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The levels of histone mRNA increase 35-fold as selectively detached mitotic CHO cells progress from mitosis
through G, and into S phase. Using an exogenous gene with a histone 3’ end which is not sensitive to
transcriptional or half-life regulation, we show that 3’ processing is regulated as cells progress from G, to S
phase. The half-life of histone mRNA is similar in G,- and S-phase cells, as measured after inhibition of
transcription by actinomycin D (dactinomycin) or indirectly after stabilization by the protein synthesis
inhibitor cycloheximide. Taken together, these results suggest that the change in histone mRNA levels between
G,- and S-phase cells must be due to an increase in the rate of biosynthesis, a combination of changes in
transcription rate and processing efficiency. In G, phase, there is a rapid 35-fold decrease in the histone mRNA
concentration which our results suggest is due primarily to an altered stability of histone mRNA. These results
are consistent with a model for cell cycle regulation of histone mRNA levels in which the effects on both RNA
3’ processing and transcription, rather than alterations in mRNA stability, are the major mechanisms by which

low histone mRNA levels are maintained during G,.

Histone proteins are synthesized coordinately with DNA,
and changes in histone protein synthesis are mediated by
rapid changes in histone mRNA concentration (10, 13, 32).
There are two major groups of histone genes: (i) those coding
for the cell cycle-regulated, replication-dependent histones
and (ii) the constitutively expressed replacement variant
histones (39, 40). The replication-dependent histone genes
lack intervening sequences, and the mRNAs end in a 3’
stem-loop structure which is formed by an endonucleolytic
cleavage (9, 22). The replacement variant histone H3.3 gene
contains intervening sequences, and the mRNA ends in a 3’
poly(A) sequence (6, 38).

Detailed studies of the changes in histone mRNA metab-
olism during the cell cycle have largely been conducted in
cells synchronized by using inhibitors of DNA synthesis (13,
26), serum starvation (8), or temperature-sensitive mutants
(2, 3, 18, 19, 33). Although in one study centrifugal elutria-
tion (1) was used to avoid the effects of drug-induced
synchrony, the lack of complete synchronization did not
allow precise measurement of the changes in histone mRNA
levels during the cell cycle. These studies all showed that the
rate of histone gene transcription varied only three- to
fivefold during the cell cycle, indicating that much of the
regulation must be posttranscriptional.

Posttranscriptional regulation at two steps, mRNA degra-
dation and 3’ processing of pre-mRNA, has been implicated
in control of histone mRNA levels in a number of studies.
The levels of replication-dependent histone mRNAs de-
crease rapidly upon inhibition of DNA synthesis as a result
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of increased degradation (4, 10, 32). The 3’ stem-loop
structure is required for their rapid degradation (11, 15, 24),
and this process also requires that the mRNA be actively
translated (11). Inhibitors of protein synthesis prevent the
rapid degradation of histone mRNA (4, 35). The replacement
variant histone mRNAs, which lack the 3’ stem-loop struc-
ture, are stable when DNA synthesis is inhibited (5, 32). The
same 3’ end structure is required for 3’ end formation and is
involved in regulating 3’ end formation. This was demon-
strated in a temperature-sensitive mutant arrested in G, (18)
and in cells synchronized by serum starvation or G, arrest by
indomethacin (34). We report here the changes in histone
mRNA levels that occur during the CHO cell cycle, using
cells synchronized by selective detachment of mitotic cells.
Our results indicate that quantitative changes in RNA 3’
processing, but not mRNA stability, play an important role
during the progression of cells from G, to S phase, whereas
the rapid decrease in histone mRNA levels during G, phase
is primarily due to reduced mRNA stability.

MATERIALS AND METHODS

Selection and culture of cells. CHO cells were grown and
selected in McCoy’s 5a medium supplemented with 5% calf
bovine serum (Hyclone). Cells were selected essentially by
the method of Terasima and Tolmach (36) as modified by
Schneiderman et al. (27, 28), using a semiautomated shaker
apparatus. Selected mitotic cells were pooled on ice for no
longer than 4 h for each experiment. Cooled cells grew and
entered S phase exactly as did cells that were plated imme-
diately after selection. These cells also had identical changes
in histone mRNA concentrations. Mitotic cells were plated
in temperature- and pH-adjusted medium at a density of 10°
cells per 25-cm? flask for RNA analysis. Mitotic indices were
determined by scoring a minimum of 300 cells from prepa-
rations of pooled cells (27). The mitotic indices were greater
than 97% for all experiments, and fewer than 0.5% of the
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cells were synthesizing DNA 1 h after plating. In some
experiments, cells were continuously treated with 5 ug of
cycloheximide (CHM) per ml prior to selection.

Mitotic cells used to monitor the position of the synchro-
nous cells in the cell cycle were grown on coverslips at the
same density as the cells used for RNA analysis. They were
pulse-labeled for 15 min (starting at the times indicated in the
figure legends) in medium containing 222 kBq of [***Jiodode-
oxyuridine. After labeling, the cells were washed three times
with Hanks balanced salt solution and fixed in methanol. The
cells were coated with NTB2 autoradiographic emulsion and
exposed up to 10 days. The labeling index was generated
after scoring of a minimum of 300 cells at each time.

