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Abstract—The treatment of human myeloid leukemia cells (HL-60, U-937, THP-1) with 12-O-
tetradecanoylphorbol-13-acetate (TPA) is associated with growth arrest and appearance of a
differentiated monocytic phenotype. While previous studies have reported that the glucocorticoid
dexamethasone blocks phenotypic characteristics of monocytic differentiation, we demonstrated in the
present work that dexamethasone delays the effects of TPA on the loss of U-937 cell proliferation. We
also demonstrated that this glucocortocoid inhibits TPA-induced increases in expression of the EGR-
1 early response gene. The results of nuclear run-on assays and half-life experiments indicated that this
effect of dexamethasone is regulated at the post-transcriptional level. Similar studies were performed
for the NF-xB gene. While TPA treatment was associated with transient increases in NF-xB mRNA
levels, this induction was blocked by dexamethasone. In contrast, dexamethasone had no significant
effect on the activation of pre-existing NF-«xB protein as determined in DNA-binding assays. Taken
together, these findings suggest that the activated glucocorticoid receptor inhibits signaling pathways
which include expression of the EGR-1 and NF-kB genes and that such effects may contribute to a
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block in TPA-induced monocytic differentiation.

Transcription factors, such as Jun/AP-1, EGR-1 and
nuclear factor kB (NF-kxB), are believed to play an
important role in regulating gene expression during
phorbol ester-induced monocytic differentiation of
myeloid leukemia cells. Previous studies have
demonstrated that treatment of human U-937
myeloid leukemia cells with 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) is associated with the ap-
pearance of the monocytic phenotype and loss of
proliferative capacity. These effects are also as-
sociated with increased expression of the c-jun
early response gene [14]. The c-jun gene codes for
the major form of the AP-1 transcription factor. AP-
1 binds to a heptameric DNA consensus sequence
TGAS/:-TCA (TPA-responsive element, TRE) in
the promoter region of certain genes [5, 6], such as
TNF-« and vimentin, which are expressed during
monocytic differentiation. Other studies have
demonstrated that the glucocorticoid dexamethasone
inhibits TPA-induced monocytic differentiation [3].
This effect may be related in part to the finding that
the activated glucocorticoid receptor (GCR) can
function as an inhibitor of the transcription factor
Jun/AP-1 through direct interaction between these
two protein complexes [7-9]. However, it is not
known whether the activated GCR inhibits other
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signaling pathways which include expression of early
response genes.

In this context, we were interested in determining
whether, like c-jun, other transcription factors
including EGR-1 and NF-xB are also sensitive to
the inhibitory effects of dexamethasone.

The EGR-1 gene (zif /268, NGFI-A, krox 24, TIS-
8) belongs to a family coding for zinc finger
transcription factors [10,11]. EGR-I is induced
during mitogenic stimulation of a variety of cell types
including fibroblasts, epithelial cells and B-cells
[12, 13]. Moreover, we have demonstrated recently
that the EGR-1 gene is expressed during TPA-
induced monocytic differentiation and that this effect
is regulated by post-transcriptional mechanisms [14].
The precise role of EGR-1 in cellular growth and
differentiation, however, remains unclear.

Another transcription factor, NF-xB, recognizes
and binds an 11-bp DNA sequence present in the x
immunoglobulin light chain gene enhancer [15]. NF-
kB-like binding is associated with regulation of genes
coding for the Class I major histocompatibility
antigen [16, 17], B,-microglobulin [18], granulocyte-
macrophage colony-stimulating factor [19], interleuk-
in-2 (IL2) [20,21] and IL2-receptor a chain [22].
The affinity of NF-xB for DNA binding is activated
by TNF, IL1 [23] and phorbol esters [15,24].
Moreover, recent studies have demonstrated that
NF-xB is also inducible in human myeloid leukemia
cells by ionizing radiation [25] and the DNA-
damaging agent, 1-B-D-arabinofuranosylcytosine
(ara-C) {26]. NF-xB is located in the cytoplasm
bound to an inhibitor protein complex, IxkB, which
prevents uptake of NF-xB into the nucleus [27, 28].
Treatment of cells with TPA results in dissociation
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of the NF-xB/IxB complex and thus movement of
NF-xB to the nucleus [29].

