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Cooperative role of PACT and ADAR1 in
preventing aberrant PKR activation by
self-derived double-stranded RNA

Lavanya Manjunath 1,2, Gisselle Santiago1,2, Pedro Ortega 1,2,
Ambrocio Sanchez 1,2, Sunwoo Oh 1,2, Alexander Garcia1,2, Junyi Li 1,2,
Dana Duong 1,2, Elodie Bournique 1,2, Alexis Bouin2,3, Bert L. Semler 2,3,
Dheva Setiaputra 4 & Rémi Buisson 1,2,5

Double-stranded RNAs (dsRNAs) produced during viral infections are recog-
nized by the innate immune sensor protein kinase R (PKR), triggering a host
translation shutoff that inhibits viral replication and propagation. Given the
harmful effects of uncontrolled PKR activation, cells must tightly regulate PKR
to ensure that its activation occurs only in response to viral infections, not
endogenous dsRNAs. Here, we use CRISPR-Translate, a FACS-based genome-
wide CRISPR-Cas9 knockout screening method that exploits translation levels
as a readout and identifies PACTas a key inhibitor of PKRduring viral infection.
We find that PACT-deficient cells hyperactivate PKR in response to different
RNA viruses, raising the question of why cells need to limit PKR activity. Our
results demonstrate that PACT cooperates with ADAR1 to suppress PKR acti-
vation from self-dsRNAs in uninfected cells. The simultaneous deletion of
PACT and ADAR1 results in synthetic lethality, which can be fully rescued in
PKR-deficient cells. We propose that both PACT and ADAR1 act as essential
barriers against PKR, creating a threshold of tolerable levels to endogenous
dsRNA in cells without activating PKR-mediated translation shutdown and
cell death.

The innate immune system is the first line of defense against patho-
gens such as viruses or bacteria after they gain entry into cells1,2. The
initial phase of the innate immune response relies on the host cell’s
ability to detect characteristic molecular patterns of pathogens that
are absent in the host3–5. Virus-associated molecules such as glyco-
proteins, genomic DNA, genomic RNA, or double-stranded RNA
(dsRNA) are recognized by pattern-recognition receptors (PRRs)
expressed in the host cells3–5. Upon recognition, the PRRs trigger dif-
ferent signaling pathways that initiate various responses to inhibit viral
replication and prevent subsequent rounds of infections5. The

molecular structure of DNA and RNA is universal across organisms,
making it challenging for host cells to differentiate self from non-self-
DNA or RNA6,7. In eukaryotic cells, DNA is sequestered within the
nucleus, allowing for the evolution of detection mechanisms that
specifically target cytoplasmic viral DNA. In contrast, host RNAs are
present in both the nucleus and cytoplasm. Therefore, PRRs rely on
recognizing specific RNA structural motifs such as secondary struc-
tures (e.g., dsRNA), the length of the RNA, or RNAmodifications found
predominantly in viral genomes or producedduring viral replication in
host cells6,8. However, dsRNA structures can also be found in human
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cells, primarily arising from the transcription of inverted repeat Alu
elements9,10. Hence, it is crucial for cells to harbor PRR mechanisms
that can either tolerate or distinguish self-dsRNA fromnon-self-dsRNA.
An imbalance between immune activity and self-tolerance can lead to
immune disorders and increase susceptibility to infectious diseases,
underscoring the importance of further characterizing the mechan-
isms that prevent self-dsRNA from triggering an innate immune
response6,7.

The protein kinase R (PKR) pathway is one of the innate immune
signaling systems activated in response to cytoplasmic dsRNAs pro-
duced during viral replication and transcription, leading to host cell
translation shutdown to restrict viral protein synthesis11,12. PKR is a
serine-threonine kinase of 551 amino acids (62 kDa) organized in two
domains: an N-terminal double-stranded RNA binding region com-
posed of two double-stranded RNA binding domains (dsRBD, also
referred to as dsRBM or DRBD) and a C-terminal kinase domain12,13.
Upon viral dsRNA binding to the PKRN-terminal RNA-binding domain,
PKR forms a homodimer, resulting in its autophosphorylation at
multiple serine and threonine sites, which fully activates its catalytic
function12,14. PKR activation requires RNAmolecules of at least 30 base
pairs in length to allow the binding of two PKR monomers15. Once
activated, PKRphosphorylates eIF2α at serine 51, inhibiting its function
in recruiting the initiator methionyl-tRNA to the ribosome during
translation initiation12,16. Therefore, eIF2α inhibition disrupts canonical
AUG-dependent translation initiation of both host and viral mRNAs,
preventing viral replication13.

The precise regulation of PKRwithin cells is crucial to prevent self-
dsRNA, such as inverted repeat Alu RNAs, from triggering translation
shutdown while still allowing its activation during actual viral
infections17–19. In uninfected cells, Adenosine deaminase 1 (ADAR1)
binds and modifies self-dsRNA, preventing the aberrant activation of
PKR19. ADAR1 edits RNA by converting adenosine (A) to inosine (I) in
dsRNA, generating multiple mismatches and stopping PKR binding
and activation by duplex RNA19,20. However, multiple studies have
shown that ADAR1’s ability to prevent PKR activation does not strictly
depend on its deaminase activity19,21–23. Instead, ADAR1’s RNA-binding
domains appear to play a critical role, indicating a possiblemechanism
of competition for dsRNA binding that limits PKR’s access to RNA.
Moreover, ADAR1 has been shown to interact with the PKR kinase
domain, preventing its activation22, further suggesting that ADAR1’s
role in regulating PKR goes beyond editing RNAs to prevent PKR
binding to duplex RNAs.

Aberrant PKR activation in cells has been implicated in the
pathogenesis of myotonic dystrophy and neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, Huntington’s disease, and amyo-
trophic lateral sclerosis (ALS)24–26. Themechanismsof PKRactivation in
these diseases are still being investigated, underscoring the impor-
tance of tightly regulating PKR in the absence of viral infections. The
dual requirement for cells to suppress aberrant PKR activation by self-
dsRNA but allow its activation during viral infection implies the pre-
sence of a fine-tuned regulatory mechanism. However, it remains
uncertain whether ADAR1 is the sole factor preventing PKR activation
from endogenous dsRNAs.

In this study, we use CRISPR-Translate, a FACS-based genome-
wide CRISPR library screening method developed by our laboratory27,
to identify factors regulating PKR. One such factor that we identified is
PACT, which limits PKR activation in cells infected with different types
of RNA viruses. Moreover, we discovered that the role of PACT in
suppressing PKR activation is critical for preventing self-dsRNA from
triggering aberrant activation of PKR in uninfected cells. We show that
PACT works together with ADAR1 in preventing PKR hyperactivation
by endogenous RNAs. Depletion of both PACT and ADAR1 leads to
synthetic lethality, demonstrating the presence of two layers of pro-
tection against uncontrolled activation of PKR-mediated translation
arrest and cell death in cells by endogenous dsRNAs.

Results
CRISPR-Translate: A CRISPR-Cas9 screening method to identify
factors regulating translation during viral infection
To reveal key factors that regulate PKR in response to viral infections,
we applied the CRISPR Translate method, a FACS-based CRISPR-
Cas9 screening strategy developed in our laboratory27, which exploits
ongoing translation levels as a readout to identify factors that either
enhance or inhibit translation in response to specific stress conditions
(Fig. 1A). In this study, we selected Sendai virus (SeV), a single-stran-
ded, negative-sense RNA virus known to activate PKR in infected cells,
without triggering the OAS3-RNase L innate immune pathway that also
induces translation arrest in response to cytoplasmic dsRNA28,29.
Therefore, translation arrest following SeV infection is strictly depen-
dent on PKR activity29. To perform CRISPR-Translate, we first trans-
duced U2OS cells with the genome-wide Brunello CRISPR library
containing 76,441 gRNAs targeting 19,114 genes at a multiplicity of
infection (MOI) of ~ 0.3, and uninfected cells were removed using
puromycin selection (Fig. 1A, steps 1-2). The transduced cells harboring
the library covering 99.85% of the Brunello library gRNAs were then
infected with SeV for 15 h, corresponding to the time when SeV began
to activate PKR (Fig. 1A, step 3 and Supplementary Fig. 1A). Impor-
tantly, for the purpose of the screen, we selected U2OS cells that
showed a higher infection efficiency with SeV and lentivirus compared
to the A549 cell line. During the last 30min of the infection with SeV,
cells were treated with azidohomoalanine (AHA)30, an analog of
methionine that is incorporated into newly synthesized polypeptide
chains as a marker of translation levels (Fig. 1A, step 4). AHA was
then labeled with a 488-tagged alkyne probe using Click-iT reaction
(Fig. 1A, step 4). Finally, cells were FACS-sorted into two groups: those
with positive 488 fluorescence signals, indicating active translation,
and those negative for 488 signals, reflecting translation arrest (Fig. 1A,
step 5). Genomic DNA was subsequently extracted from both popu-
lations, followed by PCR amplification of gRNA sequences for deep
sequencing and quantification to identify genes essential for regulat-
ing translation arrest in response to SeV infection (Fig. 1A, step 6).

PACT prevents translation shutdown in response to RNA viral
infections
Following deep sequencing of the gRNAs recovered in the 488-positive
and -negative cell populations, we usedMAGeCK (Model-based Analysis
of Genome-wide CRISPR-Cas9 Knockout)31 to identify gRNAs specifically
enriched in each of those two populations. First, we looked at gRNAs
significantly enriched in the cell population without translation arrest
(488-positive cells). As expected, EIF2AK2 (PKR) was a top target that
promoted translation arrest following SeV infection (Fig. 1B and Sup-
plementary Data 1), validating the CRISPR-Translate screening strategy
as an effective method to discover factors regulating translation in
response to viral infections. We then monitored gRNAs that promote
translation shutdown and, therefore, enriched in the 488-negative cell
population. The top target gene identified in this cell population was
MARS. MARS (Methionyl-tRNA synthetase) is an enzyme essential for
catalyzing the attachment of methionine (and potentially AHA) to its
corresponding transfer tRNA32. Therefore, the absence of MARS does
not necessarily reflect its involvement in translation regulation after SeV
infection, but rather the lack of AHA-tRNA formation by the cells for
labeling nascent proteins. The second top target gene found to enhance
translation arrest was PRKRA, encoding for the protein PACT. PACT is a
dsRNA-binding protein of 313 amino acids (34 kDa) composed of three
dsRNA binding domains (dsRBD1-3), and was initially identified as an
interactor and activator of PKR in vitro33–36. However, PACT’s biological
function in cells remains unclear and controversial8.

