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ABSTRACT The levels of histone mRNA are rapidly re-
duced after treatment of cultured cells with hydroxyurea or cy-
tosine arabinonucleoside. The histone mRNA for the replicative
histone variants is destroyed rapidly, with a half-life of 10-15
min. The levels of mRNA coding for the replacement histone
variant H3.3 were unchanged after treatment with DNA syn-
thesis inhibitors. In addition to the rapid destruction of histone
mRNA, there was a reduction to 1/5th in the rate of transcrip-
tion of the histone genes. Lymphoma cells (S49) arrested in GI
by cyclic AMP produce and contain significant levels of histone
mRNA. Hydroxyurea reduces the rate of transcription and the
levels of histone mRNA in the GI-arrested cells.

Histones are the basic proteins that are complexed with DNA
to form the eukaryotic chromosome. It is generally thought
that histones are synthesized when DNA is synthesized (1, 2).
However, in one mammalian cell line, S49 mouse lymphoma
cells, histones are also synthesized in G1 and incorporated into
chromosomes during the subsequent S phase (3).
The levels of histone mRNA are also regulated, both during

the cell cycle and in response to DNA synthesis inhibitors. In
yeast cells (4) and HeLa cells (5), there is little, if any, histone
mRNA present just after mitosis, and the histone mRNA ac-
cumulates in the cytoplasm when the cells enter S phase. When
S phase cells are treated with DNA synthesis inhibitors the
level of histone mRNA drops rapidly (6-10). Whether this rapid
drop in histone mRNA level is accompanied by changes in the
rate of histone RNA synthesis is not known.
An additional aspect of histone mRNA metabolism in mam-

malian cells is the presence of histone protein variants (11,
12). One class, replication variants, predominates in rapidly
dividing cells. Another class of histones, replacement vari-
ants, do not appear to be coupled to DNA replication and are
present in increased levels in differentiated, nondividing, tis-
sues (13).
The isolation of mouse histone genes (14) allows us to di-

rectly measure both synthesis and degradation of histone
mRNA. We report here that treatment of mouse cells with
inhibitors of deoxynucleotide synthesis reduces the level of
replication variant histone mRNAs, but not the level of a re-
placement variant mRNA, H3.3. This reduction is due to both
a decreased rate of histone mRNA synthesis and an increased
rate of degradation. In G1 lymphoma cells, which are not syn-
thesizing DNA but are synthesizing histone mRNA, the in-
hibitors also reduce the rate of histone mRNA synthesis.

METHODS
Cell Growth. Mouse myeloma 66-2 cells were grown, syn-

chronized by isoleucine starvation (15), and treated with DNA

synthesis inhibitors as described in the figure legends. When
double drug treatments with cycloheximide and a DNA syn-
thesis inhibitor were performed the cycloheximide was added
5 min prior to the addition of the DNA synthesis inhibitor.
The final concentration of cycloheximide was 0.1 mM. Cells
washed with fresh medium after drug treatment retained their
viability. "Deathless" S49 mouse lymphoma cells were grown
and synchronized as described by Lemaire and Coffino (16).

Nuclear Transcription. Nuclei were isolated and incubated
for RNA synthesis essentially as described by Marzluff (17).
The final salt concentrations in the transcription were 70 mM
KCI and 6 mM MgCl2. We used 100 uCi (1 Ci = 3.7 X 1010
Bq) of [a-32P]GTP (ICN, 450 Ci/mmol) with a final concen-
tration of 50 ,uM per 200-1.l reaction mixture. All other nu-
cleoside triphosphates were at a final concentration of 500 tLM.
Incubation was for 30 min at 25°C. Incorporation was linear
for this time. Reactions were stopped by a 5-min incubation
with an equal volume of DNase I (Sigma) at 25 /g/ml, 0.6
M NaCl, 50 mM Tris-HCl at pH 7.5, and 20 mM MgCl2.
NaDodSO4 and EDTA were then added to final concentra-
tions of 1% and 10 mM, respectively, followed by the addition
of ammonium acetate to 0.3 M. RNA was extracted with an
equal volume of water-saturated phenol at 55°C for 5 min,
precipitated with ethanol, and washed three times with 75%
(vol/vol) ethanol. The RNA was separated from unincorpo-
rated nucleoside triphosphates by chromatography through a
Sephadex G-75 column packed in a 1-ml disposable pipette.
DNA Dot Preparation. The DNA was made linear by re-

striction enzyme cleavage. It was then extracted with neutral
phenol, precipitated with ethanol, and washed three times with
75% ethanol. The DNA was applied to nitrocellulose filter pa-
per with a Hybri-dot apparatus (Bethesda Research Labora-
tories) by the procedure of McKnight and Palmiter (18) at 6.5
,ug of DNA per dot.
The following plasmid DNAs were derived from the A phage

