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The small interfering RNA (siRNA) pathway is a highly conserved antiviral defense
mechanism in vertebrates and invertebrates. Although the core components of this
pathway are well characterized, its upstream regulatory networks remain poorly under-
stood. Here, we identify the integrated stress response (ISR) as a negative regulator of
the siRNA pathway, and demonstrate that the picorna-like virus CrPV (Cricket Paralysis
Virus) exploits this mechanism for immune evasion. Mechanistically, the picorna-like
virus triggers the ISR through transcriptional suppression of ppp1r15, a key regulator of
eukaryotic initiation factor 2a (eIF2a) dephosphorylation. ISR activation subsequently
induces the autophagy-lysosomal pathway by up-regulating Azg/ transcription in an
ATF4-dependent manner. This process leads to selective degradation of Argonaute 2
(Ago2) and other core components of the RNA-induced silencing complex (RISC),
thereby suppressing the host RNA interference (RNAi) machinery and enhancing viral
replication. Our findings uncover an unconventional immune evasion strategy employed
by a picorna-like virus and establish a previously unrecognized crosstalk between the
ISR and siRNA pathways.

integrated stress response | RNA interference | autophagy | picorna-like virus

Innate immunity serves as the first line of defense against microbial invasion (1-3). In
insects, innate immunity relies on conserved innate immunity signaling pathways, such
as Toll, Immune Deficiency (IMD), and siRNA, to detect and defend against pathogens.
Initial research in insects identified the evolutionarily conserved Toll and IMD pathways
as key mechanisms for combating bacterial and fungal infections. These pathways regulate
NF-kB family transcription factors to induce antimicrobial peptide (AMP) production
(4-6). Specifically, the Toll pathway, activated by fungi and Gram-positive bacteria, utilizes
the NF-kB factors Dorsal/Dif to induce AMPs like Drosomycin (Drs). Conversely, the
IMD pathway primarily responds to Gram-negative bacteria and employs the NF-xB
homolog Relish to regulate AMPs such as Diptericin (Dpt). Subsequent studies further
demonstrate that both pathways participate in defending against specific viral infections
(7-10). The siRNA pathway, initially identified as a major antiviral pathway in plants,
plays a critical role as a potent antiviral defense system in insects and also in mammals
(11-20). This pathway is initiated by the recognition of double-stranded RNA (dsRNA)
segments derived from viral replicative intermediates. The dsRNA is processed by Dicer,
a dsRNA-specific endoribonuclease, which cleaves dsRNA into 21- to 23-nucleotide
siRNAs. Subsequently, these virus-derived siRNAs are transferred by the Dicer-R2D2
complex to Argonaute to form RISC, which guides the specific pairing and destruction
of homologous viral RNA in infected cells (21-23).

The fruit fly Drosophila melanogaster, like other insects, lacks acquired immune responses
and relies primarily on innate immunity mechanisms, including the siRNA pathway, to
defend against viruses (11-14). For instance, Drosophila mutants lacking Dicer-2 (Der-2),
which encodes the sole siRNA-producing Dicer protein in Drosophila, exhibit increased
susceptibility to viruses such as Flock House Virus (FHV), Drosophila C virus (DCV),
and Sindbis virus (SINV) (12). Similarly, Drosophila mutants with Argonaute 2 (Ago2)
deficiency show heightened susceptibility and mortality upon infection with DCV and
Cricket Paralysis Virus (CrPV) (24). Intriguingly, emerging evidence suggests that core
components of the siRNA pathway play multifaceted roles in modulating diverse immune
signaling cascades. In a seminal study, Deddouche et al. demonstrated that Dcr-2 mediates
the induction of the antiviral protein Vago, which subsequently regulates DCV infection
(25). On the other hand, our previous work revealed that Der-2 positively regulates Toll
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protein expression at the posttranscriptional level, thereby facili-
tating the activation of Toll immune signaling (26). Despite these
significant advances in understanding the downstream immuno-
logical functions of the siRNA pathway, the upstream regulatory
mechanisms governing its activity remain poorly understood.

