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ABSTRACT For RNA virus families except Picornaviridae, viral RNA sensing includes
Toll-like receptors and/or RIG-I. Picornavirus RNAs, whose 59 termini are shielded by
a genome-linked protein, are predominately recognized by MDA5. This has impor-
tant ramifications for adaptive immunity, as MDA5-specific patterns of type-I inter-
feron (IFN) release are optimal for CD41T cell TH1 polarization and CD81T cell priming.
We are exploiting this principle for cancer immunotherapy with recombinant poliovi-
rus (PV), PVSRIPO, the type 1 (Sabin) PV vaccine containing a rhinovirus type 2 internal
ribosomal entry site (IRES). Here we show that PVSRIPO-elicited MDA5 signaling is pre-
ceded by early sensing of the IRES by the double-stranded (ds)RNA-activated protein
kinase (PKR). PKR binding to IRES stem-loop domains 5–6 led to dimerization and
autoactivation, displaced host translation initiation factors, and suppressed viral pro-
tein synthesis. Early PKR-mediated antiviral responses tempered incipient viral transla-
tion and the activity of cytopathogenic viral proteinases, setting up accentuated
MDA5 innate inflammation in response to PVSRIPO infection.

IMPORTANCE Among the RIG-I-like pattern recognition receptors, MDA5 stands out
because it senses long dsRNA duplexes independent of their 59 features (RIG-I recog-
nizes viral [v]RNA 59-ppp blunt ends). Uniquely among RNA viruses, the innate defense
against picornaviruses is controlled by MDA5. We show that prior to engaging MDA5,
recombinant PV RNA is sensed upon PKR binding to the viral IRES at a site that over-
laps with the footprint for host translation factors mediating 40S subunit recruitment.
Our study demonstrates that innate antiviral type-I IFN responses orchestrated by
MDA5 involve separate innate modules that recognize distinct vRNA features and
interfere with viral functions at multiple levels.

KEYWORDS dendritic cell, IRES, MDA5, PKR, TBK1, eIF4G, interferon, poliovirus,
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Plus-sense RNA virus infection releases translation-competent viral RNA (vRNA) into
host cytoplasm. This elicits competing processes at vRNAs; engaging translation fac-

tors (viral protein synthesis) and attracting vRNA sensors (host innate defense). In wild-
type poliovirus (PV) infection, cytotoxic viral protein synthesis prevails in target host cells
in vivo (1). PV RNAs carry a 59-genome-linked protein (VPg) that blocks canonical 59-“cap”-
mediated translation (2). Instead, PV initiates protein synthesis via binding of eukaryotic
initiation factor (eIF) 4G to the viral internal ribosomal entry site (IRES) (3). The first non-
structural protein released from the nascent PV polyprotein, 2A proteinase (2Apro), directs
cleavage of eIF4G (4), the pivotal translation initiation scaffold (5). This results in early, le-
thal host protein synthesis shutoff, while viral IRES-mediated translation proceeds with
C-terminal eIF4G cleavage fragments (6). Lethal 2Apro-directed cleavages abrogate host
innate defenses (7, 8). The PV IRES strategy is evident as lethal infection of lymphoid and
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intestinal dendritic cells (DCs)/macrophages in vivo (1) and primary human DCs/macro-
phages in vitro (9).

PVSRIPO, the type-1 PV (Sabin) vaccine containing a type 2 rhinovirus IRES (10), has
shown promise as an immunotherapy in recurrent glioblastoma (11) and recurrent,
nonresectable melanoma (12). PVSRIPO is lytic in many glioma cell lines in vitro (13);
however, overt cytotoxicity was absent in glioma patient ex vivo tumor slices or pri-
mary human DCs/macrophages (14). Rather, PVSRIPO elicits pervasive, sustained type-I
interferon (IFN) signaling in the tumor microenvironment that culminates in enhanced
antitumor T cell priming and function (14, 15). Thus, HRV2 IRES exchange may overturn
the cytotoxic paradigm of PV, resulting in accentuated host innate antiviral signaling in
target cells. PVSRIPO innate inflammation is dominated by tank binding kinase 1
(TBK1)-IFN regulatory factor 3 (IRF3) signaling specific to upstream MDA5 engagement,
yielding a unique pattern of sustained type-I IFN (relative to Toll-like receptor [TLR] and
STING agonists) (14). Such MDA5-specific patterns of type-I IFN release were shown to
elicit optimal stimuli for CD41T cell TH1 polarization (16) and CD81T cell responses (17)
in the lymphocytic choriomeningitis virus model. Indeed, TBK1-IRF3 signaling was
required for antitumor efficacy and potentiation of antitumor T cell function after
PVSRIPO therapy in mice (14). The innate response to enteroviruses (EV) in general and
the mechanisms of the sustained type-I IFN release pattern orchestrated by MDA5 are
not understood.

In this work, we discovered that delayed MDA5 engagement by PVSRIPO is pre-
ceded by double-stranded RNA-activated protein kinase (PKR) and adenosine deami-
nase 1 acting on RNA (ADAR1) sensing of vRNA. PKR bound to IRES stem-loop domains
(SLD) 5–6, resulting in dimerization and autophosphorylation of the PKR activation
loop. IRES binding of PKR blocked eIF4G recruitment to the IRES in vitro, thus poten-
tially competing with viral translation initiation. Blocking PKR activation enhanced
PVSRIPO translation only when implemented within 2 h postinfection (hpi), indicating
that homodimerization and activation of PKR kinase activity contribute to shaping vi-
rus:host relations at the onset. Blocking TBK1 or JAK/STAT signaling elevated viral
translation only after ;24 hpi, implicating separate signal transduction pathways in
the innate response coordinated by MDA5. Such layered innate sensing may be
required for the defense against EVs, whose vRNAs lack 59 triphosphate (59 ppp), the
defining nonself distinction of most vRNAs.

RESULTS
PVSRIPO:host DC relations are shaped by absent eIF4G cleavage and efficient

host innate defenses. Autopsy studies in humans (18), chimpanzees (19), and maca-
ques (1) show that wild-type PV targets CD11c1 DCs/macrophages at a (portal of entry)
intestinal site and in lymphoid structures. Histopathology of lymphoid tissues in vivo
(1) and in vitro assays in primary monocyte-derived DCs (mdDCs) revealed cytotoxic
wild-type PV infections with rapid host eIF4G cleavage and protein synthesis shut-
down (9), preempting innate defenses. PVSRIPO, by virtue of its heterologous HRV2
IRES, has an unusual sublethal phenotype in DCs, with lingering viral propagation (20),
absent eIF4G cleavage/host cytopathogenicity (15), and a peculiar sustained type-I/III
IFN dominant signature (Fig. 1A and B). PVSRIPO’s specific spatiotemporal IFN pattern
is due to MDA5-TBK1-IRF3 driven innate inflammation and is pivotal for antitumor effi-
cacy in mouse tumor models (14). This scenario offers an opportunity to unravel mech-
anisms of innate anti-EV host defenses orchestrated by MDA5.

