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Human DEAD-box/RNA unwindase rck/p54 contributes to
maintenance of cell growth by affecting cell cycle in cultured cells
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Abstract. Understanding the control of gene expression in
cancer cells requires defining the molecular and cellular basis
of RNA metabolism compared with that in steady-state
normal cells. Previously, we reported evidence that human
RNA structure-modifying unwindase rck/p54, a member of
the DEAD-box family, was highly expressed in most of the
malignant cell lines tested and that this expression was linked
to malignant transformation. Here, we show that rck/p54
positively affects cell growth, probably by modulating the
gene expression at the translational level in cultured cells. In
cell growth and differentiation induced by external stimuli,
the level of rck/p54 expression was up-regulated during cell
proliferation and down-regulated during differentiation. The
down-regulation of rck/p54 in HeLa cells by RNAi induced
cell growth inhibition through cell cycle arrest at S phase.
Immunoprecipitation using anti-rck/p54 antibody in HeLa
cells demonstrated the co-precipitation of rck/p54 with eIF4E,
which is well-known to bind to the 5'cap-structure, resulting
in initiation of translation. These data suggest that rck/p54
contributes to cell growth possibly by modulating translation-
initiation control of the genes involved in the cell proliferation,
which is a newly defined mechanism leading to carcinogenesis.

Correspondence to: Dr Yukihiro Akao, Gifu International
Institute of Biotechnology, Kakamigahara, Gifu 504-0838, Japan
E-mail: yakao@giib.or.jp

Abbreviations: DEAD, single letter code of Asp-Glu-Ala-Asp;
ATP, adenosine triphosphate; RACE, rapid amplification of cDNA
ends; RT, reverse transcription; PBS, phosphate-buffered saline; FBS,
fetal bovine serum; TPA, 12-O-tetradecanoyl phorbol-13-acetate;
SDS, sodium dodecyl sulphate; FACS, fluorescence-activated flow
cytometry; CD, cell differentiation; PVDF, polyvinylidene fluoride;
HRP, horseradish peroxidase; RNAI, ribonucleic acid interference;
siRNA, small interfering RNA; UTR, untranslated region; RNP, ribo-
nucleoprotein

Key words: DEAD-box/RNA unwindase, rck/p54, translation
initiation, cell growth, cell cycle

Introduction

RNA is a biologically important molecule that is required by
all living organisms. It is involved in all aspects of gene
expression, and RNA plays important roles to ensure the
fidelity of biological reactions. Recently, it has become
increasingly clear that the structure of RNA molecules is
important for RNA-RNA, RNA-DNA and RNA-protein inter-
actions, leading directly to modification of gene expression.
In such interactions, RNA molecules can require helper
molecules to assist in the folding or refolding of polypeptide
chains. The ability to unwind folded RNAs or to modify
RNA-RNA interactions has been attributed to RNA unwindase.

RNA unwindase is an enzyme that is thought to unwind
double-stranded RNAs (dsRNAs) in an energy-dependent
fashion through the hydrolysis of NTP. They are present in
almost all organisms, ranging from bacteria and viruses to
humans. Historically, such enzymes are members of the so-
called DEAD-box family, which was named according to one
of its conserved motifs (1). After the characterization of the
DEAD box family, other related families were defined based
on divergent sequence motifs (2). At that time, the typical
eukaryotic translation initiation factor, eIF4A, which forms
part of the cap-binding complex including eIF4E, was shown
to unwind or rearrange RNA-duplex structures at the 5'-end
of eukaryote mRNA to prepare it for scanning by the small
ribosome subunit (3), and the genetic characterization of other
proteins of the DEAD-box family was in agreement with
such an RNA helicase function. These findings were further
strengthened by sequence analysis of the RNA unwindases,
which revealed conserved motifs that were shared with the
well-characterized DNA helicases (4).

