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Abstract

The expression of the human H1° histone gene and of a main type H1 gene was analyzed in two human

leukemia cell lines. The main type, replication dependent H1 gene expression reflected the state of proliferation of both
cell lines. No H1° mRNA was detected in the promyelocytic HL-60 line, whereas the monocytic U937 cells showed low
steady-state levels of H1° mRNA. Stimulation of HL-60 with several known inducers of differentiation failed to induce
any accumulation of H1? mRNA. Treatment of U937 with phorbol ester or butyrate, on the other hand, led to an increase

of the H1° mRNA concentration.  © 1992 Wiley-Liss, Inc.
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The H1° histone is a characteristic component
of the chromatin of terminally differentiated
mammalian cells [Panyim and Chalkley, 1969;
Smith et al., 1984]. Initially this H1 subtype was
considered a characteristic component of nondi-
viding cells [Smith et al., 1984; Zlatanova, 1980].
In the meantime, however, studies of H1° pro-
tein [Chabanas et al., 1985] and mRNA levels
[Alonso et al., 1988; Bouterfa et al., 1990] showed
that the induction of H1° gene expression can
precede the onset of the inhibition of DNA repli-
cation. An extreme example of an H1° gene
expression independent from an inhibition of
DNA replication is the constitutively high syn-
thesis of H1° mRNA and protein in the hepatoma
cell line HepG2 [Hochhuth and Doenecke, 1990;
Gabrielli et al., 1985].

The correlation between the occurrence of
H1° and the state of differentiation of a given
cell type [Gjerset et al., 1982] suggested that the
regulation of the H1° gene forms part of a tissue
specific differentiation programme. Several leu-
kemia cell lines, such as the promyelocytic HL.-60
cell {Koeffler et al., 1980; Miller and Koeffler,
1986; Collins et al., 1977; Collins, 1987] or the
monocytic U937 line [Sundstrém and Nilsson,
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1976; Radzun et al., 1983; Hass et al., 1989;
Alvarez et al., 1989; Olsson et al., 1982; Hattori
et al., 1983] can be induced to undergo certain
steps of differentiation.

Since treatment with inducers of differentia-
tion is frequently associated with a decreased
proliferation rate [D’Anna et al., 1982; Hall et
al., 1985; Kress et al., 1986], we have chosen
HL-60 and U937 cells for a comparative analysis
of human H1 gene regulation under varied
growth conditions.

The spectrum of mammalian H1 histones com-
prises at least five main type species [Lennox
and Cohen, 1983] and, in addition, the testicular
subtype H1t [Meistrich et al., 1985] and the
replacement subtype H1° [Smith et al., 1984].
To date, five human main type H1 genes [Carozzi
et al., 1984; Eick et al., 1989; Albig et al., 1991],
the human H1t gene [Drabent et al., 1991] and
the human gene coding for H1° [Doenecke and
To6njes, 1986] have been described.

The regulation of expression of the H1° gene
differs from other H1 genes in several respects.
First, the synthesis of H1° does not depend on
the S-phase of the cell cycle [Zlatanova and
Swetly, 1980]. Secondly, the mRNA coding for
H1° carries a poly(A) tail and it shows a long non
coding 3’ flanking region [Kress et al., 1986].
Thirdly, in contrast to all other mammalian H1
genes, the H1° gene is not neighboured by core
histone genes [Doenecke and Tonjes, 1986].
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We have analyzed steady-state levels of H1°
mRNA in HL-60 and U937 cell lines prior to and
after addition of butyrate, DMSO, or TPA. For
comparison with H1°, we have used a main type
human H1 probe to monitor the level of cell
cycle dependent histone gene expression. In ad-
dition to TPA and DMSO, sodium butyrate was
included in the protocol, since this compound
induces H1° gene expression in several systems
[D’Anna et al., 1982; Hall et al., 1985; Kress et
al., 1986] prior to a decrease in the proliferation
rate of the respective cells.

