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We used a gene-specific Si nuclease assay to study the changes in steady-state mRNA levels of several core
histone variants during the differentiation of murine erythroleukemia cells. These studies allowed us to
distinguish three distinct expression classes of histone genes. The expression of the major replication-dependent
class of histone genes was tightly linked to DNA synthesis. The concentrations of these transcripts decreased
rapidly as cell division slowed during the process of differentiation. In contrast, the replication-independent
H3.3 transcript levels were constitutively maintained throughout differentiation and were unaffected by
inhibitors ofDNA or protein synthesis. We also identified among the cloned histone genes used as probes a third
expression class, the partially replication-dependent variants. Expression of these transcripts became tran-
siently uncoupled from the reduced rate of DNA synthesis accompanying the early stages of differentiation. We
show that their synthesis is sensitive to the DNA synthesis inhibitor hydroxyurea but that selective uncoupling
from DNA synthesis of these histone mRNAs occurs at a specific stage of differentiation. We present several
hypotheses to explain how this might be accomplished. The expression characteristics of the mRNAs studied
coincided with those of the proteins for which they code, indicating that changes in the relative levels of the
different variants is mediated at least in part by changes in mRNA levels.

Histones are a complex family of proteins responsible for
organizing the nucleosomal structure of eucaryotic chroma-
tin (22, 27, 32). In mammals, each histone subtype, with the
possible exception of H4, is represented by several nonal-
lelic primary sequence variants which display distinct pat-
terns of expression during differentiation (5, 6, 14, 20, 24,
49-54). Nuclease digestion studies indicate that these vari-
ants are nonrandomly distributed between actively tran-
scribed and inactive DNA sequences, suggesting that the
histones may play a role in establishing or at least maintain-
ing different chromatin conformations (35, 47, 48).

Histone variants are classified according to their expres-
sion characteristics (53, 54). The major class, the replication-
dependent variants, predominate in rapidly dividing tissues,
and their synthesis is tightly linked to DNA synthesis (7, 9,
16, 34, 49). The mRNAs for these variants begin to accumu-
late near the G1-S border of the cell cycle, reach maximum
levels at mid-S phase, and then rapidly decline as DNA
synthesis is completed (1, 2, 8, 11, 21, 33). Regulation of
replication-dependent histone mRNAs occurs at the level of
transcription and stability (21, 40).

Considerably less is known about the regulation of expres-
sion of the other classes of histones. In studies of regener-
ating liver, partially replication-dependent histones have
been identified as a group of variants which are induced with
the onset of DNA synthesis but not completely repressed
after cessation ofDNA synthesis (53, 54). The expression of
another class of histones, the replication-independent vari-
ants, is not linked to DNA synthesis (49, 52, 54). In previous
work we have shown, using a human-processed H3.3 gene
(48a) as a probe, that the steady-state levels of correspond-
ing mRNAs are not affected by DNA synthesis inhibitors
(40). Tissue-specific and other, minor variant histones also
exist, but little is known concerning their regulation (52, 54).
We chose the murine erythroleukemia (MEL) cell system
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to study developmental regulation of histone gene expres-
sion. These cell lines are transformed erythroid precursors
arrested at a relatively late stage of the differentiation
pathway (15, 25). They can be induced by a number of
chemical agents to resume erythropoiesis (13, 25, 31). In this
process a limited number of cell divisions occurs, and
specific gene products are expressed, including the well-
characterized globins (28, 37, 38).
Grove and Zweidler (20) have described the changes in the

steady-state levels of core histone variants in MEL cells
induced to differentiate with hexamethylene bisacetamide
(HMBA). They have demonstrated moderate increases in
the relative amounts of H2a.2 and H2b.1. They also have
reported smaller but significant changes in the different H3
variants.