Most human genetic disorders are caused by mutations
affecting the protein-coding regions of genes, e.g. missense or
frame-shift mutations within exons or introns that disrupt
pre-messenger RNA (pre-mRNA) processing. Dys-regulated
gene expression at the level of transcription is another well-
known, although less frequently encountered, mechanism in
human disease (5). Recently, mutations that cause disease
through increased or decreased efficiency of mRNA trans-
lation have been discovered as a novel mechanism of human
disease (6-8). This discovery indicates that deregulation at
the translational level through abnormal interaction with the
proteins associated with RNAs might cause human diseases.
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In higher eukaryotes, the expression of approximately 1 gene
in 10 is strongly regulated at this level. Translational control
enables a cell to increase the concentration of a protein very
rapidly and, therefore, appears to be especially suited to
regulating genes implicated in cell proliferation and damage
prevention (9). The presence of equal amounts of different
mRNA species does not necessarily ensure synthesis of
equivalent quantities of the corresponding proteins. In fact,
some mRNAs that reach the cytoplasm are not translated at
all. Thus, negative or positive control can influence the rate of
translation (9). These controls can be exerted either by global
machinery that simultaneously affects all cellular mRNAs or
by more specific mechanisms that influence individual mRNAs
or subsets of mRNAs.

The RCK gene at 1123 is juxtaposed to an immuno-
globulin heavy chain gene upon t(11;14) chromosome trans-
location, which is observed in approximately 5% of patients
with B-cell lymphoma carrying 14q32 translocations. This
gene was decapitated at its first intron, and its protein product
(rck/p54) was found to be overexpressed in RC-K8 cells
(10-12), as was c-myc of t(8;14) in Burkitt's lymphomas and
bcl-2 of t(14;18) in follicular B-cell lymphomas (13). RCK gene
transcripts of 7.5 kb were found to be expressed ubiquitously
in mouse and human tissues (12). rck/p54 exhibits ATP-
dependent RNA unwinding activity and participates in mRNA
masking and 5'-3' RNA decay (14-16).

Previously, we reported that rck/p54 was highly expressed
in the majority of malignant cell lines and human colorectal
tumors and HCV-related hepatocellular tumors (12,17,18).
Also, high expression of rck/p54 frequently accompanied the
c-myc overexpression seen in colon tumor cells; and evidence
was obtained by the use of rck/p54-overexpressing SW480
cells, supporting the contribution of rck/p54 to the stabilization
of c-myc mRNA and efficiency of c-myc translation (19). How-
ever, the enforced expression of rck/p54 in guinea pig fibro-
sarcoma cell line 104CI resulted in severe growth inhibition
and morphological change (20). Such inverse findings on
rck/p54 expression have remained an unsolved problem for
many years.

In the current study, we demonstrated that rck/p54 contri-
butes positively to cell growth, mostly by modulating the
expression of genes involved in cell proliferation at a trans-
lational level.

Materials and methods

Identification of the transcription start sites of RCK mRNA.
The 5'-end of human RCK mRNA was identified by using the
conventional 5RACE method (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's instructions. Briefly, total RNA
of various cell lines was extracted by a standard procedure,
and then RCK-specific antisense primer (5'-ATCACCAGGT
TTAATAGTGGT-3') was used to prime reverse transcription.
After the first-strand cDNA had been tailed with dATP by
terminal deoxynucleotide transferase, 2 rounds of PCR were
performed by using the nested RCK-specific primer (5'-CTG
GCCGTGCTCATGCTGTT-3"). Products were cloned into the
TA cloning vector 2.1 (Invitrogen) and sequenced.

Semi-quantitative RT-PCR. Total RNA was isolated by using an
RNAqueous-4PCR kit (Ambion, Austin, TX, USA) according

to the manufacturer's instructions. RNA samples were reverse-
transcribed by using SuperScript II RNase H-reverse tran-
scriptase (Invitrogen) and oligo(dT) primer (Invitrogen).
Prepared cDNA samples were purified by use of a PCR
Purification kit (Qiagen, Hilden, Germany) and used for
PCR. PCR was performed according to the manufacturer's
instructions. B-actin was used as an internal control. Primers
for RCK and c-myc were as follows: T-RCK forward, 5'-GG
CTGGGAAAAGCCATCT-3'; T-RCK reverse, 5'-ACCTGA
TCTTCCAATACG-3', TSS-1 forward, 5-AGAGGAGCCG
AGTTAGCTCA-3'; TSS-1 reverse, 5'-AGCTGGTTCATCT
GTTGCTG-3', TSS-2 forward, 5'-CCATTTTGGGAGCTTC
GAGT-3"; TSS-2 reverse, 5'-AGCTGGTTCATCTGTTGC
TG-3"; c-myc forward, 5'-ACATCATCATCCAGGACTG-3";
c-myc reverse, 5S'-TTTAGCTCGTTCCTCCTCTG-3'. The
PCR products were evaluated by agarose electrophoresis.
The intensity of bands for PCR products was measured by
densitometry.