To enable proteomic approaches requiring abundant cytoplasmic lysate, we
identified A375 melanoma and Hs683 and M059J malignant glioma cell lines that
recapitulate the PVSRIPO DC phenotype (Fig. 1C to E). In mdDCs, PVSRIPO (multi-
plicity of infection [MOI] 10) exhibited low levels of viral translation detected at 10
hpi, which were in decline after 24 hpi, consistent with prior observations (15, 20).
There was no indication of eIF4G cleavage in mdDCs after PVSRIPO infection
(Fig. 1A and B), as reported previously (15, 20). Viral translation was far more robust
in A375, Hs683, and M059J cells; however, as in mdDCs, eIF4G1 cleavage was
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absent (Hs683, M059J) or inefficient/late (A375) (Fig. 1C to E), without overt cytopa-
thogenicity (Fig. S1). Rather, PVSRIPO elicited signature p-STAT1(Y701) innate signals at
similar intervals in all cultures, indicating active host antiviral type-I IFN defenses (Fig. 1A
to E). PVSRIPO translation (Fig. 1C and D) and growth (Fig. S1C and D) were productive
in A375 and Hs683 cells, despite absent eIF4G1 cleavage and cytopathogenicity, and in
the presence of an active innate antiviral type-I IFN response. This confirms prior findings
of innate subversion in a melanoma cell line panel not including A375 (21). Of note, p-
IRF(S396)/p-STAT1(Y701) signal ramp-up at ;23–32 hpi was ;15–20 h delayed in rela-
tion to viral protein synthesis in all models, despite detectable viral progeny at 6 hpi
(A375, Hs683 cells; Fig. S1C and D) implying the presence of long double-stranded RNA
(dsRNA) replication intermediates in the interval preceding 6 hpi.

FIG 1 Time course of PVSRIPO infections in primary human monocyte-derived dendritic cells (mdDCs), A375 melanoma, Hs683 glioma, and M059J glioma cells.
(A and B) mdDCs from donors 1 (A) and 2 (B) were infected with PVSRIPO and lysates were analyzed by immunoblot for eIF4G1 cleavage, viral (2C) translation,
STAT1 activation [p-STAT1(Y701)/STAT1], and ISG induction (IFIT1). (C to E, left) A375 (C), Hs683 (D), and M059J cells (E) were infected with PVSRIPO and lysates
were studied by immunoblot for eIF4G1 cleavage (*, eIF4G1 cleavage fragment), viral translation (2C/2BC), IRF3 [p-IRF3(S396)], and STAT1 activation. A minimum
of 3 independent series were performed; representative results are shown. (C to E, right) Viral (2C) translation and type I interferon (IFN) signaling [p-STAT1(Y701)]
were quantified over a 0–32 hpi period. The values represent the average abundance of signal in 3 independent series (%max. detected, normalized to GAPDH).
Standard error of the mean (SEM) is indicated by error bars. MOI, multiplicity of infection; hpi, hours postinfection.
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Host dsRNA sensors are involved in early PVSRIPO detection. PVSRIPO’s ineffi-
cient eIF4G1 cleavage and active innate host defense may be due to host interference
with early viral translation, e.g., early host sensing of vRNA. To examine this, we tested
the effects of challenging A375 cells with IFNa on infection with a wild-type EV with
unimpeded eIF4G cleavage and cytotoxicity (Fig. S1A and B) and absent type-I IFN
response (coxsackievirus A21 [CAV21] [21]) compared to PVSRIPO (Fig. 2A). IFNa chal-
lenge prior to CAV21 infection (16 h) did not prevent eIF4G1 cleavage and delayed viral
translation modestly; yet, it abolished PVSRIPO translation (Fig. 2A). Thus, CAV21-medi-
ated immediate early translation and eIF4G cleavage are relatively resistant to type-I
IFN responsive factor(s) that suppress PVSRIPO translation. To identify such factors, we
used pull down of biotinylated PVSRIPO 59-untranslated region (UTR) RNA (643 nt;
comprising the IRES) as bait. Bait RNA was incubated with cytosolic lysate from A375
cells, followed by pull down with streptavidin beads and liquid chromatography-mass
spectrometry/mass spectrometry (LC-MS/MS) analysis (see Materials and Methods).

A comparison of the LC-MS/MS reads for two replicate samples pulled down with
bait1 versus bait2 streptavidin beads yielded 20 proteins that were specifically
enriched in both bait1 samples without binding to the bait2 controls (Table S2). Most
of these proteins were previously identified as viral “IRES trans-acting factors (ITAFs)”:
glycine-tRNA ligase (GARS [22]); poly(rC)-binding protein 2 (PCBP2 [23]); RNA helicase
A (DHX9 [24]); insulin-like growth factor 2 mRNA binding protein 1 (IMP-1 [24]); prolif-
eration-associated protein 2G4 (EBP1 [25]); interleukin enhancer-binding factors 3/2
(ILF3 a.k.a. NF90, DRBP76; ILF2 a.k.a. NF45 [24, 26]); and ELAV-like protein 1 (ELAV1 aka.
HuR [27]) (Fig. 2B). In addition, the assay isolated several known RNA-binding proteins
(Dicer, Staufen1/2, FAM120A) whose interactions with IRESs or involvement in innate
antiviral immunity are unclear. A triad of known high-profile innate host dsRNA sensors
bound to the 59-UTR vRNA bait: the dsRNA-activated protein kinase (PKR), the PKR-acti-
vating protein (PACT; PRKRA), and the adenosine deaminase acting on RNA 1 (ADAR1)
(Fig. 2B). These factors were not previously shown to engage with EV IRESs, potentially
due to investigations in systems lacking proficient innate antiviral signaling responses.

