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Abstract
Purpose 1-(3-C-Ethynyl-�-D-ribo-pentofuranosyl)cytosine
(ECyd), a ribonucleoside analog, has a potent cytotoxic
activity against cancer cells. The present studies have been
performed to elucidate the overall mechanisms of ECyd-
induced apoptotic cell death.
Methods Cultured cells of mouse mammary carcinoma
FM3A and human Wbrosarcoma HT 1080 lines were used.
The eYcacy of RNA synthesis inhibition by ECyd was
assessed by kinetic analysis using nuclei isolated from
FM3A cells. RNA status in ECyd-treated cells was investi-
gated by Northern blots, and the cleavage sites of RNA
were identiWed by rapid ampliWcation of 5� cDNA ends
(5�-RACE). The eVect of protein functions on the ECyd-

induced apoptotic pathway was analyzed by siRNA and
immunohistochemical techniques. Apoptotic cells were
detected by TdT-mediated dUTP-biotin Nick End Labeling
(TUNEL) assay.
Results ECyd induces inhibition of RNA synthesis in
vitro and in vivo, which appears to be a major cause for the
apoptosis. It is known that ECyd is converted inside the cell
into its 5�-triphosphate (ECTP). We have now found in
test-tube experiments that ECTP strongly inhibits the activ-
ity of RNA polymerase I by competing with CTP. In the
absence of robust RNA synthesis, the cellular RNAs would
be destined to break down. RNase L was found to be play-
ing a role in the breakdown: thus, the 28S rRNA-fragmen-
tation pattern observed for the ECyd-treated cells was very
similar to that observable in an in vitro treatment of the 28S
ribosomes with RNase L. Association of RNase L with the
cytotoxic action of ECyd was conWrmed by use of the
siRNA-mediated suppression of the cellular RNase L.
Thus, the cells in which the RNase L was knocked-down
were highly resistant to the cytotoxic action of ECyd. Fur-
ther events, downstream of the RNase L action that can
lead to the eventual apoptosis, would conceivably involve
the phosphorylation of c-jun N-terminal kinase and subse-
quent decrease in mitochondrial membrane-potential. Evi-
dence to support this Xow of events was obtained by
siRNA-experiments.
Conclusion The results from this study demonstrated that
RNase L is activated after the inhibition of RNA polymer-
ase, and induces mitochondria-dependent apoptotic path-
way. We propose this new role for RNase L in the apoptotic
mechanism. These Wndings may open up the possibility of
Wnding new targets for anticancer agents.
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Introduction

Many anticancer agents are DNA synthesis-inhibitors, tar-
geting at the rapidly proliferating tumor cells. However,
their eVects on solid tumors are often unsatisfactory.
Between solid tumor- and normal-cells, the growth rates are
not greatly diVerent. In solid tumors, the proportion of cell
number at the S phase is smaller than that of the rapidly
proliferating tumor cells, and the cells in solid tumors are
heterogeneous in the sense that individual cells activate
various phases of cell cycle. For this reason, we considered
the need for the inhibition of RNA synthesis, which occurs
throughout the cell cycle except in the M phase, to potenti-
ate the anticancer eVect against solid tumors.

1-(3-C-Ethynyl-�-D-ribo-pentofuranosyl)cytosine (ECyd),
a nucleoside analog originally designed as a possible
inhibitor of cellular RNA synthesis, has been shown to
exhibit strong activities against carcinogenesis [1, 2]. In
our earlier experiments using cultured cells, we have
shown that the metabolic conversion of ECyd into its
active form, 5�-triphosphate (ECTP) takes place readily in
cancer cells, but only very slowly in normal cells [3, 4]. It
was noted that cellular RNA synthesis was indeed strongly
inhibited, presumably by the presence of the CTP analog,
ECTP, within the cell, and this inhibition appeared to trig-
ger the apoptotic cell death. Although apoptosis-like cell
death is induced in the ECyd-treated cells, it is still not
clear what activates the apoptotic signal after the RNA
synthesis inhibition. IdentiWcation of such factors may
lead to devices for improving the antitumorigenic eYcacy
of ECyd. We have now performed extensive studies for
elucidating the overall picture of the ECyd-induced death
of cancer cells, mouse mammary carcinoma FM3A and
human Wbrosarcoma HT 1080. As described below, the
Xow of events leading to the apoptosis was largely
revealed; a process in which RNase L plays an important
role.

Materials and methods

Materials

ECyd was synthesized as described previously [2]. Actino-
mycin D and ara-C were purchased from Sigma-Aldrich
(St Louis, MO, USA). [8-3H]GTP and [�-32P]ATP were
obtained from Amersham Biosciences (Piscataway, NJ,
USA). Oligonucleotides used in Northern blot hybridiza-
tion and in RACE (Rapid AmpliWcation of 5� cDNA Ends)
were obtained from Sawady Technology (Tokyo, Japan).
RNase T1, RNase A, lipofectin and lipofectamine 2000
were purchased from Invitrogen (Carlsbad, CA, USA).
Human recombinant RNase L was prepared as described

