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Virus replication in higher vertebrates is restrained by IFNs that
cause cells to transcribe genes encoding antiviral proteins, such as
2�-5� oligoadenylate synthetases. 2�-5� oligoadenylate synthetase
is stimulated by dsRNA to produce 5�-phosphorylated, 2�-5�-linked
oligoadenylates (2-5A), whose function is to activate RNase L.
Although RNase L is required for a complete IFN antiviral response
and mutations in the RNase L gene (RNASEL or HPC1) increase
prostate cancer rates, it is unknown how 2-5A affects these
biological endpoints through its receptor, RNase L. Presently, we
show that 2-5A activation of RNase L produces a remarkable
stimulation of transcription (>20-fold) for genes that suppress
virus replication and prostate cancer. Unexpectedly, exposure of
DU145 prostate cancer cells to physiologic levels of 2-5A (0.1 �M)
induced approximately twice as many RNA species as it down-
regulated. Among the 2-5A-induced genes are several IFN-stimu-
lated genes, including IFN-inducible transcript 1�P56, IFN-inducible
transcript 2�P54, IL-8, and IFN-stimulated gene 15. 2-5A also po-
tently elevated RNA for macrophage inhibitory cytokine-1�non-
steroidal antiinflammatory drug-activated gene-1, a TGF-� super-
family member implicated as an apoptotic suppressor of prostate
cancer. Transcriptional signaling to the macrophage inhibitory
cytokine-1�nonsteroidal antiinflammatory drug-activated gene-1
promoter by 2-5A was deficient in HeLa cells expressing a nuclease-
dead mutant of RNase L and was dependent on the mitogen-
activated protein kinases c-Jun N-terminal kinase and extracellular
signal-regulated kinase, both of which were activated in response
to 2-5A treatments. Because 2-5A and RNase L participate in
defenses against viral infections and prostate cancer, our findings
have implications for basic cellular mechanisms that control major
pathogenic processes.

prostate � macrophage inhibotory cytokine 1 � HPC1 � RNASEL

IFN mechanism of action and RNA biology converge on a
uniquely regulated RNA cleavage pathway known as the

5�-phosphorylated, 2�-5�-linked oligoadenylate (2-5A) system
(1). Exposure of human cells to IFN induces transcription of
three 2�-5� oligoadenylate synthetase genes (OAS1–OAS3), re-
sulting in eight to 10 OAS isoforms owing to alternative mRNA
splicing (2). Viral infections produce dsRNA, a pathogen-
associated molecular pattern that stimulates OAS to produce
2-5A [px5�A(2�p5�A)n, where x � 1–3 and n � 2] from ATP. 2-5A
functions through its receptor, the 2-5A-dependent ribonuclease
(RNase L), a ubiquitous 83-kDa protein that dimerizes into its
catalytically active form upon binding 2-5A (3, 4). The 2-5A
system has been shown to promote survival from some viral
infections in an animal model consisting of wild-type and
RNase L�/� mice infected with the picornaviruses, encephalo-
myocarditis virus, and Coxsackievirus B4 (5, 6). Recently, RNase
L has also been implicated as a possible suppressor of prostate
cancer, the second leading cause of cancer-related deaths in men
in the United States. Positional cloning determined that the

human RNase L gene (RNASEL) maps to HPC1 (the hereditary
prostate cancer 1 gene) on chromosome 1q25 (7, 8). For
example, in a large sibling-controlled study, individuals that were
homozygous for the missense variant of RNase L, R462Q, which
reduces catalytic activity, had a 2-fold increased incidence of
prostate cancer (9, 10). In addition, RNase L was shown to
contribute to apoptosis of prostate cancer cells in response to
2-5A, TNF-related apoptosis-inducing ligand, or topoisomerase
I inhibitors (11). Mutations in RNASEL�HPC1 are associated
with an increased risk of prostate cancer in some, but not all,
populations, possibly owing to complex genetics and environ-
mental factors, such as infections (12).

