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The testis-specific H2B histone (TH2B) gene is expressed in pachytene spermatocytes during meiotic
prophase I in the absence of any significant DNA synthesis. Unlike somatic histones, synthesis of testis-specific
histones is not affected by inhibitors of DNA synthesis. A genomic rat TH2B gene was cloned by using a DNA
fragment derived from TH2B cDNA as a probe. Expression of the cloned TH2B was investigated by gene
transfer experiments. From these studies, we found that the 5' upstream region of the cloned TH2B gene
contained S-phase-specific transcription elements which regulated expression of a reporter gene in an
S-phase-specific manner. The S-phase-regulatory element was found to be located in two regions containing
CCAAT elements between -153 and -110 base pairs (bp) and an octamer element (ATTTGCAT) between
-109 and -84 bp. The two regions were required for a maximal stimulation of transcription of the cloned
TH2B gene in S phase. On the other hand, only the octamer element was reported be important for the
S-phase-specific transcription of human H2B gene. Since the synthesis of the TH2B histone is independent of
DNA synthesis and specific for pachytene spermatocytes in vivo, the presence of the S-phase-specific
transcription regulatory elements in the TH2B gene is surprising.

During S phase in most eucaryotic cells, newly replicated
DNA is assembled into chromatin by histone proteins (36).
Therefore, there is a great demand for histones during S
phase, when DNA replication occurs. Cells meet the de-
mand for histone proteins by two different mechanisms:
increased expression of histone genes and stabilization of
histone mRNAs during the S phase (19, 29, 30, 35, 41, 44). In
this manner, cells achieve more than a 10-fold increase in
histone mRNA during the S phase. The coupling of histone
and DNA synthesis has been well established, but the
mechanism of coupling is not clearly understood. Recently
attention has been focused on the molecular mechanisms of
the cell cycle-dependent expression of histone genes and the
stabilization ofmRNAs during S phase. The S-phase-specific
histone gene transcription appears to be regulated by cis-
acting DNA elements present 5' of histone genes (3, 23, 31,
40, 42). Also, histone mRNAs appear to have a sequence
element(s) for stabilization of the mRNAs during the S phase
of the cell cycle (1, 7, 29, 39, 44). The 3' noncoding region of
the histone mRNA has a highly conserved hairpin structure
that appears to influence S-phase-specific stability of histone
mRNAs (7, 39, 44).
There are histone variants which are cell cycle-indepen-

dent and cell type specific. One of the cell cycle-independent
variants is the human H3.3, which has an intron and encodes
polyadenylated mRNA (46). The best-known examples of
cell type-specific histones are the avian erythrocyte-specific
H5 (11, 45) and the mammalian testis-specific histones (4,
27). During spermatogenesis, testis-specific histones (TH1,
TH2A, and TH2B) are synthesized in the mammalian testis
in the absence of DNA replication, and these histones
replace the corresponding somatic histones (6, 27). Although
the existence of testis-specific histones has long been
known, only recently have the testis-specific histone genes
been isolated. Therefore, the mechanism for regulation of
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tissue-specific expression of these genes is totally unknown.
Recently we cloned a testis-specific histone H2B (TH2B)
cDNA from rat testis (21). RNA blot hybridization experi-
ments showed that TH2B gene expression is specific for
testis, in agreement with the analysis of histones by others
(4, 27). Also, in situ cytohybridization shows that transcrip-
tion of this gene is confined to pachytene spermatocytes
during spermatogenesis (21). Others have also reported
cloning of the testis-specific Hi (TH1) gene (8). The TH2B
cDNA has a conserved coding region except for a stretch of
nine amino acids at the N-terminal region, starting at the
third amino acid, and other minor changes in the N-terminal
region. The 3' nontranslated region of the TH2B mRNA has
a sequence very similar to that of a somatic H2B mRNA,
including the conserved hairpin structure involved in histone
mRNA processing (21).
We have also cloned a 1.4-kilobase (kb) genomic fragment

containing the TH2B gene of rat and sequenced the gene
including the 5'- and 3'-flanking sequences. The 5' upstream
region of the TH2B gene contains several conserved se-
quence elements, including an octamer sequence (ATTTG
CAT) found in a human somatic H2B gene (43). Since the
octamer element is responsible for S-phase-specific tran-
scription of the human H2B gene (14, 24), it is possible that
the TH2B octamer may have a similar function. We tested
this possibility in mouse embryo fibroblast cells by gene
transfer experiments. We report here that the 5' upstream
region of the TH2B gene contains the regulatory element(s)
for S-phase-specific transcription and that the S-phase-regu-
latory elements (SREs) are located in two regions, one
containing CCAAT elements between -153 and -110 base
pairs (bp) and the other containing the octamer element
between -109 and -42 bp from the transcription initiation
site. These two elements appear to be additive for maximal
activation of S-phase-specific transcription.