previously [5]. The 2-5A used was p5�(A2�p5�)2A synthe-
sized as reported [6]. The antibody to c-jun NH2-terminal
kinase (JNK) was from Cell Signaling Technology (Bev-
erly, MA, USA), that to �-actin was from Sigma-Aldrich,
and that to GAPDH was from Trevigen (Gaithersburg, MD,
USA). Preparation of monoclonal antibody to human
RNase L and synthesis of siRNA were done as previously
reported [7]. A pair of RNase L-siRNA (siRNL) and control
siRNA (siMis) were prepared as reported [7]. The sequences
of these siRNAs were as follows: active siRNAs (siRNL)
5�-GCUGUUCAAAACGAAGAUGTT-3� 3�-TTCGACA
AGUUUUGCUUCUAC-5�; control siRNAs (siMis) 5�-GC
UAUUCUAAAGGAAUAUGTT-3� 3�-TTCGAUAAGA
UUUCCUUAUAC-5�. The TT dinucleotide attached to
each of these oligonucleotides at their 3� overhang was a
deoxythymidine dimer with a carbamate linkage that
enhances the siRNA silencing activities.

Cell culture and drug treatments

The cultivation of cells, mouse mammary tumor FM3A
(F28-7, Japanese Cancer Research Resources Bank,
Tokyo, Japan) and human Wbrosarcoma HT 1080 (Amer-
ican Type Culture Collection, Rockville, MD, USA),
was performed as previously reported [3, 4]. In several
experiments, it was diYcult to use FM3A because the
cells are suspension-cultured cell lines lacking adhesive
characters. In such cases, we used adhesive type cells
HT 1080. Cell viability was estimated by the trypan blue
exclusion method using a hemocytometer. The 50%
growth-inhibitory concentration of ECyd against FM3A
and HT 1080 cells is 3 £ 10¡8 M and 1.3 £ 10¡8 M,
respectively. For each cell line, drug treatments were
performed at doses 100-fold, the 50% growth-inhibitory
concentration.

Transfection

Transfections of 2-5A and siRNAs were done using lipo-
fectin and lipofectamine 2000 according to the manufac-
turer’s protocols.

Kinetic analysis of RNA synthesis with isolated nuclei

Nuclei from exponentially growing FM3A cells (1 £ 108)
were prepared and an RNA synthesis reaction was per-
formed by the method of MarzluV and Huang [8]. The reac-
tion mixtures contained 500 �M each of ATP and UTP,
50 �M [8-3H]GTP, 6–18 �M CTP, and 0–40 nM ECTP,
and nuclei at 2 – 5 £ 107/mL. For kinetic analysis of the
eVect of ECTP on RNA polymerase, the initial incorpora-
tion rates of radioactivity into the acid-insoluble fraction
were measured.
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Immunohistochemistry

The histochemical study was performed on HT 1080 cells
to observe the localization of Wbrillarin in nucleolus and to
explore the phosphorylation of JNK in ECyd-treated cells.
After ECyd-treatment, HT 1080 cells were placed on cover
glass plates. The cells were washed three times with PBS
and Wxed with 3% formaldehyde in PBS for 10 min. After
Wxation, the cells were washed twice with PBS, and were
made permeable by treatment with 0.2% Triton X-100 in
cold PBS for 5 min. The slides were then incubated with
PBS containing 0.5% BSA as a blocking agent against non-
speciWc surface adsorption of antibodies, for 30 min prior
to treatment for 1 h with 2.5 �g/ml anti-Wbrillarin antibody
(Cytoskeleton, Denver, CO, USA). The same procedure
was performed using 1 �g/ml anti- phosphorylated-JNK
and anti-total-JNK antibodies (Cell Signaling Technology)
for overnight at 4°C. The cells were then incubated
with 5 �g/ml Xuorescein-labeled goat anti-mouse IgG and
1 �g/ml 4�,6-diamidino-2-phenylindole dihydrochloride
(DAPI) for 30 min. The cells were washed three times with
PBS and covered with PermaFluor aqueous mounting
medium (Invitrogen, Oregon, USA). Stained cells were
observed with an Olympus BX60 microscope (Olympus,
Tokyo, Japan) Wtted with appropriate Xuorescence Wlters.

Preparation of RNA and Northern blots

For the preparation of total RNA from FM3A and HT 1080
cells, QIAshredder and RNeasy kits were used (Qiagen,
Hilden, Germany). RNA (2 �g/ml) was denatured in form-
aldehyde and then electrophoresed on a 1% agarose–
formaldehyde gel. The RNA was then transferred to a
Hybond-N+ nylon membrane (Amersham, Piscataway, NJ,
USA) and hybridized to 32P-labeled DNA probes. The
sequences of oligonucleotide probes are shown in Table 1.

Rapid ampliWcation of 5� cDNA ends

To identify 5�-terminal sequences of the 1.5 kb fragment
formed from 28S rRNA on ECyd-treatment, 5�-RACE was

performed with a kit for rapid ampliWcation of cDNA ends
(version 2.0, Invitrogen). The following oligonucleotides
were used: 5�-TCAAGCTCAACAGGGTCT-3� (antisense
of nucleotides 3561–3578) for the Wrst-strand cDNA syn-
thesis and 5�-CGCTGGATAGTAGGTAGGGA-3� (anti-
sense of nucleotides 3495–3514) for the subsequent PCR.
AmpliWed cDNA was sequenced by a sequencer (PRISM
310, ABI).

