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ABSTRACT

Human T-cell lymphotropic virus type I (HTLV-1) is an oncogenic retrovirus considered to be the etiological agent of adult T-
cell leukemia (ATL). The viral transactivator Tax is regarded as the oncoprotein responsible for contributing toward the trans-
formation process. Here, we demonstrate that Tax potently inhibits the activity of DEx(D/H) box helicases RIG-I and MDAS5 as
well as Toll-dependent TIR-domain-containing adapter-inducing interferon-3 (TRIF), which function as cellular sensors or me-
diators of viral RNA and facilitate innate immune responses, including the production of type I IFN. Tax manifested this func-
tion by binding to the RIP homotypic interaction motif (RHIM) domains of TRIF and RIP1 to disrupt interferon regulatory fac-
tor 7 (IRF7) activity, a critical type I IFN transcription factor. These data provide further mechanistic insight into HTLV-1-
mediated subversion of cellular host defense responses, which may help explain HTLV-1-related pathogenesis and oncogenesis.

IMPORTANCE

It is predicted that up to 15% of all human cancers may involve virus infection. For example, human T-cell lymphotropic virus
type 1 (HTLV-1) has been reported to infect up to 25 million people worldwide and is the causative agent of adult T-cell leukemia
(ATL). We show here that HTLV-1 may be able to successfully infect the T cells and remain latent due to the virally encoded
product Tax inhibiting a key host defense pathway. Understanding the mechanisms by which Tax subverts the immune system
may lead to the development of a therapeutic treatment for HTLV-1-mediated disease.

he vertebrate innate immune system is critical for the early

detection and control of infection by microorganisms. Recog-
nition of an infection proceeds via detection of the infectious
agent by pattern recognition receptors (PRRs), an important class
of which are the Toll-like receptors (TLRs) (1, 2). TLRs recognize
pathogen-associated molecular patterns (PAMPs), such as single-
and double-stranded RNA (ssRNA and dsRNA), via their extra-
cellular leucine-rich region (LRR) and activate signaling cascades
through a cytoplasmic Toll/interleukin-13 (IL-13) homology
(TIR) domain that culminates, through using intermediate mol-
ecules such as MyD88, TNF receptor-associated factor 3 (TRAF3),
and/or TIR domain-containing adapter-inducing interferon-3
(TRIF), in the activation of NF-kB- and interferon regulatory fac-
tor 3/7 (IRF3/7)-dependent antimicrobial gene expression, in-
cluding type I interferon (IFN). For example, TLR3 is an interfer-
on-inducible TLR expressed in a wide variety of tissues that can
recognize viral dsSRNA species and trigger TRIF-dependent transcrip-
tional activation of type ITFN (3—6). In contrast, TLR7 and TLRS8 are
specific to plasmacytoid dendritic cells (pDCs) and can potently in-
duce IFN production following recognition of viral single-stranded
species via MyD88/TRIF-dependent signaling (7-9).

Recently, the caspase recruitment domain (CARD)-containing
DEx(D/H) box helicases RIG-I and MDAS5 have emerged as criti-
cal, TLR-independent detectors of viral infection (10-12). These
helicases are activated by cytosolic RNA intermediates produced
during viral replication. Mitochondrial IPS-1 (also called MAVS,
VISA, or Cardif) has been shown to be essential for RIG-I- and
MDAS5-mediated establishment of an antiviral state (13-16).
While the molecular mechanisms underlying IPS-1-mediated
activation remain to be fully clarified, evidence indicates impor-
tant downstream roles for Fas-associated protein with death do-
main (FADD), receptor-interacting protein 1 (RIP1), TRAF3, and
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NF-kB essential modifier (NEMO) (also known as IkB kinase
gamma [IKK-y]) in similarly activating NF-kB- and IRF-3/7-de-
pendent IFN induction (17-19). The importance of these path-
ways in mediating effective host defense is emphasized by the
growing number of virus types that have evolved ways to suppress
the function of these molecules.

HTLV-1 is the prototypic deltaretrovirus, a subgroup of Ret-
roviridae (20). Infection of T lymphocytes by HTLV-1 can result in
adult T cell leukemia (ATL), a severe, fatal lymphoma (21, 22). In
addition to ATL, HTLV-1 has also been implicated in a tropical
spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM),
a neurodegenerative disorder (23). Approximately 1 to 3% of
HTLV-1-infected individuals develop ATL or TSP/HAM follow-
ing a lengthy period of viral persistence (24). The Tax protein
encoded by HTLV-1 is thought to be the crucial mediator of ma-
lignant T cell transformation by HTLV-1 and is independently
capable of transforming both rodent fibroblasts and human T
lymphocytes (25-28). Although primarily a nuclear protein, a
proportion of Tax localizes to the cytoplasm and exerts its growth-
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promoting properties by engaging a wide variety of signaling cas-
cades (29). For example, via stimulation of CREB, NF-«kB, and
serum response factor (SRF) transcription factors, Tax can trans-
activate a diverse array of cellular genes, including those encoding
proliferative cytokines, cytokine receptors, costimulatory mole-
cules, and cell survival proteins (30-32). In addition to its ability
to modulate cellular gene expression at the transcriptional level,
Tax can also interfere with the cell cycle and promote cell growth
by direct interactions with, for example, cyclin-dependent kinase
complexes and centrosomal components (33, 34).