To investigate the role of PACT in translation regulation following
SeV infections, we generated PACT knockout (KO) in U2OS and A549
cells (Supplementary Fig. 1B, C). To validate the CRISPR-Translate
findings, we infected both wild-type (WT) or PACT KO cells with SeV
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and monitored translation arrest using puromycin. Puromycin, a
structural analog of aminoacyl-tRNAs, is incorporated into nascent
peptides by translating ribosomes, serving as a marker for translation
activity37. We opted for puromycin over AHA to avoid potential off-
target effects that could interfere with AHA incorporation in cells.
PACT KO in both U2OS and A549 cells showed a strong increase in the
percentage of puromycin-negative cells following SeV infection
(Fig. 1C, D and Supplementary Fig. 1D). In contrast, PACT KO cells

complemented with PACT WT fully restored translation in those cells
(puromycin-positive) (Fig. 1E and Supplementary Fig. 1E). These results
demonstrate that PACT is critical to limit translation shutdown in
response to SeV infection. Importantly,wedidnot observe adifference
betweenWT and PACT KO cells in SeV infection rate whenmonitoring
the percentage of SeV-positive cells using fluorescent in situ hybridi-
zation (RNA FISH) to detect SeV RNA genomes in infected cells (Sup-
plementary Fig. 1F, G)38, ruling out any difference in infectivity caused
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Fig. 1 | CRISPR-translate identifies PACT as a suppressor of translation arrest
during RNA viral infection. A Schematic representation of the CRISPR-Translate
screening approach. Created in BioRender. Buisson, R. (2025) https://BioRender.
com/v58p847. B Scatter plot showing the log fold change of genes enriched in the
488-negative FACS-sorted cell population, analyzed using the MaGeCK computa-
tional tool. Each dot represents a unique gene. C Representative immuno-
fluorescence for puromycin in U2OS WT and PACT KO cells infected with SeV
(MOI = 1, 24hpi). Cells undergoing translation arrest are marked with an asterisk.
D Quantification of puromycin-negative cells (%) in U2OS WT or PACT KO cells

infected with SeV (MOI = 1, 24hpi). Mean values ± SD (Number of biological repli-
cates, n = 3). EQuantification of puromycin-negative cells (%) in U2OSWT or PACT
KO cells infected with SeV (MOI = 1, 24hpi). When indicated, PACT-HA was
expressed. Mean values ± SD (Number of biological replicates, n = 3).
F, G Quantification of puromycin-negative cells (%) in the indicated cell lines
infected with PV (MOI = 1, 16hpi) (F), or EV-A71 (MOI = 5, 24hpi) (G). Mean values
± SD (Number of biological replicates, n = 3). All P-values were calculated by one-
way ANOVA. Source data are provided as a Source Data file.
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by the absence of PACT in cells.We then askedwhether PACTprevents
translation shutdown was specific to SeV infection or if it also occurs
with other RNA virus infections. We infected cells with poliovirus (PV)
or enterovirus A-71 (EV-A71), two positive-sense single-strand RNA
viruses. Similar to SeV infection, PACT KO cells infected with PV or EV-
A71 showed higher levels of puromycin-negative cells than WT cells
(Fig. 1F, G), further confirming the role of PACT in limiting translation
arrest. Taken together, these results demonstrate that PACT functions
as a global suppressor of translation arrest during RNA viral infection.

PACT suppresses PKR-mediated translation shutdown and
stress granule formation
To determine how PACT limits translation shutdown in response to viral
infection, we examined whether PACT regulates PKR-mediated transla-
tion arrest. In the absence of PACT, PKR was strongly activated in both
U2OS and A549 cells infected with SeV (Fig. 2A, B). Similarly, eIF2α
phosphorylation increased in PACT KO cells compared to WT cells
(Fig. 2B). However, the levels of STAT1 phosphorylation, as a marker of
interferon (IFN) response known to be triggered in response to SeV
infection29, were not impacted by the absence of PACT in cells (Fig. 2B),
further suggesting that PACT specifically regulates the PKR pathway
upon viral infection.We then asked whether PKR inhibition by PACT is a
specific response to SeV infection or a general mechanism that extends

to other RNA viruses.We first transfected cells with poly(I:C), a synthetic
analog of dsRNA that is structurally similar to dsRNA present during
viral infections and is used as a surrogate for viral dsRNA. As previously
shown, poly(I:C) transfection triggers PKR phosphorylation (Fig. 2C).
However, PACT KO cells exhibit significantly stronger activation of PKR
compared to WT cells upon poly(I:C) transfection (Fig. 2C). Likewise,
infection with single-stranded RNA viruses such as PV, EV-A71, and
Sindbis virus (SINV) activates PKR, which is further amplified without
PACT (Fig. 2D, E and Supplementary Fig. 2A). Importantly, PACTKOcells
complemented with PACT WT completely suppressed PKR phosphor-
ylation levels after SeV infection or poly(I:C) transfection (Fig. 2F and
Supplementary Fig. 2B). Together, these results demonstrate that PACT
limits PKR activation in response to RNA viral infection.

PKR activation not only promotes translation arrest in infected
cells but also triggers the formation of stress granules39,40. Stress
granules are dynamic, non-membrane-bound structures that form in
the cytoplasm of eukaryotic cells under stressful conditions, such as
viral infections, heat shock, or nutrient deprivation. They contain
untranslated mRNAs, RNA-binding proteins, translation initiation fac-
tors, and other regulatory proteins40–42. These cellular structures are
highly dynamic and dissolve once the stress subsides, allowing trans-
lation to resume40–42. To quantify the level of stress granules in SeV-
infected cells, we monitored G3BP1, a core constituent of stress
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granules40,43. Following SeV infection, PACT KO cells strongly
increased the percentage of cells with stress granules and the number
of stress granules within cells compared to WT cells (Fig. 3A, B). Cells
positive for stress granules were also puromycin-negative (Fig. 3A),
confirming the tight link between translation levels and stress granule
formation44. While basal levels of stress granules were detected in
PACT KO cells prior to infection (Fig. 3A, B), stress granule formation
was strongly enhanced following PACT depletion when quantified
specifically in SeV-infected cells (Supplementary Fig. 2C, D).Moreover,
stress granules were absent in PACT KO cells infected with SeV and
complementedwith PACTWT (Fig. 3B). In addition, PKR knockdown in
WT or PACT KO cells completely suppressed puromycin-negative cell
levels and stress granule formation following SeV infection (Fig. 3C–E).
Of note, we did not examine stress granule formation, puromycin
incorporation, or eIF2α phosphorylation levels after poly(I:C) trans-
fection, as poly(I:C) can activate RNase L, which modulates these
processes independently of PKR45–47. Collectively, these data demon-
strate that PACT limits PKR-mediated translation arrest and stress
granule formation in response to RNA viral infections.

Structural modeling of PACT on dsRNA
To investigate how PACT influences PKR activity triggered by dsRNA,
we carried out AlphaFold 3 modeling48 of the protein-RNA interaction
between PACT and a 30 bp dsRNA sequence previously shown to sti-
mulate PKR15. We found that PACT is predicted to bind dsRNA either as
a monomer or dimer, with direct interactions occurring between the
dsRBD1 and dsRBD2 of PACT and the RNA duplex, whereas the
dimerization of the two PACTmolecules is predicted to occur through
interactions between the dsRBD3 domains (Fig. 4A, B, Supplementary
Fig. 3A, B, and Supplementary Movie 1). These results were consistent
withprevious biochemical characterizations of PACT35,49–51. The folding
of three dsRBD domains of PACT is predicted with high confidence
(pLDDT > 70) (Supplementary Fig. 3C), and the superposition of the
five models generated by AlphaFold 3 demonstrated consistent pro-
tein folding of PACT dsRBDs (Supplementary Fig. 3D, E). Moreover,
both PACT dsRBD1 and dsRBD2 are predicted to engage dsRNA ana-
logously to other proteins containing dsRBDs, including ADAR1,
ADAR2, and TRBP (Fig. 4C)52–54, highlighting the validity of this mod-
eling approach. Each PACT monomer’s dsRBD1 and dsRBD2 is
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Fig. 3 | PACT suppresses PKR-mediated translation arrest and stress granule
formation during RNA viral infection. A U2OS WT and PACT KO cells infected
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G3BP1 and puromycin were monitored by immunofluorescence. B Quantification
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predicted to interact with opposite sides of the dsRNA, forming an X-
shaped-like structure that brings both dsRBD3 domains into close
proximity, facilitating dimerization by forming an extended β-sheet
structure (Fig. 4A, B). PACT dsRBD3 dimerization is predicted with
high confidence, with an average predicted aligned error (PAE) of 7.7 Å
between the two domains (Supplementary Fig. 3F). A separate Alpha-
Fold 3 prediction of two PACT dsRBD3 domains supported thismodel,
with an iPTM score of 0.6 and mean interface PAE of 5.9 Å (Supple-
mentary Fig. 3G). Notably, the deletion of dsRBD3 was shown not to
impair PACT’s RNA binding ability and may even slightly enhance its
interaction with dsRNA35,49,50. This suggests that the conformational

shift between monomeric and dimeric PACT might not significantly
impact PACT’s stability on RNA. Instead, PACT dimerization could
potentially facilitate the formation of a structural barrier, blocking
access to both sides of the dsRNA and thereby preventing PKR
activation.

PACT inhibits PKR primarily through its RNA-binding activity
If PACT binds to dsRNA and inhibits PKR activation, then the expression
levels of PACTwould directly influence the cell’s capacity to activate PKR
in response to different dsRNA levels. This would establish a threshold
for the maximum amount of dsRNA that PACT can shield from
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triggering PKR activation, allowing its activation during a viral infection.
Consistent with this idea, the modeling of the PKR homodimer on
dsRNA indicates that PKR can bind to one side of the dsRNA while
monomeric PACTbinds to theopposite side (Supplementary Fig. 4A and
Supplementary Movie 2). Of note, AlphaFold 3 predicted the folding of
the PKR kinase and dsRBD domains with high confidence (pLDDT >70)
that are highly consistent with previously characterized structures of the
PKR kinase domain and PKR-dsRBDs (Supplementary Fig. 4B–D)55,56.
Since our AlphaFold 3 analysis indicates that a PKR dimer and a single
PACT molecule can occupy the same dsRNA motif, we speculate that if
PACT levels are insufficient to protect both sides of the dsRNA, PKR can
bind and become activated through dimerization. To test this hypoth-
esis, we overexpressed PACT in wild-type cells and infected them with
increasing multiplicity of infection (MOI) of SeV. PACT overexpression
completely suppressed basal PKR activation and restored translation
level in wild-type cells during SeV infection, even in the presence of a
high level of virus (Fig. 4D, E), demonstrating that higher PACT
expression is sufficient to inhibit PKR activation by raising the threshold
of dsRNA that can be protected from PKR recognition.

We next asked whether PACT binding to RNA is required to sup-
press PKR. Our structural modeling of PACT on dsRNA revealed the
presence of two basic patches (patch 1 and patch 2) that are predicted to
directly interact with dsRNA (Fig. 4F). Patch1 and patch 2 are located in
dsRBD1 and dsRBD2, respectively, and consist of three lysines each
(patch 1: K84, K85, K88; patch 2: K177, K178, K181) that fit into the major
groove of the RNA duplex (Fig. 4F). This structural organization of lysine
residues interacting with dsRNA in PACT is similar to other proteins
with dsRBDs (Supplementary Fig. 4E), and is known to be essential for
the binding to dsRNAs19,57,58. We then mutated the lysines in the
PACT dsRBD1 and dsRBD2 domains to alanines or to glutamate to
increase negative charges and disturb the interaction with RNA (PACTEA:
K84E, K85E, K88A in patch 1; K177E, K178A, K181A in patch 2). PACTEA

expression failed to suppress PKR phosphorylation in PACT KO
cells infected with SeV or transfected with poly(I:C) (Fig. 4G, H), and did
not rescue translation levels upon SeV infection (Fig. 4I), strongly sug-
gesting that PACT binding to dsRNA is essential for inhibiting PKR
activation. Taken together, we propose that PACT prevents hyper-
activation of PKR, either through direct competition or by creating a
barrier that prevents the assembly of two PKRmonomers bound on the
dsRNA (Fig. 4J).