In this study we used an S1 nuclease assay to monitor the
changes in steady-state levels of specific histone gene tran-
scripts during MEL cell differentiation. The changes we
observed in discrete histone mRNA levels were consistent
with the changes seen in the levels of the protein variants for
which they code. Synthesis of the partially replication-
dependent class of histones was illustrated by the expression
of two of our cloned genes. During the first 2 days of
differentiation the levels of these transcripts became tran-
siently uncoupled from the reduced rate of DNA synthesis
accompanying differentiation. We present several hypothe-
ses to explain this selective uncoupling of histone synthesis
from DNA synthesis which results in histone switching.

MATERIALS AND METHODS

Cell culture. MEL cell line DS-19 (29) was a gift from R.
Rifkind and P. Marks. These cells and the derived subclone
DS-19E5 were grown in Eagle basal medium plus Earle salts
and glutamine supplemented with 15% fetal bovine serum.
Cultures were induced by the addition of HMBA to a final
concentration of 5 mM. During induction experiments cell
density was maintained between 1.0 x 105 and 5.0 x 105 cells
per ml. Induction was monitored by benzidine staining (17)
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FIG. 1. Growth characteristics and globin mRNA accumulation
during HMBA-induced differentiation of MEL cells. Control (0)
and induced (0) cells were counted daily with a hemocytometer,
and the total number of doublings from day 0 was plotted. Induced
cells were treated at day 0 with 5 mM HMBA. Both cultures were

diluted daily with fresh medium. Accumulation of a-major globin
mRNA in the induced culture was determined by Si nuclease
protection of 275- and 300-nucleotide (nt) fragments of the pCR10
cDNA clone (36) 3' labeled at the unique BamHI site in exon 2
(inset).

and was always greater than 98%. Cell viability was measured
by exclusion of trypan blue dye.

Clones. Mouse genomic DNA clones mm221, mm291, and
mm614 have been described previously (19a, 41). Clone
mmlOll was recently isolated from genomic DNA and
contains an apparent H3.3 processed gene (S. E. Wellman,
unpublished data). Clone Hu3.3 contains a human H3.3
processed gene (48a). Plasmid pCR13, a mouse 1-major
cDNA clone (36), was obtained from M. Edgell.

Assay for mRNA concentration. Total cellular RNA was
prepared by lysis of cells in phosphate-buffered saline con-
taining 1% sodium dodecyl sulfate and 10 mM EDTA fol-
lowed by extraction with phenol at 55°C and pH 5.5 (26).
Steady-state levels of specific mRNAs were determined by a

quantitative S1 nuclease assay with end-labeled DNA probes
(4, 46). Probes were generated by digestion at a restriction
enzyme site within the coding region of the cloned gene
followed by end labeling either at the 5' ends with [-y-
32PJATP and polynucleotide kinase or at the 3' ends with
[a-32P]dCTP and the Klenow fragment of Escherichia coli
DNA poll. Restriction sites used are indicated in the figure
legends. Probes were hybridized with total RNA from 105
cells for 6 to 9 h at the optimal temperature empirically
derived for each probe. Hybrids were digested with 750 U of
S1 nuclease per ml for 1 h at 37°C. S1 nuclease-resistant
DNA was extracted with phenol-chloroform, ethanol precip-
itated, suspended in 99% formamide, and run on denaturing
8% polyacrylamide sequencing gels. Gels were exposed to
preflashed XAR-5 film, and the resulting autoradiograms
were scanned with a Transidyne model 2510 densitometer.

That all assays were done in DNA excess was confirmed by
linear dependence of added RNA.

Materials. Cell culture supplies were obtained from
GIBCO Laboratories, Grand Island, N.Y. Chemical re-
agents were from Sigma Chemical Co., St. Louis, Mo.
Enzymes were obtained from New England Biolabs, Inc.,
Beverly, Mass., or from Bethesda Research Laboratories,
Gaithersburg, Md. Radioactive nucleotides were from ICN
Pharmaceuticals Inc., Irvine, Calif.

