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Vertebrate innate immunity provides a first line of defence
against pathogens such as viruses and bacteria. Viral infection
activates a potent innate immune response, which can be trig-
gered by double-stranded (ds)RNA produced during viral repli-
cation'”. Here, we report that mammalian cells lacking the
death-domain-containing protein FADD*’ are defective in intra-
cellular dsRNA-activated gene expression, including production
of type I (a/8) interferons, and are thus very susceptible to viral
infection. The signalling pathway incorporating FADD is largely
independent of Toll-like receptor 3 and the dsRNA-dependent
kinase PKR, but seems to require receptor interacting protein 1
as well as Tank-binding kinase 1-mediated activation of the
transcription factor IRF-3. The requirement for FADD in mam-
malian host defence is evocative of innate immune signalling in
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Drosophila, in which a FADD-dependent pathway responds to
bacterial infection by activating the transcription of antimicro-
bial genes®. These data therefore suggest the existence of a
conserved pathogen recognition pathway in mammalian cells
that is essential for the optimal induction of type I interferons
and other genes important for host defence.

A major consequence of virus infection is the induction of the
type I interferons (IFNs), which are a family of cytokines essential
for host defence’”. While investigating the mechanisms of IFN
antiviral activity, we noticed that early passage murine embryonic
fibroblasts (MEFs) lacking the apoptosis adaptor molecule FADD
appeared to be overtly sensitive to virus infection®. To examine this
phenotype further, we infected Fadd '~ and Fadd '~ MEFs with
the IFN-sensitive prototypic rhabdovirus vesicular stomatitis virus
(VSV), and observed that VSV replication was markedly increased
(>100-fold) in the Fadd ~/~ MEFs compared with their wild-type
counterparts (Fig. la—c). Moreover, whereas pre-treatment with
type I (a/B) or type II (y) IEN for 12 h was seen to exert significant
antiviral activity in normal cells, these key antiviral cytokines only
delayed the onset of viral replication in Fadd ~'~ MEFs for 24-36 h,
whereupon virus replication proceeded unchecked (Fig. la—c). The
observed susceptibility to infection did not appear to be restricted to
VSV, because MEFs lacking FADD were also sensitive to infection by
other viruses, including influenza virus and encephalomyocarditis
(EMCV) virus (Supplementary Fig. 1). MEFs lacking caspase 8
(refs 9, 10) (or cells treated with caspase inhibitors) exhibited no
increased susceptibility to VSV infection compared to control cells,
and retained the ability to be protected by IFN, suggesting
that FADD exerts its antiviral effects independently of caspase 8
(Supplementary Fig. 2 and data not shown).

Because exposure to type I and II IFNs was unable to effectively
protect Fadd '~ MEFs from virus replication, it is plausible that
effective IFN-mediated, janus kinase (JAK)-activated STAT (signal
transducer and activator of transcription) signalling'' may require
FADD. However, neither nuclear translocation of STAT1 nor the
induction of selected t}fpe Iand II IFN-responsive genes appeared to
be impaired in Fadd " cells, indicating that IFN signalling per se is
probably not compromised (Fig. 1d; see also Supplementary Fig. 3).

Despite these observations, it remained possible that the antiviral
state initially established by 12 h of pre-exposure to exogenous IFN
is short-lived and may require constant de novo synthesis of type I
IFNs after virus infection (Fig. 1a). Indeed, we noted that continu-
ous supplementation of recombinant type I IFNs to Fadd '~ cells
after VSV infection conferred some protection against viral replica-
tion and cytolysis (Fig. le, f). The continual requirement for IFN
induction after virus infection was further emphasized by demon-
strating that antibody-mediated neutralization of secreted IFN-o or
-8 after exposure to VSV rendered normal cells susceptible to
infection even after IFN pre-treatment (Fig. 1g, h).