Current understanding of the effects of RNase L activation by
2-5A on RNA metabolism is limited to examination of a small
number of natural and synthetic RNA substrates. 2-5A activation
of RNase L results in cleavage of single-stranded RNA species
3� of UU and UA dinucleotides (13–15). Some viral infections
induce 2-5A synthesis that activates RNase L, causing both viral
RNAs and rRNA in intact ribosomes to be cleaved (16, 17).
However, a systematic investigation of the impact of 2-5A
activation of RNase L on cellular RNA profiles has not been
reported. Therefore, to better understand the molecular path-
ways that underlie both the antiviral and tumor suppressor
functions of the 2-5A system, we have performed such an analysis
using a custom DNA microarray strategy. Remarkably, for every
RNA species that declined in response to 2-5A activation of
RNase L, two RNA species were increased in their amounts. One
of these genes, macrophage inhibitory cytokine 1�nonsteroidal
antiinflammatory drug-activated gene 1 (MIC-1�NAG-1; also
known as PTFG-�, GDF15, PLAB, and PDF) (18, 19), is shown
to be transcriptionally activated by 2-5A in a stress–response
pathway requiring RNase L and the mitogen-activated protein
(MAP) kinases, c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated kinase (ERK). Interestingly, mutations or vari-
ants in MIC-1�NAG-1 and RNase L are associated with prostate
cancer risk (20).

Materials and Methods
Reagents, Antibodies, and Plasmids. Monoclonal antibody to hu-
man RNase L and anti-human-NAG-1 antibody were as de-
scribed in refs. 4 and 19. Antibody to �-actin was from Sigma. All
other antibodies were from Cell Signaling Technology, Beverly,
MA. Inhibitors to JNK (SP600125), p38(SB203580), and
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ERK1�2 (PD98059) were from Calbiochem. 2-5A was prepared
enzymatically from ATP with recombinant 2-5A synthetase (21).
Individual 2-5A oligomers were purified as described in ref. 11.
p35�A(2�p5�A)2 was dephosphorylated with calf alkaline phos-
phatase (New England Biolabs) and purified with a Dionex
HPLC column. The luciferase constructs containing the MIC-
1�NAG-1 promoter were as described in ref. 19, except pNAG-
492��1 was constructed by PCR amplification of the �492��1
region using primers with NheI and HindIII sites and cloned into
pcDNA3.1 digested with NheI and HindIII and sequenced.
pcDNA3.1 expressing RNase L, R462Q, R667A, and H672A
mutations were as described in refs. 9 and 22.

Cell Culture, Transfections, and Monitoring RNase L-Mediated rRNA
Cleavages in Intact Cells. DU145 cells were grown in RPMI
medium 1640 with 10% FBS (Invitrogen). HeLa M cells were
grown in DMEM with 10% FBS. Transfection of 2-5A or
plasmids was done with Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s protocol. The cell-based RNase L
assay using RNA chips (Agilent Technologies, Palo Alto, CA)
was performed as described in ref. 9.

Western Blots. Protein (80 �g) in cell extracts were separated in
10% SDS�polyacrlyamide gels, transferred to nitrocellulose
membranes (Schleicher & Schuell, Keene, NH), and incubated
with various primary antibodies. Secondary antibodies were
either goat anti-mouse antibody or goat anti-rabbit antibody
tagged with horseradish peroxidase (Cell Signaling Technology).
Immunoreactive bands were detected by enhanced chemilumi-
nescence (ECL, Amersham Biosciences) and exposed to x-ray
film (Eastman Kodak).

Luciferase Assays. DU145 cells were plated at 105 cells per well.
After 16 h, plasmid mixtures containing 1.0 �g of MIC-1�NAG-1
promoter linked to firefly luciferase cDNA and 0.1 �g of
pRL-null (Renilla luciferase vector) (Promega) were cotrans-
fected with Lipofectamine 2000 for 6 h, then media was replaced
with media plus serum and incubated for a further 16–18 h.
Subsequently, p35�A(2�p5�A)2 or A(2�p5�A)2 were transfected
for 4 h and media was replaced. Inhibitors were added to some
experiments 30 min before 2-5A transfection. Cells were har-
vested in luciferase lysis buffer at 16–18 h after 2-5A transfec-
tion, and luciferase activity was determined and normalized to

Renilla luciferase activity by using a dual luciferase assay kit
(Promega).

