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ts ET24 cells are a novel temperature-sensitive (ts) mutant for cell proliferation of
hamster BHK21 cells. The human genomic DNA which rescued the temperature-sen-
sitive lethality of ts ET24 cells was isolated and screened for an open reading frame in
the deposited human genomic library. X chromosomal DBX gene encoding the RNA
helicase, DEAD-BOX X isoform, which is homologous to yeast Ded1p, was found to be
defective in this mutant. The single point mutation (P267S) was localized between the
Motifs I and Ia of the hamster DBX of ts ET24 cells. At the nonpermissive temperature
of 39.5°C, ts ET24 cells were arrested in the G1-phase and survived for more than 3
days. In ts ET24 cells, total protein synthesis was not reduced at 39.5°C for 24 h, while
mRNA accumulated in the nucleus after incubation at 39.5°C for 17 h. The amount of
cyclin A mRNA decreased in ts ET24 cells within 4 h after the temperature shift to
39.5°C, consistent with the fact that the entry into the S-phase was delayed by the
temperature shift.

Key words: DBX, Ded1, protein synthesis, somatic ts mutant, ts ET24.

Temperature-sensitive (ts) mutation is a valuable tool for
clarifying genes essential for cell proliferation (1). We
have isolated a series of ts mutants from the hamster
BHK21 cell line (2, 3). These were classified according to
the ability of hybrid cells created by cell-cell fusion of the
mutants to grow at the nonpermissive temperature of
39.5°C. The ts ET24 cell line turned out to be a novel mu-
tant of the hamster BHK21 cell line. The gene responsible
for a temperature-sensitive phenotype of ts ET24 cells was
identified, as reported (2). It was the hamster X chromo-
somal gene, DBX/DDX3, which encodes a RNA helicase,
homologous to the human DEAD-BOX X isoform (4, 5).

Helicases are enzymes that catalyze strand separation
of double- stranded DNAs or RNAs, in a manner depend-
ent on the hydrolysis of a nucleoside triphosphate, prefer-
entially ATP (6). RNA helicases have common ATPase
motifs, which are normally comprised of Motif I and a
variant Motif II which contains either a DEAD or DexH
amino acid sequence: (7). According to the genomic
sequence, S. cerevisiae possesses 26 DEAD-box proteins
and 13 DexH-box proteins of RNA helicases (8). Most of
these yeast RNA helicases have homologues in mamma-
lian cells, and the crystal structure of hepatitis C virus
NS3 RNA helicase domain is similar to that of the bacte-
rial DNA helicases (9). This suggests that the folding of
helicase motifs is well conserved through evolution.

RNA helicases are required for various aspects of cellu-
lar RNA metabolism, such as transcription, pre-mRNA
splicing, ribosome biogenesis, tRNA and snRNA process-

ing, RNA export, translation and RNA degradation (8). S.
cerevisiae RNA helicase, Ded1p, which is reported to be
required for general translation together with the eIF4A
DEAD–box RNA helicase (8, 10, 11), is well conserved
through evolution. Xenopus Ded1p-homologue, An3, was
identified as a protein tightly bound to Crm1p/exportin 1
(12). Its helicase activity is coupled with the CRM1-medi-
ated nuclear export of An3 (13). A functional mammalian
homologue of S. cerevisiae Ded1p is reported to be murine
PL10 (14), which rescues the lethality of S. cerevisiae
ded1 mutants (10, 15); however, PL10 is expressed only
in the germ cells of mice (14), contrary to the general cel-
lular functions assumed for S. cerevisiae Ded1p. Human
genomic sequences reveal that humans have two genes
encoding S. cerevisiae Ded1p-homologues, DBX/DDX3
and DBY (4, 5), which are expressed ubiquitously (4).

Our present results indicated that the DBX gene is
essential for cell proliferation. Its mutation in ts ET24
cells caused the G1-arrest at 39.5°C. Total protein syn-
thesis was not inhibited in ts ET24 cells, in contrast to S.
cerevisiae ded1 mutants (10). DBX was not detected on
polyribosome RNA fractions of human 293 cells. Together,
these results indicated that mammalian DBX was not
directly involved in protein translation. We found that
the amount of cyclin A mRNA was reduced in ts ET24
cells within 4 h after the temperature shift to 39.5°C.
Thus, the stability of cyclin A mRNA was suggested to be
affected in ts ET24 cells, resulting in the G1-arrest of ts
ET12 cells at 39.5°C. Interestingly, the nuclear accumu-
lation of mRNA was also observed in ts ET12 cells after
incubation at 39.5°C for 17 h, which is reported to occur
in the mutants defective in S. cerevisiae DEAD-box RNA
helicase, Dbp5 (16) or Sub2p (17). These findings suggest
that the mammalian DBX RNA helicase has several
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unknown functions, which should be clarified in the
future by use of ts ET24 cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—All cell lines were cul-
tured in Dulbecco’s modified Eagle (DME) medium sup-
plemented with 10% calf serum or 10% fetal calf serum in
a humidified atmosphere containing 10% CO2. ts ET24
cells were maintained at 33.5°C, the permissive tempera-
ture, and ts+ cells were selected at 39.5°C, the nonpermis-
sive temperature.

FACScan Analysis—Cells were washed with TD (Tris-
buffered saline without Ca2+ and Mg2+) and collected by
trypsin treatment. Collected cells were again washed
with TD, fixed with 50% methanol for 1 h at 4°C, then
treated with RNase A (1 µg/ml), stained with propidium
iodide (0.1% sodium citrate, 50 µg/ml propidium iodide)
and subjected to FACScan analysis (Becton Dickinson,
Franklin Lakes, NJ). The data were analyzed with CEL-
LQuest and ModFit LT (Becton Dickinson) software.