ADAR1 depletion causes synthetic lethality in PACT-
deficient cells
The inhibition of PKR by PACT during viral infection raises the fun-
damental question: why would cells want to limit PKR activation? In
uninfected cells, the loss of PACT in both U2OS and A549 cells triggers
spontaneous translation arrest and stress granule formation in a small
percentage of cells in a PKR-dependent manner (Figs. 1C-D and 2A, B).
Moreover, PACT KO cells showed elevated levels of PKR

phosphorylation compared to wild-type cells (Supplementary Fig. 5A).
These observations indicate that PACT may have a broader role
beyond viral infection, protecting cells from the aberrant activation of
PKR by endogenous RNAs. Therefore, we propose that PACT acts as a
buffer to limit PKR activation caused by low basal levels of dsRNA that
are present in uninfected cells. However, only a small percentage of
puromycin-negative and SG-positive cells were detected in uninfected
PACT KO cells (Figs. 1D, 3D, E). This suggests that PACTmaywork with
other factors to prevent PKR activation by self-RNAs. To unbiasedly
identify factors that work with PACT to avoid PKR-mediated cell death
by recognition of endogenous dsRNA, we conducted a genome-wide
CRISPR-Cas9 sgRNA dropout screen by comparing wild-type cells with
PACT KO cells. Cells were transduced with the genome-wide Brunello
CRISPR library, selected with puromycin for 4 days, and subsequently
cultured for 7 days before collecting the cells and purifying gRNAs for
deep sequencing (Fig. 5A and Supplementary Data 1). Remarkably, we
found that gRNAs targeting ADAR1 were preferentially depleted in
PACT KO cells (Fig. 5B). Consistently, ADAR1 also emerged as one of
the top regulators of translation in response to SeV infection in our
CRISPR-Translate screen (Fig. 1B). We first validated this result by
knocking down ADAR1 using siRNAs. Both U2OS and A549 PACT KO
cells depleted of ADAR1 exhibited rapid cell death within 6 days fol-
lowing transfection with a siRNA targeting ADAR1 (Fig. 5C–E Supple-
mentary Fig. 5B). In contrast, neither PACT KO cells nor cells with
ADAR1 knockdown alone displayed substantial cell growth defects
compared to cells depleted for both PACT and ADAR1 (Supplementary
Fig. 5C). However, PACT KO cells depleted of ADAR1 and com-
plemented with PACT WT rescued cell survival and cell growth,
whereas complementation with PACTEA mutant did not (Fig. 5F, G and
Supplementary Fig. 5C). Finally, we knocked down ADAR2 in PACT KO
cells, which is a homolog of ADAR1, sharing conserved domains and a
similar structural organization17. However, cells lacking ADAR2 did not
show any increased cell death in the absence of PACT (Supplementary
Fig. 5D–F), suggesting that the cell’s dependency on PACT is specifi-
cally tied to the absence of ADAR1. Taken together, these results reveal
that ADAR1 and PACT are synthetic lethal in the absence of any
infections or stresses.

PACT and ADAR1 depletion induce PKR activation
To investigate the mechanism by which PACT and ADAR1 depletion in
cells triggers rapid cell death, we monitored PKR activation. In the
absence of both PACT and ADAR1, PKR and its downstream target
eIF2α, were highly activated, displaying high phosphorylation levels
compared to wild-type cells or single depletions (Fig. 6A and Supple-
mentary Fig. 6A, B). In addition, PACTKO cells with ADAR1 knockdown
exhibited high levels of translation-arrested cells that were also posi-
tive for SGs (Fig. 6B). The PKR phosphorylation levels, translation-
arrested cells, and SG-positive cells were fully restored in cells com-
plemented with wild-type PACT but not with PACTEA (Fig. 6C–E and

Fig. 4 | StructuralmodelingofPACTondsRNA.ATop‐rankedmodel predictedby
AlphaFold 3 of PACT dimer (residues 21 to 313) binding to dsRNA (blue). Each PACT
monomerwasdistinctly color-coded in either orangeorpurple. Amino acids 1 to 20
of PACT,which formanunfolded polypeptide chain, were not depicted.BClose-up
view of the interaction between β-sheets of the dsRBD3 of each PACT monomer
(residues 215–311). H-bonding or ionic bonds between both PACT-dsRBD3 mono-
mers are indicated with blue dashed lines. C Top‐ranked model predicted by
AlphaFold 3 of PACT dsRBD2 superimposed to known structures of ADAR1-dsRBD3
(PDB: 7ZLQ), ADAR2dsRBD2 (PDB: 8E0F), and TRBP-dsRBD1 (PDB: 5N8L). D U2OS
WT or PACT-HA overexpressing cells were infected with SeV at the indicated MOI
(24 hpi). The levels of PKR phosphorylation (PKR-pT446) and other indicated
proteins weremonitoredbywestern blot. EQuantification by immunofluorescence
of puromycin-negative cells (%) in U2OSWT cells infected with SeV at the indicated
MOI (24hpi). When indicated, PACT-HA was expressed. Mean values ± SD (Number
of biological replicates, n = 3). P-values were calculated by one-way ANOVA.

F Electrostatic surface potentials of PACT were color-coded: red for negatively
charged amino acids, white for neutral residues, and blue for positively charged
amino acids, based on the top-ranked AlphaFold 3 model of the PACT dimer
(residues 21–313) bound to dsRNA. Only one PACTmonomer is shown, with lysines
in close proximity to dsRNA highlighted. G, H Indicated cell lines expressing when
indicatedPACTWT or PACTEAwere infectedwith SeV at the indicatedMOI for 24h (G)
or transfectedwith the indicatedconcentrationof poly(I:C) for 6 h (H). The levels of
PKR phosphorylation (PKR-pT446) and other indicated proteins were monitored
by western blot. IQuantification of puromycin-negative cells (%) in U2OS PACT KO
cells infectedwith SeV at the indicatedMOI (24hpi).When indicated, PACTWT-HAor
PACTEA-HA were expressed. Mean values ± SD (Number of biological replicates,
n = 3). P-values were calculated by one-way ANOVA. J Proposed model of PACT
functioning as a barrier that prevents PKR binding or dimerization on dsRNA.
Created in BioRender. Buisson, R. (2025) https://BioRender.com/qo988lb. Source
data are provided as a Source Data file.
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Supplementary Fig. 6C, D). We then asked whether phosphorylation
sites previously identifiedon serine 18 near dsRBD1or serine 167within
dsRBD2 of PACT59,60 influence its ability to suppress PKR activity.
Expression of PACT with alanine substitutions to prevent phosphor-
ylation or aspartic acid substitutions to mimic phosphorylation at S18
or S167, also restored translation levels in PACT KO cells (Supple-
mentary Fig. 6E), suggesting that these phosphorylation sites are not
essential in regulating PACT activity and thus in preventing PKR
activation.

Overlapping roles of PACT and ADAR1 in preventing PKR
activation
We then compared PKR activation resulting fromSeV infection and /or
ADAR1 depletion in WT and PACT KO cells. Cells knocked down for
ADAR1 had similar PKR phosphorylation levels to those observed fol-
lowing SeV infection in PACT KO cells (Supplementary Fig. 6F).
Moreover, SeV infection andADAR1 depletion in PACTKOcells did not
further increase PKR activity (Supplementary Fig. 6F). A similar result
was obtained after cell transfection with an increasing concentration
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Fig. 5 | Loss of PACT triggers synthetic lethality in ADAR1-deficient cells.
A Schematic representation of CRISPR-dropout screening approach. PD; popula-
tion doubling. Created in BioRender. Buisson, R. (2025) https://BioRender.com/
f77e526. B Dot plots graph representative of the genes depleted in PACT KO cells
analyzed using the MaGeCK computational tool. Each dot represents a unique
gene. ADAR1 gene was found to be significantly depleted in PACT KO cells and was
highlighted in purple. C,D Crystal violet staining showing the viability of U2OS (C)
or A549 (D) WT or PACT KO cells transfected with siRNA control (siCTL) or against
ADAR1 (siADAR1). Cells were stained with Crystal violet 6 days following transfec-
tion with siRNA. E U2OS WT or PACT KO cells were knocked down with siCTL or
siADAR1. Cell survival was quantified with Alamar blue cell viability assay 6 days

following siRNA transfection. Mean values ± SD (Number of biological replicates,
n = 3). P-values were calculated by one-way ANOVA. F Crystal violet staining
showing viability of U2OSWT, PACT KO, PACT KO+ PACTWT, or PACT KO+PACTEA

cells transfected with siRNA control (siCTL) or against ADAR1 (siADAR1). Cells were
stainedwithCrystal violet 6 days following transfectionwith siRNA.G Indicated cell
lines, expressing when indicated PACTWT or PACTEA were knocked down with siCTL
or siADAR1. Cell survival was quantified with Alamar blue cell viability assay 6 days
following siRNA transfection. Mean values ± SD (Number of biological replicates,
n = 3). P-values were calculated by two-way ANOVA. Source data are provided as a
Source Data file.
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of poly(I:C), stimulating comparable levels of PKR activity to those in
PACTKOcells depleted for ADAR1 (Supplementary Fig. 6G). This result
further indicates that in the absence of ADAR1 and PACT, PKR activity
reached amaximum level of activation in cells. Notably, the increase in
phosphorylated PKR levels following ADAR1 depletion in SeV-infected
cells can be reversed by overexpressing PACT (Supplementary
Fig. 6H), suggesting that ADAR1 and PACT have redundant roles in
preventing PKR activation triggered by viral dsRNA. Next, we com-
plemented PACT KO cells, which were either infected with SeV or
transfected with poly(I:C), by expressing wild-type PACT at different
levels. To achieve this, we established two stable cell lines using dis-
tinct lentiviral vector systems: pLenti, which drives high PACT
expression, and pInducer20, which induces low PACT expression
levels upondoxycycline (DOX) treatment.While high PACT expression
levels completely suppress PKR activation following SeV infection or
poly(I:C) transfection, lower expression levels of PACT lead to partial
suppression (Supplementary Fig. 6I). These findings demonstrate that
differential PACT expression results in a dose-dependent response of
PKR activation.

The ADAR1 gene encodes two isoforms in cells: ADAR1-p110,
which is highly expressed and located in the nucleus, and ADAR1-p150,
which is expressed at lower levels and present in the cytoplasm17. We
knocked out ADAR1-p150, reasoning that since ADAR1-p150 is located
in the cytoplasm alongside PACT and PKR, unlike ADAR1-p110, its

removal would not impact the other essential functions of ADAR1 in
the nucleus17. Depletion of PACT with a siRNA in ADAR1-p150 KO cells
was sufficient to trigger hyperactivation of PKR (Fig. 7A), further
confirming that either PACT or ADAR1 is necessary to prevent PKR
activation by self-RNA in the absence of stresses. Next, we knocked
down ADAR1 in PACT KO using a specific siRNA targeting the 3’UTR of
ADAR1. Ectopic expression of ADAR1-p150 was sufficient to suppress
both PKR activation and translation arrest in those cells (Fig. 7B, C). In
addition, PACT KO cells depleted of ADAR1 and complemented with
ADAR1-p150 rescued cell survival (Fig. 7D, E). We then asked whether
ADAR1 deaminase activity was required. Expression of the ADAR1
catalytically-inactive mutant (ADAR1-p150-E912A)19,21,23, also restored
translation levels in PACT KO cells depleted for ADAR1 (Fig. 7C). This
result is consistent with previous studies suggesting that ADAR1 dea-
minase activity is not essential to prevent PKR activation from endo-
genous RNAs19,22,23 and suggests that ADAR1 works together with PACT
by binding dsRNA to prevent PKR activation. To further support this
model, we expressed ADAR1-p150 in PACT KO cells infected with
increasing MOI of SeV or levels of poly(I:C). ADAR1-p150 expression
was sufficient to fully suppress PKRphosphorylation levels (Fig. 7F and
Supplementary Fig. 7A), demonstrating that PACT and ADAR1 have
redundant functions in preventing PKR activation in response to RNA
viral infection. We next monitored and quantified PKR localization at
dsRNA-induced foci (dRIFs), which are known to colocalize with both
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monitored by immunofluorescence using indicated antibodies. E Quantification of
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ADAR1 and PACT61,62. Cells transfected with poly(I:C)-FITC formed
large foci of PKR, PKR-pT446, and PACT associated with dsRNA
(Supplementary Fig. 7B, C). However, overexpressionof either PACTor
ADAR1-p150 significantly reducedboth the number of PKR foci and the
percentage of cells with PKR foci in poly(I:C)-transfected cells (Sup-
plementary Fig. 7D). This further suggests that PACT and ADAR1 play
overlapping roles in preventing PKR association on dsRNAs in cells.