RESULTS
Growth and induction characteristics of MEL cells. Any

effect which reduces the rate of DNA synthesis may reduce
the synthesis of the replication-dependent histone variants.
Therefore, in these experiments care was taken to ensure
that the reduction in DNA synthesis during HMBA-induced
cell differentiation was not due to the growth conditions. By
dilution with the appropriate medium all cultures were kept
at a concentration which would support linear growth of
uninduced cells. Figure 1 shows a plot of the number of
doublings of control and induced cells which were diluted to
the same concentration daily during the time course of a
typical induction experiment. It was essential that the num-
ber of cells undergoing differentiation approximated 100%,
as even a small percentage of rapidly dividing, uninduced
cells could have resulted in an aberrantly high level of
replication-dependent histone mRNAs. The original DS-19
cell line displayed 100% induction when we first received
them; however, under continued propagation an increasing
percentage of the population was refractory to induction. We
therefore clonally selected a cell line, DS-19E5, which under
our growth conditions generated 98 to 99% differentiated
cells after 4 days as measured by in situ staining of hemo-
globin with benzidine. The 1 to 2% of the population that was
not stained probably represented nonviable cells, as the
same percentage of cells was unable to exclude trypan blue.
We limited the period of induction to 4 days since the
percentage of nonviable cells increased beyond this point.
The inset to Fig. 1 shows the induction of 3-globin mRNA

accompanying HMBA-induced differentiation as measured
by an S1 nuclease assay with a cDNA clone of the mouse
,-major globin mRNA (36). The level of S1 nuclease-
resistant ,B-globin mRNA showed a significant increase dur-
ing the course of differentiation over the undetectable level
of uninduced cells.

Qualitatively similar changes in P-globin and histone
mRNA levels were obtained during induction of another
MEL cell line, CV-39, induced with dimethyl sulfoxide. We
did not continue to study extensively expression in CV-39
cells because we could not induce more than 70 to 80% of the
cells to differentiate. However, we concluded from studying
differentiation of two cell lines induced with different com-
pounds that the changes in histone mRNA metabolism
shown for DS-19E5 were the result of the differentiation
process and were not due to a direct effect of the chemical
inducing agent, HMBA.

Quantitation of gene-specific histone transcripts. We used a
quantitative S1 nuclease assay to measure the steady-state
levels of specific histone mRNA transcripts during the
HMBA-induced differentiation of MEL cells. The probes
used were derived from three different mouse genomic DNA
clones, mm221, mm291, and mm614, containing a variety of
different histone genes (19a, 39, 41; S. E. Wellman, unpub-
lished data). We also used a cloned human H3.3 processed
gene (40, 48a). Each gene was protected in an S1 nuclease
assay by two major mRNA populations. A diagram of the
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FIG. 2. Genomic organization of cloned mouse histone genes. Closed arrows indicate coding regions and directions of transcription.
Expansions indicate DNA fragments used as probes in Si nuclease-protection assays. Open boxes represent coding regions. Vertical arrows
indicate the transcriptional start site. Lines below the expansion indicate sizes and identities of DNA fragments protected from S1 nuclease
digestion. Kb, kilobase.

genes, probes, and Si nuclease-protected fragments of the
three mouse clones with linked genes is shown in Fig. 2. The
identity of the protected fragments was determined previ-
ously by comigration with DNA sequencing ladders (19a,
41). For each of the genes one of the protected fragments
represented a collection of RNAs homologous to the probe
only within the protein-coding region (ATG in Fig. 2). The
other, longer fragment represented protection of the probe
by transcripts, the sequence homology of which extends
through the 5'-untranslated portion of the mRNA (vertical
arrow in Fig. 2). These latter transcripts originated from the
gene from which the probe was derived. For the results
presented here we compared only the levels of these gene-
specific transcripts; the Si nuclease assays were optimized
for protection of these fragments.
Changes in H3 mRNA levels. MEL cells express three