MATERIALS AND METHODS

All chemicals used were analytical grade re-
agents. Media and fetal calf serum were from
Gibco/BRL (Gaithersburg, MD); chemicals for
electrophoresis were from Serva (Heidelberg,
Germany); denaturing agents were from Fluka
(Buchs, Switzerland). TPA and DMSO were from
Sigma (St. Louis, MO). All other chemicals were
from Merck (Darmstadt, Germany). Membrane
filters were from Schleicher and Schuell (Dassel,
Germany). Radioactively labelled compounds and
the random prime labeling kit were obtained
from Amersham (Braunschweig, Germany).

Cell Culture

HL-60 and U937 cells were grown at 37°C (5%
CO;y) in RPMI 1640 medium supplemented with
10% (v/v) fetal calf serum, 2 mM glutamine, 2
mM pyruvate, 100 pg of streptomycine, and 100
units of penicillin per ml.

Depending on the different induction proto-
cols, the medium was supplemented with either
5 mM sodium byturate, 32 nM 12-O-tetradec-
anoylphorbol-13-acetate (TPA), or 1,25% (v/v)
DMSO (dimethylsulfoxide) for the different peri-
ods of time indicated in Figures 1 and 2.

The time course chosen for the analysis of the
relation between H1° gene expression and cell
proliferation was based on previously published
data. Butyrate acts within few hours on H1°
levels in several mammalian systems [D’Anna et
al., 1982; Chabanas et al., 1985; Kress et al.,
1986). In U937, the TPA-induced changes in
morphology and cell surface marker patterns
remain constant after 72 h of treatment [Hass et
al., 1989]. Similarly, HL-60 treatment with TPA
induces a macrophage like phenotype which
remains unchanged beyond 72 h of TPA treat-
ment [Rovera et al., 1979]. Finally, DMSO treat-
ment of HL-60 cells induces a myeloid differenti-
ation which starts within hours and reaches

maximum differentiation after 5 days [Collins et
al., 1978]. DMSO addition to U937 cells yields
several effects within few hours, the clonogenic-
ity of U937 cells decreases very rapidly and is
barely detectable after 48 hours [Nakamura et
al., 1990]. These different induction kinetics
were the basis for the time course of the RNA
analysis presented in Figure 2.

The cells were seeded at a density around 2 x
105/ml in parallel cell culture flasks (control
versus treated cells). In the cases of DMSO or
butyrate treatment, aliquots were taken from
the treated and control cell suspensions after
the time intervals indicated in Figures 1 and 2.
Since TPA addition induces an adherent pheno-
type in both HL-60 and U937 cells, individual
flasks for each time point to be investigated were
seeded and TPA treated. Before counting and
trypan blue exclusion determination (see be-
low), the cells were detached by trypsin/EDTA
treatment (0.05% [w/v] trypsin; 0.02% [w/v]
EDTA, in PBS buffer: 140 mM NaCl; 2.5 mM
KCl; 8.1 mM Na,HPO,; 1.5 mM KH,PO,).

Viability of cells was monitored by trypan blue
exclusion. Ten microliters of cell suspension was
mixed with 10 pl trypan blue (0.2%, w/v) solu-
tion in PBS (see above). The percentage of viable
cells in untreated cultures was 95-97%. In the
case of adherent growth due to exposure to TPA,
trypan blue exclusion was determined after
trypsin/EDTA treatment.

Granulocytes were isolated according to Mark-
ert et al. [1984] and RNA was extracted as
described below.

Since the viability of control cells did not
decrease during the respective periods of investi-
gation and the proliferation rate remained un-
changed (see Fig. 1), neither the control nor
treated cells were refed during the experiments
described in Figures 1 and 2 in order to avoid
artifacts due to handling of cells.

RNA Analysis

Total cellular RNA from control and treated
cells was prepared by the guanidinium isothiocy-
anate/cesium chloride method [Chirgwin et al.,
1979] and centrifuged in a Beckman SW60 rotor
for 16 h at 180,000 g (15°C). The RNA was
precipitated with ethanol, washed several times
with 80% ethanol, dried, and dissolved in water.
Then 10 pg samples of RNA were denatured in
glyoxal and dimethyl sulfoxide [McMaster and
Carmichael, 1977], transferred onto nylon mem-
branes, hybridized with labeled DNA probes,
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Fig. 1. Effects of sodium butyrate, dimethy! sulfoxide (DMSO) and 12-O-tetradecanoylphorbol 13-acetate (TPA) on
growth kinetics of HL-60 and U937 cells. The final concentrations of compounds were 5 mM butyrate, 1.25% (v/v)
DMSO, or 32 nM TPA, respectively. The ordinate indicates the number of viable cells/ml (defined as cells excluding
trypan blue, see Materials and Methods) and the abscissa refers to the time interval after addition of the respective
substance (untreated cells: open circles). Each experiment was done at least three times.