MATERIALS AND METHODS
Molecular cloning of the genomic TH2B. A rat genomic

HaeIII library established in Charon 4A (38) (a gift from Dr.
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FIG. 1. Sequence of the 5' upstream region of the cloned TH2B gene. The two translation initiation sites for the TH2B and TH2A genes
are indicated. Four copies of the CCAAT box are underlined. Also, two copies of the TATAA box and the octamer motif are indicated. The
endpoints of the deletion mutants are indicated by arrows.

Sargent) was screened with a 32P-labeled 40-mer comple-
mentary to the 5' nontranslated region of the TH2B cDNA.
A 1.4-kb DNA fragment containing the TH2B gene was
isolated from a lambda phage clone and subcloned into
M13mpl9 phage RF DNA (MTH2B). The DNA was se-
quenced by the chain termination method (37) after sequen-
tial deletions from one end of the insert were made as
described by Dale et al. (10).

Isolation of a DNA fragment with defined ends. To con-
struct a fusion gene with the 5' upstream region and a
reporter gene, that for chloramphenicol acetyltransferase
(CAT), the TH2B upstream region with defined ends was
isolated as follows. Single-stranded M13mpl9 DNA contain-
ing the TH2B gene (MTH2B) was hybridized with the
oligonucleotide (40-mer) whose 5' end corresponds to one
nucleotide upstream of the translation initiation codon and
whose 3' end is 41 bases upstream. The hybridized oligonu-
cleotide was extended toward the 5' upstream region of the
TH2B gene with the Klenow fragment of Escherichia coli
DNA polymerase I in the presence of 4 dNTPs, and then the
DNA was treated with mung bean nuclease and T4 DNA
polymerase to generate a blunt end at the 5' end to the start
of translation. The other side was digested with HincII to
give a 554-bp fragment containing the TH2B upstream region
(see Fig. 4). This method generates DNA fragments with
defined ends.

Construction of a fusion gene with the TH2B upstream
sequence and the CAT coding region. pSV2CAT (16) (gift
from Bruce Howard) was digested with AccI, made flush-

ended with Klenow fragment, and then digested again with
HindIII. A HindIII-RsaI DNA fragment (136 bp) containing
a multiple cloning site was isolated from pSP65 (28) and
inserted into the HindIlI and AccI sites of pSV2CAT,
replacing the simian virus 40 promoter region (pLCAT). The
554-bp TH2B promoter region from one base upstream of the
AUG codon was inserted into the SmaI site of pLCAT to
produce a TH2B-cat fusion gene (pTH2BCAT) (see Fig. 4).

Construction of mutants. Sequential deletions of the 5'
upstream region of the TH2B gene were made by digestion
with appropriate restriction endonucleases (26). The deletion
mutants were fused with the bacterial cat gene in pLCAT
containing a multicloning site upstream of the CAT coding
region.

Short-term assay of S-phase-dependent transcription of the
cloned TH2B gene. Cultures (70 to 80% confluent) of mouse
embryo fibroblast C3H 1OT1/2 cells were plated at a density
of 104 cells/cm2. The cells were incubated with basal medium
Eagle (BME) containing 10% heat-inactivated fetal bovine
serum. The next day, a mixture of 6 ,ug of pTH2BCAT and
5 ,ug of pRSV,-gal DNA (12) (gift from William J. Rutter)
was added to each 10-cm dish as DNA-CaPO4 coprecipitates
(15). The cells were incubated at 37°C in a humidified
chamber with 5% CO2 for 12 to 15 h. Then the cells were
rinsed with Hanks balanced salt solution lacking Ca2+ and
Mg2+ (HBSS), and fresh medium containing 2 ,ug of aphid-
icolin (Natural Products Branch, National Cancer Institute)
per ml was added. After incubating for 24 h with the
aphidicolin, the cells were rinsed with HBSS twice and refed
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FIG. 2. Schematic diagram of a transient assay for the S-phase-dependent transcription of transfected DNAs. See Materials and Methods
for details.
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S-PHASE-SPECIFIC TRANSCRIPTION REGULATORY ELEMENTS

with fresh medium without aphidicolin to release the cells
from the aphidicolin block. To determine the degree of DNA
synthesis after release from the aphidicolin block,
[3H]thymidine (72 Ci/mmol; ICN) was added to the cultures
(2 ,uCi/ml) at each time point. The cells were incubated for 15
min to label DNA, and the amount of label in acid-insoluble
material was determined as described before (9). 13-Galac-
tosidase activity encoded by the pRSV,B-gal was assayed as
described previously (2), and portions of cell lysates con-
taining equal amounts of P-galactosidase activity were used
to assay CAT activity (15). When necessary, the ["4C]ace-
tylchloramphenicol spots were scraped from the thin-layer
chromatography plates, and the radioactivity was deter-
mined in a scintillation counter.