Cell culture, treatment for differentiation, FACS, morpho-
logical study and cell viability. Human malignant cell lines
HL60, K562 and NB4 (myeloid leukemias), U937 (monocytic
leukemia), HeLLa (uterine cervical cancer), PC3 and LNCaP
(prostate cancer), and SW480 (colon cancer) were grown in
RPMI-1640 medium supplemented with 10% (v/v) heat-
inactivated FBS (Sigma, St. Louis, MO, USA) and 2 mM
L-glutamine under an atmosphere of 95% air and 5% CO,
at 37°C. Human peripheral blood lymphocytes from healthy
donors were collected by gravity centrifugation using Ficol-
paque (Amersham Biosciences AB, Uppsala, Sweden) and
incubated in RPMI-1640 culture medium for 8 h. Then the
cells were stimulated with concanavalin-A (Con-A, 15 ug/ml;
Sigma) for 48 h. TPA was also purchased from Sigma. Protein
kinase C inhibitors, bisindolylmaleimide I (Bis I) and Ro-32-
0432 (Ro), were purchased from Calbiochem (San Diego,
CA, USA). These inhibitors were dissolved in DMSO. FACS
analysis was performed as described previously (21). Fluor-
escein isothiocyanate (FITC)-anti-human CD38 antibody
(eBioscience, San Diego, CA, USA) was also purchased.
Briefly, the cells (5x10°) were incubated with antibodies for
30 min on ice, and then washed with PBS. They were sub-
sequently diluted with PBS, and subjected to FACS using a
FACScalibur and CellQuest software (Benton-Dickson, San
Jose, CA, USA). The number of viable cells was determined
by the trypan blue dye exclusion test.

Antibodies. Rabbit polyclonal anti-rck/p54 antibody against
N-terminal amino acids Nos.1-10 (anti-rck/p54N)(22) and C-
terminal Nos. 369-385 (anti-rck/p54C) were developed in our
laboratory (Fig. 1E). Recognition of rck/p54 protein by the
antibody was confirmed by performing an enzyme-linked
immunosorbent assay (data not shown) and Western blotting
(data not shown). Human monoclonal anti-B-actin antibody
was purchased from Sigma. Antibodies specific for Erk and
Akt and their phosphorylated forms (CellSignaling, Beverly,
MA, USA), c-myc (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and elF4E (BD Bioscience, Palo Alto, CA, USA)
were also purchased. HRP-conjugated sheep anti-mouse
immunoglobulin (Ig) and donkey anti-rabbit Ig antibodies were
obtained from Amersham Biosciences (Piscataway, NJ, USA).
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Figure 1. RCK genomic structure and identification of transcription start sites. (A) Schematic representation of the RCK genomic structure of exon 1 to exon 14.
The structure spanning exons 2-14 was determined by survey of the sequences shown in NCBI GenBank AP002954 (197215 bp). Exons (Ex) were indicated
as closed boxes. (B) Identification of multiple transcription start sites. Arrows indicate the transcription start sites. The sequences of sense primers for TSS1
(transcripts from exon la) and TSS2 (transcripts from exon 1b) are underlined. (C) The RCK gene has 2 major transcription start sites in U937 cells. PCR
products from exons la (552 bp) and 1b (492 bp) are shown by 2% gel electrophoresis. (D) Relative usage of the 2 alternative exons in the cell lines tested.
The usage was evaluated by the intensity of the bands of the PCR products. (E) Targeted amino-acid sequences used for generating rabbit polyclonal anti-

rck/p54 antibodies are underlined.

