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Abstract
Infection of human dendritic cells (DCs) by negative-strand RNA viruses, such as Newcastle
disease virus, leads to the induction of the IFNβ gene, IFNB1, through the activation of the RNA
helicase RIG-I, which is encoded by DDX58. Expression levels of IFNB1 and DDX58 in infected
DCs showed positive correlations at the population and the single-cell levels. DDX58 has a
common and potentially functional single nucleotide polymorphism, rs10813831 (A/G), encoding
an Arg7Cys amino acid change in the RIG-I protein caspase recruitment domain (CARD).
Quantitative RT-PCR analysis on Newcastle disease virus-infected primary DCs from 130
individuals revealed a significant association of the Arg7Cys single nucleotide polymorphism with
increased IFNB1 and DDX58 transcription. Allelic imbalance analysis ruled out allele-specific
DDX58 message levels and suggested that the observed association between Arg7Cys and IFNB1
and DDX58 transcription originated from a functional change in RIG-I due to the amino acid
substitution in the CARD. DDX58 transfection experiments in 293T cells confirmed a biological
functional difference between RIG-I 7Cys and the more common RIG-I 7Arg. Taken together,
these data indicate that the innate immune response to viral infection of human cells is modified
by a functional polymorphism in the RIG-I CARD.

Dendritic cells (DCs) are considered the “first responders” to viral infection by the innate
immune system. They also play a crucial role in the development of viral Ag-specific
adaptive immunity (1). A key step in the DC response to viral infection is the induction of
IFNβ (IFNB1), a secreted cytokine that complexes with type 1 IFNRs to initiate a
coordinated signaling pathway leading to widespread viral resistance (2,3). Induction of
IFNB1 can be triggered through TLRs (4) or through TLR-independent pathways, which are
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activated by the caspase recruitment domain (CARD) family RNA helicases RIG-I (RIG-I,
encoded by DDX58) or MDA5 (encoded by MDA5) (5,6). RIG-I and MDA5 proteins
contain two CARDs and an RNA helicase domain.

RIG-I undergoes a conformational change upon interacting with short, double-stranded, 5′-
triphosphate-containing viral RNA (6–8), an interaction that may depend on sequence
context (9). Its CARDs unwind to form RIG-I homomultimers (10) and bind to another
CARD family protein mitochondrial antiviral signaling protein (MAVS), also called IPS-1,
Cardif, and VISA, at the mitochondrial membrane (11–15). RIG-I binding to mitochondrial
antiviral signaling protein leads to the activation of several transcription factors, including
AP1, IFN regulatory factors, and NF-κB, to assemble the enhanceosome of IFNB1 and, thus,
initiate its transcription (16–18). The RIG-I gene DDX58 is constitutively expressed at a low
level in DCs and is inducible through autocrine and paracrine signaling triggered by IFN
binding to the type 1 IFNR (6). Thus, in a DC culture infected by a virus at a low
multiplicity ofinfection (MOI), the level of RIG-I in all DCs may be affected by IFN
signaling, whereas the activation of RIG-I leading to IFN induction occurs only in the virus-
infected DCs (10).

Single nucleotide polymorphisms (SNPs) can have a major impact on how humans respond
to disease, including environmental insults, such as viral infection (19,20). Because RIG-I is
such a crucial component of the type-1 IFN pathway, and the RIG-I-CARD plays an
essential role in its activity, a polymorphism in the CARD might impact RIG-I function and
further modify the response to viral infection. CARD is a functional domain of RIG-I that
can act by itself to activate the signaling cascade leading to IFNB1 expression (6). A
common nonsynonymous SNP in DDX58, rs10813831 (A/G), introduces an Arg7Cys amino
acid change to the first CARD of its corresponded protein RIG-I. This polymorphism was
shown to be functional in two transfection studies using murine and human cells (21,22).
We investigated the effect of this SNP on DDX58 and IFNB1 gene expression in Newcastle
disease virus (NDV)-infected primary human DCs derived from a population of 130 blood
donors. NDV is an avian virus that lacks the ability to prevent induction of IFN in human
cells (23–25). Because NDV infection efficiently stimulates the innate immune response and
the maturation of human DCs mainly through RIG-I, it provides an ideal experimental
perturbation to study RIG-I–mediated DC responses to viral infection. IFNB1 expression is a
good indicator of the antiviral state of the DCs. We observed a significant association
between this RIG-I SNP and expression of the DDX58 and IFNB1 genes.

mRNA levels can be affected by polymorphisms involved in mRNA synthesis (e.g.,
promoter polymorphisms) or degradation (often in the 3′ untranslated region [UTR]). If such
a functional polymorphism were in linkage disequilibrium with the RIG-I Arg7Cys
polymorphism, it could lead to a spurious association. To rule out this possibility, we used
the method of mRNA allelic imbalance (AI) (26). In individuals heterozygous for another
common unlinked RIG-I SNP, rs12006123 in the 3′UTR, we observed no effect of the RIG-I
Arg7Cys polymorphism on rs12006123 allele-specific mRNA levels, indicating that the
RIG-I Arg7Cys polymorphism in the protein was indeed the cause of the observed
association. To confirm the functionality of the RIG-I Arg7Cys polymorphism, we
transfected 293T cells with RIG-I Arg7 and RIG-I Cys7 expression vectors. Following
influenza virus A/PR/8/34 ΔNS1 or NDV infection, neither of which blocks IFN induction,
we observed a significant RIG-I Arg7Cys-dependent difference in the IFNB1 induction
profile.