FIG 2 Immediate early innate interference with PVSRIPO involves host double-stranded (ds)RNA sensors interacting with the viral 59 untranslated region
(UTR). (A) A375 cells were pretreated with recombinant human IFNa2 or vehicle (16 h) prior to mock (0 h), CAV21 or PVSRIPO infection. Lysates were
collected and analyzed by immunoblot as described for Fig. 1; representative results observed in 3 independent assays. (B) List of proteins of interest
identified in our first series of liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) analyses of samples pulled down with PVSRIPO 59-
UTR bait RNA (see Table S2). The list includes all hits that were enriched in both bait1 samples with low/absent binding to bait- bead samples (see main
text for detail). “Total spectrum count” represents a measure of (bait RNA) binding activity of the protein in question.
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To buttress our findings with more stringent assay conditions, we adapted our
approach to probe for host factors that bind vRNA in a type-I IFN-inducible manner. We
probed for host protein binding with bait vRNA in plain A375 lysate versus lysates from
A375 cells that were pretreated with IFNa or PVSRIPO (Fig. 3A and B). Functionally rele-
vant innate antiviral host protein interactions at the PVSRIPO IRES are expected to be
enhanced in IFNa/PVSRIPO primed lysates, since IFNa pretreatment of A375 cells inter-
cepted PVSRIPO translation (Fig. 2A).

The second LC-MS/MS analysis of plain A375 cytosolic lysate baited with biotinyl-
ated PVSRIPO 59-UTR RNA probe essentially corroborated specific binding factors iden-
tified in the first series (Table S3; Fig. 3A). Important new information stemmed from
analyses of lysate from A375 cells pretreated with IFNa or PVSRIPO (Fig. 3A) and from
confirmatory immunoblots of high priority factors identified in our screen (Fig. 3B).
First, binding of ITAFs with putative roles in viral translation, i.e., DHX9 (24), PCBP2 (23),
or DHX30, was not substantially altered by IFNa/PVSRIPO priming of lysate (Fig. 3A and
B). This is expected because these proteins are not induced by type-I IFN (Fig. 3B) or
known actors in the innate antiviral defense. The enhanced pull down of NF90
(DRBP76) with bait1 beads from PVSRIPO-primed A375 lysate, but not IFNa-primed
lysate (Fig. 3B), may be due to cytoplasmic accumulation of DRBP76 in PVSRIPO-
infected cells (24). Certain known RNA binding proteins, e.g., HelZ2 or IFI16, only
bound to bait in IFNa2 or PVSRIPO-primed lysate without any binding in plain lysate
(Fig. 3A and B). Accordingly, they were not identified in the prior proteomic analyses
without IFNa/PVSRIPO priming.

FIG 3 IFN-inducible host innate dsRNA sensors identified to interact with the PVSRIPO 59 UTR. (A) The top 21 RNA-
binding proteins that specifically interacted with the biotinylated RNA bait. Cytosolic fractions of “plain” A375 lysates,
or of lysates from A375 cells treated with 100 U/mL recombinant human IFNa2 (16 h) (A3751IFNa), or of lysates from
A375 cells treated with PVSRIPO (MOI 10, 48 h) (A3751PVSRIPO) were incubated with biotinylated HRV2 internal
ribosomal entry site (IRES) bait (30 min) and pulled down with Streptavidin beads. The pulled down samples were
analyzed by LC-MS/MS. Total Spectrum Count represents maximal binding value. Proteins with non IFN-responsive
(red) and responsive (yellow) binding, subjected to in-depth analyses, are highlighted. (B) Confirmatory immunoblots
of proteins identified by LC-MS/MS (A) in cytosolic fractions of lysates from plain, from IFNa-pretreated, or from
PVSRIPO-infected A375; representative results from 3 independent experimental series.
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IFNa2/PVSRIPO priming of A375 lysate underscored the potential importance of
PKR and ADAR1 binding to bait RNA, first identified in the prior proteomic screen
(Fig. 2B). In addition, it revealed LGP2 (DHX58) as a putative interactor with the
PVSRIPO 59 UTR; LGP2 binding was induced with IFNa/PVSRIPO priming (Fig. 3A and
B). Indeed, among all LC-MS/MS hits PKR, ADAR1, and LGP2 uniquely shared specific
binding to bait vRNA in plain A375 cytosolic lysate that was induced .1.8-fold upon
IFNa and PVSRIPO-priming (Fig. 3A and B). Therefore, they were pursued as potential
actors in innate immune interference of PVSRIPO translation/cytotoxicity.

Depletion of PKR uniquely enhances early viral translation. To evaluate a role in
shaping PVSRIPO:host relations for innate dsRNA sensors in our screen, we created
doxycycline (dox)-inducible A375 cell lines expressing shRNAs targeting LGP2, PKR or
ADAR1 transcripts. We also constructed a cell line with dox-inducible depletion of
DHX9, a protein with putative roles in template RNA unwinding/translation (28) and
lacking type-I IFN induction (Fig. 4A). Dox-induction (48–72 h) achieved $80% deple-
tion of target proteins (Fig. 4A to D). DHX9, in terms of total spectrum count, was a
prominent hit in both proteomic analyses (Fig. 2B and 3A), but binding to the PVSRIPO
5’UTR was not enhanced by IFNa/PVSRIPO priming of lysates (Fig. 3A and B). DHX9
depletion caused profound suppression of viral translation (.95% at 48 hpi; Fig. 4A).

FIG 4 Depletion of double-stranded RNA-activated protein kinase (PKR) enhances early PVSRIPO translation. A375 cells with dox-inducible depletion of
DHX9 (A), LGP2 (B), ADAR1 (C), or PKR (D) were infected with PVSRIPO and viral translation was assessed by immunoblot of viral 2C protein. Dox-inducible
cell lines were generated using 2 (DHX9, ADAR1, or PKR) or 3 (LGP2) different shRNAs for each depletion target (Table S1). The results shown are from the
respective cell lines with more efficient dox-inducible, target-specific depletion. Two series were conducted with each cell line; representative results are
shown. Levels of viral 2C in dox-induced (depleted) relative to mock-induced (nondepleted) samples were quantified for each interval in PVSRIPO-infected
samples. Graphs represent means 6 SE. *, P , 0.05, **, P , 0.005, respectively.
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Depletion of LGP2, ADAR1, or PKR each revealed modulatory roles in PVSRIPO:host
relations, albeit in distinct ways. LGP2 depletion enhanced PVSRIPO translation, but
only at intervals with type-I IFN-mediated LGP2 induction (48 hpi; Fig. 4B). Thus, LGP2
requires IFN-mediated priming to generate levels requisite for vRNA engagement,
aligning with a role for LGP2 in sustaining MDA5-mediated sensing of picornaviral RNA
(29). Due to its late activation profile, LGP2 is unlikely to participate in immediate early
innate sensing that intercepts PVSRIPO translation and 2Apro-directed host protein
cleavages. In contrast to LGP2 depletion, dox-induced ADAR1 depletion suppressed
PVSRIPO translation, in accordance with evidence for a role in reigning in MDA5 signal-
ing (30) (Fig. 4C). Only depletion of PKR enhanced early PVSRIPO translation in a man-
ner consistent with a role in modulating early viral translation and 2Apro-directed
eIF4G1 cleavage (Fig. 4D). Collectively, our data indicate that early PKR:vRNA interac-
tions at the PVSRIPO 59 UTR may account for the restrained IRES phenotype in mdDCs
(Fig. 1A and B) and in A375, Hs683 and M059J cells (Fig. 1C to E), setting up sustained
type-I IFN signaling.

