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Abstract

The fluorescent Dye H33342 (H342) is a bis-benzimidazole used for intravital fluorescent staining. In

this report, we found that H342 completely abolished histone 2a mRNA but had no effect on alkaline phosphatase gene
expression and protein synthesis in UMR 106-01 rat osteoblast-like cells. The complete loss of histone 2a mRNA
occurred after only 20 min of treatment with H342. This effect is unlikely to be a result of inhibition of DNA synthesis,
which was only partly suppressed. The mechanism of the action of H342 on histone 2a mRNA is presently un-

known. 1993 Wiley-Liss, Inc.
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The fluorescent Dye H33342 (H342) is a bis-
benzimidazole derivative which has been em-
ployed for intravital fluorescent staining {Gre-
goire et al., 1984; Brenan et al., 1984]. Recently,
H342 has also been used in some instances to
encourage cell differentiation. For example,
H342 induces a nullipotent cell line to differenti-
ate towards endodermal lineage [Steuer et al.,,
1990]. Cell differentiation induced by H342, how-
ever, only occurs in stem cells and not in non-
stem cells such as 3T3 fibroblasts [Steuer et al.,
1990]. It is known that H342 binds selectively at
AT-rich regions of DNA and arrests cells at the
S/G, phase of the cell cycle [Murray and Martin,
1988]. The precise mechanism of the effect of
H342 on cell differentiation, however, is un-
known.

Research in our laboratory has focused on
osteoblast and osteoclast differentiation [Zheng
et al.,, 1991; Zheng et al., in press]. We have
attempted to use H342 both as an intracellular
fluorochrome in vivo and as a differentiation
agent in investigations of osteoclast and osteo-
blast precursor cells. In the course of our inves-
tigations, however, we have found that the ac-
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tion of H342 had unexpected effects. In this
study, we show that H342 inhibited cell cycle-
regulated histone gene expression but did not
have any effect on alkaline phosphatase gene
expression and protein synthesis in UMR106-01
rat osteoblast-like cells.

MATERIALS AND METHODS
Materials

H342 was purchased from Calbiochem-Beh-
ring (Kingsgrove, Australia). 32P-dCTP and a
nick translation kit were supplied by Amersham
(Australia). All reagents were of the highest
grade available commercially. The histone 2a
(H2a) ¢cDNA probe (H2a-614) was kindly pro-
vided by Dr. W.F. Marzluff, Department of
Chemistry, Florida State University [Myra et
al., 1989]. The human alkaline phosphatase
probe (pLBK8B/E5') and the glyceraldehyde 3’
phosphate dehydrogenase (GADPH) probe (pH-
c¢GAP) were purchased from American Type Cul-
ture Collection. A UMR 106-01 rat osteoblast-
like cell line was kindly provided by Professor
T.J. Martin, St Vincent’s Institute of Medical
Research, Melbourne, Australia.

Cell Culture

The UMR106-01 rat osteosarcoma cell line
was grown in EMEM medium containing 10%
fetal bovine serum, 10% non-essential amino
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acids, 14 mM NaHCO;, 1.2 mM L-glutamine,
0.1 mg/ml of streptomycin, and 100 units/ml of
penicillin at 37°C in a humidified atmosphere of
95% air and 5% CO,. Cells were used between
passages 6 and 12 and seeded at a density of
0.5-1.0 x 10* cells per cm? in 75 cm? flasks.
Fresh culture medium with or without H342
was added to confluent cultures in 75 cm? flasks
for various times before assay.