major H3 proteins. Two of these, H3.1 and H3.2, are
classified as replication-dependent variants (53, 54). They
differ only in a Cys-Ser substitution at amino acid position
%. The third, H3.3, is a replication-independent variant
which differs from H3.2 by having Ile and Gly at positions 89
and 90 instead of Val and Met (53). During MEL cell
differentiation the synthesis rates of all the histones decrease

as the cells reduce their division rate. The magnitude of the
decrease in synthesis is different for each variant such that
the relative levels of the variants change. After 4 days of
differentiation H3.1 decreased from 18% of all H3 variants to
just under 8%, H3.3 approximately doubled from 5 to 10%,
while H3.2 remained at about 75% (20).

Figure 3 shows the change per cell in steady-state levels of
four different H3 transcripts. We detected three distinct
patterns of expression. Two genes, H3.1-221 (Fig. 3A) and
H3.2-221 (Fig. 3B), gave rise to transcripts which decreased
in abundance very rapidly during day 1 of differentiation, to
approximately 30 to 40% of the uninduced level (Fig. 3E).
Their levels then either stayed the same or increased slightly
during the day 2 of differentiation. During the days 3 and 4
they again decreased, reaching levels that were 10 to 15% of
those of uninduced cultures by day 4.
The H3.2-614 gene encodes an H3.2 variant identical in

amino acid sequence to that of H3.2-221 but has different 5'-
and 3'-flanking sequences. Transcript levels from this gene
dropped only slightly during the first 2 days of differentiation
and then declined to levels approximately 50% of those of
uninduced cultures by day 4 (Fig. 3C and E). During MEL
cell differentiation this transcript exhibited the behavior
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FIG. 3. Steady-state H3 mRNA levels during MEL cell differen-
tiation. (A through D) Si nuclease protection by specific H3 mRNA
transcripts in total RNA isolated daily following HMBA induction.
Probes from the H3.1 and H3.2 genes are depicted in Fig. 2. The
H3.3 probe was generated by 5' labeling at a BgII site in codon 80.
The additional top-most band observed in the H3.1-221 assay is
present in control assays containing no added RNA. (E) Results of
densitometric scans of the specific transcripts in panels A through
D. Values are presented as the percentage of uninduced (day 0)
levels.

expected of a partially replication-dependent histone
mRNA. Transcripts from this gene made an even larger
contribution after differentiation than before to the total H3
mRNA population.
A third pattern of expression was observed for H3.3

transcripts. A human-processed H3.3 gene was used as a

probe in these experiments. The steady-state level of H3.3
mRNAs detected with this probe did not change during
HMBA-induced differentiation (Fig. 3D and E).
Changes in H2a mRNA levels. MEL cells contain at least

five H2a variants with a variety of primary sequence differ-
ences (5, 6, 20). The bulk of the H2a population is made up
of two species: H2a.1, a replication-dependent variant which
decreases from 47 to about 23% of all H2a's after 4 days of

differentiation, and H2a.2, a partially replication-dependent
variant which increases in relative abundance from 48 to
58% (20). Each of the three mouse genomic clones used in
this study contains H2a sequences. Figure 4 shows the
changes in the level of the specific transcripts from two of
these. Transcripts from the H2a.1-291 gene rapidly de-
creased during day 1 of differentiation. They stayed at
approximately the same level through day 2 of differentiation
and then decreased at a rate paralleling the reduction in cell
division to approximately 25% of their initial level (Fig. 4A
and C). Si nuclease analysis of the transcripts from another
H2a.1 gene (H2a.1-221) gave a pattern of expression identi-
cal to that of H2a.1-291 (data not shown).