Analysis of mRNA content. Total cell RNA was prepared,
and histone mRNA levels were analyzed by using a quanti-
tative S1 nuclease assay as described previously (12, 32). To
assay the H3.2 mRNA levels, the H3-614 gene was labeled at
the 3’ end of the Sall site at codon 58 of the H3 gene. To
assay the H3.3 mRNA levels, the H3.3-921 gene was S’
labeled at the Bg/II site at codon 85 of the gene (37). To assay
the UsH mRNA and the endogenous hamster H2a mRNA,
the H2a gene was labeled at the 3’ end of the Aval site at
codon 20 or the 5’ end of the Narl site at codon 43. The two
transcripts from plasmid pgptCX/—230+118 were analyzed
by using a riboprobe protection assay (see Fig. 4A). Condi-
tions were as previously described (12). The amount of Ul
RNA was also assayed by using a riboprobe protection assay
which detects both Ulb and Ula small nuclear RNAs
(snRNAs) (17).

Introduction of exogenous genes into CHO cells. The
pgptCX/—230+118 gene described by Stauber et al. (33, 34)
was introduced into CHO cells by transfection, using the
Polybrene method of Chaney et al. (7) as described previ-
ously (16). Stable transformants were selected for resistance
to mycophenolic acid as previously described (23). The
intact histone H2a-614 gene and the UsH gene were intro-
duced into CHO cells by using Polybrene (7) together with
the plasmid pSV2neo, which confers resistance to G418.
Stable transformants were selected for resistance to G418 as
previously described (16). The UsH gene contains the mouse
U1b snRNA promoter (20, 21) and the first 5 nucleotides (nt)
of the Ul snRNA joined to the 5’ untranslated region of the
histone H2a-614 gene (12, 14). This gene encodes a normal
histone H2a mRNA and protein and has been described
previously (25).

RESULTS

Levels of H3.2 and H3.3 mRNA in G1 and S phase. Highly
synchronous cultures of CHO cells were obtained by selec-
tive detachment of mitotic cells. Less than 0.5% of the
mitotic cells incorporated [**]Jiododeoxyuridine within 1 h
after selection, and more than 97% of the cells eventually
entered S phase. At the time of selection, all cells were
between 4 and 22 min before division (29). Note that as the
cells progress their level of synchrony decreases. The length
of G, varied between 3 and 4.5 h among the experiments. It
took 3 to 5 h from the time the first cells entered S phase until
>95% of the cells were in S phase (see Fig. 2). Desynchro-
nization is such that by 10 to 11 h the cells were distributed
from late S through G, (31).

To determine the amount of histone H3.2 mRNA, we used
an S1 nuclease assay, utilizing the mouse H3-614 gene as a
probe. The hamster mRNA protects the coding region of this
gene from S1 nuclease digestion as a result of the high
homology between hamster and mouse H3.2 mRNAs (16),
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resulting in a single protected fragment of 240 bp when the
Sall site was labeled at the 3’ end. To determine the amount
of the replacement variant histone H3.3 mRNA, we used the
mouse histone H3.3 pseudogene (37) as a probe. This probe
completely protects the hamster histone H3.3 mRNA, re-
sulting in a 365-nt protected fragment. Figure 1A shows the
levels of H3.2 and H3.3 mRNAs as cells progressed from M
to S phase. To accurately quantify the amounts of histone
mRNA, RNA from different numbers of cells were assayed
on the same gel (gel not shown), and the results are plotted
in Fig. 2A. We observed a 35-fold increase in the amount of
H3.2 mRNA between G, and S phase. The amount of H3.2
mRNA began to increase as early as 1 h after division, before
the cells entered S phase (Fig. 2B; see below). By 3.5 h, the
amount of H3.2 mRNA had reached half of its maximal
level, and about 50% of the cells had entered S phase. After
5 h 90% of the cells were in S phase (Fig. 2A); by 7 h more
than 95% of the cells were in S phase, and the histone mRNA
had reached its maximal level. In sharp contrast, the levels
of H3.3 mRNA remained relatively constant, changing only
twofold between M and S phase, as expected for a constitu-
tively expressed gene (Fig. 1). The levels of the H3.2 mRNA
were normalized to the amount of H3.3 RNA. Similar results
were obtained when the H3.2 mRNA levels were normalized
to the amount of Ul snRNA (Fig. 3D).

The initial accumulation of histone H3.2 mRNA precedes
the onset of S phase. At 1.0 and 1.5 h after mitosis there was
a detectable increase in H3.2 mRNA levels (>3-fold), while
the labeling index of these cells was less than 1%. Figure 1B
shows an experiment in which H3.3 and H3.2 mRNAs were
measured simultaneously. Similar results were observed in
eight separate experiments. Because the two probes used
had similar specific activities, the amounts of H3.3 and H3.2
mRNA in G,-phase cells were similar. The data from two
separate experiments are plotted in Fig. 2B. There was a
threefold increase in histone H3.2 mRNA during G, which
reached a plateau prior to the onset of S phase. The major
accumulation of histone mRNA occurred as cells entered S
phase (Fig. 2A).