PKR is activated upon binding to HRV2 IRES stem-loop domain 5.We performed
fine-mapping studies to identify putative IRES stem-loop domains (SLDs) involved in
PKR binding (Fig. 5A and B) and mutational analyses of PKR binding to SLD 5 (Fig. 5C)
and assessed PKR dimerization/phosphorylation of the PKR activation loop upon bind-
ing to the HRV2 IRES in vitro (Fig. 5D). First, we constructed bait vRNAs comprising vari-
ous portions of the PVSRIPO 59 UTR for pull down (from A375 cell lysates) of key factors
identified in our LC-MS/MS screens (Fig. 5A and B). We validated our assay by pull
down of PCBP2 with the HRV2 IRES: as reported before (23), PCBP2 specifically bound
to IRES SLD 4 (Fig. 5A and B). In alignment with evidence shown in Fig. 4, binding of
the ITAFs PCBP2 and DHX9 (proteins with putative roles in translation initiation, but no
known involvement in the innate antiviral defense), was not enhanced in A375 lysates
primed with PVSRIPO infection (MOI 10, 48 hpi) (Fig. 5B).

Substantial PKR binding in plain A375 lysate was detected with SLD 4–5 and SLD 5–6,
with the latter exhibiting the highest binding (Fig. 5B). In agreement with LC-MS/MS
analyses of IRES binding in IFNa/PVSRIPO-primed lysates (Fig. 3), PKR binding was
enhanced when using PVSRIPO-primed lysate (Fig. 5B). Reflecting proteomic data,
the pattern of PKR binding to SLD 4–5 and SLD 5–6 was recapitulated by ADAR1,
which, however, was not enhanced with PVSRIPO-primed lysate (Fig. 5B). These data
indicate that PKR can bind to the PVSRIPO IRES prior to the onset of viral translation,
potentially intercepting it.

Based on biochemical RNA mapping, SLD 5 was determined to be the binding site
for eIF4G:eIF4A in the PV IRES (3) (Fig. 5A). eIF4G:eIF4A binding to SLD 5 was proposed
to induce conformational changes in SLD 6, mediating enhanced eIF4G:eIF4A recruit-
ment to the IRES with a broader interaction domain including SLD 6, indicating that
SLD 5 and 6 may be structurally and functionally integrated (3). This is supported by
data showing that SLD 5–6 of PVSRIPO jointly control PVSRIPO’s attenuated neuroviru-
lence phenotype (13, 31). Strongest binding of PKR, ADAR1, and DHX9 to SLD 5–6,
rather than to SLD 5 alone (Fig. 5B), further emphasizes the potential functional signifi-
cance of this dual-SLD arrangement.

PKR activation by dsRNA requires a minimum of 30 bp (32, 33), which are present in
SLD 5. To examine structure determinants for PKR binding, we probed SLD 5 variants
carrying mutations that disrupt the 31-bp stem structure (Fig. 5C). Mut1 and 3 target
known interaction sites for eIF4G:eIF4A on the PV IRES (3); Mut2 disrupts the apical por-
tion of SLD 5 (Fig. 5C). Three distinct disruptions of SLD 5-bp architecture each reduced
binding of PKR (and DHX9) to SLD 5 (Fig. 5C).

PKR activation requires homodimerization, which triggers autophosphorylation of
TT446/451 in the activation loop (34). To examine PKR(T446) autophosphorylation
induced by HRV2 IRES SLDs 5–6 binding, we used biotinylated bait RNA pull downs for
in vitro phosphorylation assays (Fig. 5D). SLD 5–6 were compared to a negative control,
to SLD 1–3 (devoid of substantial PKR binding activity in plain A375 lysate; Fig. 5B), and
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FIG 5 PKR binds to stem-loop domains (SLDs) 5–6 in the HRV2 IRES as a dimer, resulting in autophosphorylation of the kinase activation loop (see Fig. S2
and S3 for extended data). (A) Schematic representation of the HRV2 IRES SLD structure with an approximate footprint for eukaryotic initiation factor (eIF)
4G:eIF4A (3). (B) Binding of PKR, ADAR1, PCBP2, and DHX9 to different SLD fragments as indicated. Cytosolic fractions of A375 cells, “plain” or infected with
PVSRIPO (MOI 10, 48 h), were incubated with biotinylated RNA fragments (30 min) prior to pull down with Streptavidin beads. Bound proteins were
analyzed by immunoblot (see Fig. S2 for corresponding input blots). (C) PKR and DHX9 binding with biotinylated wild-type (WT) SLD 5 and three distinct
SLD 5 variants carrying mutations (Mut 1–3) disrupting base-pairing structure as shown. (D) C16 prevented PKR activation, evident as autophosphorylation
of T446 in the kinase activation loop, upon binding to biotinylated SLD 1–3, SLD 5–6, or poly(I�C). Methylcrotonyl-coa carboxylase subunit 1 (MCCC1)
nonspecifically associates with streptavidin beads (in the absence of biotinylated RNA bait) and was used as a control to ensure equal loading. The assay
was performed twice, and representative results are shown. Figure S3 shows the results of a repeat in vitro phosphorylation assay. (E and F) PKR competes
with eIF4G for SLD 5–6 binding. The in vitro binding assay was performed as described (see Materials and Methods), keeping constant the concentrations
of recombinant GST-eIF4G(Ct), Flag-eIF4A, and biotinylated RNA bait and varying the concentration of His-SUMO-PKR for a PKR/eIF4G ratio ranging from
0.1 to 1. Immunoblots of input and proteins after RNA pull down are shown (E). The assay was performed twice, and representative results are
depicted. Relative levels of eIF4G and PRK after pull down were plotted, where maximal binding was set at 100% (F). Graphs represent the averages of
2 independent experiments. *, P , 0.05, **, P , 0.005.
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to high-molecular-weight polyinosinic:poly-cytidylic acid [poly(I�C)], an established
substrate for PKR binding and autophosphorylation (35) (Fig. 5D). The assay was con-
ducted in the absence or presence of the PKR inhibitor C16. SLD 1–3 did not exhibit
substantial PKR binding or autophosphorylation activity (Fig. 5D). PKR binding and p-
PKR(T446) levels were similar for SLD 5–6 and poly(I�C); C16 blocked autophosphoryla-
tion in both instances (Fig. 5D). Our data show that PKR can bind HRV2 IRES SLD 5–6 as
a dimer, in a manner dependent on SLD 5 base-pairing structure, and that, upon bind-
ing SLD 5–6, PKR is activated via autophosphorylation.