RNA Isolation and Microarray Analysis. Array construction, RNA
labeling, and acquisition and normalization of data were as
described in ref. 23. The array comprised 950 genes containing
adenylate�uridylate-rich elements (24), 855 IFN-stimulated
genes (ISGs) (25), 288 dsRNA responsive genes (26), and 85
housekeeping genes. Cells were transfected with p35�A(2�p5�A)2
or A(2�p5�A)2 at the indicated concentrations (see Fig. 1) and for
various times. Total RNA was isolated with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Data
presented in Fig. 1 and in Tables 1–3, which are published as
supporting information on the PNAS web site, were generated
with amplified target RNA in T7 polymerase-based linear
amplification reactions (23). Data were acquired with a GenePix
4000B laser scanner and GENEPIX PRO 5.1 software as described
in ref. 24. Raw data were imported into GENESPRING 7.0 software
(Agilent Technologies) and normalized based on the distribution
of all values with locally weighted linear regression (LOWESS)
before further analysis.

Results
RNA Profiles of a Prostate Cancer Cell Line Treated with 2-5A Reveal
Induced and Repressed Species of RNA. To determine the effect of
2-5A on RNA profiles, DU145 prostate cancer cells were
transfected with the trimer species of 2-5A, p35�A(2�p5�A)2. As
a comparison, cells were treated with dephosphorylated 2-5A,
A(2�p5�A)2, which fails to activate RNase L. RNA was analyzed
on a custom innate immune response cDNA microarray repre-
senting 2,178 genes (Materials and Methods). Changes in RNA
profiles were determined either as a function of 2-5A concen-
tration or time. RNA species that were induced or repressed by
�2-fold are illustrated (Fig. 1). Transfection of inactive 2-5A,
A(2�p5�A)2, at 0.1 �M for 6 h had only minimal effects on gene
expression when compared with untreated cells (Fig. 1 A, lane 1).
In contrast, whereas 0.1 �M p35�A(2�p5�A)2 induced 140 RNA
species by �2-fold, there were only 63 RNA species that declined
in amounts by at least a factor of two (Fig. 1 A, lane 2, and Tables
1–3). Nearly identical results were obtained when cells treated
with 0.1 �M p35�A(2�p5�A)2 were compared with untreated cells
or with cells treated with 0.1 �M A(2�p5�A)2 (Fig. 1 A, lanes 2
and 3). Increasing concentrations of p35�A(2�p5�A)2, from 0.1 to
5 �M produced decreased levels of some RNA species but

Fig. 1. 2-5A induces gene expression changes in DU145 prostate carcinoma cells in a dose- and time-dependent manner. (A) A gene tree representing �2-fold
changes in RNA levels in response to increasing dosage of 2-5A, measured at 6 h. (B) RNA level expression changes of �2-fold in response to 0.1 �M active 2-5A
measured at different time points. A heat bar indicating the colors associated with the fold change in expression levels is shown to the right.

14534 � www.pnas.org�cgi�doi�10.1073�pnas.0507551102 Malathi et al.



further increased amounts of other RNA molecules (Fig. 1 A,
lanes 3–6). A kinetic analysis of cells treated for 30 min to 12 h
with 0.1 �M p35�A(2�p5�A)2 was performed, and the results were
compared with those from untreated cells (Fig. 1B). Most RNA
species that changed in amounts by a factor of two or greater
were apparent by 30 min of 2-5A treatment; some decreased at
first, then increased in amounts, whereas others increased up to
2 h and then declined. At 8 h, there were 99 RNA species
up-regulated and 56 species down-regulated. Interestingly, sev-
eral ISGs were induced by 2-5A treatment, including IFN-
inducible transcript (IFIT)2�P54, IFIT1�P56, IL-8, and ISG15�
IFI-15K. P54 was the most highly up-regulated gene, peaking at
a �20-fold increase by 6 h of 2-5A treatment. Only six RNA
species were down-regulated by 5- to 10-fold in response to 0.1
�M p35�A(2�p5�A)2 (Tables 1–3). These findings suggest that the
biological activities of 2-5A are due to a combination of gene
induction and repression.