The present work demonstrates that TPA-induced
monocytic differentiation of U-937 cells is associated
with transient expression of the transcription factors
EGR-1 and NF-xB and that these events are inhibited
by dexamethasone. These findings suggest that the
activated GCR interferes with multiple signaling
pathways associated with TPA-induced monocytic
differentiation.

MATERIALS AND METHODS

Cell culture. The U-937 cells were grown in RPMI
1640 medium containing 10% heat-inactivated fetal
bovine serum, 100U/mL penicillin, 100 ug/mL
streptomycin and 2 mM L-glutamine. The cells were
treated with 5nM TPA (Sigma Chemical Co., St.
Louis, MO) and 1 uM dexamethasone (Sigma).

Proliferation assay. The proliferation rate of U-
937 cells was measured as described previously [30].
Briefly, U-937 cells were plated in 96-well microtiter
plates at a density of 2 x 10° cells/well and treated
with 5 nM TPA alone or 1 uM dexamethasone/5 nM
TPA for up to 72hr. The cells were pulsed with
20uL of a 1:40 dilution of 6.7 Ci/mmol [*H]-
thymidine for 1 hr and the incorporated radioactivity
was measured in a f-counter.

Preparation of RNA and Northern blot hybrid-
ization. Total cellular RNA was isolated by the
guanidine isothiocyanate-cesium chloride technique.
Total cellular RNA (20ug) was subjected to
electrophoresis in a 1% agarose/2.2 M formaldehyde
gel, transferred to nitrocellulose, and hybridized to
the following 32P-labeled DNA probes: (1) the 3.9-
kb Not fragment isolated from the NF-xB cDNA
{31]; (2) the 0.7-kb non-zinc finger insert of a murine
Egr-1 cDNA [11]; and (3) the 2.0-kb Psf insert of
a chicken f-actin cDNA purified from the pAl
plasmid [32]. Hybridization reactions were carried
out for 16-24 hr at 42° in 50% (v/v) formamide, 2
SSC, 1x Denhardt’s solution, 0.1% (w/v) sodium
dodecyl sulfate, and 200 uMg/mL salmon sperm
DNA. Filters were washed and exposed to Kodak
X-Omat XAR film using an intensifying screen.

Nuclear run-on assays. Nuclei were isolated and
newly elongated transcripts labeled with [a->2PJUTP
(800 Ci/mmol, DuPont-New England Nuclear) at
26° for 30 min. The labeled RNA was hybridized to
the following DNAs: (1) the 2.0-kb Ps insert of a
chicken $-actin cDNA purified from the pA1 plasmid
[32]; (2) the 1.8-kb BamHI/EcoRlI insert of a human
c-jun DNA probe purified from a pBluescript SK
(+) plasmid [33]; (3) the 0.7-kb non-zinc finger
insert of a murine Egr-1 cDNA [11]; and (4) the 3.1-
kb Xhol/Ncol fragment of a human c-fos DNA
purified from the pc-fos-1 plasmid {34]. The digested
DNAs were heated to 65° for 15 min, separated in
1% agarose gels, and transferred to nitrocellulose
filters. Conditions for prehybridization, hybridization
and washing have been described [3]. ,

Electrophoretic mobility shift assay (EMSA).
Nuclear proteins were prepared according to pre-
viously described methods [25]. A 22-bp synthetic oli-
gomer (5GATCGAGGGGACTITCCCTAGC3)
containing the 11-bp NF-xB binding sequence
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(GGGGACTTTCC) was end-labeled with [a-32P]-
dATP using DNA polymerase 1 and purified in a
12% polyacrylamide gel. Radiolabeled DNA (1 ng)
was incubated with 10 ug nuclear protein for 20 min
at 20° in 25 mM Tris-HCI, pH 7.6, 250 ng/mL poly
dI/dC, 5mM MgCl,, 0.5mM EDTA, 1mM
dithiothreitol, and 10% (v/v) glycerol. The reaction
products were analyzed by 5% polyacrylamide gel
electrophoresis and autoradiography.