Nuclear run-on transcription assay. For a nuclear run-on
transcription assay, cells released from a 24-h aphidicolin
block for 2 h were used for the preparation of S phase nuclei.
Non-S-phase nuclei were prepared from the cells, which
were kept in the aphidicolin-containing medium for 26 h.
Nuclei were prepared as described previously (34). For a
transcription reaction, nuclei were incubated with 200 ,uCi of
[ax-32P]GTP (800 Ci/mmol; New England Nuclear) as de-
scribed by Groudine et al. (18). Total RNA was purified with
a 3-ml Sephadex G-50 spin column. For hybridization of
RNA to the various probes, 2 ,ug of appropriate DNAs was
immobilized onto a nitrocellulose filter secured on a slot blot
apparatus. The immobilized DNAs were fragments contain-
ing a rat H2B gene, P-galactosidase, cat gene sequences, and
lambda DNA. The nitrocellulose filter was incubated at 80°C
for 3 h in a vacuum oven and prehybridized for 5 h at 42°C in
50% formamide-10 mM Tris hydrochloride (pH 7.4)-S5 mM
EDTA-0.15 M NaCI-0.1% sodium dodecyl sulfate (SDS)-
1 x Denhardt solution-500 ,ug of yeast tRNA per ml. Hybrid-
ization was carried out in the prehybridization solution with
labeled transcripts for 30 h at 42°C (21, 26). The nitrocellu-
lose filter was washed with 2 x SSC (1 x SSC is 0.15 M NaCI
plus 0.015 M sodium citrate) twice at room temperature and
then with 0.lx SSC-0.1% SDS at 55°C for 1 h.

Stable transformant with the integrated TH2BCAT fusion
gene. To obtain stable transformants, C3H 10T1/2 cells were
cotransfected with 9 ,ug ofpTH2BCAT and 1 ,ug of pRSVneo
(17) according to Lassar et al. (25). Stable colonies resistant
to G-418 (Geneticin; Gibco) were isolated and grown sepa-
rately. Each colony was assayed for CAT activity.
Dot blot hybridization of RNA. RNA was extracted from

C3H 1OT1/2 cells after lysis in guanidine isothiocyanate
solution and subsequent CsCl gradient centrifugation (5).
Total RNA (3 ,ug) was denatured with formamide and
formaldehyde (26) and applied to a nitrocellulose filter
secured in a dot blot apparatus. The nitrocellulose filter was
incubated at 80°C in vacuo and prehybridized and hybridized
with probes complementary to the endogenous mouse H2B,
TH2BCAT, and neomycin-resistant genes. The probes were
labeled by a random priming reaction as described before
(13).

RESULTS

Structure of the cloned TH2B gene. We cloned a DNA
fragment containing the TH2B gene from a rat genomic
library established in Charon 4A (38). To isolate a genomic
copy of the TH2B cDNA, we used a synthetic 40-mer
complementary to the 5' untranslated region of the TH2B
cDNA which shows complete sequence divergence from the
corresponding region of a rat H2B gene (21). The sequence
of the 5'-flanking region of the gene is shown in Fig. 1. The

cloned genomic copy of the TH2B gene has the same
sequence as that of the cloned cDNA, including the 5' and 3'
untranslated regions (21). This observation suggests that the
TH2B gene is the genuine genomic copy of the cloned TH2B
cDNA. Thus, the cloned 5'-flanking sequence of this ge-
nomic clone contains the transcription promoter. Of partic-
ular interest was the presence of an octamer sequence,
ATTTGCAT, and CCAAT sequence 30 bp upstream of the
octamer motif. The octamer sequence in the human H2B
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FIG. 3. Labeling of C3H 1OT1/2 cells with [3H]thymidine after
release from the aphidicolin block and the S-phase-dependent tran-
scription of the transfected TH2B gene. C3H 1OT1/2 cells were
transfected with 6 ,ug of MTH2B and 5 p,g of pRSVneo and exposed
to aphidicolin for 24 h as described in the text. After release from the
aphidicolin block, the cells were harvested at several time points as
indicated, and the levels of DNA synthesis (A) were monitored by
[3H]thymidine (3H-TdR) incorporation. The mRNAs for endoge-
nous mouse H2B (B), transfected rat TH2B (C), and RSVneo (D)
genes were analyzed by dot blot hybridization as described in the
text. MTH2B is the 1.4-kb rat DNA containing the TH2B gene
inserted into M13mpl9. Replicative form of the DNA was used. The
1.4-kb DNA contains 485 bp of the upstream region of TH2B, the
TH2B gene (470 bp), and 445 bp of 3-flanking sequence. Total RNA
(3 ,ug) was denatured and fixed onto a nitrocellulose filter for the
hybridization analysis as described in the text.
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FIG. 4. Construction of plasmid pLCAT and fusion of the TH2B upstream sequence with the bacterial cat gene. The 5'-flanking region of
TH2B (554 bp from the AUG codon) was isolated as described in the text by using an oligonucleotide primer to produce defined ends ofDNA
fragment and inserted into the SmaI site of the polylinker region of pLCAT. M.B., Mung bean; ss, single-stranded; pol., polymerase;
Dephos., dephosphorylation; rep, repaired; p , 5'-phosphate.