PACT and ADAR1 protect cells from PKR-mediated cell death
Finally, we generated cells with double KO (dKO) for PACT and PKR
(Supplementary Fig. 8A). Knockdown of ADAR1 in dKO PACT/PKR cells
failed to induce translation shutdown and stress granule formation
(Fig. 8A, B and Supplementary Fig. 8B). More importantly, the depletion
of PKR in PACT knockout cells completely prevented cell growth defect
and cell death induced by the knockdown of ADAR1 (Fig. 8C–E). Taken
together, these results demonstrate that either PACT or ADAR1 is
required to prevent endogenous RNAs from triggering PKR-mediated
translation arrest and cell death. Therefore, we propose that PACT and
ADAR1 work together to sustain a threshold of tolerable dsRNA levels,
permitting the presence of self-dsRNA in cells without triggering PKR-
mediated translation shutdown and cell death (Fig. 9). During viral
infection, dsRNA levels exceeding this protective threshold of PACT and
ADAR1 result in PKR activation and subsequent translation arrest. In
uninfected cells, PACT or ADAR1 alone can prevent PKR activation by
self-dsRNA. However, the simultaneous deletion of both results in
aberrant PKR activation, causing cell death (Fig. 9).

Discussion
PKR activation in response to viral infection is essential for preventing
viral replication and spread by inducing translation shutdown in
host cells8,12. Given the harmful consequences of unintended PKR
activation, it is crucial for cells to tightly regulate PKR activity, ensuring
it is only triggered in response to viral infection8,12. Yet, many endo-
genous RNAs in cells can also act as substrates, mimicking viral
RNAs and activating PKR in uninfected cells8,19. This underscores the
importance of cells inhibiting self-dsRNA inducing PKR in the absence
of viral infection. Indeed, aberrant or uncontrolled activation of
PKR participates in the pathogenesis of several immune diseases
and neurological disorders63,64. In this study, we found that cells
employ two layers of protection to prevent the aberrant activation
of PKR by endogenous dsRNAs. Using the CRISPR-Translate method27,
we identified that PACT and ADAR1 are essential factors restricting
PKR activation both in response to viral infection and from self-
dsRNA. Notably, the deletion of both PACT and ADAR1 results in
synthetic lethality even in the absence of viral infection, highlighting
their critical role in suppressing PKR activation by endogenous
dsRNAs. Based on these findings, we propose that PACT and ADAR1
act as critical barriers to PKR activation by setting up a threshold
of tolerable levels of endogenous dsRNA in cells without activating
PKR. When dsRNA levels rise due to viral infection, PACT and ADAR1
become insufficient to prevent PKR binding to dsRNAs, which
then triggers its activation and translation shutdown in virus-
infected cells.
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control (siCTL) or against 3’UTR of ADAR1 (siADAR1) for 48 h. When indicated,
ADAR1-p150-GFP was overexpressed. The levels of PKR phosphorylation (PKR-
pT446) and other indicated proteins were monitored by western blot.
CQuantification of puromycin-negative cells (%) in the indicated cell lines knocked
down with siRNA control (siCTL) or against the 3’UTR of ADAR1 (siADAR1) for 48h.
When indicated, ADAR1-p150or ADAR1-p150-E912Awere transfected 16 h following
siRNA transfection. Mean values ± SD (Number of biological replicates, n = 3).

P-values were calculated by two-way ANOVA.D Crystal violet staining showing the
viability of U2OS WT, PACT KO, PACT KO+ADAR1-p150 cells transfected with
siRNA control (siCTL) or against ADAR1 (siADAR1-3’UTR). Cells were stained with
Crystal violet 6 days following transfection with siRNA. E Indicated cell lines
expressing ADAR1-p150 when indicated, were transfected with siCTL or siADAR1-
3’UTR. Cell survival was quantified with Alamar blue cell viability assay 6 days fol-
lowing siRNA transfection. Mean values ± SD (Number of biological replicates,
n = 3). P-values were calculated by two-way ANOVA. FU2OSWT, PACTKO, or PACT
KO+ADRA1-p150-GFP cells were infected with SeV at the indicatedMOI. The levels
of PKR phosphorylation (PKR-pT446) and other indicatedproteinsweremonitored
by western blot at 24 hpi. Source data are provided as a Source Data file.
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Herein, we employed an unbiased approach known as CRISPR-
Translate, developed in our laboratory27, to identify regulators of PKR.
CRISPR-Translate is a FACS-based, genome-wide CRISPR-Cas9 knock-
out screening technique that uses translation levels as a readout27. By
leveraging PKR-mediated translation shutdown, we applied CRISPR-
Translate and discovered that, in addition to ADAR1, PACT is a crucial
inhibitor of PKR in response to RNA viral infections. Consistent with
this finding, a recent preprintmanuscript fromDr. Sun Hur’s team also
reported a similar role of PACT inhibiting PKR activation mediated by
endogenous dsRNAs in cells49. Initially identified as an activator of
PKR34,36, PACT’s role in PKR regulation has since been controversial and
remains debated8. Indeed, several studies have suggested that PACT
suppresses PKR in contexts such as HIV infection65–67 and in the

absence of the splicing factor TIA168. Moreover, depletion of RAX, the
mouse homolog of PACT, was shown to have reproductive and
developmental defects caused in a PKR-dependent manner69. More-
over, the Hur laboratory manuscript suggested that PACT-dependent
activation of PKR in vitro could have been caused by incomplete
removal of RNA during the purification process of PACT. The authors
found that extensive RNase treatment is required to properly remove
RNAs that may affect the results49. Finally, mutations in PACT have
been associated with early-onset dystonia (DYT16), which is caused by
hyperactivation of PKR64,70,71, further supporting the notion that PACT
may function as a suppressor of PKR. Thus, thoroughly characterizing
PACT’s role in specific cellular contexts is crucial for better under-
standing its impact on PKR function.
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Fig. 8 | The lossofPKR rescues cell viability after depletionofPACTandADAR1.
ARepresentative immunofluorescence forpuromycin andG3BP1 inU2OSPACTKO
or PACT/PKR dKO cells knocked down with siRNA against ADAR1. B U2OS WT,
PACT KO, or PACT/PKR dKO cells knocked down with siRNA control (siCTL) or
against ADAR1 (siADAR1), and the levels of puromycin-negative cells (%) were
quantified by immunofluorescence. Mean values ± SD (Number of biological
replicates, n = 3). P-values were calculated by two-way ANOVA. C Crystal violet
staining showing the viability of U2OS WT, PACT KO, or PACT/PKR dKO cells
transfected with siCTL or siADAR1. Cells were stained with Crystal violet 6 days

following transfection with siRNA.D Indicated U2OS cell lines were knocked down
with siCTL or siADAR1. Cell survival was quantified with Alamar blue cell viability
assay 6 days following siRNA transfection.Mean values ± SD (Number of biological
replicates, n = 3). P-values were calculated by two-way ANOVA. E Indicated
U2OS cell lines were transfected with siRNA control (siCTL) or against ADAR1
(siADAR1). Cell growth was then monitored starting at 16 h following siRNA trans-
fection. 9 image fields were analyzed per well. Mean values ± SD (Number of bio-
logical replicates, n = 3). Source data are provided as a Source Data file.
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Mechanistically, our data suggested that PACT RNA binding is
required to suppress PKR. PACT and PKR could compete for dsRNA
binding in cells, or PACT may act as a barrier on dsRNA, preventing
PKR scanning along dsRNA and decreasing the likelihood of
dimerizing49. AlphaFold 3 modeling of PACT in complex with dsRNA
revealed the formation of a PACT dimer that surrounds the dsRNA,
potentially shielding the RNA from PKR binding. Consistently, PACT
overexpression fully abrogated PKR activity across various cellular
contexts, suggesting that elevated PACT levels shift the equilibrium
toward PACT binding to dsRNA, even in the presence of high dsRNA
levels, thereby preventing PKR activation. Both PKR and PACT bind
similar inverted-repeat Alu elements in cells19,49,72, further supporting
the potential competition for these targets. Efficient PKR activation
relies on scanning along dsRNA to facilitate dimerization, increasing
the probability of encountering a second monomer and undergoing
autophosphorylation49. Therefore, PACT does not need to saturate all
available dsRNA but only needs to associate with a subset of binding
sites to significantly reduce the chance of two PKR monomers inter-
acting on a single dsRNA strand.

ADAR1 is another key enzyme in the human innate immune
defense system, essential for preventing host-derived cytosolic
dsRNAs from activating PKR in the absence of viral infection19,22.
Mutations in ADAR1 are linked to Aicardi-Goutières syndrome
(AGS)73,74, a rare autoimmune disorder, and neurological diseases,
further highlighting the importance of cells being protected against

self-dsRNA-induced innate immunity. CRISPR-Translate also identified
ADAR1 as a regulator of PKR following SeV infection, supporting pre-
vious studies that characterize ADAR1 as an inhibitor of PKR during
RNA viral infections and from endogenous RNAs19,22,29. Knockout or
knockdown of PACT or ADAR1 in cells is viable, indicating that
depletion of either PACT or ADAR1 alone has minimal impact on PKR
activation in unstressed cells. However, the depletion of both PACT
and ADAR1 results in high PKR phosphorylation levels and rapid cell
death, suggesting that PACT and ADAR1 have redundant roles in pro-
tecting cells from dsRNA-induced aberrant PKR activation. Impor-
tantly, the synthetic lethality phenotype can be completely rescued by
knocking out PKR, indicating that the cell death resulting from the
absence of PACT and ADAR1 is solely mediated by the aberrant acti-
vation of PKR. Based on these findings, we propose that PACT and
ADAR1 share overlapping roles in inhibiting PKR, with each potentially
serving as a backup for the other. This redundancy may help buffer
stochastic variation in the expression of PACT and ADAR1, which can
fluctuate depending on the cellular context and the stresses encoun-
tered by the cells. Furthermore, our findings indicate that the role of
ADAR1 in limiting PKR activity is independent of its deaminase activity.
This aligns with previous studies showing that ADAR1 prevents self-
RNA-induced PKR activation primarily through its RNA-binding func-
tion rather than its deaminase capability19,22,23. However, we cannot
fully rule out the possibility that both functions may play a role in
preventing PKR activation. Utilizing an overexpression system to

Fig. 9 | Models illustrating how PACT and ADAR1 establish a threshold for
tolerable dsRNA levels to prevent PKR activation. PACT and ADAR1 collaborate
to maintain a threshold of tolerable dsRNA levels, allowing cells to manage self-
dsRNA without triggering PKR-mediated translation shutdown and cell death.
During viral infection, however, the increased levels of dsRNA exceed the

protective threshold set by PACT and ADAR1, leading to PKR activation. Either
PACT or ADAR1 alone is sufficient to sustain this threshold, preventing self-dsRNA
from activating PKR. Conversely, simultaneous loss of both PACT and ADAR1
results in uncontrolled PKR activation, causing rapid cell death. Created in BioR-
ender. Buisson, R. (2025) https://BioRender.com/o10z759.
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complement ADAR1-deficient cells with a catalytically inactive mutant
may help bypass the need for deaminase activity. Nevertheless, at
endogenous levels, both functions could be essential, especially con-
sidering that ADAR1-p150, the cytoplasmic isoform of ADAR1, is
expressed at lower levels compared to ADAR1-p110, the nuclear iso-
form. Further studies are needed to precisely pinpoint the specific
domains of ADAR1 required to limit PKR activation in response to
endogenous or viral dsRNAs.