Regulation of histone mRNA levels between G, and S
phases. Intact mouse histone genes transfected into CHO
cells are regulated qualitatively and quantitatively in parallel
with the endogenous hamster genes, allowing us to dissect
the contribution of different regulatory steps by using a
transfected gene. The H2a-614 gene was introduced into
CHO cells, and synchronous cells from pools of stable
transformants were analyzed. Expression of the transfected
mouse H2a-614 gene paralleled expression of the endoge-
nous hamster H2a genes (Fig. 3). The ratio of expression of
the H2a-614 gene to the endogenous hamster histone genes
was 27 * 2% at each time. Thus, an intact mouse histone
gene is regulated properly, both qualitatively and quantita-
tively, allowing us to estimate the contribution of different
aspects of histone mRNA metabolism by using appropriately
constructed genes.

The rapid 35-fold increase in histone mRNA concentra-
tions between G, and S phases could be due to alterations in
the rate of histone gene transcription, the efficiency of
processing of histone mRNA, an increase in the half-life of
histone mRNA, or a combination of effects on all three of
these parameters. We designed experiments to test the
contribution of each of these parameters to regulation of
histone mRNA levels. A gene, UsH, was constructed which
had a constitutive Ul snRNA promoter followed by the
complete coding region and normal 3’ end of the H2a-614
gene (Fig. 4B). The UsH gene produces a transcript with a
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FIG. 1. H3.2 and H3.3 mRNA levels during the cell cycle. Cells
were synchronized by mitotic selection, and total cell RNA was
prepared; 2 X 10° cells were plated for each time point. Each assay
represents RNA from 4.0 X 10° cells except for the 0.5- and 1-h time
points, at which fewer cells were recovered. The amounts of histone
H3.2 RNA and H3.3 RNA were analyzed by using a quantitative S1
nuclease assay. The Sl-resistant DNA fragments were resolved by
electrophoresis and detected by autoradiography. The times after
selection are indicated below each lane. In the experiment shown in
panel A, the H3.2 and H3.3 histone mRNA levels were determined
separately. The low levels of H3.3 mRNA at 0.5 and 1.0 h were due
to a lower recovery of cells in these samples (see panel B). In panel
B, the H3.2 and H3.3 mRNAs from a separate experiment in which
equal number of cells were recovered were measured simulta-
neously, using a mixture of H3.3 and H3.2 probes of similar specific
activity. The H3.2 protected fragments were resolved into three
bands in this experiment.
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FIG. 2. H3.2 RNA levels during the cell cycle. (A) Amount of
H3.2 RNA (as a percentage of the maximal level, after normalization
to the amount of H3.3 mRNA; X) and labeling index of cells (O)
plotted versus the time after plating mitotic cells. (B) Results of two
experiments showing the H3.2 mRNA level during the first 2 h after
plating of mitotic cells. The labeling index was <0.5% until 2 h after
plating.

histone 3’ end and shows normal regulation of mRNA
half-life when DNA synthesis is inhibited (25). This gene
allows us to assess the effect of transcription on cell cycle
regulation. A second gene, pgptCX/—230+118, contains the
simian virus 40 (SV40) early promoter, the coding body of
the bacterial xanthine-guanine phosphoribosyltransferase
gene (gpt), and, at its 3’ end, the SV40 small-t intron and
early polyadenylation signal. Introduced into the 3’ untrans-
lated part of the bacterial sequence is the 3’ part of the
mouse histone H4 gene, including the histone 3’ end signal
(Fig. 5A). This gene yields an mRNA with a histone 3’ end
whose half-life is not regulated because of the long distance
from the termination codon to the histone 3’ end (11). The
contribution of RNA 3’ processing to histone gene regulation
can be separately assessed with use of this gene, by measur-
ing the relative usage of the histone 3’ end and SV40
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FIG. 3. Expression of the mouse H2a-614 gene in CHO cells.
Cells transfected with the intact H2a-614 gene (16) were synchro-
nized by mitotic shake-off. Equal numbers of cells were collected at
the indicated times after mitotic shake-off, total cell RNA was
prepared, and the amounts of H2a-614 and endogenous hamster H2a
mRNAs were measured by S1 nuclease mapping. The probe used
was the H2a-614 gene labeled at the 3’ end of the Aval site at codon
20. This probe protects the entire mouse H2a-614 mRNA (H2ay,)
and the endogenous hamster H2a mRNAs up to the termination
codon (H2ay). Numbers below the lanes indicate the time after
plating that the cells were harvested.
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FIG. 4. (A) Expression of the UsH gene in synchronous CHO
cells. CHO cells stably transfected with the UsH gene were syn-
chronized by mitotic shake-off, and the amounts of UsH mRNA and
endogenous histone H2a mRNA were assayed by S1 nuclease assay.
(B) Structure of the UsH gene and strategy used for S1 nuclease
mapping. The probe was the UsH gene labeled at the 5’ end of the
Narl site in the H2a coding region (codon 43). The protected
fragments are UsH (209 nt; protection by the UsH mRNA) and H2ay
(130 nt; protection by the endogenous hamster H2a mRNA). The
minor band at 145 nt is also due to protection by an endogenous
hamster H2a mRNA. The time after selection is indicated below
each lane. The 2-h sample had half as much RNA assayed as in the
other lanes, as judged by determination of the amount of Ul snRNA
in each sample (not shown).

polyadenylation site, as previously described (12, 32). To
measure the relative half-life of histone mRNA in G, and S
phases we used actinomycin D (dactinomycin) to block
histone mRNA synthesis or CHM to stabilize the histone
mRNA.