RESULTS

Previous studies have demonstrated that TPA-
induced monocytic differentiation of human myeloid
leukemia cells is associated with growth arrest and
Gy/G; cell cycle exit [35, 36]. In the present studies,
TPA reduced the proliferative capacity of U-937
cells by more than 99% after 72 hr (Fig. 1). Although
exposure of these cells to both 1 uM dexamethasone
and 5 nM TPA exhibited a delay in growth inhibition
after 24 hr, similar effects were observed after 72 hr
when compared to treatment with 5nM TPA alone
(Fig. 1). In contrast, dexamethasone blocked
phenotypic characteristics of TPA-induced dif-
ferentiation, such as adherence and Mac-1 expression
([3, 37] and data not shown). Taken together, these
results suggested that the activated GCR has little
if any effect on TPA-induced growth arrest, but
inhibits appearance of the differentiated U-937 cell
phenotype.

Recent work has demonstrated that the inhibition
of TPA-induced monocytic differentiation by dex-
amethasone is associated with down-regulation of
Jun/AP-1 [3]. The present results demonstrate that
the activated GCR also inhibits induction of the
EGR-1 gene (Fig. 2). While 5nM TPA transiently
increased the level of EGR-I transcripts between 1
and 12 hr, expression of this gene was inhibited
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Fig. 1. Effects of dexamethasone on TPA-induced growth
arrest. U-937 cells were incubated with either 5nM TPA
(B) or 1uM dexamethasone/SnM TPA (A) for up to
72 hr. Proliferation was measured by incorporation of [*H]J-
thymidine for 1 hr, and calculated as a percentage of U-
937 control cells (U-937 = 100%). Absolute values for
control cells were: 24hr, 62,560 = 5,100 cpm; 48 hr,
122,350 = 7,200 cpm; and 72hr, 201,300 + 17,800 cpm.
Data represent the means + SD of three independent
experiments.
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Fig. 2. Inhibition of TPA-induced increases in EGR-I mRNA levels by dexamethasone. U-937 cells

were treated with 5n1M TPA for 1-12 hr (TPA), 1 uM dexamethasone for 8 hr (DEX) or both agents

(DEX/TPA). Total cellular RNA (20 ug/lane) was hybridized to a ?P-labeled EGR-1 probe.
Hybridization to S-actin probe (18 S signal) demonstrated equal loading of the lanes.

progressively following treatment with both 1 uM
dexamethasone and 5 nM TPA (Fig. 2). This finding
indicated that, in addition to down-regulating c-jun
expression [3], dexamethasone also inhibits TPA-
induced increases in EGR-1 transcripts.

We have shown previously that TPA regulates
EGR-1 mRNA levels by a post-transcriptional
mechanism [14]. Nuclear run-on assays were
therefore performed in order to determine whether
the inhibitory effects of dexamethasone are regulated
at the transcriptional and/or post-transcriptional
level. The p-actin gene (positive control) was
constitutively transcribed in control cells, as well as
in cells treated with dexamethasone, TPA or the
combination of these agents (Fig. 3). While
dexamethasone alone enhanced the constitutive
expression of the c-jun gene and the c-fos gene, the
levels of the EGR-1 gene transcription remained
nearly unchanged (Fig. 3). Moreover, TPA treatment
was associated with a 2-fold increase in the c-jun
transcription rate and dexamethasone blocked the
activation of this gene. In contrast, while there was
little if any effect of TPA and dexamethasone on
EGR-1 gene transcription, dexamethasone also
inhibited the 3.8-fold induction of the c-fos gene in
TPA-treated U-937 cells (Fig. 3). These findings
indicated that dexamethasone inhibits transcriptional
activation of the c-jun and c-fos genes by TPA, but
blocks TPA-induced increases in EGR-1 expression
primarily by post-transcriptional mechanisms. To
confirm this hypothesis half-life studies were

performed (Fig. 4). While the half-life of TPA-
induced EGR-I mRNA was 32 min, exposure to
1uM dexamethasone significantly reduced the
stability of EGR-1 transcripts to 19 min (Fig. 4).