Mutagenesis and Selection of ts Mutants—Exponen-
tially growing cultures of hamster BHK21 cells (4 × 105

cells) were synchronized in the G0-phase by incubation in
low-serum DME medium and then in isoleucine-free
DME medium, each for 24 h as described (18). Every 4 h
after release into fresh DME medium containing 20%
fetal calf serum, cells were incubated in DME medium
containing 1 µg/ml of N-methyl-N′-nitro-N-nitrosoguani-
dine (MNNG) and 50 µg/ml of thymidine, as described (2,
3). Mutagenized cells were incubated in DME medium,
either with or without 0.1 µg/ml of benomyl, for 72 h.
Cells were then synchronized in the G0-phase as
described above, and ts mutants for cell-proliferation
were selected at 37°C using 5-fluoro-2′-deoxyuridine
(FUdR) (2).

Stable ts+ Transformation of ts ET24 Cells—The high-
molecular-weight HeLa cell DNA (20 µg/dish) or the
cloned genomic DNA or cDNA carried on the expression
vector (2 µg/dish) was transfected into ts ET24 cells
(seeded at 2 × 105 cells/100-mm dish) along with
pSV2neor (2 µg/dish), using the calcium phosphate co-
precipitation method, as described previously (19), or the
lipofectamine method as described by the supplier (Invit-
rogen Inc. Carlsbad, CA). Transfected cells were incu-
bated at 33.5°C for 18 h, then washed with TD buffer.
After further incubation at 33.5°C for 48 h, transfected
cells were cultured in the presence of G418 (800 µg/ml) at
either 33.5°C or 39.5°C. The surviving colonies were
fixed, stained with crystal violet and counted as
described (19).

Construction and Screening of Genomic DNA Librar-
ies—λ phage library: The genomic DNA of the ts+ second-
ary transformant, 24H2-94, was partially digested with
Sau3AI and fractionated with a sucrose gradient (10–
40%). The resulting DNA fragments of 12 to 24 kb were
ligated with λ DashII DNA (Stratagene, La Jolla, CA)
which had been digested with BamHI, then packed into λ
phage using Giga pack III gold packaging extract (Strat-
agene). The resulting recombinant phages (about 1 × 104

pfu/ml) were screened for human sequences using a
human-specific Alu-sequence as a probe.

Cosmid library: The genomic DNA of the ts+ secondary
transformant, 24H2-94, was partially digested with
Sau3AI and dephosphorylated by calf intestine alkaline
phosphatase (CIAP). The resulting DNA fragments were
ligated with SuperCos1 vector (Stratagene) that had
been digested with XbaI, then treated with CIAP and fur-
ther digested with the BamHI enzyme. The resulting
ligated DNA fragments were packaged in vitro with the
Giga pack III XL-packaging extracts and then infected
into E. coli XL1-blue MR. Colonies were screened for
human sequences by colony hybridization using a 0.6-kb
human-specific Alu-free EcoRI fragment as a probe, as
reported (19).

Amplification and cloning of DBX cDNA—HeLa poly
A+ RNA encoding the human DBX, was amplified by the
RT-PCR method using four oligonucleotides as primers
(primer 1, ATG AGT CAT GTG GCA GT; primer 2, GCA
AGG ACG AAC TCT AGAT; primer 3, TTT TCA TAC
CGA TCT AGAG; and primer 4, TCA GTT ACC CCA CCA
GTC AA). The positions of these primers in the human
DBX gene are shown in Fig. 5A. The resulting cDNA
fragment was inserted into the BglII site of the pcDEB∆

vector. The hamster DBX cDNA clone was isolated from
the cDNA library of the wild-type (wt) BHK21 cells using
the human DBX cDNA fragment as the probe. According
to the nucleotide sequence of obtained hamster wt DBX
cDNA (deposited as Genbank Accession No. AB080116),
the DBX cDNA of ts ET24 cells was amplified from the
poly A+ RNA of the hamster ts ET24 cells by the RT-PCR
method using four synthetic oligonucleotides as the prim-
ers (primer 5, CGG TAC TCT TCA GGG ATGA; primer 6,
CAT GGA CGA ACT CGA GATC; primer 7, AGA TCT
ATG AGG AAG CCAG; and primer 8, CTA CTG CAA
AGC AGG CTCA). The positions of these primers in the
hamster DBX gene are shown in Fig. 5A. The hamster
DBX cDNA fragments derived from ts ET24 and wt
BHK21 cells were inserted into the SacI–HindIII sites of
pcDEB∆.

Immunofluorescence Staining and Antibodies—Cells
were washed with phosphate-buffered saline (PBS) con-
taining 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and
1.8 mM KH2PO4, pH 7.2, then fixed with 4% paraformal-
dehyde in PBS for 10 min and permeabilized with 0.5%
Triton-X-100 in PBS for 5 min. After a wash with PBS,
cells were incubated in a blocking solution of PBS con-
taining 3% bovine serum albumin (Sigma Fraction V) for
1 h at room temperature, followed by the same solution
containing the primary antibody for 1 h at room temper-
ature. After three washes with PBS, cells were treated
with the FITC-conjugated goat anti-mouse IgG (Bio
Source International) in blocking solution for 45 min at
room temperature. They were then stained with 1 µg/ml
of Hoechst 33342. Cells on coverslips were mounted on
Vectashield (Vector Laboratory, Burlingame, CA). Digital
imaging of stained cells was obtained using the Olympus
laser-scanning microscope LSM-GB200 system. The anti-
bodies used were as follows: anti-eIF4E (Cat. no. 610269)
and anti-cyclin D1 (Cat. no. 556470) derived from BD
Transduction Laboratories, anti- ribosome S6 (Cat. no.
sc-13007) and anti-ribosome L28 (Cat. no. sc-14151)
derived from Santa Cruz Biotechnology (Santa Cruz,
CA). The anti-cyclin A and anti-cyclin B antibodies were
described previously (37). The anti-α-tubulin derived
J. Biochem.

http://jb.oxfordjournals.org/


TS Mutant of Hamster DBX RNA Helicase 73

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

from Sigma (Cat. no. T9026). The DBX antibody was pre-
pared as following. According to the sequence of hamster
DBX cDNA, a peptide with the sequence YHEGYACTSI-
HGDSQ was synthesized. The peptide coupled to the car-
rier protein was used to immunize rabbits by MBL
(Nagoya).