DNA Synthesis

DNA synthesis was studied by examining
[*Hlthymidine incorporation into DNA. The
UMR106-01 rat osteosarcoma cells were grown
in 96 well culture plates (Nunc, Denmark) in
EMEM medium at 37°C in a humidified atmo-
sphere of 95% air and 5% CO,. [Methyl-3H]
thymidine (specific activity 40-60 Ci/mmol; Am-
ersham, Australia) was added to culture media
to yield a final activity of 1 wCi/ml during the
last 30 min of the culture period. At the end of
the incubation, 100 ul of 1 M NaOH was added
to the media. Thymidine incorporation was ex-
amined by liquid scintillation counting. The DNA
synthesis inhibitor, hydroxyurea, was used at a
concentration of 0.5 pM to compare its inhibi-
tory effect with H342. Results were expressed as
counts per minute (cpm) of [*H]thymidine incor-
porated into DNA per well.

Total Protein Synthesis

Total protein synthesis was determined by
studying the incorporation of [2,3-3H] proline
(specific activity 20—40 Ci/mmol, Amersham,
Australia). The UMR106-01 rat osteosarcoma
cells were grown in 96 well culture plates (Nunc,
Denmark) in EMEM medium at 37°C in a humid-
ified atmosphere of 95% air and 5% CO,. [2,3-
SH] proline was added to the media to yield a
final activity of 5 wCi/ml for the last 30 min of
the culture period. Proline incorporation was
terminated by adding 1 M NaOH. The cell frac-
tions were harvested and examined by liquid
scintillation counting. Results were expressed
as cpm of [*H]proline incorporated into total
protein.

RNA Extraction and Northern Blot Analysis

Total cellular RNA from two 75 cm? culture
flasks was obtained by cell lysis in 5 M guanidin-
ium thiocyanate and then precipitated with 8 M
LiCl overnight, and washed with 4 M LiCl/8M
urea [Cathala et al., 1983]. The RNA was ex-

tracted with phenol/chloroform and precipi-
tated in isopropyl alcohol for 2 h at —20°C. The
RNA pellets were washed with 70% ethanol and
then stored at —70°C. From each sample 15 to
25 ug of total cellular RNA was electrophoresed
under denatured conditions in a 1% agarose gel.
The RNA was then vacuum-blotted onto nitro-
cellulose filters (Hybond N+ Amersham). The
bound RNA was hybridized with ¢cDNA probes
which had been labelled with 32P-dCTP by nick
translation. The bands were visualized by auto-
radiography on Kodak X-ray film and photo-
graphs are presented in Figures 4, 5, and 6.
Because the amount of RNA in each sample
loaded into agarose gels was not necessarily the
same, both intensity of ethidium bromide stain-
ing of the 285 and 18S ribosomal RNAs and
the expression of housekeeping gene mRNA,
GADPH mRNA, were used as internal controls
to allow for variation.

RESULTS
Morphology

Figure 1 shows the effect of H342 on the
morphology of UMR 106-01 cells. The cells
treated with H342 at a concentration of 0.5 uM
for 20 min adopted a polygonal form. They were
no longer able to grow as aggregates and the
cells separated from one another. The morphol-
ogy of nuclei in treated cells was however un-
changed.

DNA and Total Protein Synthesis

H342 caused a dose-related inhibition of
[(H]thymidine incorporation into DNA in the
UMR106-01 rat osteosarcoma cells treated for
up to 6 h. At a concentration of 1 uM inhibition
was almost complete and was similar to the
effects of hydroxyurea, a powerful inhibitor of
DNA synthesis. However, when the concentra-
tion of H342 was reduced to 0.5 uM, DNA syn-
thesis in these cells was only partly inhibited
(Fig. 2). In addition, H342 treatment at a concen-
tration of 0.5 pM for 6 h did not have any effect
on total protein synthesis in the UMR106-01 rat
osteosarcoma cells (Fig. 3).