NF-xB represents another transcription factor
which may contribute to the induction of dif-
ferentiation-associated genes after TPA treatment.
NF-xB transcripts were increased between 4 and
8 hr following exposure of U-937 cells to 5nM TPA
(Fig. 5). However, treatment of U-937 cells with
1 uM dexamethasone for 8 hr and 5 nM TPA for an
additional 8 hr resulted in no detectable expression
of the NF-xB gene (Fig. 5). In contrast, inhibition
of protein synthesis with 10 ug/mL cycloheximide
(CHX) for 2 hr and addition of 5nM TPA for an
additional 6 hr demonstrated expression of NF-xB
mRNA. These findings indicated that the TPA-
induced increase in NF-kB mRNA levels is a
glucocorticoid-sensitive event which is independent
of de novo protein synthesis.

While the present results demonstrate that
dexamethasone inhibits NF-xB expression at the
mRNA level, previous work has shown that pre-
existing NF-xB protein is located in the cytoplasm
in an inactive form. To determine whether
dexamethasone also inhibits NF-xkB expression at
the protein level, we studied interaction of U-937
nuclear proteins with a synthetic oligomer containing
an 11-bp NF-xB consensus sequence in EMSAs.
There was a low level of nuclear binding to the NF-
kB oligomer when using nuclear proteins from
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Fig. 3. Top panel: Effects of TPA and dexamethasone on rates of S-actin, c-jun, EGR-1, and c-fos
gene transcription. U-937 cells were treated with 1 uM dexamethasone for 8 hr (DEX), 5 nM TPA for
1 hr (TPA), or both agents (DEX/TPA). Nuclei were isolated, and newly synthesized *2P-labeled RNA
was hybridized to 2 ug of B-actin, c-jun, EGR-1, or c-fos DNA inserts after restriction enzyme digestion
and Southern blotting. The schematic diagram represents the relative positions of the inserts. Bottom
panel: The autoradiograms were scanned using an LKB (Bromma, Sweden) Ultroscan XL laser
densitometer and analyzed using the Gelscan XL software package. Intensities of the c-jun, EGR-I
and c-fos hybridization signals were normalized against p-actin expression (f-actin = 1). Similar results
were obtained from two different experiments.
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Fig. 4. Effects of actinomycin D on stability of EGR-I
transcripts. U-937 cells were treated with either 5nM TPA
for 1 hr (TPA) or 1 uM dexamethasone for 8 hr and 5 nM
TPA for an additional hour (DEX/TPA). Actinomycin D
(5 pg/mL) was then added for 5, 10, 15, and 30 min,
respectively. Total cellular RNA (20 ug) was hybridized
to the 3?P-labeled EGR-1 probe (data not shown).
Hybridization to the f-actin probe demonstrated equal
loading of the lanes (data not shown). The haif-life for
each treatment was calculated from the autoradiographs
following quantification by scanning using an LKB
(Bromma, Sweden) Ultroscan XL laser densitometer and
the Gelscan XL software package. The results demonstrate
the mean * range of two independent experiments.

untreated cells, while exposure to 5nM TPA was
associated with a progressive increase in NF-xB
binding between 1 and 6 hr (Fig. 6). This effect was
transient and binding of nuclear proteins to the NF-
kB oligomer was reduced significantly by 2448 hr
(Fig. 6). There was little if any effect on this binding
of TPA-induced nuclear proteins to the NF-xB
oligomer when the cells were exposed to 1uM
dexamethasone for 8 hr and to 5nM TPA for an
additional 6 hr (Fig. 6). Moreover, incubation with
10 pg/mL CHX for 2 hr and an additional 6 hr with
5 nM TPA demonstrated similar binding as compared
to TPA treatment alone. These findings indicated
that TPA stimulates DNA binding of pre-existing
NF-kB protein and that this event is insensitive to
the effects of dexamethasone.