Preparation of ribosomal fractions

FM3A cells (1 £ 108) were spun down, washed twice
with ice-cold PBS, and resuspended in 1.5 volumes of
20 mM KCl, 5 mM Tris–HCl (pH 7.6), 1.25 mM Mg ace-
tate, and 1.25% glycerol, and then homogenized with a
TeXon-Potter homogenizer. The homogenates were cen-
trifuged for 15 min at 16,000£g to remove insoluble
materials. Ribosomes were obtained by centrifuging cel-
lular lysate (0.7 ml, corresponding to 5 £ 107 cells) pre-
pared as above through a cushion of 1.3 M sucrose,
50 mM Tris–HCl (pH 7.6), 2 mM MgCl2, 50 mM KCl at
190,000£g for 2.5 h at 4°C. The ribosomes were resus-
pended in 0.25 mM sucrose, 50 mM Tris–HCl (pH 7.6),
2 mM MgCl2, and 50 mM KCl, and stored in aliquots at
¡80°C.

rRNA cleavage assay

RNase L (0.2 �g/ml) was pre-incubated in the presence of
120 nM 2-5A in 20 mM Tris–HCl (pH 7.5), 10 mM Mg
acetate, 8 mM 2-mercaptoethanol, 90 mM KCl at 0°C for
30 min, prior to the addition of ribosomes (corresponding
to 3 �g rRNA). The cleavage reactions were performed in a
Wnal volume of 20 �l with an incubation at 30°C. RNase A
and RNase T1 were individually incubated with ribosomes
in 0.3 mM NaCl at 30°C for desired periods. These reaction
mixtures were then diluted tenfold with 100 mM Tris–HCl
(pH 8.0), 100 mM NaCl, 1 mM EDTA, and RNA was
extracted with phenol, and the aqueous phase was re-
extracted and the cleavage products were analyzed by a
2.2% agarose gel-electrophoresis.

Table 1 Northern hybridization 
with the speciWc probes for 
mouse and human 28S rRNA in 
ECyd-treated cells

Probe sequence Position in 28S rRNA

Mouse Human

1. 5�-CCGTTACTGAGGGATCCTGGTTAGTTTCTTTTCCTCCGC-3� 52–91 52–91

2. 5�-AAAGGACGGGGGGTCTCCCCGG-3� 2,731–2,752

3. 5�-GGGTTGGACCCGCCGCCCCGGAG-3� 2,876–2,898

4. 5�-GAACACCGACGCGGAGGTTC-3� 3,167–3,186

5. 5�-GCGGGCCTTCGCGATGCTTTGTT-3� 3,303–3,325

6. 5�-ACCCAGAAGCAGGTCGTCTACGAATGGTTTAGCGCCAG-3� 4,610–4,648 4,610–4,648
123



840 Cancer Chemother Pharmacol (2009) 63:837–850
Western blotting

HT 1080 cells were suspended in 20 mM HEPES (pH 7.5),
10 mM K acetate, 15 mM Mg acetate, 1 mM dithiothreitol,
1 mM phenylmethyl sulfonylXuoride, 10 �g/ml aprotinin,
and 0.5% (v/v) Nonidet P-40, and homogenized with a
tight-Wtting glass Dounce homogenizer on ice. Insoluble
materials were removed by centrifugation at 10,000£g (at
4°C for 10 min). Proteins in soluble fractions were sepa-
rated on 7.5% polyacrylamide gels containing SDS and
transferred to polyvinylidene diXuoride membranes (Milli-
pore, Bedford, MA, USA). For detection of phosphorylated
JNK, HT 1080 cells were homogenized in Phosphosafe
Extraction BuVer (Novagen, Madison, WI, USA). After
cell lysis, the samples were centrifuged at 16,000£g for
5 min. Proteins (20 �g) were separated by 12.5% polyacryl-
amide gel-electrophoresis. Western blotting was done with
individual antibodies. The secondary antibodies used were
horseradish peroxidase-conjugated anti-mouse IgG anti-

body (Amersham). Immunoreactive bands were detected by
enhanced chemiluminescence (Amersham) and subsequent
exposure to X-ray Wlm.

TUNEL assays

HT 1080 cells were plated onto glass coverslips precoated
with poly-L-lysine. According to the TUNEL protocol
(#TB235; Promega, Madison, WI, USA), cells were
washed with PBS, Wxed with 4% paraformaldehyde for
25 min, and rinsed three times with PBS. Cells were then
permeabilized with 0.2% Triton X-100 in PBS, rinsed twice
with PBS, and equilibrated with 100 �l of equilibration
buVer at room temperature for 10 min. The DNA nick-
labeling reaction was performed using 50 �l terminal
deoxynucleotidyl transferase (TdT) incubation-buVer. The
buVer contained 45 �l equilibration buVer, 5 �l nucleotide
mix including Xuorescein-12-dUTP (Promega, Madison,
WI, USA) and 1 �l TdT for 60 min at 37°C. The reaction

Fig. 1 Kinetic analysis of the 
eVect of ECTP on RNA poly-
merase I in isolated nuclei. The 
Km value for CTP and the Ki val-
ue for ECTP were determined by 
a Lineweaver-Burk plot (a) and 
a Dixon plot (b), respectively. 
c The eVects of �-amanitin on 
RNA synthesis in isolated nuclei 
from FM3A cells. �-Amanitin 
was used at 100 �g/ml. Points 
means of triplicate analysis with 
§SD of less than 5%. d The 
morphological changes in nucle-
oli were evaluated with Azure C 
staining in FM3A cells. FM3A 
cells were treated with either 
ECyd (3 �M), actinomycin D 
(0.21 �M) or ara-C (44 �M)
for 4 h
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was then terminated by immersing the slides in 2£ SSC for
15 min at room temperature. The samples were rinsed three
times with PBS and mounted for analysis under a Xuores-
cence microscope using a standard Xuorescein Wlter, set to
view through the microscope using standard Xuorescein at
520 nm.