MM221 (14): pMH3. 1, a 2.4-kilobase (kb) EcoRI fragment that
contains a histone H3.1 gene; pMH3.2, a 0.9-kb EcoRI/Sal
I fragment that codes for amino acids 58-135 of a histone H3.2
gene; pMH2a, a 1.1-kb EcoRI fragment that contains amino
acids 93-125 of a histone H2a. 1 gene. Plasmid pHU-4A, which
contains a complete human histone H4 gene (19), was a gift
of N. Heintz and R. Roeder. Plasmid pHU3.3, which contains
a human histone H3.3 gene, was a gift from R. Cohn. Plasmid
pK24'1, a cDNA clone of the immunoglobulin K light chain,
was a gift of R. Perry (20). Plasmid pUl. 1 codes for a mouse
U1 small nuclear RNA gene (unpublished results).

Hybridization. The filters were incubated for 1 hr at 52°C
in hybridization buffer [50% (vol/vol) deionized formamide/
0.75 M NaCl/0.075 M sodium citrate/10 mM Tris-HCl, pH
7.5/1 mM EDTA/0. 1% NaDodSO4/10 ,ug of poly(A) per ml/

Abbreviation: kb, kilobase.
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0.4% polyvinylpyrrolidone/0.4% Ficoll]. The filters were then
hybridized with the appropriate RNA samples in 0.5 ml of
hybridization buffer for 3 days at 520C. Filters were washed
six times with an excess of 0.15 M 'NaCI/0.015 M sodium ci-
trate/2 mM EDTA/10 mM Tris-HCI, pH 7.5/0.1% Na-
DodSO4 at 520C for 30 min per wash followed by one wash
with the above buffer minus NaDodSO4.

The amount of RNA hybridized to a particular DNA dot
was detected by autoradiography. A quantitative determina-
tion of the amount of RNA hound to a dot was made by cut-
ting, out the dat and measuring the radioactivity with a scin-
tillation counter. When low levels of radioactivity were bound
that could not be accurately determined with scintillation
counting but could be seen with long exposure to autoradi-
ography, then the relative amounts of bound radioactivity were
determined by scanning the autoradiograph with a Gelman
DCD-16 densitometer. With the appropriate autoradiograph
exposure the densitometer scans gave results identical to those
of scintillation counting. All hybridizations were done in DNA
excess. Identical results were obtained when the amount of
DNA bound was reduced to 50%. The -level of hybridization
for any given sample was proportional to the input RNA.

Si Nuclease Protection Assays. Steady-state histone mRNA
levels were determined by Sl nuclease protection assays using
mouse histone probes. The his-tone genes were cleaved with
a restriction enzyme at a site within the coding region. The
DNA was labeled at the 5' end with [y-32P]ATP and poly-
nucleotide kinase. The labeled DNA (50-70 fmol) was hybrid-
ized to either cytoplasmic or total cell RNA (0.5-5.0 tkg) in
5 p1 of 80% (vol/vol) formamide/0.4 M NaCI/40 mM 1,4-pi-
perazinediethanesulfonic acid (Pipes), pH 6.4, at 580C for 3
hr as described by Weaver and Weissmann (21). The S1 nu-
clease-resistant DNA was denatured and analyzed by electro-
phoresis on a 6% polyacrylamide gel in 8 M urea. The probes
used were as follows: H2b. 1, the histone H2b gene was cleaved
with Ava I at amino acid .93; H3.2, the histone H3.2 gene was
cleaved with Sal I at amino acid 58 [these genes were derived
from MM221 (14)]; H3.3, the histone H3.3 gene was cleaved
at amino acid 80 with Bgl II (R. Cohn, personal communi-
cation).