The interplay between IFNB1 and DDX58 is complicated. RIG-I is required to trigger
IFNB1 induction in the DC response to NDV infection (27), whereas induction of the RIG-
I–encoding gene DDX58 is dependent on IFN signaling (5,6,28). Because a significant
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association was observed between the RIG-I Arg7Cys polymorphism and expression of the
DDX58 and IFNB1 genes, we examined the IFNB1–DDX58 circuit in greater detail. We
developed a single-cell assay for the study of innate immunity and maturation of NDV-
infected primary human DCs (29). Using this single-cell assay, we measured the expression
of both genes in individual DCs, with and without Abs to block IFN signaling required for
DDX58 induction. The expression levels were quantified using a nested real-time
quantitative PCR procedure (see Materials and Methods). These studies demonstrated that
the correlation between expression of the DDX58 and IFNB1 genes extended to the single-
cell level.

Materials and Methods
DDX58 genotyping

All human research protocols for this work were reviewed and approved by the Institutional
Review Board of the Mount Sinai School of Medicine. The Arg7Cys SNP (rs10813831) (A/
G) and the 3′UTR SNP (rs12006123) (A/G) contained in the DDX58 transcripts were
screened in 130 samples from anonymous blood donors. Genomic DNA was extracted from
buffy coats using a DNA Isolation Kit (Roche Applied Science, Indianapolis, IN).
Genotyping of the Arg7Cys SNP was performed using a TaqMan SNP Genotyping Assay
(Applied Biosystems, Foster City, CA). The 3′UTR SNP was genotyped by RFLP. The
amplified 515-bp fragments were digested with AciI (New England Biolabs, Beverly, MA)
overnight at 37°C and analyzed by electrophoresis on a 2% agarose gel. The fragments
containing an A allele were not digested, whereas those containing a G allele were digested
and generated two fragments: 228 bp and 287 bp. PCR primers are given in Supplemental
Table I.

Differentiation of human DCs
Monocyte-derived DCs were obtained from the same anonymous human blood donors
following a standard protocol (30). Briefly, human PBMCs were isolated from buffy coats
by Ficoll density-gradient centrifugation (Histopaque; Sigma-Aldrich, St. Louis, MO) at
2300 rpm, and CD14+ monocytes were immunomagnetically purified using a MACS CD14
isolation kit (Miltenyi Biotec, Auburn, CA). Monocytes (0.7 × 106 cells/ml) were
differentiated into immature myeloid DCs after a 5–6-d incubation in DC growth media with
RPMI Medium 1640 (Life Technologies, Carlsbad, CA) supplemented with 10% FCS
(Hyclone, Logan, UT), 2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin
(Life Technologies), 500 U/ml human GM-CSF (PeproTech, Rocky Hill, NJ), and 1000 U/
ml human IL-4 (PeproTech).

Virus preparation and viral infection
As previously described (24), the recombinant Hitchner B1 strain of NDV was prepared, and
aliquots of allantoic fluid from embryonated chicken eggs were harvested, snap-frozen, and
stored at −80°C. All virus preparations were free of bacterial contamination, as tested by the
inoculation of blood agar plates. NDV was titered by infection of Vero cell plates and
identification of viral growth by the addition of mAbs specific for NDV hemagglutinin-
neuraminindase protein (Mount Sinai Hybridoma Core Facility), followed by the addition of
anti-mouse IgG-FITC and visualization using fluorescent microscopy. Titered NDV stock
was diluted 40 times in DMEM and added directly into pelleted DCs at an MOI of 0.5, as
previously described (31). After incubation for 40 min at 37°C, fresh DC growth medium
was added back to the infected DCs (1 × 106 cells/ml). Virus-free allantoic fluid was added
to additional tubes of cells to serve as a negative control. Influenza A/PR/8/34 ΔNS1 was
prepared in the same way, except the embryonated eggs were 7 d old.
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Ab blockage
To block IFN signaling, DCs (1 × 106 cells/ml) were pretreated for 30 min at 37°C before
NDV infection with a mixture of Abs, including polyclonal sheep anti-human type I IFN-α
neutralizing Abs (4000 U/ml; PBL Biomedical Laboratories), polyclonal sheep anti-human
type I IFN-β neutralizing Abs (4000 U/ml; PBL Biomedical Laboratories, Piscataway, NJ),
and monoclonal mouse anti-human type 1 IFN-α/β–chain 2 neutralizing Abs (10 μg/ml;
Antigenix, Burlingame, CA).

