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We have analyzed the kinetics of accumulation of each of the individual core
histone mRNAs throughout the HeLa cell cycle in cells synchronized by
sequential thymidine and aphidicolin treatments. These analyses showed that
during the S phase there was a 15-fold increase in the levels of histone mRNAs
and that this resulted from both an increased rate of synthesis and a lengthening of
the half-life of histone mRNAs. A comparison of the kinetics of accumulation of
histone mRNA in the total cellular and nuclear RNA populations suggested an
increased transcription rate through the S phase. Within 30 min after the inhibition
of DNA synthesis in mid-S phase, the steady-state concentration and the rate of
synthesis of histone mRNA each declined to their non-S-phase levels. Reactiva-
tion of histone mRNA accumulation could occur even after an extended mid-S-
phase block in DNA synthesis. These results suggest that the mechanisms
responsible for histone mRNA synthesis are not restricted to the Gl/S boundary
of the HeLa cell cycle, but can operate whenever DNA synthesis is occurring.

The original observation that nuclear DNA
synthesis and histone protein synthesis occur at
significant rates only during the S phase of
cultured HeLa cells (23) has resulted in an
extensive literature concerning the coupling of
these events in mammalian cells (reviewed in
20). That histone synthesis and DNA synthesis
are very tightly coupled is evident from the
observation that histone protein synthesis is
abruptly terminated when DNA synthesis is
inhibited (4, 9, 23). Subsequent studies used a
variety of techniques to establish that cell cycle-
dependent synthesis of histone proteins reflect-
ed a differential accumulation of histone mRNA
during the HeLa cell cycle (3, 5, 8, 25). The
mechanisms for coupling histone mRNA accu-
mulation and DNA synthesis remain obscure,
although it is generally thought that both tran-
scriptional and post-transcriptional processes
may be involved (see, for example, 3, 5).
Our approach toward elucidating the detailed

mechanisms controlling histone gene expression
during the cell cycle is to reconstruct these
events in vitro. Prerequisite for such an in vitro
approach is a thorough description of the rela-
tive contributions of transcriptional or post-

t Present address: The RockefeUler University, New York,
NY 10021.

transcriptional processes to the accumulation of
histone mRNA during the S phase and a com-
plete knowledge of the kinetics of synthesis and
accumulation of individual histone mRNAs. The
isolation of genomic clones containing several
human histone genes (13) provides the necessary
tools to describe completely the synthesis and
accumulation of individual histone mRNAs. In
this report we describe the kinetics of accumula-
tion of individual histone mRNAs during the
HeLa cell cycle. Changes in the rate of synthesis
and in the stability of histone mRNA are both
shown to contribute to the dramatic increase in
the steady-state concentrations of histone
mRNA during the S phase. Furthermore, it is
demonstrated that histone mRNA accumulation
can be restored after an extended block in DNA
synthesis in the middle of S phase. The mecha-
nisms governing this process are not, therefore,
restricted to the Gl/S boundary of the HeLa cell
cycle but remain operable thrpughout S phase.

MATERIALS AND METHODS
Suppliers. Aphidicolin was supplied by the Natural

Products Branch, Division of Cancer Treatment, Na-
tional Cancer Institute. Restriction enzymes were pur-
chased from Bethesda Research Laboratories. All
radiolabeled precursors were purchased from New
England Nuclear. CsCl was obtained from Varlakoid
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Chemical Co. Nitrocellulose (BA85) was purchased
from Schleicher & Schuell.
Cel culture and synchronization. HeLa cells were

grown in suspension culture at 3 x 105 to 6 x 105/ml in
Joklik minimal essential medium supplemented with
5% newborn calf serum. Synchronization at the Gl/S
boundary was achieved with a thymidine block, fol-
lowed by an aphidicolin block. Cells at approximately
4 x 105/ml were blocked with 2 mM thymidine for 12
h, released from the block by three washes in fresh
media minus calf serum, and suspended at 4 x 105/ml
in complete media containing 0.24 x 10-4 M thymidine
and deoxycytidine. After 9 h, aphidicolin was added to
5 ,ug/ml for an additional 12 h. The cells were released
from the aphidicolin block as described for the thymi-
dine block, but no atdditional thymidine or deoxycyti-
dine was included in the medium. DNA synthesis was
monitored by incorporation of [3H]deoxycytidine, us-
ing the procedure of Nilsen and Baglioni (19).

Isolation of HeLa cell RNA. RNA was prepared
essentially as described by Glisin et al. (10). Washed
whole cells or isolated nuclei were suspended at 10'/ml
in 7.0 M urea-0.35 M NaCI-2% Sarkosyl-0.01 M Tris-
hydrochloride (pH 7.5)-i mM EDTA and homoge-
nized by 15 to 20 strokes in a hand-held glass homoge-
nizer. A 1.0-g portion of solid CsCl was added per 2.5
ml of homogenate, and the mixture was layered over a
1.0-ml 5.7 M CsCl cushion and spun in a Beckman
SW60 rotor at 100,000 x g for 16 h. The resulting pellet
was suspended in sterile double-distilled water and
stored as an ethanol precipitate at -20°C. Nuclei were
prepared by lysis in hypotonic buffer followed by
extensive washing in that same buffer. Nuclear RNA
prepared by this procedure represented approximately
8% of the total cellular RNA.