Fluorescence In Situ Hybridization (FISH)—Cells fixed
and permeabilized as described above were washed with
PBS twice at room temperature, then incubated in 2×
SSC buffer containing 300 mM NaCl and 30 mM sodium
citrate for 10 min at room temperature. The resulting
cells were subjected to hybridization in buffer (2× SSC
containing 1 mg/ml yeast tRNA, 10% dextran sulphate,
25% formamide and 4 ng/µl FITC-oligo-dT 50-mer) for 20
h at 42°C. After hybridization, cells were washed with 2×
SSC for 15 min twice, 0.5× SSC for 15 min and PBS for 5
min at room temperature, then processed for fluores-
cence microscopy. An oligo-dT 50-mer, the 3′ end of which
had been labeled with FITC, was obtained from
Hokkaido System Science (Sapporo).

In Vivo Labeling of Proteins and Immunoprecipita-
tion—Cells were labeled with 20 µCi/ml of [35S]methio-
nine (Promix, Amersham Bioscience) and washed with
PBS three times. The radioactivity incorporated into
acid-insoluble materials was determined as described (3).
The incorporated radioactivity was counted with a scin-
tillation counter.

Cells were lysed in 1 ml of lysis buffer [50 mM Tris pH
7.4, 150 mM NaCl, 0.1% NP-40, 5 mM EDTA, 1 mM
dithiothreitol (DTT), 1 mM PMSF and10 µg/ml each of
aprotinin, leupeptin, pepstatin and antipain] and clari-
fied by centrifugation at 10,000 ×g for 10 min at 4°C. Cell-
extracts (500 µg) were incubated with 1 µl of antibodies
for 1 h at 4°C, then with 50 µl of protein G-Sepharose 4
Fast Flow (Amersham Pharmacia) (50% v/v) for an addi-
tional 1 h. Immunoprecipitates were collected by centrif-
ugation at 10,000 ×g for 2 min at 4°C, washed five times
with 1 ml of the lysis buffer at 4°C, then suspended in 50
µl of the sample buffer containing 62.5 mM Tris-HCl (pH
6.8), 10 mM 2-mercaptoethanol, 3% (wt/vol) SDS, and
20% glycerol, before being boiled. The resulting protein
samples were electrophoresed in a 10% or 12.5% SDS–
polyacrylamide slab gel and analyzed by immunoblotting
or autoradiography as described previously (20). Immu-
noblotting was performed using an ECL kit (Amersham
Bioscience) as recommended by the supplier.

RESULTS

Isolation of the ts ET24 Cell and Its Preliminary Char-
acterization—Most mammalian ts mutants possess a
mutation in the X chromosome (2), consistent with the
fact that X chromosomal genes are expressed in a haploid
dose. To isolate autosomal mutants, wt BHK21 cells were
treated with N-methyl-N′-nitro-N-nitrosoguanidine, then
incubated in the presence of 0.2 µg/ml of benomyl, an
anti-microtubule drug, prior to FUdR selection. Irrespec-
tive of the benomyl addition, however, the majority of the
isolated ts mutants belonged to the complementation
group of ts BN462 cells which has a defect in the X chro-
mosomal CCG1/TAFII250 gene (21). Even so, we obtained
two novel ts mutants, ts ET12 and ts ET24. ts ET12 cells
rapidly died and floated out of dishes following incuba-

tion at 39.5°C, the nonpermissive temperature. In con-
trast, ts ET24 cells remained attached to culture dishes
after incubation for two weeks at 39.5°C, suggesting that
this mutant may have a defect in a gene involved in the
G1-phase progression. ts ET24 cells were therefore cho-
sen for further analysis.

When cultures of ts ET24 cells exponentially growing
at 33.5°C were incubated at 39.5°C, their growth ratio
was significantly reduced within just one day; however, ts
ET24 cells did not cease to proliferate for at least three
days (Fig. 1). To determine what phase of the cell cycle
was affected in ts ET24 cells at 39.5°C, cell-cycle progres-
sion was analyzed by fluorescence-activated cell sorting
(FACS). When exponentially growing cells were incu-
bated at 39.5°C, ts ET24 cells in the S-phase were rapidly
reduced by the temperature shift 33.5°C to 39.5°C (Fig.
2A), but wt BHK21 cells in the S-phase were not affected
by the shift (Fig. 2A). A hypophosphorylated form of Rb
(retinoblastoma protein, an inhibitor of cell-cycle pro-
gression) also accumulated in ts ET24 cells incubated at
39.5°C (data not shown). On prolonged incubation (17 h
to 48 h) at 39.5°C, ts ET24 cells in the S-phase slowly
increased (Fig. 2A, b), consistent with the increment of ts
ET24 cells in the G2-M phase after incubation for 48 h at
39.5°C (Fig. 2A, a).

To confirm the defect of the S-phase entry, cultures of
ts ET24 cells and wt BHK21 cells were synchronized at
the G0/1 phase by serum starvation, then incubated at
33.5°C or 39.5°C in a normal medium (Fig. 2B). Com-
pared to wt BHK21 cells, the entry of ts ET 24 cells into
the S-phase was delayed even at 33.5°C and its frequency
was lower. At 39.5°C, ts ET24 cells also entered into the
S-phase, although their entry was delayed compared to
that at 33.5°C. Thus, it was clear that the entry into the
S-phase was not completely inhibited in ts ET24 cells at
39.5°C within 48 h, consistent with the fact that ts ET24
cells proliferated for at least 3 days at 39.5°C.