During a screen for virally encoded regulators of host defense,
we observed that HTLV-1 Tax could potently inhibit innate im-
mune signaling events triggered by dsRNA. This included the in-
hibition of TRIF-dependent TLR pathways, as well as RIG-I/
MDAS5-dependent TLR-independent pathways and the recently
discovered STING pathway essential for DNA-mediated innate
signaling (35, 36). Tax achieved this by preventing effective IRF7
function required for the transcriptional induction of type I IFNs
as well as other innate immune genes. However, NF-kB pathways
were not suppressed and essentially exhibited greater activity in
the presence of Tax. ATL cells exhibited defects in innate signaling
function and, as such, were sensitive to vesicular stomatitis virus
(VSV)-mediated oncolysis. Our data demonstrate that in addition
to its well-described roles in cell survival and cell growth control,
Tax can also modulate the host innate immune response to favor
virus replication and oncogenesis.

MATERIALS AND METHODS

Cells, recombinant virus, reagents, and antibodies. HeLa cells, 293T
cells, BHK cells, and mouse embryonic fibroblasts (MEFs) were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) and antibiotics. Jurkat Tet-on Tax, Jurkat E6.1,
and primary ATL cells were grown in RPMI 1640 medium with 10% FBS,
2 mM glutamine, and antibiotics. Strain Indiana of VSV-GFP (green flu-
orescent protein) and VSVAM were previously generated in our lab.
Poly(I-C) (1 pg/ml) was purchased from Invivogen. Doxycycline (1 g/
ml), G418, and Polybrene were obtained from Sigma. The QuikChange
site-directed mutagenesis kit was from Stratagene. Murine IFN-a and
IFN-B enzyme-linked immunosorbent assay (ELISA) kits were acquired
from PBL. Polyclonal VSV antiserum was produced from BALB/c mice
after they were immunized against wild-type VSV. Monoclonal anti-Tax
antibody was a gift from E. Harhaj. Other antibodies used in this study
were FLAG (Sigma), IRF3, IRF7, and Myc (Santa Cruz Biotechnology),
pIRF7 and hemagglutinin (HA) (Cell Signaling), TBK1 (Abcam), and
RIP1 (BD Science, Abcam).

Transfections and viral infections. Transfections were done using
Lipofectamine 2000 (Invitrogen) in Opti-MeM, a serum-free medium
(Invitrogen) according to the manufacturer’s manual. MEF transfection
was carried out using the Amaxa MEF Nucleofectin kit 1 according to the
manufacturer’s recommendations (Amaxa Biosystems). Jurkat transfec-
tions were performed with Fugene HD (Roche) as described by the man-
ufacturer.

Viral infection and titer analysis were performed as described previ-
ously. Briefly, 70% of confluence cell cultures were infected with recom-
binant virus at the indicated multiplicity of infection (MOI) with serum-
free medium. After 1 h of incubation, the plates were rinsed with
phosphate-buffered saline (PBS) twice and replenished with complete
medium. BHK cells were employed for VSV-GFP viral titers.

Plasmids and mutagenesis. Expression vectors FLAG, GFP, and HA-
tagged human RIG-I, MDA-5, ARIG-I, AMDAS5, IPS1, TBK1, and RIP1
were previously generated in G. N. Barber’s lab. FLAG-RIP1 variants were
created by PCR (Invitrogen) using the EcoR I/HindIII enzyme site and
site-directed mutagenesis kit (Stratagene). The following oligonucleotides
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were used for construction of RIP1 mutants: CTCATGATCATGGCGAC
AGTGTACAAGGG and CCCTTGTACACTGTCGCCATGATCATGAG
for K45A, CCGAATTCACCATGGACTACAAGGACGACGACGATAA
GATGCAACCAGACATGTCCTT and GGAAGCTTTTAAGGTGTTTA
TCCGTCA for KD-ID, CCGAATTCACCATGGACTACAAGGACGACG
ACGATAAGATGCAACCAGACATGTCCTT and GGAAGCTTTTAGT
CCTCTTCTACACTTTCTT for KD, CCGAATTCACCATGGACTACAA
GGACGACGACGATAAGGTGAAGAGTTTAAAGAAAGA and GGAA
GCTTTTAAGGTGTTT ATCCGTCA for ID, CCGAATTCACCAT
GGACTACAAGGACGACGACGATAAGGTTGTGAAGAGAATGC
AGTC and GGAAGCTTTTAGTTCTGGCTGACGTAAATC for ID-DD,
CCGAATTCACCATGGACTACAAGGACGACGACGATAAGCCAATC
AGGGAAAATCTGGG and GGAAGCTTTTAGTTCTGGCTGACGTA
AATC for DD, CCGAATTCACCATGGACTACAAGGACGACGACGAT
AAGTCAATTAGAAGAAAGTGTAG and GGAAGCTTTTATATGACT
TGGAATTGGCCTG for ID12, CCGAA TTCACCATGGACTACAAGG
ACGACGACGATAAGGGACAGGCAGACGAAACAGC and GGAA
GCTT TTAGTCCTCTTCT ACACTTTCTT for ID 23, TATGGCAGCC
GCATAGGCCAATTCCAAG and CTTGGAATTGGCCTATGCGGCTG
CCATA for dID2. The following other plasmids were obtained from the
sources shown in parentheses: HTLV Tax, Gal4-Luc, Gal4-IRF3, and
Gal4-IRF7 (E. Harhaj), FLAG-TRAF3, HA-TRAF3, and FLAG-TANK (G.
Cheng), Myc-IRF7 and Myc-RIP1(S. Ning), FLAG-IRF3, FLAG-IRF7,
and IFN-3 Luc (J. Hiscott), PRD II Luc and PRD-III-I Luc (T. Maniatis),
and IRF3 (superactive mutant) and IRF7 (superactive mutant) (Invivo-
gen).