Formaldehyde-agarose gel electrophoresis and north-
ern blot hybridization. Formaldehyde-agarose gel elec-
trophoresis was performed as described by Chen-
Kiang et al. (6) except that electrophoresis was carried
out at 2.5 V/cm for 14 h in a 1.5% agarose gel. The
resolved RNA species were transferred to nitrocellu-
lose, using 1Ox SSC (SSC = 0.15 M NaCl plus 0.015 M
sodium citrate) as described by Southern (24), except
that the nitrocellulose filter was baked at 80°C immedi-
ately upon completion of transfer. Prehybridization
and hybridization were as described by Wahl et al. (27)
according to the modifications of Thomas (26). The
gels were exposed to Kodak XAR-5 film at -80°C,
using Dupont Cronex Lightning Plus intensifying
screens. At least two exposures of each gel were
quantitated by optical scanning with a Joyce-Loebl
recording densitometer.

Several adjacent passes of the autoradiograph
through the densitometer ensured that the entire area
of each band was measured.
RNA labeling and DNA excess filter hybridization.

Continuous labeling of RNA with [3H]uridine was as
described in Babich and Nevins (1), except that cold
uridine was not included and only 25 pCi of [3H]uri-
dine (-40.5 Ci/mmol) per ml was used in the unsyn-
chronized cell populations. Cytoplasmic RNA was
prepared by the CsCl procedure as described above.
Five-minute pulse-labels with [3H] uridine (40 to 42
Ci/mmol) were as described in Derman et al. (7), using
0.8 to 1.0 mCi/ml. Incorporation of label into total
cellular RNA was approximately equivalent for the
cell populations utilized. Hybridization of RNA to

excess DNA on nitrocellulose filters was as detailed in
Derman et al. (7), using the aqueous hybridization
conditions described. Enough plasmid DNA was load-
ed onto the filter to hybridize approximately 5 x 104
mRNA molecules per cell. Similar studies with twice
the amount of plasmid DNA per filter gave identical
results (data not shown).

RESULTS

HeLa cell synchronization with aphidicolin. To
obtain large numbers of synchronized cells for
subsequent in vitro studies and to obtain cells
synchronized at the Gl/S boundary, we have
chosen to investigate cell cycle-dependent his-
tone gene expression in HeLa cells grown in
spinner culture. Previous studies (8) have indi-
cated that cells synchronized by double thymi-
dine blockage are not sufficiently well synchro-
nized for this purpose. However, Pedrali-Noy et
al. (21) showed that HeLa cells can be effective-
ly and reversibly blocked at the G1/S boundary
of the cell cycle by using aphidicolin. Further-
more, they reported that this drug does not
affect S-phase duration, cell viability, or the
synthesis of deoxynucleotide triphosphates and
DNA polymerases. In this study, synchronized
HeLa cell populations were obtained by a dou-
ble-block protocol in which thymidine and aphi-
dicolin were used in the first and second blocks,
respectively (see Materials and Methods). Fig-
ure 1 shows the rate of [3H]deoxycytidine incor-
poration into DNA as a function of time after
release from the aphidicolin treatment.

It is evident from these data that the incorpora-
tion of [3H]deoxycytidine into HeLa cell DNA
during S phase is biphasic. This result is also
obtained with [3H]thymidine as the labeled pre-
cursor and has been shown to reflect the behav-
ior of a single population of cells by autoradiog-
raphy of labeled nuclei isolated at 2 and 6 h post-
release (data not shown). Also, the trough in
incorporation of deoxynucleotide triphosphates
into HeLa cell DNA reproducibly occurs 5 h
after release into S phase. It is not known
whether the rate of incorporation of these pre-
cursors into DNA accurately reflects the actual
rate of DNA synthesis, or whether changing
deoxynucleotide triphosphate pool sizes are re-
sponsible for these changes in [3H]deoxycyti-
dine incorporation. In either case, the extremely
rapid increase in the incorporation of DNA
precursors after releasesfrom the block and the
biphasic nature of the S phase indicate that the
cell population progresses through S phase in
unison. Less precise synchrony would mask the
apparent biphasic nature of S phase.
HeLa cells synchronized by this procedure

proceed through the cell cycle in a significantly
shorter period (13 to 14 h) than the same cells
before treatment (20 to 24 h). This is probably
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TIME AFTER RELEASE (hrs)
FIG. 1. Kinetics of DNA synthesis in HeLa cells

synchronized by sequential blocks of thymidine and
aphidicolin. The rate ofDNA synthesis was monitored
in HeLa cells before release and for 18 h thereafter by
incorporation of [3H]deoxycytidine (@4), as de-
scribed in the text. Aphidicolin was added 3 h after
release from the block, and the decline in DNA
synthesis was monitored at 30-min intervals thereafter
(0-@). -y, Milligrams.