gene has been shown to play an important role in the
S-phase-specific transcription of the human H2B gene (14,
24). In addition, the 5' upstream region of the rat TH2B gene
contains a TATA box and three additional copies of a
CCAAT box. Also, recently we identified a TH2A gene at
the 5' upstream region of the TH2B gene (unpublished
results). TH2A is transcribed in the opposite direction from
TH2B, and the two genes share about 200 bp in the upstream
region, as shown in Fig. 1.

Expression of the TH2BCAT fusion gene during S phase: a
transient assay. To investigate the possible presence of an
S-phase-dependent transcription element in the cloned
TH2B gene, we developed a transient expression protocol as
shown in Fig. 2. It has been shown that cells accumulate at
the Gl/S border in the presence of an inhibitor of DNA
polymerase a*, aphidicolin, which inhibits elongation ofDNA
replication (9). Release from an aphidicolin block allows
cells to progress through the S phase in a synchronous
fashion. A detailed study of the synchronization of mouse
embryo fibroblast C3H 1OT1/2 cells was carried out previ-
ously (9). Since aphidicolin arrests cells in the S phase, to
maximize synchrony, cells are normally first subjected to
confluent arrest before treatment with aphidicolin. How-
ever, since logarithmically growing cells take up exogenous
DNA more efficiently than confluent cells and also 30 to 40 h
is required for detection of the protein products encoded by
the transfected genes, we adopted the following protocol.
Logarithmically growing C3H 1OT1/2 cells were incubated
with DNA-calcium phosphate coprecipitates for 12 to 15 h
and rinsed free of the coprecipitates. The cells were incu-
bated with a medium containing aphidicolin (2 ,ug/ml) for 24
h to allow the non-S-phase cells to accumulate at the Gl/S
border (see Fig. 2 for the protocol). The cells subjected to
the protocol described above showed a dramatic increase in
DNA synthesis immediately after release from the aphidi-
colin block, as determined by labeling of DNA with
[3H]thymidine (Fig. 3A). DNA synthesis reached a maxi-
mum in 1 h after release from the aphidicolin block and
continued for 5 more hours. To ascertain that the level of
endogenous mouse H2B mRNA as well as the mRNA
transcribed from the transfected TH2B gene were increased
in the S phase of cells synchronized according to the
protocol described above, RNA was extracted from the cells
at various time points after release from the aphidicolin

block and analyzed by dot blot hybridization with specific
DNA probes. The result shows that the level of endogenous
H2B and TH2B mRNA rose and fell in close parallel with the
rate of DNA synthesis as the cells were allowed to enter the
S phase of the cell cycle (Fig. 3). The results suggest that
expression of the TH2B gene in the cloned 1.4-kb DNA was
regulated in an S-phase-specific manner, like the endogenous
H2B gene, when the gene was introduced into mouse em-
bryo fibroblast cells. The expression of the cotransfected
RSVneo gene was independent of DNA replication. The
reason for the significant hybridization of the zero-time
sample of the endogenous H2B could be due to the high
background hybridization of the probe. The lower signals for
the 4- and 7-h samples of RSVneo RNA are most likely due
to the lower amount of transfected DNA. Both the plasmid
containing the 1.4-kb DNA and RSVneo were introduced
into the cells as a mixture.
To examine the possible S-phase-dependent expression of