DISCUSSION

The GCR contains a highly conserved domain
that mediates receptor binding to specific DNA
sequences  termed glucocorticoid-responsive
elements [38, 39]. The activated GCR also functions
as an inhibitor of the transcription factor Jun/AP-1
through a direct interaction between these two
protein complexes [7-9]. This regulatory interaction
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Fig. 5. Effects of dexamethasone and cycloheximide on TPA-induced NF-xB mRNA levels in U-937
cells. U-937 cells were treated with 5 nM TPA for the indicated times. Cells were also incubated with
1uM dexamethasone for 8§ hr and 5nM TPA for additional 8 hr (DEX/TPA), or with 10 ug/mL
cycloheximide for 2 hr and 5 nM TPA for an additional 6 hr (CHX/TPA). Total cellular RNA (100 ug/
lane) was isolated and analyzed by hybridization to a 3?P-labeled NF-kB cDNA probe. Ethidiumbromide
staining of the 288 and the 18S rRNA (control) demonstrated equal loading of the lanes.

between transcription factors may explain at least in
part recent findings that glucocorticoids inhibit TPA-
induced monocytic differentiation of U-937 cells [3].
Indeed, previous studies have demonstrated that the
cjun gene is induced during TPA treatment of
myeloid leukemia cell lines and that this effect is
inhibited by dexamethasone [2, 3]. Since Jun/AP-1
autoinduces c-jun transcription [40], inhibition of
this transcription factor by the activated GCR is
associated with a block in expression of the c-jun
gene. Although the precise role of Jun/AP-1 and c-
jun gene expression in TPA-induced differentiation
remains unclear, it would appear unlikely that this
is the only signaling cascade required for the
appearance of the monocytic phenotype. Conse-
quently, the present studies have asked whether
dexamethasone also inhibits other pathways which
involve transcription factors.

In addition to the finding that the EGR-1 gene is
expressed during TPA- and cytokine-induced
monocytic differentiation [14], recent studies have
demonstrated that EGR-I mRNA levels are

increased during neural and cardiac cell dif-
ferentiation [11]. The product of this early response
gene may therefore also function in the induction of
genes which contribute to the differentiated
phenotype. In this context, we were interested in
determining whether dexamethasone affects EGR-1
expression during monocytic differentiation. The
results demonstrate that TPA-induced increases
in EGR-I mRNA levels are blocked by this
glucocorticoid. However, in contrast to down-
regulation of the c-jun gene which occurs at the
transcriptional level (3], the present findings show
that dexamethasone blocks EGR-I expression by a
post-transcriptional mechanism.

The present results further demonstrate that TPA
treatment of U-937 cells is associated with increased
expression of the NK-xB gene. Moreover, the
findings indicate that this event is also sensitive to
inhibition by dexamethasone. As in the EGR-I
studies, nuclear run-on assays were performed to
determine the mechanism responsible for this effect.
However, we were unable to detect sufficient signals
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Fig. 6. Effects of dexamethasone and cycloheximide on
TPA-induced NF-xB binding activity. Nuclear extracts
were isolated from U-937 cells after exposure to 5 nM TPA
for the indicated times. Cells were also treated with 1 uM
dexamethasone for 8 hr and SnM TPA for an additional
6 hr (DEX/TPA) or with 10 ug/mL cycloheximide for 2 hr
and 5nM TPA for 6hr (CHX/TPA). EMSAs were
performed using 10 yg nuclear protein and 1ng of a 32P-
labeled 22-bp oligonucleotide containing the NF-xB
consensus sequence.

to provide a reliable measure of NF-xkB gene
transcription in control or TPA-treated cells.
Consequently, we are unable to determine whether
dexamethasone inhibits TPA-induced increases in
NF-xB transcripts by a block in transcriptional or
post-transcriptional control. Another possibility
remained that dexamethasone might inhibit TPA-
induced activation of pre-existing NF-xB protein
and thereby its binding to DNA. However, the
results of gel retardation assays indicate that the
activated GCR has little if any effect on DNA
binding of NF-xB. While previous studies suggest

dexamethasone inhibits NF-xB signaling by blocking
expression of this gene at the mRNA level,
interactions of the activated GCR with TPA-induced
activation of pre-existing NF-xB protein seem to be
of little consequence.