2-5A Induction of MIC-1�NAG-1 and P56 Proteins in DU145 Cells. Array
experiments on 2-5A-transfected DU145 cells using a modified
cDNA labeling method (without probe amplification) detected
2-5A induction of MIC-1�NAG-1, a member of the TGF-�
superfamily. MIC-1�NAG-1 mRNA was induced 5.7- and
11.5-fold at 2 and 4 h, respectively, after 2-5A treatment (data
not shown). In addition, 2-5A potently induced MIC-1�NAG-1
mRNA levels in DU145 cells as determined by RT-PCR and
by Northern blotting (data not shown). To establish MIC-1�
NAG-1 and P56 induction at the protein level, DU145 cells
were transfected for 6 h with different amounts of
p35�A(2�p5�A)2 or A(2�p5�A)2. MIC-1�NAG-1 protein, the
35-kDa pro-form, was clearly detected after transfecting for 6 h
with 10 nM p35�A(2�p5�A)2 but was highly induced with 50 or
100 nM p35�A(2�p5�A)2 (Fig. 2A). Higher concentrations of
p35�A(2�p5�A)2 (0.5 to 5 �M), produced less MIC-1�NAG-1
induction, perhaps because of the RNA-degrading activity of
RNase L. P56 was induced with p35�A(2�p5�A)2 between 0.01
to 0.05 �M, with maximal induction at 0.5 �M (Fig. 2 A).
MIC-1�NAG-1 was first observed at 4 h of treatment with 0.1
�M p35�A(2�p5�A)2 and reached maximum levels between 6
and 8 h, whereas P56 was induced by 2–4 h and levels peaked
at 12 h (Fig. 2B). A(2�p5�A)2 failed to induce MIC-1�NAG-1
or P56 protein, suggesting that RNase L activation is necessary
(Fig. 2 A Lower and B Lower). To verify activation of RNase L
in the intact cells, specific rRNA cleavage products were
observed in cells transfected with p35�A(2�p5�A)2 but were not
seen with A(2�p5�A)2 (Fig. 2C) (17).

Induction of the MIC-1�NAG-1 Promoter by 2-5A Activation of RNase L.
To determine whether MIC-1�NAG-1 induction was transcrip-
tional, constructs from the MIC-1(NAG-1) promoter fused to
luciferase cDNA were transiently transfected into DU145 cells
(19). Cells were transfected with MIC-1�NAG-1 promoter con-
structs, followed by 100 nM p35�A(2�p5�A)2 (Fig. 3A). Con-
structs with 3,500, 966, and 474 nt of the MIC-1�NAG-1
promoter were remarkably induced by 2-5A. A minimal MIC-
1�NAG-1 promoter (133 nt) was induced to �50% of the extent
of the longer constructs. To determine whether Sp1 and Egr1
binding sites in the 133-nt promoter contributed to 2-5A induc-
tion, these sites were deleted (Fig. 3B). Although removal of the
Sp1-A site was without effect, removal of the Sp1-B, Sp1-C, and
Egr-1 sites reduced 2-5A-induced transcription by approximately
one-third. However, a very substantial 2-5A induction remained,
indicating the presence of additional 2-5A�RNase L responsive
sites in the minimal pNAG-133��Sp1-B�C promoter segment.
The kinetics of induction for the 474-nt MIC-1�NAG-1 pro-
moter demonstrated luciferase expression by 1 h of 2-5A treat-
ment, with maximum expression by 8 h (Fig. 3C).