These analyses suggest that an actual defect in the production of
type I IFNs after virus/dsRNA detection might be responsible for
the susceptibility of Fadd '~ cells to infection. To examine this
possibility, we transfected Fadd*'~ and Fadd '~ cells with a
luciferase reporter construct under control of the IFN-§ promoter
and subsequently administered poly(I:C), a synthetic mimetic of
viral dsRNA thought to be the primary trigger of IFN production
after virus infection®. Notably, we found that transfected poly(1:C)
triggered robust (~10-fold) induction of the IFN- promoter in
Fadd ™™ cells but not in Fadd ~'~ cells (Fig. 2a). The induction of
the IFN-3 promoter was not observed using non-transfected,
exogenous poly(I:C) alone (Fig. 2a). Poly(I:C)-induced activation
of IFN-B promoter-driven luciferase activity could be partially
restored by reintroducing murine FADD into Fadd ~'~ MEFs
(Supplementary Fig. 4). A requirement for FADD in dsRNA-
induced activation of the IFN-8 promoter was further confirmed
by short interfering RNA (siRNA)-mediated suppression of FADD
in HeLa cells (Supplementary Fig. 4).
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To investigate the role of FADD in dsRNA-induced gene
expression, we subjected dsRNA-transfected or untreated Fadd '
" and Fadd '~ MEFs to DNA microarray analysis. Over 39,000
transcripts were examined at 0, 3, 12 and 24 h after transfection. At
3 h after transfection, we noticed that the expression of type I [FN
genes, especially Ifna2, Ifna4 and Ifna5, as well as several other key
IFN-inducible genes, including Irf7, were markedly reduced in
Fadd ™'~ cells compared with controls (Fig. 2b). By 12h after
transfection, the induction of type I IFN-dependent IFN genes
had increased in Fadd '~ cells, but remained significantly below the
levels seen in control cells (data not shown). The impairment of type
I IFN induction in the absence of FADD was confirmed at the
messenger RNA level by polymerase chain reaction with reverse
transcription (RT-PCR), and at the protein level by enzyme-linked
immunosorbent assay (ELISA) (Fig. 2c—e). Interestingly, although
induction of IFN-B-Luc was severely defective in the absence of
FADD, some endogenous Ifnb transcriptional activity remained
evident, possibly accounting for the eventual, albeit impaired,
induction of type I IFN-dependent genes observed by DNA
microarray analysis (Fig. 2a—c and data not shown). This may
indicate the existence of FADD-independent dsRNA signalling
events, which target elements in the endogenous IFN-8 promoter
independent of those found in the IFN-B-Luc construct (Fig. 2d, e).
Nevertheless, given that Fig. 1g, h demonstrates a requirement
for de novo type 1 IFN production for efficient antiviral
activity, these data show that a defect in the production of type I
IFNs in Fadd '~ MEFs may explain their susceptibility to virus
infection.

Because the induction of type I IFNs was not readily observed
using non-transfected, exogenous poly(I:C) alone (Fig. 2a, c—e), we
surmised that IFN production in wild-type MEFs may involve
intracellular dsRNA recognition molecules such as PKR*™">. How-
ever, MEFs lacking PKR largely retained the ability to induce type I
IFN and IFN-inducible genes in response to transfected dsRNA
(Supplementary Fig. 5). Furthermore, it has been shown that Toll-
like receptor 3 (TLR3) is involved in the recognition of extracellular
dsRNA', an event that can lead to the induction of IFN-§ through
the adaptor molecule TRIF/TICAM-1 (refs 17, 18). We, however,

0
Fadd*’~

did not observe significant type I IFN induction in MEFs or HeLa
cells in response to exogenous dsRNA. Indeed, our data show that
siRNA-mediated depletion of FADD—but not TLR3 or PKR
(or both simultaneously)—in HeLa cells results in the reduction
of IFN-B promoter activity in response to transfected poly(I:C)
(Supplementary Figs 4 and 5). These results are in agreement with
previous findings demonstrating effective type I IFN induction by
intracellular dsRNA in PKR- or TLR3-deficient cells"**, thus
suggesting the existence of alternative TLR3/PKR-independent
dsRNA signalling pathways in mammalian cells.