and analyzed by autoradiography as described
[Kress et al., 1986]. The endogenous ribosomal
RNA could be used as a marker, since human
H1° mRNA has a size of 2.3 kb [Kress et al.,
1986] and an electrophoretic mobility intermedi-
ate between rRNA bands, whereas main group
H1 mRNA measures about 0.75 kb [Eick et al.,
1989; Albig et al., 1991]. In addition, ethidium
bromide stained rRNA bands served as an inter-
nal control for identical RNA concentrations per
electrophoresis slot. DNA probes were derived
from the human H1° gene [Doenecke and Ténjes,
1986] and the human main type gene H1.2 [Eick
et al., 1989]. The DNA probes were labeled by
nick translation [Rigby et al., 1977] or by the
random prime labeling procedure [Feinberg and
Vogelstein, 1983].

RESULTS

Treatment of leukemic cell lines with phorbol
ester (TPA), DMSO, or several other substances
is associated with a loss of proliferative capacity
and an induction of cellular differentiation [Ko-
effler, 1983]. Figure 1 shows the growth kinetics
of HL-60 and U937 cells in the absence or pres-
ence of either TPA, DMSO, or sodium butyrate.
In HL-60, TPA as well as butyrate caused a
rapid decline of the rate of cell proliferation,
whereas addition of DMSO resulted just in a

gradually decreasing rate of proliferation, and
no further cell division occurred after 72 h of
DMSO treatment.

As previously described [Hochhuth et al.,
1990], TPA leads to a growth inhibition of U937.
Similarly, inhibitory effects were elicited by treat-
ment of U937 cells with butyrate and DMSO,
but just the administration of butyrate caused a
complete stop of cell proliferation within 24 h.

These effects on the proliferation of HL-60 as
well as U937 cells were paralleled by changing
levels of mRNA hybridizing with a human H1
histone gene probe (Fig. 2). This main type H1
histone probe should describe the H1 histone
turnover related to the rate of DNA synthesis as
described for other main type human H1 species
[Baumbach et al., 1984]. The probe used here
(termed H1.2 in Eick et al. [1989]) detects H1
gene transcripts in the size range of 0.75 kb,
whereas the non-cross-hybridizing H1° probe
would detect a 2.3 kb mRNA [Kress et al., 1986].

Treatment of HL-60 with either DMSO, bu-
tyrate, or TPA resulted in a decrease of the H1.2
histone mRNA level. The delayed effect of DMSO
on the H1.2 expression agreed with the minor
effect of this compound on the HL-60 prolifera-
tion rate as indicated in Figure 1. On the other
hand, the addition of butyrate to HL-60 cells
caused an early inhibition of cell growth and no
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Fig. 2. Steady-state levels of mRNA coding for histone H1°
[Kress et al., 1986} or H1.2 [Eick et al., 1989] in HL-60 and
U937 cells after treatment with DMSO, butyrate or TPA (as in
Fig. 1). The U937 data from TPA treated cells were taken from
Hochhuth et al. [1990]. RNA was extracted from cells after
different periods of exposure to the respective substance: hours
of treatment are indicated above the electrophoretic slots.
Vertical arrows indicate washing of cells and resuspension in
medium without butyrate or DMSO. Identical amounts of RNA

H1.2 mRNA could be detected at times beyond
24 h (Fig. 2).

No H1° mRNA could be detected in HL-60
cells. Neither RNA from proliferating cells nor
from growth-inhibited or differentiation-in-
duced HL-60 showed any hybridization with the
H1° probe (not shown in Fig. 2, but see Fig. 3).