Western blotting. The cells were homogenized in chilled lysis
buffer comprising 10 mM Tris-HCI (pH 7.4), 1% NP-40,0.1%
deoxycholic acid, 0.1% SDS, 150 mM NaCl, 1 mM EDTA and
1% Protease Inhibitor Cocktail (Sigma) and stood for 30 min
on ice. After centrifugation at 14,000 rpm for 20 min at 4°C, the
supernatants were collected as protein samples. Protein contents
were measured with a DC Protein assay kit (BioRad, Hercules,
CA, USA). One microgram of lysate protein for Western blot
of rck/p54 or elF4E was separated by SDS-PAGE using a
12% polyacrylamide gel and electroblotted onto a PVDF
membrane (Du Pont, Boston, MA). After blockage of non-
specific binding sites for 1 h with 5% non-fat milk in PBS
containing 0.1% Tween-20, the membrane was incubated over-
night at 4°C with anti-human rck/p54N antibody. For Western
blotting of c-myc, Akt, Erk and their phosphorylated forms,
10 pg of lysate protein was used. The membranes were
then washed 3 times with PBS containing 0.1% Tween-20,
incubated further with HRP-conjugated sheep anti-mouse
or donkey anti-rabbit Ig antibody (Amersham) at room
temperature, and then washed 3 times with PBS containing
0.1% Tween-20. The immunoblots were visualized by use of

an enhanced chemiluminescence detection kit (New England
Biolabs, Beverly, MA, USA).

Knockdown of RCK in HeLa cells by RNAi. HeLa cells were
seeded in a 6-well plate at a concentration of 1-2x10/well
(30-40% confluence) on the day before transfection. The
potential siRNA target sequences were found on RCK by use
of a siRNA Designer computer system (Invitrogen). An siRNA
for targeting RCK mRNAs was obtained from Invitrogen. The
target sequence for siRNA was 5-AACAGATGAACCAGC
TGAAAA-3'. The siRNAs were used to transfect the cells
(80 nM in a well) by using cationic liposomes TransIT-TKO
(Mirus Bio Co., Madison, WI, USA) according to the manu-
facturer's Lipofection protocol.

The transfection efficiency was evaluated by the trans-
fection of HeLa cells with a duplex siRNA-FITC and the
expression of interferon-induced OAS-1 mRNA was examined
by RT-PCR using 5'-CGATGTGCTGCCTGCCTTTGAT
GC-3' (sense) and 5-GTCTCCACCACCCAAGTTTCCTGT-3'
(antisense) as primers. Non-specific control duplex (NS, 57%
GC content; Dharmacon, Lafayette, CO, USA) was used as
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a control for non-specific effects. The evaluation of RNAi for
RCK was assayed at 36 h after transfection by Western blot
and RT-PCR analyses.

Cell-cycle analysis. After culture for 36 h, cells were trypsinized
and washed twice in ice-cold PBS. The cell pellets were
resuspended in 300 u1 of 1% FBS/PBS and fixed for 15 min at
4°C by the addition of 700 u1 of 100% ethanol. The fixed cells
were washed and resuspended in 500 pl of PBS containing
2.5 ul of RNase. The cells were incubated at 37°C for 15 min,
and DNA content was determined by the addition of 50 ul
propidium iodide (Sigma). Cell-cycle analysis was performed
by FACS using a FACScalibur and CellQuest software
(Becton-Dickson).

Immunoprecipitation. The experiments were performed by
using non-treated HeLa cells and rabbit anti-rck/p54C and
mouse anti-eIF4E antibody (BD Bioscience). Cell lysates
were incubated for 4 h at 4°C, with gentle mixing, with protein
A-Sepharose beads (50 pl) and anti-rabbit or anti-mouse
immunoglobulin heavy chain G (IgG) antibodies (Sigma). The
cell lysates were centrifuged, and the supernatant was in-
cubated with 0.5 pl of anti-rck/p54C or anti-eIF4E antibody
for 2 h at 4°C, prior to addition of 50 pl1 of the anti-IgG-coated
protein A-Sepharose beads. Incubation was then continued
for 4 h at 4°C. The beads were washed in 3x1 ml of buffer
(50 mM Tris-HCI, 150 mM NaCl, 0.1% Nonidet P40, 0.5%
sodium deoxycholate). A 10-20 u1 aliquot of each sample was
separated SDS-PAGE, and the proteins that had bound to the
beads ware detected by Western blot analysis.