Measurement of IFNB1, DDX58, and RNF135 mRNA expression in DCs
NDV-infected DCs and uninfected (rested) controls from the 130 donors were pelleted at 10
h. Total RNA was isolated using a Total RNA Extraction Kit (Roche Applied Science). The
total RNAs were converted to amplified cDNA by using the Nugen WT-Ovation RNA
Amplification System (San Carlos, CA). Real-time PCR results showed those cDNAs that
preserved the expression level differences among selected genes (data not shown). These
amplified cDNAs were used as templates for real-time PCR to determine corresponding
mRNA expression levels. Real-time PCR was performed on a Roche LightCycler 480, based
on the manufacturer’s recommended standard protocol, except for cycling conditions. After
95°C for 10 min, as required for activation of AmpliTaq Gold (Applied Biosystems),
amplification was carried out for 50 cycles using 94°C for 30 s, 60°C for 30 s, and 72°C for
30 s. The real-time PCR data were normalized to β-actin (ACTB). IFNB1, DDX58, and
RNF135 long- and short-isoform expression levels were calculated using crossing point (Cp)
values obtained from the amplification curves. PCR primers are given in Supplemental
Table I. With the same protocols, the PCR measurements for IFNB1 and DDX58 in the same
samples were performed on a different platform using an ABI 7900 system (Applied
Biosystems).

Measurement of NDV RNA in DCs
NDV-infected DCs from the 130 donors were pelleted at 10 h. Total RNA was extracted
using a total RNA Extraction Kit (Roche Applied Science). The total RNAs were directly
used as RT-PCR templates in the one-step real-time RT-PCR reaction performed on a Roche
LightCycler 480 and based on the protocol described elsewhere (29). The real-time PCR
data were normalized to β-actin (ACTB). NDV RNA expression level was calculated using
Cp values obtained from the amplification curves. PCR primers are given in Supplemental
Table I.

Measurement of DDX58 mRNA AI in DCs
DDX58 amplicons containing the 3′UTR polymorphism (rs12006123) were obtained by
PCR amplification using amplified cDNA as template. These amplicons were used as
templates to quantify the amplification from the two alleles using allele-specific PCR
(ASPCR) (32). The ASPCR assay was performed on a Roche LightCycler 480 system with
ΔZ05 GOLD DNA Polymerase (a hot-start DNA polymerase with improved discrimination
against misextension kindly provided by Roche Molecular Systems; research samples of this
polymerase may be obtained from Dr. Thomas Myers [ thomas.myers@roche.com]), as
previously described (29). The cycling conditions were 95°C for 12 min to activate the
polymerase and 50 cycles of 15 s at 95°C, 25 s at 55°C, and 25 s at 72°C. ASPCR of DDX58
produced 85-bp amplicons, the quality of which was verified by melting-curve analysis. All
assays were replicated. PCR primers are given in Supplemental Table I. AI was calculated
using the difference in Cp (ΔCp) between the two ASPCR reactions normalized to
heterozygous genomic control DNA, as previously described (33).
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Single DC sorting
Single DCs were directly sorted into 384-well PCR plates, as previously described (29).
Briefly, NDV-infected DCs were resuspended on ice in PBS at a concentration of 2–5 × 105

cells/ml. Cells were filtered prior to FACS sorting to remove aggregates. DCs were screened
and sorted by visual light scatter (MoFlo high-speed cell sorter) directly into 384-well bar-
coded PCR plates (Roche LC480), which contained 5 μl cell lysis buffer (4 mM magnesium
acetate [Sigma-Aldrich], 0.05% Nonidet P-40 [Sigma-Aldrich], 0.8 U/μl Protector RNase
Inhibitor [Roche Applied Science]) in each well. Sorted DCs were immediately placed on
dry ice and stored at −70°C to prevent RNA degradation.

Measurement of IFNB1 and DDX58 mRNA expression in single DCs
Two-step multiplexed nested real-time RT-PCR reactions were performed in 384-well PCR
plates on a Roche LightCycler 480 system. The first step was a reverse transcription at 65°C
for 30 min, followed by eight cycles of amplification (denaturing at 94°C for 15 s and
extension at 60°C for 50 s). This high-temperature RT-PCR was made possible by using
AccuRT plus aptamer, a hot-start, magnesium-activated thermostable DNA polymerase that
extends a primer on an RNA or DNA template (34). Five microliters of 2× PCR reaction
mix (2× buffer, 4 mM magnesium acetate, 0.2 μM each IFNB1 and DDX58 primer sets,
IFNB1 F1/R1, and DDX58 F1/R1, 0.4 mM each 2′-deoxynucleoside 5′-triphosphate [0.8
mM deoxyuridine triphosphate replacing deoxythymidine triphosphate]) and 0.375 U/μl
AccuRT enzyme (provided by Roche Molecular Systems; research samples of this
polymerase may be obtained from Dr. Thomas Myers [ thomas.myers@roche.com]) were
added to each well of a FACS single-cell–sorted 384-well PCR plate using a multichannel
pipettor. When finished, 2 μl each of the RT-PCR products from 192 wells were split into
two wells containing 8 μl second PCR reaction mix (5 μl 2×LightCycler 480 Probe Master
Mix, 0.2 μM allele-specific primer set IFNB1MF/R1 or DDX58MF/R1, 0.1 μM Roche UPL
probe #79 and #6, 3 μl nuclease-free water). The second PCR amplification was carried out
for 50 cycles using 94°C for 10 s, 62°C for 20 s, and 72°C for 10 s. PCR data from serial
dilutions of a DNA standard (4000 copies, 400 copies, 40 copies, 4 copies) carried through
the same steps were used to determine the numbers of transcripts for each corresponding
gene in each individual DC. All sequences for PCR primers and competitive
oligonucleotides are given in Supplemental Table I.