because aphidicolin, a specific inhibitor ofDNA
polymerase a (for a review, see 16), does not
interfere with the normal metabolism of the cell.
Those products necessary for traversal of the
cell cycle may, therefore, accumulate during the
aphidicolin treatment and permit the cells to
proceed rapidly from the initial S phase after
release to the next S phase. Although this results
in a severely shortened Gl period, it has proven
advantageous here because it results in a more
synchronous population as the cells enter the
second S phase, allowing us to monitor the
accumulation of histone mRNAs in cells that
have been free from drug treatment for an entire
cell cycle.
Human histone gene probes. Our original re-

port concerning the isolation of human histone
genes and their preliminary characterization (13)
described a variety of genomic DNA fragments
containing the H3, H4, H2a, and H2b histone
genes. For the present studies, we wished to
prepare genomic DNA probes containing se-
quences hybridizing solely to histone RNAs.
Therefore, we screened the subcloned genomic
fragments containing histone genes for regions
encoding nonhistone genes.- This was done by
two means: first, Northern hybridization analy-
sis of HeLa cell RNA (as detailed in Materials

and Methods) with these fragments as probes
was used to detect transcripts (histone and non-
histone) present in HeLa cells; second, the
presence of RNA polymerase III transcription
units was assayed by in vitro transcription of
these fragments in soluble extracts (28). Al-
though a complete description of the results will
be presented elsewhere, three points bear men-
tion. First, those clones containing sequences
transcribed by RNA polymerase III in vitro
contain sequences which hybridize to a large
number of HeLa cell RNAs, and could not be
used as specific probes for histone mRNA.
Second, several of the subclones hybridize to a
small HeLa cell transcript (385 bases) which is
present throughout the HeLa cell cycle (data not
shown). Third, Northern blot analysis did not
reveal the presence of a histone Hi gene on
these clones.
With the exception of pHh4A, those sub-

clones chosen as specific probes in this study
(Fig. 2) contained a single human histone gene
and no additional transcribed sequences.
pHh4A, on the other hand, hybridizes to the
small (385-nucleotide) transcript mentioned
above; therefore, the 0.7-kilobase EcoRliHin-
dlll fragment containing the H2b gene was iso-
lated and used in the Northern hybridization
analysis. Information regarding the expression
of these particular human histone genes has not
yet been obtained. In these studies, we mea-
sured that population of histone mRNA which
hybridizes to these probes at the hybridization
stringency used in each experiment. Since nu-
cleotide sequence analysis has revealed no gross
aberration in the coding regions of these genes
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FIG. 2. Human histone gene probes. Restriction
maps of subcloned human histone gene probes, known
to contain a single human histone gene (13), which are
used in this study. Blocked area indicates location of
the gene within each subclone. Symbols: 0, EcoRI; A,
HindIII; *, XbaI.
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(R. Zhong, unpublished data), it is probable that
their use in the experiments presented here
allows accurate assessment of the biogenesis of
the major HeLa histone mRNA species. As
discussed below, however, it is possible that the
minor differences in the results presented for the
H2a, H2b, H3, and H4 mRNAs may reflect
varying efficiencies of hybridization with consti-
tutively expressed histone mRNAs.
As a control for the behavior of a nonhistone

gene during the cell cycle, we have examined the
changes in levels of RNA hybridizing to plasmid
pCGa, a cDNA clone containing sequences
which correspond to the mRNA encoding the a
subunit of human chorionic gonadotropin (2).
The ohCG protein is synthesized in a variety of
placentally and nonplacentally derived tumors,
including HeLa cells, and there is some indica-
tion that secretion of this protein is stimulated in
cells which are not synthesizing DNA (for a
review, see 17). The ahCG mRNA in HeLa cells
has recentlv been shown to be similar in size to
the mRNA species seen in the human placenta
(la).

Kinetics of accumulation of histone mRNAs
during the HeLa cell cycle. To monitor the accu-
mulation of specific histone mRNAs during the
HeLa cell cycle, total cellular RNA was pre-
pared from cells before release from the aphidi-
colin treatment and at 1-h intervals for 16 to 18 h
post-release. Samples, 30 p.g, from each prepa-
ration were analyzed for the presence of individ-
ual histone mRNAs by Northern hybridization,
and the relative amount of histone mRNA pre-
sent was quantitated densitometrically (Fig. 3).
Results are expressed as the relative increase
over prerelease mRNA levels or prerelease rates
of incorporation of [3H]deoxycytidine so that
data from different experiments can be directly
compared.