Real-time PCR. Total RNA was isolated using the RNeasy RNA ex-
traction kit (Qiagen), and cDNA synthesis (Invitrogen) was performed
with random primers using 1 g of total RNA. Real-time PCR was per-
formed using a LightCycler 2.0 instrument and the TagMan Gene Expres-
sion assay (Life Technologies). TagMan probes mIFNb (Mm00439546)
and hIFNhb (Hs00185375) were used for experiments. Each sample was
normalized to internal control 185 rRNA.

Reporter gene assays and coimmunoprecipitations. For reporter
gene assays, 293T cells were placed in 24-well plates and transiently trans-
fected with 50 ng of luciferase reporter plasmid, 10 ng of pRL-TK, and 100
to 200 ng of expression plasmids by using Lipofectamine 2000 (Invitro-
gen). For Jurkat cells, 500 ng of reporter plasmid, 100 ng of pRL-TK, and
1 pg of expression plasmid were used in the experiments. After 24 or 36 h,
the cells were ruptured with cell culture lysis buffer (Promega) and lucif-
erase activity was measured using a luminometer (TD 20/20; Turner De-
signs). All luciferase assay results were presented as fold induction values.

For coimmunoprecipitations, expression vectors were transfected
into 293T cells for 36 h, cells were lysed in EBC10 (50 mM Tris [pH 8.0],
150 mM Nad(l, 0.1% NP-40, 50 mM NaF, I mM Na,;VO,, 1 mM dithio-
threitol [DTT]) or radioimmunoprecipitation assay (RIPA) buffer
(Pierce) with protease inhibitors (100 mM phenylmethylsulfonyl fluoride
[PMSF], leupeptin, aprotinin, pepstatin). Lysates (1 mg) were precipi-
tated with 1 pg of FLAG monoclonal antibody (MADb; Sigma) overnight at
4°C. All precipitates were washed with lysis buffer 5 times, and proteins
were released by 2X sample buffer after boiling and analyzed by SDS-
PAGE.

Immunofluorescence and ELISAs. Jurkat T cell or primary ATL cells
were seeded on glass coverslips coated with poly-L-lysine in 12-well plates
and centrifuged at 2,000 X g for 5 min. Cells were washed with PBS and
fixed with 1% paraformaldehyde for 10 min. After permeabilizing cells
with 0.2% Triton X-100 for 10 min, the cells were blocked in PBS contain-
ing 10% serum for 1 h and stained with anti-Tax or other indicated anti-
bodies for 1 h. The cells were washed with PBS 3 times. Secondary anti-
bodies Alexa-Fluor 555-conjugated donkey anti-mouse IgG and Alexa
Fluor 488-conjugated donkey anti-rabbit IgG (Life Technologies) were
used at 1:500 to 1:1,000 dilution. Nuclei were stained with 4’,6-di-
amidino-2-phenylindole (DAPIL Invitrogen). Finally, samples were
mounted using ProLong gold antifade reagents (Invitrogen).

Supernatants from 293T cells were transfected with expression plas-
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mids encoding HTLV-1 Tax and the active form of RIG-I (amino acids
[aa] 1 to 284). To determine the secreted IFN amounts, ELISAs were
performed according to the manufacturer’s instructions (PBL Interferon
Source).

Native PAGE gel. Native PAGE gel analysis was carried out after 293T
cells were transfected with the indicated plasmids or treated with
poly(I-C) for 6 h and cells were lysed with native lysis buffer (50 mM
Tris-Cl [pH 8.0], 1% NP-40, 150 mM NaCl, 100 mg/ml leupeptin, 1 mM
PMSF, 5 mM orthovanadate). The lysates were subjected to nondenatur-
ing electrophoresis.

Yeast two-hybrid analysis. The Matchmaker yeast two-hybrid system
3 (BD Biosciences Clontech, CA) was used for two-hybrid assays. Full-
length HTLV-1 Tax or human RIP1 was inserted into pGBK?7 (bait vec-
tor), and other genes encoding FADD, IPS, RIG-I variants, and MDA-5
variants were cloned into pGADT7 vector. A molar ratio of 2:1 of pGBKT7
and pGADT?7 (Clontech) was used for cotransformations in Saccharomy-
ces cerevisiae strain AH109. The transformed colonies were plated on syn-
thetic defined (SD)-Trp plates for pGBKT7 selection or SD/-Leu/-Trp
plates for cotransformed yeast clones containing pGBKT7 (DNA bait)
and pGADT7 (AD/library) plasmids. After several days of incubation at
30°C, several single colonies from cotransformed clones were “patched”
onto SD/-Leu/-Trp plates and following sufficient growth (1 to 2 days)
were streaked onto SD/-Leu/-Trp (low-stringency plates), SD/-His/-Leu/-
Trp (medium-stringency plates), and SD/-Ade/-His/-Leu/-Trp (high-
stringency plates) to investigate any potential interaction between the
viral “bait” and the library/host protein.