the cloned TH2B gene, the 5' upstream region of the TH2B
gene (554 bp from one base upstream of the AUG codon)
was fused with the cat gene in the promoterless pLCAT
plasmid to generate pTH2BCAT (Fig. 4). The upstream
region of the TH2B gene with defined ends was obtained by
a new method described in Materials and Methods and
shown in Fig. 4. The pTH2BCAT (6 ,ug) and pRSV,-gal (5
jig) plasmids (12) were cotransfected into C3H 1OT1/2 cells,
and the cells were synchronized according to the protocol
described above (Fig. 2). pRSV,B-gal DNA was cotrans-
fected to control the transfection efficiency among different
dishes. The cells were harvested 6 to 7 h after release from
the aphidicolin block. Cell extracts were prepared as de-
scribed before (16), and P-galactosidase activity was deter-
mined (2). Portions of cell extracts which had the same
amount of 3-galactosidase activity were used to assay CAT
activity to correct for variation in transfection efficiency.
The activity of the Rous sarcoma virus promoter was inde-
pendent of DNA replication (Fig. 3D). In the case of
pTH2BCAT, CAT activity of the released cells (Fig. 5A,
lane 6) showed a six- to sevenfold increase over that of cells
maintained in the aphidicolin-containing medium (Fig. 5A,
lane 5). As a control for cell cycle-independent expression,
we introduced the pSV2CAT fusion gene. The cells trans-
fected with pSV2CAT did not show any increase in CAT
activity after release from the aphidicolin block (Fig. 5A,
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FIG. 5. S-phase-dependent synthesis of CAT under the control
of the 5' upstream sequence of the TH2B gene in a transient
expression assay. Logarithmically growing C3H 10T1/2 cells were
cotransfected with the DNAs being tested and the pRSVf-gal
control, and the cells were treated with aphidicolin (2 ,ug/ml) for 24
h. Extracts were prepared from cells maintained in aphidicolin or

from cells released from the aphidicolin block. P-Galactosidase
activity was determined for correction of the difference in transfec-
tion efficiency, and CAT activity was determined as described in the
text. [14C]chloramphenicol was used as the substrate. (A) Autora-
diogram of the [14C]chloramphenicol (CAM) and acetylated chlor-
amphenicol resolved by thin-layer chromatography. The two dif-
ferent forms of acetyl-chloramphenicol are indicated as Ac-CAM.
(B) Radioactive spots were scraped from the plate, and the radio-
activity was determined by liquid scintillation counting. (A) Cells
exposed to aphidicolin for 30 h: lanes 1, 3, and 5, pLCAT,
pSV2CAT, and pTH2BCAT, respectively. Cells exposed to aphid-
icolin for 24 h and released for 6 h: lanes 2, 4, and 6, pLCAT,
pSV2CAT, and pTH2BCAT, respectively. (B) Time course of
production of CAT activity from the TH2BCAT fusion gene after
release from the aphidicolin block.

lanes 3 and 4). The promoterless plasmid (pLCAT: see Fig.
4 for the structure) showed no CAT activity (Fig. 5A, lanes
1 and 2). The increased CAT activity encoded by TH2BCAT
in the S phase suggests that the 554-bp 5'-flanking region
contains elements which regulate genes in an S-phase-
dependent manner.
The time course of the increase in CAT activity after

synchronization of the cells transfected with TH2BCAT was

determined (Fig. SB). The CAT activity appeared to increase
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FIG. 6. S-phase-dependent expression of the TH2BCAT gene
stably integrated into the chromosomes of C3H 10T1/2 cells. (A)
3H-labeling of DNA at different times after release from the aphid-
icolin block. (B) Dot blot hybridization analysis of the endogenous
(endo.) H2B, TH2BCAT, and RSVneo mRNAs. C3H 1OT1/2 cells
were transfected with a mixture of pTH2BCAT and pRSVneo
plasmids, and cells resistant to G-418 were selected. A clone which
showed high CAT activity was synchronized after the confluent
arrested cells were replated. Similar results were obtained with
pooled cell clones.

3 h after the release from the aphidicolin block and continued
to increase until 7 h. The continuous increase of CAT
activity beyond the end ofDNA replication suggests that the
regulation of the cell cycle-dependent degradation ofmRNA
is lost in the TH2BCAT fusion gene. This is supported by the
continuous rise of TH2BCAT mRNA beyond the end of
DNA replication, as shown in Fig. 6. This is most likely due
to the absence of the 3'-terminal hairpin loop involved in the
cell cycle-dependent degradation of histone mRNA in the
TH2BCAT gene. Others also reported that replacement or
deletion of the 3'-terminal region of histone genes abolishes
the cell cycle-dependent degradation of histone mRNA (32,
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FIG. 7. Nuclear run-on transcription assay for the S-phase-
dependent transcription of the TH2BCAT fusion gene. (A) Autora-
diogram of the nuclear run-on transcription assay. AP (non-S) and
RE (S) indicate non-S and S phase nuclei, respectively. (B) Ratios of
S- and non-S-phase signals. The C3H 1OT1/2 cells were cotrans-
fected with a mixture of 10 ,ug of pTH2BCAT and 10 ,ug of
pRSV3-gal. The cells were synchronized as described in the text
and harvested 2 h after release from the 24-h aphidicolin block for
the S-phase nuclei. For the non-S-phase nuclei, the cells were
maintained in the aphidicolin-containing medium until harvested.
The [32P]RNA synthesized from the isolated nuclei was hybridized
to nitrocellulose filters containing lambda DNA (2 Rg), 3-galactosi-
dase (2 ,ug), endogenous (endo.) H2B (2 [.g), and CAT (2 p.g) DNA
sequences. The intensity of hybridization signals for the S-phase and
non-S-phase nuclei was compared by densitometric tracing (open
bars), and the ratios were normalized for the differences in trans-
fection efficiency by the ratio of RSVf3-gal signals (solid bars).