The ISR is a highly conserved cellular signaling pathway among
eukaryotic cells that is activated in response to various stress con-
ditions. A central event in ISR is the phosphorylation of eukaryotic
initiation factor 2a (elF2a), mediated by one of four elF2a
kinases: protein kinase R (PKR), PKR-like endoplasmic reticulum
kinase (PERK), general control nonderepressible 2 (GCN2), and
heme-regulated elF2a kinase (HRI) (27). This phosphorylation
event globally attenuates protein synthesis while selectively
enhancing the translation of specific genes, such as activating tran-
scription factor 4 (ATF4). The ISR also plays a pivotal role in
antiviral innate immunity (28). For example, PKR is activated
mainly by dsRNA during the infection of various viruses, thereby
blocking the translation of viral mRNAs (29-31). The PERK-ATF4
axis of ISR can suppress the replication of transmissible gastroen-
teritis virus (TGEV) by inducing interferon-I (/F/N-1) and inhib-
iting viral protein synthesis (32). Additionally, GCN2 recognizes
integrase from HIV type 1 (HIV-1) and restricts both viral inte-
gration (33) and viral RNA translation (34). However, the role of
the ISR in antiviral response in invertebrates remains largely
unexplored.

Here, we demonstrate that CrPV infection suppresses the tran-
scription of protein phosphatase 1 regulatory subunit 15 (ppplrl5),
thereby triggering ISR activation. Moreover, ISR activation
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enhances Autophagy-related 1 (Argl) transcription through the
phospho-elF2a-ATF4 axis, and the up-regulation of Azg! is suf-
ficient to promote the degradation of Ago2 via the
autophagy-lysosomal pathway. Furthermore, CrPV also promotes
the degradation of other RISC proteins, including FMR1, RM62,
and VIG, via a similar mechanism. This process results in the
suppression of RNAI and facilitates viral immune evasion. Our
findings elucidate a previously unrecognized crosstalk between the
ISR and RNAi pathways, and reveal an upstream regulatory mech-
anism for the RNAi pathway. Given the evolutionary conservation
of both the RNAi and ISR pathways in invertebrates and verte-
brates, these findings provide insights into the innate immunity
network and highlight potential targets for antiviral therapeutic
development.

Results

CrPV Infection Induces the ISR. Previous studies have established
that diverse mammalian viruses can activate the ISR in their
host cells (29-34). Building upon this foundation, we aimed to
determine whether insect viruses similarly induce ISR activation.
To this end, we infected Drosophila S2 cells with four distinct
RNA viruses: FHV, DCV, CrPV, and Drosophila X virus (DXV),
and assessed the levels of phosphorylated elF2a (P-elF2a), a
classic molecular marker of ISR activation. Consistent with
a previous study (35), our results revealed that infection with
CrPV, a picorna-like virus, led to a significant up-regulation of
P-elF2a (Fig. 14; quantified in Fig. 1B). The specificity of the
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Fig. 1. CrPVinfection induces the ISR. (A) Cultured S2 cells were mock infected or infected with FHV (MOl = 1), DCV (MOI = 1), CrPV (MOI = 1), or DXV (MOI = 1) for
12 h and subjected to western blot analysis using indicated antibodies. (B) Quantification of relative P-elF2a levels in (A) from three independent experiments. (C)
Cultured S2 cells were infected with CrPV (MOI = 1) for 0, 2, 4, 6, or 8 h and then subjected to western blot analysis using indicated antibodies. (D) Quantification
of relative P-elF2a levels in (C) from three independent experiments. (E and F) Cultured S2 cells were mock infected () or infected with CrPV (MOI = 1) (F) for
8 h and stained with DAPI (£ and F) and anti-P-elF2«a antibody (E" and F'). Merged images are shown in £” and F". (G) The relative P-elF2a signal in (E and F) (n =
10). (H) Cultured S2 cells were infected with CrPV (MOI = 1) or UV-inactivated CrPV for 8 h and subjected to western blot analysis using indicated antibodies.
(/) Quantification of relative P-elF2a levels in (H) from three independent experiments. (/ and K) Cultured S2 cells were transfected with the indicated reporter
constructs. The FLU/RLU ratio was measured from the dual-luciferase assay (n = 3). (L) Schematic diagram of CrPV infection induces the ISR.
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anti-P-elF2a and anti-total eIF2a antibodies were confirmed in
SI Appendix, Fig. S1. In contrast, other viruses failed to elicit
this response. Moreover, we found that the P-elF2a level was
significantly elevated as early as 4 h post CrPV infection and
continued to rise in correspondence with the duration of infection
thereafter (Fig. 1C; quantified in Fig. 1D). This finding was further
corroborated by immunofluorescence analysis, which revealed a
marked increase in elF2a phosphorylation in CrPV infected cells
compared to mock infected controls (Fig. 1 £ and F; quantified
in Fig. 1G).