Results

RCK genomic structure and identification of the transcription
start sites. We characterized the RCK promoter region in detail
by the use of 5SRACE (Fig. 1A and B) and constructed the
partial genomic structure (Fig. 1A). The nucleotide sequence
of the promoter region and possible multiple transcription start
sites were determined as shown in Fig. 1B and C. The RCK
gene showed 2 major transcription start sites, in exons la and
1b, in HL60 and U937 cells. We designated the long tran-
scription product from exon la as TSS1 and the shorter one
from exon 1b as TSS2. The relative usage of the 2 alternative
transcription start sites is shown in Fig. 1D. Deviation of usage
of these 2 major transcription sites existed and depended on
the cell lines tested. However, the major transcripts in most
of the cell lines were those from exon 1b.

The gene structure of exons 1-14 corresponding to the
5' terminal 4.1 kb of RCK cDNA was determined by referring
to NCBI GenBank AP002954 (Fig. 1A). Exons 1-14 spanned
~43 kb of the genome (12).

rck/ip54 expression levels during cell growth and differentiation.
To examine the expression of rck/p54 in cells, we developed
2 kinds of polyclonal antibodies against rck/p54 protein. The
amino-acid sequences used as immunogens are shown in
Fig. 1E. The antibodies reacted with recombinant rck/p54
and the bands for rck/p54 protein detected by the antibodies
on Western blots were almost totally missing when antisera
were preincubated with the respective immunogens (data not
shown) (14).
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Figure 2. Changes in the expression levels of rck/p54 after treatment of human
blood peripheral blood lymphocytes (PBL) with concanavalin-A (Con-A).
(A), Cell growth of PBL after the treatment with Con-A (15 pg/ml). Data
represent the mean + SD of 3 different experiments each carried out in
duplicate. The treatment was started after 8 h of incubation of the cells in
culture medium. The starting cell number was 3x10%/ml. (B), Western blot
analysis of rck/p54 and other proteins (left panel) and RT-PCR of T-RCK,
TSS1 and TSS2 (RCKs, right panel). The anti-rck/p54N was used for
Western blot analysis. The expression of c-myc, pErk and pAkt proteins was
also monitored. TSS1 corresponds to an RCK transcript from exon la; and
TSS2, to one from exon 1b. T-RCK indicates the total amount of RCK trans-
cripts. The expression of c-myc transcripts was also examined. The samples
were collected at the indicated times. B-actin was used as an internal control.

Next we examined the expression levels of rck/p54 during
cell proliferation and differentiation to decipher the role of rck/
p54 in cell growth. Examination of peripheral blood lympho-
cytes stimulated with Con-A indicated that the expression
level of rck/p54 gradually increased up to 48 h after the
addition of the mitogen, which almost paralleled the change
in cell number of the growth curve (Fig. 2). The level of T-
RCK, which represents the total mRNA levels of RCK, also
paralleled those of the protein expression; however, the increase
in the ratio of TSS1 (transcripts from exon 1a) to T-RCK was
greater than that in the ratio of TSS2 (transcripts from exon
1b) to T-RCK. The levels of c-myc mRNA and protein, which
we previously reported to be high when rck/p54 expression
was high (19), were similar to those of rck/p54 and T-RCK.
We also monitored the levels of p-Erk and p-Akt as markers
for cell proliferation and survival. The levels of c-myc and
pAkt gradually increased along with the increase in the
rck/p54 level, whereas the level of pErk increased transiently
at 3 h. These results indicate that rck/p54 functions positively
for cell proliferation in response to a mitogenic factor.