39). The role of the TH2B 3' hairpin loop sequence in the cell
cycle-dependent degradation of mRNA will be a subject of
future investigation. In Fig. 6, the cells which contain the
stably integrated TH2BCAT gene were synchronized after
confluent arrest.

Nuclear run-on transcription assay. To ascertain that the
S-phase-dependent increase in CAT activity was due to an
increase in transcription of TH2BCAT, we carried out a
nuclear run-on transcription assay (Fig. 7). In this assay,
RNA chains partially completed in vivo are elongated in
isolated nuclei (18). C3H 1OT1/2 cells were transfected with
the pTH2BCAT and pRSV,-gal plasmids. The transfected
cells were synchronized and released from the aphidicolin
block as described above. The cells were harvested 2 h after
the release, and nuclei were prepared for a run-on transcrip-
tion analysis. The transcription in the S-phase nuclei was
compared with that in the non-S-phase nuclei. The 32p_
labeled RNA synthesized from the isolated nuclei was hy-
bridized to lambda, H2B, cat, and ,-galactosidase DNA
sequences fixed onto a nitrocellulose filter, and the intensi-
ties of hybridization signals were compared by densitometric
tracing of the autoradiograms. The S phase/non-S phase
ratios of hybridization signals are shown in Fig. 7B (open
bars). To account for possible differences in transfection
efficiency, the S phase/non-S phase ratios of the endogenous
H2B and TH2BCAT signals were normalized by dividing the
values with the ratio of the P-galactosidase signals (solid bars
in Fig. 7B). The transcription of the endogenous H2B genes
was 3.5-fold higher in the S phase nuclei than in the non-S
phase nuclei, and that of the TH2BCAT gene was about
3-fold higher in the S phase nuclei. The nuclear run-on assay
clearly shows that the 5' upstream region of the TH2B gene
contains a regulatory element which stimulates transcription
in S phase. The somewhat higher hybridization signal for
TH2B than for endogenous H2B could be due to the longer

cat transcript than in endogenou H2B mRNA. Alternatively,
the copy number of transfected TH2BCAT could be higher
than that of the endogenous H2B genes.

Identification of the S-phase-specific regulatory element. To
identify the SRE within the 5' upstream region of the TH2B
gene, sequential deletions were made from the 5' end of the
TH2B DNA in the TH2BCAT fusion gene as shown in Fig.
8A (see Fig. 1 for the endpoints of the deletions). The
deletion mutants were cotransfected with pRSVP-gal plas-
mid (12) into C3H 1OT1/2 cells, and the cells were synchro-
nized by treatment with aphidicolin and released from the
aphidicolin block as described above. In these experiments,
we assayed the f-galactosidase activity encoded by the
cotransfected pRSVP-gal DNA to normalize differences in
transfection efficiency among different culture dishes. The
results of the S-phase-dependent expression of the deletion
mutants are shown in Fig. 8B and summarized in Fig. 8A.
The ratios for S/non-S and the CAT activity in non-S phase
cells are averages of three independent experiments. The
deletion up to -153 bp maintained the S-phase-dependent
increase (about six- to sevenfold) of CAT activity during the
S phase of cell cycle. This deletion mutant also showed
about threefold-higher CAT activity for non-S and S phase
cells than the original DNA (-485) and -213 mutant. This
suggests that there may be a minor inhibitory element
between -153 and -214 bp. Further deletion up to -109 bp,
which left the conserved octamer sequence ATTTGCAT
intact but no upstream CCAAT sequences, reduced the
S-phase-dependent increase of CAT production from the 6-
to 7-fold to 2- to 3-fold, and the level of CAT production
during the S and non-S phase was also reduced about 3-fold.
The results suggest that the 44-bp region between -153 and
-110 bp from the transcription initiation site may contain a
regulatory element for the S-phase-dependent increase in
transcription as well as for the increase in overall transcrip-
tion. Further deletion from -109 bp up to -84 bp abolished
the S-phase-dependent production of CAT. Therefore, the
25-bp region between -84 bp and -109 bp contains another
regulatory element for the S-phase-dependent transcription
of the TH2BCAT fusion gene in C3H 1OT1/2 cells. The
results obtained with the deletion mutants suggest that the 5'
upstream region may contain two separate elements, and
both elements appear to be required for maximal activation
of the S-phase-dependent CAT production. This is in con-
trast to the result obtained with the human H2B gene in
HeLa cells, since the human H2B octamer element alone is
sufficient for the S-phase-specific expression of the gene,
although an upstream region containing the CCAAT element
is also required for maximal transcriptional activity (24).