In contrast to H2a.1-291, transcript levels from the
H2a.2-614 gene changed in a manner similar to that seen for
H3.2-614, except that there was virtually no decrease at day
1, and a slight increase in the level of this mRNA was
detected after 2 days of differentiation relative to that of
uninduced cultures (Fig. 4B and C). This observation was
consistent with the pattern expected for a partially replica-
tion-dependent variant.
Changes in H2b mRNA levels. MEL cells contain two

major species of H2b, the replication-dependent variant
H2b.2 and the partially replication-dependent variant H2b.1
(20). The H2b.2 histone decreases from about 40 to 30% of
H2b's after 4 days of differentiation. In contrast the H2b.1
increases from 60 to 70% during 4 days of differentiation
(20). The H2b.1-221 gene encodes an H2b.1-like variant
which has a single amino acid substitution at position 18 (41).
Figures 5A and C show that the level of H2b.1-221 mRNA
changed during differentiation in a manner similar to that of
the other replication-dependent transcripts. H2b.1-291 en-
codes a protein containing the expected valine at position 18
for an H2b.1 (19a). Figure 5B shows that the decrease in the
level of H2b.1-291 transcripts was intermediate between that
of replication-dependent and partially replication-dependent
variants during the first 2 days of differentiation. Its levels
then rapidly fell to approximately 25% that of the uninduced
levels (Fig. 5C).

Effect of hydroxyurea on histone mRNA levels. The results
presented above indicate that the changes in the relative
amounts of the individual histone variants during the differ-
entiation process are reflected in the steady-state levels of
their respective mRNAs. This may be mediated at least in
part by a total or partial uncoupling from DNA synthesis of
the expression of some transcripts. We next determined the
effect of the DNA synthesis inhibitor hydroxyurea (HU) on
mRNA levels in histones in both uninduced and induced
MEL cells. For the latter we used cultures that had been
allowed to differentiate to a point at which the levels of the
replication-dependent transcripts were significantly reduced
but levels of the partially replication-dependent transcripts
were still at or near those found in exponentially growing
cultures (day 3 in this experiment). Figure 6 shows S1
nuclease analysis of mRNA levels for representatives of
each expression class. The results of densitometric scans of
these data are compiled in Table 1.
The levels of the replication-dependent H2b.1-221 and

H3.2-221 transcripts were reduced in parallel with the reduc-
tion in DNA synthesis-accompanying differentiation; a 50%
reduction in these mRNAs accompanied a 50% reduction in
the incorporation of [3H]thymidine. H2b.1-221 and H3.2-221
expression was completely sensitive to HU in both
uninduced and induced cultures. The expression of their
mRNAs appears to be tightly coupled to the level of DNA
synthesis.

A H3.1 - 221

_o *w

ATG

DAYS 0 1 2 3 4

C H3.2 - 614

_ ____

ATG a-m--

DAYS 0 1 2 3 4
E l

w
D 100'
-i
'p

a 75-

a 50
z
2

D 25-

MOL. CELL. BIOL.



HISTONE mRNA LEVELS DURING DIFFERENTIATION

The results for the replication-independent H3.3 variant
were as expected. This experiment was also done with a
recently isolated mouse H3.3 gene, H3.3-1011 (S. E. Well-
man, unpublished data). The concentrations of H3.3 tran-
scripts detected by either the human or mouse probe were
unaffected by the reduction in DNA synthesis, whether as a
result of differentiation or HU treatment.

It is interesting that the level of the partially replication-
dependent H3.2-614 mRNA in exponentially growing MEL
cells is sensitive to HU (Table 1) and to other DNA synthesis
inhibitors in other mouse cell lines (10, 19, 19a). In differen-
tiating cultures H3.2-614 transcripts remained at preinduc-
tion levels despite an approximately 50% reduction in DNA
synthesis (Table 1). This suggests that during the differenti-
ation process the expression of the partially replication-
dependent genes becomes uncoupled from replication. How-
ever, in these differentiating cultures the mRNAs of
H3.2-614 were completely sensitive to HU indicating that
some degree of coupling to DNA synthesis remained.