Pulse Labeling. Cells (2 x 107) were suspended in 5 ml of
medium with 10% horse serum plus 2 mCi of [3H]uridine (ICN,
30 Ci/mmol). Pulses were for-the indicated time at 370C. The
pulse was stopped by pouring the cells into an equal volume
of phosphate-buffered saline plus 100mM uridine. Five milli-
liters of 2.5% NaDodSO4/0.025 M EDTA was added and the
mixture was homogenized in a Dounce homogenizer, 10 strokes
with a B pestle. Ammonium acetate was added to 0.3 M and
the RNA was.extracted with hot phenol (559C) and precipi-
tated with ethanol. The RNA was washed with 75% ethanol
and incubated in 0.5 ml of 10 mM Tris HCI, pH 7.5/5 mM
Mg(OAc)2/2 jig of DNase I at 370C for 30 min. The RNA was
again extracted with phenol, precipitated with ethanol, and
washed three times with 75% ethanol. The [3H]RNA samples
were then hybridized to DNA dots.

RESULTS
In order to study the levels of regulation of histone mRNA,
we used hybridization of steady-state and newly synthesized
histone RNA to isolated mouse histone genes. The genes used
code for the H3.1 and H3.2 histones, an H2b. 1 histone, and
an H2a. 1-like histone which has a proline substituted for an
alanine at position 126 [nomenclature of Franklin and Zwei-
dler (11)]. These genes are all derived from a single histone
gene cluster contained in the A bacteriophage MM221 pre-

viously described (14). The RNAs coded for by the H3. 1, H3.2,
and H2b. 1 genes hybridize to the major fraction of 13 and
H2b mRNAs present in mouse myeloma cells. The sequences
of these genes have been completely determined (unpub-
lished data). We also used heterologous histone genes as probes.
One is a human H3.3 replacement variant gene (R. Cohn,
personal communication). The other is a human H4 gene,
pHu4a (19).