Cells transfection and plasmids
Transient transfection of 293T cells was performed using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. Flag-tagged RIG-I or RIG-I–CARD cDNA
encoding arginine 7 or cysteine 7 were cloned into pCAGGS mammalian expression
vectors. 293T cells (2 × 106 cells) were transfected with 50 ng pCAGGS-RIG-I-7Cys, 50 ng
pCAGGS-RIG-I-7Arg, or 50 ng empty plasmid as control. At 12 h posttransfection, cells
were mock infected or infected with NDV at an MOI of 2. Cells were harvested before or 3,
6, 9, 12, or 24 h after virus infection. Cells were collected, and total RNAs were extracted.
IFNB1, DDX58, and ACTB expression was quantified by real-time RT-PCR with the
primers given in Supplemental Table I.

RIG-I reporter assay
293T cells (2 × 106) were transfected with 100 ng the IFNβ driven firefly luciferase reporter
vector pGL4-IFNβ-firefly luciferase and 100 ng the constitutive expression plasmid Renilla
luciferase reporter vector pRL-TK (Promega), together with RIG-I–expressing plasmids or
control. Twelve hours posttransfection, cells were infected for 1 h with influenza A/PR/8/34
ΔNS1 at an MOI of 2 or were mock infected. Twelve hours postinfection, the cells were
harvested and lysed in dual-reporter lysis buffer following Dual Luciferase Reporter Assay
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(Promega) specifications. IFN reporter firefly luciferase values were normalized using
Renilla luciferase values. The same procedure was used to test the effect of the CARD
Arg7Cys polymorphism.

Western blotting
Total protein concentration from cell lysates was quantified by the Bradford method, and
10–20 μg/well was mixed with the loading buffer and loaded into the gel. Proteins were
separated by NaDodSO4-PAGE (SDS-PAGE 4–20%) (Bio-Rad, Hercules, CA) and then
transferred onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). Membrane
blocking with 1× PBS containing 0.1% Tween-20 and 5% nonfat milk was followed by
incubation with the indicated Abs. After several washes with PBS containing 0.1%
Tween-20, the membranes were incubated with the secondary HRP-conjugated anti-mouse
or anti-rabbit Ig Ab (Amersham Biosciences, Piscataway, NJ). The HRP immunocomplexes
were detected using an ECL kit (catalog no. NEL101) from PerkinElmer (Wellesley, MA).
Protein expression levels were tested by Western blot using specific Abs against the Flag-tag
(anti-FLAG M2 Ab; Sigma-Aldrich), endogenous tubulin (anti-β tubulin; Abcam, Boston,
MA), and influenza polymerase acidic subunit A proteins (rabbit polyclonal sera anti-PA).
The ubiquitination of RIG-I CARDs was examined with HA-tag ubiquitin-specific
polyclonal Ab (polyclonal anti-HA Ab; Sigma-Aldrich). For RING finger protein leading to
RIG-I activation (RIPLET) (also known as REUL or RNF135) detection we used rabbit pAb
to RNF135 (ab28636; Abcam). For tripartite motif protein 25 (TRIM25), we used rabbit
pAb to TRIM25 (ab86365; Abcam).

Immunoprecipitation
Transfected cells were washed, collected, and resuspended in PBS. Cells were collected by
centrifugation and lysed in immunoprecipitation buffer (Tris-HCl pH 7.6, 150 mM NaCl and
1% Nonidet P-40, 1 mM EDTA) and Complete Protease Inhibitor (Roche), according to the
manufacturer’s instructions. The lysates were incubated with anti-FLAG M2 agarose beads
(Sigma-Aldrich) at 4°C for 12 h. The beads were washed seven times with the
immunoprecipitation buffer; 2× SDS Laemmli buffer was added to the beads and boiled to
elute the proteins. After centrifugation, the immune-precipitated proteins eluted from the
beads were subjected to SDS-PAGE and Western blotting, as described.

Statistical analysis
All statistical analyses were performed using SPSS software (version 11.0) (SPSS, Chicago,
IL). Linear regression was used to study the association between DDX58 SNPs and DDX58
and IFNB1 expression levels, as well as AI. Trend tests were used to calculate possible dose
effects of DDX58 genotypes by using ordinal values (0, 1, 2) to represent the three
genotypes, with homozygous wild type assigned to be 0. Log-transformed values were used
in regression analyses. Correlations between noninfected and NDV-infected samples and
between genes were determined by Pearson correlation analysis. The significance of AI
measurements of heterozygotes was determined by the Kolmogorov–Smirnov test. The
significance between the luciferase activities in Arg7 or Cys7 constructs was determined by
the paired two-sample t test.