PKR competes with eIF4G1 for binding to HRV2 IRES SLD 5–6. Enhanced PVSRIPO
translation upon PKR depletion (Fig. 4D) suggests that PKR homodimers binding to
IRES SLD 5–6 interfere with viral translation by impeding eIF4G recruitment. To test
this directly, we conducted in vitro competition assays, assessing binding of recombi-
nant proteins to biotinylated HRV2 IRES SLD 5–6 by RNA pull down (Fig. 5E). Since
recombinant full-length eIF4G1 is intrinsically unstable, we used the recombinant C-
terminal eIF4G1 fragment generated by PV 2Apro cleavage [eIF4G(Ct)] eIF4G1(Ct) con-
tains all domains for binding RNA and the translation initiation helicase (eIF4A, eIF4B)
(36, 37), is fully competent for ribosome recruitment (38, 39), functions in IRES-medi-
ated translation in wild-type EV-infected cells (6), and is stable after production as a
GST-fusion protein in a bacterial expression system (38). The binding assay was carried
out in the presence of recombinant Flag-eIF4A, binding partner of eIF4G at the IRES (3)
(Fig. 5A). In addition, we used His-SUMO-tagged full-length PKR from a commercial source
(see Materials and Methods). eIF4G1(Ct)-binding to HRV2 IRES SLD 5–6 was reduced
;90% in the presence of His-SUMO-PKR at equimolar levels (Fig. 5E and F), indicating
that PKR competes with eIF4G1:eIF4A for the same binding site in the HRV2 IRES.

PKR catalytic activity affects very early viral translation. PKR IRES binding trig-
gers activation of the PKR kinase domain (Fig. 5D). To juxtapose early PKR effects with
the host antiviral defense at large, we performed comprehensive analyses of the innate
signaling response to PVSRIPO in a 0–64 hpi time course (Fig. 6A). The earliest innate
signals detected were p-eIF2a(S51)/p-PKR(T446), evident at 4 hpi (Fig. 6A). In contrast,
canonical downstream signals of MDA5/MAVS activation, p-TBK1(S172) and p-IRF3
(S396), occurred only at ;24 hpi (Fig. 6A), accounting for late IFNb synthesis induced
by PVSRIPO at 30 hpi. IFN synthesis was sustained, gradually increasing for at least until
64 hpi (Fig. 6A). A similar sustained type-I IFN pattern was observed in PVSRIPO-
infected Hs683 glioma cells (Fig. S4).

To examine effects of very early PKR signaling on PVSRIPO, we used staggered inhibi-
tion with C16 in A375 cells (0.3 mM; see Fig. S5 for dose optimization of C16, IKK16, and
Bx795), starting with addition to PVSRIPO infection medium at the 0-h time point
(Fig. 6B). C16 enhanced PVSRIPO translation up to a treatment delay of 2 hpi; when added
$3 hpi, this effect waned (Fig. 6B). PKR signaling effects on very early viral translation are
consistent with a PKR activation mode triggered by the IRES (a dsRNA feature of incoming
vRNA; Fig. 5D), PKR binding to IRES SLD 5–6 without type-I IFN induction (Fig. 5B), and
our finding that PKR depletion enhances viral translation at the onset (Fig. 4D).

Next, we compared inhibitors of documented PKR downstream effectors to test
their involvement in the host response to PVSRIPO (Fig. 6C and D). Beyond phosphoryl-
ating eIF2a, PKR was implicated in a range of innate inflammatory signals, i.e., STAT1-
binding that remains mechanistically unexplored (40), a putative role in p38/JNK MAPK
activation (41, 42), association with the IKK complex, through binding IKKb , involved in
NF-kB activation (43–45), or direct interactions of PACT with RIG-I/MDA5 or LGP2 (46,
47) (reviewed in Ref. 48). Given PKR’s involvement in the immediate early host
response to PVSRIPO, a role for the IKK complex in this phenomenon was the most
plausible. We used inhibitors of PKR catalytic activity (C16), IKKa:b (IKK16), and the
integrated stress response (ISRIB) to interrogate early viral translation at 6 hpi (Fig. 6C).
Reversing the effects of eIF2a(S51) phosphorylation and restoring translation (ISRIB)
barely affected viral translation, consistent with earlier reports (49). Inhibiting NF-kB
signaling with IKK16 induced viral translation at 6 hpi ;2-fold (Fig. 6D). The effect was
inferior to that of C16 (;3.5-fold) and combining IKK16 with C16 showed additive
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induction of viral translation (Fig. 6D). This suggests that the effect of IKK16 on viral
translation occurs independent of PKR activation.

Immediate early host sensing of vRNA by PKR sets up a sustained type-I/III IFN
response orchestrated by MDA5. The PVSRIPO host response involves at least two
innate modules: PKR and MDA5/TBK1 (Fig. 6A). We used C16 and a TBK1 inhibitor
(Bx795) to test possible mechanistic relations of these distinct innate networks in

FIG 6 PKR catalytic activity suppresses immediate early PVSRIPO translation (see Fig. S4 and S5 for extended data). (A) Detailed
long-range kinetics of the innate antiviral response to PVSRIPO in A375 cells. The dynamics of key innate antiviral signaling
cascades were examined by immunoblot (left) and quantitated over time (right). The results of a similar assay in Hs683 cells is
shown in Fig. S4. (B) Effect of PKR inhibition with C16 on early viral translation in A375 cells. Cells were infected as shown in
Fig. 1 and C16 was added to medium at the time of infection (0-h treatment delay) or at the indicated intervals thereafter. The
effect on viral translation was determined by immunoblot of viral 2C at 4 and 6 hpi. The experiment was repeated 3 times;
average 2C levels at 6 hpi (relative to mock-treated cells) are graphed at bottom; error bars represent SEM. See Fig. S5 for dose-
optimization of small molecule inhibitors used in this study. (C) Schematic representation of inhibitors of PKR downstream
signaling: PKR catalytic activity proper (C16), IKKa:b binding/NF-kB activation (IKK16), and the integrated stress response (ISRIB).
(D) The effect of C16, IKK16, or ISRIB on early (6 hpi) translation of PVSRIPO in A375 cells. Cells were treated with inhibitors 30 min
after PVSRIPO infection and viral translation was assessed by immunoblot of viral 2C. The 2C signal levels were normalized to
DMSO-control samples, and relative levels are plotted at the bottom. Graphs represent averages of 3 independent series. *, P , 0.05,
**, P , 0.005.
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infected M059J glioma cells. Consistent with prior reports of polar TBK1-IRF3 signaling
elicited by PVSRIPO (14), Bx795 abolished the canonical type-I IFN host response [p-
STAT1(Y701) at 24–48 hpi] to PVSRIPO, stimulating viral translation ;30-fold at 48 hpi
(Fig. 7A). Adding Bx795 to C16 did not alter the enhancement of early (6 hpi) viral
translation caused by inhibiting PKR (Fig. 7A). This indicates that early interference
with viral translation upon innate sensing of PVSRIPO RNA by PKR occurs independ-
ently of MDA5/TBK1 signaling. To corroborate our findings, we next compared the
effect of inhibiting PKR (C16; Fig. 7B) with inhibiting JAK/STAT signaling (Ruxolitinib
[Rux]; Fig. 7C) on PVSRIPO dynamics in A375 cells. In agreement with other data
obtained in this study, substantial effects on viral translation upon PKR inhibition
occurred at 6 hpi only (Fig. 7B). Rux completely blocked STAT1 signaling but had no
effect on viral translation before 48 hpi, when 2C expression was induced ;6-fold