To determine whether FADD has a downstream role in TLR
signalling, we co-transfected Fadd™~ or Fadd ~'~ MEFs with an
IFN-@-luciferase reporter construct and plasmids encoding various
components of this signalling pathway. However, we observed no
abrogation of TLR3-mediated induction of the IFN-3 promoter in
Fadd ™'~ cells (Fig. 2f). These results were verified by demonstrating
that TRAF6- or TRIF/TICAM-1-deficient MEFs, unlike Fadd '~
MEFs, retain the ability to resist viral infection after IFN pre-
treatment (data not shown). Collectively, this would suggest
that FADD is not significantly involved in TLR3-activated, TRIF/
TICAM-1- or TRAF6-dependent signalling.

Intriguingly, FADD has recently been reported to be involved in
the innate immune response to bacterial infection in Drosophila®**.
In this organism, the imd gene product, a homologue of the
mammalian DD-containing kinase RIP1, associates with Drosophila
(d)FADD to trigger activation of an NF-kB-related pathway and the
subsequent induction of antibacterial genes®. To determine whether
an IMD-like pathway involving FADD exists in mammalian cells,
we infected IFN-treated or untreated early-passage wild-type
(Ripk1*'*) and RIP1-deficient (Ripkl ~'~) MEFs® with VSV. We
found that VSV induced cytolysis in Ripkl '~ cells even in the
presence of IFN, similar to Fadd ’~ MEFs (Fig. 3a, b). Approxi-
mately 10- to 50-fold more VSV was generated in IFN-treated
Ripkl '~ MEFs compared with wild-type MEFs (Supplementary
Fig. 6). Although IFN-mediated JAK/STAT signalling was found to
be intact, Ripkl /= MEFs, as well as HelLa cells in which RIP1
expression was abrogated using RNA interference, exhibited a
selective and evident inability to respond to intracellular dsRNA-
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Figure 1 FADD-deficient MEFs are susceptible to VSV despite IFN pre-treatment.

a, Infection of Fadd ™+~ and Fadd ~'~ MEFs with VSV (multiplicity of infection

(MOI) = 10) after IFN-c/8 (100Uml ™ ") or IFN-y (0.5ng ml~") pre-treatment. b, Viability
of infected cells. ¢, Progeny virion production from infected cells. PFU, plaque-forming

units. d, Induction of IFN-responsive genes in IFN-treated Fadd ™'~ and Fadd '~ MEFs.
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e, Protection of Fadd ~'~ MEFs by continuous supplementation of IFN-c/8 (100 Uml ™).
f, Progeny virion production from infected cells. ND, not detectable. g, Neutralizing IFN-o
or IFN-B after VSV infection renders Fadd '~ cells susceptible to infection despite IFN
pre-treatment. h, Progeny virion production from infected cells. Error bars are

mean = s.d.

NATURE | VOL 432 | 18 NOVEMBER 2004 | www.nature.com/nature




letters to nature

LF + Fadd*" Fadd"- Ifnb Ifnb Itnad
IFN-B-Luc poly(:C):~_0h 3h 0h 3h A - B _ sy o)
4 2-5'0AS-like § 501 & Fada- 28 400 oy 50
W Fadd+- 1 g4 22 oo 40
5>
12| 0] Fadd-- S, I —F E 1 22 200 o
c 1 S5 S — B— S /1 2 e o2& o by 21
o o 7] 3.0 I I e /fna2 4 8& (1) 38 (1)(289)
© 2120 N N Tyki 0l 0 0
3 8 13 B /fnad Hous' 0 05 1 2 2 HouslF o 4 o 3
2 6 3 1205 E e Mx2 LF + poly(:C) R +poly(iO)
£ 0.8 B gty ’
2 2| |06 m— — Tim21 8317 67" 62 MXT g MX2
L 4 {04 — E— 1fi203 8g7 5 200 200
2l — == Stat1 N 1 160 160
3 O — —— gg4 s 120 120
o=
0 [l I 20 25 3 A4, ks ® 80 s
LF LF Poly LPS 82118 Mess 1 01 olless 3o
+ poly (I:C) o g ] 0 0
(:0) +pg};'(?:c): 0o 3 o 3 0o 3 0o 3
d e 600 f o, IFN-B-Luc
12,000 .Fadd*//- 1,400 -Eagg+//' 100 W Fadd+-
T10,000{ I Fadd” T 1,200, EF2 s 12 ‘ [[] Fadd--
E E=1
2 8,000 g 1000 g 10 |
= = 800 T 8
@ 6,000 3 <
= = 600 o 6 |
L 4,000 & £ o e .
1S € |
2,000 200 2 | l
o! | ] ND_ND ol | I 0
0 2 6 10 50 100 Poly 0 2 6 10 50 100 Poly VSV N QQ, Q@
LF + poly(i:C) ¢ LF + poly(I:C) (:C)