Histone mRNA Levels After Inhibition of DNA Synthesis.
When exponentially growing mouse myeloma cells are treated
'with hydroxyurea the level of histone RNA is rapidly reduced
to a new steady-state level, approximately 10% of the original,
within an hour (Fig. 1). The kinetics of the change in the H2b
mRNA levels was determined by an S1 nuclease assay and the
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FIG. 1. (A) S1 nuclease determination of histone RNA levels after
inhibition of DNA synthesis with hydroxyurea. Total RNA was iso-
lated at various times after addition of 5 mM hydroxyurea to expo-
nentially growing mouse myeloma cells and was assayed for its ability
to protect 5'-end-labeled histone clones from Si nuclease. The amount
of H2b RNAs that protect the H2b.1 gene to the AUG codon is pre-
sented as the percentage of starting RNA level. The amount of pro-
tection was quantitated by scanning the autoradiograms with a Gel-
man DCD-16 densitometer. The error bars indicate the range of values
determined for three separate experiments. Identical results were ob-
tained when fluorodeoxyuridine or cytosine arabinonucleoside was used.
(B) Autoradiogram of the hybridization of various amounts of cellular
RNA to 20 fmol of H2b.1 and H3.2 probe. The samples and amounts
used were as follows: lane 1, 2.5 tig, 50 min after hydroxyurea; lane 2,
2.5 pug, 40 min; lane 3, 2.5 ,ug, 30 min; lane 4, 1 ,ug, 20 min; lane 5, 0.5
Ag, 10 min; lane 6, 0.5 ,tg, no hydroxyurea. Three bands are due to hy-
bridization of H2b RNA: H2b(var), an H2b variant with an amino acid
substitution at amino acid 17; H2b, the family of H2b mRNAs with
common coding region sequences to the-AUG codon; H2b.1, the mRNA
derived from this gene. Two bands are due to hybridization of H3 mRNA:
H3, a family of mRNAs with-a common coding region sequence to the
AUG codon, and H3.2, the mRNAs derived from this gene. (C) Auto-
radiogram of S1 nuclease assay of the hybridization of 5 Ag of total cell
RNA isolated at various times after the addition of hydroxyurea. A
mixture of 5'-end-labeled probes containing 20 fmol of pmH2b.1 and
10 fmol of the human H3.3 gene was used. Autoradiography was over-
night with a Lightning Plus screen (DuPont) at - 70'C. The band at 775
is an undigested parent fragment. Lane 1, exponential cells; lane 2, 5
min after the addition of hydroxyurea; lane 3, 10 min; lane 4, 20 min;
lane 5, 30 min; lane 6, 40 min; lane 7, tRNA control.
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results are shown in Fig. 1. After cells were treated with hy-
droxyurea the steady-state histone mRNA levels decayed with
an apparent half-life of 10-15 min after a 5-min lag. A plot of
the decay of H2b mRNAs is shown in Fig. 1A. Identical re-
sults were obtained when the H3.2 gene was used as a probe.
Fig. 1B shows an autoradiograph of the results obtained when
RNA was incubated with a mixture of end-labeled H2b. 1 and
H3.2 probes. The H2b. 1 band was formed by protection of
the RNA encoded by the gene used in this experiment. The
H2b band represented protection by a family of H2b mRNAs
similar to this gene up to the AUG codon. The H3.2 band was
due to protection of the DNA by the mRNA derived from this
gene. The H3 band is due to a family of mRNAs that are sim-
ilar in the coding region extending to the AUG initiation co-
don. The positions and identity of the protected bands have
been determined in separate experiments by DNA sequence
analysis (unpublished data). Fig. 1C shows the results ob-
tained when a mixture of the H2b. 1 and H3.3 genes was used
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FIG. 2. Autoradiogram of hybridization of in vitro transcribed RNAs
toDNA dots. The recombinant plasmids containing the genes indicated
were linearized with EcoRI and bound to nitrocellulose. K indicates the
plasmid containing a K immunoglobulin light chain, pK24" (20), and
pBR indicates pBR322. The other DNAs are described in the text. RNA
was synthesized in nuclei in the presence of [a-32P]GTP isolated from
mouse myeloma cells. Cells were treated with inhibitors for 1 hr prior
to isolation of the nuclei. (A) Row 1, exponentially growing cells; row
2, cells treated with cytosine arabinonucleoside (40 ,g/ml); row 3, cells
treated with cytosine arabinonucleoside and cycloheximide. In each
experiment 7.6 x 106 cpm of RNA was hybridized. (B) Row 1, expo-
nentially growing cells; row 2, same nuclei as row 1 incubated in the
presence of a-amanitin at 1 mg/ml; row 3, same as row 2 incubated with
a-amanitin at 90,g/ml; row 4, nuclei from cells treated with cytosine
arabinonucleoside. In each experiment 6.4 x 106 cpm of RNA was
hybridized. Row 5, nuclei (row 4) were incubated for 10 min with
[a-32P]GTP and RNA was prepared for half of the reaction mixture;
row 6, GTP was added to a final concentration of 500 AM to the other
half of the reaction mixture (row 5) and incubated for an additional
20 min prior to isolation of the RNA. For rows 5 and 6, 4.2 x 106 cpm
of RNA was hybridized.

as a probe. The levels of H3.3 mRNA were not altered by the
DNA synthesis inhibitor.

Effect of DNA Synthesis Inhibitors on Transcription. The
effect of DNA synthesis inhibitors on histone gene transcrip-
tion was determined by using RNA synthesis in isolated nuclei
and by pulse-labeling. Nuclei isolated from cultured myeloma
cells and incubated in vitro reflect the RNA synthetic activity
of the cells from which they were derived (22, 23). The RNA
made in isolated nuclei was hybridized to immobilized histone
DNA. Nuclei were isolated from exponentially growing mouse
myeloma cells and from cells previously treated for 1 hr with
the DNA synthesis inhibitors cytosine arabinonucleoside or
hydroxyurea. Nuclei isolated from cells treated with DNA
synthesis inhibitors transcribed histone mRNA 1/5th as ef-
ficiently as nuclei from untreated cells. The inhibitory effect
of cytosine arabinonucleoside on histone mRNA synthesis is
shown in Fig. 2 and Table 1. H2a and H3 histone RNA was
detected by hybridization to subcloned genes. Similar results
were obtained with a human H4 gene (see Fig. 3). The his-
tone probes used do not contain highly repeated sequences