Fig. 1. ts ET24 cells grew slowly at 39.5°C. wt BHK21 (solid
squares, open squares) and ts ET24 (solid circles, open circles) cells
were seeded at densities of 5 × 104/50-mm dish, and then incubated
at 33.5°C for one day. After feeding with fresh medium, half the
cultures were shifted to 39.5°C. At the indicated time, cells were
harvested and counted by a Coulter counter. The ratio of cell
number (Nt) at each time point relative to the initial number (N0)
at the temperature shift was plotted against the time of incubation.
(solid squares, solid circles) 33.5°C; (open squares, open circles)
39.5°C. Error bars (standard deviation) from triplicate samples are
shown.
Vol. 134, No. 1, 2003

http://jb.oxfordjournals.org/


74 J. Fukumura et al.

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

Fig. 2. Cell-cycle analysis of ts ET24 cells at 39.5°C. A:
(a) Cultures of ts ET24 and wt BHK21 cells (1 ×106/100-mm
dish) exponentially growing at 33.5°C were shifted to
39.5°C at 0 h. After incubation for the indicated times, cells
were collected and processed for FACScan cell-cycle analy-
sis as described in Experimental Procedures. (b) The per-
centage of cells in the S-phase estimated using the Modifit
program is shown. Error bars (standard deviation) from
duplicate samples are shown. B: ts ET24 and wt BHK21
cells (5 ×105/100-mm dish) were cultured in medium con-
taining 0.25% fetal calf serum for 3 days to be synchronized
at the G0/1 phase. One half of each culture was then incu-
bated at 33.5°C, and the other half at 39.5°C. At the indi-
cated times, cellular DNA contents were estimated by FAC-
Scan and the percentage of cells in the S-phase was
calculated using the Modifit program. Error bars (standard
deviation) from duplicate samples are shown.

Fig. 3. Isolated human genomic
DNA fragments. A: Alignment of
human DNA fragments inserted into
the λ phage vectors. The solid lines
indicate the position of human DNA
inserted into the indicated recombinant
phage clones. The restriction sites for
Xba1 are shown. The stippled boxes
indicate the position of human genomic
DNA without the human-specific Alu-
sequence (Alu-free). B: Human genomic
DNA inserted into the Cosmid J clone.
The nucleotide number of the obtained
human X chromosomal genomic DNA
was estimated from Genbank Accession
No. AL391647. The position of DKFZ-
p566MO51 and the DEAD-Box X iso-
form (DBX) is shown by closed arrows.
The open boxes of DBX (shown by the
white sections in the arrow) indicate
the position of exons. The position of
the R0.6 Alu-free fragment in the cos-
mid J that was used as a probe, is
shown. Open arrows indicate regions of
which the nucleotide sequences were
determined. Restriction enzymes that
cut the DBX genome are shown along
with their positions. (–) did not rescue
the ts phenotype of ts ET24 cells. (+) res-
cued the ts phenotype of ts ET24 cells.
J. Biochem.
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The DBX/DDX3 Gene Complements the ts ET24 Phe-
notype—To identify what gene was mutated in ts ET24
cells, high-molecular-weight DNA of HeLa cells was
introduced into ts ET24 cells along with pSV2neor plas-
mid DNA, as a marker of transfection. Transfected cells
were cultured at 39.5°C or 33.5°C in normal medium con-
taining G418 (800 µg/ml) as a control. From the resulting
primary ts+ colonies which grew at 39.5°C, total cellular
DNA was extracted to be analyzed for the presence of
human DNA using the human-specific Alu-sequence. To
exclude any extra human DNAs that were not required
for rescuing the temperature-sensitive lethality of ts
ET24 cells, total cellular DNAs of primary ts+ transform-

ants were transfected into ts ET24 cells. Transfected cells
were incubated at 39.5°C. The resulting secondary ts+

transformant, 24H2-94, was chosen to prepare the
genomic DNA library using the λ phage vector λ-DASHII.
The genomic library of the ts+ transformant, 24H2-94
cells, was screened for the human-specific Alu-sequence.
The human DNA fragments carried by the resulting
recombinant λ phage-vectors were aligned based on the
XbaI site (Fig. 3A). They covered about 27 kb of the
human genomic DNA. The resulting human genomic DNA
fragments were then digested with EcoRI to be screened
for the DNA fragments without a human-specific Alu-
sequence (Alu-free fragments). The resulting human Alu-
free genomic DNA R0.6 (indicated by an arrow in Fig. 3A)
was used as a probe for screening the cosmid genomic
DNA library of the secondary ts+ transformant, 24H2-94.
The resulting 15 cosmid clones (A to P) were transfected
into ts ET24 cells in order to determine their ability to
rescue the temperature-sensitive lethality of ts ET24
cells. Two cosmid clones, E and J, were found to be able to
rescue the lethality of ts ET24 cells. Representative
results are shown in Fig. 4 and Table 1.

The nucleotide sequences of both ends of the cosmid J
clone (Fig. 3B, indicated by open arrows) revealed that
the obtained human genomic DNA covers a region from
the nucleotide number 67415 to the nucleotide number
105311 of the human X chromosome sequence (Genbank
Accession No. AL391647). This region encodes the
DEAD-Box X isoform (DBX/DDX3) (4, 5) (Fig. 3B, DBX)
and the unknown mRNA (cDNA deposited as
DKFZp566MO51) (Fig. 3B, indicated by a closed arrow).
Analysis of the deposited human genomic sequence
revealed that the DBX gene possesses restriction enzyme
sites of ClaI, SplI, AatII and XhoI, as indicated in Fig. 3B.

Digestion of the human DNA inserted into the cosmid
J clone with SplI, AatII and XhoI, but not ClaI, was found
to destroy the ability of the cosmid J clone to rescue the
lethality of ts ET24 cells (Fig. 3B, ts+ complementation).
Thus, the DBX gene was shown to be required for comple-
menting the ts ET24 mutation. Consistent with this find-
ing, human DBX cDNA amplified from the poly A+ RNA
of human HeLa cells, as shown in Fig. 5A, rescued the
temperature-sensitive lethality of ts ET24 cells (Fig. 4,
DBX cDNA, Table 1a).

The Hamster DBX Gene of ts ET24 Cells Contains a
Single-Point Mutation Responsible for the ts Phenotype—
To determine whether ts ET24 cells contain a mutation
in the hamster DBX gene, we isolated a series of hamster

Table 1. Rescue of mutant ts ET24 phenotype by DNA transfection.

*The N-terminal 0.8-kb fragment derived from the wild-type DBX cDNA (wt) was
fused in-frame with the C-terminal 1.2-kb fragment derived from the mutant-type
DBX cDNA (mt). **Mutant-type DBX cDNA (mt-mt).