Figure 2 Defective antiviral gene induction by intracellular dsRNA in the absence of FADD.
a, Defective IFN- promoter activation by transfected poly(::C) in Fadd ~'~ MEFs.

LF, Lipofectamine2000. b, DNA microarray analysis of a selected set of antiviral genes.
Induced levels of these genes in Fadd ™'~ cells were arbitrarily set to 1 (yellow) in this and
other experiments. ¢, Relative mRNA expression levels of a selection of antiviral genes
measured by real time RT-PCR. A detailed time course analysis of IFN-3 gene induction in

Fadd ™'~ versus Fadd '~ cells is also shown (top left panel). d, IFN-8 production after
transfection of poly(:C), or treatment with poly(l:C) alone. e, IFN-« production after
transfection with poly(:C), treatment with poly(l:C) alone, or infection with VSV

(MOI' = 50). f, Normal TLR signalling in the absence of FADD. All error bars indicate
mean = s.d.
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Figure 3 RIP1 deficiency mimics FADD ablation. a, Infection of Ripk1 +*and Ripk1 Ea
MEFs with VSV (MOl = 10) after pre-treatment with IFN-o/8 (100U mI™") or IFN-y
(0.5ngml~"). b, Viability of infected cells. ¢, Defective IFN-B promoter activation by
transfected poly(:C) in Ripk? ~/~ MEFs. d, Defective IFN-8 promoter activation by
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transfected poly(:C) (2 xgml~") in RIP1 siRNA-treated Hela cells. e, DNA microarray
analysis of a selected set of antiviral genes. f, IFN-B production after transfection with
poly(l:C), or treatment with poly(l:C) alone. g, IFN-o production after transfection with
poly(l:C), or treatment with poly(l:C) alone. Error bars indicate mean = s.d.
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mediated activation of the IFN-3 promoter (Fig. 3¢, d; see also
Supplementary Fig. 6). Overexpression of TLR3, IRAK1 and TRAF6
retained the ability to stimulate the IFN-3 promoter, suggesting that
RIP1 is probably not involved in the TLR3 arm of IFN-8 induction,
in agreement with other studies®® (Supplementary Fig. 6). DNA
microarray analysis also confirmed that Ripkl ~'~ cells exhibit a
defect in type I IFN production after exposure to intracellular
dsRNA (Fig. 3e). Notably, a lack of type I IFN induction was
confirmed at the protein level by IFN-B and IFN-a ELISA
(Fig. 3f, g). Thus, RIP1 seems to be required for efficient intracellu-
lar, dsRNA-mediated induction of type I IFNs.

In Drosophila, IMD and dFADD are required to stimulate the
induction of antimicrobial gene expression through activation of
the NF-kB homologue Relish via an I-kB kinase (IKK) complex
comprised of IKK-B/IRD5 and IKK-y/Kenny®. In mammalian
cells, induction of IFN-f also involves IKK-mediated activation of
NE-kB, as well as IRF-3 (ref. 27). However, pre-treatment with IFN
was able to effectively protect MEFs lacking IKK-«, -8 or ~y against
virus infection (Fig. 4a). This study was complemented by examin-
ing MEFs lacking Tank-binding kinase 1 (TBK-1; also known as