Addition of butyrate, TPA, DMSQO, or retinoic
acid failed to induce any accumulation of H1°
mRNA in HL-60 cells (not shown). According to
Collins et al. [1978], a 5 day treatment of HL.-60
cells with DMSO induces myeloid differentia-
tion. Five days of DMSO exposure of HL-60 cells
was similarly without effect on H1° mRNA induc-
tion as TPA or butyrate treatment. Serum deple-
tion, which is another mode of H1° induction
[Pehrson and Cole, 1980; Hall and Cole, 1986]

(10 ug) were applied per electrophoresis slot, blotted, and
hybridized with 3?P-labeled probes. Since hybridization of HL-60
RNA with H1° probes was absolutely negative, these series are
omitted from the figure. The time periods presented here were
chosen on the basis of the differential induction kinetics as
previously determined (references in Materials and Methods
section). Each experiment was performed at least three times;
each panel shows a representative pattern of RNA data.

was also without any effect on the expression of
the H1° gene in HL-60 cells (not shown).

U937 cells have the capacity to differentiate
towards cells of the monocytic lineage [Radzun
et al.,, 1983]. As in HL-60, TPA induces a mac-
rophage-like phenotype in U937 cells [Nilsson et
al., 1980]. As shown previously for U937 [Hoch-
huth et al., 1990] and for comparison again in
Figure 1 (above), this phorbol ester induces a
decline in the cell proliferation rate, a decrease
of the level of main type Hl mRNA and an
increase of the steady state level of H1° mRNA
(Fig. 2).

The middle panel of Figure 2 shows that
DMSO, which is an inducer of H1° in other
systems [Hall et al., 1985] and causes an induc-
tion of phospholipase A, within 2 h of treatment



320 Hochhuth and Doenecke

Granulocytes U937

H1°

HL60 Hela

—28 S

. —18 S

Fig. 3. Comparison of hybridization of different RNA preparations with the human H1° probe [Kress et al., 1986].
Granulocyte RNA was extracted from mature granulocytes [Markert et al., 1984}, RNA from uninduced U937 and
HL-60 cells was extracted and analyzed as described above. Butyrate induced Hela cell RNA served as a positive
control [Kress et al., 1986]. In each lane, 10 ug RNA were analyzed, the intensity of ethidium bromide stained rRNA

bands was identical in the four slots.

of U937 cells [Nakamura et al., 19901, failed to
stimulate the accumulation of H1° mRNA in
U937. In fact, the low basal level of H1° mRNA
rapidly disappeared within a few hours after
addition of DMSO. The replication-dependent
H1.2 mRNA level in DMSO-treated U937 cells
rapidly reached its initial level after an early
decrease. The comparison with the growth kinet-
ics (Fig. 1, lower middle panel) showed that this
maintenance of the H1.2 mRNA level agreed
with the ongoing cell division.

Butyrate treatment of U937 cells, which
caused an inhibition of cell proliferation within
24 hours, affected the H1.2 mRNA level with
similar kinetics as in the case of the DMSO
treatment. Again, the H1.2 probe detected a
decreased mRNA concentration around 6 to 8
hours of treatment and an increase thereafter.
With decreasing numbers of viable cells (as indi-
cated in Fig. 1: 48 h and later) the H1.2 mRNA
was no more detectable.

Sodium butyrate leads to a broad spectrum of
effects in several cell types [Prasad and Sinha,
1976]. An induction of H1° protein [D’Anna et
al., 1982; Hall et al., 1985] as well as mRNA
[Kress et al., 1986] by butyrate has been ob-
served in CHO, HeLa, and other cells. Figure 2
shows that butyrate induces an accumulation of
H1° mRNA in U937 within a few hours, reach-
ing a maximum at around 8 h. These kinetics
are within the same range as butyrate induction
of H1° mRNA accumulation in Hel.a [Kress et
al., 1986] or in mouse B16 cells [Chabanas et al.,
1985). At this early stage of induction, an obvi-

ous effect on the proliferation rate of U937 cells
has not yet been observed (Fig. 1). Thus, the
induction of the accumulation of H1° mRNA
preceded the inhibitory effect on the prolifera-
tion rate. This agreed with the H1.2 hybridiza-
tion data as described above.