FIG 7 A biphasic innate response to PVSRIPO: early sensing by PKR and a late, polar TBK1-IRF3 inflammatory response
orchestrated by MDA5 (see Fig. S6 and S7 for extended data). (A) The effect of TBK1 (Bx795) or PKR (C16) inhibition on early (6
hpi) and late (24, 48 hpi) viral translation in M059J cells, determined by 2C immunoblot. Protein levels at each time point were
normalized to corresponding mock-treated samples and plotted in the graph at right. See Fig. S6 for a similar assay in A375 cells.
(B and C) Comparing the effect of PKR (C16; B) and JAK/STAT (Ruxolitinib [Rux]; C) inhibition on early (6 hpi) or late (24-48 hpi)
viral translation and STAT1 activation in PVSRIPO-infected A375 cells. A375 cells were treated with C16 (B) or Rux (C) at the time
of PVSRIPO addition (0 h); viral translation (2C) and STAT1 activation/MDA5 induction were assessed by immunoblot. See Fig. S7
for testing the effect of Rux on PVSRIPO infection of Hs683 cells. All assays were repeated 3 times; representative immunoblots
are shown. Relative expression levels of viral 2C were calculated for each time point and are plotted at the bottom.
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relative to the DMSO treated control (Fig. 7C). A similar response to Rux was observed
in PVSRIPO-infected Hs683 cells (Fig. S7). Our findings suggest that PVSRIPO host sens-
ing involves separate innate networks that coalesce for an orchestrated type-I IFN
response.

DISCUSSION

Innate antiviral responses yield differentiated spatiotemporal patterns of proinflamma-
tory cytokine release coordinated by a vast innate defense system. Apart from a central
role of MDA5 (50) innate immunity to EVs is poorly understood. Yet, their peculiar
genomes (59 VPg, the IRES), a drastic tactic to foil host defenses (lethal 2Apro-directed host
protein cleavage [4, 7]), and eminent clinical importance call for elucidating EV innate im-
munity. In this work, we deciphered mechanisms of accentuated innate signaling elicited
by the highly attenuated PV recombinant PVSRIPO. In contrast to wild-type PVs, which
cause cytotoxic eIF4G cleavage in DCs/macrophages (9), PVSRIPO infection is nonlethal
and preserves eIF4G (14, 15, 20). This host phenotype elicits a peculiar innate antiviral sig-
nature in myeloid antigen-presenting cells, dominated by polar TBK1-IRF3 signaling and
sustained type-I/III IFN release (14, 15).

PVSRIPO’s attenuated 2Apro-directed cleavages, enabling innate defenses to set in, im-
plicate host innate sensors interfering with immediate early viral translation. Because EV
RNAs lack 59 ppp, the prototypical foreign pattern of vRNAs, early sensing may rely on
detecting dsRNA structures in incoming EV genomes. The onset of PVSRIPO induced
MDA5-TBK1-IRF3 signaling did not occur before ;20 hpi, after reaching peak viral repli-
cation, excluding MDA5 as a factor in early sensing of vRNA. Proper activation of MDA5
may require its induction, LGP2 assistance, and the accumulation of ds vRNA intermedi-
ates, accounting for this delay.

Biotinylated RNA pull down of cytoplasmic lysates followed by LC-MS/MS analysis
revealed innate dsRNA sensors PKR, ADAR1, and LGP2 binding to the viral IRES, which
was substantially enhanced with lysate from IFNa/PVSRIPO-pretreated cells. Depletion
studies revealed that only PKR negatively regulated early viral translation. RNA pull
down for mapping of IRES domains demonstrated that PKR binds to IRES SLD 5–6, the
same structure responsible for translation initiation via recruitment of the eIF4G:eIF4A
translation initiation helicase (3). Our studies revealed that beyond eIF4G:eIF4A and
PKR, IRES SLD 5–6 attract other innate dsRNA sensors (e.g., ADAR1) and translation fac-
tors (eg. DHX9) directly.

In vitro phosphorylation studies with SLD 5–6 pull down demonstrated that PKR
binds the IRES as a dimer, inducing autophosphorylation of its activation loop. PKR dis-
placed eIF4G:eIF4A recruitment in vitro, indicating that PKR homodimer binding to SLD
5–6 may account for early interference with PVSRIPO translation. Moreover, inhibiting
PKR signaling with C16 enhanced viral translation, indicating that PKR activation plays
a role in downregulating viral translation. This effect only occurred when C16 was
added 0–2 hpi, consistent with our observations of PKR-IRES binding acting on imme-
diate early viral translation. In contrast, inhibitors of TBK1 or JAK/STAT enhanced viral
translation not before 24 or 48 hpi, respectively.

Our studies suggest that PKR interactions with the IRES inhibit viral growth in initial
stages of the infection, operating through signaling pathways distinct from the canoni-
cal response orchestrated by MDA5. Such interference with early viral translation may
prevent 2Apro-directed host protein cleavages and host cell pathogenicity and enable a
full-fledged innate antiviral type-I IFN response. A “staggered” innate defense, involv-
ing layered dsRNA sensing by distinct innate modules acting on discrete stages of the
infection, may be key to tailor innate defenses to the specific viral challenge at hand.