Gene Expression of Histone and Alkaline
Phosphatase

As shown in Figure 4, incubation of
UMR106-01 osteoblast-like cells for 20 min with
different doses of H342 resulted in loss of H2a
mRNA. At a concentration of 1 pM the loss was
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Fig. 2. Effect of H342 on [3H] thymidine incorporation into
DNA in UMR 106-01 osteoblast-like cells. The cells were incu-
bated with H342 at concentration of 1 pM and 0.5 pM and
hydroxyurea at a concentration of 0.5 M, respectively, for the
indicated period of time. H342 at a concentration of 0.5 pM did
not totally abolish DNA synthesis. Six samples were assayed in
experiments at each time point. Results were expressed as the
mean = SD of triplicate experiments.

almost complete. There was even evidence of
some loss when the concentration was reduced
to 0.1 pM. H342, however, did not change the
expression of GADPH, indicating that the tran-
scription of the housekeeping gene was unaf-
fected by the treatment. Figure 5 demonstrates
the time course (up to 6 h) of the effect of H342
on H2a mRNA at a concentration of 0.5 uM.
Even though there was variability in the
amounts of RNA at each time point, detected by
both the ethidium bromide staining of ribo-
somal RNAs (not illustrated) and the expression
of GADPH mRNA (Fig. 5, bottom), it was still
obvious that loss of H2a mRNA was noticeable
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Fig. 3. Effect of H342 on [*H] proline incorporation into total
protein in UMR 106-01 osteoblast-like cells. The cells were
incubated with H342 at a concentration of 0.5 uM for the
indicated period of time. H342 at a concentration of 0.5 pM did
not affect total protein synthesis. Twelve samples were assayed
in each experiments at each time point. Results were expressed
as the mean =+ SD of duplicate experiments. (P > 0.05 between
groups.)

after 30 min and was complete after 1 h of H342
treatment. Over the same time period the expres-
sion of the alkaline phosphatase gene was un-
changed. To determine whether the effect on
H2a mRNA was reversible, cells were treated
with H342 for 2 h at a concentration of 0.5 pM
and then cultured in fresh medium. After 3 to 6
h, evidence of recovery of H2a gene expression
was obtained (Fig. 6).

DISCUSSION

Two classes of histone genes are found in
most eukaryotic cells [Osley 1991, Weintraub
1984; Smith et al., 1984]. The most abundant
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Fig. 4. Dose response of H342 inhibitory effect on H2a gene
expression in UMR 106-01 cells. RNA was separated on an
agarose gel, transferred to nitrocellulose, and hybridized with
H2a (top) and GADPH (bottom). Lane 1, cells without H342;
lanes 2 to 4, cells treated with H342 at doses of 1 uM, 0.5 uM,
and 0.1 uM, respectively, for 20 min. The levels of H2a gene
expression decrease with increasing doses of H342. This figure
is representative of duplicate experiments.
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Fig. 5. Time course of H342 inhibitory effect on H2a gene
expression in UMR 106-01 cells. The concentration of H342
was 0.5 pM. RNA was separated on an agarose gel, transferred
to nitrocellulose, and hybridized with H2a (top), alkaline phos-
phatase (AKP, middle), and GADPH (bottom). Lane 1, cells
without H342; lanes 2 to 5, cells exposed to H342 for 30 min,
1, 3, and 6 h, respectively. The inhibition occurs after 30 min
and it is complete after 1 h. The expression of AKP is un-
changed, compared to the housekeeping gene, GADPH. This
figure is representative of triplicate experiments.

class contains the replication-dependent histone
genes (H2a, H2b, H3, and H4) and the genes
coding for this class of histones share regions of
homologous sequences [Graves et al., 1985; Ja-
cob, 1976]. It has been shown that expression of
the replication-dependent histone genes is re-
stricted to the S phase of the cell cycle and is
dependent on the presence of replicating DNA
[Morris et al., 1991; Plumb et al., 1984]. The
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Fig. 6. Reversibility of H342 inhibition of H2a gene expression
in UMR 106-01 cells. RNA was separated on an agarose gel,
transferred to nitrocellulose, and hybridized with H2a (top),
AKP (middle), and GADPH (bottom). Lane 1, cells without
H342; lane 2, cells exposed to H342 ata dose of 0.5 pM for 2 h;
lanes 3 and 4, cells incubated in fresh medium for 3 and 6 h
after 2 h exposure to H342 at a dose of 0.5 uM. Recovery of
H2a gene expression was found 3 h after removal of H342. The
expression of AKP is unchanged. This figure is representative of
duplicate experiments.

mRNAs for this class of histones therefore accu-
mulate to maximal levels during the S phase of
the cell cycle [Morris et al.,, 1991], and H2a
expression has been often used as being represen-
tative of the synthesis of replication-dependent
histone proteins [Majesky et al., 1990].

