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The retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated antigen 5 (MDA-5) heli-
cases sense viral RNA in infected cells and initiate antiviral responses such as the production of type I IFNs.
Here we have shown that RIG-I and MDA-5 also initiate a proapoptotic signaling pathway that is independent
of type I IFNs. In human melanoma cells, this signaling pathway required the mitochondrial adapter Cardif
(also known as IPS-1) and induced the proapoptotic BH3-only proteins Puma and Noxa. RIG-I- and MDA-5-
initiated apoptosis required Noxa but was independent of the tumor suppressor p53. Triggering this path-
way led to efficient activation of mitochondrial apoptosis, requiring caspase-9 and Apaf-1. Surprisingly, this
proapoptotic signaling pathway was also active in nonmalignant cells, but these cells were much less sensitive
to apoptosis than melanoma cells. Endogenous Bcl-x; rescued nonmalignant, but not melanoma, cells from
RIG-I- and MDA-5-mediated apoptosis. In addition, we confirmed the results of the in vitro studies, dem-
onstrating that RIG-I and MDA-5 ligands both reduced human tumor lung metastasis in immunodeficient
NOD/SCID mice. These results identify an IFN-independent antiviral signaling pathway initiated by RIG-I
and MDA-5 that activates proapoptotic signaling and, unless blocked by Bcl-x;, results in apoptosis. Due to
their immunostimulatory and proapoptotic activity, RIG-I and MDA-5 ligands have therapeutic potential due

to their ability to overcome the characteristic resistance of melanoma cells to apoptosis.

Introduction

The elimination of dangerous host cells is essential to avoid disease.
Cancer cells and virus-infected cells are examples for potentially
dangerous host cells and they share certain properties: both express
specific antigens, and both need to evade immune and nonim-
mune control mechanisms in order to persist (1, 2). To eliminate
virus-infected cells, the host combines two defense strategies: (a)
in infected host cells, receptor-mediated sensing of virus triggers
endogenous immune responses or apoptosis; (b) in immune cells,
sensing of virus activates innate and adaptive immune responses,
protecting neighboring cells and stimulating cytotoxic immune
cells such as NK cells and CD8" T cells, which kill infected cells
via externally induced cell lysis and apoptosis. The same type of
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responses are sought for tumor control. Therefore, an effective
approach to tumor therapy may be achievable using components
that trigger these antiviral responses.

Melanoma, the most aggressive form of skin cancer, is particu-
larly amenable to immunotherapy. Melanoma-associated antigens
are well defined; treatment with immunomodulatory substances
such as IFN-o and IL-2 is part of established protocols; and new
immunotherapeutic strategies are being evaluated, but so far with
limited success (3-5). Melanoma cells are remarkably resistant to
apoptosis induction by standard cytotoxic therapies, and there is
an urgent need for new therapeutics that effectively activate apop-
tosis in melanoma cells.

Antiviral responses are initiated through the detection of viral
nucleic acids by innate pattern recognition receptors. TLRs and
RIG-I-like helicases (RLHs), comprising retinoic acid-inducible
gene I (RIG-I), melanoma differentiation-associated antigen S
(MDA-5), and LGP2 (laboratory of genetics and physiology 2),
are the two major families of receptors for detecting RNA viruses.
RIG-I is localized in the cytosol and recognizes 5'-triphosphate
RNA (pppRNA) generated by viral RNA polymerases in the cyto-
sol of cells. Of note, pppRNA is also generated physiologically in
the nucleus, but due to processing (splicing, addinga 5’ cap, addi-
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Figure 1

pppRNA and poly(l:C) induce apoptosis in melanoma cells. (A) The
viability of different melanoma cell lines was determined after trans-
fection of in vitro—transcribed RNA (pppRNA) or poly(l:C) (20 ng/
ml). Cells were analyzed 17 (pppRNA) or 24 hours [poly(l:C)] after
transfection. Viability of cells treated with transfection reagent alone
(mock-transfected cells; No RNA) was set to 100%. *P < 0.05 com-
pared with the same cell line treated with transfection reagent alone.
(B) Fluorescence-activated cell sorting (FACS) analysis of apoptotic
1205Lu cells treated with pppRNA or poly(l:C) (200 ng/ml) for 24 hours
either complexed with a liposomal transfection reagent (Transfection)
or not (No transfection). Percentages indicate the portion of cells in
each quadrant that defines annexin V- or propidium iodide—posi-
tive or —negative cells. Results are representative of 3 independent
experiments. (C) Left: Viability of the metastatic melanoma cell line
1205Lu was measured 24 hours after transfection of different short
in vitro—transcribed RNAs (pppRNA1-3) in double-stranded (ds) or
single-stranded (ss) form or synthetic unconjugated RNAs (OH) with
the same sequence. Sequences of pppRNAs are shown in Methods.
Right: Viability of 1205Lu cells transfected with different doses of
poly(l:C) (20-200 ng/ml) for 24 hours. Viability of mock-transfected
cells was set to 100%. (D) FACS analysis of apoptotic 1205Lu cells
treated with pppRNA or poly(l:C) as described in C. Annexin V—posi-
tive and propidium iodide—negative cells (AN*/PI-) are depicted. In A,
C, and D, the mean + SD of 3 independent experiments is shown.
*P < 0.05 compared with mock-transfected cells in C and D. (E) ppp-
RNAs (pppRNA1-3) or poly(l:C) (5 ng/ml) were used with or without
transfection reagent, and 1205Lu cells were analyzed 12 (pppRNA)
or 24 hours [poly(l:C)] after treatment. Activation of caspase-3 was
assessed by immunoblotting with an antibody specific for procaspase-
3 (35 kDa) and its active cleaved subunits (17, 19 kDa). WM9 mela-
noma cells treated with 1 uM staurosporine (STS) for 5 hours served
as a positive control for caspase cleavage. One representative of 3
independent experiments is shown.

tional modifications), it loses its RIG-I ligand activity before it is
released to the cytosol (6, 7). Active pppRINA can be generated by in
vitro transcription. While long double-stranded RNA (300-2,000
bp) even in the absence of a 5'-triphosphate moiety seems to acti-
vate RIG-I, MDA-S5 preferentially detects very long double-stranded
RNA as present during replication of certain viruses (8). Polyino-
sinic-polycytidylic acid [poly(I:C)], a synthetic and artificial mimic
of long double-stranded RNA, is a strong activator of MDA-5 (9).
Upon recognition of RNA ligands, RIG-I and MDA-5 bind to the
adapter protein IFN-§ promoter stimulator 1 (IPS-1) (also known
as CARDIF, MAVS, or VISA) located in the outer mitochondrial
membrane (10-13). The interactions of RIG-I or MDA-5 with IPS-1
initiate signaling pathways that elicit the activation of transcrip-
tion factors including IFN regulatory factor 3 (IRF-3) and NF-kB,
resulting in IFN production, activation of NF-kB target genes, and
the secondary induction of IFN-stimulated genes (14).