To further examine the role of rck/p54 in cell growth, we
monitored the expression level of rck/p54 during differ-
entiation induced by the treatment with a protein kinase C
(PKC) stimulator, TPA, which is an inducer of differentiation.
As shown in Fig. 3A, the number of viable cells was decreased
even at 6 h, and then the expression of differentiation surface
marker CD38 was detected at 24 h (Fig. 3B). After 24 h, some
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Figure 3. Changes in the expression levels of rck/p54 after treatment of U937 cells with TPA. (A) Cell growth after treatment with TPA (100 ng/ml). The
starting cell number was 2x105/ml. Data represent the mean + SD of 3 different experiments, each carried out in duplicate. (B) Expression of the
differentiation marker, CD38, at 24 h after the addition of TPA, as examined by FACS. (C) Western blot analysis of rck/p54 (left panel) and RT-PCR of
RCKs (right panel). The anti-rck/p54N was used for Western blot analysis. The expression of c-myc, pErk and pAkt proteins was also monitored. The
samples were collected at the indicated times. (D) The lowering of rck/p54 expression by TPA was canceled by PKC inhibitors. The inhibitors were co-
incubated with TPA at the indicated concentrations. Anti-rck/p54N was used for Western blot analysis. 3-actin was used as an internal control. Cells cultured
in the presence of 0.05% DMSO were used as a control (C). Bis I, bisindolylmaleimide I; Ro, Ro-32-0432.

of the floating cells were attached to the plate; and apoptotic
cells were seen (data not shown). The expression of c-myc
and pAkt was also decreased in response to TPA treatment at
6 h. rck/p54 and T-RCK levels were eventually decreased at
48 h after treatment with fluctuation of the levels, as well as
TSS1 and TSS2 during 6-24 h (Fig. 3C). Co-incubation with
PKC inhibitors such as Bis I and Ro clearly canceled the effect
of TPA on the rck/p54 expression at 48 h (Fig. 3D). The levels
of expression were recovered in a concentration-dependent
manner. At the same time, the PKC activity and number of
viable cells in the presence of the PKC inhibitor recovered
almost to those for the control (data not shown).

RCK gene silencing by RNAi. In order to confirm a role for
rck/p54 in cell growth, we inactivated RCK expression in HeLa
cells by using RNAIi. The treatment with siRNA for RCK
induced significant growth inhibition in HeLa cells, as shown
in Fig. 4. The efficiency of transfection, as determined from
the control siRNA-fluorescence, was >90% (data not shown).
Apparently, in RCK siRNA-treated wells, the viable cell
number was decreased to ~50%, compared with that in the
control (lipofection buffer-treated cells) at 36 h after the
transfection (Fig. 4A). Although the growth of non-specific

(NS) siRNA-treated cells was slightly suppressed after the
transfection, the efficacy of RCK RNAi was significant.
Concurrently, the level of rck/p54 protein in siRNA-treated
cells was reduced, compared with that in control cells or non-
specific siRNA-treated cells, as found by Western blot analysis
(Fig. 4B, upper panel). Moreover, the level of T-RCK also
declined after the transfection in a manner almost parallel to
that in the protein level (Fig. 4B, lower panel). Notably, cell-
cycle analysis at 36 h after transfection revealed a typical S
arrest pattern in siRNA-treated cells (Fig. 4C). Moreover, the
level of c-myc which promotes cell cycle was considerably
decreased in siRNA-treated cells. These results, like the above
ones, indicate that rck/p54 contributed to the maintenance of
cell growth and that the growth inhibition by RNAi was due
to perturbed cell cycle.

rck/p54 interacts with elF4E. The results from the RCK gene
silencing of HeLa cells suggested that down-regulated rck/
p54 may induce a deregulation of translation-initiation control,
leading to cell growth inhibition, possibly by perturbation of
expression of genes involved in the cell cycle. On the basis
of a large amount of experimental data, one of the eukaryotic
translation initiation factors, eIF4A, which forms part of the
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was performed at 24 h after inoculating cells into the culture dishes (1x10%/ml). Data represent the mean + SD of 3 different experiments, each carried out in
duplicate. (B) Western blot and RT-PCR analyses of RCK. The anti-rck/p54N was used for Western blot analysis. RT-PCR of T-RCK. Lane contents are the
same as in the upper panel. 3-actin was used as an internal control. (C) Cell-cycle analysis of control or siRNA-treated cells by FACS. The percentage of cells
in each phase is indicated: (I) cells incubated in the medium containing transfection buffer; (II) cells treated with non-specific control duplex; (III) cells
treated with siRNA-1 of RCK. The experiment was performed at 36 h after transfection. Data representative of those from 3 independent experiments are
shown.
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Figure 5. Immunoprecipitation of rck/p54 or eIF4E from lysates of HeLa cells by using anti-rck/p54C or anti-eIF4E antibody. The cell lysates were firstly
absorbed with rabbit or mouse anti-IgG coated protein A-Sepharose beads. rck/p54-specific immunoprecipitates (IP) (left panel) and eIF4E-specific IP (right
panel) from cell lysates were analyzed by Western blotting using either antibody. For a negative control, we also performed immunoprecipitation with
preimmune-serum (x3,000). The antibodies used for immunoprecipitation and Western blot analyses are indicated. In the first lane of each blot, cell lysate (-)
was applied. IP sample, +; NC, negative control. In Western blot of rck/p54 using the sample of rck/p54-specific IP, rabbit anti-rck/p54C antibody reacted with its
IgG (~50 kb), and detected the form of proteolytic rck/p54 (27 kb), which was also seen in rck/p54-specific IP.