Results
Correlation between DDX58 and IFNB1 expression levels in a population and individual
DCs

We observed that the expression levels of IFNB1 and DDX58 in 130 NDV-infected donor
DCs were correlated (r2 = +0.53 by Pearson correlation analysis; p < 0.005) (Fig. 1).
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Because RIG-I (DDX58) is inducible by IFN signaling, to further address how this autocrine
and paracrine IFN feedback loop affects the correlation between DDX58 and IFNB1
expression, we measured the expression level of these two genes in individual DCs 10 h
after NDV infection, with or without Ab blockage of the IFN feedback loop (see Materials
and Methods). Ab blockage retards the innate immune response. For example, IFNB1 and
DDX58 mRNA levels at 7 h postinfection were reduced > 90% in the presence of blocking
Abs. Because infection is required to trigger the DC response leading to expression of
IFNB1, we used NDV at a low MOI (0.5) to partially infect DCs and partially activate
IFNB1 induction in a DC population. Thus, DDX58 induction in uninfected DCs would fully
depend on the paracrine feedback loop from the virus-infected DCs. The results showed
induction of DDX58 in almost the entire cell population (Fig. 2A) without blocking Abs.
When coincubated with Abs to block the IFNβ-triggered Jak-Stat signaling pathway, a lower
DDX58 induction (p < 0.001) was observed (Fig. 2B), and it was limited to NDV-infected
DCs. Interestingly, a much stronger correlation between IFNB1 and DDX58 expression was
seen in the presence of blocking Abs than without (r2 = +0.60 versus +0.28).

We also measured NDV RNA levels in the same 130 donor DCs 10 h postinfection. Pearson
correlation analysis showed no significance between NDV replication and IFNB1 expression
(p = 0.44) or DDX58 expression (p = 0.56), consistent with our results at the single DC level
previously reported (29). Because RIG-I is a major player in induction of IFNB1 by NDV, it
is expected that DCs having higher levels of RIG-I will induce higher levels of IFNB1. Fig.
2B shows that this is indeed the case. Alternatively, IFN regulatory factor 3 activation of
IFNB1 and DDX58 expression may explain the correlation seen between the expressions of
these two genes in Fig. 2B.

Association of DDX58 polymorphisms with DDX58 and IFNB1 expression level
The same 130 human blood samples were genotyped for the Arg7Cys SNP rs10813831 and
the 3′UTR SNP rs12006123, two of the most common polymorphisms in RIG-I transcripts.
The genotype frequencies for both SNPs (Table I) were in Hardy–Weinberg equilibrium (p
= 0.34 for Arg7Cys SNP; p = 0.89 for 3′UTR SNP). Gene expression was measured by
quantitative RT-PCR 10 h after NDV infection of monocyte-derived DCs. By linear-
regression analysis (Fig. 3), heterozygous Cys7 allele carriers showed higher IFNB1 and
DDX58 expression levels (p = 0.050 for IFNB1; p = 0.067 for DDX58) than those having the
Arg7Arg7 genotype. In particular, homozygous Cys7 allele carriers had significantly higher
levels of IFNB1 (2.2-fold) and DDX58 (2.4-fold) expression compared with those
homozygous for Arg7 (p = 0.019 for IFNB1; p = 0.034 for DDX58). Also, a trend was
significant, suggesting an allele dose effect (ptrend = 0.021 for IFNB1; ptrend = 0.022 for
DDX58). A repeated measurement with a different platform was consistent, showing a
similar higher level of IFNB1 and DDX58 expression in Cys7 homozygotes. In contrast, the
SNP in the 3′UTR region was not associated with IFNB1 or DDX58 expression levels (p =
0.765 for IFNB1; p = 0.465 for DDX58). Resting (uninfected) cells from the same
population showed no association between uninduced DDX58 expression levels and the
Arg7Cys polymorphism (p = 0.65). Also, regression analysis did not show a significant
association between NDV replication and the DDX58 Arg7Cys SNP (p = 0.19). Thus, the
Arg7Cys SNP is unique among the most common polymorphisms in RIG-I mRNA in its
association with the expression of these two genes central to innate immunity.

DDX58 SNPs and DDX58 AI
The relative expression level of identical genes from two alleles can be characterized by
mRNA AI, which is defined as the difference in the number of transcripts from the two
alleles (M1−M2) divided by the total transcripts (M1+M2), expressed as a percentage. This
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difference can be calculated based on the differences in Cp values (ΔCp) obtained from
ASPCR (see Materials and Methods) for the two allele-specific primers:

We investigated whether the association between the Arg7Cys polymorphism and
expression levels could be explained by a differential allelic expression of DDX58. DDX58
AI was distinguished using the 3′UTR SNP rs12006123 in 128 DC samples with or without
NDV infection measured by ASPCR. Fig. 4A and 4B shows allele frequencies for
homozygotes (0, 2) and heterozygotes (1) and a preference in amplification of one allele
versus the other in RNA compared with heterozygous DNA controls (3) (p = 0.001 for
infected samples, p = 0.004 for rested [uninfected] samples). This preference could be
explained by allele-specific mRNA levels or by preferential reverse transcription and
amplification of one allele. We did not explore this phenomenon further because the 3′UTR
polymorphism did not have any association with DDX58 and IFNB1 expression. The
heterozygotes in Fig. 4A and 4B were analyzed by Arg7Cys polymorphism genotype in Fig.
4C and 4D. AI was not associated with the Arg7Cys polymorphism in infected or uninfected
samples (p = 0.89 for infected samples; p = 0.63 for uninfected samples) (Fig. 4C, 4D).
Therefore, we ruled out linkage disequilibrium of the Arg7Cys polymorphism to an
unknown functional polymorphism affecting mRNA levels and concluded that the observed
association between Arg7Cys and IFNB1 and DDX58 transcription originated from the
structural change in the RIG-I CARD.