We hypothesized that triggering RIG-I and MDA-5 with their
cognate RNA ligands will not only stimulate type IIFN and NF-kB-
dependent inflammatory cytokines, but at the same time may trig-
ger endogenous apoptosis as part of an antiviral host response.
Tumor cells could be more susceptible to this kind of death sig-
nal than nonmalignant cells, since many alterations required for
tumor formation can also result in increased vulnerability to cer-
tain apoptotic stimuli (a phenomenon termed “synthetic lethality”
or “oncogene addiction”) (15, 16). Increased immunostimulation
and sensitivity toward apoptosis cooperate, and the feasibility of a
combined chemo- and immunotherapy is currently being investi-
gated in clinical applications (17). The results presented here sup-
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port this hypothesis. We identify an IFN-independent proapop-
totic signaling pathway that is activated by RIG-I and MDA-S in
normal cells as well as in tumor cells. We demonstrate that this
pathway leads to apoptosis in melanoma cells, whereas primary
cells are less susceptible due to an intact Bcl-x. counterregulatory
pathway, resulting in preferential tumor cell death in vitro and in
immunodeficient mice in vivo.

Results
PPPRNA and poly(I:C) induce apoptosis in melanoma cells. We tested the
ability of RIG-I and MDA-5 ligands to induce cell death in human
melanoma cell lines. Five cell lines derived from advanced mela-
nomas (vertical growth phase or metastatic origin) were analyzed.
Activation of RIG-Tand MDA-5 by pppRNA1 and poly(I:C) strongly
reduced viability from 100% in controls to 20%-50% within 24
hours (Figure 1A). Viability was reduced due to induction of apop-
tosis as determined by staining with annexin V. Apoptosis strictly
required intracellular delivery, as neither pppRNAs nor poly(I:C)
without transfection were active (Figure 1B). Different pppRNAs
were tested, and all reduced cell viability (Figure 1C). The 5'-tri-
phosphate moiety was required, since synthetic RNAs carrying a
free OH group at the 5" end (e.g., OH-RNAT1) had no effect (Figure
1C, left panel). Strong dose-dependent reduction of viability was
observed for poly(I:C) (Figure 1C, right panel). Reduced viability
was reflected in an increased number of cells undergoing apopto-
sis (Figure 1D). Confirming the onset of apoptosis, caspase-3 was
activated in cells transfected with pppRNAs or poly(I:C) but not
in cells exposed to pppRNA or poly(I:C) in the absence of transfec-
tion reagent (Figure 1E). Together, these results show high sensi-
tivity of human melanoma cell lines toward apoptosis induction
by pppRNAs or poly(I:C) when delivered to the cytosol.
Proapoptotic signaling of pppRNA and poly(1:C) is mediated by the
cytosolic RNA receptors RIG-I and MDA-5. siRNAs effectively targeting
RIG-I and MDA-S were designed (sequences are shown in Supple-
mental Table 1; supplemental material available online with this
article; doi:10.1172/JCI37155DS1), and inhibition of the target
was confirmed (Figure 2A; mRNA reduction in RIG-I and MDA-5
levels, >90%). In pppRNA-treated melanoma cells, inhibition of
RIG-I led to a decrease in apoptotic cells almost to baseline levels,
whereas inhibition of MDA-5 had no major effect on pppRNA-
induced apoptosis (Figure 2B, left panel). In contrast, apoptosis
induction by poly(I:C) was reduced by inhibition of MDA-5 but
not of RIG-I (Figure 2B, right panel). Next, the involvement of
TLR3 and RNA-activated protein kinase (PKR) was tested. TLR3
and PKR can be activated by poly(I:C) and PKR by pppRNA (18,
19). The siRNAs effectively silenced TLR3 (Figure 2C, left panel)
and PKR (Figure 2D, left panel), but inhibition of neither TLR3
nor PKR rescued cells from apoptosis induction by pppRNA or
poly(I:C). In fact, apoptosis was even enhanced by inhibition of
TLR3 or PKR (Figure 2, C and D, right panels). RIG-I, MDA-5,
TLR3, and PKR mRNA was expressed at low levels in melanoma
cells and was strongly upregulated by pppRNA and poly(I:C) (Fig-
ure 2, A, C, and D). Taken together, these results suggest that pro-
apoptotic signaling induced by pppRNA and poly(L:C) is triggered
by RIG-I and MDA-5, respectively, while TLR3 and PKR, despite
being upregulated, do not contribute to apoptosis induction.
Apoptosis induction by pppRNA and poly(I:C) involves IPS-1 but is inde-
pendent of IFN signaling. The RNA ligands pppRINA and poly(I:C) both
induced IFN-f} expression in melanoma cells (Figure 3A). Silencing
of RIG-Iand MDA-5 confirmed that induction of IFN-f3 by pppRNA
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and poly(I:C) required RIG-I and MDA-S5, respectively, and that both
required IPS-1 (Figure 3A). Similar to IFN-f induction, silencing of
IPS-1 also decreased pppRNA- and poly(I:C)-induced apoptosis
(Figure 3B); residual apoptosis induction was higher for poly(I:C).
IPS-1-dependent apoptosis induction was confirmed by transfec-
tion of cells with NS3-4A, a multifunctional serine protease derived
from hepatitis C virus that inactivates IPS-1 by cleavage (11). Expres-
sion of NS3-4A but not the inactive mutant (mNS3-4A) in mela-
noma cells reduced pppRNA-induced cell death to control levels
(Figure 3C). Analysis of IFN-f3 expression confirmed the inhibitory
function of NS3-4A in this system (Figure 3C).
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To analyze the role of IFN signaling in apoptosis induction, we
used siRNA to silence the IFN-0/p receptor (IFNAR), aiming at
interrupting the downstream signaling of type I IFNs. An effec-
tive IFNAR-targeting siRNA was established (mRNA reduction,
>90%; Figure 3D, left panel). Inhibition of IFNAR was functional,
since it resulted in a strong decrease in IFN-f (amplified through
autocrine feedback loop via IFNAR) (Figure 3D, middle panel). In
the absence of IFNAR and IFN-f, pppRNA and poly(I:C) induced
apoptosis to the same extent (Figure 3D). Similarly siRNA-medi-
ated silencing of the transcription factor IRF-3 (essential for the
RIG-I- and MDA-5-mediated induction of type I IFN) had no
Volume 119
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Figure 3