Transfected DNA Number of colonies per dish
ts+ hygror neor

a. Cosmid J 126.0 ± 4.8 – 133.3 ± 26.6
Human DBX cDNA 68.0 ± 34.4 29.5 ± 11.5 –
pSV2 neo 0.0 ± 0.0 – 9.1 ± 4.6

b. Human DBX cDNA 44.6 ± 22.9 75.5 ± 22.5
Hamster DBX cDNA (wt-mt*) 10.8 ± 2.6 90.5 ± 22.1
Hamster DBX cDNA (mt-mt**) 0.0 ± 0.0 54.0 ± 0
pcDEBD vector 0.3 ± 0.7 58.3 ± 15.4

Fig. 4. Complementation of ts ET24 mutation by human DBX
genomic and cDNA clones. ts ET24 cells (2 × 105 cells/100-mm
dish) were transfected with the plasmid pSV2neor, super COS J
(carrying the human DBX genomic DNA) and the pCDEB∆-human
DBX cDNA, using the calcium phosphate co-precipitation method.
Transfected cells were incubated at 33.5°C for 18 h, washed with
TD, and incubated for a further 48 h at 33.5°C, cultured at 39.5°C
for about two weeks and stained with crystal violet, as described (19).
Vol. 134, No. 1, 2003
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DBX cDNA fragments from the cDNA library of wt
BHK21 cells using human DBX cDNA as a probe. The
resulting hamster DBX cDNA revealed that the amino
acid sequence of hamster DBX (deposited as Genbank
Accession No. AB080116) is 98.3% identical to that of
human DBX (Fig. 5B). According to the nucleotide
sequence of hamster DBX cDNA, the poly A+ RNAs of ts
ET24 cells were amplified using two sets of primers, as
shown in Fig. 5A. The resulting two cDNA fragments
were sequenced. Of 1,989 base-pairs of the hamster DBX
ORF, only one base substitution was identified: a C → T
transition at the first position of codon 267, converting
proline to serine (Fig. 5B, indicated by a red letter). The
genomic DNA of ts ET24 cells, which had been amplified
by PCR, was proven to contain the same nucleotide
change as the cDNA (data not shown).

Finally, the N-terminal 0.8-kb fragment of the wt
BHK21 DBX cDNA (wt), was replaced with that of the ts
ET24 DBX cDNA (mt), which contains the ts ET24 muta-
tion site, in order to confirm that the C-terminal half of
the ts ET24 DBX cDNA has no mutation. The resulting

recombinant hamster DBX cDNA clone (wt-mt) was
inserted into the vector pcDEB∆ containing the hygromy-
cine-resistance gene (hygror), then transfected into ts
ET24 cells (Table 1b). As a control, human DBX cDNA
and mutated hamster DBX cDNA (mt-mt) were trans-
fected on the same vector into ts ET24 cells. While the
number of hygror colonies was comparable in all the
transformation assays, the hamster DBX cDNA (wt-mt),
but not the hamster mutated DBX (mt-mt) cDNA, res-
cued the temperature-sensitive lethality of ts ET24 cells,
similar to human DBX cDNA.

Both mutated and wild-type hamster DBX genes res-
cued the cold-sensitive lethality of S. cerevisiae ded1-21
(22) (data not shown). Thus. the hamster DBX is a func-
tional homologue of S. cerevisiae Ded1p. This result also
indicated that mutated hamster DBX of ts ET24 cells was
functional at the lower temperature, 14°C.

DBX Is Not Involved in General Protein Synthesis—
The DBX mutation of the ts ET24 cell line is localized
between Motif 1 and Motif 1a of the DEAD-box RNA hel-
icase family (Fig. 5B) (7). Such a mutation has not been

Fig. 5. Single point mutation in hamster DBX cDNA. A: Human
and hamster DBX cDNA was amplified using the two sets of nucle-
otide primers indicated by open arrows. The resulting cDNA frag-
ments were fused in-frame to construct the full-length cDNA. The
closed arrow in the hamster DBX gene indicates the mutation site of
the ts ET24 cell line. B: Alignment of the amino acid sequence of
hamster DBX, Xenopus An3 and S. cerevisiae Ded1p. The position of
the motif shown in blue letters is according to Tanner and Linder
(7). The position of the mutated amino acids in ts ET24 cells is
shown in red letters.
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previously reported. S. cerevisiae ded1 mutants, which
have amino acid substitutions of either glycine108 →
asparagine and glycine494 → asparagine (ded1-120) or
glycine368 → asparagine (ded1-199), have been reported
to be defective in general protein translation (10). In con-
trast, total protein synthesis is less strongly affected in S.
pombe ded1 mutants (23).

With this in mind, we addressed the question of
whether protein synthesis in ts ET24 cells is affected by
the mutation. Series of exponentially growing cultures of
wt BHK21 and ts ET24 cells were prepared at 33.5°C and
then incubated at 39.5°C. Cultures were pulse-labeled for
1 h with [35S]methionine at the indicated time after the
temperature shift to 39.5°C (Fig. 6A). Total protein syn-
thesis of ts ET24 cells was not reduced at 39.5°C com-
pared to that at 33.5°C (Fig. 6A, 33.5°C), although it was
lower than that of wt BHK21 cells incubated at 39.5°C
(Fig. 6A, 39.5°C). These results may reflect the fact that
the growth rate of ts ET 24 cells was strongly reduced at
39.5°C, while ts ET24 cells themselves proliferated for at
least 3 days (Fig. 1).