TPA effects on the differentiation of U937
have been described by several authors [Gidlund
et al., 1981; Hass et al., 1989; Hochhuth et al.,
1990]. We have included data from Hochhuth et
al. [1990] in Figure 2 in order to allow a compar-
ison with effects of butyrate and DMSO, respec-
tively, on proliferation and H1° induction within
the same U937. According to Gidlund et al.
[1981], 2 to 3 days of exposure of U937 cells to
TPA lead to a macrophage-like phenotype of
these cells. Within the same period, we have
found an accumulation of H1° mRNA in TPA
treated U937 cells (Hochhuth et al. [1990] and
Fig. 2).

Figure 3 shows a comparison of Northern
blots of U937 and HL-60 RNA with RNA ex-
tracted from mature granulocytes. RNA from
butyrate treated HeLa cells served as a H1°
control [Kress et al., 1986]. In rapidly growing
U937 cells, a very faint hybridization band was
obtained with the H1° probe, whereas neither
HL-60 nor granulocytes yielded any detectable
H1° mRNA band. This suggests that the promy-
elocytic cell line HL-60 already represents a
differentiation state beyond a (as yet hypotheti-
cal) stage of repression of the H1° gene con-
nected with the granulocyte lineage.
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DISCUSSION

Changes in the state of differentiation and in
the rate of proliferation of a given cell type may
require alterations in the functional organiza-
tion of chromatin. This may involve a removal
or redistribution of H1 histones upon activation
or inactivation of specific portions of the genome
[Schlissel and Brown, 1984; Sharp, 1991; Cros-
ton et al., 1991].

We have chosen two leukemia cell lines to
investigate the influence of established inducers
of differentiation [Koeffler, 1983] on the rate of
proliferation and on the steady state mRNA
levels of two different H1 subtypes, i.e., H1° and
the main type histone H1.2. Here, we describe
effects of a phorbol ester (TPA), dimethyl sulfox-
ide (DMSO), and sodium butyrate on the promy-
elocytic HL-60 and the monocytic U937 cell
lines.

The analysis of H1 histone mRNA levels in
HIL-60 cells growing at differential rates in the
absence or presence of butyrate, DMSO, or TPA
revealed two major results. First, predictably,
the steady-state mRNA level of the main type
H1.2 histone reflected the state of proliferation
of the respective HL-60 cells. Secondly, the H1°
gene is apparently inactive in this cell line, and
none of the established inducers of H1° synthe-
sis could elicit any detectable expression of this
gene.

As described above for HL-60, we have also
treated U937 cells with sodium butyrate, DMSO
and TPA, and we have studied the changes in
main type H1 (H1.2) and replacement type (H1°)
gene expression in comparison with the rate of
proliferation.

We have shown previously [Hochhuth et al.,
1990} that treatment of U937 with TPA or
antineoplastic phospholipids yields a decrease of
the H1.2 gene expression and an increase of the
H1° mRNA level (RNA data after TPA treat-
ment from Hochhuth et al. included in Fig. 2).
These previous TPA effects were included in
this study in order to demonstrate the differen-
tial reactivity of HL-60 and U937 at the level of
H1 histone subtype gene expression.

In contrast to TPA, addition of DMSO to
U937 cells did not induce an accumulation of
H1° mRNA despite its inhibitory effect on the
proliferation rate. Few data have been published
about the effect of DMSO in U937. Nakamura et
al. [1990] showed that the proliferation rate of
U937 decreased under the influence of DMSO.

Furthermore, they found an increase of non-
specific esterase activity and the expression of a
monocyte specific surface antigen. These data
indicated that treatment of U937 cells with
DMSO caused an induction of terminal differen-
tiation.

Since DMSQ treatment of neither HL-60 nor
U937 cells was able to induce enhanced H1°
expression (Fig. 2), we conclude that the expres-
sion of the H1° gene is neither a prerequisite nor
a result of the process of cellular differentiation
in these systems. For example, HL-60 cells differ-
entiate to granulocytic or macrophage-like cells
[Koefller, 1983], but this process is not associ-
ated with a detectable H1° gene expression. On
the other hand, U937 cells react by increasing
the level of H1° mRNA when the cells are treated
with TPA or sodium butyrate. This suggests
that the substances studied here act at different
steps of control of cellular proliferation and dif-
ferentiation and that the expression of the H1°
gene contributes to a discrimination between
these stages.