Radiolabelled RNase L substrate assay

HT 1080 cells were washed once with PBS, scraped into a
minimal volume of ice-cold PBS and pelleted at 500£g for
5 min. Pellets were stored at ¡70°C until required. Pellets
were then lysed in approximately twice the pellet volume of
the cell lysis reagent (Sigma). After 15 min on ice, the
lysate was centrifuged and the protein concentration was
measured (Pierce, Rockford, IL, USA). A synthetic oligori-
bonucleotide C11UUC7 was end-labeled with [32P]ATP
using T4-polynucleotide kinase (Qiagen) for use as a probe.
The labeled oligoribonucleotide was then puriWed using a
spin column with twice washing with 10 mM Tris, and
1 mM EDTA (TE) and eluting with 50 �l of elution buVer.
A 2.5 �g of protein in cell lysates was incubated with 2 �l
of labeled probe in 20 �l of reaction mixture for 30 min at
30°C. Electrophoresis was performed on a 20% acrylam-
ide/7 M urea/Tris–borate–EDTA (TBE) gel followed by
autoradiography. Aliquots of each protein sample were sub-
jected to Western blotting using probes for RNase L and
GAPDH.

Detection of mitochondrial membrane potential

HT 1080 cells were stained with the cationic dye, 5,5�,6,6�-
tetrachlorol-1�,3,3�-tetraethyl-benzimidazolylcarbocyanine
iodide (JC-1; Molecular Probes) to determine the state of
mitochondrial membrane potential. JC-1 is a potentiometric
dye that exhibits a membrane potential-dependent loss. HT
1080 cells were incubated with RPMI1640 medium con-
taining 10% serum and 1 �g/ml JC-1 at 37°C for 15 min.
Following incubation, the cells were rinsed twice with PBS
and images were obtained using a Xuorescence microscope
(Olympus).

Results

ECTP was a strong and competitive inhibitor 
of RNA polymerase I

Earlier, we found that in cells ECyd is phosphorylated to
ECTP, resulting in the inhibition of RNA synthesis without
changing the normal ribonucleoside triphosphate pool [3].
This Wnding indicated that RNA synthesis is inhibited at the
RNA polymerization step. To determine the inhibitory
mechanism of polymerization, we investigated the inhibition
of RNA synthesis by ECTP using nuclei isolated from FM3A
cells. The results obtained by a Lineweaver-Burk plot indi-
cated that ECTP inhibits the synthesis in a competitive

Fig. 2 Localization of Wbrilla-
rin in ECyd-treated cells. HT 
1080 cells were treated with 
ECyd (1.3 �M), actinomycin D 
(25 �M) or ara-C (34 �) for 4 h. 
Immunolocalization of Wbrilla-
rin (green) and nuclear morphol-
ogy (blue) was visualized by 
confocal immunoXuorescence 
microscopy. Nuclei were stained 
with DAPI

Control
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Ara-C

Phase Fibrillarin DAPI

Fibrillarin
+
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manner (Fig. 1a). The apparent Ki value of ECTP for the
RNA synthesis was 20 nM, as derived from the Dixon
plot analysis (Fig. 1b). We used �-amanitin for positive
controls in inhibiting RNA polymerase II and III. �-Amani-
tin at a concentration of 100 �g/ml was reported to be suY-
cient to inhibit both RNA polymerases II and III [9], and it
showed in our hands little eVect on the velocity of the RNA
synthesis, may be indicating that the RNA synthesis in
nuclei occurs mainly by RNA polymerase I (Fig. 1c).
Nucleoli are the main intracellular location sites for RNA
polymerase I, a key enzyme involved in the transcription
process of pre-ribosomal RNA (pre-rRNA) during initial
ribosome biogenesis. Following treatment of FM3A cells
with ECyd, nucleolus shrinkage was observed within 4 h

after the RNA synthesis was inhibited. These morphologi-
cal changes in the nucleoli were also observed by actino-
mycin D, an inhibitor of RNA synthesis, but not by ara-C,
an inhibitor of DNA synthesis (Fig. 1d).