Surprisingly, we observed an up-regulation of total elF2a pro-
tein levels during CrPV infection (Fig. 1 A and C, quantified in
SI Appendix, Fig. S2 A and B). To investigate the molecular mech-
anisms underlying this phenomenon, we examined both e/F2a
mRNA level and protein stability in the context of CrPV infection.
Under CrPV infection, we observed a statistically nonsignificant
decrease in e/F2a mRNA levels (>50% reduction in average at 4
h post CrPV infection; SI Appendix, Fig. S34). Conversely, CrPV
infection significantly enhanced elF2a protein stability, extending
its half-life from 3—4 h (mock infection) to >5 h (87 Appendix,
Fig. S3 B and C; quantified in ST Appendix, Fig. S3D). Notably,
this stabilization was absent in the nonphosphorylatable elF2a
mutant (e[F20>"™) (ST Appendix, Fig. S3 E and F; quantified in
SI Appendix, Fig. S3G), indicating that CrPV may specifically
stabilize phosphorylated elF2a.

We subsequently sought to elucidate whether the increase in
elF2a phosphorylation is dependent on CrPV replication. To this
end, we infected S2 cells with UV-inactivated CrPV and normal
CrPV. As expected, CrPV loses its replicative capacity upon UV
treatment (Fig. 1A). Our result revealed that UV-inactivated
CrPV markedly diminished the up-regulation of P-elF2a (Fig. 1H;
quantified in Fig. 17 and ST Appendix, Fig. S2C), indicating that
CrPV replication is required for the up-regulation of P-eIF2a. To
further characterize ISR activation, we monitored the translational
regulation of ATF4, a key downstream transcription factor in the
ISR pathway, using a dual-luciferase reporter assay. Our data
showed that CrPV infection also significantly enhanced A7F4
translation (Fig. 1 /and K) without altering A7F4 transcription
(81 Appendix, Fig. S4A). Altogether, our findings demonstrated
that CrPV infection enhances the phosphorylation and protein
stability of elF2a, as well as the translation of ATF4, indicating
that CrPV can induce the ISR (Fig. 171).