In this report, we have demonstrated that
H342 effectively reduces the level of H2a mRNA.
The concentration used approximates that for
optimal intravital staining [Gregoire et al., 1984;
Brenan et al., 1984]. Previous investigation indi-
cated that the inhibition of histone gene expres-
sion is linked to the inhibition of DNA synthesis
[Osley, 1991]. However, the concentration of
H342 (0.5 pM) which induced the complete loss
of H2a mRNA in our study did not abolish DNA
synthesis. It therefore appears that the effect of
H342 on H2a mRNA may not be secondary to
the inhibition of DNA synthesis; in fact the
diminished DNA synthesis may be the result of
the loss of H2a mRNA.

The effect on H2a gene message was readily
detectable after 20 min of treatment with H342.
If the reduced levels of H2a mRNA are caused
by inhibition of gene expression then this indi-
cates that the half-life of histone 2a mRNA in
osteoblast-like cells is between 10-15 min. This
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result is consistent with reports that the half-
life of most of the histone gene mRNA is approx-
imately 15 min [Morris et al., 1991; Heintz et
al., 1983].

At this stage, however, the mechanism by
which H342 reduces histone gene mRNA is un-
clear. It has been suggested that three major
processes contribute to the regulation of histone
mRNA: transcription, pre-mRNA processing,
and mRNA stability. In HeLa cells, however, it
has been shown that although histone mRNA
levels can rise or fall some 10- to 20-fold during
the cell cycle, histone gene transcription only
changes 3- to 5-fold [Majesky et al., 1990]. This
difference between vastly increased levels of the
histone mRNA and only a moderate increase in
the histone gene transcription suggests that a
post-transcriptional mechanism is involved in
the regulation of the level of this message; the
presence of a stem-loop structure at the 3’ end
of all replication-dependent histone mRNAs may
target them for degradation via an unknown
mechanism [Pandey and Marzluff, 1987]. It is
possible, therefore, that an alteration in a degra-
dative mechanism may partly account for the
results obtained in our experiments.

H342 has been reported to be relatively non-
toxic to cells [Gregoire et al., 1984; Brenan et al.,
1984]. It has been used as an intracellular fluo-
rochrome to trace migration of cells in vivo
[Brenan et al., 1984] and to separate cells on the
basis of their relative DNA content [Arndt-Jorin
and Jovin, 1977]. In addition, H342 has been
shown to induce differentiation in a variety of
stem cells; this effect however does not occur in
terminally differentiated immortalized cells, such
as 3T3 cells [Steuer et al., 1990]. In our experi-
ments, although H342 changed the morphology
of UMR 106-01 rat osteoblast-like cells, we could
not find any changes in the expression of alka-
line phosphatase, which is a marker of osteo-
blast differentiation and enhances mineraliza-
tion by converting inorganic phosphate into
organic phase calcium phosphate [Zheng et al.,
in press] . These results therefore indicated that
H342 does not encourage osteoblast differentia-
tion in UMR 106-01 rat osteoblast-like cells.

Recently, a new growth factor family termed
osteogenic growth peptides (OGP) was found to
be identical to the C-terminus of histone H4.
OGPs are present in normal serum and induce
bone formation {Bab et al., 1992]. Since H342
inhibits H2a gene expression and the genes cod-

ing for H2a and histone H4 share homologous
sequences [Graves et al., 1985; Jacob, 1976],
H342 may prove to be a useful tool for the
analysis of the role of histones and related growth
factors in osteogenesis.
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