ECyd induced characteristic nucleolar changes 
subsequent to RNA synthesis inhibition

Using human cancer cell line HT 1080, we observed the
changes of nucleolus by detecting Wbrillarin in ECyd-treated

Fig. 3 28S rRNA fragmentation induced by ECyd-treatment. Total
RNA was isolated at the indicated time from FM3A cells (3.7 £ 105),
that had been treated with ECyd (3 �M), and analyzed by 2.2% agarose
gel electrophoresis. The cleavage products (3.2, 2.8 and 1.5 kb) are
indicated by arrows. The cell viability was determined by the trypan
blue staining, and the percentage of living cells was plotted on graph
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Fig. 4 IdentiWcation of rRNA fragments. a Northern blot analysis of
fragmented rRNA. Total RNA was isolated from the FM3A cells that
had been treated with ECyd (3 �M) for 24 h, electrophoresed, and sub-
jected to Northern blotting with the labeled oligonucleotide probes as
described in “Materials and methods”. Fragments 3.2, 2.8 and 1.5 kb
are highlighted by arrows. The 5�-terminal sequence of 1.5 kb was
determined by 5�-RACE as described in Materials and methods”. The
cleavage sites are represented by arrowheads. nt, nucleotides. b left
column: total RNA from HT 1080 cells that had been treated with
ECyd (1.3 �M) for 32 h was separated by 2.2% agarose gel electropho-
resis. The 1.5 kb fragment is indicated by an arrow. b right column:
Northern blot analysis of 1.5 kb fragment, and identiWcation of the
cleavage site by 5�-RACE

B

A
653, 41, 2Probe No.

28S rRNA -

18S rRNA -

3.2 kb
2.8 kb

1.5 kb

Mouse 28S rRNA

FM3A (Mouse)

1.5 kb

1 6

HT1080 (Human)

28S rRNA-

18S rRNA-

1.5 kb

ECyd

- +

CGGUUUU C CGCG

2.8 kb
3.2 kb 1.5 kb

42233123

'3'5 D8

1 47122648 3259

CGCGGUU C CGCGCG

Human 28S rRNA

1.5 kb
24539253

'3'5 V8

53051 2840 3605
123



Cancer Chemother Pharmacol (2009) 63:837–850 843
cells. Fibrillarin, a protein scatteringly located in the nucleoli,
is directly involved in many post-transcriptional processes
such as pre-rRNA processing, pre-rRNA methylation and
ribosome assembly [10]. As shown in Fig. 2, control cells
with no drug treatment showed bright clumpy nucleolar
staining. Treatment with ECyd caused dislocation of
Wbrillarin within 4 h and formed ring-like structures, possi-
bly involving remnant nucleoli (Fig. 2). Dispersion of

Wbrillarin was also induced by actinomycin D [11], but
not by ara-C.

Considering that this nonhomogeneous distribution of
Wbrillarin was probably caused by the depletion of pre-
rRNA, we monitored the amount of rRNA, a resultant prod-
uct of pre-rRNA processing, in ECyd-treated FM3A cells.
The amount of rRNA had decreased to 67% from the basal
amount at 8 h after treatment with ECyd. Moreover, an

Fig. 5 The fragmentation pat-
tern of rRNA induced by ECyd-
treatment was identical to that 
cleaved by RNase L. A, Ribo-
somal fractions (corresponding 
to 3 �g RNA) prepared from 
FM3A cells were incubated with 
human RNase L (0.2 �g/ml) in 
the presence of 2-5A (120 nM). 
RNase A and RNase T1 were 
incubated with ribosomes in 
0.3 mM NaCl at 30°C for the 
indicated time. E ECyd-treat-
ment induces 28S rRNA frag-
mentation pattern. The sequence 
recognized by RNase L, T1 and 
A are shown. b FM3A cells were 
treated with 2-5A (5 �M) in the 
presence of lipofectin (2 �g/ml) 
for 4 h according to the manu-
facturer’s protocol (Invitrogen). 
The control shows cells treated 
with lipofectin only. The cleav-
age products were analyzed by 
2.2% agarose gel electrophoresis
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extensive fragmentation of rRNA was observed at 16 h of
the treatment, accompanying a decrease in viability
(Fig. 3).

rRNA fragmentation occurred in the D8 domain of 28S 
rRNA after treatment of cells with ECyd

In ECyd-treated FM3A cells, characteristic 3.2, 2.8, and
1.5 kb bands of RNA were formed. This was accompanied
by decreases in the amounts of 28S rRNA (Fig. 3). To ver-
ify whether these fragments were derived from 28S rRNA,
Northern blot analysis was performed with speciWc probes

for various parts of 28S rRNA. Both 3.2 and 2.8 kb bands
hybridized with a probe for the 5�-terminal of 28S rRNA,
while a 1.5 kb band hybridized with a probe for the 3�-ter-
minal of 28S rRNA (Fig. 4a). In contrast, the probe for 18S
rRNA failed to detect any corresponding bands (data not
shown). A 3.2 kb band was detected with a probe No. 4 but
not with No. 5. The 2.8 kb band was detected with probe
No. 2 but not with No. 3. These data indicate that 3.2 and
2.8 kb bands were the products of 28S rRNA cleavage and
those sites were at somewhere from 3186 to 3303, and from
2752 to 2876, respectively (Table 1). To determine the
cleavage site in mouse 28S rRNA, the 1.5 kb fragment was
isolated, followed by 5�-RACE to analyze its 5�-terminal
sequence. As a result, the 5�-end base of the 1.5 kb frag-
ment was found to be nucleotide 3219 U or 3220 C
(Fig. 4a). These data conWrmed that the fragmented bands
originated from D8 domain [12].