CrPV Induces the ISR by Inhibiting ppp1r15 Transcription. Given
the absence of PKR and HRI in Drosophila, phosphorylation of
elF2a relies on the kinases PERK and GCN2. To identify which
kinase is responsible for eIlF2a phosphorylation during CrPV
infection, we respectively knocked down PERK and GCNZ2 using
RNAI in cultured S2 cells. In agreement with previous findings
(36), knockdown of either PERK or GCNZ2 did not mitigate the
up-regulation of P-elF2a during CrPV infection (Fig. 2 A and
C; quantified in Fig. 2 B and D; knockdown efficiency validated
in SI Appendix, Fig. S5 A and B). Nevertheless, simultaneous
knockdown of both kinases effectively suppressed CrPV-induced
phosphorylation of elF2a (S Appendix, Fig. S6A; quantified
in ST Appendix, Fig. S6B; knockdown efficiency validated in
SI Appendix, Fig. S6 C and D) and further suppressed CrPV-
induced translation of ATF4 (S7 Appendix, Fig. S6E, knockdown
efficiency validated in SI Appendix, Fig. S6 F and G), indicating
that the presence of either PERK or GCN2 is sufficient to
mediate CrPV-induced ISR. Considering that PERK and
GCN2 respond to distinct stress signals, this observation led us
to investigate alternative regulatory mechanisms. A previous study
reported that the phosphorylation of elF2a can be regulated by
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GADD34, a regulatory subunit of PP1, in a dephosphorylation
process that forms a negative feedback loop in mammals (37).
Based on this study, we proposed that CrPV may promote the
phosphorylation of eIF2a by inhibiting ppp 1715, the Drosophila
homolog of mammalian GADD34. To validate this hypothesis, we
first examined whether down-regulation of ppp 1715 is sufficient to
induce the phosphorylation of elF2a in Drosophila. As we expected,
knocking down ppp 1715 promoted elF2a phosphorylation in S2
cells (Fig. 2E; quantified in Fig. 2 Fand G; knockdown efficiency
validated in S/ Appendix, Fig. S5C), larval fat bodies (Fig. 2 H and
1) and wing discs (Fig. 2 /and K). We next attempted to determine
whether CrPV inhibits pppIr15. Our data demonstrated that
CrPV infection significantly reduced the transcription of ppp1r15
at 2 h post infection (h.p.i.) (Fig. 2L). This decrease was dependent
on viral replication, as UV-inactivated CrPV did not elicit a
reduction in pppIrl5 transcription (Fig. 2M). In contrast, FHYV,
DCV, or DXV infection failed to suppress pppIr15 transcription
(81 Appendix, Fig. S7 A-C), explaining why only CrPV specifically
induces elF2a phosphorylation (Fig. 14; quantified in Fig. 1B).
Moreover, we observed that knockdown of pppIrl5 blocked
the further up-regulation of P-elF2a during CrPV infection
(Fig. 2IV; quantified in Fig. 2 O and P; knockdown efficiency
validated in S Appendix, Fig. S5D), indicating that the reduction
of pppIr15 is responsible for elF2a phosphorylation during CrPV
infection. Additionally, we found that knockdown of pppirl5
led to a significant up-regulation of total eIF2x (Fig. 2 £ and N,
quantified in Fig. 2 G and P), which is similar to that observed
during CrPV infection, indicating that the reduction of ppp1r15
also contributes to the up-regulation of total elF2a during CrPV
infection. In summary, our findings demonstrated that CrPV
induces the ISR by inhibiting ppp 715 transcription, rather than
by activating PERK or GCN2 (Fig. 2Q).