The shared PKR and eIF4G:eIF4A footprint in IRES SLD 5, enabling viral cap-inde-
pendent translation initiation, is highly conserved in EVs (3). Our data indicate that dis-
tinct cytotoxicity of PVSRIPO versus wild-type PV, e.g., in human DCs, depends on the
balance of host dsRNA-binding assemblies forming at IRES SLD 5–6 early after infec-
tion. Both eIF4G:eIF4A (3) and PKR bind more efficiently to SLD 5–6 than SLD 5 alone,
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indicating a role of higher order conformational arrangements in the 39 portion of the
IRES. These may differ in rhinovirus versus PV IRESs, as the apical regions of their SLDs
5 and 6 diverge (10, 31), possibly affecting the capacity for recruiting eIF4G:eIF4A in
vivo. This is difficult to test empirically since eIF4G IRES binding cannot be assessed in this
setting. Moreover, host dsRNA sensors and translation machinery are substrates of host
cell signaling cascades, accounting for cell type-specific cytopathogenicity. For example,
PKC-Raf-ERK1/2 mitogenic signaling to eIF4G favors viral IRES-mediated translation by
stimulating 40S subunit recruitment (36, 51, 52). Indeed, lacking PVSRIPO cytopathogenic-
ity in HEK293 cells was restored upon transduction with oncogenic Ras (53).

Despite relying on eIF2 for translation via the IRES (3), and in contrast to most viral
pathogens, EVs do not possess known countermeasures to PKR activation. They exploit
a privileged translation compartment at the ER, shielded from PKR-mediated eIF2a
(S51) phosphorylation (49). This relationship is evident in the present study, where pro-
ductive viral translation and replication take place, despite PKR activation/eIF2a(S51)
phosphorylation, and in the absence of eIF4G cleavage. Indeed, abundant viral transla-
tion and replication in the presence of a full-blown innate antiviral response confirms
the capacity of EVs for evading innate host immunity by virtue of their simplistic,
highly efficient replication strategy (54).

The innate nexus identified in our study to interact with the HRV2 IRES also was
shown to respond to paired Alu retroelement (Alu:Alu) hybrids, present in 39 UTRs of
pol II transcripts in primates (55, 56). Similar to EVs, host sensing of such endogenous
cytoplasmic dsRNA centers on MDA5 (55). We discovered opposing functions for PKR
and ADAR1 in the innate response to PVSRIPO, consistent with RNA-editing independ-
ent roles for ADAR1 in tempering PKR activation by Alu retroelements (56) and in
response to RNA virus infection (reviewed in Ref. 57). Thus, the innate system sensing
endogenous cytoplasmic dsRNA in primates may have its origin in the evolved defense
against picornavirus infection.

MATERIALS ANDMETHODS
Cell lines and doxycycline-inducible cell lines. HeLa R19, A375, and Hs683 cells were maintained in

high-glucose DMEM supplemented with 0.1 mM nonessential amino acids (Invitrogen) and 10% fetal bo-
vine serum (FBS; Sigma). M059J cells were grown in DMEM:F12 (Invitrogen) supplemented with 0.05 mM
nonessential amino acids and 10% FBS. To generate stable cell lines with dox-inducible knockdown of
genes of interest, A375 cells were first transfected with BstZ17I-digested pcDNA6/TR (Invitrogen), the tetra-
cycline repressor expression vector, and grown under blasticidin (5mg/mL; Invitrogen) selection. Blasticidin-
resistant clones were screened for dox-inducible RLuc expression after transient transfection with pcDNA5/
TO/FRT/Luc (38), and the clone with the lowest RLuc basal level:highest induction ratio was selected and
expanded as a host cell line. Stable cell lines with dox-inducible knockdown of ADAR, DHX9, DHX58 (LGP2),
or EIF2AK2 (PKR) were generated with shRNA-expressing vectors (see below); G418-resistant (600 mg/mL;
Invitrogen) clones were screened by immunoblot of lysates from control/dox-induced cells (1 mg/mL; 48–
72 h) for the highest level of target protein depletion. MdDCs were generated from leukopak-derived
PBMCs (Stemcell Tech) by allowing monocytes to adhere (1 h) at 37°C in AIM-V media (Thermo Fisher), fol-
lowed by 6 days of culture in 50mg/mL GMCSF (R&D systems) and 20 ng/mL IL-4 (Stemcell Tech).

Viruses. PVSRIPO used in this work is from a good-laboratory-practice lot prepared for research pur-
poses only. Briefly, infectious cDNA plasmid (10) was linearized with MluI, used as template for T7 in vitro
transcription (Megascript, Thermo Fisher) to generate full-length vRNA. In vitro transcript RNA was trans-
fected into HeLa R19 cells using DMRIE-C in Opti-MEM (Thermo Fisher) and virus recovered from the
transfection procedure was titered by plaque assay (10). To prepare virus stocks, four 10-cm dishes of
HeLa cells at ;90% confluence were infected at an MOI 10 and incubated 16–24 h until complete CPE.
Following three freeze thaw cycles, the culture medium was collected, centrifuged at 14,000 � g and
the resulting supernatant filtered through 0.1-mM syringe filters (Pall Corp.). Virus suspension was con-
centrated by centrifugation through a 100-kDa cutoff spin column (Millipore). Viral stocks were titered
by plaque assay (10). CAV21 was propagated/purified using similar procedures (21).

Cloning and in vitro transcription. ADAR1-, DHX9-, LGP2-, and PKR-specific shRNAs were designed
according to validated Mission shRNA clones (Sigma-Aldrich) (Table S1) and cloned into pcDNA3.1/TO
replacing miR-4G (58). At least two different shRNAs were tested for each gene. Individual/dual HRV IRES
SLDs were PCR amplified using primers (Table S1) and cloned into NheI-XbaI sites of the pTNT vector
(Promega). Mutations in SLD 5 were introduced with QuikChange Lightning kit (Agilent) using primers
specified in Table S1. In vitro-transcribed RNA fragments (MEGAscript T7 Kit; Thermo Fisher) were trace
labeled with biotin-16-UTP (Roche).

Inhibitors, antibodies, and immunoblot. PKR inhibitor C16 (Tocris), IKKa:b inhibitor IKK16, TBK1 in-
hibitor Bx795 and JAK/STAT inhibitor Ruxolitinib (all Selleck Chemicals), and ISR inhibitor ISRIB (Sigma)
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were dissolved in DMSO and used at the indicated concentrations. Biotinylated HMW poly(I�C) was pur-
chased from InvivoGen and recombinant IFNa2 was from PBL Assay Science. Primary antibodies used in
this study were against eIF4G1, eIF4A, GAPDH, IRF3, p-IRF3(S396), STAT1, p-STAT1(Y701), IFNb , IFIT1,
PCBP2, PKR, ADAR, Dicer, IFI16, PACT, MDA5, TBK1, p-TBK1(S172), eIF2a, p-eIF2a(S51) (all Cell Signaling
Technology), DHX9, LGP2, IFIT5 (all Proteintech), HelZ2, MCCC1 (ThermoFisher), DHX30 (Novus), NF90
(BD Biosciences), a-tubulin (Sigma-Aldrich), and p-PKR(T446) (LSBio). Anti-2C antibody was a gift from E.
Wimmer (Stony Brook Univ., NY). Immunoblots were performed as described previously (59, 60).