To further establish that the signal generated by 2-5A is
mediated through RNase L, experiments were done in a human
HeLa cell line, clone M, that contains low levels of RNase L (Fig.
3D). In the HeLa cells, the expression of the 966-nt MIC-1�
NAG-1 promoter segment exceeded that of the 3,500-nt pro-
moter by 2- to 3-fold. Expression of RNase L cDNA produced
a 3-fold stimulation of the 2-5A-induced transcription. However,
the RNase L variant R462Q did not affect 2-5A induction of
transcription (9, 10). In contrast, 2-5A induction of the MIC-1�
NAG-1–966��70 promoter was substantially reduced (2- to
3-fold) by the nuclease-dead RNase L mutants, R667A or
H672A (22). These data indicate that the signal relayed by 2-5A
through RNase L requires amino acid residues necessary for the
catalytic function of RNase L.

2-5A Signaling Is a Stress–Response Pathway That Requires MAP
Kinases JNK and ERK. The question of how 2-5A activation of
RNase L leads to a transcriptional response was further inves-
tigated. Prior studies showed that 2-5A treatments of cells led to
activation of the MAP kinase JNK (11, 27). To determine
whether JNK and other MAP kinases participate in the signal
transduction pathway initiated by 2-5A, DU145 cells were
treated with 2-5A in the presence or absence of different kinase
inhibitors. The JNK inhibitor SP600125 completely prevented
induction of MIC-1�NAG-1 protein and phosphorylation of
JNK in response to 2-5A treatments (Fig. 4 A and B). Similarly,
the ERK inhibitor PD98059 greatly reduced MIC-1�NAG-1
induction and completely prevented ERK phosphorylation by

Fig. 2. Induction of MIC-1�NAG-1 and P56 proteins by 2-5A as determined in Western blots. (A) Dose-dependent induction of MIC-1�NAG-1 and P56 by
p35�A(2�p5�A)2 (lanes 1–8) compared with A(2�p5�A)2 (lanes 9–16) (see Materials and Methods). (B) Kinetics of MIC-1�NAG-1 and P56 induction by 0.1 �M
p35�A(2�p5�A)2 compared with 0.1 �M A(2�p5�A)2 for the indicated times. (C) Cleavage of 28S and 18S rRNA in DU145 cells transfected with the indicated
concentrations of p35�A(2�p5�A)2 (lanes 1–6) or A(2�p5�A)2 (lanes 9–14) for 4 h before isolating RNA. RNase L-mediated cleavage products of rRNA are indicated
to the right (arrows).
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2-5A (Fig. 4 A and C). In contrast, inhibition with SB203580 of
p38, which is constituitively active in these cells, had no effect on
MIC-1�NAG-1 induction by 2-5A (Fig. 4 A and D). JNK
activation by 2-5A occurred within 30 min and was sustained for
at least 12 h after treatment with 2-5A (Fig. 4E). In contrast,
ERK phosphorylation peaked at 30 min and then rapidly de-
clined (Fig. 4F). P38 levels and its phosphorylation state were
unaffected by 2-5A (Fig. 4G). The JNK and ERK inhibitors, but
not the p38 inhibitor, reduced by 4- to 5-fold the induction by
2-5A of the 474- or 133-nt MIC-1�NAG-1 promoters (Fig. 4H).
In addition, a promoter construct (pNAG �492��1), which
lacks all of the MIC-1�NAG-1 5� UTR, was highly induced by
2-5A, and it was also repressed by the JNK or ERK inhibitors
(Fig. 4H). These findings demonstrate that JNK and ERK
contribute to the 2-5A-mediated induction of the MIC-1�
NAG-1 promoter.

Discussion
2-5A Mediates a Potent Transcriptional Response Through RNase L and
MAP Kinases JNK and ERK. Our findings reveal a signaling pathway
in which activation of RNase L by 2-5A induces a range of
different genes, including several ISGs and MIC-1�NAG-1. 2-5A
activation of RNase L stimulates JNK and ERK, leading to
transcriptional induction of the MIC-1�NAG-1 gene. Ribonu-
clease activity is strongly implicated in the signaling pathway
because two separate nuclease-dead missense mutations in
RNase L (R667A and H672A) failed to activate and, instead,
inhibited 2-5A induction of the MIC-1�NAG-1 �966��70 pro-