Transfection with RIG-I Cys7 and RIG-I Arg7
To verify biochemically that the RIG-I Arg7Cys polymorphism affects IFNB1 expression,
we created expression plasmids for the two alleles. These plasmids were transfected into
293T cells with an IFNB1 promoter reporter plasmid expressing luciferase and a control
plasmid expressing Renilla luciferase. Postinfection by A/PR/8/34 ΔNS1, the measurements
of the reporter assay suggested that RIG-I Arg7 was more effective than RIG-I Cys7 (p <
0.05; Fig. 5A). Although expression was lower, the same trend was observed in the mock-
infected controls. To further explore this difference, the time course for expression of the
endogenous IFNB1 gene was examined in triplicate in 293T cells transfected with the same
RIG-I expression plasmids (Fig. 5B). The Arg7 isoform induced IFNB1 expression more
robustly and at earlier times, with the largest difference seen 6–9 h postinfection (p < 0.03
for all time points after 6 h by the t test). Because all of the measurements were performed in
cells with a functioning endogenous DDX58 gene, we also examined the function of the
CARD in the absence of virus infection. Two plasmids were constructed expressing aa 1–
211 of RIG-I containing the two CARD-like domains of the molecule, with Cys or Arg at
position 7; their function was examined using the luciferase reporter assay at 24 h after
transfection (Fig. 5C). The results highlight the differences between the polymorphic RIG-I
proteins, with RIG-I Arg7 being significantly more active (p = 0.01). Because RIG-I was
reported to be ubiquitinated in the CARD region (35), we looked for possible allele-specific
differences in protein ubiquitination in RIG-I 1–211 proteins in the same cells (Fig. 5D, 5E).
Immunoprecipitation and Western blotting data were consistent, with greater RIG-I 1–211
Arg7 protein ubiquitination, possibly leading to greater activity.

Expression of RIG-I and the ubiquitin ligases TRIM25 and RNF135 (RIPLET) in 293T cells
and human monocyte-derived DCs

Western blot time-course analysis demonstrated differences in RIG-I induction and ubiquitin
ligase downregulation kinetics between 293T cells and human monocyte-derived DCs
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following NDV infection (Fig. 6A, 6B). Transfected 293T cells showed low basal levels of
endogenous RIG-I and insignificant induction following infection, whereas DCs had a high
basal level and showed significant induction. 293T cells and DCs showed expression of the
long isoform of RIPLET (NP_115698.3) (Fig. 6A, 6B); however, the short isoform
(NT_010799.15) was only detected in DCs (Fig. 6B). The relative amount of the short form
observed in DCs varied with the donor (Fig. 6B, 6C) We further measured the gene
expression ratio of RNF135 short- and long-isoform mRNAs in DCs and observed high
correlations in expression level between the two isoforms in uninfected and NDV-infected
DCs from the population of donors (Supplemental Fig. 1A). We also observed that the
distribution of the RNF135 expression ratio (short isoform/long isoforms) was broad, with
the mean ~0.1 (Supplemental Fig. 1B). The ratio was independent of NDV infection and
RIG-I R7C genotype. Fig. 6C shows higher expression of TRIM25 in DCs than in 293T
cells. RIPLET and TRIM25 showed less stability in 293T cells than in human DCs 12 h
after NDV infection (Fig. 6A, 6B). Thus, 293T cells and DCs differ in the kinetics of RIG-I
and RIG-I–associated ubiquitin ligase expression and in the expressed isoforms of RIPLET.

Discussion
In summary, our data revealed that the Arg7Cys polymorphism (rs10813831) is associated
with the expression level of the RIG-I gene DDX58 (Fig. 3). This SNP is also associated
with the expression level of IFNB1, which is induced by NDV-triggered RIG-I activation.
IFNB1 expression correlated with DDX58 expression level at the population level, as well as
at the single-DC level (Figs. 1, 2A). After blocking paracrine signaling, the single-cell
correlation between IFNB1 and DDX58 increased (Fig. 2B), consistent with induction of
RIG-I dependent upon IFN signaling. AI analysis showed that this SNP had no association
with mRNA transcription or degradation differences between alleles, pointing to the
Arg7Cys polymorphism as the functional polymorphism affecting DDX58 and IFNB1
expression (Fig. 4). IFNB1 mRNA induction in human DCs mainly occurs 6 h after NDV
infection, whereas NDV replication starts much earlier (29). The lack of association between
IFNB1 mRNA and NDV RNA at 10 h post-infection is consistent with our previous
observation that these RNA levels are not correlated in single-cell experiments (29).