Apoptosis as well as IFN-f induction by pppRNA and poly(l:C) are mediated via IPS-1 in melanoma, but apoptosis is independent of IFN-{ secre-
tion. (A) 1205Lu cells were treated with pppRNA or poly(I:C) (3 ng/ml) 48 hours after transfection of siRNAs specific for RIG-I, MDA-5, or IPS-1
or control siRNA. IFN-f expression was analyzed by quantitative RT-PCR. (B) 1205Lu cells were treated with pppRNA or poly(l:C) (5 ng/ml)
48 hours after transfection of siRNAs specific for IPS-1 or control siRNA, and rates of apoptosis were determined by FACS. Annexin V—posi-
tive and propidium iodide—negative cells are represented. *P < 0.05 compared with control siRNA-transfected cells treated with pppRNA1ds.
(C) 1205Lu cells were transfected with vectors expressing wild-type NS3-4A (NS3/4) or an inactive mutant form (mNS3/4) (51). Twenty-four
hours after vector transfection, cells were treated with pppRNA. Left: Apoptotic and dead cells (AN*/PI*) were measured. *P < 0.05 compared
with mNS3/4- or mock-transfected cells treated with pppRNA. Right: Analysis of IFN- expression by quantitative RT-PCR. (D) 1205Lu cells
were treated with siRNA specific for the type I IFN receptor (IFNAR) or control siRNA and pppRNA, poly(l:C), or transfection reagent alone as
described for A. Left: quantification of IFNAR mRNA. Middle: Quantification of IFN-f3 expression. Right: FACS analysis of apoptotic cells (AN*+/PI-)
treated with pppRNA, poly(1:C), or transfection reagent alone. (E) 1205Lu cells were treated with an IRF-3—specific siRNA or control siRNA and
pppRNA as described for A. Left: Analysis of IRF-3 mRNA expression. Right: Analysis of apoptotic cells (AN*/PI-). For all panels, mean + SD of
3 independent experiments is shown.

effect on pppRNA- and poly(I:C)-induced apoptosis (Figure 3E).
Together, these data suggest that RIG-I- and MDA-5-mediated
apoptosis induction requires IPS-1 but is independent of type I
IFN signaling and IRF-3 expression.

RIG-Iand MDA-S activate the mitochondrial apoptosis pathway. To further
characterize the apoptotic signaling triggered by RIG-I and MDA-5, we
analyzed the contributions of caspase-9, an essential mediator in the
mitochondrial (intrinsic) apoptotic pathway, and of caspase-8, which
is required for the receptor-mediated (extrinsic) apoptotic pathway
(20). Immunoblot analysis revealed active subunits of caspase-9 and
caspase-8 in melanoma cells treated with pppRNA or poly(I:C) (Fig-
ure 4A). Cleavage of caspase-8 or -9, although they are initiator cas-
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pases, can be caused by active effector caspases (e.g., caspase-3) at later
stages of apoptosis. To clarify which apoptotic pathway was initially
activated, we silenced critical molecules involved in these pathways by
RNAI: caspase-9 and its adapter protein Apaf-1 as components of the
mitochondrial pathway; and caspase-8 and the adapter protein FADD
as essential mediators of the receptor-mediated pathway.
Functional assays showed that RIG-I- and MDA-5-triggered
apoptosis is dependent on caspase-9 and Apaf-1, while inhibition
of caspase-8 or FADD did not reduce cell death (Figure 4B, left
panel). Immunoblots of caspase-9 and caspase-8 were carried out
to confirm that the siRNAs had the desired effect (Figure 4B, right
panel). Apaf-1 is required for activation of caspase-9, and, accord-
Volume 119 2403
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RIG-1 and MDA-5 activate the mitochondrial apoptosis pathway. (A) Transfection of pppRNA or poly(l:C) activates the initiator caspase-9 and -8.
pppRNAs (pppRNA1-3) or poly(l:C) (5 ng/ml) were used with or without transfection reagent, and 1205Lu cells were analyzed 12 (pppRNA) or
24 hours [poly(l:C)] after RNA treatment. Caspase activation was assessed by immunoblotting with antibodies that are specific for both procas-
pases and their respective active subunits. WM9 melanoma cells treated with 1 uM staurosporine (STS) for 5 hours served as a positive control
for caspase cleavage. Blots are representative of 3 independent experiments. The last lane of the upper-left blot was run on the same gel but
was not contiguous, as indicated by the white line. (B) 1205Lu cells were treated with pppRNA or transfection reagent alone 48 hours after trans-
fection of siRNAs specific for Apaf-1, caspase-9, FADD, caspase-8, or control siRNA. Left: Apoptotic and dead cells (AN*/PI*) were analyzed.
Mean + SD of 3 independent experiments is shown. *P < 0.05 compared with control siRNA-transfected cells treated with pppRNA. Right:
Analysis of caspase-8 and -9 activation 12 hours after pppRNA transfection by immunoblotting as described for A. Blots are representative of
2 independent experiments. (C) 1205Lu cells were treated with pppRNA or poly(l:C) (5 ng/ml) or left untreated. Cytosolic protein fractions were
prepared at the indicated time points (3, 6, or 9 hours after transfection) and analyzed for the presence of cytochrome c in the cytosol by immu-
noblotting. -Actin served as loading control. Blots are representative of 2 independent experiments.

