
level of E2F-binding activity reaches maximal 
levels at 24 h after cytokine stimulation (Fig. 5), 
and its modulation parallels the level of 3H- 
thymidine incorporation (Fig. 31, as well as the 
mRNA levels of cyclin A and CDC-2 (Fig. 4). 
Transcription factor E2F is a heterodimeric pro- 
tein encoded by multiple E2F- and DP-1 genes 
and forms higher-order complexes with RB-, 
cyclin-, and CDC2-related proteins. Indeed, one 
of the complexes detected in our gel-shift assays, 
which is upregulated after IL-3 stimulation, rep- 
resents a cyclin AlE2F complex (Fig. 6 and data 
not shown). E2F factors are known to bind to 
cis-acting elements of multiple genes that are 
transcriptionally activated at the G1 IS-phase 
boundary, including genes encoding thymidine 
kinase, dihydrofolate reductase, and CDC2. 
Thus, we observe apparent simultaneous upreg- 
ulation of E2F binding activity and cyclin A 
mRNA levels, in conjunction with increased DNA 
synthesis in FDC-P1 cells. As all these events 
occur with a temporal pattern distinct of that 
observed for AP-1 and ATF transcription fac- 
tors, these results appear to reflect modifica- 
tions in ubiquitous gene regulatory mechanisms 
related to the GUS-phase transition. 

Fig. 6. Gel-shift competition and immunoassay of distinct E2F 
complexes. Nuclear proteins derived from mouse FDC-P1 (lanes 
1-4) and human U937 cells (lanes 5-10) cells mediate several 
specific E2F  complexes. Sequence specificity of these com- 
plexes is established by competition assays using wild-type 
(lanes2,6) and mutant (lanes 3, 7) E2F-bindingsiteoligonucleo- 
tides, as well as a nonspecific AP-1 oligonucleotide (lanes 4, 8). 
Pre-incubation with a human cyclin A antibody results in a selective 
supershift of the human E2F complex II (lane 10) identifying this as a 
cyclin A-E2F complex. This antibody also reacts weakly with the 
murine E 2 F  complex II from FDC-PI cells, as reflected by partial 
inhibition of binding (data not shown). 
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SP-1 trans-activates a multiplicity of genes 
encoding proteins with both housekeeping 
and/or general metabolic functions. The level of 
SP-1-binding activity is upregulated early dur- 
ing the temporal sequence of cell growth regula- 
tory processes initiated by cytokine induction of 
IL-3-dependent FDC-P1 cells (Fig. 51, and ap- 
pears to be moderately elevated at 4 and 12 h 
after cytokine stimulation. These results have 
several implications. First, isoleucine-deprived 
cells, which most likely have a low metabolic 
rate, as compared to actively dividing cells, not 
only contain relatively low levels of SP-1, but 
also of other DNA-binding activities, including 
AP-1 and ATF. This observation suggests that 
the levels of many transcription factors may be 
coupled at least in part to changes in the overall 

rate of cell metabolism. Second, two distinct 
peaks for SP-1 activity during the G1-period 
leading up to the first entry into S-phase may 
reflect a biphasic response. This biphasic re- 
sponse may be related to (1) release of cells from 
a biochemical blockade that relieves inhibition 
of protein synthesis and most likely occurs con- 
comitant with a general increase in cell metabo- 
lism, and (2) cytokine stimulation of cells that 
directly influences cell cycle regulatory events 
dictating metabolic rates during late G1. 

In conclusion, the observation that neither 
SP-1 nor other DNA-binding activities remain 
at  constant levels during cell growth stimula- 
tion of FDC-P1 cells suggests that modifications 
in transcription factor-mediated gene control 
mechanisms cannot be entirely attributed to cell 
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Fig. 7. Schematic representation of protein-interactions at the 
cell cycle regulatory element site II of the H4 gene (see text for 
references) [Stein et al., 19941. Site II was originally defined as 
an in vivo genomic DNase I footprint, and this element is 
required for proliferation-specific and cell cycle-regulated tran- 
scription. Identification of individual sequence-specific interac- 
tions of HiNF-D (containing cyclin A, CDC2, and RB-related 
proteins), HiNF-MIIRF-2, and IRF-1 (Vaughn et al., 1995), as 
well as HiNF-P, were established by multiple complementary 
approaches, including several nuclease and chemical protec- 