The ISR Promotes Ago2 Protein Degradation to Suppress the
siRNA Pathway. We next sought to elucidate how the ISR
might influence CrPV in turn. We found that knockdown of
ATF4 significantly reduced CrPV genomic RNA level (Fig. 34;
knockdown efficiency validated in ST Appendix, Fig. S8A4) and
viral titer (Fig. 3B; knockdown efficiency validated in ST Appendix,
Fig. S8B). Similarly, simultaneous knockdown of PERKand GCN2
significantly inhibited CrPV replication (SI Appendix, Fig. S9A4;
knockdown efficiency validated in S7 Appendix, Fig. S9 Band C),
indicating that activation of the ISR benefits CrPV replication.
We next examined whether other RNA viruses gain an advantage
upon ISR activation. Our data showed that ISR activation induced
by pppIr15 knockdown enhanced DCV replication (SI Appendix,
Fig. S10C; knockdown efliciency validated in SI Appendix,
Fig. S10D) but had no effect on FHV (87 Appendix, Fig. S104;
knockdown efficiency validated in S/ Appendix, Fig. S10B) and only
a mild (not statistically significant) effect on DXV (8] Appendix,
Fig. S10E; knockdown efliciency validated in S Appendix,
Fig. S10F). Previous studies have demonstrated that ATF4 is able
to promote the transcription of thor, the Drosophila homolog of
mammalian 4E-BR, thereby enhancing internal ribosome entry site
(IRES)-dependent translation (38, 39). Considering that CrPV
RNA contains a 5°-IRES and an intergenic region (IGR)-IRES,
which are essential for the translation of viral polyprotein 1 and 2
respectively (40—42), the ISR may up-regulate #hor transcription,
and thus promoting viral protein translation and viral replication
(35). Indeed, knockdown of pppIr15 significantly up-regulated
thor mRNA in S2 cells (8] Appendix, Fig. S114; knockdown
efficiency validated in S7 Appendix, Fig. S11B). However, we found
that CrPV infection dramatically decreased the mRNA level of #hor
(SI Appendix, Fig. S11C). Additionally, neither the 5-IRES nor the
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Fig. 2. CrPV infection induces the ISR by inhibiting ppp7r15 transcription. (A) Cultured S2 cells were transfected with dsRNAs against the indicated genes and
then mock infected or infected with CrPV (MOI = 1) for 12 h. Cell lysates were subsequently subjected to western blot analysis using indicated antibodies. (B)
Quantification of relative P-elF2« levels in (A) from three independent experiments. (C) Cultured S2 cells were transfected with dsRNAs against the indicated genes
and then mock infected or infected with CrPV (MOI = 1) for 12 h. Cell lysates were subsequently subjected to western blot analysis using indicated antibodies.
(D) Quantification of relative P-elF2« levels in (C) from three independent experiments. (E) Cultured S2 cells were transfected with dsRNAs against the indicated
genes and subjected to western blot analysis using indicated antibodies. (F and G) Quantification of relative P-elF2« (F) or total elF2u (G) levels in (E) from three
independent experiments. (H and /) Fat bodies bearing GFP-labeled clones of indicated genotypes stained with anti-P-elF2«a antibody (H' and I'). Merged images
are shown in H" and /". (/ and K) Wing discs from flies of indicated genotypes stained with anti-P-elF2a antibody (/' and K'). Merged images are shown in /" and
K". (L) Cultured S2 cells were infected with CrPV (MOI = 1) for 0, 2, 4, 6, 8, or 10 h and then analyzed by RT-gqPCR to quantify ppp7r15 mRNA levels. (M) Cultured
S2 cells were infected with CrPV (MOI = 1) or UV-inactivated CrPV for 8 h and analyzed by RT-qPCR to quantify ppp7r75 mRNA levels. (N) Cultured S2 cells were
transfected with dsRNAs against the indicated genes and then mock infected or infected with CrPV (MOI = 1) for 12 h. Cell lysates were subsequently subjected to
western blot analysis using indicated antibodies. (O and P) Quantification of relative P-elF2a (O) or total elF2« (P) levels in (N) from three independent experiments.
(Q) Schematic diagram of CrPV infection induces the ISR by inhibiting ppp7r15 transcription.

IGR-IRES of CrPV exhibited a significant increase in translation ~ the downstream genes of the JAK-STAT and IMD pathway
efficiency in the context of CrPV infection (S/ Appendix, Fig. S11  respectively, but not other downstream genes of JAK-STAT, Toll,
D and E). These findings revealed that the effect of the ISR on and IMD pathways in the absence of CtPV (S Appendix, Fig. S12
CrPV replication is not contingent upon the promotion of thor- ~ A—F, knockdown efficiency validated in S/ Appendix, Fig. S12G).
dependent viral protein translation (S/ Appendix, Fig. S11F). In the context of CrPV infection, only Dpt, a downstream gene