Two recent transfection studies examined the common RIG-I Arg7Cys polymorphism in the
context of loss of function and other rare variants (21,22). The first study showed greater
activation of endogenous or reporter IFNB1 promoters by RIG-I Arg7 expression plasmids,
compared with Cys7 expression plasmids, in RIG-I knockout mouse embryo fibroblasts
when triggered using 5′-triphosphate-ssRNA or Sendai virus infection. The second study
showed the same trend in human cell lines BEAS-B and HEK 293T with RNA and viral
inducers. Our transfection and reporter experiments also showed that the proteins encoded
by the two RIG-I alleles exhibited different signaling behavior (Fig. 5A, 5B), again showing
greater activation with the RIG-I Arg7 expression constructs. Although all three sets of
reporter assays showed an effect of this SNP on IFNB1 induction to be opposite to our
population analysis result, these assays confirmed a functional role of the Arg7Cys
polymorphism in RIG-I, a key virus-sensing protein in regulating the innate immune
response of virus-infected cells. Differences in outcome of IFN induction upon viral
infection, depending on the experimental system used, have been reported for the expression
of the RIG-I–like helicase LGP2. Overexpression of LGP2 results in lower levels of IFN
induction, whereas LGP2 knockout mice are, in contrast, deficient in IFN induction after
picornavirus infection (36). In addition to transfection and over-expression, the different
responses to the polymorphism may be due to the difference between the lower basal levels
of RIG-I in DCs compared with the transfected cell lines. It also may be due to the
difference between the components involved in regulation of RIG-I sensing in DCs versus
other cell lines. All of these possible mechanisms need to be explored.
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The reporter assay with RIG-I 1–211 (Fig. 5C) showed that the effect of the polymorphism
on the IFN induction through RIG-I may be attributed to this CARD region. The different
effect of the polymorphism on IFNB1 expression between DCs and 293T cells could be
explained more specifically by differences in the cellular CARD-modification machinery in
different cells. Small differences in the posttranslational modification of CARD could
influence a differential regulation of the IFN pathway activation, as suggested by Fig. 5D
and 5E. Two CARD E3 ubiquitin ligases were reported to interact with RIG-I and are
required for the activation of the protein, TRIM25 and RIPLET (35,37). One known
modification is ubiquitination in the second CARD by both enzymes but with a different
pattern of ubiquitination for the two ligases. We note that TRIM25 interacts with the first
CARD containing the Arg7Cys polymorphism (38), and the first CARD is required for the
ubiquitin binding (39). Fig. 6 shows the differential expression of RIG-I and the two ligases
in 293T cells versus human monocyte-derived DCs. Of particular interest is the expression
of the second isoform of RIPLET, which was only observed in DCs. The function of the
RIPLET short isoform needs additional exploration. The Arg7Cys polymorphism may affect
the biological function of only one of the ubiquitin E3 ligases or one of the isoforms, which
could reconcile the unexpected observations in the population study.

Taken together, we conclude that the innate immune response of human DCs to infection by
NDVand many other viruses is strongly dependent on the level of DDX58 expression and is
modified by a common functional polymorphism in the RIG-I CARD. The existence of
polymorphic alleles of RIG-I with differential activities may reflect the delicate balance
between the amounts of IFN induction needed for an efficient antiviral response versus too
much IFN induction leading to autoimmune disorders, such as systemic lupus erythematosus
(40). Different selection pressures resulting from exposure to different pathogens might have
led to the selection of RIG-I alleles with greater or lesser IFN-inducing ability. It will be
interesting to investigate whether the presence of the different alleles correlates with a better
survival postinfection by important pathogenic viruses and/or with an increased incidence of
autoimmune disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank the Mount Sinai Flow Cytometry Shared Research Facility for single-cell sorting and the Mount Sinai
Microarray, PCR, Bioinformatics Shared Research Facility for genotyping. We thank Roche Molecular Systems for
generously providing AccuRT plus aptamer and ΔZ05 GOLD polymerases. We thank Richard Cadagan for
technical support.

This work was supported by Contract HHSN266200500021C and Grants U19AI06231, U19AI083025,
P01AI082325, and R01AI046954 from the National Institute of Allergy and Infectious Diseases.

Abbreviations used in this paper

AI allelic imbalance

ASPCR allele-specific PCR
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Ctr no transfection