DISCUSSION

Testis-specific histones (TH1, TH2A, and TH2B) replace
their somatic counterparts in pachytene spermatocytes of
meiotic prophase I during spermatogenesis in various mam-
malian species (4, 27). The synthesis of testis-specific his-
tone variants is independent of DNA replication (6, 27) and
unaffected by inhibitors of DNA synthesis (6, 27). In situ
cytohybridization with H2B- and TH2B-specific DNA
probes also shows pachytene-specific transcription of the
TH2B gene (21). On the other hand, expression of the H2B
gene in spermatogenic cells occurs exclusively within the
cell types undergoing DNA synthesis, such as spermatogo-
nia (21). Therefore, the presence of S-phase-specific tran-
scription regulatory elements in the upstream region of the
TH2B gene is highly unusual.
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The cloned rat TH2B gene was regulated in a cell cycle-
dependent manner, like the somatic H2B gene, when the
1.4-kb DNA containing the intact TH2B gene was intro-
duced into mouse embryo fibroblast C3H 1OT1/2 cells. The
level of TH2B mRNA, like that of endogenous mouse H2B
mRNA, rose in parallel with the increase in DNA replication
in S phase and declined with the decrease in the rate ofDNA
synthesis. The result suggests not only that the cloned TH2B
gene contains the regulatory elements for S-phase-specific
transcription but also that the TH2B 3'-terminal hairpin loop
sequence may be involved in the cell cycle-specific degrada-
tion of mRNA, as in somatic histone genes (7, 32, 39, 44).
The replacement of the TH2B DNA downstream of the AUG
codon with a reporter cat gene abolished the cell cycle-
dependent decline of mRNA. Similar results were obtained
with somatic histone genes (32, 39). The role of the TH2B

-150 -140 -130 -12
* * *

FIG. 8. Identification of the SRE region by using deletion mu-
tants. The deletion mutants were introduced into C3H 10T12 cells as
described in the text. Test DNA (6 xLg) was cotransfected with 5 pg
of pRSVP-gal plasmid. The transfected cells were treated with
aphidicolin for 24 h and released for 6 h for S-phase cells. The
non-S-phase cells were incubated for 30 h with aphidicolin. Cell
extracts were prepared and used for the assay of ,-galactosidase and
CAT activities. (A) Diagram of deletion mutants. The ratios of CAT
activities between S and non-S phases and the relative CAT activ-
ities in non-S-phase cells are also shown. The values represent the
average of three independent experiments. The sequence elements
are indicated, and the numbers at the 5' end of the deletion mutants
are the endpoints of the deletion mutants from the transcription
initiation site. (B) CAT activity. Lanes 1 and 2, deletion up to -84
bp; lanes 3 and 4, deletion up to -109 b; lanes 5 and 6, deletion up
to -153 bp; lanes 7 and 8, deletion up to -238 bp; lanes 9 and 10,
deletion up to -485 bp. The odd numbers at each deletion mutant
represent non-S-phase cells and the even numbers represent S-
phase cells.

3'-terminal region in the cell cycle-dependent degradation of
TH2B mRNA needs to be investigated in more detail. In this
report, we have focused mainly on the characterization the
S-phase-specific transcription element. We fused the 554-bp
region upstream of the AUG codon of the TH2B gene with a
reporter gene, cat. The cell cycle-dependent expression of
the cat gene under the control of the TH2B gene upstream
region was examined by transient expression of the gene in
the protocol developed in this report. With this assay, we
observed the S-phase-dependent increase of CAT activity,
cellular cat mRNA, and transcription of the cat gene in the
isolated S phase nuclei. The 5' deletion mutants showed that
two regions located between -153 and -110 bp and between
-109 and -84 bp from the transcription initiation site are
important for the S-phase-dependent transcription. The re-
gion between -109 and -84 bp alone produced a two- to