tion assays, nucleotide modification interference techniques, as 
well as mutation and competition analyses. In vivo DNase I 
footprints and in vivo DMS fingerprints, as well as in vitro 
protein-DNA contacts and minimal binding domains were 
established for each factor. Factor-specific mutant oligonuclw- 
tides [van Wijnen et al., 19921 used for competition analysis in 
this study are indicated at the bottom, with the effect of 
nucleotide mutations (lowercase and underlined) on the bind- 
ing of HiNF-D, -M, and -P, indicated by plus (+)  and minus (-!  
signs. 
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cycle regulatory events under these conditions. 
However, cytokine stimulation of FDC-P1 cell 
growth after isoleucine deprivation clearly re- 
sults in the sequential upregulation of three 
temporal groups of transcription factor-binding 
activities: class I, early, SP1; class IT, intermedi- 
ate, AP-1 and ATF; and class 111, late, E2F. 

Cytokine-Dependent Stimulation of Histone 
Gene Transcription Factors Controlling the 

Histone Gene Cell Cycle Regulatory Element 

The cell cycle regulatory element, site 11, of 
the DNA replication-dependent histone H4 gene 
interacts with at least three key nuclear factors, 
HiNF-D, -M, and -P, that bind in overlapping 
arrangements to highly conserved promoter se- 
quences (Figs. 7,8).  During FDC-P1 cell growth 
stimulation, the level of HiNF-P remains rela- 
tively constant, with modest upregulation of 
HiNF-P activity occurring at  4-12 h after cyto- 
kine-dependent release from isoleucine depriva- 
tion (Fig. 9). Hence, similar to SP-1, HiNF-P 
represents a class I (“early”) binding activity. 
We have previously shown that HiNF-P is down- 
regulated upon cell density-induced cell growth 
inhibition of ROS 1712.8 osteosarcoma cells and 
during differentiation of rat osteoblasts [van 
den Ent et al., 19931, suggesting that this DNA- 
binding activity is regulated with respect to long- 
term cessation of cell growth. By contrast, detec- 
tion of HiNF-P in isoleucine-deprived FDC-P1 
hematopoietic progenitor cells (Fig. 9) indicates 
that temporary inhibition of cell growth appar- 
ently does not result in complete downregula- 
tion of HiNF-P. 

Factor HiNF-M recognizes a regulatory ele- 
ment in the distal segment of site I1 that is 
critical to GliS-phase enhancement of €44 tran- 
scription. HiNF-M was originally defined in 
HeLa cervical carcinoma cells [van Wijnen et al., 
19911 and after purification to homogeneity 
shown to be identical to IRF-2 (Vaughan et al., 
1995). IRF-2 recognizes the same sequence as 
tumor suppressor protein IRF-1 [Tanaka et al., 
19931. Nuclear proteins from FDC-P1 cells me- 
diate two types of complexes (M1 and M2) with 
site I1 that have competition characteristics in- 
distinguishable from HiNF-M (Fig. 8). Based on 
the gel-shift results with growth-stimulated 
FDC-P1 cells (Fig. 9), the HiNF-M1 variant 
appears to represent a class I protein, whereas 
HiNF-M2 is a class I1 protein. The temporal 
levels of HiNF-M1- and HiNF-M2-binding activi- 
ties are comparable to  modulations in the levels 