It is immediately apparent from the autoradio-
graphs shown in Fig. 3 that there is a dramatic
increase in the steady-state level of each of the
histone mRNAs as the cells progress through S
phase. For example, H2a mRNA begins to accu-
mulate in the cell immediately after release from
the aphidicolin block, reaching its maximal
steady-state level 5 h post-release (Fig. 3A). At
this time there is approximately 17-fold more
H2a mRNA than is present before release or
after completion of S phase (at 10 h after re-
lease). Furthermore, H2a mRNA concentration
declines between the peak of its accumulation
(at 5 h post-release) and the completion of S
phase, with an apparent half-life of 90 min. As
the cells begin to enter a second S phase, 12 to
13 h after release from the aphidicolin block,
H2a mRNA again begins to accumulate. Both
the rate of incorporation of [3H]deoxycytidine
into DNA and histone mRNA accumulation are

less rapid at the onset of the second S phase,
presumably reflecting a loss of synchrony in the
cell population. To demonstrate the reproduc-
ibility of this type of analysis, RNA prepared
before release and 3 h into S phase in a separate
experiment are included in the autoradiograph
shown in Fig. 3A. The level of induction of H2a
mRNA at 3 h post-release is between 10- and 11-
fold in each of these experiments.
The kinetics of accumulation of H2b and H3

mRNAs (Fig. 3C and 3D) are similar to those
described for H2a message and show maximally
13- and 15-fold increases in respective mRNA
levels. Whereas H4 mRNA shows a similar (13-
fold) increase in concentration, its kinetics of
accumulation appear slightly different (Fig. 3B)
from those of the other histone mRNAs. Thus,
the steady-state level of H4 mRNA increases
more slowly and reaches its maximal steady-
state level slightly later than the other histone
mRNAs. Whether this difference reflects a bio-
logically interesting phenomenon or whether it
results from the methodology used is not known.
However, this result has been reproducibly ob-
tained when nitrocellulose filters used in North-
ern hybridization analysis (as described in Mate-
rials and Methods) were rehybridized to an H2a,
H2b, or H3 probe. A possible explanation for
this is that this particular H4 probe can cross-
hybridize to constitutively expressed histone
mRNA (see 29) to a greater extent than can the
other histone gene probes we have used.
To determine whether the kinetics of histone

mRNA accumulation reflect the behavior of the
entire mRNA population, we have analyzed the
steady-state levels of ahCG mRNA during the
HeLa cell cycle. ahCG mRNA is present at high
concentrations in cells blocked with aphidicolin
and, after a slight increase immediately after
release, decreases to a low level during S phase
(Fig. 3D). As the cells traverse G2, M, and Gl,
ahCG mRNA levels increase approximately
fivefold and again decrease with the onset of the
second S phase. The accumulation of othCG
mRNA is, therefore, regulated in a manner
different from that of histone mRNA during the
HeLa cell cycle.
Rate of histone mRNA synthesis during the

HeLa cell S phase. To determine the contribution
of an increased rate of histone mRNA synthesis
to its accumulation during the DNA synthetic
period of the HeLa cell cycle, we have measured
the relative rate of histone H3 and H2a mRNA
synthesis in cells blocked at the Gl/S boundary
of the cell cycle, in S-phase cells at 2.5 h post-
release (when the rate of histone mRNA accu-
mulation is maximal), and in S-phase cells in
which DNA synthesis was blocked with aphidi-
colin 30 min before the pulse. To minimize
possible error due to the turnover of histone
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TABLE 1. Rate of histone mRNA synthesisa

Time of Input Total cpm hybridized ppmc Fold increase
pulse(h)bnpm x 106)

Expt (CpM X pBr H2a H3 H2a H3 H2a H3
0 1 1.75 26 45 66 11 23 1 1

2 1.66 38 60 112 13 44 1 1
3 6.42 68 100 141 5 11 1 1
4 3.29 20 37 80 5 18 1 1

2.5 1 2.78 24 126 300 37 99 3.4 4.3
2 2.19 40 142 380 47 155 3.6 3.5
3 6.63 46 155 270 16 34 3.2 3.1
4 4.23 22 83 210 15 44 3.0 2.5

2 + 0.5 A 3 6.16 71 120 104 8 5 1.6 0.5
4 3.35 22 39 90 5 20 1 1.1

Values represent the average of two separate hybridization reactions.
b Times of pulses were as follows: 0 h, synchronized cells before release from aphidicolin block; 2.5 h, S-phase

cells 2.5 h after release from aphidicolin block; 2.0 h + 0.5 h A, S-phase cells that 2 h after release from initial
block were reblocked with aphidicolin for 30 min.

c ppm, Parts per million of input counts per minute hybridized.

mRNA, we have utilized only 5-min pulse-label-
ing periods. Table 1 presents data from several
independent experiments which indicate that the
rate of synthesis of histone H2a and H3 mRNA
increases approximately threefold during the
initial 2.5 h after release from the aphidicolin
block at the Gl/S boundary. Furthermore, with-
in 30 min after the inhibition of DNA synthesis
at 2 h into S phase, the rate of synthesis of
histone mRNA decreases to its prerelease level.
Since the steady-state levels of H2a and H3
mRNAs increase more than 10-fold during this
2.5-h interval (see Fig. 3), it is apparent that
changes in the rate of synthesis of histone
mRNA alone are not sufficient to account for its
accumulation during S phase. A complete inves-
tigation of the kinetics of synthesis of histone
mRNA during the HeLa cell cycle is in progress
and will be presented elsewhere.
Changes in stability of histone mRNA. Previ-