Similar RNA fragmentation was observed for the human
cell line HT 1080 as well. Thus, as Fig. 4b shows, ECyd-
treated HT 1080 gave the 1.5-kb RNA fragment in the
Northern blot analysis, and the cleavage site was identiWed
as UpNp (Np being 3535 Up or 3536 Cp). This observation
suggests that the ECyd-induced apoptosis is associated with
this speciWc rRNA-fragmentation in a ubiquitous fashion.

The ECyd-induced cleavage pattern of rRNA was simi-
lar to that induced by RNase L, and their cleavage sites
were identical.

It was reported that the D8 domain of rRNA is placed on
the surface of the 60S subunit, and that it could be cleaved
by some RNases [12–14]. To examine whether or not 28S
rRNA is cleaved by RNase L in FM3A cells treated with
ECyd, the isolated ribosomal fraction from FM3A cells was
subjected to hydrolysis by human recombinant RNase L.
Remarkably, the RNase L-cleaved fragmentation pattern of
rRNA was similar to that of ECyd-induced one (Fig. 5a).
On the other hand, two other enzymes with diVerent
sequence preferences, RNase T1 and RNase A, showed
diVerent cleavage patterns (Fig. 5a). To activate intrinsic
RNase L, 2-5A transfected FM3A cells can be used. The
28S rRNA fragments of 3.2, 2.8, and 1.5 kb were indeed
formed by the 2-5A treatment (Fig. 5b). In addition, the
5�-ends of the 1.5 kb fragments derived from cleavage
either by recombinant RNase L or by the 2-5A transfection
were identical, as determined by the RACE-assay (data not
shown).

RNase L was activated, and it caused apoptosis 
in ECyd treated cells

To verify the RNase L activity, we measured the cleavage
pattern of radiolabeled oligonucleotide, C11UUC7 contain-
ing a consensus RNase L cleavage site (UpNp). In fact, the
oligonucleotide was cleaved on incubation with ECyd-

Fig. 6 RNase L activity assay demonstrating cleavage of a radiola-
beled RNase L-speciWc substrate (5� 32P-C11UUC7). a A single-strand-
ed RNA probe (C11UUC7) was end-labeled with [32P]ATP and
incubated with lysates prepared from ECyd-treated HT 1080 cells for
indicated times. b RNA probe was incubated with lysates from ECyd-
treated cells with siRNL or siMis. siRNL siRNA against RNase L.
siMis a 4-bp mismatch introduced in RNase L siRNA. After incuba-
tion, the reaction mixtures were run on an acrylamide gel followed by
autoradiography and Western blotting using antibody for RNase L and
GAPDH. c Apoptotic cells were measured by TUNEL assays in tripli-
cate, and §SD were calculated
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treated HT 1080 cell lysates in a time-dependent manner
(Fig. 6a). In addition, both, the degradation of the whole
oligonucleotide and the RNase L protein-expression were
suppressed by treatment with an externally added siRNA
against RNase L in HT 1080 cells (Fig. 6b left column). In
contrast, siRNA with a 4-base mismatch sequence had no
eVect either for the cleavage activity or for the RNase L
protein-expression (Fig. 6b right column). Also, we con-
Wrmed that the level of whole oligonucleotide was
decreased on incubation with a recombinant RNase L acti-
vated by 2-5A (data not shown). As might be expected, in
the RNase L-knockdown HT 1080 cells, the ECyd-induced
apoptosis was suppressed (Fig. 6c). On the other hand, mis-
match siRNA-treatment did not inXuence ECyd-induced
apoptosis (Fig. 6c). In another cell line, DLD-1, a human
colon cancer cell, RNase L-knockdown again suppressed
ECyd-induced apoptosis (data not shown). This observation
suggests that these events may be a general phenomenon
for various cells.

RNase L-mediated apoptosis was dependent 
on mitochondrial membrane potential

A treatment of HT 1080 cells with ECyd resulted in a disap-
pearance of red Xuorescence of aggregated JC-1, indicative
of dissipation of mitochondrial membrane potential (Fig. 7
middle panel). Also, the morphology of mitochondria, as
detected by green Xuorescence from monomeric JC-1, was
disrupted in ECyd-only treated cells (Fig. 7 lower panel). On

the other hand, in RNase L-knockdown HT 1080 cells, both,
the levels of red Xuorescence due to aggregated JC-1 and
green Xuorescence of JC-1 on the mitochondrial membrane
were similar to those of control cells (no ECyd, no siRNA).
In a mismatched siRNA-treatment, the level of red Xuores-
cence from aggregated JC-1 was decreased, and the mito-
chondria showed abnormal morphology.

The JNK phosphorylation was dependent on RNase L, 
and led the cell to apoptosis

Figure 8a shows the level of phosphorylated JNK in ECyd-
treated HT 1080 cells. The level of phosphorylated JNK
increased to its maximum at 24 h of ECyd-treatment
(Fig. 8a). It was notable that total JNK level (phosphory-
lated plus unphosphorylated) did not show any changes.
When we administered anthrapyrazolone SP600125, an
inhibitor of JNK action, to HT 1080 cells prior to ECyd-
treatment, the apoptosis was suppressed with SP600125, in
a dose dependent manner (Fig. 8b, c).