Fig. 8. Identification of protein-DNA complexes formed by 
HiNF-P and the IRF-related protein HiNF-M, as well as the 
cyclin AICDCZIRB-containing multisubunit protein HiNF-D in 
FDC-P1 cells. Sequence-specific competition assays for identifi- 
cation of HiNF-P, -M, and -D were performed with a diagnostic 
panel of factor-specific mutant oligonucleotides (refer to Fig. 7) ,  
indicated above the lanes in A and B. A: Presence of a single 
HiNF-P complex and two HiNF-M complexes (designated 
HiNF-M1 and HiNF-M2). HiNF-M1- and HiNF-M2-binding ac- 
tivities are regulated differently (see Fig. 91, and the pattern of 
regulation is consistent with these factors, representing IRF-2 
and IRF-1, respectively. B: Gel-shift immunoassay using CDC2 
(C6), cyclin A (C160), and RB (XZ104) antibodies to dernon- 
strate presence of these proteins in the multisubunit protein 
HiNF-D-derived form murine FDC-PI myeloid progenitor cells. 
The presence of these key cell cycle mediators in HiNF-D was 
previously established in human HeLa cervical carcinoma cells, 
as well as a broad spectrum of mammalian nonhematopoietic 
cell types [van Wijnen et al., 19941. 

of IRF-2 and IRF-1, respectively, that have been 
observed during cell growth stimulation in other 
cell culture systems [Harada et al., 19931. 

Factor HiNF-D is a cell growth and cell cycle- 
regulated multisubunit complex containing cyc- 
lin A, CDC2, and an RB-related protein (Fig. 8 )  
[van Wijnen et al., 19941. Maximal levels of 
HiNF-D are observed at 24 h (Fig. 9) when the 
level of DNA synthesis (Fig. 3); levels of histone 
H4, cyclin A, and CDC2 mRNAs (Fig. 4); as well 
as the binding activity of the cyclin A/E2F com- 
plex (Fig. 5) are elevated. Thus, HiNF-D is cat- 
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Fig. 4. Gel-shift analysis of histone gene transcription factors 
HiNF-P, HINF-M, and HiNF-D following release from isoleucine 
deprivation of FDC-P1 cells. Binding reactions were performed 
with nuclear proteins from exponentially growing cells (log) or 
from cells isolated at the indicated times after cell growth 
stimulation (time course). A: lanes 1-3, sequence-specific com- 
petition assay performed in the absence (C) or presence of 
either unlabeled mutant M+/P+ (TM-3) or mutant M-/P+ 
(INS-10) oligonucleotides as described in Figs. 7 and 8. The 
complexes mediated by HiNF-M (represented in FDC-PI cells 
as complexes HiNF-M1 and HiNF-M2; see Fig. 8) and HiNF-P 
(A), as well as HiNF-D (6) are indicated by arrows. 

egorized as a class I11 binding activity. Consis- 
tent with previous data showing modulation of 
HiNF-D-binding activity during the cell cycle 
with respect to S-phase in normal diploid cells, 
but not in tumor-derived and transformed cell 
types [Holthuis et al., 19901, the observation 
that HiNF-D is regulated with respect S-phase 
in FDC-P1 cells during cytokine-stimulated pro- 
liferation suggests that these myeloid hematopoi- 
etic progenitor cells have retained growth- and 
cell cycle-related phenotypic properties of the 
normal diploid cell. 

Interestingly, the temporal regulation of the 
three factors (HiNF-D, -M, and -P) interacting 
with the site I1 cell cycle regulatory sequences of 
the H4 gene is different in each case. This differ- 

ential regulation of H4 gene transcription fac- 
tors during cytokine stimulation of FDC-P t pro- 
liferation suggests that the site I1 cell cycle 
element represents a molecular integrator of‘ 
multiple cell cycle and cell growth-related signal- 
ing pathways accommodating cell stage-specific 
requirements for histone H4 gene transcription. 

CONCLUSION 

This study shows that cytokine stimulation of‘ 
cell growth in the IL-3-dependent myeloid line 
FDC-P1 after isoleucine deprivation results in a 
sequential series of events that involve temporal 
modulations in at least three classes of transcrip- 
tion factor-binding activities, as well as the regu- 
lation of distinct cyclins and of cyclin-dependen t 
kinases. These findings will provide an experi- 
mental framework for studies aimed at under- 
standing the precise growth factor-dependent 
mechanisms that determine commitment to cell 
proliferation and support competency for cell 
cycle progression in hematopoietic cells. In par- 
ticular, the definition of physiological conditions 
that permit the proliferation of genetically al- 
tered hematopoietic progenitor cells, but that do 
not preclude engraftment of these cells in the 
host, would provide an experimental foundation 
for gene therapy through bone marrow trans- 
plantation. 
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