Figure 4 shows the expression of the UsH gene during the
cell cycle. The mRNA produced from this gene has a histone
3’ end and shows normal posttranscriptional regulation when
cells are treated with inhibitors of DNA synthesis (25). The
UsH mRNA increases about 10-fold as cells progress from
G, to S phase, compared with the 35-fold increase of the
endogenous histone mRNA (Fig. 4). When the intact mouse
H2a-614 gene is transfected into CHO cells, there is a 35-fold
increase in histone mRNA between G, and S phases exactly
paralleling the increase in the endogenous hamster H2a
mRNAs (see Fig. 3). The 3.5-fold difference in accumulation
we interpret as the contribution of the increase in transcrip-
tion rate to the increase in histone mRNA levels between G,
and S phases. Thus, there remains about a 10-fold effect
which is posttranscriptional.

The fusion gene pgptCX/—230+118 (Fig. 5A) was intro-
duced into the CHO cells to assess the contribution of 3’ end
formation to the change in histone mRNA levels during the
cell cycle. This hybrid transcription unit, after transfection
into mammalian cells, gives rise to two major RNA species
(33): a short one with the histone H4 3’ end and a longer

CELL CYCLE REGULATION OF HISTONE mRNA 2419

transcript polyadenylated at the SV40 polyadenylation site.
The short histonelike RNA is regulated qualitatively in
parallel with the endogenous histone genes in a temperature-
sensitive cell cycle mutant (33) or in fibroblast cells that are
synchronized by serum starvation (34), i.e., conditions un-
der which regulation of histone RNA 3’ processing has been
demonstrated (18, 34). However, because the histone gene 3’
end is located 540 nt 3’ to the stop codon of the gpt gene, the
mRNA remains stable when DNA synthesis is inhibited (34),
as predicted from our previous results on the regulation of
histone mRNA half-life (11). Proper regulation of histone
mRNA degradation requires that the termination codon be
within 200 nt of the 3’ end of the mRNA (11). Thus,
expression of the short histonelike RNA encoded by
pgptCX/—230+118 can be taken as an indicator of regulation
at the level of histone RNA 3’ processing (34).

Figure 5B shows the results of an experiment using
mitotically selected cells transfected with the pgptCX/
—230+118 gene. The short RNA which ends at the normal
histone 3’ end gives rise to a protected fragment of 401 nt
(proc); the long polyadenylated RNA protects a fragment of
521 nt (rt). In addition, there is a minor transcript at 442 nt
(spl) which is due to the use of a cryptic 5’ splice site 41 nt
downstream of the histone 3’ end by some polyadenylated
transcripts (33, 34). The relative proportions of the proc
RN A s reflect the relative efficiency of histone 3’ end forma-
tion. If the histone 3’ end is not formed, then transcription
continues and the polyadenylated transcript is formed. In
both mitotic and G, cells, the polyadenylated transcript
predominates. As cells enter S phase, the proportion of
transcripts ending at the histone 3’ end increases about
eightfold (Fig. 5B; compare the 1-h and 7-h time points;
Table 1). This proportion persists throughout S phase. The
increase in processing efficiency started prior to S phase in
three independent experiments, as did the increase in his-
tone mRNA concentration. The amount of both transcripts
decreased between the end of S phase and mitosis (compare
the 10- and 0-h points in Fig. SB), with a greater decrease in
the histone 3’ end, probably reflecting the down-regulation
of histone 3’ end formation in G, (see Discussion).

The change in endogenous histone H3 mRNA levels in the
same cells is shown in Fig. SC. These changes are similar to
the changes seen in Fig. 1, with a small increase in G, phase
(2-h time point) and a much larger increase as cells enter S
phase. The magnitude of the increase in the endogenous
histone mRNA is much greater than that of the transfected
pgptCX/—230+118 gene, due both to the additional regula-
tion of transcription and to the relatively high levels of the
pgptCX/—230+118 transcripts present in the mitotic cells.
As an internal control, the levels of Ul snRNA in the same
cells are shown in Fig. 5D; the amounts of both Ula and Ulb
snRNA remained constant (as a proportion of total RNA).
Essentially identical results were obtained in three separate
experiments. These results are summarized in Table 1. The
combination of the three- to fourfold effect on transcription
and the eightfold effect on 3’ end formation account for most
if not all of the increase in histone mRNA levels between G,
and S phases.