moter (22) (Fig. 3D). In contrast, expression of the R462Q
variant of RNase L, which reduces ribonuclease activity by 2- to
3-fold, had no effect (9, 10). These findings suggest that,
although ribonuclease activity is required for signaling, it may
not be sufficient. For instance, our results do not rule out the
possibility of 2-5A-regulated protein–protein interaction in the
signaling pathway. Although the specific proximal RNA sub-
strate(s) of RNase L required for the transcriptional response
are unknown, is worth noting that JNK is activated in response
to different treatments that damage rRNA (e.g., ricin A, �-sar-
cin, UV light, and RNase L) (27–29). Because RNase L cleaves
28S and 18S rRNA at specific sites in intact ribosomes (17), the
ribosome may be a sentinel for different RNA damage-response
pathways. Alternatively, it is possible that RNase L cleaves an
inhibitory RNA, such as a microRNA, leading to translation of
a transcriptional activator or a repressor mRNA allowing tran-
scription of different genes.

Transcription factors NF-�B, p53, Sp1, and Egr-1 have been
implicated in MIC-1�NAG-1 induction (30). The �133 nucle-
otide minimal 2-5A-responsive MIC-1�NAG-1 promoter con-
struct has binding sites for Sp1 and Erg-1 but not for NF-�B and
p53. The 2-5A pathway is independent of p53 because DU145
cells are mutant for p53 and because 2-5A also induced MIC-
1�NAG-1 in the p53 mutant cell line, HCT-116 p53�/� (31) (data
not shown). However, NF-�B could be responsible for the
enhanced 2-5A induction observed with longer MIC-1�NAG-1
promoter constructs, such as the �474 nucleotide promoter
through the �B site at nucleotides �277 to �286, compared with

Fig. 3. Transcriptional activation of MIC-1�NAG-1 promoter constructs in response to 2-5A requires RNase L. (A) DU145 cells were transfected with the constructs
indicated on the left. After 16 h, cells were transfected with p35�A(2�p5�A)2 or p35�A(2�p5�A)2 (see Materials and Methods). (B) Effect of deleting Sp1 and Egr-1
sites in the minimal MIC-1�NAG-1 promoter on 2-5A induction determined as described for A. (C) Kinetics of induction of the �474��41 promoter by
p35�A(2�p5�A)2 and lack of induction by A(2�p5�A)2 was performed as described for A. (D) Catalytically active RNase L is required for 2-5A induction of the
MIC-1�NAG-1 promoter. HeLa M cells were transiently transfected with constructs of wild-type or mutant human RNase L cDNA along with MIC-1�NAG-1
promoter constructs and subsequently transfected with 0.1 �M p35�A(2�p5�A)2 (see Materials and Methods). Expression of RNase L was determined on Western
blots. RLU, relative luciferase units represent firefly luciferase activity normalized for Renilla luciferase activity.
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the �131 nucleotide construct. The Sp1-A site (nucleotides
�114 to �121) was dispensable, whereas the Sp1-B, Sp1-C, and
Egr-1 sites (nucleotides �51 to �70) contributed to, but were not
essential for, the 2-5A transcriptional response. Optimal induc-
tion of MIC-1�NAG-1 by 2-5A required JNK and ERK. In
contrast, 12-O-tetradecanoylphorbol-13-acetate stimulation of
MIC-1�NAG-1 occurs through NF-�B and is independent of
these MAP kinases (30). On the other hand, MIC-1�NAG-1
induction by troglitazone through Egr-1 was ERK-dependent
(32). These findings indicate that the MIC-1�NAG-1 gene
contains multiple promoter elements that can respond to dif-
ferent types of signals. Although the MIC-1�NAG-1 is the focus
of this study, 2-5A induction of other genes, such as IFIT1�P56,
IFIT2�P54, IL8, and ISG15, likely involves additional or alter-
native intermediate signaling molecules and promoter elements.