ingly, in melanoma cells treated with Apaf-1-specific siRNA, acti- the BH3-only proteins of the Bcl-2 family. Analysis of BH3-only
vation of caspase-9 was strongly decreased (procaspase-9 was pres-  proteins during RIG-I- and MDA-5-mediated apoptosis showed
ent, but active caspase-9 subunits were reduced). Melanoma cells ~ strong transcriptional induction of Noxa and Puma with RNA lev-
treated with caspase-9-specific siRINA showed the expected reduc-  els increasing 5- to 20-fold. Smaller but significant increases were
tion of both procaspase-9 and its active subunits. Cell death was  observed for Bim and Bik, whereas Bad, Bid, and Hrk mRNA levels
reduced in cells in which Apaf-1 or caspase-9 was knocked down  were not changed (Figure 5A). To confirm these observations on
(Figure 4B, left panel). This correlated with a reduced activation of  the protein level, we performed immunoblotting in several mela-
caspase-8 in these samples (Figure 4B, right panel, first two lanes), noma cell lines. Induction of Noxa and Puma was observed in cells
suggesting that caspase-8 was cleaved subsequent to caspase-9 acti-  exposed to either pppRNA or poly(I:C) (Figure 5B). RNAi-medi-
vation. To confirm the involvement of the mitochondrial pathway, ated silencing of Noxa strongly reduced the amount of apoptotic
we measured cytochrome ¢ release from mitochondria, a critical ~ cells in pppRNA-treated melanoma cells, whereas the percentage
event in mitochondrial apoptosis, in cytosolic extracts. Cytosolic  of apoptotic cells in Puma-, Bim-, Bad-, Bik-, or Bid-inhibited cells
cytochrome ¢ was detectable 3 hours after transfection, with peak ~ was not reduced compared with the control (Figure SC, left panel).
levels at 6 hours (Figure 4C). These results suggest that RIG-Iand ~ Similar observations were made with poly(I:C) (Figure 5C, right
MDA-S5 activate the mitochondrial pathway requiring Apaf-1 and  panel). These data suggest that expression of Noxa, Puma, Bik, and
caspase-9 and that activation of caspase-8 is secondary to Apaf-1 ~ Bim is increased during RIG-I- or MDA-5-mediated apoptosis.
and caspase-9 activation. The presence of Noxa was critically required for apoptosis, whereas
Induction of Noxa contributes to RIG-I- and MDA-S5—mediated apopto- ~ other BH3-only proteins were not individually required.
sis. Mitochondrial apoptosis is regulated by proteins of the Bcl-2 Role of the tumor suppressor pS3 in RIG-I- and MDA-5—mediated apop-
family, and important initiators of mitochondrial apoptosis are  tosis. Noxa and Puma, the two BH3-only proteins most strongly
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induced by pppRNA, were originally isolated as target genes
upregulated by the tumor suppressor p53. The tumor suppres-
sor p53 is rarely mutated in melanoma, in contrast to many other
malignancies, and serves as an important regulator of apoptosis
(21, 22). However, expression studies revealed no increase in p53
on the mRNA (data not shown) and protein levels (Figure 6A)
upon treatment with pppRNA or poly(I:C). Induction of Noxa
was not affected when p53 was silenced, whereas Puma induction
required p53 (Figure 6A). Inhibition of p53 by RNAi did not res-
cue cells from RIG-I- and MDA-5-triggered apoptosis (Figure 6B).
Together, the data suggest that apoptosis induction by RIG-I and
MDA-5 is not mediated by p53 and induction of Noxa occurs inde-
pendent of p53, whereas Puma requires pS53 for its induction.
Melanoma cells are more sensitive to RIG-I- and MDA-5—induced
apoptosis than primary cells. We next compared healthy primary
cells of the skin with melanoma cells to evaluate tumor speci-
ficity of apoptosis induction by RIG-I and MDA-S. Primary
human melanocytes, primary fibroblasts, and primary keratino-
cytes were significantly less sensitive to pppRNA and poly(I:C)
compared with melanoma cells (Figure 7A). pppRNA and poly(I:C)
also induced expression of IFN-f in primary cells, and transfection
into the cytosol was required for IFN induction (Figure 7B). Inter-
estingly, despite resistance of these cells to apoptosis, pppRNA
and poly(I:C) also induced expression of Noxa and Puma in pri-
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Figure 5

RIG-I and MDA-5 induce expression of the proapoptotic
BH3-only members of the Bcl-2 family Noxa, Puma, Bim, and
Bik. (A) 1205Lu cells were treated with pppRNA or poly(l:C)
(3 ng/ml) for 24 hours, and levels of Noxa, Puma, Bim, Bad,
Bik, Bid, and Hrk mRNA were measured by quantitative RT-
PCR. Relative mRNA levels compared with mock-transfected
cells are depicted. Mean + SD of 3 independent experiments
is shown. *P < 0.05 and NS compared with mock-transfected
cells. (B) The melanoma cell lines 1205Lu, WM239A, WM278,
and WM793 were treated with pppRNA or poly(l:C) (5 ng/ml),
and Noxa and Puma proteins were quantified by immunoblot-
ting. p-Actin served as loading control. Blots are representa-
tive of 2 independent experiments. (C) Left: Expression of the
BH3-only proteins Noxa, Puma, Bim, Bad, Bik, and Bid was
inhibited by treatment with respective siRNAs for 48 hours.
Thereafter, cells were treated with pppRNA (left), poly(l:C)
(5 ng/ml; right), or transfection reagent alone and analyzed for
apoptotic cells by FACS. Annexin V—positive and propidium
iodide—negative cells are represented. Mean + SD of 3 inde-
pendent experiments is shown. *P < 0.05 compared with con-
trol siRNA-transfected cells treated with pppRNA.

mary cells (Figure 7C). Therefore, we considered the pos-
sibility that mechanisms within the Bcl-2 family or down-
stream may rescue primary cells from apoptosis.

A small molecule BH3-only mimetic that inhibits anti-
apoptotic Bcl-2, Bel-xi, and Bcl-w led to induction of
apoptosis of human fibroblasts when used together with
pppRNA (data not shown). Therefore, siRNAs were used to
specifically silence Bcl-2, Bcl-x;, and Bcl-w. Knockdown of
Bcl-xi, but not of Bcl-2 or Bel-w, strongly increased sensi-
tivity of fibroblasts and keratinocytes to apoptosis, result-
ing in approximately 80% cell death after treatment with
ppPRNA or poly(I:C) (Figure 7D). Knockdown of Bcl-xi,
Bcl-2, or Bcl-w in the absence of pppRNA or poly(I:C) did
not lead to substantial induction of apoptosis. In contrast
to primary cells, knockdown of Bcl-x;, Bcl-2, or Bel-w in tumor
cells did not substantially increase the sensitivity toward pppRNA
or poly(I:C) (Figure 7D, right panel); furthermore, whereas in pri-
mary cells only Bcl-x. influenced apoptosis, no specific difference
between Bcl-x, Bcl-2, and Bcl-w was observed in tumor cells (Figure
7D). All siRNAs effectively and specifically silenced Bcl-2, Bel-xy,
and Bcl-w (Figure 7E). siRNA-mediated silencing in primary mela-
nocytes could not be achieved for technical reasons. However,
expression analysis of antiapoptotic Bcl-2 proteins in melanocytes
and in melanoma cells revealed that melanocytes upregulated Bcl-x.
but not Bcl-2 and Bcl-w upon pppRNA or poly(I:C) transfection,
whereas melanoma cells were unable to upregulate Bcl-xy, fur-

Ctrl

ther supporting an essential role of Bcl-x in tumor selectivity of
pppRNA- or poly(I:C)-induced apoptosis (Figure 7F). Together,
these results show that RIG-I or MDA-5 activate proapoptotic sig-
naling not only in tumor cells but also in primary cells, but pri-
mary cells are rescued from apoptosis by upregulation or activa-
tion specifically of Bcl-x, which counteracts proapoptotic effects
mediated by Noxa and Puma, a safeguard mechanism that seems
to be defective in melanoma cells.