Given previous studies showing that phosphorylation of eI[F2a  specific for the IMD pathway, was significantly up-regulated fol-
is involved in the antiviral NF-xB immune pathway (32, 43), we lowing ATF4 knockdown (81 Appendix, Fig. S12 A-F). We further
further investigated whether the ISR promotes viral replication ~ examined whether JAK-STAT, Toll, and IMD pathways play anti-
by limiting antiviral immune responses. We knocked down ATF4  viral roles in Drosophila S2 cells. We found that knockdown of
and examined the Toll and IMD pathways, two antiviral NF-kB  classical components of JAK-STAT, Toll, and IMD pathways did
pathways in Drosophila (7-10), as well as the JAK-STAT pathway, =~ not affect CrPV replication (SI Appendix, Fig. S13A, knockdown
which is also an important antiviral immune pathway in Drosophila  efficiency validated in ST Appendix, Fig. S13 B-G). These obser-
(44) and closely related to the IMD pathway (45). Our data vations indicated that the ISR may contribute to the inhibition
showed that inhibiting ISR through A7F4 knockdown signifi- of the JAK-STAT and/or IMD pathway, however, this mechanism
cantly up-regulated Zurandor M (1otM) and Cecropin B (CecB), is not sufficient to promote viral replication.
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Fig. 3. CrPVinfection induces the degradation of Ago2. (A and B) Cultured S2 cells were transfected with dsRNAs against the indicated genes and infected with CrPV
(MOI = 1) for 12 h. The samples were subsequently analyzed by RT-qPCR to quantify CrPV genomic RNA levels (A) or by TCIDs, assay to measure viral titers (B). (C)
Cultured S2 cells were mock infected or infected with CrPV (MOI = 1) for 12 h and subjected to western blot analysis using indicated antibodies. (D and E) Quantification
of relative Dcr-2 (D) or Ago2 (E) levels in (C) from three independent experiments. (F) Cultured S2 cells were infected with CrPV (MOI = 1) for 0, 2, 4, 6, 8, or 10 h and
then subjected to western blot analysis using indicated antibodies. (G) Quantification of relative Ago2 levels in (F) from three independent experiments. (H) Cultured
S2 cells were infected with CrPV (MOI = 1) for 0, 2, 4, 6, 8, or 10 h and then analyzed by RT-qPCR to quantify Ago2 mRNA levels. (/) Cultured S2 cells were transfected
with plasmid expressing Ago2-HA and then infected with CrPV (MOI = 1)for 0, 2, 4, 6, 8, or 10 h. Cell lysates were subsequently subjected to western blot analysis using
indicated antibodies. (/) Quantification of relative Ago2-HA levels in (/) from three independent experiments. (K and L) Cultured S2 cells were transfected with plasmid
expressing Ago2-HA and then mock infected (K) or infected with CrPV (MOI = 1) (L) for 4 h. After that, cells were treated with CHX for the indicated periods. Cell lysates
were subsequently subjected to western blots using indicated antibodies. (M) Quantification of relative Ago2-HA levels in (Kand L) from three independent experiments.

The siRNA pathway is the major antiviral pathway for (+)
ssRNA (single-stranded positive-sense RNA) viruses in Drosophila.
Decr-2 and Ago2 are two core components of the Drosophila
siRNA pathway (46-48) and are essential for the RNAi-mediated
antiviral response (11-14). Our western blot analysis revealed that
Ago2, but not Der-2, was significantly reduced during CrPV
infection (Fig. 3C; quantified in Fig. 3 D and E), which is con-
sistent with a previous study (49). In addition, we observed a
significant decrease in Ago2 protein level at 4 h post CrPV infec-
tion (Fig. 3F; quantified in Fig. 3G), which aligns with the time
point at which CrPV triggered an increase in P-elF2a (Fig. 1 C
and D). In contrast, the transcription level of Ago2 did not signif-
icantly decrease (Fig. 3H). Next, we ectopically expressed Ago2
with a C-terminal HA tag (Ago2-HA) in S2 cells. CrPV infection
dramatically decreased ectopically expressed Ago2 (Fig. 3/

PNAS 2025 Vol.122 No.41 2511857122

quantified in Fig. 3/) but did not affect ectopically expressed GFP
(SI Appendix, Fig. S14A; quantified in SI Appendix, Fig. S14B).
Moreover, we assessed the degradation rate of Ago2-HA by using
the protein synthesis inhibitor cycloheximide (CHX). Compared
to mock infection, CrPV infection significantly increased the deg-
radation rate of Ago2 (Fig. 3 K and L, quantified in Fig. 3M).
These results indicated that CrPV infection primarily reduces
Ago2 by promoting its degradation.