ous estimates of histone mRNA half-life in HeLa
cells have been made with a variety of tech-
niques and have resulted in a wide range of
estimates (4, 9, 18), from 60 min to several
hours. Although it was suggested in these early
studies that the half-life of histone mRNA may
change during the HeLa cell cycle, there is very
little experimental support for this idea. To
explain the discrepancy between our results
concerning the magnitude of changes in the
steady-state levels (Fig. 3) and rates of synthesis
(Table 1) of histone mRNA during S phase, we
have measured the half-life of histone mRNA
during and in the absence of DNA synthesis.
The derivation of RNA half-life from the ki-

netics of labeling of cytoplasmic RNA is based
on the fact that the steady-state concentration of

a particular RNA species in the cytoplasm is a
function of its rate of synthesis and rate of decay
(11). Therefore, if the rate of formation of the
RNA species remains constant, the time re-
quired during continuous labeling for that RNA
to reach a constant specific activity in the cyto-
plasm directly reflects its rate of decay. To
minimize potential artifacts due to changes in
the specific activity of precursor pools and in the
rates of synthesis or decay of histone mRNA,
we have studied the kinetics of labeling of his-
tone mRNAs in both unsynchronized and syn-
chronized cells during the first half of S phase. It
is anticipated that the kinetics of labeling of
cytoplasmic histone mRNA (and, therefore, the
half-life) in these two cell populations wif be
similar for the following reason. Cells present in
the exponentially growing population which are
not in S phase contain only about 75% of the
steady-state levels of S-phase histone mRNA.
Non-S-phase cells, therefore, contribute very
little to the kinetics of approach to steady-state
labeling in the unsynchronized cell population;
rather, these kinetics are determined principally
by the S-phase cell population.

In the experiment shown in Fig. 4, the half-life
of histone mRNA in exponentially growing
HeLa cells was determined essentially as de-
scribed by Babich and Nevins (1), except that no
cold uridine was included in the media. Under
these conditions, the exogenously added uridine
was only 0.675 x 10- M. Incorporation of
[3H]uridine into total cytoplasmic RNA re-
mained linear during the initial 3 h of the experi-
ment (Fig. 4A), and significant amounts of la-
beled RNA could be detected in the cytoplasm
within 30 min after introduction of the label. It is
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FIG. 4. Kinetics of accumulation and decay rates of histone mRNAs in exponentially growing HeLa cells.

Exponentially growing HeLa cells were concentrated to a density of 2 x 106 cells per ml in fresh media, and
[3H]uridine was added to 25 gCi/ml. At the times indicated, cytoplasmic RNA was prepared from 2 x 10' cells
and hybridized to filters bearing the histone plasmids (see text). (A) (--) [3H]uridine incorporation into total
cytoplasmic RNA; accumulation of [3H]uridine into H4( ), H3 (0), H2a (A), and (U) RNAs hybridizing to the
plasmid pHh4A-containing the H2b gene. (B) Decay curves for individual, histone mRNA species according to
the method of Greenberg (11) and plotted as in Babich and Nevins (1). Roo = average cpm present in RNA at
steady state; R = cpm present in mRNA at a given time of labeling.

clear from the data presented (Fig. 4A) that the
specific activities of cytoplasmic histone H3,
H4, and H2a mRNAs each plateau at approxi-
mattly 2 h. The half-life of each of these mRNAs
was determined by means of a reciprocal plot of
the data from the accumulation curves (1) and
indicate that histone H3, H4, and H2a mRNAs
decay with a half-life of approximately 40 min in
exponentially growing HeLa cells (Fig. 4B).
However, the specific activity of the RNA hy-
bridizing to nitrocellulose filters containing
pHh4A (containing an H2b gene) DNA had
reached a steady state by the initial time point.
We infer from these latter data that pHh4A
hybridizes to an additional RNA species which
is either extremely abundant (>50,000 mole-
cules per cell) or has a very short half-life. We
also argue from this early plateau that the RNA
precursor pools must have equilibrated within 30
min.
The half-life of histone mRNA during the

HeLa S phase was measured by the kinetics of
approach to steady-state labeling of H2a, H3,
and H4 mRNAs in synchronized cells from the
second to fifth hours of S phase (Fig. 5). In this

experiment 14 p,M cold uridine was included in
the media with the introduction of the labeled
uridine. This resulted in a significant lag in the
appearance of labeled RNA in the cytoplasm,
but ensured linear incorporation during the
course of the experiment (Fig. SA). As expected
from the results of a similar experiment in un-
synchronized cells (see above), the half-life of
histone mRNA during S phase is approximately
35 to 40 min (Fig. SB). This must be regarded as
a maximal estimate because of the time required
for equilibration of the ribonucleotide triphos-
phate pools.
To account for differences in the rates of