Effect of cycloheximide on histone gene expression. We and
others have shown previously that inhibition of protein
synthesis with any of a number of compounds effectively
uncouples histone gene expression from DNA synthesis (3,
40, 42-44). This has been interpreted as evidence for a labile
protein responsible for mediating the cell cycle regulation.
We investigated the effect of cycloheximide on the level of
transcripts from representative genes of each of the three
expression classes. Table 2 shows that in both exponentially
growing and fully differentiated cultures cycloheximide com-
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FIG. 4. Steady-state H2a mRNA levels during MEL cell differ-
entiation. (A and B) S1 nuclease analysis of specific H2a transcripts.
Probes are depicted in Fig. 2. (C) Results of densitometric scans.

A H2b.1 - 221

ATG * W

DAYS 0 1 2 3 4

B H2b.1 - 291

> ATG

DAYS 0 1 2 3 4

C

:-J

4

zz

0--

DAYS
FIG. 5. Steady-state H2b mRNA levels during MEL cell differ-

entiation. (A and B) S1 nuclease analysis of specific H2b transcripts.
Probes are depicted in Fig. 2. (C) Results of densitometric scans.

pletely prevented the effect of HU on the steady-state level
of mRNAs for both replication-dependent and partially
replication-dependent variants. Treatment with cyclohexi-
mide alone resulted in a 1.5- to 6-fold increase in the level of
these transcripts. Although a greater relative increase was
observed in differentiated cultures, the absolute level of each
transcript was higher in exponentially growing, undifferen-
tiated cells. In both cultures H3.2-221 exhibited a slightly
higher relative increase in response to cycloheximide than
did H3.2-614 or H2a.2-614. The significance of this observa-
tion is not clear. The level of the replication-independent
H3.3 mRNA was unaffected by either HU or cycloheximide,
consistent with the constitutive expression of this transcript.

DISCUSSION
We studied the changes in the steady-state levels of

mRNAs for several different core histone variants during the
differentiation of MEL cells. We detected three distinct
expression classes which coincide with the classification
scheme described by Grove and Zweidler (20).
The mRNA levels of the replication-dependent variants

H3.1-221, H3.2-221, H2b.1-221, and H2a.1-291 were tightly
coupled to DNA synthesis. As the doubling rate and DNA
synthesis decreased during differentiation, the levels of the
RNA products of these genes fell. The largest decrease was
seen during day 1 of differentiation. Their levels seemed to
decrease to a greater extent than would be expected from the
reduced doubling rate. Studies of the early stages of differ-
entiation of DS-19 cells by Terada et al. (45) have shown that
during day 1 after induction the G1 phase of the cell cycle is
prolonged and entry of cells into the S phase is transiently
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FIG. 6. Effect ofHU on histone mRNA levels. Uninduced (lanes

a and b) and induced (lanes c and d) cells were treated for 1 h in the
presence (lanes b and d) or absence (lanes a and c) of 5 mM HU prior
to RNA isolation. Si nuclease assays were performed with the
probes described in Fig. 2 through 4. The H3.3-1011 probe was
generated by 5' labeling the BglII site in codon 80.

inhibited. DNA synthesis measured by tritiated thymidine
incorporation falls to 25% of the uninduced level by 20 h
postinduction. The levels of the replication-dependent
histone mRNAs appeared to decrease rapidly with this rapid
decrease in DNA synthesis. By day 2 of differentiation the
cells had overcome this early block, and the levels of these
transcripts paralleled the decrease in cell doubling rate
throughout the later stages of differentiation.
The levels of the replication-independent H3.3 transcripts

were constitutive throughout differentiation.
The third histone expression class was represented by the

H3.2-614 and H2a.2-614 products. The H3.2-614 mRNA
decreased somewhat during day 1 of differentiation and then
returned to preinduction levels by day 2, and the levels of
H2a.2-614 stayed at 100% or greater throughout the first 2
days. Both transcripts then decreased during the later stages
of differentiation to approximately 50 to 60% of their
preinduced levels.
During MEL cell differentiation the synthesis rates of all

the histones decrease (20). However, the magnitude of the
decrease differed for different variants such that the relative