cap-binding complex including eIF4E, is known to unwind or ~ enhancing decapping (24). In order to confirm the association
rearrange RNA-duplex structures at the 5'-end of eukaryote  of rck/p54 with the eIF4E, we performed immunoprecipitation
mRNA to prepare it for scanning by the small ribosome subunit  using anti-rck/p54C antibody or anti-eIF4E antibody and non-
(23). In addition, rck/p54 is known to repress translation by  treated HeLa cells. As shown in Fig. 5, rck/p54 was clearly
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demonstrated to be co-precipitated with eIF4E and, conversely,
elF4E with rck/p54.

Discussion

So far, we have consistently reported data showing that high
expression of rck/p54, a human DEAD-box/RNA unwindase,
is associated with malignant transformation, especially by
contributing to enhancement of potentiality for carcinogenesis
by the deregulation of translation initiation control (12,14,17-
19,25). In the present study, we demonstrated that rck/p54
plays a role in the maintenance of cell growth probably by
modulating the expression of genes involved in cell prolifer-
ation at the translation-initiation step, which is in line with
the facts that rck/p54 has been verified as an RNA unwindase
(14), its homologues have been reported to be associated with
translational control (15,24,25) and, in the current study, rck/
p54 interacted with eIF4E.

Our results on the RCK genomic structure and the charac-
teristics of the transcription start sites and their possible
promoter region showed that the TSS2 transcript, originating
from exon 1b, was the major one. TSS1, the longer transcript
from exon la, may function as a reservoir, because the change
in the ratio of TSS1 to T-RCK was greater than that in the
ratio of TSS2 to T-RCK in response to growth or differentiation
stimuli. It is certain that variation in their usage in response
to various external stimuli exists. In the tumor cell lines tested,
the TSS1 transcript may be relatively more prevalent in the
cell lines having a higher growth rate, such as U937, K562,
SW480, and PC3 cells, than in those having a lower growth
rate, such as HL60, NB4 and LNCaP (Fig. 1E). Based on the
nucleotide sequence of the possible promoter region, there
was only 1 SP1 binding site in the upstream of exon 1b,
whereas there were several E2F and AP1 binding sites in
the upstream of exon la. Therefore, TSS1 would be more
responsive to external stimuli, whereas TSS2 may be constit-
utively generated. Further detailed functional studies are
needed for better understanding of the significance of these
differences.

The RNA metabolism processes include, among others,
pre-mRNA splicing, ribosome biogenesis, mRNA export,
translation initiation, organellar gene expression and RNA
decay. DEAD-box proteins are known to be associated with
all processes of RNA metabolism (26). They probably serve
as links or control elements for such processes. rck/p54
belongs to the RNA helicase SF2/DDX6 subfamily, which is
highly conserved from trypanonosomes to humans (15). This
subfamily includes Xenopus Xp54 (27), Drosophilla Me31B
(28), C. elegans Chh-1 (29) and Saccharomyces cerevisisae
Dhh-1 (24). Members of the DEAD-box superfamily are
involved in a variety of cellular processes, including splicing,
ribosome biosynthesis, RNA transport, translation initiation
and RNA decay.