accumulation and synthesis of histone mRNA
during S phase, the half-life of histone mRNA
must be significantly longer in S-phase cells than
it is in non-S-phase cells. Since the maximal
half-life of histone mRNA during S phase is 40
min, the turnover of histone mRNA must be
extremely rapid in the absence ofDNA synthe-
sis. Measurement of such a brief half-life by the
kinetics of labeling of that RNA is inappropriate
due to pool equilibration problems. In fact, our
attempts to measure histone mRNA turnover in
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FIG. 5. Kinetics of accumulation and decay rates of histone mRNAs in synchronized HeLa cells. HeLa cells
were synchronized and released into S phase as described in the text. Two hours after release from the block,
cells were concentrated to 2 x 106 cells per ml and 50 ,Ci of [3H]uridine per ml was added (total uridine
concentration, 14 ,uM). At the times indicated, cytoplasmic RNA was prepared from 2 x 10' cells and hybridized
to filters bearing the histone plasmids. (A) (---) [3H]uridine incorporation into total cytoplasmic RNA;
accumulation of [3H]uridine into H4(O), H3 (0), and H2a (A) histone mRNAs. (B) Decay curves for the
individual histone mRNA species derived as in the legend to Fig. 4.

non-S-phase cells by this method have been
unsuccessful. We therefore measured the rate of
decay of histone mRNA after a block in DNA
synthesis during S phase (Fig. 6).

In this experiment, DNA synthesis was inhib-
ited with aphidicolin and total cellular RNA was
assayed for the presence of histone mRNA at 10-
min intervals thereafter. The apparent half-life
of histone mRNA under these conditions is
about 8 min (Fig. 6). This is somewhat shorter
than the original estimate of the half-life of
histone mRNA after hydroxyurea treatment (13
min [9]) and probably reflects differences in both
the methods of analysis and DNA synthesis
inhibitor used. This must also be regarded as a
maximal estimate since, although the rate of
synthesis of histone mRNA is minimal by 30 min
after the block (Table 1), it is possible that
histone mRNA continues to be synthesized at a
high rate for several minutes after addition of the
aphidicolin.

It is evident from these experiments that the
half-life of histone mRNA is very brief during all
stages of the HeLa cell cycle. Furthermore,
these measurements suggest that there may be a

significant change in the half-life of histone
mRNA during the S phase and that this change
in the stability of histone mRNA may contribute
to its accumulation during DNA synthesis.

Effect of inhibition of DNA synthesis on levels of
histone mRNA. It is well documented that his-
tone protein synthesis (23) and polysomal his-
tone mRNA (3, 8, 9) disappear from HeLa cells
after the inhibition of DNA synthesis, but it is
not clear whether transcription per se is blocked
or whether this phenomenon results solely from
increased mRNA degradation. It was of interest,
therefore, to determine whether individual his-
tone mRNAs disappear from the total cellular
RNA population under these conditions, or
whether compartmentalization or modification
of these mRNAs might explain these results.
Furthermore, it has been proposed that histone
gene transcription is "activated" by DNA repli-
cation or some process associated with it (5).
Consistent with this suggestion are models in
which histone genes are activated either by
(events leading to) generalized total nuclear
DNA synthesis or by the replication of the
histone genes themselves. A simple proposal
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rereleased to complete S phase. The rate of
[3Hjdeoxycytidine incorporation into DNA was
reduced to its prerelease value upon the addition
of aphidicolin at 3 h and, after rerelease into
fresh media after 3 h in the presence of the drug,
rapidly increased to high levels (Fig. 7). If one
monitors DNA synthesis for several additional
hours, the cells complete S phase in approxi-
mately 11 to 12 h. It appears, therefore, that the
3-h interruption of DNA synthesis during its
peak in early S phase does not grossly alter the
metabolism of the cells. Rather, one might con-
sider this treatment as reversibly "freezing" the
cells at any point during the DNA synthetic
period of the cell cycle.
The steady-state level of histone H2a mRNA

decreases to its prerelease level within 30 min
after the aphidicolin treatment 3 h into S phase
(Fig. 7). Furthermore, H2a mRNA levels remain
low during the aphidicolin treatment (maintained
for a total of 3 h) and, upon rerelease from the
aphidicolin block, histone H2a mRNA again
accumulates with the same kinetics seen after
release at the Gl/S boundary. It is apparent,

10 20
TIME

APHIDICOLIN

30 40 50
AFTER
ADDITION (min)

FIG. 6. Decay of histone mRNA after inhibition of
DNA synthesis. Autoradiogram of histone H2a mRNA
prepared at 10-min intervals after the aphidicolin block
and semilogarithmic plot of quantity of H2a mRNA
remaining at the times indicated. Autoradiographic
lanes labeled 0 and 3 indicate RNA samples prepared
prerelease and 3 h post-release (time at which the
secondary aphidicolin block was made); lanes labeled
10 to 40 correspond to minutes after aphidicolin addi-
tion.

encompassing both of the above models is that
initial activation of the histone genes alters their
conformation such that they are made accessible
to the transcription apparatus and that, when
generalized DNA synthesis is interrupted, they
return to this repressed, preactivated state. Ac-
cording to this model, reactivation of nonex-
pressed histone genes may require that cells
again traverse the Gl/S boundary. It was of
interest, therefore, to determine whether cells
blocked in DNA synthesis during the middle of S
phase for an extended period could retain their
ability to accumulate histone mRNA upon re-

lease from the block and resumption of DNA
synthesis.