Poly(I-C)-agarose precipitation. To determine whether endogenous
RIG-I, MDA-5, RIP1, FADD, or PKR interacted with poly(I-C)-agarose,
HelLa cells (1 X 107 per condition) either were left untreated or were
treated with hIFN-B (100 U/ml) for 18 h and with poly(I-C) for a further
3 h. Cells were then lysed in B II (20 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 0.2% Nonidet P-40, 8% glycerol, and protease inhibitors). Lysates
were precleared by brief sonication, centrifugation, and incubation with
agarose beads for 1 h. They were then incubated with poly(I-C)-agarose
(Amersham) for 4 h, washed extensively with cold lysis buffer II, resolved
by SDS-PAGE, and detected by standard immunoblotting using the indi-
cated antibodies.

RESULTS

Tax inhibits induction of type I IFN by poly(I-C). An evaluation
of HTLV-1 Tax’s effects on intracellular signaling indicated that
Tax could potently inhibit the ability of dsRNA to trigger activa-
tion of the IFN-f promoter in HeLa cells (Fig. 1A). Previous data
have indicated that RIG-I and MDAS5 are key cellular sensors re-
sponsible for recognizing viral RNA species and for invoking the
production of type I IFN (10, 37). To extend this analysis, we
cotransfected 293T cells with expression vectors encoding either
full-length RIG-I or MDA-5, together with increasing amounts
Tax. Such cells were subsequently transfected with dsRNA and
assayed for IFN-f promoter induction. This study indicated that
cells overexpressing Tax displayed a significant dose-dependent
impairment in dsSRNA-induced RIG-I- or MDA-5-mediated acti-
vation of the IFN-f promoter (~80% reduction) (Fig. 1B). It has
also been demonstrated that the CARDs of RIG-I and MDA-5
alone have been shown to constitutively activate the IFN-@ gene in
the absence of poly(I-C) or viral stimulation (10, 13). Accordingly,
we observed that Tax was also able to potently inhibit type I IFN-
dependent signaling and IFN-B protein production mediated by
the CARDs of RIG-I and MDA-5 alone (Fig. 1C and D). Similar
effects were observed in Tax-expressing Jurkat T cells (Fig. 1E).
This analysis would indicate that HTLV-1 Tax inhibits the pro-
duction of type I IFN by preventing the downstream function of
the CARDs of RIG-I and MDAS5.
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The inhibition of innate immune responses has been shown to
render nontransformed cells permissive to virus infection (38).
Thus, we next evaluated whether Tax expression could increase
the permissiveness of murine embryonic fibroblasts (MEFs) to
vesicular stomatitis virus (VSV) infection, a virus known to be
sensitive to the antiviral effect of IFN (39). Primary C57BL/6
MEFs overexpressing Tax or control cells transfected with an
empty vector were next infected with different multiplicities of
infection (MOIs) of recombinant VSV expressing GFP. These ex-
periments indicated that infected MEFs overexpressing Tax ex-
hibited significantly greater cytolysis and GFP fluorescence than
control cells (Fig. 1F). In agreement with these observations, we
noticed that approximately 10-fold more progeny virus was re-
covered from the supernatants of infected MEFs overexpressing
Tax (Fig. 1G). Overexpressed Tax in primary C57BL/6 MEFs also
inhibited endogenous ifnb gene transcription in response to
poly(I-C) (Fig. 1H). To what extent Tax could inhibit the induc-
tion of type I IFN was further evaluated using Tax-inducible T cell
lines (Jurkat). Following Dox withdrawal, Tax expression was
seen to increase as deduced by immunofluorescence and immu-
noblot analysis (Fig. 11; expression is shown in red). To confirm
that Tax impedes the induction of type I IEN, we infected T cells,
Tax induced or noninduced, with a VSV mutant virus (VSVAM)
defective in viral matrix (M) activity (an alanine substitution at
position 51, which is unable to prevent host [IFN mRNA export
and translation) (40). This analysis indicated a decrease in
VSVAM-induced IFN-B mRNA production in the presence of
Tax (2- to 5-fold; Fig. 1J). Finally, HTLV-1-infected human cells
in which Tax was expressed at high levels (MT-4) did not robustly
respond to type I IFN induction following transfection with
poly(I-C). This was in contrast to cells that expressed low levels of
Tax (ATLL-84c), which remained able to trigger type I IFN pro-
duction following stimulation of the RIG-I/MDA5 pathway (Fig.
1K). Taken together, these results demonstrate that Tax can in-
hibit RIG-I- and MDA-5-triggered type I IFN signaling and ren-
der cells susceptible to virus infection.

Tax inhibits RIG-I-activated IRF3/7, but not NF-kB, signal-
ing. We next evaluated where in the RIG-1 pathway Tax exerted its
suppressive influence. Our experiments indicated that Tax could
inhibit the activation of the IFN-3 promoter by IPS-1, as well as
RIG-I/MDAS (Fig. 2A). However, Tax could not inhibit heterolo-
gously expressed TBK-1 or constitutively active IRF3 (SA) or IRF7
(SA), suggesting that Tax’s inhibitory effects were upstream of
IRF3/7. RIG-I-and MDA-5-dependent antiviral gene expression
has been shown to require the coordinated activation of both the
IRF3/7 and the NF-kB classes of transcription factors (41). There-
fore, we next evaluated the effect of Tax on specific activation of
either IRF3/7 (PRD III-I)- or NF-kB (PRD II)-dependent ele-
ments from the human ifnb gene by the CARDs of RIG-I and
MDA-5. These experiments indicated that Tax was able to po-
tently inhibit RIG-I CARD- and MDA-5 CARD-dependent acti-
vation of PRD III-I in a dose-dependent manner (Fig. 2B). In
contrast to its effect on IRF3/7-dependent signaling, and in agree-
ment with previous reports, we found that Tax alone potently
activated NF-kB-dependent signaling, as measured by stimula-
tion of the PRD II-Luc reporter plasmid (Fig. 2C). These results
suggest that Tax can selectively inhibit IRF3/7-dependent antiviral
signaling mediated by RIG-I and MDA-5.