Tumor-specific induction of apoptosis leads to tumor growth inhibition
in severely immunodeficient mice. Next, we tested whether the higher
sensitivity of tumor cells for apoptosis induction can be translated
in tumor treatment in vivo. The tumor-specific proapoptotic activ-
Volume 119 Number 8

August 2009 2405



research article

™ g
siRNA: 8 2
poly(l:C): + +

+ Puma
+ Ctrl
+ Ctrl
| Ctrl

+ Puma
+ Ctrl

RS 053 (kD)
B Noxa (10 kDa)
. ———

Figure 6

Role of p53 in apoptosis induced by RIG-I
and MDA-5. (A) 1205Lu cells were treated
with pppRNA or poly(l:C) 48 hours after
transfection of siRNAs specific for p53,
Noxa, Puma, or control siRNA and ana-
lyzed by immunoblotting. Left: Treatment

| Ctrl

+ ctrl

Puma (23 kDa) with pppRNA. Blots are representative of
. 3 independent experiments. Right: Treat-
_ B-Actin (42kDa) o0t with poly(l:C) (20 ng/ml).gBIots are
representative of 2 independent experi-
B = 501 M pppRNA - 20 W poly(:C) mgnts. B-Actin served asploading corrw)trol.
& 40/ LINoRNA = 15 LI No RNA (B) 1205Lu cells were transfected with a
% 20 % p53-specific siRNA or control siRNA for
e © 10 48 hours, treated with pppRNA (left) or
a 20 o poly(I:C) (5 ng/ml; right) or transfection
= > 5 reagent alone, and analyzed for apoptotic
< 10 < cells (AN+/PI-). Mean = SD of 3 indepen-

dent experiments is shown.

siRNA:  p53 Ctrl siRNA: p53 Ctrl

ity of RIG-I and MDA-5 RNA ligands was analyzed in NOD/SCID
immunodeficient mice, which have a strongly impaired cellular
immune system including NK cells (23). Lung tumor metastases
were induced with cells of the 1205Lu melanoma line injected
intravenously. pppRNA and poly(I:C) were complexed with the
polyethylenimine (PEI) derivative jetPEI as described in Methods
and treatment was carried out on days 3, 6, and 9 after tumor inoc-
ulation. On day 10, mice were sacrificed, and the extent of lung
metastasis formation was quantified by determining the amount
of human genomic DNA. The level of human DNA was 50% lower
in mice treated with pppRNA or poly(I:C) (Figure 8A). At a later
time point (day 24), histological analysis of lung metastasis was
carried out. Treatment with pppRNA or poly(I:C) reduced the size
of metastases and the total amount of tumor tissue (Figure 8, B and
C). Together, the data show that efficacy and specificity of RIG-I-
and MDA-5-driven apoptosis is sufficient to reduce tumor lung
metastasis formation in vivo in an immunodeficient background.

Discussion
Infection of cells with RNA viruses leads to the induction of type I
IFN and apoptosis if the virus does not make use of escape strate-
gies. RIG-I and MDA-S5 are the two cytosolic receptors responsible
for the detection of viral RNA and for the induction of type I IFN.
However, the contribution of RIG-I and MDA-5 to virus-induced
apoptosis has not been analyzed. Here we demonstrate that RIG-I
and MDA-5 trigger two distinct and functionally independent sig-
naling pathways, one leading to type I IFN induction and the other
to induction of proapoptotic BH3-only proteins. We show that
both pathways rely on the RIG-I/MDA-5 adapter protein Cardif
(IPS-1) in the outer mitochondrial membrane, but then diverge.
Both pathways were active in primary and in tumor cells. Both
primary cells and tumor cells produced type I IFNs; however, in
melanoma cells, triggering of RIG-I and MDA-S resulted in mas-
sive cell death, whereas nonmalignant cells of the skin remained
intact. The antiapoptotic Bcl-2 protein Bcl-x; was identified as
being responsible for the prevention of cell death in primary cells,
a safeguard mechanism found to be lost in melanoma cells.
Mitochondrial apoptosis is regulated at the outer mitochondrial
membrane by the pro- and antiapoptotic members of the Bcl-2
family. The functional activity of the proapoptotic BH3-only sub-
2406
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group is regulated on the transcriptional level and by posttrans-
lational modification and inhibits the function of antiapoptotic
Bcl-2 proteins by protein-protein interactions (24-26), and thus
BH3-only proteins are critical initiators of mitochondrial apop-
tosis (27). Our results show that activation of RIG-I and MDA-S
dramatically increases the expression of the proapoptotic BH3-
only proteins Noxa and Puma, and to a lesser extent the expres-
sion of Bim and Bik. Silencing the expression of Noxa versus Puma
revealed an essential role for Noxa but not for Puma in the ini-
tiation of RIG-I- and MDA-5-mediated mitochondrial apoptosis.
Since other BH3-only proteins may compensate for the function
of individually silenced BH3-only proteins, our data do not rule
out that elevated levels of Puma, Bim, and Bik or posttranslational
modifications contribute to proapoptotic activity, and such syner-
gistic activity has been reported (28).

Our data are in agreement with studies by others who described
that transcriptional induction of Noxa is involved in virus-medi-
ated apoptosis (29, 30). Noxa and Puma were originally identified
as target genes regulated by the tumor suppressor p53 (31, 32).
There is good evidence that p53, induced by type I IFN, contrib-
utes to apoptosis in virally infected cells (33). However, our results
now provide evidence that RIG-I and MDA-5 trigger a p53-inde-
pendent alternative pathway for the induction of Noxa. This is in
agreement with p53-independent induction of Noxa upon viral
infection postulated by others (29). Unlike Noxa, we found that
induction of Puma by RIG-I and MDA-5 depended on p53; con-
sistent with the results of silencing Puma, silencing of p53 did not
affect RIG-I- and MDA-5-induced apoptosis.

The lack of involvement of the type I IFN system in the induction
of apoptosis by RIG-I and MDA-5 is surprising. The transcription
factor IRF-3, which has a major role in the type I IFN pathway, was
reported to be involved in apoptosis induction by certain viruses
including Sendai virus, encephalomyocarditis virus (EMCV), and
reovirus, which are all sensed by RIG-I or MDA-5 (30, 34, 35). How-
ever, induction of Noxa by Sendai virus is independent of IRF-3 (36),
which is in line with our results indicating IRF-3- and IFN recep-
tor-independent induction of apoptosis by RIG-I and MDA-5. The
use of intact viruses may be responsible for seemingly inconsistent
results in the literature (contribution or no contribution of type I
IEN to apoptosis induction by virus). Type I IFN influences virus
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Figure 7