In the experiments shown in Fig. 7, synchro-
nized HeLa cells were released into S phase for
3 h, blocked with aphidicolin for 3 h, and then
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FIG. 7. Effects of aphidicolin treatment on histone

mRNA levels during S phase. HeLa cells were syn-
chronized and released into S phase as described in the
text. Aphidicolin was added into the culture 3 h after
release, the cells were incubated with the drug for 3 h,
and the aphidicolin was again removed. Total cellular
RNA was prepared and quantitated at various times
during the experiment as described for Fig. 3. Sym-
bols: 0, H2a mRNA; A, [3H]deoxycytidine incorpo-
ration.
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FIG. 8. Kinetics of accumulation of nuclear histone mRNA during the cell cycle. Samples, 15 ,u.g, of RNA
prepared from the nuclei of cells at various times during the HeLa cell cycles were resolved on a 1.5%
formaldehyde-agarose gel and assayed for the presence of specific histone mRNAs by Northern blot
hybridization. the quantitation plotted was obtained by densitometry of the autoradiogram of histone H3 mRNA
as described in the text and is very similar to those obtained with the other specific histone gene probes.
Autoradiographic lanes labeled T:0 and 3 indicate total cellularRNA prepared before release and 3 h after release
from the aphidicolin block. Lanes labeled N:0 to 10 correspond to nuclear RNA samples prepared at indicated
hours after release from block. The sizes of the histone mRNAs obtained from these preparations are identical to
those derived from analysis of total cellular RNA and are as follows: H4 mRNA, 430 base pairs; H3, H2a, and
H2b mRNA, 560 base pairs.

therefore, that those mechanisms operating to
effect the accumulation of histone mRNA during
S phase are not restricted to the Gl/S boundary
of the cell cycle, but remain active throughout S
phase. Although this experiment does not indi-
cate the relative contribution of alterations in
transcription rate and in mRNA stability to the
reaccumulation of histone mRNA, the facts that
histone mRNA synthesis decreases to its prere-
lease rate within 30 min after the aphidicolin
treatment and that the kinetics of accumulation
parallel those seen at the Gl/S boundary strong-
ly suggest that the mechanisms effecting accu-
mulation of histone mRNA during these two
time periods are identical.

Accumulation of histone RNA in HeLa cell
nucei. It is clear from the analysis of total
cellular RNA present in Fig. 3 that cell cycle-
dependent histone synthesis is directly con-
trolled by changes in the abundance of total
cellular histone mRNA. To reveal any gross
changes in the transport of histone RNA from
the nucleus, and as an assay for potential histone
mRNA precursors, we have analyzed nuclear
histone RNA during the cell cycle by Northern
hybridization. The kinetics of accumulation of
histone RNA in the nucleus ofHeLa cells during
S phase did not parallel those observed for total
cellular RNA (Fig. 8). Rather, nuclear histone
RNA reached its maximal level by the second
hour of S and remained at that level until the end
of S phase. The sizes of histone RNAs detected
in the nucleus were identical to those observed

for total cellular RNA and are in general agree-
ment with previously published data concerning
the size of histone mRNA in polysomes (25).
Finally, quantitation of the gel shown in Fig. 8
allowed us to calculate that approximately 1 to
2% of the total cellular histone RNA was present
in the nucleus at the peak of accumulation
during S phase.

DISCUSSION
The isolation and characterization of human

histone genes have provided specific hybridiza-
tion probes which have allowed us to use direct
and quantitative methodology to confirm the
general result that HeLa cell histone mRNA
accumulation is coupled to DNA synthesis (3, 5,
8, 25), and to extend these results to reveal
important aspects of cell cycle-dependent his-
tone gene regulation.
The increase in steady-state concentrations of

histone mRNA during the HeLa cell S phase is
approximately 15-fold. Cells blocked at the Gl/S
boundary of the cell cycle, cells blocked within
S phase, and growing cells not engaged in DNA
synthesis all contain low but significant levels of
histone H2a, H2b, H3, and H4 mRNA. Several
possible explanations, including an incomplete
block of DNA synthesis in the presence of
aphidicolin, can account for this result. Howev-
er, we note that there may exist a subpopulation
of human histone genes which are not regulated
according to the cell cycle and that are responsi-
ble for the low level of non-S-phase histone
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mRNA (29). Direct nucleotide sequence analysis
of non-S- and S-phase histone mRNA popula-
tions may result in the identification of such
constitutively expressed histone sequences.
To determine the degree to which transcrip-