Tax interacts with RIP1. Our results and those of others sug-
gest that RIP1 and FADD are essential downstream components
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FIG 1 HTLV-1 Tax inhibits RIG-I and MDA-5 signaling. (A) An IFN-B-Luc reporter plasmid was transfected in HeLa cells with or without increasing amounts
of an expression vector encoding Tax for 24 h. The cells were transfected with poly(I-C) (5 mg/ml), and luciferase activity was measured. The expression of
endogenous MDA-5 and ectopic Tax were detected by immunoblotting (IB) analysis. (B) IFN-B-Luc reporter plasmids were transfected in 293T cells with
expression vectors encoding either FLAG-RIG-I or FLAG-MDA-5 and with empty vector or Tax. Cells were then treated as described for panel A. (C) Luciferase
reporter assays were performed in 293T cells as described for panel B using FLAG-RIG-I variants (aa 1 to 284) or FLAG-MDA-5 variants (aa 1 to 349), and
increasing amounts of Tax. (D) ELISAs were performed to detect production of endogenous IFN-@ protein in 293T cells after transfecting with FLAG-RIG-I
(1-284) and Tax. (E) Luciferase reporter assays were performed in Jurkat T cells after transfecting IFN-B-luc, Tax, and poly(I-C) (5 mg/ml). (F) Viral replication
of VSV-GFP was detected in primary C57BL/6 MEFs after transfecting with either an empty vector or Tax for 24 h. Photomicrographs were taken 24 h
postinfection. (G) Standard plaque assays for viral progeny output were performed from the supernatants from cells treated as described for panel F. (H)
Real-time PCR analysis of ifn3 mRNA level in primary C57BL/6 MEFs that were transfected with either an empty control vector or Tax for 24 h and treated with
poly(I-C) for the indicated periods. (I) Immunofluorescence (IF) assays were used to detect expression of Tax (red) in Tax-inducible Jurkat T cells after treating
with doxycycline (1 pg/ml) for 24 h. (J) Real-time PCR analysis for ifn3 mRNA transcription in Tax-inducible Jurkat T cells after the infection of VSVAM for 6
h. (K) Real-time PCR analysis was performed to evaluate mRNA levels of ifnf3 in MT-4 cells or ATLL-84c cells that were treated with VSVAM (MOIs = 1) for the
indicated times. Tax expression was also tested in those cell lines by immunoblotting using anti-Tax antibody. Error bars indicate * standard deviations (SD).
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FIG 2 HTLV-1 Tax selectively inhibits IRF3/7 signaling. (A) Luciferase reporter assays were performed in 293T cells with IFN-B-luc, FLAG-RIG-1(1-284),
full-length IPS-1, TRIF, TBK1, IRF3 (superactive mutant), or IRF7 (superactive mutant), with increasing amounts of Tax. (B) Luciferase reporter assays were
performed in 293T cells after transfecting IRF3/7-responsive PRDIII-I-luciferase plasmid, expression vectors encoding either FLAG-RIG-I(1-284), FLAG-MDA-
5(1-349), or full-length TBK1, and increasing amounts of Tax. (C) The luciferase reporter assays illustrated in panel B were performed in 293T cells with

NF-kB-responsive PRDII-luciferase plasmid. Error bars, =SD.