IKK-8, NAK and T2K), as this molecule seems to be the primary
IRF-3 kinase in MEFs'***%, This experiment revealed that, similar
to Fadd '~ and Ripkl ~'~ fibroblasts, TBK-1-deficient cells are not
protected against virus replication and cytolysis even after pre-
treatment with IFN (Fig. 4a; see also Supplementary Fig. 7). Similar
to the situation in Fadd '~ cells, these data could be explained by a
defect in type I IFN induction in TBK-1-deficient MEFs. Indeed,
DNA microarray, RT-PCR and ELISA analyses confirmed a severe
impairment of dsSRNA-responsive induction of type I IFN, as well as
other antiviral genes, in the absence of TBK-1, in agreement with
other studies (Fig. 4b—d and data not shown)'>?°. These data
indicate that FADD may mediate its effects predominantly through
TBK-1 activation of IRF-3. Accordingly, IRF-3 translocation, which
occurs after phosphorylation by TBK-1 and IKK-£>**, was found to
be defective in Fadd '~ cells after treatment with transfected
dsRNA (Fig. 4e, f). Furthermore, Irf3 ~/~ MEFs were not fully
protected against virus infection after exposure to type I or II IFNs
(Fig. 4g; see also Supplementary Fig. 7). Similarly, DNA microarray,
RT-PCR, ELISA and RNA interference analyses confirmed a defect in
the ability of intracellular dsRNA to induce type I IEN production in
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Figure 4 The antiviral pathway incorporating FADD signals via TBK-1 and IRF-3.

a, Infection of wild-type or IKK-a-, IKK-3-, IKK-y- and TBK-1—deficient MEFs with VSV
(MOI = 10) with or without IFN-o/8 (100U mi™") pre-treatment. b, DNA microarray
analysis of a selected set of antiviral genes. ¢, IFN-8 production after transfection with
poly(:C), or treatment with poly(l:C) alone. d, IFN-o production after transfection with the
indicated amounts of poly(l:C), or treatment with poly(l:C) alone. e, Localization of IRF-3
after transfection of poly(:C) for 1 h in Fadd ™~ and Fadd ~'~ cells. f, Defective IRF-3-
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LF + poly(I:C) (pé mi-)

responsive promoter activation in Fadd ~'~ MEFs. g, Infection of /rf3*"* and If3 '~
MEFs with VSV (MOI = 10) with or without IFN-c/8 (100 Uml ™) or IFN-y (0.5ngml~")
pre-treatment. h, IFN-3 production after transfection with poly(:C), or treatment with
poly(l:C) alone. i, IFN-oe production after transfection with poly(l:C), or treatment with
poly(l:C) alone. j, DNA microarray analysis for a selected set of antiviral genes. Error bars
indicate mean * s.d.
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Irf3~'~ MEFs (Fig. 4h—k, Supplementary Fig. 8 and data not shown).

These results suggest that viral dsRNAs are recognized by an
intracellular receptor molecule, which may recruit FADD and RIP1
into an ‘innateosome’ complex to regulate TBK-1-mediated acti-
vation of IRF-3. We show that the loss of FADD or RIP1 leads to a
defect in IFN- production (and perhaps the induction of other
primary immune response genes) and a consequent lag in the
production of IRF-7 and members of the IFN-a family, which are
necessary for fortification of the antiviral state®. It is also noteworthy
that TBK-1-deficient MEFs display a more profound defect in the
induction of type I IFNs in response to dsRNA stimulation than
either FADD-deficient or RIP1-deficient MEFs alone, plausibly
suggesting that intracellular dsRNA-activated complexes retain
some activity in the absence of FADD, or that alternative FADD-
independent intracellular signalling cascades converge on TBK-1.
This RIP1/FADD/TBK-1 (RIFT) pathway seems to be largely
independent of TLR3, PKR, TRIF/TICAM-1 or TRAF6, and is in
agreement with other findings suggesting the existence of alterna-
tive intracellular, dsRNA-activated signal transducers, such as the
DExD/H helicase RIG-1 (ref. 22) (Supplementary Fig. 9). The
requirement for FADD in mammalian innate immunity is reminis-
cent of the IMD pathway in Drosophila, which is important for
defence against Gram-negative bacteria®. Thus, similar to the Toll
pathway, an alternative (FADD-dependent) innate immune path-
way may be evolutionarily conserved between insects and
mammals. (|