In order to analyze the eVect of RNase L on the phos-
phorylation of JNK in HT 1080 cells, siRNA for RNase L
was used to knockdown the RNase L protein expression.
The level of phosphorylated JNK was decreased in the
knocked-down cells, whereas the JNK-phosphorylation
was maintained high in both the ECyd-only and ECyd-plus-
mismatching siRNA treatments (Fig. 9). On the other hand,
the Xuorescence levels, that represent total JNK, were the
same in all of these treatments.

Fig. 7 The eVect of RNase L-knockdown for mitochondrial mem-
brane potential in the ECyd-treatment. HT 1080 cells were transfected
with siRNL or siMis (1 or 5 nM) for 24 h prior to ECyd-treatment for
32 h (1.3 �M) and then JC-1 (molecular probes) treatment for 15 min
at 37°C. siRNL siRNA against RNase L. siMis a 4-bp mismatch intro-
duced in RNase L siRNA. In the picture “Aggregated JC-1”, incorpo-
ration of JC-1 aggregates with red Xuorescence into polarized
mitochondria (normal mitochondria) can be seen. In contrast, in the

picture “Monomeric JC-1”, JC-1 monomers with green Xuorescence
binding to the membrane of both normal and damaged mitochondria
are presented. Fluorescence microscopy analysis was performed using
appropriate Wlters for the red Xuorescence (�excitation: 546 § 12 nm
band pass Wlter, �detection: >590 nm long-pass Wlter) and the green Xuo-
rescence (�excitation: 450–490 nm band pass Wlter, �detection: >515 nm
long-pass Wlter). The set of data in a given column were obtained from
image-photos taken with a Wxed exposure time
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Figure 10 shows the change of mitochondrial membrane
potential by treatment with JNK inhibitor, SP600125 in HT
1080 cells. As shown in the Figure, the mitochondrial
membrane potential was resumed by the use of JNK
inhibitor (Fig. 10 middle and lower panels). In contrast,

ECyd-only treatment resulted in a null mitochondrial mem-
brane potential.

Discussion

In this work, we show that ECyd induces nucleolar altera-
tions and 28S rRNA fragmentation following the inhibition
of RNA synthesis (Figs. 1, 2, 3). Actinomycin D, a known
RNA synthesis inhibitor, also induces the change of nucle-
olar morphology. The interesting possibility that actinomy-
cin D may induce similar RNA fragmentation in the cells is
currently being explored. It should be noted that �-amani-
tin, an inhibitor to RNA polymerase-II and -III but not to
RNA polymerase I [9], did not inXuence the velocity of
RNA synthesis (Fig. 1c). These results suggest that ECyd
induces inhibition of RNA polymerase I-activity. These
disruptions in RNA status might represent a trigger mecha-
nism for the apoptotic signaling pathway. Our results sug-
gest that RNase L plays an important role for 28S rRNA
fragmentation and for apoptosis induced by ECyd-treat-
ment (Figs. 4, 5, 6). We show that RNase L mediates the
apoptosis and the loss of mitochondrial membrane potential
induced by ECyd treatment (Fig. 7). These suggest that the
inhibition of RNA synthesis leads to mitochondria-depen-
dent apoptosis, and that RNase L is required for this apop-
tosis. RNase L is a unique enzyme requiring p(A2�p)nA (2-
5A), an unusual oligoadenylates with 2�–5� phosphodiester
linkages. 2-5A is produced from ATP by a family of 2�–5�

oligoadenylate synthetases (OAS) and binds to monomeric
inactive RNase L to form a homodimeric active enzyme
[15]. Previously, it was reported that the role of RNase L
was to eliminate RNA-viruses in infected cells and to regu-
late the cell cycle, cell growth, and RNA metabolism with
its endonucleolytic activity [16]. Our present study suggests
that RNase L can potentiate the cellular suicidal pathway.

The inhibition of RNA synthesis has been shown by
Morten et al. [17] to induce a morphological change in the
nucleolus together with an alteration of nucleolar protein
localization, prior to eventual apoptosis. Furthermore, RNA
polymerase I is known to localize in the nucleolus where it
transcribes rDNA to generate precursor transcripts of
mature rRNA species. ECyd-treatment induced a morpho-
logical change of nucleoli in the nucleolus (Fig. 2), a phe-
nomenon with which we hypothesize that the activity of
RNA polymerase I might be inhibited in ECyd-treated
cells. Our data also demonstrated that the events after the
inhibition of RNA synthesis proceed via 2-5A/RNase L-
activated pathway. Thus, RNase L is activated after nucleo-
lar changes as a result of RNA synthesis inhibition (Fig. 6).
Therefore, the RNase L-activating factor(s) may be pro-
duced under conditions of transcriptional inhibition. OAS
requires ATP to produce the 2-5A, thereby RNase L is