We next sought to determine whether the ISR is involved in
the process of Ago2 degradation. Induction of the ISR by knock-
ing down ppp1rl5 or Heat shock protein 70 cognate 3 (Hsc70-3),
a key repressor of the PERK-phospho-eIF2a-ATF4 pathway, sig-
nificantly decreased the protein level of Ago2-HA in S2 cells
(Fig. 4 A and C; quantified in Fig. 4 B and D; knockdown effi-
ciency validated in SI Appendix, Fig. S15 A and B). Similarly,
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Fig. 4. TheISRis required for CrPV-induced Ago2 degradation. (A) Cultured S2 cells were transfected with plasmid expressing Ago2-HA and dsRNAs against the
indicated genes. Cell lysates were subsequently subjected to western blot analysis using indicated antibodies. (B) Quantification of relative Ago2-HA levels in
(A) from three independent experiments. (C) Cultured S2 cells were transfected with plasmid expressing Ago2-HA and dsRNAs against the indicated genes. Cell
lysates were subsequently subjected to western blot analysis using indicated antibodies. (D) Quantification of relative Ago2-HA levels in (C) from three independent
experiments. (E) Cultured S2 cells were transfected with plasmid expressing Ago2-HA for 36 h and then treated with DMSO, Tunicamycin, or Thapsigargin for
12 h. Cell lysates were subsequently subjected to western blot analysis using indicated antibodies. (F) Quantification of relative Ago2-HA levels in (E) from three
independent experiments. (G and H) Fat bodies bearing GFP-labeled clones of indicated genotypes stained with anti-HA antibody (G' and H'). Merged images are
shown in G"and H". (/) Cultured S2 cells were transfected with plasmid expressing Ago2-HA and dsRNAs against the indicated genes, and then mock infected or
infected with CrPV (MOI = 1) for 12 h. Cell lysates were subsequently subjected to western blot analysis using indicated antibodies. (/) Quantification of relative
Ago2-HA levels in (/) from three independent experiments. (K) Schematic diagram of CrPV infection induces the ISR to promote Ago2 degradation.

induction of the ISR by tunicamycin or thapsigargin, both of
which are well-established PERK activators, also significantly
decreased the protein level of Ago2-HA (Fig. 4F; quantified in
Fig. 4F). Consistently, inducing of the ISR by knocking down
ppplrl5 also decreased the protein level of Flag-HA-Ago2 in larval
fat bodies (Fig. 4 G and H). Furthermore, inhibiting the ISR via
ATF4 knockdown rescued CrPV-induced Ago2-HA degradation
(Fig. 4/; quantified in Fig. 4/; knockdown efliciency validated in

https://doi.org/10.1073/pnas.2511857122

SI Appendix, Fig. S15C). Taken together, our results demonstrated
that the ISR promotes Ago2 degradation and thus suppresses anti-
viral RNAI response (Fig. 4K).

The ISR Promotes Ago2 Degradation By the Autophagy-
Lysosomal Pathway. As we have found that CrPV induces the
ISR to promote Ago2 degradation, we sought to investigate which
protein degradation pathway(s) are involved in this process. Because

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2511857122#supplementary-materials

Downloaded from https://www.pnas.org by TSINGHUA UNIVERSITY on October 26, 2025 from |P address 188.253.121.66.

the proteasome pathway and autophagy-lysosomal pathway are
two major protein degradation pathways, we treated S2 cells with
proteasome pathway inhibitor MG-132 or autophagy-lysosomal
pathway inhibitor Bafilomycin Al. The results showed that,
during viral infection, the Ago2 protein levels could be restored by
Bafilomycin Al but not MG-132 (Fig. 54; quantified in Fig. 5B),
indicating that the autophagy-lysosomal pathway is involved in
CrPV-induced degradation of Ago2. Interestingly, ectopically
expressed Ago2-HA was dramatically rescued by both inhibitors
(Fig. 5C; quantified in Fig. 5D), which is consistent with previous
study that ectopically expressed Ago2-HA degradation is mediated
by the CrPV-1A/Cul2-Rbx1-EloBC ubiquitin E3 ligase complex
(49). The reason for this contradictory observation may be that
the proteasome pathway contributes only to the degradation of
overly expressed Ago2 without affecting the basal level of Ago2.