and detect only histone RNA when hybridized to total cellular
RNA. Upon Southern analysis both the H3.2 and H2a sub-
clones hybridized to only 15 bands, which correspond to 10-
20 copies of mouse histone genes (ref. 24; unpublished re-

sults). In these experiments we also measured the rate of syn-
thesis of mouse K immunoglobulin light chain RNA by using
the cDNA clone pK2411 (20). As expected, the levels of this
RNA were not affected by inhibition of DNA synthesis. We
also probed hybridization to a clone coding for mouse Ul RNA.
There was no detectable hybridization to pBR322. The resid-
ual histone RNA transcription seen after DNA synthesis in-
hibition was not due to hybridization of H3.3 RNA to the H3.2
genes, because these two genes do not crossreact significantly
under the conditions used. We also obtained identical results
when we hybridized to a human H4 gene (see Fig. 3). As seen
in Fig. 2B, rows 2 and 3, the RNAs that hybridized to these
clones are RNA polymerase II products. Their synthesis was
inhibited by low concentrations of a-amanitin.

Fig. 2B, rows 5 and 6, and Table 1 also show that the re-

duction of histone RNA synthesis in nuclei isolated from cy-
tosine arabinonucleoside-treated cells was not due to the deg-
radation of histone RNA during the time of incubation. When
the nuclei were allowed to incorporate [a-32P]GTP for 10 min
and then incubated for a further 20 min in an excess of unla-
beled GTP, there was no decrease in the amount of histone

Table 1. Transcription in nuclei in vitro

RNA hybridized, cpm
Treatment H3.2 H2a U1.1 K

Control, 30 min 1,265 1,007 371 680
(% of input) (0.020) (0.016) (0.006) (0.011)

araC, 30 min 266 149 211 624
(% of control) (21) (15) (57) (92)

araC + CHX, 30 min 823 509 277 1,326
(% of control) (65) (51) (75) (195)

araC, 10 min 259 213 189 430
araC, 10 min
+ 20-min chase 242 197 209 387

Nuclei were isolated either from exponentially growing myeloma cells
(control) or from cells treated for 1 hr with cytosine arabinonucleoside
(araC, 40 ug/ml) or cytosine arabinonucleoside plus cycloheximide
(CHX). Nuclei were incubated with [a-32P]GTP for 10 or 30 min. Iden-
tical amounts ofRNA (6.4 x 106 cpm) were hybridized for lines 1-3 and
4.2 x 106 cpm were hybridized for lines 4 and 5. There was no effect on
total RNA synthesis when cells were treated with any of the inhibitors
prior to isolation of the nuclei.

Biochemistry: Sittman et al.



1852 Biochemistry: Sittman et al.

RNA during the chase period. In addition, the same propor-
tion of total transcripts are histone RNA whether the RNA
was isolated after 10 or 30 min of continuous incubation with
[a-32P]GTP. The factors responsible for degradation of histone
mRNA were not present in the isolated nuclei.
We also investigated the transcriptional activity of the his-

tone genes by an alternative procedure: [3H]uridine pulse la-
beling. The total cell RNA labeled during a short pulse was iso-
lated and hybridized to DNA dots, and specific dots were cut
out and their radioactivities were measured. Table 2 shows that
during a 10-min pulse the same relative amount of histone RNA
was synthesized as determined by transcription in vitro. The
amount of histone RNA synthesized in 10 min in cells treated
with cytosine arabinonucleoside or hydroxyurea was reduced to
20% of the amount synthesized in untreated cells. The reduced
amount was not due to extremely rapid turnover of RNA in the
treated cells. Cytosine arabinonucleoside inhibited histone RNA
synthesis in a 5-min pulse to approximately the same extent as
in a 10-min pulse. A larger relative amount of histone RNA syn-
thesis in the shorter pulses would have been observed if ex-
tremely rapid turnover were affecting the results.