The induction of monocytic differentiation is
associated with both growth arrest and appearance
of the differentiated phenotype. Dexamethasone
treatment appears to dissociate these two events
[41]. While this glucocorticoid blocks differentiated
characteristics, such as adherence and cell surface
monocyte antigen expression, there was only a
delayed effect of dexamethasone on TPA-induced
loss of proliferative capacity. These findings suggest
that distinct signaling pathways control arrest of
cell cycle progression and appearance of the
differentiated phenotype during TPA treatment.
Moreover, the finding that dexamethasone blocks
expression of the c-jun, EGR-1, and NF-xB genes
suggests that these events contribute to induction of
the monocytic phenotype, while their involvement
in the regulation of cell cycle arrest remains unclear.

Acknowledgements—This investigation was supported by
PHS Grant CA42802 awarded by the National Cancer
Institute, DHHS, and by fellowships from the Dr.
Mildred Scheel Stiftung (M.B.) and the Deutsche
Forschungsgemeinschaft (R.H.).

REFERENCES

1. Miiller R, Curran T, Miiller D and Guilbert L, Induction
of c-fos during myelomonocytic differentiation and
macrophage proliferation. Nature 314: 546-548, 1985.

2. Sherman ML, Stone RM, Datta R, Bernstein SH and
Kufe DW, Transcriptional and post-transcriptional
regulation of c-jun expression during monocytic
differentiation of human myeloid leukemic cells. J Biol
Chem 265: 3320-3323, 1990.

3. Hass R, Brach M, Kharbanda S, Giese G, Traub P
and Kufe D, Inhibition of phorbol ester-induced
monocytic differentiation by dexamethasone is associ-
ated with down-regulation of c-fos and c-jun (AP-1).
J Cell Physiol 149: 125-131, 1991.

4. Hass R, Pfannkuche HJ, Kharbanda S, Gunji HR,
Meyer G, Hartmann A, Hidaka HR, Resch K, Kufe
D and Goppelt-Striibe M, Protein kinase C activation
and proto-oncogene expression in differentiation/
retrodifferentiation of human U-937 leukemia cells.
Cell Growth Differ 2: 541-548, 1991.

5. Chiu R, Boyle WJ, Meek J, Smeal T, Hunter T and
Karin M, The c-Fos protein interacts with c-jun/AP-1
to stimulate transcription of AP-1 responsive genes.
Cell 54: 541-552, 1988.

6. Lucibello FC, Neuberg M, Hunter JB, Jenuwein T,
Schuermann M, Wallich R, Stein B, Schonthal A,
Herrlich P and Miiller R, Transactivation of gene
expression by Fos protein: Involvement of a binding
site for the transcription factor AP-1. Oncogene 3: 43—
51, 1988.

7. Jonat C, Rahmsdorf HJ, Park K-K, Cato ACB, Gebel
S, Ponta H and Herrlich P, Antitumor promotion and
antiinflammation: Down-modulation of AP-1 (Fos/



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Inhibition of EGR-I and NF-kxB expression by dexamethasone

Jun) activity by glucocorticoid hormone. Cell 62: 1189-
1204, 1990.

. Schiile R, Rangarajan P, Kliewer S, Ransone LlJ,

Bolado J, Yang N, Verma IM and Evans RM,
Functional antagonism between oncoprotein c-Jun and
the glucocorticoid receptor. Cell 62: 1217-1226, 1990.

. Yang-Yen H-F, Chambard J-C, Sun Y-L, Smeal T,

Schmidt TJ, Drouin J and Karin M, Transcriptional
interference between c-Jun and the glucocorticoid
receptor: Mutual inhibition of DNA binding due to
direct protein—protein interaction. Cell 62: 1205-1215,
1990.