TABLE 1. Effect of HU on histone mRNA levels

Percentage of uninduced control on the following probesa
Condition H2b. 1- H3.2- H3.2- H3.3- H3.3- DNA

221 221 614 Hu 1011 synthesis'
Uninduced
Control 100 100 100 100 100 100
HU 20 20 27 105 100 26

Induced
Control 52 50 105 108 98 50
HU 9 8 16 106 97 13

a Data are from Fig. 6.
b DNA synthesis was measured as trichloroacetic acid-insoluble counts

incorporated during a 10-min pulse with tritiated thymidine.

levels of the variants within their respective subtypes
changed. Overall, the mRNAs of the histone genes studied
had expression characteristics which reflected those of the
proteins for which they coded. The H3.2-221 mRNA was an
exception; its levels decreased drastically during differenti-
ation, whereas the relative level of the H3.2 protein has been
shown to change very little (20). This is probably due to the
fact that the partially replication-dependent H3.2-614
mRNAs comprise 40% of the H3 mRNAs and the H3.2
mRNAs comprise only 5 to 10% of the H3 mRNAs in mice
(19a). The level of mRNAs from the two H2b.1-like genes
used in this study, H2b.1-221 and H2b.1-291, went down in
a replication-dependent manner and in a manner intermedi-
ate between replication-dependent and partially replication-
dependent, respectively, while the relative level of H2b.1
protein increased (20). It is likely that these are genes for
minor variants and that the major H2b.1 gene(s) have yet to
be isolated. We have looked at the expression of only a few
of the mouse histone genes (19a, 23). However, results of
our studies do suggest that the changes in the relative levels
of different histone variants are mediated at least in part by
changes in mRNA levels.

Histone switching during differentiation probably occurs
by virtue of having genes for different histone variants with
different regulatory capacities. For example, one group of
genes is tightly coupled to DNA synthesis (replication-
dependent variants), and as DNA synthesis is reduced
during differentiation so are the levels of the mRNAs that
they encode. Another group of genes, replication-
independent variants, maintain a basal level of mRNA by
constitutive synthesis. In the absence of specific transla-
tional or posttranslational control, the relative percentage of
this type of histone will increase accordingly as the others
decrease. A third group of genes, the partially replication-
dependent variants, increase the ratio of their histone prod-
uct to that of other histones of the same subtype by becom-
ing transiently uncoupled from their cell cycle synthesis
linkage during part of the differentiation process.
The observation of an apparent uncoupling of expression

of the partially replication-dependent histone genes from
tight linkage to DNA synthesis during the first 2 days of
differentiation is intriguing. We suggest three major,
nonexclusive explanations for the continued high level of
expression of the H3.2-614 and H2a.2-614 transcripts during
the early stages of differentiation of MEL cells.

TABLE 2. Effect of cycloheximide on histone mRNA levels

Levels of the following probesb:
Conditiona

H3.2-221 H3.2-614 H2a.2-614 H3.3-Hu

Uninduced
Control 1.0 1.0 1.0 1.0
HU 0.1 0.1 0.1 1.0
HU + CH 1.8 1.2 1.8 1.0
CH 3.4 1.6 2.5 1.0

Induced
Control 1.0 (0.2) 1.0 (0.4) 1.0 (0.4) 1.0 (1.0)
HU 0.1 0.1 0.1 1.0
HU + CH 4.6 1.8 3.5 1.0
CH 6.2 2.1 3.6 1.0
a Induced cultures were assayed for 4 days after HMBA addition. Cultures

were treated for 30 min with 5 mM HU, 40 min with 20 p.g of cycloheximide
(CH) per ml or for 10 min with cycloheximide plus an additional 30 min in the
presence of both drugs prior to RNA isolation.