Increased apoptotic sensitivity of melanoma cells to RNA ligands of RIG-I and MDA-5. (A) Cell viability of 1205Lu melanoma cells was compared
with that of human melanocytes, primary human fibroblasts, or primary human keratinocytes. Cells were transfected with pppRNA or poly(l:C)
(20 ng/ml) for 24 hours. The viability of mock-transfected cells was set to 100% for each cell type. Mean of 3 transfections of 1205Lu is indicated;
the mean + SEM of 2 or 3 donors measured in triplicate for primary cells is shown. *P < 0.05 compared with melanocytes, fibroblasts, or kerati-
nocytes. (B) Primary cells were treated with pppRNA, poly(I:C) (3 ng/ml) with or without transfection reagent, or with transfection reagent alone.
IFN-p expression was analyzed by quantitative RT-PCR 17 hours after transfection. Mean + SD of triplicate measurements of RNAs pooled from
3 (melanocytes) or 2 donors (fibroblasts and keratinocytes) is shown. (C) Primary cells were transfected with pppRNA for 17 hours or poly(l:C)
(10 ng/ml) for 24 hours, and expression of Puma and Noxa protein was quantified by immunoblotting. Blots are representative of 3 indepen-
dent experiments. (D) Primary fibroblasts, primary keratinocytes, or 1205Lu melanoma cells were treated with pppRNA, poly(I:C) (3 ng/ml),
or transfection reagent alone 48 hours after transfection of siRNAs specific for antiapoptotic Bcl-2, Bcl-x., Bcl-w, or control siRNA. Cell death
was determined by FACS 17 hours after treatment with pppRNA or poly(I:C). Annexin V- and propidium iodide—positive cells are represented.
Mean = SD of 3 experiments with different donors for primary cells or different passages of 1205Lu cells is shown. *P < 0.05, primary cells
compared with cells transfected with control siRNA and the respective stimulus, pppRNA or poly(l:C). (E) Primary fibroblasts were treated with
the indicated siRNAs and analyzed 48 hours after transfection by immunoblotting. Blots are representative of 3 independent experiments. (F)
Expression of Bcl-2, Bel-x., and Bcl-w upon transfection with RIG-1 and MDA-5 ligands. Melanocytes of 2 donors or 1205Lu melanoma cells were
treated with pppRNA for 17 hours or poly(I:C) (10 ng/ml) for 24 hours. Expression was quantified by immunoblotting. Blots are representative of
3 independent experiments for 1205Lu melanoma cells. In C, E, and F, $-actin served as loading control.
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replication and infectivity, and thus the number of RNA ligand mol-
ecules available for RIG-I or MDA-5 stimulation is reduced in the
presence of type [ IFN. Furthermore, virus-specific escape strategies,
e.g., based on viral proteins that modulate apoptosis or IFN path-
ways, complicate the identification of antiviral signaling pathways.
Thus, viral RNA mimetics are advantageous for analyzing the basic
principles of antiviral responses as revealed in our study. It is impor-
tant to note that RIG-I and MDA-S are capable to induce apoptosis
independently of two key antiviral proapoptotic pathways, the type I
IEN system and p53 (37, 38). As a consequence, apoptosis induction
2408
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Figure 8

Therapeutic efficacy of RIG-I and MDA-5 ligands in immu-
nodeficient mice. (A) Groups of 3 NOD/SCID mice were
challenged with 4 x 10% 1205Lu melanoma cells and treated
intravenously on days 3, 6, and 9 with pppRNA, poly(l:C),
or PBS complexed with jetPEl as described in Methods.
Human genomic DNA, representative for lung metastases,
was measured in triplicate by quantitative PCR in lungs iso-
lated at day 10. The relative amount of genomic DNA was
expressed as a ratio of the amount of murine genomic DNA
determined in the same lung sample. Mean + SEM of each
group is depicted. (B) Groups of 3 NOD/SCID mice were
challenged with 4 x 105 1205Lu melanoma cells and treated
intravenously on days 3, 6, 9, and 20 with pppRNA, poly(I:C),
or PBS as described in Methods. Analysis was done on day
24. Representative lung sections after H&E staining of indi-
vidual mice of each group are shown. 1205Lu metastases
are indicated by black arrowheads. Scale bar: 100 um. (C)
Left: Metastasis size was calculated from the diameter in
histological sections as described in Methods. Mean metas-
tasis size was determined for each mouse, and the mean
of each group + SEM is shown. Right: Total tumor burden
was calculated as the sum of all metastasis areas in each
mouse as described in Methods. Mean + SD of each group
is shown. *P < 0.05 compared with PBS-treated mice.

by RIG-I and MDA-5 remains functional even in situa-
tions where the virus applies strategies to downregulate
type I IFN (11, 39) or pS3 (38).

Surprisingly, activation of RIG-I or MDA-5 also
induced Noxa and Puma in primary cells, although
these cells did not undergo apoptosis. Noxa, relevant
for apoptosis in melanoma, specifically inactivates anti-
apoptotic Mcl-1 (and A1) (40). Screening of antiapop-
totic Bel-2 molecules revealed that Bcl-xi, but not Bel-2
or Bcl-w, compensated for Mcl-1 inactivation by Noxa
in primary cells. This is in agreement with a study that
described apoptosis induction in murine fibroblasts
only when two antiapoptotic Bcl-2 proteins were inacti-
vated simultaneously, i.e., inactivation of Mcl-1 by Noxa
and inactivation of Bcl-x;. by Bad (28). Thus, the Bcl-x. -
based survival mechanism may represent a common
way on which normal cells rely to avoid immediate cell
death when infected with viruses, e.g., in order to pro-
duce IFN. As a consequence, tumor cells are specifically
susceptible to RIG-I- or MDA-5-mediated apoptosis,
since they have lost the ability to counteract apoptosis
via Bcl-x.. Tumor cells develop in the absence of viral
infection and thus seem to be unprepared for proapop-
totic signaling upon recognition of viral infection.
Apoptosis induction by RIG-I or MDA-S activation can specifically
hit such a tumor cell, since rescue by Bcl-x. is not functional, as it
is in healthy cells.

Since RIG-I and MDA-S5 can be activated in most cell types, pro-
tection of cells during virus infection is highly relevant to protect
the host from excessive apoptosis induction. An important func-
tion of Bel-x, appears to be to intercept the proapoptotic signal trig-
gered through these virus receptors. In this context, it is important
to note that small molecules (known as BH3-only mimetics) tar-
geting antiapoptotic Bcl-2 proteins including Bcl-x are currently
Volume 119
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being developed for cancer therapy (41, 42). Inhibition of Bcl-x;, by
those molecules may abrogate the protection against exaggerated
apoptosis induction in the case of ongoing viral infections activat-
ing RIG-I or MDA-S, e.g., influenza or hepatitis.