20 -110 -100 -90 -80
* * * * *

TH2B ACCTGATTGGCTGATTGGTGATGAATTAACCAATCAGAAAGCACCACTTGAATTCCCCTTATTTGCATACAAGGAACATT
///// ITiiii111 11 11 1\\\\\\\\

HuH2B CTGACCTCTGACGTTACCCTGAATAACTACCAATCAGACACAAGACTTCAACTCTTCACCTTATTTGCATAAGCGATTCT
CCAAT hexamer octamer

FIG. 9. Comparison of the TH2B and human somatic H2B gene upstream sequences. The CCAAT and octamer elements are indicated by
bold letters. The hexamer sequence in the human H2B (HuH2B) gene is also indicated. Similar sequences between TH2B and human H2B
genes are shown by connecting lines. The numbers indicate the positions of TH2B upstream sequences.
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threefold induction during the S phase. However, both
regions were required for the maximal increase (six- to
sevenfold) of CAT activity during the S phase. The S-
phase-dependent stimulation of CAT production by the
TH2B promoter was not confined to mouse embryo fibro-
blasts. We obtained similar results with rat thyroid FRTL-5
cells and human pheochromocytoma PC-12 cells (not
shown).

Close inspection of the TH2B upstream sequence shows
interesting similarity with the regulatory region of the human
somatic H2B gene, as shown in Fig. 9. The two genes have
CCAAT and octamer sequences with approximately the
same spacing between the two elements (26 bp for TH2B and
28 bp for the human H2B gene), and the region between the
two elements shows significant sequence homology. In the
case of human H2B, the 5' deletions showed gradual loss of
transcriptional activity, and deletion up to the CCAAT
element yielded a barely detectable level of transcription.
However, the S-phase-dependent stimulatory activity was
not affected by the deletions, and only the octamer element
appeared to be responsible for the S-phase-dependent stim-
ulation of transcription (11, 24). In contrast, the TH2B gene
has two regions which show S-phase-dependent stimulation
of gene transcription. One region, between -109 and -153
bp, contains three CCAAT elements, and the region between
-84 and -109 bp contains an octamer element. The region
between -109 and -153 bp has two activities: stimulation of
gene transcription (about threefold) and stimulation of tran-
scription in S phase. Recent experiments in our laboratory
show that there is a protein which binds to the CCAAT
element proximal to the octamer, and mutations of the
element diminish the S-phase-dependent stimulation. Also,
the spacing between the CCAAT and octamer element
appears to be important for the maximal stimulation of
transcription in S phase (manuscript in preparation). The
CCAAT element is also important for the S-phase-dependent
transcription of thymidine kinase gene (22). The octamer
element may mediate the action of the CCAAT element in
the TH2B gene. In the herpesvirus thymidine kinase gene,
the activity of upstream enhancers is mediated by the
octamer element (33).

In summary, there are similarities (S-phase-dependent
stimulation by octamer) as well as differences in the regula-
tion of S-phase-dependent stimulation of transcription be-
tween the TH2B and human H2B genes. Since TH2B gene
expression is independent of the S phase of the cell cycle in
vivo and specific for the pachytene spermatocytes, it is
surprising that the S-phase-specific transcription elements
are retained in the TH2B gene. The conservation of these
elements suggests that the DNA elements may be used for
the pachytene-specific transcription of the TH2B gene in
vivo but repressed in somatic cells as well as in other
spermatogenic cells. Recent experiments in our laboratory
show that the TH2B gene in a much larger DNA fragment
(6.5 kb) is inactive when introduced into somatic cells such
as C3H 1OT1/2, rat thyroid, and placental cells (unpublished
results). Therefore, it is possible that there is an inhibitory
cis-acting DNA sequence element near the TH2B gene.
Alternatively, the S-phase-specific regulatory elements may
be repressed even in pachytene spermatocytes, and pachy-
tene-specific regulatory elements may be required for tran-
scription of the TH2B gene in pachytene spermatocytes.
Presently, there is no long-term culture system for pachy-
tene spermatocytes, and we are in the process of developing
optimum conditions for gene transfer into primary culture of
spermatocytes and identification of the cells expressing

transferred genes. We have also attempted to investigate the
S-phase-dependent transcription of the rat somatic H2B
gene. However, the gene from which our cloned gene was
derived appears to contribute only a minor portion of the
total H2B mRNA pool in the cell. Transcription of the
cloned gene is activated rather poorly during the S phase of
the cell cycle. We are in the process of cloning the major
H2B gene.
The TH2B and TH2A genes have a common 200-bp 5'

upstream sequence, and the genes are transcribed in oppo-
site directions. The upstream region of the TH2A gene also
has the octamer and CCAAT elements. Therefore, it is
possible that the cloned TH2A gene is also expressed in an
S-phase-dependent manner independent of the TH2B gene.
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