In our previous analysis of the effects of the
phospholipid analogue hexadecylphosphocho-
line (HePC) on U937 cells, we have shown that
this lipid is an inducer of H1° mRNA accumula-
tion and causes a reduced proliferation rate
[Hochhuth et al., 1990]. The signal transduction
pathway of these lipids is yet unknown, but the
plasma membrane should be the prime site of
interaction of these substances with the cell
[Unger and Eibl, 1991]. Similarly, butyrate as a
short chain fatty acid may act primarily via
membrane effects. The broad spectrum of ef-
fects elicited by butyrate indicates that it acts on
a rather early step of a pleiotropic signal trans-
duction system [Prasad and Sinha, 1976]. Thus,
if both HePC and butyrate influence certain
steps of U937 differentiation upon interaction
with the cell membrane, we must conclude that
DMSO must act differently on these signal path-
ways, since it does not cause an increased level
of H1° mRNA in U937 cells.

The mode of action of phorbol ester is partly
understood. At the level of the genome, the AP1
recognition sequence mediates responsiveness
to this tumor promoter. This protein binding
motif (TGACTCA) [Lee et al., 1987] is, however,
not found in the H1° promotor [Bouterfa and
Doenecke, submitted]. Thus, other steps of the
protein kinase C mediated signal transfer of
TPA may be involved.
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In conclusion, the differential expression of
H1° in tumor cell lines in the absence or pres-
ence of exogenous inducers indicates a complex
pattern of signalling pathways which differ in
the involvement of H1° in modulating the chro-
matin structure of the differentiating cell.

ACKNOWLEDGMENTS

We thank the Deutsche Forschungsgemein-
schaft for supporting this investigation. The
technical assistance of Uta Rupp and Suzane
Triebe-Hellmold is gratefully acknowledged. In
addition we acknowledge a contribution from
the Fonds fiir Biologische Chemie.

REFERENCES

Albig W, Kardalinou E, Drabent B, Zimmer A, Doenecke D
(1991): Isolation and characterization of two human H1
histone genes within clusters of core histone genes. Genom-
ics 10:940-948.

Alonso A, Breuer B, Bouterfa H, Doenecke D (1988): Early
increase in histone H1° mRNA during differentiation of
F9 cells to parietal endoderm. EMBO J 7:3003-3008.

Alvarez J, Garcia-Sancho J, Mollinedo F, Sanchez A (1989):
Intracellular Ca?* potentiates Na*/H* exchange and cell
differentiation induced by phorbol ester in U937 cells. Eur
J Biochem 183:709-714.

Baumbach LL, Marashi F, Plumb M, Stein G, Stein J (1984):
Inhibition of DNA replication reduces cellular levels of
core and H1 histone mRNAs: Requirement for protein
synthesis. Biochemistry 23:1618-1625.

Bouterfa H, Doenecke D, Loffler M (1990): Increased level of
H1° messenger RNA in hypoxic Ehrlich ascites tumor
cells. Exp Cell Res 188:160-163.

Carozzi N, Marashi F, Plumb M, Zimmerman S, Zimmer-
man A, Coles LS, Wells IRE, Stein G, Stein J (1984):
Clustering of human H1 and core histone genes. Science
224:1115-1117.

Chabanas A, Khoury E, Goeltz P, Froussard P, Gjerset R,
Dod B, Eisen H, Lawrence JJ (1985): Effects of butyric
acid on cell cycle regulation and induction of histone H1°
in mouse cells and tissue culture. J Mol Biol 183:141-151.

Chirgwin J, Przybyla A, MacDonald R, Rutter R (1979):
Isolation of biological active ribonucleic acid from sources
enriched in ribonuclease. Biochem 18:5294-5299.

Collins SJ, Gallo RC, Gallagher RE (1977): Continuous
growth and differentiation of human myeloid leukaemia
cells in suspension. Nature 270:347-349.