Christy BA, Lauf LF and Nathans D, A gene activated
in mouse 3T3 cells by serum growth factors encodes a
protein with “zinc finger” sequences. Proc Natl Acad
Sci USA 85: 7857-7861, 1988.

Sukhatme VP, Cao X, Chang LC, Tsai-Morris C-H,
Stamenkovich D, Ferreira PCP, Cohen DR, Edwards
SA, Shows TB, Curran T, Le Beau MM and Adamson
ED, A zinc finger-encoding gene coregulated with c-
fos during growth and differentiation, and after cellular
depolarization. Cell 53: 37-43, 1988.

Seyfert VL, Sukhatme VP and Munroe JG, Differential
expression of a zinc finger-encoding gene in response
to positive versus negative signaling through receptor
immunoglobulin in murine B lymphocytes. Mol Cell
Biol 9: 20832088, 1989.

Sukhatme VP, Kartha S, Toback FG, Taub R, Hoover
RG and Tsai-Morris CH, A novel early growth response
gene rapidly induced by fibroblast, epithelial cell and
lymphocyte mitogens. Oncogene Res 1: 343-355, 1987.
Kharbanda S, Nakamura T, Stone R, Hass R, Bernstein
S, Datta R, Sukhatme VP and Kufe D, Expression of
the early growth response 1 and 2 zinc finger genes
during induction of monocytic differentiation. J Clin
Invest 88: 571-577, 1991.

Sen R and Baltimore D, Multiple nuclear factors
interact with the immunoglobin enhancer sequences.
Cell 46: 705-716, 1986.

Baldwin AS Jr and Sharp PA, Binding of a nuclear
factor to a regulatory sequence in the promoter of the
mouse HR-2K" class I major histocompatibility gene.
Mol Cell Biol 7: 305-313, 1987.

Baldwin AS Jr and Sharp PA, Two transcription
factors, NF-xB and H2TF1, interact with a single
regulatory sequence in the class I major his-
tocompatibility complex promoter. Proc Natl Acad Sci
USA 85: 723-727, 1988.

Israél A, Kimura A, Kieran M, Yano O, Kanellopoulos
J, Le Bail O and Kourilsky P, A common positive
trans-acting factor binds to enhancer sequences in the
promoters of mouse H-2 and B,-microglobulin genes.
Proc Natl Acad Sci USA 84: 2653-2657, 1987.
Miyatake S, Seiki M, Yoshida M and Arai K-I, T-cell
activation signals and human T-cell leukemia virus type
I-encoded p40* protein activate the mouse granulocyte-
macrophage colony-stimulating factor gene through a
common DNA element. Mol Cell Biol 8: 5581-5587,
1988.

Hoyos B, Ballard DW, Béhnlein E, Siekevitz M and
Greene WC, Kappa-B-specific DNA binding proteins:
Role in the regulation of human interleukin-2 gene
expression. Science 244: 457460, 1989.

Lenardo MJ, Kuang A, Gifford A and Baltimore D,
NF-xB protein purification from bovine spleen:
Nucleotide stimulation and binding site specificity.
Proc Natl Acad Sci USA 85: 8825-8829, 1988.
Bohnlein E, Lowenthal JW, Siekevitz M, Ballard DW,
Franza BR and Greene WC, The same inducible
nuclear protein(s) regulates mitogen activation of both
the interleukin-2 receptor-alpha gene and type 1 HIV.
Cell 53: 827-836, 1988.

Osborn L, Kunkel S and Nabel GJ, Tumor necrosis

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

3s.

36.

37.

38.

39.

1575

factor o« and interleukin 1 stimulate the human
immunodeficiency virus enhancer by activation of the
nuclear factor kB. Proc Natl Acad Sci USA 86: 2336
2340, 1989.

Sen R and Baltimore D, Inducibility of kimmunoglobin
enhancer-binding protein NF-xB by a posttranslational
mechanism. Cell 47: 921-928, 1986.

Brach MA, Hass R, Sherman M, Gunji HR,
Weichselbaum R and Kufe D, Ionizing radiation
induces expression and binding of the nuclear factor
kB. J Clin Invest 88: 691-695, 1991.