DC dendritic cell

HC Ab H chain

Influenza PA in-fluenza polymerase acidic subunit A

LC Ab L chain

MOI multiplicity of infection

NDV Newcastle disease virus

R7 RIG-I Arg7 transfection

RIPLET RING finger protein leading to RIG-I activation

SNP single nucleotide polymorphism

TRIM25 tripartite motif protein 25

UTR untranslated region
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FIGURE 1.
Expression covariation between IFNB1 and DDX58 in NDV-infected DCs. Ten hours after
NDV infection at an MOI of 0.5, total RNA was extracted, and relative expression levels
were determined for IFNB1 and DDX58 mRNA in each DC sample. The expression levels
of DDX58 and IFNB1 are plotted on a logarithmic scale. These data showed a strong
correlation between IFNB1 and DDX58 expression in this population (r2 = +0.53; p <
0.005).
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FIGURE 2.
Expression covariation between IFNB1 and DDX58 in single DCs. Ten hours after NDV
infection at an MOI of 0.5, DDX58 and IFNB1 mRNA in each individual DC from a single
donor was quantified by a nested real-time quantitative RT-PCR method described in
Materials and Methods. The expression levels of DDX58 and IFNB1 are plotted on a
logarithmic scale. Straight lines join duplicate measurements. A, The data showed that
without Ab blockage, DDX58 induction was seen in the entire cell population, but with a
narrower distribution than that seen for IFNB1 expression. B, With Ab blockage, a much
stronger association was observed between DDX58 and IFNB1 expression (r2 = +0.60
versus +0.28).
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FIGURE 3.
DDX58 and IFNB1 mRNA expression in DCs derived from 130 individuals were examined
10 h after NDV infection. DDX58, IFNB1, and ACTB (internal control) mRNA were
quantified by real-time PCR. The relative IFNB1 (left panel) and DDX58 (right panel)
expression levels (normalized to ACTB) were converted to a logarithmic scale for
comparison among genotypes (0 = GG, ArgArg homozygote; 1 = GA, ArgCys heterozygote;
2 = AA, CysCys homozygote) of the DDX58 Arg7Cys polymorphism. The box plots show
median (solid bar) and interquartile ranges (boxes).
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FIGURE 4.
AI of DDX58 expression. DDX58 amplicons containing the 3′UTR polymorphism
rs12006123 were amplified by PCR from preamplified total cDNAs to serve as templates for
ASPCR. AI was determined by ASPCR. The box plots show median (solid bar) and
interquartile ranges (boxes). The AI value of each sample without NDV infection (A) or with
NDV infection (B) was compared for the three genotypes (0 = GG, 1 = GA, 2 = AA) of SNP
rs12006123 and a genomic DNA control from 13 randomly selected heterozygous
individuals (3 = genomic DNA). The heterozygotes in A and B were characterized by the
Arg7Cys polymorphism genotype (0, 1, 2) in C and D. There was no AI associated with the
Arg7Cys SNP in uninfected (C) or infected (D) DC samples (p = 0.63 without infection; p =
0.89 with infection).
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FIGURE 5.
RIG-I position 7 polymorphism phenotypes in transiently transfected 293T cells. A and B,
Twelve hours after transfection with RIG-IArg7, RIG-I Cys7, or empty plasmids, 293T cells
were infected with influenza A/PR/8/34 ΔNS1 at an MOI of 3 or with NDV at an MOI of 2.
A, Relative IFNB1 induction was analyzed using an IFNβ-luciferase reporter assay to
compare the two polymorphic forms of RIG-I. Experiments were performed in triplicate,
and error bars show the SD variation within constructs. B, The mRNA expression levels of
IFNB1 from 0–24 h after NDV infection were measured by real-time PCR. C, Comparison
of the effect of Arg7 and Cys7 on the relative IFNB1 induction by the RIG-I CARD region
(aa 1–211 from RIG-I). D and E, RIG-I Arg7 and Cys7 CARD region modifications
detected by Western blot. D, Arrowheads denote the modified forms of the proteins. E, RIG-
I Arg7 CARD shows significantly more polyubiquitination than the Cys7 CARD in 293T
cells. HC, Ab H chain; Influenza PA, influenza polymerase acidic subunit A; LC, Ab L
chain.
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FIGURE 6.
RIG-I, RIPLET, and TRIM25 expression in uninfected and NDV-infected 293T cells and
human monocyte-derived DCs. Western blot showing the level of protein expression for
RIG-I, two isoforms of RIPLET (gene RNF135) and TRIM25 (gene TRIM25) at 0, 6, and 12
h after NDV infection in 293T cells and human DCs. A, Time course after NDV infection
for RIG-I, RIPLET, and TRIM25 expression in transfected 293T cells. Normalized to
tubulin. B, Same time course for donor 1 DCs. Arrowheads denote TRIM25 and the two
isoforms of RIPLET. C, Combined assay of transfected 293T cells and DCs from a second
donor with (+) or without (−) NDV infection (10 h). C7, RIG-I Cys7 transfection; Ctr, no
transfection; R7, RIG-I Arg7 transfection.

Hu et al. Page 19

J Immunol. Author manuscript; available in PMC 2010 August 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hu et al. Page 20

Ta
bl

e 
I

G
en

ot
yp

e 
fr

eq
ue

nc
ie

s f
or

 D
D

X5
8 

po
ly

m
or

ph
is

m
s

Po
pu

la
tio

n

A
rg

7C
ys

 (r
s1

83
13

83
1)

3′
U

T
R

 (r
s1

20
06

12
3)

G
G

(R
R)

 %
 (n

)
G

A
(R

C)
 %

 (n
)

A
A

(C
C)

 %
 (n

)
G

G
 %

 (n
)

G
A

 %
 (n

)
A

A
 %

 (n
)

D
C

 sa
m

pl
es

61
.5

 (8
0)

30
.8

 (4
0)

7.
7 

(1
0)

56
.3

 (7
2)

38
.3

 (4
9)

5.
4 

(7
)

J Immunol. Author manuscript; available in PMC 2010 August 6.