Stability of histone mRNA in G,. The results presented
above suggest that the regulation of histone mRNA half-life
is not important between G, and S phases but rather that 3’
end formation and transcription are regulated. To measure
the relative half-lives of histone mRNA in G,- and S-phase
cells, we used two approaches. First, we treated cells in G,
phase with dactinomycin and monitored the change in his-
tone mRNA levels. Second, we took advantage of the fact
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FIG. S. Structure and expression of the pgptCX/—230+118 gene in synchronous CHO cells. (A) The gpt transcription unit of pgptCX/
—230/+118 (16) consists of the SV40 early promoter (arrow), a bacterial DN A fragment (thick bar) containing the coding body of the gpt gene,
the SV40 small-t intron (intron), and early polyadenylation site [(A)]. The mouse DNA insert contains part of the coding region (thinner,
hatched bar) of a mouse histone H4 gene, the 3’-terminal hairpin loop and spacer element (black box) containing the RNA 3’ processing signal,
plus additional 3’ spacer sequences. A uniformly labeled RNA probe for RNase mapping was obtained by runoff transcription with SP6 RNA
polymerase from plasmid pSP64/GL1 digested with EcoRI. Wavy lines represent the part of the probe not present in pgptCX/—230+118. rt,
Part of the probe protected by readthrough transcripts traversing the entire histone DNA insert; spl, part of the probe protected by
differentially spliced readthrough RN A generated by utilization of a cryptic 5’ splice site present in the post-H4 spacer (16); proc, part of probe
protected by correctly processed histonelike RNA. The lengths of the relevant fragments are indicated in nucleotides. (B) The pgptCX/
—230+118 gene was introduced into CHO cells by stable transfection, and mitotic cells were selected as described for Fig. 1. The
polyadenylated and nonpolyadenylated transcripts from this gene were assayed by using the riboprobe as described above. The 401-nt
fragment (proc) is the result of protection by the nonpolyadenylated transcript ending at the histone 3’ end, and the 521-nt fragment (rt) is the
result of protection by the polyadenylated transcript. Lanes M, pUC18 digested with Hpall; lane 1, the input labeled riboprobe RNA; lane
E, RNA from exponentially growing cells. A 1-pg sample of RNA was analyzed in each time point. The times after selection are indicated
below each lane. (C) The levels of hamster H3 mRNA were measured as for Fig. 1 in the same samples, using 1 pg of RNA and the mouse
H2a-614 gene labeled at the Sall site as a probe. The lanes are labeled as in panel B. (D) The levels of hamster Ula and Ulb snRNAs were
measured by using a riboprobe copy of the mouse Ulb gene as a probe as described previously (17); 400 ng of RNA from the cells in the
experiment shown in panel B was assayed. Lanes are labeled as in panel B.

that inhibiting protein synthesis stabilizes histone mRNA.
Thus, if histone mRNA is being rapidly synthesized but also
rapidly degraded in the cytoplasm, inhibiting protein synthe-
sis would result in large increase (four- to fivefold) in histone
mRNA levels (10, 35).

Figure 6A shows the effect of treating cells in G;-phase

TABLE 1. Quantitative changes in efficiency of 3’ end formation®

Time (h) after Labeling

selection index proc RNA rt RNA proc/it (1.5 h after shake-off; lanes 1, 3, and 4) or S phase (7 h after
shake-off; lanes 5 and 7) with dactinomycin for 30 or 60 min.

? Z}g 1‘1‘3 gg; gg 88 gg 88 In Gljphase qells, pistone mRNA levels decr'eased by about

2 <1.0 243 (6.2) 37.0(1.4)  0.67 (4.3) 40% in 30 min (Fig. 6A, lane 2) and 70% in 1 h (lane 4),

4 52 50.0 (12.7)  40.4 (1.6) 1.23 (8.0) consistent with a half-life of histone mRNA of about 40 min,

7 96.5 64.0 (16.2) 49.0(1.9) 1.30(8.5) similar to the values estimated by Heintz et al. (13) for HeLa

10 94 55.1(14.1)  70.5(2.8)  0.78(5.1)  cells. A very similar decrease of 40% in 30 min was observed

“ The gel in Fig. 4B was quantified by densitometry. Numbers represent
arbitrary densitometer units. These were normalized relative to the values at
1 h after selection, and the normalized figures are given in parentheses. Note
that the rise in processing efficiency starts prior to the entry of cells into S
phase. Similar results were obtained in three separate experiments. For
definitions of proc and rt RNAs, see the legend to Fig. 5.

in S-phase cells (lane 7), suggesting that the half-life of
histone mRNA does not differ significantly between G, and
S phases. Although it is difficult to precisely estimate the
amount of decrease of histone mRNA in G, phase following
dactinomycin treatment, the fact that the histone mRNA is
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FIG. 6. Effects of dactinomycin D and CHM treatment on G;-
and early-S-phase cells. (A) Synchronous CHO cells transfected
with the UsH gene were selected by mitotic shake-off. RNA was
prepared and assayed by S1 nuclease mapping as for Fig. 3. Lanes
1 and 3 show analysis of RNA from cells incubated for 1.5 and 2.5
h, respectively. After incubation for 1.5 h, cells were treated with
dactinomycin (5 pg/ml) for 30 min (lane 2) or 1 h (lane 4). Lanes 5
and 6 show analysis of RNAs from cells incubated for 7 and 8 h,
respectively. After incubation for 7 h, cells were treated with
dactinomycin (5 pg/ml) for 30 min (lane 7). (B) Cells were treated
with 0.1 mM CHM for 1 h before the indicated time of harvest,
which is the time after plating of mitotic cells. The amounts of H3.2
mRNA were measured by S1 nuclease mapping as described in the
legend to Fig. 1. RNA from 4 x 10° cells was used for each time
point. The two panels represent separate experiments. In the
experiment on the right, the cells entered S phase slightly later than
in the experiment in Fig. 1, accounting for the relatively low level of
histone mRNA in the cells 4.5 h after plating.

still detectable after treatment with dactinomycin for 1 h
(lane 4) indicates that the histone mRNA is not extremely
unstable in G,-phase cells.