To confirm the effect of the ts ET24 mutation of DBX
on protein translation, we analyzed the polyribosome
profile on sucrose density gradients, since this profile has
been reported to be affected in S. cerevisiae ded1 mutants
(10). Cultures of ts ET24 cells and ts+ transformants of ts
ET24 cells were incubated at 33.5°C or 39.5°C for 17 h,
then the polyribosome profile was analyzed. After incu-
bation at 39.5°C for 17 h, the peaks of 40S seemed to
increase in ts ET24 cells, when compared to ts+ cells, but
no significant accumulation of 80S monosomes was
observed (Fig. 6B, a). These results are consistent with
the finding that the ability of protein synthesis was not
reduced in ts ET24 cells by incubation at 39.5°C (Fig. 6A).
In contrast to previous reports (10), the above findings
indicated that DBX is not involved in protein translation.
To confirm this, the distribution of DBX within polyribos-
omes was determined using human 293 cells. As
expected, DBX proteins were not localized in polyribos-
ome fractions, while components of 40S and 60S ribosome
subunits were observed in polyribosome fractions under
the same experimental conditions (Fig. 6B, b). DBX, thus,

Fig. 6. General protein syn-
thesis in ts ET24 and wild-
type BHK21 cells. (A) Series
of exponentially growing cul-
tures of ts ET24 (open bars)
and wild-type BHK21 cells
(closed bars) (1 × 105 cells per
20-mm dish) were prepared at
33.5°C, then incubated at
39.5°C. At the indicated time
(h), cells were washed with TD,
fed with methionine-free DME
medium containing 20 µCi/ml
of [35S]methionine, and then in-
cubated for 1 h. After labeling,
cells were washed with TD and
the total radioactivity incorpo-
rated into the acid-insoluble
material (on the ordinate) was
measured, as described in “EX-
PERIMENTAL PROCEDURES.” Error bars (standard deviation) from trip-
licate samples are shown. B: Polyribosome profile of ts ET24 cells, ts+

transformants of ts ET24 and HeLa 293 cells. (a) Cultures of ts ET24
cells (ET24) and ts+ transformants (ts+ ET24), which has been trans-
formed to the ts+ phenotype by hamster DBX cDNA carried on
pcDEB∆ vector, were seeded at 2 × 106/150-mm dish, then incubated
at either 33.5°C or 39.5°C for 17 h. After incubation, a post-nuclear
supernatant was centrifuged through a 35-ml column of 15 to 45% su-
crose gradient. A254 was continuously monitored, and fractions were
collected from the bottom to the top of the sucrose gradient. The posi-
tions of 40S, 60S, 80S and polysome are shown at the bottom of the
panels. (b) A post-nuclear supernatant of human 293 cells was pre-
pared and the polyribosome profile was analyzed in a 35-ml column of
15 to 45% sucrose gradient. A254 was continuously monitored, and
fractions were collected from the bottom to the top of the sucrose gra-
dient, as above. An aliquot of 3 ml of every two fractions was analyzed
by immunoblotting using antibodies against DBX, S6 of 40S ribosome,
or L28 of 60S ribosome, as indicated.
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may not be directly involved in protein translation in
mammalian cells.

Amount of Cyclin A Decreased in ts ET24 Cells at
39.5°C—It is noticeable that S. pombe ded1 mutants
were isolated as cell-cycle mutants defective in cdc2
activity (23, 24). In S. pombe ded1-1D5, translation of the
B-type cyclins Cig2 and Cdc13 was reduced at the non-
permissive temperature, while total protein synthesis
was not affected (23). According to these previous reports,
the cellular amounts of cyclins A and B were examined in
ts ET24 cells at both 33.5°C and 39.5°C. Although the
amount of cyclin B, cyclin D1 and α-tubulin were not
reduced, that of cyclin A was reduced after incubation at
39.5°C for 4 h in ts ET24 cells, however, no reduction of
cyclins was seen in wt BHK21 cells or in ts+ transform-
ants of ts ET24 cells (Fig. 7A). To examine whether the
reduction in cyclin A was due to the defect in protein syn-
thesis, series of cultures of ts ET24 cells and, as controls,
wt BHK21 cells and ts+ transformants, were incubated at
39.5°C. Every 4 h, cells were pulse-labeled for 1.5 h with
[35S]methionine after the temperature shift to 39.5°C. As
shown in Fig. 7C, the production of both cyclin A and cyc-
lin B was apparently reduced after incubation at 39.5°C
for 4 h in ts ET24 cells, but not in wt BHK21 cells or in ts+

transformants of ts ET24 cells (Fig. 7C, compare * band
with cyclin A or cyclin B).

The reduction of cellular amount of cyclin A, but not
cyclin B, may reflect their stability, since a cellular
amount of cyclin A, but not cyclin B, was reduced within 4
h after the addition of a protein-synthesis inhibitor,
cycloheximide (10 µg/ml), in wt BHK21 cells (Fig. 7B).

The amount of cyclin A mRNA decreased in ts ET24
cells at 39.5°C—Xenopus An3 which is homologus to
mammalian DBX, has been identified as a protein bind-
ing to Crm1, which functions for nuclear protein export
depending on Ran (12, 13). In this context, we examined
the localization of mRNA in ts ET24 cells by in situ
hybridization using the oligo-dT probe (Fig. 8A, mRNA).
As expected, mRNA accumulated in the nucleus of ts
ET24 cells at 39.5°C (Fig. 8A, compare 0 h with others).
Such nuclear accumulation of mRNA in ts ET24 cells
became apparent after incubation for 17 h. In contrast,
no nuclear accumulation of mRNA was observed after
incubation at 39.5°C for 17 h in wt BHK21 cells (Fig. 8A,
wild-type BHK21, 17 h). The poly A-tailed mRNA con-
tains the cap-structure (11). In this regard, the endog-
enous eIF4E, a cap-binding protein (11), was stained in ts
ET24 cells (Fig. 8B). The eIF4E proteins were accumu-
lated in the nucleus of ts ET24 cells after incubation at
39.5°C for 17 h, but not at 33.5°C. There was no nuclear
accumulation of eIF4E in wild-type BHK21 cells (data
not shown).