Methods

Cells, viruses and reagents

MEFs were provided as follows: Fadd ™™, Fadd~'~, Tbk1*'* and Tbk1 '~ (W.-C. Yeh);
Casp8 ™" and Casp8 ™'~ (D. Wallach); Traf6 ™" and Trafs '~ (J. Inoue); Ripk1 ™'+

and Ripk1 ~/~ (N. Kelliher); Pkr ™' and Pkr '~ (J. Bell and B. Williams); Stat1 ™" and
Stat1 /" (J. Durbin); Trif/ TICAM-1""" and Trif/TICAM-1""" (S. Akira); IKK *'*,
IKKo /7, IKKB ™'~ and IKKy ™'~ (M. Karin); and Irf3 +* and Irf3 ~/~ (K. Mossman and
B. Williams). All other cell lines were obtained from the American Type Culture Collection
(ATCC). Poly(I:C) (Amersham-Pharmacia) was reconstituted in PBS at 2 mg ml™ !,
denatured at 55 °C for 30 min, and allowed to anneal to room temperature before use.
Unless indicated otherwise, MEFs were transfected with 6 pg of poly(I:C) in 8 pl of
Lipofectamine2000 or 100 pg poly(I:C) alone to stimulate IFN-@3 promoter activation and
IFN production in MEFs. Luciferase assays were performed 6 h after treatment.
Supernatants for ELISA were collected 24 h after treatment. VSV (Indiana strain), EMCV
and influenza virus (strain A/WSN/33) were used in infections and titred by standard
techniques. Human IFN-o and IFN-@ and murine IFN-o ELISA Kits were acquired from
PBL. Murine IFN-B ELISA assays were performed at PBL. z-VAD was from ICN
Pharmaceuticals. All other reagents were from Sigma, unless mentioned otherwise.

Plasmids

Plasmids were obtained from the following sources: GFP-STAT1 (N. Reich); murine
(m)FADD (ATCC); TICAM-1/TRIF, IRAK1, IRAK-M, TLR3, MyD88, TIRAP/MAL and
TRAF6 (all from Invivogen); PRD I-III-Luc (T. Maniatis); IFN-B-Luc, ISRE-Luc and
GAS-Luc (J. Hiscott).

RNA interference

Chemically synthesized 21-nucleotide sense and antisense RNA oligonucleotides were
obtained from Dharmacon. HeLa and 293 cells were plated on six-well plates at 60,000 and
200,000 cells per well, respectively, and transfected with 100 pmol of siRNA duplex per well
using Oligofectamine (Invitrogen). Assays were typically performed 72 h after siRNA
treatment, when gene knockdown was found to be maximal. TLR3 and PKR siRNAs were
obtained as SMARTpool proprietary sequences. Other siRNAs were as follows: hFADD,
GAAGACCUGUGUGCAGCAU; mFADD, ACGAUCUGAUGGAGCUCAA; RIP1,
GGCGAAGAUGAUGAACAGAUU; IRF-3, AAUCUACGAGUUUGUGAAC.

Antibodies

Antibodies were obtained from the following sources: FADD and pSTAT1 (Upstate); PKR
and IRF-1 (Santa Cruz); RIP1, STAT1 and Fas (Pharmingen); 3-actin (Sigma); TRAF6
(Stressgen); TBK-1/IKK-8 (Imgenex); IRF-3 (Zymed). Neutralizing antibodies to mIFN-§
and mIFN-o were purchased from Research Diagnostics.

DNA microarray analysis

Total RNA was extracted from MEFs stimulated with or without poly(I:C) (6 pg ml ! in
Lipofectamine2000). Preparation of cDNA and microarray analysis was performed at the
W.M. Keck Foundation Biotechnology Research Laboratory DNA microarray facility at
Yale University. The mouse genome 430 2.0 array (Affymetrix) was used. Data analysis was
performed with Microarray Suite software (version 5.0; Affymetrix) and GeneSpring
software (Silicon Genetics).
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Real-time PCR

Total RNA was isolated from cells using the RNeasy RNA extraction kit (Qiagen) and
cDNA synthesis was performed using 1 pg of total RNA (Roche). Fluorescence real-time
PCR analysis was performed using a LightCycler 2.0 instrument (Roche Molecular
Biochemicals) and TagMan gene expression assays (Applied Biosystems). Relative
amounts of mRNA were normalized to the 18S ribosomal RNA levels in each sample.
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