required by RIG-I and MDA-5 to trigger type I IFN production
(17, 42—44). In an effort to obtain mechanistic insight into the
ability of Tax to inhibit RIG-I- and MDA-5-dependent signaling,
we performed protein binding experiments to identify potential
interactions between Tax and RIG-I and MDA-5 and/or FADD
and RIP1. Principally, yeast two-hybrid experiments revealed a
robust and specific interaction between RIP1 and Tax but not with
RIG-I/MDAS5 and Tax (Fig. 3A). To determine the domains of
RIP1 involved in interactions with Tax, we performed coimmu-
noprecipitation experiments with Tax and a variety of RIP1 vari-
ants as depicted in Fig. 3B. This analysis indicated that an inter-
mediate domain (ID) including the RIP homotypic interaction
motif (RHIM; amino acids [aa] 301 to 558) of RIP1, previously
described as being essential for RIP3 interaction, was necessary
and sufficient for its interaction with Tax (Fig. 3B and C) (45-47).
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Confocal analysis also indicated that RIP1 could colocalize with
Tax in Jurkat Tax-inducible and in primary ATL cells (Fig. 3D). Of
interest is thata RHIM domain has recently been found in the TLR
pathway adaptor protein TRIF (also referred to as TICAM) (46,
48, 49). TRIF facilitates TLR3 and -4 activation of innate signaling
processes by dsRNA and lipopolysaccharide (LPS), respectively.
TRIF partially achieves this by utilizing RIP1 through RHIM as-
sociation to regulate NF-kB and IRF3/7 activity. We thus evalu-
ated the effects of Tax on TRIF function and found that Tax was
able to inhibit IRF3/7-dependent PRDIII-I promoter activation
by TRIF but not NF-kB signaling (Fig. 3E). Coimmunoprecipita-
tion experiments subsequently confirmed that Tax could indeed
bind to TRIF (Fig. 3F). Thus, Tax binds to regions within the
RHIM domains and prevents TLR-dependent and -independent
IRF3/7 but not NF-kB signaling.
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RIP RHIM association with Tax and RIG-I. Our findings that
Tax potently inhibits RIG-I/MDA-5- and TRIF-activated signal-
ing prompted us to examine in greater detail the mechanistic con-
sequences of this association. As a start to these studies, we treated
HeLa cells with or without IFN-[ and subjected lysates to dsRNA
affinity chromatography. These experiments verified that both en-
dogenous RIG-I and MDA-5 were able to associate with dsRNA
(Fig. 4A). The interactions were more evident when endogenous
RIG-I or MDA-5 was precipitated from IFN-treated cells, since
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these molecules are themselves IFN-inducible proteins. Interest-
ingly, we observed that RIP1 could be precipitated by poly(I-C)-
agarose in a manner that was enhanced by previous IFN treat-
ment, suggesting that RIP1 could bind poly(I-C) directly or was
being recruited to an IFN-stimulated dsRNA-dependent complex
by molecules such as RIG-1and MDA-5 (Fig. 4A). However, RIP1
possesses no discernible RNA-interacting motifs and did not as-
sociate with dsRNA when produced alone in rabbit reticulocyte
lysates (data not shown). To extend these studies, we transfected
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HA-tagged RIP1 into 293T cells along with FLAG-tagged versions
of RIG-I or MDA-5. These coimmunoprecipitation experiments
indicated that while RIP1 was able to weakly associate with full-
length RIG-I and MDA-5, it bound with significantly greater
affinity to the CARDs of RIG-I and MDA-5 (Fig. 4B). Taken to-
gether, these results suggest that RIP1 may be recruited to RIG-I-
and MDA-5-containing complexes upon activation by viral RNA.
These findings were confirmed using a yeast two-hybrid assay ap-
proach, which indicated a robust association of RIP1 and FADD
(His-Leu-Trp-Ade [HLTA]-deficient media) and a weaker associ-
ation of RIP1 with the CARDs of both RIG-I and MDA5 (HLT-
deficient media) (Fig. 4C).

To extend these studies, we cotransfected 293T cells with var-
ious domains of RIP1 in the presence of the CARDs of RIG-I or
MDAS5. This study again indicated that the ID domain of RIP1
associated with the CARD of RIG-I (Fig. 4D). Of interest was that
while both Tax and the CARD of RIG-I bound to the ID of RIP1,
Tax did not inhibit RIG-I/RIP1 interactions, indicating that TAX
and RIG-I bind to different regions of the ID (Fig. 4E).

Significantly, further analysis indicated that RIP1 was able to
potently synergize with the CARDS of both RIG-I and MDAS5 to
induce activation of the type I IFN promoter (Fig. 4F). A similar
approach indicated that the RIP1 ID regions alone were able to
manifest the observed synergy with the CARDS of RIG-I and
MDAS5 (Fig. 4F). A similar effect was observed with FADD (Fig.
4G). However, the presence of Tax was able to block the synergis-
tic effects of RIP1 or FADD with RIG-I, which would otherwise
augment the induction of the type I IEN promoter (Fig. 4H and I).
Our data thus indicate that the CARDs of RIG-I associate with
RIP1, which in turn associates with FADD to facilitate the activa-
tion of the type I IFN promoter. Tax association with RIP1 is able
to prevent the induction of this pathway.

Tax prevents RIP1 innateosome activation of IRF7. Our data
indicate that Tax binds to the ID domain of RIP1 to prevent down-
stream NF-kB-independent innate immune signaling processes.
We therefore investigated whether Tax prevented RIP1 binding to
required signaling partners to disrupt innateosome complex for-
mation. Principally, while coimmunoprecipitation analysis indi-
cated that Tax could bind to RIP1, we did not see any appreciable
Tax binding to downstream type I IFN signaling components
such as TRAF3 or TANK (Fig. 5A and B). Neither did Tax prevent
complex association with RIP1 or TBK1 (Fig. 5C). Moreover, Tax
did not appear to inhibit TBK-1’s association with IRF3 or IRF7
(Fig. 5D and E). Indeed, Tax seemed to slightly enhance the asso-
ciation of some of these innate signaling components, such as
TRAF3, perhaps to augment NF-kB activity. However, we con-
firmed that RIP1 bound efficiently to available IRF7, as has been
shown previously (50) (Fig. 5F), but not IRF3. This association
was noted to involve IRF7 binding to the ID of RIP1, similar to Tax
(Fig. 3F and 5G). Tax did not appear to influence IRF3 activity, as
emphasized by analyzing IRF3 dimerization and translocation
(Fig. 5H). However, Tax did impede IRF7 function as shown by
GAL4-IRF7 assays (Fig. 5I). Given that Tax could bind to RIP1 via
the ID, we therefore investigated whether Tax could block RIP1/
IRF7 association. Indeed, this coimmunoprecipitation analysis
confirmed that Tax could in fact repress RIP1/IRF7 interactions,
an effect that likely explained the repressed IRF7 activity (Fig. 5J).
Analysis of HTLV-1-transformed C8166 cells, which express en-
dogenous Tax, further confirmed that Tax can indeed inhibit
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RIP1/IRF7 interactions likely by preferentially associating with
RIP1 rather than IRF7 (Fig. 3 and 5K).