To independently estimate the half-life of histone mRNA
in G;- and S-phase cells and to investigate the role that
degradation of histone mRNA might play in depressing the
levels of histone message in G,, we treated synchronous
cells with CHM at various times during G, and S phases and
measured the changes in amount of histone mRNA (Fig. 6B).
The maximum increase in histone mRNA levels during both
G, and S phases as a result of CHM treatment for 1 h was 25
to 40%. This value is consistent with a half-life of about 45
min, assuming that CHM stabilizes histone mRNA equally in
both phases of the cell cycle. A similar increase in histone
mRNA levels was observed in exponentially grown cells
treated with CHM for 1 h (not shown). The results were
quantified by densitometry (Table 2). Because blocking
degradation did not result in a multifold increase in mRNA
levels, and because CHM has little effect on histone gene
transcription in exponentially growing cells (10, 35), the
observed small (25 to 40%) increase in histone mRNA levels
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TABLE 2. Changes in histone H3.2 mRNA levels
after CHM treatment”

H3.2 mRNA concn

Time (h) after Labeling index
selection (control) _CHM +CHM
1.0 0 3 4
2.0 0 10 16
2.5 0.5 10 15
3.0 15 15 23
7.5 95 100 140

4 Synchronous cells were treated with CHM for 1 h at different times during
the cell cycle. The times indicate the time after plating at the end of the CHM
treatment. The labeling indices of the cells incubated without CHM were
determined. Cells treated with CHM were not labeled with [*2°Jrododeoxy-
uridine during the treatment time. The amount of histone H3.2 mRNA was
determined by densitometry of autoradiographs of S1 nuclease assays similar
to those in Fig. 5. Values have been corrected for variable recovery of cells
based on the amounts of H3.3 mRNA in each sample. The amount of H3.2
mRNA in the control cells 7.5 h after plating was assigned a value of 100.

is probably due to further stabilization of an already stable
mRNA.

Thus, these two independent measurements of histone
mRNA half-life in G,- and S-phase cells give similar results,
suggesting that the half-lives of histone mRNA in G, and S
phases are similar, about 45 min. These results suggest that
the regulation of histone mRNA half-life is not important
between G; and S phases but rather that 3’ end formation
and transcription together are regulated at this time. Most
importantly, these results are consistent with the interpreta-
tion that the changes in histone mRNA levels observed as
cells progress from mitosis through G, and into S phase are
due principally to changes in the rate of histone mRNA
biosynthesis (i.e., transcription and 3’ processing).

Regulation of histone mRNA levels in G,. The 35-fold
decrease in histone mRNA levels in the 90 min between the
end of S phase and mitosis requires that the half-life of
histone mRNA be less than 18 min during this time, i.e.,
considerably shorter than the half-life in G, and S phases. It
was impossible to measure the histone mRNA levels directly
during G, because desynchronization is such that by 10 to 11
h the cells were distributed from late S phase to G, phase,
making it impossible to obtain a pure population of G, cells
by plating mitotic cells (31). However, by combining mitotic
cell selection with CHM treatment, it is possible to obtain
mitotic cells which contain mRNAs stabilized while the cells
are in G, (29, 30). CHM prevents cells which have not
progressed past a transition point located an average of 70
min before division (40 to 50 min into G,) from reaching
mitosis. Cells which have passed this transition point enter
mitosis at the normal rate (29). After treatment with CHM,
10 shakes were collected at 10-min intervals and pooled into
two groups. The first group contained shakes 1 to 5, and the
second group contained shakes 6 to 10. The histone mRNA
content in these two groups reflects the amount of histone
mRNA in the cells at the time of CHM addition when the
cells were in mitosis and G,, respectively. The strategy for
obtaining these cells is described below and in the legend to
Fig. 7.

The G,-CHM transition point (TP¢,,) is located 70 min
before division (28). During selection, after exposure to
CHM, only those cells that have progressed past the TPy
can progress into mitosis and be selected. Cells selected
during the 50 min immediately after CHM addition were
considered to be in M phase at the time of CHM treatment
because mitosis is 42 min long. They are referred to as
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FIG. 7. Histone mRNA levels in M- and G,-phase cells. (A)
Selective detachment of mitotic cells treated in mitosis or G, with
CHM. To establish a base line for cell progression, mitotic cells
were selected for 60 min before addition of CHM (—60 to 0 on the
abscissa). These cells were discarded. At 0 min, immediately after
harvesting of the selection-shake, CHM (5 pg/ml) was added to the
medium used to refeed the cells so that CHM was continuously
present for the remainder of the experiment. From 10 to 50 min after
the addition of CHM (selection-shakes 1 to S posttreatment), the
cells in mitosis at the initiation of treatment were selected and
pooled. From 60 to 100 min after the addition of CHM (selection-
shakes 6 to 10 posttreatment), the cells in G, at the initiation of
treatment were selected and pooled. The ordinate is the number of
cells selected as a fraction of the controls (1 = 7.5 x 10° cells per
flask, nine treatment flasks). The time line represents the cell cycle
from the S/G, boundary to division and shows the major, relevant
events. The cells pooled from the hatched and dotted areas in the
graph correspond to the hatched and dotted areas of the time line.
(B) RNA from approximately 10’ G,- and 3 x 107 M-phase cells was
analyzed by S1 nuclease assay for H3.3 and H3.2 mRNA content.
The low amount of H3.3 mRNA in the G, cells reflects the lower
number of cells in this sample.