Although the observed nuclear accumulation of mRNA
was not rapid compared with the reduction of cyclin A
and B production (Fig. 7C), it raised the question of
whether a particular group of mRNAs encoding proteins

Fig. 7. Decrease of cyclin A and cyclin B mRNAs in ts ET24
cells during incubation at 39.5°C. A: Series of cultures of ts
ET24, wt BHK21 and ts+ transformed cells exponentially growing
at 33.5°C were incubated at 39.5°C. Every 4 h, total cellular
extracts were prepared for Western blotting analysis as described in
Experimental Procedures. The extracts were analyzed by immunob-
lotting with the antibodies against cyclin A1, cyclin B1, cyclin D1
and α-tubulin. The positions of these proteins are indicated by
arrows. B: Exponentially growing cultures of wt BHK21 cells were
incubated in the presence of 10 µg/ml of cycloheximide at 33.5°C. At
the indicated time, total cell-extracts were prepared and analyzed
for the presence of cyclin A and B1 by immunoblotting with the
antibodies against cyclin A and cyclin B1. C: Series of cultures of ts
ET24, BHK21 and ts+ transformed cells exponentially growing at
33.5°C were incubated at 39.5°C. Every 4 h, [35S]methionine (50
µCi/ml) was added to cultures for 1.5 h. Cells were collected and
processed for immunoprecipitation using anti-cyclin antibodies.
Immunoprecipitates were run on SDS polyacrylamide gel, and the
dried gel was exposed to an image film in a Fuji image analyzer. The
positions of cyclin A and cyclin B are indicated by arrows. The aster-
isk shows an internal control protein which appeared in the back-
ground. D: Exponentially growing cultures of ts ET24 and wt
BHK21 cells (5 × 106 cells) were prepared at 33.5°C, and half of each
culture was incubated at 39.5°C. Every 4 h, cells were collected, fro-
zen at –80°C, then completely lysed by use of a lysis buffer [50 mM
NaCl, 0.3 M sucrose, 50 mM Tris-Cl (pH 7.5), 1 mM EDTA, 0.1%
NP40, and RNase inhibitor (80 U/ml)]. The extracts were kept on
ice for 10 min, then centrifuged at 3000 ×g for 5 min. Nuclear RNA
was isolated with triazol solution (Invitrogen, Carlsbad CA) as rec-
ommended by the supplier and ethanol precipitation. Twenty
micrograms of nuclear RNA was electrophoresed and transferred
onto a nylon membrane. Northern blotting analysis was carried out
using human cyclin A and mouse GAPDH cDNA as probes.
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such as cyclin A and B might be rapidly accumulated in
the nucleus, resulting in the inhibition of mRNA transla-
tion. To address this question, series of exponentially
growing cultures of ts ET24 cells, wt BHK21 cells and ts+

transformants of ts ET24 cells were prepared at 33.5°C,
and then half of cultures were incubated at 39.5°C. The
total amount of cyclin A and cyclin B mRNAs was appar-
ently reduced in ts ET24 cells, but not in the other cells
(data not shown), after incubation for 17 h at 39.5°C.
Taken with the nuclear accumulation of mRNA at 39.5°C,
this result suggested that both cyclin A and cyclin B
mRNAs might become unstable due to the nuclear accu-
mulation. To confirm this, series of exponentially growing
cultures of ts ET24 cells and, as a control, wt BHK21
cells, were prepared and then a half of cultures was incu-
bated at 39.5°C. Every 4 h, cells were collected, and their
cytoplasmic and nuclear fractions were separated. Total
RNAs were extracted from each fraction and analyzed for
the presence of mRNAs encoding cyclin A, and as a con-
trol, GAPDH, using as probes, cyclin A and GAPDH
cDNA clones. The amount of mRNAs encoding cyclin A,

but not GAPDH, was reduced in both cytoplasmic and
nuclear fractions of ts ET24 cells after incubation at
39.5°C for 4 h. A representative result of nuclear cyclin A
mRNA is shown in Fig. 7D (ET24). No reduction of cyclin
A mRNA was seen in wt BHK21 cells at 39.5°C (Fig. 7D,
BHK21).

DISCUSSION

Isolation of Somatic ts Mutants—Conditional muta-
tions, particularly temperature-sensitive mutations, are
the main avenue employed to clarify the cellular function
of genes in yeast, as well as in mammalian cells. In con-
trast to yeast, the isolation of mammalian ts mutants
and the identification of their mutated genes have been
both laborious and time-consuming. Recently, the nucle-
otide sequences of the human genome and cDNAs have
been almost completely determined and made available.
Therefore, the partial sequence of the obtained human
genomic DNA fragment that rescues the lethality of ts
mutants was able to reveal the gene(s) carried on the iso-

Fig. 8. Nuclear accumulation of mRNA
and eIF4E in ts ET24 cells at 39.5°C. A:
(a) A series of cultures of ts ET24 cells
exponentially growing on coverslips at
33.5°C was incubated at 39.5°C. After incu-
bation at 39.5°C for the indicated time (h),
cells were processed for FISH as described
in Experimental Procedures by using oligo-
dT as a probe. As a control, ts ET24 cells
growing at 33.5°C were also processed for
FISH. Scale bar, 10 µm. (b) Half of the cul-
tures of wt BHK21 cells exponentially
growing on coverslips at 33.5°C were incu-
bated at 39.5°C for 17 h. Cells incubated at
33.5°C or 39.5°C were then processed for
FISH. Scale bar, 10 µm. B: Half of the cul-
tures of ts ET24 cells exponentially grow-
ing on coverslips at 33.5°C were incubated
at 39.5°C for 17 h. Cells incubated at
33.5°C or 39.5°C were fixed and stained
with the anti-eIF4E antibody as described
in Experimental Procedures. Scale bar, 10
µm.
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lated human genomic DNA fragments, as described here.
In light of these advantages, it will be possible to quickly
identify what genes are defective in mammalian ts
mutants in the future. The problem highlighted in the
present study, is how to selectively isolate mammalian ts
mutants defective in autosomal genes. We attempted to
isolate autosomal ts mutants using benomyl, an anti-
microtubule drug. However, this was not successful. We
again obtained a lot of mutants defective in the X chro-
mosomal genes.