Our data also indicate that the CARDs of RIG-I as well as IRF7
associate with the ID of RIP-1, a region that exhibits constitutive
activity (Fig. 1D and 5G). Results further show that Tax can block
IRF7 association with RIP1 and IRF7 activity (Fig. 5I to K). How-
ever, Tax did not robustly inhibit RIG-I binding to RIP1 (Fig. 4E).
To examine the molecular mechanisms in more detail, we exam-
ined which regions of the RIP1 ID associated with Tax, RIG-I or
IRF7. The ID (aa 301 to 558) or portions of the ID (aa 291 to 490
[ID12] or aa 391 to 582 [ID23]) were cloned into expression vec-
tors (Fig. 6A). We principally noted that ID23 alone but not ID12
exerted the ability to stimulate the production of type I IFN (sim-
ilar to the ID), events that were suppressed in the presence of Tax
(Fig. 6B). We noted that IRF7 did not strongly bind to ID12 or 23,
perhaps due to the fact that both regions were required for stabi-
lizing the interaction (Fig. 6C). However, we observed that ID12
was not expressed robustly. In contrast, we did observe that Tax
strongly interacted with ID23 (aa 391 to 582) (Fig. 6D). The
CARDs of RIG-I were similarly found to associate with ID23 (Fig.
6E) but did not appear to inhibit RIP1/RIG-I interactions, sug-
gesting that Tax may bind to a different portion of ID23. To de-
termine this, we created a RIP1 deletion variant lacking aa 391 to
490 (dID2, aa 391 to 490) (Fig. 6F). This construct was developed
since generating smaller portions of ID23 resulted in poor expres-
sion. Our analysis indicated that Tax did not bind robustly to dID2
in contrast to RIG-1, which exhibited evident binding (Fig. 6G).
We thus conclude that IRF7 may bind to the region of aa 301 to
588 of RIP1 and Tax to the region of aa 391 to 490 while RIG-1
associates with a region representing aa 491 to 588 (Fig. 6H). This
association is presumably sufficient to prevent RIP1 binding to
IRF7, which eliminates IRF7 activity and type I IFN induction.
IRF7 is required for the robust activation of predominantly the
type I IFN alpha genes rather than the beta interferon gene, which
principally uses IRF3 to initiate its transcription after infection of
the cell (51). This is because IRF7 is itself type I IFN inducible and
not robustly expressed in uninfected cells. Following induction,
IRF7 facilitates further IFN-B induction, with IRF3, while ro-
bustly stimulating alpha interferon production in a positive-feed-
back manner. Analysis of poly(I-C)-treated or RNA virus-infected
wild-type (WT) or RIP1-deficient MEFs confirmed a more signif-
icant requirement for IRF7 in IFN-a induction than in IFN-f
induction (Fig. 7A to C). Since IRF7 is the “master regulator” of
type I IFN induction, our data indicate that Tax suppression of
this activity potently inhibits RIG-I- and TRIF-dependent signal-
ing (52).

DISCUSSION

HTLV-1 is a delta-type retrovirus currently responsible for 10 to
20 million infections worldwide (24). In contrast to the other im-
portant human retroviral pathogen, HIV, which proliferates by
direct production of progeny virions, HTLV-1 increases its copy
number primarily by inducing the proliferation of infected cells
(51). Thus, promotion of immortalization and transformation of
the infected cell thus appears to be a primary step in viral propa-
gation (53). Leukemogenesis of ATL has been suggested to be a
multievent process involving both the disabling of cellular tumor
suppressor and apoptotic processes and the engagement of prolif-
erative and antiapoptotic signaling (54). Tax has been reported to
be involved in all these events and possesses an essential role in
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aa 291 to 490), or FLAG-RIP1(ID23, aa 391 to 588), and either Myc-IRF7, Tax, or HA-RIG-I (aa 1 to 284). Thirty-six hours later, cell lysates were immunopre-
cipitated, and IB analysis was performed with the indicated antibodies. (F) Structure of dID2 (deletion, aa 391 to 490) of RIP1. (G) Co-IP assay revealed that
intermediate domain aa 391 to 490 of RIP1 was essential for Tax association to RIP1 but not for HA-RIG-I(1-284). 293T cells were transfected with ID2 of
FLAG-RIP1 (deletion, aa 391 t0 490), and either Tax or HA-RIG-1(1-284) for 36 h. The lysates were pulled down with anti-FLAG antibody, and IB was performed
with anti-Tax antibody. (H) Schematic model of RIP1-interacting proteins and Tax. Error bars, =SD.

leukemogenesis, silencing of Tax expression appears to be advan-
tageous for cells capable of maintaining a transformed phenotype
without Tax, because Tax is a target of the host acquired immune
system. In addition to acquired immune responses to HTLV-1