M-phase cells in Fig. 7B. Cells selected 60 to 100 min after
CHM addition were considered to be late-G,-phase cells at
the time of treatment. These cells are referred to as G, cells
in Fig. 7B. They are cells that have progressed into M phase
but contain H3.2 mRNA which was stabilized when the cells
were in G, phase. Cells which were in S phase or early G,
phase at the time of treatment were blocked from entering
mitosis by CHM (29). Both the mitotic and G,-phase cells
were analyzed for H3.3 and H3.2 mRNA content. The
average cell cycle age of these two populations differed by
about 25 min.

To maintain uniformity, total cell RNA was extracted
from approximately the same number of cells in both groups.
In addition, the H3.3 mRNA level was used as an internal
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standard. There was six times more H3.2 mRNA in the
late-G,-phase cells than in the M-phase cells (Fig. 7B). As
expected, these late-G,-phase cells contained about six
times less histone mRNA than was found in S-phase cells
(not shown, but this follows from the 35-fold change between
mitotic and S-phase cells). The M-phase cells selected in the
presence of CHM had the same amount of histone mRNA as
M-phase cells selected without CHM (not shown), indicating
that the levels of histone mRNA were at a minimum before
the cells entered mitosis. Holding the mitotic cells in CHM
for an additional 2 h (so that they were exposed to CHM for
as long as any G, cell was exposed to CHM) resulted in a less
than twofold increase in histone mRNA levels (data not
shown). Thus, in G,-phase cells, treatment with CHM until
they enter mitosis results in sixfold-higher histone mRNA
levels than in normal mitotic cells. This is in contrast to
G,-phase cells, in which there was a small increase of 25 to
40% in histone mRNA levels. This result strongly suggests
that the half-life of histone mRNA in G,-phase cells is very
short (less than 17 min; see Discussion) and that the half-life
in G, phase is much longer.

DISCUSSION

The steady-state level of an mRNA is a function of the rate
of synthesis and the rate of degradation. Synthesis of func-
tional cytoplasmic mRNA includes transcription, process-
ing, and transport. During the cell cycle, histone mRNA
concentrations are altered rapidly at two different times.
First, as cells enter S phase there is a large (35-fold) increase;
second, between S phase and mitosis there is a large
(35-fold) decrease in histone mRNA. Several studies using
cells synchronized by various methods or cells treated with
inhibitors of DNA synthesis have determined that the rate of
transcription of histone mRNA is reduced by a factor of only
3 to S in cells not synthesizing DNA (3, 8, 13, 19, 32). These
include resting fibroblasts (8) and temperature-sensitive cells
arrested in G; (19), in which histone mRNA content is less
than 2% of the S-phase level (8, 19). Similarly, a number of
studies have shown that the half-life of histone mRNA is
reduced when S-phase cells are treated with inhibitors of
DNA synthesis. This reduction in the histone half-life re-
quires that the mRNA is being actively translated (11), and
hence degradation is prevented by inhibitors of protein
synthesis (4, 35). Schiimperli and co-workers have recently
shown that histone mRNA 3’ end formation is inefficient in a
temperature-sensitive mutant arrested in G, (18) and in cells
synchronized by serum starvation (34). This finding suggests
that 3’ end formation is a regulatory step which is normally
important in cell cycle regulation (18, 34).

The results reported here indicate that all of these different
steps in histone mRNA metabolism are important in the cell
cycle regulation of histone mRNA in CHO cells: (i) changes
in histone mRNA stability, important in regulating the level
of histone mRNA between the end of S phase and mitosis;
(ii)) RNA 3’ end formation, important in G, phase; and (iii)
the relatively small (three- to fourfold) change in transcrip-
tion rate. We were not able to obtain enough synchronous
cells to directly measure transcription rates or 3’ processing
efficiency.

Change in histone mRNA levels from G, to S phase. The
results shown in Fig. 3 to 5 strongly suggest that the increase
in histone mRNA levels between G, and S phases is due to
a small increase (three- to fivefold) in the rate of transcrip-
tion and a larger increase (six- to eightfold) in the efficiency
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of histone 3’ end formation. There is little or no change in the
half-life of histone mRNA in the G,-to-S-phase transition.

The difference in the amount of increase between the U;H
gene, which has a Ul snRNA promoter, and the H2a-614
histone gene is due the amount of transcriptional regulation
of the histone H2a-614 gene. This difference is three- to
fourfold, which we ascribe to the transcriptional component
of the cell cycle regulation of histone mRNA.