Although PKR activation is critical to prevent viral replication in
infected cells, many viruses have developed resistancemechanisms to
inhibit PKR14. Influenza A virus (IAV) and vaccinia virus (VACV) encode
viral dsRNA-binding protein NS1 and E3L proteins, respectively, to
compete with PKR for dsRNA binding75,76. Toscana virus (TOSV) and
Rift Valley fever virus (RVFV) promote PKR degradation through the
expression of NS proteins77–79. The PKR pathway can also be hijacked
by certain viruses, such as the Dengue and Zika viruses, to induce
translation arrest and exploit host translational machinery to favor
their own translation through a non-canonical mechanism80,81. These
observations suggest that PKR regulation by PACT andADAR1may not
necessarily result in a decrease in viral replication, but could also be
beneficial for the virus, depending on the type and context. Although
theprimary goalof this studywasnot to investigate the effects of PACT
on different types of virus replication, it is tempting to speculate that
PACT could function as either a pro-viral or anti-viral protein through
its regulation of PKR, depending on the cellular context and the type of
viral infection. Indeed, PACThas been identified as a proviral factor for
Dengue replication82, similar to PKR80, and as an anti-viral factor for
IAV, HIV, and SARS-CoV267,83,84. Viruses may exploit elevated PACT and
ADAR1 levels or modulate their interaction with dsRNA to suppress
PKR activation and prevent host cell death. Therefore, a deeper
understanding of how host cells regulate PKR through PACT in
response to viral infections is crucial for identifying viral resistance
mechanisms.

Methods
Plasmids
PACT cDNA was obtained from Addgene (pENTR4_PRKRA; plasmid #
106110). pLenti-PACT-HAwasgeneratedby inserting PACTcDNA into a
modified pLenti vector containing an HA-tag in the N-terminal using
the Gateway Cloning System (Thermo Fisher Scientific). pLenti-PACTEA

(K84E, K85E, K88A, K177E, K178A, K181A) was generated by site-
directed mutagenesis. pInducer20-PACT-HA was generated by insert-
ing the PACT-HA cDNA into the pInducer20 vector using the Gateway
cloning system. ADAR1 cDNA was obtained from Addgene (pmGFP-
ADAR1-p150; plasmid #117927) and subcloned in the pLenti vector.
ADAR1-p150-E912A-eGFP was generated by site-directed mutagenesis.

Cell culture
U2OS andHEK-293FT cells were cultured inDMEM supplementedwith
10% FBS, 1% L-Glutamine, and 1% penicillin/streptomycin. A549 cells
were maintained in DMEM / F12 GlutaMAX™-I supplemented with 10%
FBS and 1% penicillin/streptomycin. Cell lines were purchased from
either ATCC or Sigma-Aldrich. U2OS-derived cell lines were generated
by infecting U2OS-derived cell lines were generated by infecting U2OS
WTor PACTKOcells with lentivirus derived frompLenti orpInducer20
vectors expressing PACT-HA, PACTEA-HA, or ADAR1-p150-eGFP and
selected with G418 (850μg/mL) for 6 days. RD cells were cultured in
DMEM supplemented with 10% FCS.

Viruses
Sendai virus (SeV) Cantell strain was propagated in 10-day-old
embryonated chicken eggs for 48 h as previously published85. Allan-
toic fluid from the eggs was harvested, and the debris was removed by
centrifugation for 25min at 2600× g (4 °C). The supernatant was
subjected to another round of centrifugation for 90min at 27,000× g

(4 °C), and the resultant pellet was resuspended in PBS supplemented
with Ca2+ and Mg2+(Thermo Fisher Scientific, #1404-133) and 1mM
EDTA. The pellet was sonicated and SeV viral titer was determined by
plaque assay using Vero cells. Cells were plated and infected with SeV
in 200μL of serum-free medium for 1 h for adsorption at 37 °C. Then,
Vero cells were overlaid with agarose (0.45% in culture media supple-
mented with 5 µg/mL acetylated trypsin). After 5 days, cells were fixed
with trichloroacetic acid (10%) for 30min, stained with crystal violet
(0.1% crystal violet / 25% EtOH) for 5min, and counted to determine
viral titer. Sindbis virus (SINV) Ar-339 strain was purchased fromATCC
(#VR-1585). SINV viral titer was determined by plaque assay using Vero
cells. Cells were plated into 6-well dishes, and the adsorption of the
virus was performed for 1 h at 37 °C in 200 µL of virus diluted in serum-
free DMEM. Then, Vero cells were overlaid with agarose (0.45% in
culture media). Poliovirus type 1 (PV) (Mahoney strain) was originally
obtained from Dr. Eckard Wimmer at Stony Brook University, New
York. PV viral titer was determined by plaque assay using HeLa cells.
Cells were plated into 6 well dishes, and adsorption of the virus was
performed for 30min at room temperature in 200 µL of virus diluted
in serum-free DMEM. Then, cells were overlaid with agarose (0.45% in
culture media). EV-A71 was obtained from Dr. Shin-Ru Shih at Chang
Gung University, Taiwan. A plasmid harboring the viral cDNAwas used
as a template for in vitro transcription86. Synthetic viral RNA was used
to transfect RD cells. Individual infectious virus plaques were isolated
and expanded to form a working stock. EV-A71 viral titer was deter-
mined by plaque assay using RD cells. Cells were plated into 6-well
dishes, and adsorption of the virus was performed for 1H at 37 °C in
200 µL of virus diluted in serum-free DMEM. Then, cells were overlaid
with agarose (0.45% in culture media).

Viral infection
U2OS or A549 cells were infected with SeV, SINV, PV, or EV-A71 in
serum-free medium at indicated M.O.I (Multiplicity of infection) at
37 °C for 1 h (SeV, SINV and EV-A71) or 22–25 °C for 30min (PV) for
adsorption. A culture medium supplemented with 10% FBS and 1%
penicillin/streptomycin was added post-adsorption.

Cell treatment
Poly(I:C) (InvivoGen, #tlrl-pic) and Poly(I:C)-Fluorescein (InvivoGen,
#tlrl-picf) were transfected by forward transfection with Lipofecta-
mine 2000 (Thermo Fisher Scientific, #11668019) at the indicated
concentration and time according to the manufacturer’s instructions.
For Surface sensing of translation (SUnSET) Assay37, U2OS, or A549
cells were treated with puromycin (10 µg/mL, MP Biomedicals
#ICN10055210) for 15min before fixation for analysis by immuno-
fluorescencewith an antibody against puromycin. U2OS PACTKOcells
complemented with PACT-HA using the pInducer20 vector were
treated with doxycycline (500ng/mL) for 16- to 24 h prior to other
treatments to induce protein expression.

Lentivirus
All experiments involving the overexpression of PACT-HA, PACTEA-HA,
and ADAR1-p150-GFP were conducted using stable cell lines generated
through lentiviral transduction of the corresponding constructs. Len-
tiviruses were generated using pLenti-PACT-HA, pLenti-PACTEA-HA,
pLenti-eGFP-ADAR1-p150, or pInducer20-PACT-HA vectors in combi-
nation with third-generation lentivirus packaging vectors: pMD2.G
(Addgene #12259), pRSV-Rev (Addgene #12253), pMDLg/pRRE
(Addgene #12251)87. The vectors were transfected in HEK-293T cells
using Lipofectamine 2000 (Thermo Fisher Scientific, #11668027)
according to manufacturer instructions. Two days following transfec-
tion, cell supernatant containing lentivirus was filtered, mixed 1:2 with
target cell media and supplemented with polybrene (10 µg/ml). The
next day, cells expressing PACT-HA or PACTEA-HA were selected using
G418 (850μg/mL) for 6 days to obtain > 95% of the cell population

Article https://doi.org/10.1038/s41467-025-58412-2

Nature Communications |         (2025) 16:3246 13

www.nature.com/naturecommunications


expressing PACTWT or PACTEA. Cells expressing PACT following infec-
tion with lentiviruses derived from the pInducer20-PACT-HA vector
were subcloned by limited dilution to obtain > 95% of the cell popu-
lation expressing PACT after doxycycline (500ng/mL) treatment for
16–24 h. Cells expressing ADAR1-p150-eGFP were selected by FACS
sorting.

CRISPR-Translate
The CRISPR Knockout screening using the Brunello library88 was per-
formed following protocols provided by Addgene (Catalog #73179)
and Dr. Feng Zhang lab89 with adaptations27. For Brunello library len-
tiviral pool production, 293FT cells (ThemoFisher Scientific, #
R70007) were seeded in 15 cm2 culture dishes to have 70% confluency
on the day of the transfection. The day after cell seeding, 15 µg of
Brunello library plasmid (Addgene, #73179) and lentivirus packaging
vectors (8 µg of pRSV-Rev, 8 µg of pMDL/pRRE, and 3 µg of pMD2.6)
were transfected using calciumphosphate transfectionmethod90. 48 h
following transfection, cell supernatants were collected, filtered with
0.45 µm syringe filters (Genesse Scientific, #25-246), and frozen in
1.5mL aliquots at − 80 °C.

Thegenome-wideCRISPR librarieswere generatedby transducing
140million U2OSWT cells with a Brunello lentiviral pool at MOI of 0.3
to maintain at least 500x library coverage after puromycin selection.
The cells were split once after reaching confluency during puromycin
selection. Following 7 days of puromycin selection (0.75 µg/ml), 200
million cells were plated in 15 cm tissue culture dishes. The next day,
the Brunello library harboring cells were infected with SeV at MOI = 3
for 14 h. The cells were shifted to methionine-free media for 30min,
followed by treatment with L-azidohomoalanine (AHA) (Vector
Laboratory, #CCT-1066) at 25 µM for 30min. The cells were collected
and fixed with ice-cold 70% ethanol overnight. Next, the cells were
labeled with a 488-tagged alkyne probe (Vector Laboratories, #CCT-
1277-1) using click-It reaction (Vector Laboratories, #CCT-1263)
according to the manufacturer’s protocol. The cells were then sorted
on a FACS Aria Fusion into two populations: 488 positive cells and 5%
of the bottom488negative cells. 488negative cells were subjected to a
second round of sorting to eliminate any false 488-negative cells.
Genomic DNA was extracted from both sorted cell populations, and
sgRNAs were amplified using P5 primers with different numbers of
stagger regions pooled together (for sequencing diversity) and P7
primers (Supplementary Data 2) with unique barcode sequences using
Q5 High-Fidelity DNA Polymerase (New England Biolabs, #M0491)
under the following PCR condition: an initial denaturation at 98 °C for
30 s, followed by 10 s at 98 °C, 30 s at 65 °C, 30 s at 72 °C for 32 cycles,
and a final extension at 72 °C for 10min. PCR products were gel
extracted (Qiagen, #28706) and sequenced on a Novaseq 6000 plat-
form (UCI Genomics High-Throughput Facility (GHTF)). MaGeck ana-
lysis was performed to find enriched gRNAs in the 488-negative
population relative to the 488-positive population (Supplementary
Data 1)31.