With short §'-triphosphate RNAs, ligands for RIG-I are available
that can be generated synthetically. They share certain structural
features with siRNAs, and the requirements for cytosolic delivery
are similar. Several siRNA molecules are in clinical studies, and
short pppRNAs may benefit from formulations developed for the
clinical application of siRNAs. In a preclinical mouse model, PEI
alone did not affect the counts of leukocytes, platelets, and eryth-
rocytes. PEI-complexed pppRNAs reduced the counts of leuko-
cytes and platelets but not of erythrocytes, presumably due to sys-
temic IFN induction, but no other obvious toxicities were observed
(43). While pppRNA is a relatively new compound, poly(I:C)
has been known for decades and was tested in multiple clinical
trials for cancer therapy (44). However, only in the last few years
has it become evident that there are at least 3 distinct receptors
involved in the recognition of poly(I:C): PKR, TLR3, and MDA-S.
Our results demonstrate that PKR and TLR3 can be dispensable
for apoptosis induction by poly(I:C), and of these 3 only MDA-5
induces apoptosis. Of note, in all clinical trials performed to date,
poly(I:C) was used without a formulation that allows cytosolic
delivery; however, this type of delivery is required for MDA-5 acti-
vation and thus apoptosis induction. Thus, although poly(I:C) has
been around for long time, the identification and characterization
of the corresponding receptors may now lead to an improved for-
mulation of poly(I:C) for tumor therapy.

In fact, here we found that both poly(I:C) and pppRNA when
delivered by PEI have strong antitumor activity in immunode-
ficient mice, demonstrating an antitcumor effect that does not
require the immune system. This observation is consistent with
the higher sensitivity of malignant versus nonmalignant cells seen
in our study in vitro, providing the basis for the applicability of
these ligands for tumor therapy. The signaling steps leading to the
upregulation of proapoptotic Noxa do not rely on p53. In a more
general context, it is interesting to note that inactivation of p53
is present in more than 50% of all cancer types and contributes to
resistance to chemo- and radiotherapy (45, 46) but importantly
will not protect tumor cells from RIG-I- and MDA-5-induced
apoptosis. Our study is in agreement with previous results from
another group that saw preferential induction of apoptosis by
poly(I:C) in various tumor cell lines, including Adriamycin-resis-
tant tumor cells, compared with normal fibroblasts and primary
hepatocytes, but only when liposomal delivery was used (47).

Although this work focuses on the direct induction of tumor cell
apoptosis, indirect attack of the tumor by immune cells is expected
to contribute to the overall antitumor activity of RIG-I and MDA-5
ligands in vivo. In fact, in another study we found that pppRNA
delivered by PEI in vivo strongly activated NK cells and that acti-
vated NK cells represent an additional arm of antitumor activity of
pppRNA in immunocompetent mice (43). This effect was absent
in the immunodeficient mice used in the work presented here.

In conclusion, we identified a signaling pathway of apoptosis that
physiologically contributes to the elimination of virus-infected
cells and for which all melanoma cells tested so far are highly
vulnerable. With well-defined, potent synthetic RNA ligands for
virus-sensing receptors, tumor cells could be attacked where they
are not prepared to be hit and where they are more vulnerable
than healthy cells.
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Methods

Reagents and antibodies. Anti-caspase-3, anti-caspase-8 (1C12), anti-caspase-9,
anti-Bcl-x;, anti-Bcl-w, and HRP-conjugated secondary antibodies were
obtained from New England Biolabs. Anti-cytochrome ¢ (clone 7H8.2C12)
was from BD Biosciences. Anti-Noxa (N-15) antibody was from Santa Cruz
Biotechnology Inc. Anti-Bcl-2 (Ab-1) and anti-p53 (Ab-6) antibodies were
from Merck Biosciences. Anti-IPS-1 antibody was obtained from Bethyl
Laboratories Inc. Anti-f-actin (AC-15) and anti-Puma (bbc3) antibodies
were purchased from Sigma-Aldrich. PCR primers and siRNAs were pur-
chased from MWG Biotech.

Immunostimulatory and siRNAs. Poly(I:C) was purchased from Amersham
Biosciences. 5'-Triphosphate-conjugated RNAs (pppRNAs) were tran-
scribed in vitro from DNA templates as described in ref. 6. They contained
a T7 RNA Polymerase consensus promoter sequence followed by the
sequence of interest to be transcribed (MEGAshortscript Kit; Ambion).
Reactions were treated with DNAse I (Ambion) to digest template DNA,
and RNA was purified by phenol/chloroform extraction, alcohol precipita-
tion, and, subsequently, spinning through a mini Quick Spin Oligo Col-
umn (Roche). Sequences of single-stranded (ss) pppRNAs were: pppRNA1,
5'-GGCAUGCGACCUCUGUUUGA-3"; pppRNA2, 5'-GCUACAUCCUGU-
CCAUUCAA-3"; pppRNA3, 5'-GGCGGGGCGCGGCGGGGCGC-3'. For
double-stranded (ds) pppRNAs, the corresponding complementary strand
was transcribed separately and annealed after purification. Because of high
sequence homology to human Bcl-2 mRNA, double-stranded pppRNA1
was tested for RNAi-mediated Bcl-2-silencing capacity, but Bcl-2 protein
levels (Figure 7F) and RNA levels (data not shown) were not altered.

siRNAs were designed according to published guidelines (48, 49).
3" Overhangs were carried out as two deoxythymidine residues (dTdT).
Sequences of specific siRNAs are listed in Supplemental Table 1. Nonsi-
lencing control siRNAs were designed to contain random sequences that
do not match within the human genome. The sequences of the 19-nt sense
strand of control siRNAs were 5'-GCGCAUUCCAGCUUACGUA-3' and
5'-GCGCUAUCCAGCUUACGUA-3'".

Cell culture. Human melanoma cell lines were a gift of M. Herlyn (Wistar
Institute, Philadelphia, Pennsylvania, USA). All were isolated from clini-
cally and histologically defined lesions. WM793 and WM278 were derived
from primary melanomas (stage 1 and stage 2, respectively); metastatic cell
lines WM239A and WMO9 were derived from lymph nodes; and 1205Lu was
isolated from a lung metastasis. They were maintained in a culture medium
consisting of MCDB153 (Sigma-Aldrich) with 20% Leibovitz’s L-15 (PAA
Laboratories), 2% FBS (PAA Laboratories), 1.68 mM CaCl, (Sigma-Aldrich),
and 5 ug/ml insulin (Sigma-Aldrich). For analysis, cells were detached with
0.2% EDTA in PBS. Keratinocytes and fibroblasts were isolated from neo-
natal human foreskins and cultivated as described previously (50).

Transfection procedures. pppRNAs were transfected at a concentration of
1 ug/ml. Unless otherwise indicated, pppRNA1ds was used. The concentra-
tions of poly(I:C) are indicated in the figure legends. Typically, pppRNAs
or poly(I:C) were transfected in 3.5-cm dishes using 2.5 ul Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s protocol. Unless
otherwise indicated, analysis was done 17 hours after transfection. siRNAs
were transfected at 20 nM with 1.25 ul Lipofectamine RNAIMAX. Plasmids
were transfected at 1 ug/ml with 3 ul FuGENE 6 (Roche) according to the
manufacturer’s protocol. In some experiments, siRNA-treated cells were
transfected with pppRNA or poly(I:C). In these experiments, medium was
changed 48 hours after siRNA treatment. Thereafter, cells were retransfect-
ed with pppRNA or poly(I:C) mixed with 20 nM of siRNAs and complexed
with 2.5 ul Lipofectamine RNAIMAX.