Fig. 8 The eVect of JNK for ECyd-induced apoptosis. HT 1080 cells
were treated with ECyd for 32 h in the absence or presence of
Sp600125 (25 or 50 �M). a Western blots probed with antibodies to
phosphorylated JNK (P-JNK) and total JNK (T-JNK) was performed at
designated times of ECyd-treatment. b Changes in cellular morpholo-
gies. Green Xuorescence represents apoptotic cells as a result of the
TUNEL assay. c TUNEL-positive apoptotic cells were counted, and
the percentage of apoptotic cells was plotted on a graph. Values are
mean § SD of triplicate samples at the indicated times
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Fig. 10 The change of mitochondrial membarane potential by JNK
phosphorylation. HT 1080 cells were treated with ECyd for 32 h in the
absence or presence of JNK inhibitor Sp600125 (25 or 50 �M) and
then were treated with JC-1 (Molecular Probes) for 15 min at 37°C.
Mitochondrial depolarization was detected by using JC-1. In the pic-
ture “Aggregated JC-1”, incorporation of JC-1 aggregates with red
Xuorescence into polarized mitochondria (normal mitochondria) can
be seen. In contrast, in the picture “Monomeric JC-1”, JC-1 monomers

with green Xuorescence bind to the membrane of both normal and
damaged mitochondria are shown. Fluorescence microscopy analysis
was performed using appropriate Wlters for the red Xuorescence (�exci-

tation: 546 § 12 nm band pass Wlter, �detection: >590 nm long-pass Wlter)
and the green Xuorescence (�excitation: 450–490 nm band pass Wlter,
�detection: >515 nm long- pass Wlter). The set of data in a given column
were obtained from image-photos taken with a Wxed exposure time
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Fig. 9 The phosphorylation of JNK by RNase L. HT 1080 cells were
transfected with siRNL and siMis 24 h prior to ECyd-treatment for
24 h. siRNL siRNA against RNase L. siMis a 4-bp mismatch intro-
duced in RNase L siRNA. Phosphorylated JNK (P-JNK) and total JNK
(T-JNK) were detected by immunoXuorescence (IF) with speciWc anti-

body (Cell Signaling Technology). Nuclei were stained with DAPI.
Green Xuorescence represents IF: P-JNK and T-JNK. Control indicates
lipofectamine-only treated cells. The set of data in a given column
were obtained from image-photos taken with a Wxed exposure time
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activated. We have also reported that the intracellular
concentration of ATP increased as a consequence of tran-
scriptional inhibition in ECyd-treated FM3A cells [1]. Such
ATP-rich environment would promote the OAS-mediated
production of 2-5A. It was reported that OAS can be acti-
vated by RNA aptamers as well, in addition to activation by
dsRNA [18]. Another report suggested that RNase L activa-
tion is associated with removal of abnormal cellular RNAs
[19]. Thus, immature RNAs may possibly be produced in
our experimental settings; thereby RNase L activation
might become necessary to remove such abnormal RNAs in
the cells. Although it is reported that a type of disruption of
nucleolus structure can induce apoptosis, mechanisms
involved in it is unknown [20].

It has been documented that activation of RNase L leads
to activation of c-Jun N-terminal kinase (JNK), followed
by mitochondrial release of cytochrome c and subsequent

caspase-dependent apoptosis [21–23]. In our study, RNase
L was activated and mitochondrial membrane potential was
decreased in ECyd-treated cells. Therefore, it is expected
that JNK phosphorylation may occur in the RNase
L-dependent apoptotic signal pathway induced by ECyd.
We investigated the phosphorylation of JNK in ECyd-
treated HT 1080 cells. Indeed, JNK was found to be phos-
phorylated in these cells, and, moreover, a JNK inhibitor,
SP600125, suppressed the apoptosis (Fig. 8). These data
indicate that the ECyd-induced apoptosis is regulated by
JNK signaling. The results shown in Figs. 9 and 10 support
the notion that RNase L induces apoptosis through the
phosphorylation of JNK. Thus, the apoptotic pathway may
be summarily drawn as shown in Fig. 11. In addition, we
have obtained data that suggest some aspects of down-
stream events: i.e., caspases -9 and -3 seem to be activated,
subsequent to a release of cytochrome c from mitochondria,

Fig. 11 Scheme of apoptotic 
signal pathway mediated by 
RNase L in ECyd-treated cells
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and then induction of DNA-fragmentations and apoptosis-
like morphological changes follow (to be published else-
where). However, it is not clear how activated RNase L
leads to JNK phosphorylation. Once this new function of
RNase L has been elucidated, novel targets for antitumor
agents might emerge.

Recent literature shows that antibiotics (anisomycin,
blasticidin S), ultraviolet-C, B, and �-sarcin can cause cleav-
age of cellular 28S rRNA, accompanying JNK phosphoryla-
tion. Thus, 28S rRNA cleavage seems to be associated with
JNK phosphorylation [24–26]. Figures 3, 4 and 5 show that
RNase L cleaves 28S rRNA in ECyd treated cells. These
RNA fragments may act as mediator of the activation of
JNK. Furthermore, other researchers proposed that activated
RNase L not only cleaves RNA but also can interact with
other proteins (RNase L-unknown protein(s) complex)
through its C-terminal domain [27–29]. Such proteins asso-
ciated with RNase L may be expected to be activated, and
subsequently act for the phosphorylation of JNK.

In conclusion, our Wndings imply that RNase L is an
essential member of apoptosis, triggered by impairment of
RNA synthesis. RNase L-mediated apoptosis seems to be a
pathway dependent on mitochondria. Understanding of this
pathway further is expected to reveal a line of drug targets
in the apoptotic mechanisms.
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