Collins SJ, Ruscetti F, Gallagher RE, Gallo RC (1978):
Terminal differentiation of human promyelocytic leuke-
mia cells induced by dimethyl sulfoxide and other polar
compounds. Proc Natl Acad Sci (USA) 75:2458-2462.

Collins SJ (1987): The HL-60 promyelocytic leukemia cell
line: Proliferation, differentiation, and cellular oncogene
expression. Blood 70:1233-1244.

Croston GE, Kerrigan LA, Lira LM, Marshak DR, Kadonaga
JT (1991): Sequence-specific antirepression of histone
H1-mediated inhibition of basal RNA polymerase II tran-
scription. Science 251:643-649.

D’Anna JA, Gurley LR, Tobey RA (1982): Syntheses and
modulations in the chromatin contents of histones H1°

and H1 during G, and S phases in chinese hamster cells.
Biochemistry 21:3991-4001.

Doenecke D, Ténjes R (1986): Differential distribution of
lysine and arginine residues in the closely related histones
H1° and H5. J Mol Biol 187:461-464.

Drabent B, Kardalinou E, Doenecke D (1991): Structure and
expression of the human gene encoding testicular H1
histone (H1t). Gene 103:263—268.

Eick S, Nicolai M, Mumberg D, Doenecke D (1989): Human
H1 histones: Conserved and varied sequence elements in
two H1 subtype genes. Eur J Cell Biol 49:110-115.

Feinberg AP, Vogelstein B (1983): A technique for radiolabel-
ing DNA restriction endonuclease fragments to high spe-
cific activity. Anal Biochem 132:6-13.

Gabrielli F, Aden DP, Carrel SC, von Bahr C, Rane A,
Angeletti CA, Hancock R (1985): Histone complements of
human tissues, carcinomas, and carcinoma-derived cell
lines. Mol Cell Biochem 65:57-66.

Gidlund M, Orn A, Pattengale PK, Jansson M, Wigzell H,
Nilsson K (1981): Nature killer cells kil tumour cells at a
given stage of differentiation. Nature 292:848-850.

Gjerset R, Gorka C, Hasthorpe S, Lawrence JJ, Eisen H
(1982): Developmental and hormonal regulation of pro-
tein H1° in rodents. Proc Natl Acad Sci (USA) 79:2334--
23317.

Hall BD, Davis C, Cole D (1985): Induction of histone H1°
differs with different treatments among different cell lines.
FEBS Lett 189:92-96.

Hall JM, Cole RD (1986): Mechanisms of H1° accumulation
in mouse neuroblastoma cells differ with different treat-
ments. J Biol Chem 261:5168-5174.

Hass R, Bartels H, Topley N, Hadam M, Kéhler L, Goppeit-
Striibe M (1989): TPA-induced differentiation and adhe-
sion of U937 cells: Changes in ultrastructure, cytoskeletal
organization and expression of cell surface antigens. Eur J
Cell Biol 48:282-293.

Hattori T, Pack M, Bougnoux P, Chang Z, Hoffman T (1983)
Interferon-induced differentiation of U937 cells. Compar-
ison with other agents that promote differentiation of
human myeloid or monocytelike cell lines. J Clin Invest
72:237-244.

Hochhuth C, Doenecke D (1990): The expression of the
histone H1° gene in the human hepatoma cell line Hep(G2
is independent from the state of cell proliferation. Differ-
entiation 43:212-219.

Hochhuth C, Berkovic D, Eibl H, Unger C, Doenecke D
(1990): Effects of antineoplastic phospholipids on parame-
ters of cell differentiation in U937 cells. J Cancer Res Clin
Oncol 116:459-466.

Koeffler HP, Bar-Eli M, Territo M (1980): Phorbol diester
induced macrophage differentiation of leukemic blasts
from patients with myelogenous leukemia. J Clin Invest
66:1101.

Koeffler HP (1983): Induction of differentiation of human
acute myelogenous leukemia cells: Therapeutic implica-
tions. Blood 62:709-721.

Kress H, Ténjes R, Doenecke D (1986): Butyrate induced
accumulation of a 2.3 kb polyadenylated H1° histone
mRNA in HeLa cells. Nucleic Acid Res 14:7189-7197.