Cell fractionation, streptavidin pull down, and LC-MS/MS analyses. Cell lysates for immunoblot
in time course assays were prepared essentially as before (59, 60). To inhibit tyrosine phosphatases, one
additional wash with PBS containing 100 mM sodium orthovanadate (Sigma) was performed before cell
lysis. To isolate the cytosolic fraction, melanoma A375 cells were grown in 150-mm dishes to 80–90%
confluence, scraped into detergent-free PBS and centrifuged at 500 � g for 5 min at 4°C. Cell pellets
were resuspended in 0.5 mL per dish solubilization buffer containing 20 mg/mL n-dodecyl-b-d-malto-
side (Calbiochem) and incubated at 4°C for 30 min. After centrifugation at 10,000 � g for 10 min, the su-
pernatant containing cytosolic proteins was collected and incubated with biotinylated RNA for 15 min
at 4°C (5 mg of PVSRIPO 59-UTR RNA or equimolar amounts of other dsRNAs were used per 1 mL lysate).
RNA pull down was performed for 1.5 h at 4°C with 150 mL streptavidin-Sepharose beads (GE
Healthcare) preblocked with 1% BSA in NT2 buffer for 1.5 h. Beads with bound RNA-protein complexes
were washed four times with 0.5 mL NT2 buffer containing RNaseOUT/Halt protease inhibitor (both
ThermoFisher) and subjected to immunoblotting or quantitative LC-MS/MS analysis performed at Duke
University Proteomics facility (see below).

In vitro phosphorylation assay. In vitro phosphorylation of PKR bound to various dsRNAs was per-
formed on beads after streptavidin pull down. Bound complexes were treated with protein phosphatase
l (NEB; 30 min, 30°C) in PMP buffer, and reactions were stopped by addition of 2 mM sodium orthovana-
date (10 min, 30°C). Then, the beads were washed twice with 0.5 mL kinase buffer (20 mM HEPES pH 7.4,
4 mM MgCl2, 50 mM KCl, 2 mM DTT, and RNase/protease inhibitor) and split into three reactions:
100 mM ATP (15 min, 30°C) with or without C16 pretreatment (1 mM; 15 min) and without ATP (negative
control). Finally, samples were separated by SDS-PAGE on NuPAGE 8% Bis-Tris gels (Life Technologies)
and probed with the indicated antibodies.

In vitro competition assay. Recombinant GST-tagged C-terminal fragment (Ct) of eIF4G1 was
expressed and purified as described earlier (38). Recombinant full-length His-SUMO-PKR and Flag-eIF4A1
were purchased from LifeSpan BioSciences or EUPROTEIN Inc., respectively. Biotinylated RNA fragment
of HRV2 IRES (SLD 5–6) was used as a binding bait. Each competition reaction contained 1 mM GST-
eIF4G(Ct), 0.5 mM Flag-eIF4A1, 0.1 mM bait RNA, and increasing concentrations of His-SUMO-PKR (0.1–
0.3–1.0 mM). Protein mix without RNA was used as a negative control. First, biotinylated RNA was incu-
bated with GST-eIF4G(Ct):Flag-eIF4A1 (5 min) at 20°C to preassemble complexes. Next, His-SUMO-PKR
was added for another incubation period (5 min), followed by RNA pull down on streptavidin magnetic
beads (New England BioLabs) and immunoblot analysis.

Statistical analyses. Quantification of immunoblot signal was performed using the Li-COR Odyssey
FC imaging system and Image Studio software. All experiments were repeated at least three times.
Normalization methods for quantified immunoblot signals are described in the figure legends; average val-
ues and standard error of the means are represented. Paired t test was used for comparison of two differ-
ent conditions, and significance was defined as a P value of,0.05 as described in the figure legends.

Proteomics. LC-MS/MS analyses of proteins bound to dsRNA were performed at the Duke
Proteomics facility. Briefly, samples were spiked with 120 fmol bovine casein and supplemented with
15 mL 20% SDS, reduced with 10 mM dithiothreitol (30 min) at 80°C and alkylated with 20 mM iodoacet-
amide (30 min) at 20°C. Samples were supplemented with a final concentration of 1.2% phosphoric acid
and 555 mL of S-Trap (Protifi) binding buffer (90% MeOH/100 mM TEAB). Proteins were trapped on the
S-Trap, digested using 20 ng/mL sequencing grade trypsin (Promega) for 1 h at 47°C, and eluted using
50 mM TEAB, followed by 0.2% FA, and lastly using 50% ACN/0.2% FA. All samples were then lyophilized
to dryness and resuspended in 12 mL 1%TFA/2% acetonitrile containing 12.5 fmol/mL yeast alcohol de-
hydrogenase (ADH_YEAST).

Quantitative LC-MS/MS was performed using a nanoAcquity UPLC system (Waters Corp) coupled to
a Thermo Orbitrap Fusion Lumos high-resolution accurate mass tandem mass spectrometer (Thermo)
via a nano-electrospray ionization source. Briefly, the sample was first trapped on a Symmetry C18
20 mm � 180 mm trapping column (5 mL/min at 99.9/0.1 vol/vol water/acetonitrile), after which the ana-
lytical separation was performed using a 1.8 mm Acquity HSS T3 C18 75 mm � 250 mm column (Waters
Corp.) with a 90-min linear gradient of 5% to 30% acetonitrile with 0.1% formic acid at a flow rate of 400
nL/min with a column temperature of 55°C. Data collection on the Fusion Lumos mass spectrometer
was performed in a data-dependent acquisition mode of acquisition with a r = 120,000 (@ m/z 200) full
MS scan from m/z 375 to 1,500 with a target AGC value of 2e5 ions. MS/MS scans were acquired at Rapid
scan rate (Ion Trap) with an AGC target of 5e3 ions and a max injection time of 100 ms. The total cycle
time for MS and MS/MS scans was 2 sec. A 20-sec dynamic exclusion was employed to increase depth of
coverage. The total analysis cycle time for each sample injection was approximately 2 h.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 1 MB.
FIG S2, TIF file, 0.3 MB.
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FIG S3, TIF file, 0.3 MB.
FIG S4, TIF file, 0.2 MB.
FIG S5, TIF file, 0.5 MB.
FIG S6, TIF file, 0.3 MB.
FIG S7, TIF file, 0.3 MB.
TABLE S1, TIF file, 1.2 MB.
TABLE S2, XLSX file, 0.02 MB.
TABLE S3, XLSX file, 0.04 MB.
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