Synthetic lethality CRISPR knockout screen
The survival screen consisted of transducing 140 million U2OS WT or
PACT KO cells with a Brunello lentiviral pool at MOI of 0.3 to maintain
at least 500x library coverage after puromycin selection. The cells were
split once after reaching confluency during puromycin selection. Fol-
lowing 3 days of puromycin selection (1 µg/ml), to maintain a 500-fold
library coverage, 40 million cells of each cell line (U2OS WT or PACT
KO) were plated in 15 cm tissue culture dishes and allowed to grow for
7 days. Genomic DNA was extracted using the Quick-DNA Midiprep
Plus Kit (ZymoResearch, #D4075), and sgRNAswere amplified using P5
primers with different numbers of stagger regions pooled together
(for sequencing diversity) and P7 primers (SupplementaryData 2) with
unique barcode sequences using Q5 High-Fidelity DNA Polymerase
(New England Biolabs, #M0491) under the following PCR condition: an

initial denaturation at 98 °C for 30 s, followed by 10 s at 98 °C,
30 seconds at 65 °C, 30 s at 72 °C for 32 cycles, and a final extension at
72 °C for 10min. PCR products were gel extracted (Qiagen, #28706)
and sequenced on a Novaseq 6000 platform (UCI Genomics High-
Throughput Facility (GHTF)). MaGeck analysis was performed to
identify gRNAs depleted in PACT KO cells (Supplementary Data 1). P-
values were calculated using a negative binomial model with a like-
lihood ratio test, and gene-level significance was determined using
Robust Rank Aggregation (RRA), which was implemented in MAGeCK.
Multiple testing correction was applied using the Benjamini-Hochberg
false discovery rate (FDR) method.

RNA interference
siRNA transfections were performed by reverse transfection with
Lipofectamine RNAiMax (Thermo Fisher Scientific, #13778150). siRNAs
were purchased from Thermo Fisher Scientific (Silencer Select siRNA).
Cells were transfected with poly(I:C) or infected with viruses 40 h after
siRNA transfection (4–8 nM) if not indicated otherwise. To increase
knockdown efficiency, two siRNA targeting PKR or ADAR1 were
transfected together. The sequences of the siRNAs used in this study
are listed in Supplementary Data 2.

Antibodies
The antibodies used in this study are listed in Supplementary Data 2.

CRISPR-Cas9 Knockout cells
PKR and ADAR1-p150 CRISPR-Cas9 knockout U2OS cell line was per-
formed by transfection with Lipofectamine CRISPRMAX of TrueGuide
Synthetic CRISPR gRNA (Thermo Fisher Scientific, #CMAX00003) and
TrueCut Cas9 Protein v2 (ThermoFisher Scientific, #A36498) accord-
ing to the manufacturer’s instructions. CRISPR gene editing efficiency
was verified using the GeneArt Genomic Cleavage Detection kit
(A24372; Thermo Fisher Scientific). PACT KO cells and PKR KO-
derivative knockout cell lineswere generated by transfecting cells with
the pSpCas9(BB)-2A-GFP (PX458) plasmid containing gRNAs targeting
eachgenewith FuGENE 6 TransfectionReagent (E2691; Promega). 24 h
after transfection, GFP + cells were sorted and selected. For every
target, three or more independent clones were generated. gRNA
sequences used in this study are listed in Supplementary Data 2.

Immunofluorescence
Cells were fixed with paraformaldehyde (3% paraformaldehyde and 2%
sucrose in 1xPBS) for 20min, washed twice with 1 × PBS, and cells were
permeabilized with a permeabilization buffer (1 × PBS and 0.2% Triton
X-100) for 5min. Subsequently, cells were washed twice with 1xPBS,
and blocked in PBS-T (1xPBS and 0.05% Tween-20) containing 2% BSA
and 10% milk for 1 h. Cells were then incubated with the primary
antibody diluted in 1xPBS-T containing 2% BSA and 10% milk at room
temperature for 2 h. Coverslips were washed three times with PBS-T
before incubation (1 h) with the appropriate secondary antibodies
conjugated to fluorophores (Alexa-488 or Cy3). After three washes
with PBS-T, cells were stained with DAPI (0.5 µg/mL, MilliporeSigma
#D9542), and the coverslips were mounted using slow-fade mounting
media (Thermo Fisher Scientific, # S36936). Images were captured
using a Leica DMi8 THUNDER microscope.

RNA fluorescence in situ hybridization (RNA FISH)
Cells were fixed with paraformaldehyde (3% paraformaldehyde and 2%
sucrose in 1 × PBS nuclease-free) for 10min, washed twicewith 1 × PBS,
and permeabilized with a permeabilization buffer (1 × PBS and 0.2%
Triton X-100) for 5min. Subsequently, cells were washed twice with
nuclease-free 1 × PBS and then incubated with the primary antibody
diluted in nuclease-free 1 × PBS containing 2% BSA at room tempera-
ture for 2 h. Coverslips were washed three times with PBS-T before
incubation (1 h) with the appropriate secondary antibodies conjugated
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to fluorophores. The stained cells were washed three times with PBS-T
and then fixed again with paraformaldehyde (3% paraformaldehyde
and 2% sucrose in nuclease-free 1 × PBS) for 10min, followed by 1 h
incubation in 70% ethanol at room temperature. Next, cells were
washed in FISH wash buffer (10% formamide and 2X SSC (Saline
Sodium Citrate)) for 5min. The FISH probes (12.5 µM stock) diluted
1:100 in FISH hybridization buffer (10% formamide, 2X SSC, and 10%
(wt/vol) dextran sulfate) were added to each coverslip placed in a petri
dish containing a wet paper towel and then covered with parafilm to
create a humidity chamber. Hybridization was performed at 37 °C for
16 h. The cells were then washed once in FISH wash buffer for 30min.
Finally, cells were stained with DAPI (5 µg/mL, MilliporeSigma #D9542)
in 2X SSC for 5min before the coverslips were mounted using slow-
fade mounting media (Thermo Fisher Scientific, #S36936). Images
were captured using a Leica DMi8 THUNDER microscope. The FISH
probes used in this study were designed to target positions 14,944 to
15340 of the SeV genome (GenBank: AB855654.1) as previously
described38 and were labeled with Quasar 670 (Biosearch
Technologies).

Crystal violet staining assay
U2OS or A549 cells (60,000 cells per well) were plated in 6 well plates
and reverse-transfected with the indicated siRNA. Six days following
siRNA transfection, cells were fixed with paraformaldehyde (3% par-
aformaldehyde and 2% sucrose in 1 × PBS) for 20min, washed twice
with 1 × PBS, cells were stained with a solution of 0.5% crystal violet
solution (Fisher Chemicals, #C581-25) and 30% methanol for 2 h at
room temperature, and washed thoroughly with 1 × PBS to remove all
the crystal violet solution.

Alamar blue cell viability assay
Cells were plated in a 96-well plate at a density of 5000 cells/well to
obtain 90 to 95% confluency in control cells after 6 days. Cells were
reverse-transfected with the indicated siRNAs. Cell viability was
assessed 6 days post-transfection using Alamar Blue Cell Viability
Reagent (Thermo Fisher Scientific, #DAL1025). 20 µl of Alamar Blue
was added to each well and incubated for 4 h. The fluorescence levels
(excitation 565 nm/emission 590nm) were then measured using a
Varioskan LUX Multimode Microplate Reader microplate reader
(Thermo Fisher Scientific, #VLBL00GD2).

Quantitative reverse transcription PCR (RT-qPCR)
Total RNA was extracted from cells using Quick-RNA MiniPrep Kit
(Zymo Research, #R1055) according to the manufacturer’s instruc-
tions. Following extraction, total RNA was reverse transcribed using
the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, #4368813). RT products were analyzed by real-time qPCR
using SYBR Green (PowerUp SYBR Green Master Mix, Thermo Fisher
Scientific, #A25743 in a QuantStudio 3 Real-Time PCR detection sys-
tem (Thermo Fisher Scientific). For each sample tested, the levels of
indicated mRNA were normalized to the levels of Actin mRNA. The
primers used in this study are listed in Supplementary Data 2.

AlphaFold 3 modeling
AlphaFold 3 modeling was performed using the AlphaFold webserver
(https://alphafoldserver.com/)48. The dsRNA sequences used in the
predictions were derived from sequences shown to stimulate PKR
autophosphorylation15 (GGAGAACUUCAUGCCCUUCGGAUAAGGACU
and AGUCCUUAUCCGAAGGGCAUGAAGUUCUCC). Local folding
accuracy was evaluated by pLDDT score plotted for each atom in the
model, with the AlphaFold3 recommended score thresholds of 0, 50,
70, and 90 for Very Low, Low, High, and Very High confidence,
respectively. Interdomain interaction predictions were evaluated
based on the predicted aligned error (PAE) score48 as visualized either
by the PAE Viewer webserver91 or using a Python script to identify the

average interface PAE score92. Congruence between the five models
predicted by AlphaFold 3 for each query was performed using the
Matchmaker function in ChimeraX93.

Proliferation assays
Cells were transfected with siRNA control (siCTL) or against siADAR1
(siADAR1) by reverse transfection with Lipofectamine RNAiMax
(Thermo Fisher Scientific, #13778150) and were seeded at a low dilu-
tion in triplicate in a 6-well dish (60,000 cells per well). Cell media
containing transfection reagent was then replaced with fresh cell
media 16 h after siRNA transfection. Cell growth was monitored over
time using a BioTek Cytation 5 Cell Imaging Multimode Reader (Agi-
lent) equipped with BioTek BioSpa 8 Automated Incubator (Agilent).
Nine images were taken every 4 hours in each well, and the number of
cells by images were determined using BioTek Gen5 Software
(Agilent).

Statistics and reproducibility
Electrophoresis gels (Figs. 2a–f, 4d, g, h, 6a, c, 7a, b, f; Supplementary
Figs. 1a–c, 2a, b, 5a, 6a–c, 6f–I, 7a, 8a) and immunofluorescence panels
(Figs. 1c, 3a, c, 6b, d, 8a; Supplementary Figs. 1e, f, 2c, 7b, c) were
repeated at least three times, and representative images are shown in
this paper.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
CRISPR knockout screen data generated in this study have been
deposited in NCBI’s Sequence Read Archive (SRA) with the Bioproject
Accession number PRJNA1222466. Source data are provided in
this paper.

References
1. Wu, J. & Chen, Z. J. Innate immune sensing and signaling of

cytosolic nucleic acids. Annu. Rev. Immunol. 32, 461–488
(2014).

2. Brubaker, S. W., Bonham, K. S., Zanoni, I. & Kagan, J. C. Innate
Immune Pattern Recognition: A Cell Biological Perspective. Annu.
Rev. Immunol. 33, 257–290 (2015).

3. Takeuchi, O. & Akira, S. Pattern recognition receptors and inflam-
mation. Cell 140, 805–820 (2010).

4. Amarante-Mendes,G. P. et al. Pattern recognition receptors and the
host cell death molecular machinery. Front. Immunol. 9,
2379 (2018).

5. Li, D. &Wu,M. Pattern recognition receptors in health and diseases.
Signal Transduct. Target. Ther. 6, 291 (2021).

6. Schlee, M. & Hartmann, G. Discriminating self from non-self in
nucleic acid sensing. Nat. Rev. Immunol. 16, 566–580 (2016).

7. Bartok, E. & Hartmann, G. Immune sensing mechanisms that dis-
criminate self from altered self and foreign nucleic acids. Immunity
53, 54–77 (2020).

8. Hur, S. Double-stranded RNA sensors and modulators in innate
immunity. Annu. Rev. Immunol. 37, 349–375 (2019).

9. Lee, K., Ku, J., Ku, D. & Kim, Y. Inverted Alu repeats: friends or foes in
the human transcriptome. Exp. Mol. Med. 56, 1250–1262 (2024).

10. Zhang, X. O., Pratt, H. &Weng, Z. Investigating the potential roles of
SINEs in the human genome. Annu. Rev. Genomics Hum.Genet. 22,
199–218 (2021).