Lee W, Mitchell P, Tjian R (1987): Purified transcription
factor AP-1 interacts with TPA-inducible enhancer ele-
ments. Cell 49:741-752.

Lennox RW, Cohen LH (1983): The histone H1 comple-
ments of dividing and nondividing cells in the mouse. J
Biol Chem 258:262-268.

Markert M, Andrews PC, Babier BM (1984): Measurement



H1° Gene Expression in Leukemia Cells 323

of Oz production by human neutrophils. Methods Enzy-
mol 105:358-365.

McMaster GH, Carmichael GG (1977): Analysis of single
and double-stranded nucleic acids on polyacrylamide and
agarose gels by using glyoxal and acridine orange. Proc
Natl Acad Sci (USA) 74:4835-4838.

Meistrich ML, Bucci LR, Trostle-Weige PK, Brock WA
(1985): Histone variants in rat spermatogonia and sperma-
tocytes. Dev Biol 112:230-240.

Miller C, Koeffler HP (1986): The molecular biclogy of
differentiation and proliferation using human myeloge-
nous leukemia cells. Bioessays 5:18-21.

Nakamura T, Kharbanda S, Spriggs D, Kufe D (1990):
Effects of dexamethasone on induction of monocytic differ-
entiation in human U937 cells by dimethylsulfoxide. J
Cell Physiol 142:261-267.

Nilsson K, Andersson L, Gahmberg C (1980): Cell surface
characteristics of human histiocytic lymphoma lines. I.
Surface glycoprotein patterns. Leukemia Res 4:271.

Olsson IL, Breitman TR, Gallo RC (1982): Priming of hu-
man myeloid leukemic cell lines HL-60 and U-937 with
retinoic acid for differentiation effects of cyclic adenosine
3':5'-monophosphate-inducing agents and a T-lymphocyte-
derived differentiation factor. Cancer Res 42:3928-3933.

Panyim S, Chalkley R (1969): A new histone found only in
mammalian tissue with little cell division. Biochem Bio-
phys Res Commun 37:1042-1049.

Pehrson J, Cole RD (1980): Histone H1° accumulates in
growth-inhibited cultured cells. Nature 285:43-45.

Prasad KN, Sinha PK (1976): Effect of sodium butyrate on
mammalian cells in culture. In Vitro 12:125-132.

Radzun HJ, Patwaresch MR, Sundstrém C, Nilsson K, Eiss-
ner M (1983): Monocytic origin of the hematopoietic cell
line U937 and its convertibility to macrophages evidenced
by isoenzyme mapping. Int J Cancer 31:181-186.

Rigby P, Dieckmann M, Rhodes C, Berg P (1977): Labeling
deoxyribonucleic acid to high specific activity in vitro by
nick translation with DNA polymerase 1. J Mol Biol 113:
237-251.

Rovera G, Santoli D, Damsky C (1979): Human promyelo-
cytic leukemia cells in culture differentiate into macroph-
age like cells when treated with phorbol diester. Proc Natl
Acad Sci (USA) 76:2779-2783.

Schlissel MS, Brown DD (1984): The transcriptional regula-
tion of Xenopus 5S RNA genes in chromatin: The roles of
active stable transcription complexes and histone H1. Cell
37:903-913.

Sharp PA (1991): TFIIB or not TFIIB? Nature 351:16-18.

Smith BJ, Harris MR, Sigournay CM, Mayes ELV, Bustin M
(1984): A survey of H1°- and H5-like protein structure and
distribution in higher and lower eucaryotes. Eur J Bio-
chem 138:309-317.

Sundstréom C, Nilsson K (1976): Establishment and charac-
terization of a human histiocyte lymphoma cell line (U937).
Int J Cancer 17:565-577.

Unger C, Eibl H (1991): Hexadecylphosphocholine: Preclini-
cal and the first clinical results of a new antitumor drug.
Lipids 26:1412-1417.

Zlatanova JS (1980): Synthesis of histone H1° is not inhib-
ited in hydroxyurea-treated Friend cells. FEBS Lett 112:
199--202.