Xenopus Xp54, an integral component of stored mRNP in
oocytes, is present at constant levels throughout oogenesis
(27). This RNA helicase was shown to possess ATP-dependent
duplex unwinding activity, to be a shuttling protein implicated
in the nuclear assembly of stored mRNP particles and, further,
to repress translation 3- to 5-fold; however, mutations in its
DEAD and HRIGR helicase motifs activated translation to a

3- to 4-fold greater extent relative to the control (30). Further-
more, the Drosophilla homologue, Me31B, participates in the
translational silencing of oscar and BicD mRNAs in oocytes
(28), whereas yeast Dhhl enhances decapping and interacts
with both the decapping and deadenylase complexes in discrete
cytoplasmic processing bodies (24). Collectively, these findings
indicate that the conserved role of this RNA helicase family is
down-regulating mRNA expression mainly by decapping at
the level of eIF4E interaction, in which the cap-binding
protein upon oligomerization is addressed to the 5' cap structure.

So far, in our examination of the expression of rck/p54 in
malignant cell lines, all the cell lines tested expressed a large
amount of rck/p54, even the malignant cell lines that originated
from the tissues in which rck/p54 was shown to be poorly
expressed (12). However, genomic aberrations such as point
mutation, amplification and deletion specific to RCK were
not observed in cancers. In typical induction systems of
differentiation using TPA to treat hematopoietic tumor cell
line U937, the level of rck/p54 expression was decreased
during differentiation and almost paralleled the changes in
the levels of c-myc and pAkt, which quickly respond to
growth and survival signals. Such findings were also observed
during differentiation induced by dibutyryl cyclic AMP in
HL60 cells (data not shown). RNAi of RCK in HeLa cells
induced significant growth inhibition with S arrest and down-
regulation of c-myc (31). Thus, rck/p54 appears to be necessary
for maintaining cell growth, even in quick response to
external growth stimuli, but not for gene expression directed
toward cell differentiation. Based on these findings, we could
not conclude that rck/p54 functions only as a translational
repressor in cancer cells. According to the effect of rck/p54 on
the cell cycle, it was reported that Saccharomyces cerevisisae
Dhhl modulated mRNA metabolism in the recovery from
G1/S cell-cycle arrest following DNA damage (32).

Minshall er al already reported the interaction of Xp54
with eIF4E in Xenopus oocytes (27). In the current study, we
also demonstrated the interaction of rck/p54 with eIF4E. It is
reasonable to think that high-expression of rck/p54 in cancer
cells could positively function in cell-cycle progression, i.e.
being a driving force for the expression of cell growth-related
genes. Our study on crystallization of rck/p54 protein (33)
and surface plasmon resonance assay indicated that rck/p54
has very high affinity for RNAs. Moreover, we previously
reported that rck/p54 stabilized c-myc mRNAs and increased
the translation-initiation efficiency in colon cancer SW480
cells (19). Collectively, the data suggest that rck/p54 probably
promotes cell growth-related gene expression at translation-
initiation machinery by cooperating with eIF4E or eIF4E-
complex proteins in cancer cells.

It is physiologically significant that rck/p54 expression
levels of peripheral blood lymphocytes were increased in
response to Con-A stimulation, because rck/p54, a modifier
of RNA structure, functions to promote cell growth, even in
non-cancerous cells in response to external growth stimuli. The
signal cascades for cell growth affected the expression levels
of rck/p54. Of course, this is not necessarily linked to carcino-
genesis directly; however, it is possible that persistent external
growth stimuli enhance the levels of rck/p54, resulting in the
elevated translation efficiency of oncogenes associated with
cell-cycle progression, such as c-myc and ras, which would
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cause a genomic instability leading to higher potentiality for
carcinogenesis. It is important to disclose the signal cascade
upstream of rck/p54 which has possible phosphorylation sites
(34).

Attacking cancer cells at the molecular level is a new
therapeutic approach in cancer treatment with a tremendous
amount of promise. Many hurdles still limit the overall
success of developing drugs which interfere in carcino-
genesis. Different strategies are being pursued; some of the
most promising are signal-transduction inhibitors, apoptosis-
inducing substances, cell growth inhibitors, RNAi and cancer
vaccines. Based on our results, it is necessary to disclose
mechanisms that influence mRNA biogenesis, quality control
and metabolic fate, involving rck/p54 and other RNA-binding
proteins associated with RNA metabolism, in order to achieve
a fully comprehensive view of post-transcriptional processes
operating in carcinogenesis. A better understanding of such
mechanisms will provide new strategies for cancer therapy
and prevention.
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