tional and post-transcriptional processes are re-
sponsible for histone mRNA accumulation, we
have measured both the rates of synthesis and
the half-life of histone mRNA during or in the
absence of DNA synthesis. Quantitation of na-
scent histone mRNA synthesized during a 5-min
pulse-labeling in vivo suggests that the rate of
histone mRNA synthesis is three- to fourfold
higher in cells at the point of maximal rate of
accumulation of histone mRNA (2.5 into S
phase) than in cells blocked at the Gl/S bound-
ary. Although careful kinetic studies of the rate
of histone mRNA synthesis during the cell cycle
must be done to ensure that this is the maximal
increase in the rate of transcription of these
genes, it is evident that transcriptional induction
cannot fully explain the accumulation of histone
mRNA. Furthermore, our studies of the half-life
of histone mRNA after a block in DNA synthe-
sis (8 min) or during S phase (40 min) suggest
that the stability of histone mRNA may be
increased by as much as fivefold during DNA
synthesis. Since changes in the rate of synthesis
of histone mRNA during the beginning of S
phase or the time required for equilibration of
nucleoside triphosphate pools could both result
in a lengthened approach to equilibrium during
continuous labeling, this change in the half-life
of histone mRNA must be regarded as maximal.
The kinetics of accumulation of both cytoplas-

mic and nuclear histone mRNA suggest that
histone gene expression remains elevated
throughout S phase. This conclusion is further
supported by the observations that cytoplasmic
histone mRNA sequences continue to accumu-
late until at least 5 h after entry into S phase and
that the apparent half-life (90 min) of histone
mRNA during its disappearance in the latter half
of S phase is greater than the maximal measured
half-life of histone mRNA (40 min). Moreover, if
the transit time of histone mRNA from the
nucleus to the cytoplasm is constant throughout
the cell cycle, then the kinetics of synthesis of
histone mRNA should parallel nuclear histone
mRNA accumulation. On the basis of this as-
sumption, the kinetics of accumulation of nucle-
ar histone mRNA support the conclusion that
histone mRNA synthesis is maximal by the
second hour of S phase and continues at that
rate until the end of S phase.
As an integral part of this study, we wished to

examine the temporal coordination of changes in
DNA synthesis and histone mRNA concentra-
tion. Our results suggest that the relationship
between the rate of [3HJdeoxycytidine incorpo-

ration into DNA and histone mRNA accumula-
tion is not simple. Comparison of the kinetics of
these processes reveal that histone mRNA accu-
mulation continues for several hours beyond the
peak of [3H]deoxycytidine incorporation and
that the biphasic nature of the latter is not
reflected by the changing steady-state concen-
trations of histone mRNAs. It is clear, therefore,
that if the rate of cellular DNA synthesis is
directly correlated with histone mRNA accumu-
lation, then the incorporation of [3H]deoxynu-
cleotide triphosphates into DNA does not ade-
quately assay this rate. A disparity between the
peak of DNA synthesis and maximal accumula-
tion of yeast histone mRNA has been reported
by Hereford et al. (15).

It is significant that histone mRNA accumula-
tion can occur immediately after release from an
extended block in DNA synthesis during the
middle of S phase. The similarity of the kinetics
of accumulation of histone mRNA seen after
release from such a block to those seen after
release from a block at the G1/S boundary, and
the decline of histone gene transcription rate to
its pre-S-phase value during a secondary DNA
synthetic block, suggest that in both instances
equivalent transcriptional and post-transcrip-
tional mechanisms govern changes in histone
mRNA concentration. As described in Results,
this is an important consideration with respect to
models proposing the coupling of histone gene
transcription and DNA replication (5), since it
suggests either that histone genes retain some
component of activation, which is required but
is not sufficient for histone gene transcription, or
that the genes may become transcriptionally
"reactivated" after release from the mid-S-
phase block. Clearly, an analysis of the temporal
relationship between the transcriptional compe-
tence and replication of individual histone genes
will facilitate our understanding of the mecha-
nism(s) responsible for cell cycle-dependent
expression of this gene family.

In summary, our results indicate that cell
cycle-dependent histone gene expression is me-
diated at both the transcriptional and the post-
transcriptional levels. Formulation of specific
models to explain the mechanisms for these
processes is complicated by the fact that human
histone genes are reiterated in the genome and
that the expression of individual members of this
gene family may be regulated in different ways.
Recently, Hereford et al. (14, 15) have examined
the yeast cell cycle with respect to the contribu-
tions of transcriptional and post-transcriptional
events in moderating histone mRNA levels.
Changes in histone mRNA stability are clearly
operative during both the HeLa and the yeast
(15) cell cycles. However, in contrast to our
conclusions, there is indication (14) that in-
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creased transcription of the yeast histone genes
may precede the onset of DNA synthesis.
Whereas it is possible that the transcriptional
activation of a specific subpopulation of HeLa
histone genes is regulated in this manner, we
believe that the simplest interpretation of our
work is that human histone gene transcription is
reversibly induced severalfold by DNA synthe-
sis per se, and that post-transcriptional processes
ensure that histone mRNA abundance is regulat-
ed to provide for the changing requirements for
histone protein during S phase.

Finally, it has very recently been reported that
the levels of nuclear and cytoplasmic histone
RNA in S-phase HeLa S3 cells is approximately
100-fold greater than that present in Gl cells
(22). The explanations for the discrepancies be-
tween these results and those presented herein
remain obscure. It is possible, however, that the
levels of histone RNA in non-S-phase cells differ
in the cell populations used because of the
methods of synchrony, particular cell type, or
details of the methods of analysis of the various
RNA populations.
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