b Values are reported relative to the levels of untreated controls. Numbers
in parentheses indicate ratio to uninduced culture.
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First, it is known that the early stages of differentiation of
MEL cells involve a lengthening of the G1 phase with no
change in the length of S or G2 phase (18, 25). It has also
been shown that histone gene expression precedes S phase
(21). It is possible that the point of initiation of expression
may vary for different histone genes. During day 1 of the
differentiation of MEL cells, the G1 phase may be length-
ened to a point at which partially replication-dependent
genes are expressed and replication-dependent genes are
not. Later in differentiation an extended G1 phase could
account for a larger amount of activity of the partially
replication-dependent genes as compared with that of the
replication-dependent genes. The observation that the ex-
pression of these transcripts is severely reduced by treat-
ment with HU even in differentiating cells is not inconsistent
with this model. DNA synthesis inhibitors are known to
affect most histone synthesis which occurs in G-phase cells
(40) and may act directly on the coupling mechanism.

Second, there may be a cell-specific differentiation signal
which overrides the coupling of partially replication-
dependent gene expression to DNA synthesis during the
early stages of differentiation. In studies of regenerating liver
H3.2 appeared to be a replication-dependent rather than a
partially replication-dependent histone (53). Also in a num-
ber of nondifferentiating, growth-inhibitied cell lines, includ-
ing uninduced MEL cells, expression of the H3.2-614 gene
appears to be dependent on DNA synthesis. These two facts
circumstantially argue in favor of a differentiation-specific
signal.

Third, partially replication-dependent and replication-
dependent histone gene expression may be differentially
responsive to a regulatory molecule, the level of which is
linked to the cell cycle. These levels could change during
differentiation to a point at which replication-dependent gene
expression is reduced and partially replication-dependent
gene expression is unaffected. As differentiation proceeds,
the levels of these regulatory molecules may change to a
point at which expression of the partially replication-
dependent genes is also affected. This model could incorpo-
rate aspects of either of the previous models. The level of the
regulatory molecule could be controlled temporally during
the cell cycle such that the extended G1 phase of early
differentiation extends the period of differential sensitivity of
the two expression classes. Alternatively, there may be a
differentiation-specific signal which transiently modulates
the level of the regulatory molecule or its interaction with its
target.
Our results also indicate that linked histone genes may be

regulated in a coordinate manner. Clones mm221 and
mm291, which contain replication-dependent variants, are
both located on chromosome 13, whereas mm614, contain-
ing partially replication-dependent variants, has been
mapped to chromosome 3 (19a). Histone gene regulation is
mediated at least in part at the transcriptional level, and it is
conceivable that entire clusters are activated by a single
signal. Whether there is independent regulation of individual
genes within a cluster is unknown at this time. A component
of the regulation of histone gene expression is at the level of
mRNA stability (21, 40), so at least at the nmRNA level,
specific regulation of unique transcripts would not be sur-
prising.

In high eucaryotes there are approximately 10 to 20
replication-dependent genes for each subtype (19a, 23).
Results of our studies point out that there is no reason to
believe they are all regulated in a similar manner. It is
possible that the multiple genes of a particular isotype have

different regulatory capacities. This, coupled with the fact
that there are variants of each type of histone, allows for a
considerable diversity of histone expression. It is not known
whether histone variants are due to nonfunctional evolution-
ary drift or if the changes are functional. It is probable that
examples of both will be found. If the H3.3 replication-
independent genes are typical of other replication-
independent genes, then this group of histone genes will
differ considerably from replication-dependent genes, both
in their structure and regulation. Chicken and human H3.3
genes have been isolated which have introns and which may
be poly(A)' (12, 48a). Results of our studies indicate that
H3.3 expression is not linked to DNA synthesis. Histone
genes are a multigene family, the expression and products of
which are more complex and interesting than they initially
appeared (30).
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