The relative increase of nonpolyadenylated versus poly-
adenylated transcripts from the pgptCX/—230+118 gene
strongly suggests that 3’ end formation is regulated during
the G,-to-S-phase transition in continuously cycling cells.
This confirms our previous findings obtained with cells
induced to reenter the cell cycle by serum stimulation (34).
The relative increase in abundance of the nonpolyadenylated
transcripts occurs as cells enter S phase. Transcription of the
SV40 promoter on the pgptCX/—230+118 gene is not
strongly altered during the cell cycle and is controlled for by
measuring the ratio of the polyadenylated and nonpolyade-
nylated transcripts. Because the half-life of the nonpoly-
adenylated pgptCX/—230+118 transcript is not affected by
inhibitors of DNA synthesis (34), the eightfold change in the
relative abundance of this transcript represents the contri-
bution of regulation of 3’ end formation. Since it takes a
significant amount of time for the relatively stable transcripts
from this gene to decay at the end of S phase, maximal
differences in the ratio of the polyadenylated and nonpoly-
adenylated transcripts are observed in G,-phase cells rather
than in mitotic cells (Table 1).

These results are consistent with differences in histone
mRNA half-life not being important between G, and S
phases. We estimated the half-life of histone mRNA in two
ways during G,- and S-phase cells, and the two estimates
gave similar results. Blocking transcription with dactinomy-
cin allowed us to estimate the relative half-life of histone
mRNA in G;- and S-phase cells (Fig. SA), and the half-lives
of histone mRNA were similar in G, and S phases. We also
indirectly measured the half-life of histone mRNA in CHO
cells by taking advantage of the fact that CHM stabilizes
histone mRNA (35). The extent of increase in histone mMRNA
content after CHM treatment will depend on the half-life of
histone mRNA. For example, if the half-life of histone
mRNA is much less than 1 h, treatment with CHM for 1 h
results in a large and rapid increase in histone mRNA levels
(10, 35). However, if the half-life of histone mRNA is about
1 h, treatment with CHM will result in a much smaller
increase in histone mRNA levels. In agreement with these
predictions, we have reported (10) that histone mRNA levels
were rapidly increased by CHM treatment of cells that had
histone mRNA levels reduced by inhibitors of DNA synthe-
sis (as a result of the short half-life of histone mRNA under
these conditions). With this approach, it is clear that the
stability of H3.2 mRNA is about the same in both G,- and
S-phase CHO cells (Fig. 6B; Table 2). The small increase in
histone mRNA after 1 h of CHM treatment is consistent with
a histone mRNA half-life of about 1 h.

In conclusion, the 3- to 4-fold change in transcription rates
between G; and S phases coupled with the 6- to 8-fold
change in 3’ end formation can account for most, if not all, of
the observed 35-fold change in histone mRNA levels. In
contrast, the half-life of histone mRNA, which is dramati-
cally reduced during G, phase (see below), is apparently the
same in G, and S phases.

Changes in histone mRNA levels from S phase to mitosis. In
the 90 min between the end of S phase and the selection of
mitotic cells, the amount of histone mRNA drops 35-fold.
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Therefore, the 90 min represents at least five half-lives,
giving a maximum calculated half-life in G, phase of 17.5
min. This is a maximum because histone mRNA levels could
have reached a minimum before the cells were selected in
mitosis, and some histone mRNA synthesis could continue
for at least part of this time. Cells treated with CHM in late
G, phase (between the TP and the beginning of mitosis)
had histone mRNA levels greater than those of mitotic cells,
indicating that the histone mRNA had not all been degraded
by this time. The late-G,-phase cells had at least fourfold
more histone mRNA than did the mitotic cells (Fig. 6B), and
these populations differed in cell cycle time by an average of
only 25 min, indicating that the half-life of histone mRNA in
late G, was at most 12 min.

In addition, between the end of S phase and mitosis the
ratio of the short histonelike transcript to the polyadenylated
RNA from the pgptCX/—230+118 gene decreases by eight-
fold. Because transcription of this gene continues in G,, this
finding suggests that 3’ formation is greatly reduced in G,
cells. The eightfold decrease in the nonpolyadenylated
pgptCX/—230+118 transcript between the end of S phase
and its lowest value (1 h after selection) indicates that this
transcript has a minimal half-life of about 50 min (i.e., similar
to that of a normal histone mRNA in G, or S phase).

Model for regulation of histone mRNA levels during the cell
cycle. In G, phase, there is a very low rate of histone RNA
biosynthesis, as a result of reduced transcription and ineffi-
cient processing. As cells approach S phase, the transcrip-
tion rate increases and processing becomes efficient. The
histone mRNAs have similar half-lives in both G,- and
S-phase cells. At the end of S phase, histone mRNA is
rapidly degraded and both the transcription rate and proc-
essing efficiency are reduced. By the time cells reach mito-
sis, the histone mRNA half-life has returned to that in G,-
and S-phase cells. Note that because histone mRNA is
equally stable in G;-phase cells (defined as cells not synthe-
sizing DNA) and S-phase cells, there may be accumulation
of histone mRNA (and histone protein) initiating just prior to
entry into S phase. This would allow the cell to have a supply
of histones to assemble nascent chromatin immediately upon
initiation of DNA replication. This result implies that the
coupling of histone mRNA stability to DNA replication is
only seen in S- and G,-phase cells and that the system for
rapid degradation of histone mRNA may not be present in
G,-phase cells.
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