Mammalian DBX and Nuclear mRNA Accumulation—
The ts ET24 cell line is the first ts mutant of mammalian
cell lines defective in the DEAD-box RNA helicase, DBX.
Since the hamster DBX complemented a cold-sensitive S.
cerevisiae ded1-21, the obtained hamster DBX should be
a functional homologue of S. cerevisiae DED1. Similar to
S. pombe ded1 mutants (23), ts ET24 cells did not show
any strong inhibition of protein synthesis. Instead, they
showed the nuclear accumulation of mRNA. A cap-bind-
ing protein, eIF4E, which binds to mRNA, also accumu-
lated in the nucleus of ts ET24 cells during incubation at
39.5°C. Since eIF4E is imported into the nucleus, and
since the Xenopus DBX homologue, An3, is exported to
the cytoplasm with the aid of the Ran cycle, the cellular
localization of the other proteins involved in the Ran
pathway was investigated. However, the localization of
these proteins did not seem to be affected by the ts ET24
mutation (data not shown). The nuclear accumulation of
elF4 with mRNA may suggest that eIF4E forms the
eIF4F complex (the cap-binding protein complex) (11) in
the nucleus. In this regard, it is noteworthy that S. cere-
visiae DED1 is a multicopy suppressor of S. cerevisiae
cdc33 (eIF4E) and tif1 (eIF4A) (25). Even so, the nuclear
accumulation of mRNA may not be a direct effect of the ts
ET24 mutation of DBX, since it became obvious in ts
ET24 cells after incubation at 39.5°C for 17 h. This
assumtion is consistent with the previous reports. S. cer-
evisiae mutants showing nuclear accumulation have
been systematically screened (26, 27). There are no ded1
mutants among them. So far, three DEAD-Box RNA heli-
cases are reported to be involved in mRNA export. The
nuclear Mtr4p was identified in the mtr mutant screen
(28). It turned out to be one of the components of the exo-
some (29). S. cerevisiae SUB2 is another DEAD-Box RNA
helicase (8). Sub2p directly interacts with the nuclear
protein Yra1p, which is an essential export factor for
mRNA (17). The defect of SUB2 as well as its overexpres-
sion causes the nuclear accumulation of mRNA. Finally,
Dbp5 is reported to function for mRNA export by collabo-
rating with CAN/Nup159p (16, 30).

DBX in Cell Cycle Regulation—We do not yet know
why the amount of cyclin A mRNA decreased at the non-
permissive temperature. The promoter assay of cyclin A
suggested that the transcription of cyclin A seemed to be
unaffected by the mutation (data not shown). There are
no reports indicating that DBX is involved in mRNA sta-
bility, although several S. cerevisiae ded1 mutants have
been isolated. Mutant spp81-1 was isolated as an extra-
genic suppressor of prp8-1 which is defective in mRNA
splicing (31); and ded1-21 was isolated as an extragenic
suppressor of srm1-1 and mtr1, mutant alleles of PRP20,
which encodes the S. cerevisiae RCC1 homologue, the
GDP/GTP exchange factor of a small GTPase Ran (32).

The S. pombe ded1+ gene was identified as a multicopy
suppressor of a checkpoint defect (33), or of sterility (34).
Related to these reports, Ded1p is reported to interact
with Chk1 and Cdc2 in S. pombe (24), and with Srm1p/
Prp20p in S. cerevisiae (32). The interaction between
Ded1p and Chk1 would suggest that Ded1p is involved in
cell-cycle control. Consistent with this, Grallert et al. (23)
have isolated S. pombe ded1 mutants as a mutation
defective in B-cyclin function or expression of cyclin B by
two independent screens. Our present result is similar to
their report, regarding to the cell cycle specific function of
Ded1p.

The stability of cyclin A and cyclin B mRNAs is
reported to be regulated by HuR, which binds the 3′-
untranslated region of cyclin A and B1 mRNAs, forming
RNA-protein complexes in a cell-cycle dependent manner
(35). It is possible that the formation of HuR-cyclin A and
cyclin B mRNA complexes is inhibited by the ts ET24
mutation of DBX. The ts ET24 mutation of DBX thus
makes cyclin A and B mRNAs unstable, causing a delay
of entry into the S-phase. It is noticeable that the amount
of cyclin D1 increased in ts ET24 cells at 39.5°C. This
result suggests that DBX may not be involved in the sta-
bility of mRNAs encoding G1 cyclins.

The above findings together suggest that Ded1p/DBX
is a multifunctional protein. The phenotypes of ded1
mutants hitherto reported may depend on a mutated
allele. The ts ET24 cell line has a single-point mutation,
P267S, in DBX, which is localized between Motif I and
Motif Ia. The P267 is conserved from yeast to mammals.
A yeast mutant possessing the same mutation as the ts
ET24 cell line has not been reported. Probably, the muta-
tion site of DBX of ts ET24 cells is required for interac-
tion between DBX and HuR in order to stabilize cyclin A
and cyclin B mRNAs. It has been reported that S. cerevi-
siae cold-sensitive ded1-199 and ded1-120 have a defect
in translation initiation (10). In these mutants, no
nuclear accumulation of mRNA was observed, in contrast
to our present finding. Instead, a general protein transla-
tion is affected in these S. cereviae ded1 mutants (10).
The discrepancy between hamster ts ET24 cells and S.
cerevisiae ded1-199 and ded1-120 remains to be clarified.

Expression of Mammalian DBX—The wt hamster DBX
gene carried on the CMV (Cytomegalo Virus) vector,
which is used for overproduction, was not able to rescue
the temperature-sensitive phenotype of ts ET24 cells
(data not shown). Taken together with the report that the
overexpression of SUB2, which is essential for mRNA
export, causes the nuclear accumulation of mRNA (17),
the inability of hamster DBX carried on the CMV vector
to rescue the lethality of ts ET24 cells suggests that over-
expression of DBX has a detrimental effect on cell prolif-
eration. This assumption is consistent with the report
that PL10 is only expressed in male germ cells (14). PL10
is probably lethal for somatic cells due to the higher
activity of RNA helicase. In this regard, it should be
noted that human DBX has 92% sequence identity at the
protein level with human DBY (36). Human DBY has two
alternative transcripts, which differ only in the length of
3′-UTR (36). The human DBY with a long 3′-UTR, alter-
native transcript 2, is expressed ubiquitously, while the
human DBY with a short 3′-UTR, alternative transcript
1, is only expressed in the testis. The question of which
J. Biochem.
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transcript of DBY can complement ts ET24 mutation is
an interesting problem which awaits future clarification.
We think that a variability of ts+ transformation fre-
quency with DBX cDNA may reflect such a 3′-UTR prob-
lem as described above.

What is clear, however, is that the unknown function of
DBX will undoubtedly be clarified using ts ET24 cells.
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