11. García, M. A. et al. Impact of protein kinase PKR in cell biology: from
antiviral to antiproliferative action. Microbiol. Mol. Biol. Rev. 70,
1032–1060 (2006).

12. Gal-Ben-Ari, S., Barrera, I., Ehrlich,M. &Rosenblum, K. PKR: AKinase
to Remember. Front. Mol. Neurosci. 11, 480 (2019).

Article https://doi.org/10.1038/s41467-025-58412-2

Nature Communications |         (2025) 16:3246 15

https://alphafoldserver.com/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1222466
www.nature.com/naturecommunications


13. Wek, R. C. Role of eIF2α kinases in translational control and adap-
tation to cellular stress.ColdSpringHarb. Perspect. Biol. 10, https://
doi.org/10.1101/cshperspect.a032870 (2018).

14. Cesaro, T. & Michiels, T. Inhibition of PKR by Viruses. Front. Micro-
biol. 12, https://doi.org/10.3389/fmicb.2021.757238 (2021).

15. Lemaire, P. A., Anderson, E., Lary, J. & Cole, J. L. Mechanism of PKR
Activation by dsRNA. J. Mol. Biol. 381, 351–360 (2008).

16. Balachandran, S. et al. Essential role for the dsRNA-dependent
protein kinasePKR in innate immunity to viral infection. Immunity 13,
129–141 (2000).

17. Savva, Y. A., Rieder, L. E. & Reenan, R. A. The ADAR protein family.
Genome Biol. 13, 252 (2012).

18. Piontkivska, H., Wales-McGrath, B., Miyamoto, M. & Wayne, M. L.
ADAR Editing in Viruses: An evolutionary force to reckon with.
Genome Biol. Evol. 13, https://doi.org/10.1093/gbe/
evab240 (2021).

19. Chung, H. et al. Human ADAR1 Prevents endogenous RNA from
triggering translational shutdown. Cell 172, 811–824 (2018).

20. Lamers, M. M., van den Hoogen, B. G. & Haagmans, B. L. ADAR1:
‘Editor-in-chief’of cytoplasmic innate immunity. Front. Immunol. 10,
1763 (2019).

21. Ota, H. et al. ADAR1 forms a complex with Dicer to promote
microRNA processing and RNA-induced gene silencing. Cell 153,
575–589 (2013).

22. Sinigaglia, K. et al. AnADAR1dsRBD3-PKRkinasedomain interaction
on dsRNA inhibits PKR activation. Cell Rep. 43, https://doi.org/10.
1016/j.celrep.2024.114618 (2024).

23. Gannon, H. S. et al. Identification of ADAR1 adenosine deaminase
dependency in a subset of cancer cells. Nat. Commun. 9,
5450 (2018).

24. Zu, T. et al. Metformin inhibits RAN translation throughPKRpathway
and mitigates disease in C9orf72 ALS/FTD mice. Proc. Natl. Acad.
Sci. USA 117, 18591–18599 (2020).

25. Bando, Y. et al. Double-strand RNA dependent protein kinase
(PKR) is involved in the extrastriatal degeneration in Parkin-
son’s disease and Huntington’s disease. Neurochem. Int. 46,
11–18 (2005).

26. Martinez, N. W., Gómez, F. E. & Matus, S. The potential role of pro-
tein kinase R as a regulator of age-related neurodegeneration.
Front. Aging Neurosci. 13, https://doi.org/10.3389/fnagi.2021.
638208 (2021).

27. Oh, S. et al. A CRISPR-Cas9 knockout screening identifies IRF2 as a
key driver of OAS3/RNase L-mediated RNA decay during viral
infection. Proc. Natl. Acad. Sci. USA 121, https://doi.org/10.1073/
pnas.2412725121 (2024).

28. Li, Y. et al. Activation of RNase L is dependent on OAS3 expression
during infection with diverse human viruses. Proc. Natl. Acad. Sci.
USA 113, 2241–2246 (2016).

29. Manjunath, L. et al. APOBEC3B drives PKR-mediated translation
shutdown and protects stress granules in response to viral infec-
tion. Nat. Commun. 14, 820 (2023).

30. Dieterich, D. C., Link, A. J., Graumann, J., Tirrell, D. A. &
Schuman, E. M. Selective identification of newly synthesized
proteins in mammalian cells using bioorthogonal noncanonical
amino acid tagging (BONCAT). Proc. Natl. Acad. Sci. USA 103,
9482–9487 (2006).

31. Li,W. et al.MAGeCKenables robust identificationof essential genes
from genome-scale CRISPR/Cas9 knockout screens. Genome Biol.
15, 554 (2014).

32. Meyer-Schuman, R. & Antonellis, A. Emerging mechanisms of
aminoacyl-tRNA synthetase mutations in recessive and dominant
human disease. Hum. Mol. Genet. 26, R114–R127 (2017).

33. Chukwurah, E., Farabaugh, K. T., Guan, B. J., Ramakrishnan, P. &
Hatzoglou,M.A tale of twoproteins: PACTandPKRand their roles in
inflammation. FEBS J. 288, 6365–6391 (2021).

34. Patel, R. C. & Sen, G. C. PACT, a protein activator of the interferon-
induced protein kinase, PKR. EMBO J. 17, 4379–4390 (1998).

35. Peters, G. A., Hartmann, R., Qin, J. & Sen, G. C. Modular structure of
PACT: distinct domains for binding and activating PKR. Mol. Cell
Biol. 21, 1908–1920 (2001).

36. Patel, C. V., Handy, I., Goldsmith, T. & Patel, R. C. PACT, a stress-
modulated cellular activator of interferon-induced double-stran-
ded RNA-activated protein kinase, PKR. J. Biol. Chem. 275,
37993–37998 (2000).

37. Schmidt, E. K., Clavarino, G., Ceppi, M. & Pierre, P. SUnSET, a non-
radioactive method to monitor protein synthesis. Nat. Methods 6,
275–277 (2009).

38. Xu, J. et al. Replication defective viral genomes exploit a cellular
pro-survival mechanism to establish paramyxovirus persistence.
Nat. Commun. 8, 799 (2017).

39. Protter, D. S. W. & Parker, R. Principles and Properties of Stress
Granules. Trends Cell Biol. 26, 668–679 (2016).

40. Watkins, J. M. & Burke, J. M. A closer look at mammalian antiviral
condensates. Biochem. Soc. Trans. 52, 1393–1404 (2024).

41. Tauber, D., Tauber, G. & Parker, R. Mechanisms and regulation of
RNA condensation in RNP granule formation. Trends Biochem. Sci.
45, 764–778 (2020).

42. Wheeler, J. R., Matheny, T., Jain, S., Abrisch, R. & Parker, R. Distinct
stages in stress granule assembly and disassembly. Elife 5, (2016).

43. Yang, P. et al. G3BP1 Is a Tunable switch that triggers phase
separation to assemble stress granules. Cell 181, 325–345 (2020).

44. Buchan, J. R.& Parker, R. Eukaryotic stress granules: the ins andouts
of translation. Mol. Cell 36, 932–941 (2009).

45. Burke, J. M., Moon, S. L., Matheny, T. & Parker, R. RNase L repro-
grams translation by widespread mRNA turnover escaped by anti-
viral mRNAs. Mol. Cell 75, 1203–1217 (2019).

46. Burke, J. M., Lester, E. T., Tauber, D. & Parker, R. RNase L promotes
the formation of unique ribonucleoprotein granules distinct from
stress granules. J. Biol. Chem. 295, 1426 (2020).

47. Karasik, A., Lorenzi, H. A., DePass, A. V. & Guydosh, N. R. Endonu-
cleolytic RNA cleavage drives changes in gene expression during
the innate immune response. Cell Rep 43, 114287 (2024).

48. Abramson, J. et al. Accurate structure prediction of biomolecular
interactions with AlphaFold 3. Nature 630, 493–500 (2024).

49. Ahmad, S. et al. PACT prevents aberrant activation of PKR by
endogenous dsRNA without sequestration. Preprint at https://doi.
org/10.1101/2024.10.23.619951 (2024).

50. Takahashi, T. et al. Distinguishable in vitro binding mode of mono-
meric TRBP and dimeric PACT with siRNA. PLoS ONE 8, https://doi.
org/10.1371/journal.pone.0063434 (2013).

51. Lee, H. Y., Zhou, K., Smith, A. M., Noland, C. L. & Doudna, J. A.
Differential roles of humanDicer-bindingproteins TRBP andPACT in
small RNA processing. Nucleic Acids Res. 41, 6568–6576 (2013).

52. Masliah, G. et al. Structural basis of siRNA recognition by TRBP
double-stranded RNA binding domains. EMBO J. 37, https://doi.
org/10.15252/embj.201797089 (2018).

53. Doherty, E. E. et al. ADAR activation by inducing a syn conformation
at guanosine adjacent to an editing site. Nucleic Acids Res. 50,
10857–10868 (2022).

54. Mboukou, A. et al. Dimerization of ADAR1 modulates site-specificity
of RNA editing. 15, 10051 (2023).

55. Nanduri, S., Carpick, B. W., Yang, Y., Williams, B. R. G. & Qin, J.
Structure of the double-stranded RNA-binding domain of the pro-
tein kinase PKR reveals the molecular basis of its dsRNA-mediated
activation. EMBO J. 17, 5458–5465 (1998).

56. Mayo, C. B. et al. Structural basis of protein kinase R Autopho-
sphorylation. Biochemistry 58, 2967–2977 (2019).

57. Washburn, M. C. et al. The dsRBP and inactive editor ADR-1 utilizes
dsRNA binding to regulate A-to-I RNA editing across the C. elegans
transcriptome. Cell Rep. 6, 599–607 (2014).

Article https://doi.org/10.1038/s41467-025-58412-2

Nature Communications |         (2025) 16:3246 16

https://doi.org/10.1101/cshperspect.a032870
https://doi.org/10.1101/cshperspect.a032870
https://doi.org/10.3389/fmicb.2021.757238
https://doi.org/10.1093/gbe/evab240
https://doi.org/10.1093/gbe/evab240
https://doi.org/10.1016/j.celrep.2024.114618
https://doi.org/10.1016/j.celrep.2024.114618
https://doi.org/10.3389/fnagi.2021.638208
https://doi.org/10.3389/fnagi.2021.638208
https://doi.org/10.1073/pnas.2412725121
https://doi.org/10.1073/pnas.2412725121
https://doi.org/10.1101/2024.10.23.619951
https://doi.org/10.1101/2024.10.23.619951
https://doi.org/10.1371/journal.pone.0063434
https://doi.org/10.1371/journal.pone.0063434
https://doi.org/10.15252/embj.201797089
https://doi.org/10.15252/embj.201797089
www.nature.com/naturecommunications


58. Parker, G. S., Maity, T. S. & Bass, B. L. dsRNA binding properties of
RDE-4 and TRBP reflect their distinct roles in RNAi. J. Mol. Biol. 384,
967–979 (2008).

59. Bennett, R. L., Blalock,W. L. &May,W. S. Serine 18 phosphorylation of
RAX, the PKR activator, is required for PKR activation and consequent
translation inhibition. J. Biol. Chem. 279, 42687–42693 (2004).

60. Bennett, R. L. et al. RAX, the PKR activator, sensitizes cells to
inflammatory cytokines, serum withdrawal, chemotherapy, and
viral infection. Blood 108, 821–829 (2006).

61. Corbet, G. A., Burke, J. M., Bublitz, G. R., Tay, J. W. & Parker, R.
dsRNA-induced condensation of antiviral proteins modulates PKR
activity. Proc. Natl. Acad. Sci. USA 119, https://doi.org/10.1073/
pnas.2204235119 (2022).