Effect of DNA Synthesis Inhibitors on S Phase Myeloma
Cells. To demonstrate that the residual 20% level of histone
RNA synthesis was not due to the G1 phase cells in the ex-
ponentially growing population we tested the effect of DNA
synthesis inhibitors on S phase myeloma cells. Mouse my-
eloma cells were synchronized by isoleucine starvation. Fig.
3 shows that hydroxyurea inhibited histone mRNA synthesis
in S phase cells 70-80%, the same amount as in exponentially
growing cells. Similar results were obtained with cytosine ara-
binonucleoside. Synthesis of histone RNA is down only 30%
in G1 phase myeloma cells (Fig. 3), consistent with the signifi-
cant levels of histone mRNA present in these cells (unpub-
lished results).

Histone RNA Synthesis in Synchronized Lymphoma Cells.
A derivative of S49 lymphoma cells, the "deathless" mutant,
is arrested in G1 phase after treatment with cyclic AMP for

Table 2. Pulse labeling in vivo
RNA hybridized, cpm

Treatment Exp. H3.2 H2a U1.1 K

Control, 10 min 1 1,732 1,282 475 3,392
(% of input) (0.029) (0.022) (0.008) (0.058)

2 1,137 976 391 2,244
(% of input) (0.016) (0.014) (0.006) (0.032)

araC, 10 min 1 345 212 387 2,890
(% of control) (30) (17) (85) (85)

2 200 170 211 1,827
(% of control) (18) (17) (54) (81)

OH-urea, 10 min 1 301 181 436 2,974
(% of control) (17) (14) (95) (88)

araC + CHX, 10 min 2 633 363 272 2,439
(% of control) (56) (37) (70) (100)

Control, 5 min 2 851 658 356 1,939
(% of input) (0.012) (0.009) (0.005) (0.028)

araC, 5 min 2 208 114 274 1,745
(% of control) (24) (17) (77) (90)

Exponentially growing mouse myeloma cells were labeled with
[3Hluridine for 5 or 10 min. Exponentially growing cells were treated
with inhibitors for 1 hr prior to labeling. araC, cytosine arabinonu-
cleoside; OH-urea, hydroxyurea; CHX, cycloheximide. Total RNA was
isolated and hybridized to the DNA dots. Identical amounts of RNA
were used in all hybridizations in each experiment (5.9 x 106 cpm of
RNA in experiment 1 and 7 x 106 cpm in experiment 2). There was no
effect on the total RNA synthesis when cells were pretreated with any
of the inhibitors.
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FIG. 3. Hybridization of RNAs transcribed in vitro from synchro-
nized myeloma cells. The probes used were the same as Fig. 2 plus three
additional plasmids. Ribo indicates the plasmid pLV1334 (25), which
contains the sea urchin 18S rRNA gene and part of the 26SrRNA gene.
Hu4a indicates the plasmid pHu4a (19), which contains a human H4
gene. H3-6 (14) hybridizes to a small unknown RNA synthesized con-
stitutively (unpublished results). Mouse myeloma cells were synchro-
nized by isoleucine starvation. Nuclei were isolated from G1 cells (1.5
hr after isoleucine was restored) and S phase cells (8 hr after isoleucine
was restored). Half of the S phase culture was treated with hydroxy-
urea 1 hr prior to isolation of the nuclei. Row 1, G1 cells; row 2, S phase
cells; row 3, S phase cells plus 5 mM hydroxyurea.

25 hr (16). These Gl-arrested cells (less than 5% of cells syn-
thesizing DNA) contain a significant level of histone mRNA,
25-50% of that in exponentially growing cells (Fig. 4A), and
they are also synthesizing histones (V. Groppi, personal com-
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FIG. 4. (A) Nuclei isolated from mouse lymphoma cells were in-
cubated with [a-32PIGTP for 30 min. RNA was isolated and hybridized
to the various DNAs. The input RNA was 5.4 X 106 cpm in each ex-
periment. Row 1, exponentially growing cells; row 2, exponentially
growing cells treated with 1 mM hydroxyurea 1 hr prior to isolating
nuclei; row 3, cells arrested in G1 by 0.5mM cyclic AMP; row 4, G1 cells
treated with 1 mM hydroxyurea. (B) Levels of histone mRNA were
measured by S1 nuclease as described for Fig. 1C. The bands are iden-
tified as in Fig. 1B. Lane 1, G1 cells arrested by cyclic AMP; lane 2,
exponentially growing cells; lane 3, exponentially growing cells treated
with hydroxyurea for 1 hr; lane 4, G1 cells treated with hydroxyurea
for 1 hr.
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munication). As with the synchronized myeloma cells, the rel-
ative amount of histone RNA synthesis in GC phase cells was
about 70% that of S phase cells as can be seen in Fig. 4B.
Hydroxyurea reduced the synthesis of histone RNA to the same
basal level in both G and S phase, reducing the transcription
to about 20% that of S phase cells. The levels of histone mRNA
in the cytoplasm, as determined by Si nuclease analysis, were
reduced by the same amount (Fig. 4B).