Implications for MIC-1�NAG-1 Induction by RNase L in Prostate Cancer.
MIC-1�NAG-1 inhibits prostate cancer proliferation and adhesion,
induces apoptosis, and, in macrophages, inhibits lipopolysaccha-
ride-induced TNF-� production (18, 33, 34). However, MIC-1�
NAG-1 expression is also up-regulated during prostate cancer
progression and has been suggested as a potential biomarker (35).
The RNase L gene (RNASEL) maps to the HPC1 gene, and a
variant of MIC-1�NAG-1 (H6D) is associated with prostate cancer
risk (20). Furthermore, other genes involved in host defense to
infections and�or inflammation are implicated as prostate cancer
susceptibility genes, including TLR4 (Toll-like receptor 4 gene) and

MSR1 (macrophage scavenger receptor 1 gene) (36, 37). Prolifer-
ative inflammatory atrophy is observed adjacent to prostate intra-
epithelial neoplasia and may be initiated by infections (38). 2-5A
produced in response to viral infections of prostate could induce the
antiinflammatory, proapoptotic MIC-1�NAG-1 gene and antiviral
ISGs, such as P56 and ISG15 (39, 40). Our findings suggest a
connection between RNase L and MIC-1�NAG-1. We show here
that when RNase L is mutated, induction of the MIC-1�NAG-1
promoter is deficient (Fig. 3D). Perhaps, when RNase L is mutated
in prostate, MIC-1�NAG-1 levels would be reduced, thereby al-
lowing inflammation and initiation of prostatic carcinogenesis (38).

Biological Roles of 2-5A and RNase L Are Due to Induction and
Repression of RNA Species. 2-5A, the only known nucleic acid with
more than one 2�-5� internucleotide linkage, is produced from an
IFN-induced enzyme (OAS) when stimulated by the pathogen-
associated molecular pattern dsRNA. Although tetramer (data not
shown) and trimer 2-5A are active in inducing MIC-1�NAG-1
transcription, it will be interesting to further study the effect of 2-5A
oligomer size on the transcriptional response. In addition, RNase
L�/� cells reconstituted with different mutant forms of RNase L
will be useful for determining the precise molecular mechanism for
the transcriptional effects of 2-5A (5). The range of 2-5A concen-
trations (10–100 nM) required for the induction of MIC-1�NAG-1
and other RNAs is the same as that observed in encephalomyo-
carditis virus-infected cells (41). Therefore, physiological concen-
trations of 2-5A cause RNase L to stimulate a potent transcriptional

Fig. 4. JNK and ERK contribute to induction of the MIC-1�NAG-1 promoter in response to 2-5A. DU145 cells were treated for 30 min with either JNK inhibitor
SP600125 (25 �M), ERK1�2 inhibitor PD98059 (25 �M), or p38 inhibitor SB203580 (20 �M) before transfection with 0.1 �M p35�A(2�p5�A)2 for 4 h (A–D) or in for
the indicated times (E–G). (A–G) MIC-1�NAG-1 protein (A), phosphorylation of JNK1�2 (B and E), phosphorylation ERK1�2 (C and F), and phosphorylation of p38
in Western blots (D and G) were probed with the indicated antibodies. T, total protein; p, phosphorylated protein. (H) Inhibition of 2-5A induction of the
�133��41, �492��1, and �474��41 MIC-1�NAG-1 promoter luciferase constructs by JNK and ERK inhibitors but not by the p38 inhibitor.
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response. Interestingly, transcription of MIC-1�NAG-1 (referred to
as PLAB and prostate differentiation factor in ref. 42) was induced
3.5-fold in the human hepatoma cell line Huh7 in response to
infection for 2 h with severe acute respiratory syndrome-
coronavirus (42). It is possible that the induction of MIC-1�NAG-1
in that study was due to viral stimulation of the 2-5A�RNase L
pathway. It is intriguing to think that perhaps the dominant function
of the RNase L is to induce gene expression rather than to destroy
RNA species. The consequence of activation of RNase L by 2-5A

is induction of genes, such as MIC-1�NAG-1, P56, IL-8, and ISG15,
that have a profound effect on viruses, inflammation, and
tumorigenesis.
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