ATL pathogenesis (55). In addition to modifying cellular growth
signals to provide proliferative advantages to infected cells, effec-
tive counteraction of host immune responses is also essential for
successful infection and viral spread. Indeed, in later stages of

using plasmids encoding Myc-RIP1 and FLAG-IRF3 or FLAG-IRF7. (G) Co-IP analysis in 293T cells as described for panel A using plasmids encoding full-length
Myc-IRF7 and FLAG-RIP1 mutants: kinase domain (aa 1 to 300), intermediate domain (aa 301 to 588), or death domain (aa 589 to 671). (H) Native PAGE gel
analysis for IRF3 dimerization in 293T cells with transfection of an empty vector or expression vector encoding HA-RIG-I (aa 1 to 284), either with or without
plasmid encoding Tax. The cells were stimulated with poly(I-C) (1 pg/ml) for 4 h, and the lysates were subjected to IB with the indicated antibodies. (I) Luciferase
reporter assays were performed in 293T cells after transfecting with GAL4 binding luciferase plasmid and an expression vector encoding GAL4-conjugated
full-length IRF3 and full-length IRF7 with increasing amounts of Tax. (J) Co-IP analysis in 293T cells after overexpressing plasmids encoding Myc-RIP1 and
FLAG-IRF7 with an increasing amount of Tax. IB analysis was done with the indicated antibodies. (K) Depletion of Tax with shRNAs restores RIP1-IRF7
interaction in HTLV-1-transformed cells. Co-IP analysis was done in C8166 cells after lentiviral transduction of control or Tax short hairpin RNAS (shRNAs)
(Tax#3 and Tax#5) for 5 days. IB was performed after IgG control or RIP1 IP with the indicated antibodies. Error bars, £SD.
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HTLV-1 viral protein Tax strongly binds to RIP1 to impede IRF7 function and type I IFN signaling.
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infection, however, powerful innate mechanisms that recognize
and limit viral replication exist.

Here, we show that HTLV-1 Tax potently inhibits antiviral
signaling by one of these important mechanisms. Signaling by the
RNA helicases RIG-I and MDA-5 has recently emerged as pivotal
for the production of type I IFNs in response to cytosolic viral
RNA species (10, 11). Although the exact signaling events down-
stream of RIG-I and MDA-5 remain unclear, it appears that IPS-1,
TRAF3, FADD, and RIP1 participate in the activation of IRF3/7
(13, 17, 18, 43). In this study, we demonstrate that HTLV-1 Tax
inhibits the production of type I IFN by the RNA helicases RIG-I
and MDA-5. Tax was found to interact with RIP1, a kinase previ-
ously shown by our group and others to possess a role in the
production of type I IFN and protection against virus infection.
We further show that RIP1 associates with the CARDs of RIG-I
and MDA-5 and confirm its essential role in signaling down-
stream of these helicases. Specifically, we show that RIP1 is indis-
pensable for the robust production of IFN-« and other secondary
genes after dsSRNA stimulation of virus infection. RIP1 interacted
with the CARDs of RIG-1 and MDA-5 via its ID. Overexpression
of RIP1 synergized with the CARDs of RIG-I and MDA-5 to acti-
vate IFN, an event which was inhibited by Tax coexpression. TRIF
has also been shown to exhibit an RHIM domain and was similarly
able to bind to Tax in our studies. TRIF facilitates endosomal
TLR3 signaling mediated by dsRNA species. Thus, Tax inhibits
TRIF function as well RIG-I/MDAS5 and so evades two major an-
tiviral host defense pathways (55).

Following recruitment to RIG-I/MDAS5, the molecular events
linking RIP1 to the induction of type I IFN genes are somewhat
less clear. Recent data show that the transcription factor IRF7 is
the “master regulator” of type I IFN production and is essential for
IFN-a production (52). In most cell types, IRF7 is a short-lived
protein whose levels are controlled by an autocrine loop involving
primary IFNs (such as IFN-8 and IFN-a4) and whose activation is
governed by virus-dependent phosphorylation via cellular TBK-1.
Thus, RIP1 and TRIF likely govern IFN-a production via control
of IRF7. Our data indicate that this event is prevented by Tax
binding to RIP1/TRIF and impeding IRF7 activity.

While our findings suggest Tax binding to RIP1 as a mecha-
nism for inhibition of RIG-I and MDA-5, they do not preclude
other mechanisms of innate immune evasion by this key viral
oncoprotein. For example, our data indicate that, at higher con-
centrations, Tax also inhibits activation of type I IFN by activated
IRF3/7, presumably by competition for transcription cofactors
such as CBP/p300 (56).

Because of their pivotal role in antiviral host defense, innate
immune viral recognition pathways are often targeted for inhibi-
tion by viruses. For example, the V protein encoded by paramyxo-
viruses can interact with and inhibit both Mda5 and Stat1 signal-
ing (11). In a growing list of such proteins, data demonstrate that
the P protein encoded by Borna disease virus can bind to and
inactivate TBK-1, the NS3/4a protease encoded by hepatitis C vi-
rus can cleave and disable IPS-1, and the vaccinia virus A52R and
N1L proteins interfere with both TLR-dependent and -indepen-
dent signaling (13, 57, 58). Additionally, our recent findings show
that the FADD-interacting poxviral protein MC159 can inhibit
RIG-I- and IPS-1-dependent activation of Ifnb (42). In summary,
our results imply that the suppression of RIP1 facilitated innate
immune antiviral signaling as a further important role for Tax in
the promotion of leukemogenesis.
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