Effect of Cycloheximide on the Effect of DNA Synthesis In-
hibitors. Butler and Mueller (8) reported that cycloheximide,
an inhibitor of protein synthesis, prevents the degradation of
histone mRNA that occurs after treatment with DNA synthe-
sis inhibitors. The effect of cycloheximide on histone gene
transcription was examined in mouse myeloma cells. Prior
treatment (5 min) of cells with cycloheximide partially pre-
vented the drop in histone RNA synthesis after treatment with
cytosine arabinonucleoside. This effect was seen with both nu-
clear transcription in vitro and pulse labeling as shown in Fig.
2A, lane 3, and Tables 1 and 2. The same effect was seen with
hydroxyurea (data not presented). Similarly, SI nuclease anal-
ysis showed that treatment with cycloheximide completely
prevented the disappearance of histone mRNA from the cy-
toplasm (data not shown). Cycloheximide by itself reproduc-
ibly affected transcription of some specific genes, although
it did not alter the total rate of RNA synthesis. It increased
the rate of K light chain transcription and reproducibly de-
creased the rate of synthesis of the histone genes about 30-
40%, to the same level observed in cells treated with both
protein synthesis inhibitor and DNA synthesis inhibitor. It is
likely that cycloheximide completely prevents the reduction
in histone mRNA synthesis by DNA synthesis inhibitors.

DISCUSSION
The results presented show that the DNA synthesis inhibi-
tors, cytosine arabinonucleoside and hydroxyurea, cause a very
rapid reduction in the steady-state level of histone RNA. These
results also show, by both nuclear transcription in vitro and
pulse labeling, that a component of this alteration is a re-
duction to 1/4th to 1/5th in the transcription of the histone
genes. We believe that the regulation of histone RNA syn-
thesis takes place at two levels: (i) mRNA turnover and (ii)
transcription. The half-life of mRNA after cells are treated with
hydroxyurea is less than 15 min. This is in good agreement
with the results of Gallwitz (26), who calculated a half-life of
13 min with a lag phase of less than 5 min. A similar reduction
in steady-state levels is seen with cytosine arabinonucleoside,
fluorodeoxyuridine, and mycophenolic acid (unpublished re-
sults). After treatment with these drugs there is also a de-
crease in the histone gene transcription to 20% of the control
values. Our preliminary evidence indicates that the half-life
of histone mRNA normally is slightly less than 1 hr in ex-
ponentially growing cells (unpublished results). Thus there is
a decrease in the transcription rate and an increase in the deg-
radation rate of histone mRNA, each by a factor of 4-5.

In the cell types studied here the level of histone RNA and
the rate of transcription after inhibition of DNA synthesis is al-
ways at least 20% of those in S phase cells. This is true even with
cyclic AMP-treated Gl-arrested lymphoma cells in which DNA
synthesis is reduced at least 95%. Most histone RNAs detected,
which presumably code for the replication variants expressed in
these cells, are reduced equally. An exception is the levels of

histone H3.3. The incorporation of this protein into chromatin
persists in hydroxyurea-treated cells (27). This is not unex-
pected, because these histones predominate in fully differen-
tiated tissues compared to rapidly cycling cells and have sub-
sequently been named replacement variants (13). There may
also be other specific histone RNA populations that are not af-
fected by the inhibition of DNA synthesis.

The molecular basis of the regulation of histone mRNA levels
is not known. The simplest assumption is that the same agent
is responsible for both accelerating the degradation and reduc-
ing the synthesis of histone mRNA. The changes in synthesis
and degradation rate of the histone mRNA are not obligatorily
linked to DNA synthesis. Because the agents tested that inhibit
histone mRNA synthesis also affect deoxynucleotide metabo-
lism it is possible that the two are related.
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