62. Zappa, F. et al. Signaling by the integrated stress response kinase
PKR isfine-tunedbydynamic clustering. J. Cell Biol.221, https://doi.
org/10.1083/jcb.202111100 (2022).

63. Peel, A. L. PKR activation in neurodegenerative disease. J. Neuro-
pathol. Exp. Neurol. 63, 97–105 (2004).

64. Vaughn, L. S. et al. Altered activation of protein kinase PKR and
enhanced apoptosis in dystonia cells carrying a mutation in PKR
activator protein PACT. J. Biol. Chem. 290, 22543–22557 (2015).

65. Chukwurah, E., Handy, I. & Patel, R. C. ADAR1 and PACT contribute
to efficient translation of transcripts containing HIV-1 trans-activat-
ing response (TAR) element. Biochem. J. 474, 1241–1257 (2017).

66. Burugu, S., Daher, A., Meurs, E. F. & Gatignol, A. HIV-1 translation
and its regulation by cellular factors PKR and PACT. Virus Res. 193,
65–77 (2014).

67. Clerzius, G. et al. The PKR activator, PACT, becomes a PKR inhibitor
during HIV-1 replication. Retrovirology 10, 96 (2013).

68. Meyer, C. et al. The TIA1 RNA-Binding protein family regulates
EIF2AK2-mediated stress response and cell cycle progression.Mol.
Cell 69, 622–635 (2018).

69. Dickerman, B. K. et al. The protein activator of protein kinase R,
PACT/RAX, negatively regulates protein kinase R during mouse
anterior pituitary development. FEBS J. 282, 4766–4781 (2015).

70. Burnett, S. B., Vaughn, L. S., Strom, J.M., Francois, A. & Patel, R. C. A
truncated PACT protein resulting from a frameshift mutation
reported in movement disorder DYT16 triggers caspase activation
and apoptosis. J. Cell Biochem. 120, 19004–19018 (2019).

71. Burnett, S. B., Vaughn, L. S., Sharma, N., Kulkarni, R. & Patel, R. C.
Dystonia 16 (DYT16) mutations in PACT cause dysregulated PKR acti-
vation and eIF2α signaling leading to a compromised stress response.
Neurobiol. Dis. 146, https://doi.org/10.1016/j.nbd.2020.105135 (2020).

72. Chu, W.-M., Ballard, R., Carpick, B. W., Williams, B. R. G. &
Schmid, C. W. Potential Alu function: regulation of the activity
of double-stranded RNA-activated kinase PKR. Mol. Cell Biol.
18, 58–68 (1998).

73. Rice, G. I. et al. Mutations in ADAR1 cause Aicardi-Goutières syn-
drome associated with a type I interferon signature. Nat. Genet. 44,
1243–1248 (2012).

74. Guo, X. et al. Aicardi-Goutières syndrome-associated mutation at
ADAR1 gene locus activates innate immune response in mouse
brain. J. Neuroinflammation 18, https://doi.org/10.1186/s12974-021-
02217-9 (2021).

75. Dauber, B., Schneider, J. & Wolff, T. Double-stranded RNA binding
of influenza B virus nonstructural NS1 protein inhibits protein kinase
R but is not essential to antagonize production of alpha/beta
interferon. J. Virol. 80, 11667–11677 (2006).

76. Romano, P. R. et al. Inhibition of double-stranded RNA-dependent
protein kinase PKR by vaccinia virus E3: role of complex formation
and the E3 N-terminal domain.Mol. Cell Biol. 18, 7304–7316 (1998).

77. Ikegami, T. et al. Dual functions of Rift Valley fever virusNSsprotein:
inhibition of host mRNA transcription and post-transcriptional
downregulation of protein kinase PKR. Ann. N. Y. Acad. Sci. https://
doi.org/10.1111/j.1749-6632.2009.05054.x (2009).

78. Kalveram, B. et al. Rift Valley fever virus NSs inhibits host tran-
scription independently of the degradation of dsRNA-dependent
protein kinase PKR. Virology 435, 415–424 (2013).

79. Kalveram, B. & Ikegami, T. Toscana virus NSs protein promotes
degradation of double-stranded RNA-dependent protein kinase. J.
Virol. 87, 3710–3718 (2013).

80. Ricciardi-Jorge, T. et al. PKR-mediated stress response enhances
dengue and Zika virus replication.mBio 14, https://doi.org/10.1128/
mbio.00934-23 (2023).

81. Firth, A. E. & Brierley, I. Non-canonical translation in RNA viruses. J.
Gen. Virol. 93, 1385 (2012).

82. Shivaprasad, S. et al. CRISPR Screen reveals PACT as a pro-viral
factor for dengue viral replication. viruses 16, https://doi.org/10.
3390/v16050725 (2024).

83. Chan, C. P. et al. Antiviral activity of double-stranded RNA-binding
protein PACT against influenza A virus mediated via suppression of
viral RNA polymerase. FASEB J. 32, 4380–4393 (2018).

84. Lin, Y. Y. et al. PACT inhibits the replication of SARS-CoV-2 through
the blockage of GSK-3β-N-nsp3 cascade. J. Med. Virol. 95, https://
doi.org/10.1002/jmv.28832 (2023).

85. Tatsumoto, N., Arditi, M. & Yamashita, M. Sendai virus propagation
using chicken eggs. Bio. Protoc. 8, https://doi.org/10.21769/
BioProtoc.3009 (2018).

86. van der Werf, S., Bradley, J., Wimmer, E., Studier, F. W. & Dunn, J. J.
Synthesis of infectious poliovirus RNA by purified T7 RNA poly-
merase. Proc. Natl. Acad. Sci. USA 83, 2330–2334 (1986).

87. Dull, T. et al. A third-generation lentivirus vector with a conditional
packaging system. J. Virol. 72, 8463–8471 (1998).

88. Doench, J. G. et al. Optimized sgRNA design to maximize activity
and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol.
34, 184–191 (2016).

89. Joung, J. et al. Genome-scale CRISPR-Cas9 knockout and tran-
scriptional activation screening. Nat. Protoc. 12, 828–863 (2017).

90. Kwon, M. & Firestein, B. L. DNA transfection: calcium phosphate
method. Methods Mol. Biol. 1018, 107–110 (2013).

91. Elfmann, C. & Stülke, J. PAE viewer: a webserver for the interactive
visualization of the predicted aligned error for multimer structure
predictions and crosslinks. Nucleic Acids Res. 51,
W404–W410 (2023).

92. Sifri, C., Hoeg, L., Durocher, D. & Setiaputra, D. An AlphaFold2map
of the 53BP1 pathway identifies a direct SHLD3-RIF1 interaction
critical for shieldin activity. EMBO Rep. 24, https://doi.org/10.
15252/embr.202356834 (2023).

93. Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for
researchers, educators, and developers. Protein Sci. 30, 70–82 (2021).

Acknowledgements
We thank Dr. Christopher Halbrook for providing access to the BioTek
Cytation 5 Cell Imaging Multimode Reader. We thank Casey Johnson,
Fiona Law, and Dr. Melanie Oakes for their technical assistance, and Dr.
Ivan Marazzi for his helpful discussions. pENTR4_PRKRA was a gift from
Thomas Tuschl (Addgene #106110). pmGFP-ADAR1-p150 was a gift from
Kumiko Ui-Tei (Addgene plasmid # 117927). The human Brunello CRISPR
knockout pooled library was a gift from David Root and John Doench
(Addgene #73179). L.M. was supported by a Center for Virus Research
Graduate Fellowship funded by the UCI Division of Graduate Studies.
Salary support for P.O. was provided by a California Institute for
Regenerative Medicine (CIRM) stem cell biology training grant (TG2-
01152) and an EMBO Postdoctoral fellowship (ALTF 213-2023). G.S. and
A.S. were supported by the National Institutes of Health Research Sup-
plements to Promote Diversity in Health-Related Research (R37-
CA252081-S1; -S2). S.O. is a Dr. Lorna Calin Scholar and was supported
by the Faculty Mentor Program and a Graduate Dean’s Dissertation
Fellowship from the University of California, Irvine. R.B. was supported
by the National Institutes of Health (R37-CA252081, R21-AI185033, and

Article https://doi.org/10.1038/s41467-025-58412-2

Nature Communications |         (2025) 16:3246 17

https://doi.org/10.1073/pnas.2204235119
https://doi.org/10.1073/pnas.2204235119
https://doi.org/10.1083/jcb.202111100
https://doi.org/10.1083/jcb.202111100
https://doi.org/10.1016/j.nbd.2020.105135
https://doi.org/10.1186/s12974-021-02217-9
https://doi.org/10.1186/s12974-021-02217-9
https://doi.org/10.1111/j.1749-6632.2009.05054.x
https://doi.org/10.1111/j.1749-6632.2009.05054.x
https://doi.org/10.1128/mbio.00934-23
https://doi.org/10.1128/mbio.00934-23
https://doi.org/10.3390/v16050725
https://doi.org/10.3390/v16050725
https://doi.org/10.1002/jmv.28832
https://doi.org/10.1002/jmv.28832
https://doi.org/10.21769/BioProtoc.3009
https://doi.org/10.21769/BioProtoc.3009
https://doi.org/10.15252/embr.202356834
https://doi.org/10.15252/embr.202356834
www.nature.com/naturecommunications


R21-ES036190) and a Research Scholar Grant (RSG-24-1249960-01-
DMC) from the American Cancer Society. B.L.S. was supported by the
National Institutes of Health (R01-AI155962). D.S. was supported by the
Natural Sciences and Engineering Research Council of Canada Dis-
covery Grant (RGPIN−2024-05998) and a Next Generation Scientist
Scholarship (#26002) from the Cancer Research Society.

Author contributions
L.M., G.S., P.O., A.S., S.O., A.G., J.L., D.D., and E.B. performed all the
experiments. A.B. andB.L.Sprovided critical reagents, laboratory access
to performed experiments with poliovirus, and input on the project. D.S.
performed theAlphaFold3modeling. L.M. andR.B. conceived the study,
designed the experiments, and wrote the paper. R.B. oversaw the pro-
ject, and all the authors contributed to manuscript editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-58412-2.

Correspondence and requests for materials should be addressed to
Rémi Buisson.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-58412-2

Nature Communications |         (2025) 16:3246 18

https://doi.org/10.1038/s41467-025-58412-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Cooperative role of PACT and ADAR1 in preventing aberrant PKR activation by self-�derived double-stranded RNA
	Results
	CRISPR-Translate: A CRISPR-Cas9 screening method to identify factors regulating translation during viral infection
	PACT prevents translation shutdown in response to RNA viral infections
	PACT suppresses PKR-mediated translation shutdown and stress granule formation
	Structural modeling of PACT on dsRNA
	PACT inhibits PKR primarily through its RNA-binding activity
	ADAR1 depletion causes synthetic lethality in PACT-deficient cells
	PACT and ADAR1 depletion induce PKR activation
	Overlapping roles of PACT and ADAR1 in preventing PKR activation
	PACT and ADAR1 protect cells from PKR-mediated cell death

	Discussion
	Methods
	Plasmids
	Cell culture
	Viruses
	Viral infection
	Cell treatment
	Lentivirus
	CRISPR-Translate
	Synthetic lethality CRISPR knockout screen
	RNA interference
	Antibodies
	CRISPR-Cas9 Knockout cells
	Immunofluorescence
	RNA fluorescence in situ hybridization (RNA FISH)
	Crystal violet staining assay
	Alamar blue cell viability assay
	Quantitative reverse transcription PCR (RT-qPCR)
	AlphaFold 3 modeling
	Proliferation assays
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