Quantification of viable cells. Viable cells were quantified in 12-well dishes
by using a fluorometric assay (CellTiter-Blue Cell Viability Assay; Promega).
Viable cells with intact metabolism were identified by their ability to reduce
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cell-permeable resazurin to fluorescent resorufin. Medium was replaced
with 375 ul of culture medium and 75 ul of CellTiter-Blue reagent. After
1 hour incubation at 37°C, fluorescence was measured.

Quantification of apoptotic cells and cell death. Adherent and supernatant
cells were analyzed by staining with FITC-labeled Annexin V (Roche) and
propidium iodide (Sigma-Aldrich). Annexin V staining was performed
according to the manufacturer’s instructions. Propidium iodide was added
to a final concentration of 0.5 ug/ml. Cells were analyzed by fluorescence-
activated cell sorting (FACS) analysis using CellQuest software (BD).

RNA extraction and quantification. Total RNA was extracted from cells
using TRIzoL (Invitrogen) as described by the manufacturer and analyzed
by quantitative RT-PCR. RNA (1 ug) was reverse transcribed using Expand
Reverse Transcriptase (Roche) and poly(dT) oligonucleotide (Roche) accord-
ing to the manufacturer’s protocol. Quantitative PCR was performed using
the LightCycler TagMan Master Kit (Roche) together with the Universal
Probe Library system (Roche). Relative gene expression was expressed as a
ratio of the expression level of the gene of interest to that of hypoxanthine
phosphoribosyltransferase (HPRT) RNA determined in the same sample.

Protein preparation and immunoblot analysis. Adherent and supernatant
cells were lysed in buffer containing 50 mM Tris, pH 7.4, 0.25 M NaCl,
1 mM EDTA, 0.1% Triton X-100, 0.1 mM EGTA, S mM Na3VOy, 50 mM
NaF, and protease inhibitors (Complete, Mini, EDTA-free; Roche). Gel elec-
trophoresis and blotting were carried out with 5-10 ug denatured protein
lysate by using the Xcell SureLock Mini-Cell apparatus with 4-12% gels in
MES SDS buffer and PVDF membranes according to the manufacturer’s
protocol (Invitrogen). After blocking (Western Blocking Reagent in PBS;
Roche), blots were incubated with primary antibodies for 1 hour at room
temperature or overnight at 4°C. Following washes with 0.1% Tween 20
(Sigma-Aldrich) in PBS and 1 hour of incubation with HRP-conjugated
secondary antibodies, blots were washed and visualized (ECL Plus Western
Blotting Detection System; Amersham, GE Healthcare). Protein levels of
{-actin were analyzed as a control for constant loading and transfer.

Preparation of cytosolic extracts. Cells were detached, washed, and incu-
bated for 15 minutes in a digitonin-containing buffer (200 ug/ml in PBS)
on ice to lyse cell membranes, keeping mitochondria intact. Lysates were
centrifuged (1,000 g) for 5 minutes at 4°C to pellet membranes and mito-
chondria. Ten micrograms of the supernatant (cytosolic fraction) was
subjected to immunoblotting.

Tumor engraftment and RNA treatment in vivo. JAX NOD.Cg-Prkdc<I[2rg1Vil/
SzJ] mice were purchased from Charles River Laboratories. Mice were 9 weeks
of age at the onset of experiments. Animal studies were approved by the local
regulatory agency (Regierung von Oberbayern, Munich, Germany). Experi-
ments were done in groups of 3 mice. For the induction of lung metastases,
4x 105 1205Lu melanoma cells were injected into the tail vein. Mice were treat-
ed with RNAs on days 3, 6,9, and 20 after tumor cell inoculation. RNAs were
complexed with jetPEI (Biomol) according to the manufacturer’s protocol.
Briefly, 10 ul of in vivo jetPEI was mixed with 50 ug of pppRNA or poly(I:C)
at an N/P ratio of 10:1 in a volume of 200 ul 5% glucose solution and incu-
bated for 15 minutes. Subsequently, the complexes were administered by
retro-orbital injection. Tumor load at day 10 was measured by quantifying
human genomic DNA or by histologic analysis at day 24.

Analysis of lung metastasis. For metastasis analysis at day 10, we isolated
genomic DNA from lungs. Mouse lungs were reduced to small pieces
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2. Tschopp,]., Thome, M., Hofmann, K., and Meinl, E.
1998. The fight of viruses against apoptosis. Curr.
Opin. Genet. Dev. 8:82-87.

3.Boon, T., Coulie, P.G., Van den Eynde, BJ., and van
der Bruggen, P. 2006. Human T cell responses against
melanoma. Annu. Rev. Immunol. 24:175-208.
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and digested overnight at 56°C in a buffer containing 10 mM Tris, pH
8.0, 100 mM NaCl, 1 mM EDTA, 1% SDS, 0.5 mg/ml Pronase E (Sigma-
Aldrich), and 150 ug/ml Protease K (Sigma-Aldrich). Genomic DNA was
purified by phenol/chloroform extraction. The amount of human and
murine DNA was determined by quantitative PCR using the LightCycler
TagMan Master Kit (Roche) together with the Universal Probe Library sys-
tem (Roche). A 72-bp portion in the second intron of the human f-actin
gene (forward primer, 5'-CGCCCTTTCTCACTGGTTC-3'; reverse primer,
S'-TCCAAAGGAGACTCAGGTCAG-3'; probe 29) and a 69-bp portion in
the first intron of murine f-actin gene (forward primer, 5'-CAGCCAACTT-
TACGCCTAGC-3'; reverse primer, 5'-GGGCCCACGAGTGTCTAC-3;
probe 05) was amplified. The amount of human DNA was normalized
to the amount of murine DNA determined in the same sample. Species
specificity was controlled by genomic DNA prepared from B16 (murine) or
1205Lu (human) cell lines, and no cross-species reactivity of PCR reactions
was observed. Metastasis analysis at day 24 was carried out by histologi-
cal analysis. Melanoma metastases were visualized in histological sections
by H&E staining. Eight visual fields per mouse lung were analyzed for
number and diameter of metastases. The size of metastases was defined
by the area and calculated from the diameters assuming round metastases
(size = tr?). Total tumor burden per mouse was calculated as the sum of all
metastasis areas in 8 visual fields of one mouse.

Statistics. For statistical analysis, 2-tailed Student’s ¢ test was used to
assess the significance of mean differences. Differences were considered

significant ata P value of 0.05 or less.
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