Brach M, Kharbanda S, Herrmann F and Kufe D,
Activation of the transcription factor kB in human
KG-1 myeloid leukemia cells treated with 1-8-D-
arabinofuranosylcytosine. Mol Pharmacol 41: 60-63,
1992.

Bacuerle PA and Baltimore D, Activation of DNA-
binding activity in an apparently cytoplasmic precursor
of the NF-kB transcription factor. Cell 53: 211-217,
1988.

Baeuerle PA and Baltimore D, IxB: A specific inhibitor
of the NF-xB transcription factor. Science 242: 540~
546, 1988.

Ghosh S and Baltimore D, Activation in vitro of NF-
kB by phosphorylation of its inhibitor IxB. Nature 344:
678-682, 1990.

Hass R, Bartels HR, Topley N, Hadam M, Koéhler L,
Goppelt-Striibe M and Resch K, TPA-induced
differentiation and adhesion of U-937 cells: Changes in
ultrastructure, cytoskeletal organization and expression
of cell surface antigens. Eur J Cell Biol 48: 282-293,
1989.

Ghosh S, Gifford AM, Riviere LR, Tempst P, Nolan
GP and Baltimore D, Cloning of the p50 DNA binding
subunit of NF-xB: Homolog to re/ and dorsal. Cell 62:
10191029, 1990.

Cleveland DW, Lopata MA, MacDonald RJ, Cowan
NJ, Rutter WJ and Kirschner MW, Number and
evolutionary conservation of a- and p-tubulin and
cytoplasmic - and y-actin genes using specific cloned
cDNA probes. Cell 20: 95-105, 1980.

Angel P, Allegretto EA, Okino ST, Hattori K, Boyle
WI, Hunter T and Karin M, Oncogene jun encodes a
sequence-specific trans-activator similar to AP-1.
Nature 332: 166-171, 1988.

Curran T, MacConnell WP, van Straaten F and Verma
IM, Structure of the FBJ murine osteosarcoma virus
genome: Molecular cloning of its associated helper
virus and the cellular homology of the v-fos gene from
mouse and human cells. Mol Cell Biol 3: 914-921,
1983.

Hass R. Gunji HR, Datta R, Kharbanda S, Hartmann
A, Weichselbaum R and Kufe D, Differentiation and
retrodifferentiation of human myeloid leukemia cells
is associated with reversible induction of cell cycle-
regulatory genes. Cancer Res 52: 14451450, 1992.
Gunji HR, Hass R and Kufe D, Activation of
internucleosomal DNA fragmentation during phorbol
ester-induced monocytic differentiation and G,/G,
arrest. J Clin Invest 89. 954-960, 1992.

Nakamura T, Kharbanda S, Spriggs D and Kufe D,
Effects of dexamethasone on induction of monocytic
differentiation in human U937 cells by dimethyl
sulfoxide. J Cell Physiol 142: 261-267, 1990.

Housley PR, Sanchez ER, Danielsen M, Ringold GM
and Pratt WB, Evidence that the conserved region in
the steroid binding domain of the glucocorticoid
receptor is required for both optimal binding of hsp90
and protection from proteolytic cleavage. A two-site
model for hsp90 binding to the steroid binding domain.
J Biol Chem 265: 12778-12781, 1990.
Dahlman-Wright K, Siltala-Roos HR, Carlstedt-Duke
J and Gustafsson JA, Protein—protein interactions



1576 R. Hass et al.

facilitate DNA binding by the glucocorticoid receptor ~ 41. Stone RM, Imamura K, Datta R, Sherman ML and

DNA-binding domain. J Biol Chem 265: 14030-14035, Kufe DW, Inhibition of phorbol ester-induced

1990. monocytic differentiation and c-fms gene expression by
40. Angel P, Hattori K, Smeal T and Karin M, The jun de}(amethasone: Potential involvement of arachidonic

proto-oncogene is positively autoregulated by its acid metabolites. Blood 76: 1225-1232, 1990.

product, Jun/AP-1. Cell 55: 875-885, 1988.