Autophagy-related 8 (Atg8)/microtubule associated protein 1
light chain 3 (LC3) has been identified as a central player in the
autophagy-lysosomal pathway through its interaction with
cargo-bound receptors (50). We next investigated whether Ago2
forms a complex with Atg8a, the Drosophila homolog of mamma-
lian Atg8/LC3. Our data showed that Ago2 was coprecipitated with
Atg8a in S2 cells (Fig.5 £ and F) and colocalized with
mCherry-Atg8a-positive autophagosomes after starvation-induced
autophagy in larval fat bodies (Fig. 5 G'and H). In order to confirm
the CrPV infection indeed triggers the autophagy-lysosomal path-
way, we assessed the protein level of refractory to sigma P (Ref(2)
P), the Drosophila homolog of mammalian p62 and a specific sub-
strate for the autophagy-lysosomal protein degradation pathway. As
anticipated, our data showed that Ref(2)P degradation corresponded
to the progression of CrPV infection (Fig. 5/ quantified in Fig. 5/)
and this degradation process required ATF4 (Fig. 5K; quantified in
Fig. 5L; knockdown efficiency validated in ST Appendix, Fig. S16A).
Next, we attempted to determine whether the ISR is sufficient to
trigger the autophagy-lysosomal pathway. We found that the protein
level of Ref(2)P was significantly reduced in the context of pppIr15
knockdown (Fig. 5M; quantified in Fig. 5/V; knockdown efficiency
validated in S/ Appendix, Fig. S16B). Consistently, inducing the
ISR by knocking down pppIr15 increased the number of autopha-
gosomes (Fig. 5 O-R) and lysosomes (SI Appendix, Fig. S17 A-D)
in larval fat bodies and wing discs. Altogether, our findings revealed
that the ISR promotes the autophagy-lysosomal pathway to
degrade Ago2.

The ISR Promotes the Autophagy-Lysosomal Pathway by Up-
Regulating Autophagy-Related Genes. We next investigated how
the ISR promotes the autophagy-lysosomal pathway in Drosophila.
To this end, we conducted a transcriptomic analysis to identify
genes regulated by the knockdown of ppplri5 in S2 cells. The
transcriptomic analysis revealed a substantial number of differential
expression genes (DEGs) regulated by the ISR (Fig. 6 A and B,
differential expression of RNA-seq data shown in SI Appendix,
Tables S1 and S2). Our Venn diagrams showed that there were
1,110 up-regulated genes and 705 down-regulated genes in both two
ppplr15 knockdown groups (Fig. 6 Cand D, detailed data shown
in SI Appendix, Tables S3 and S4). Given that Ago2 degradation
is regulated by the autophagy-lysosomal pathway, we analyzed the
expression levels of genes included in the autophagy-animal pathway
of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(SI Appendix, Fig. S18A; transcripts per million (TPMs) data shown
in ST Appendix, Table S5; pppIr15 TPMs shown in SI Appendix,
Fig. S18B). Notably, Autophagy-related 12 (Atg12), similar (sima),
Atg8a, Argl, PERK, and Inositol-requiring enzyme-1 (Irel) were
up-regulated upon ppplr15 knockdown (SI Appendix, Fig. S18C;
detailed data shown in SI Appendix, Table S6; heatmap shown in

PNAS 2025 Vol.122 No.41 2511857122

Fig. 6E). These results were further confirmed by RT-qPCR (Fig. 6
F-K; knockdown efliciency validated in ST Appendix, Fig. S194).
Moreover, ATF4 knockdown significantly attenuated Azgl
transcription induced by pppIrl5 knockdown, while moderately
suppressing pppIr15 knockdown-mediated up-regulation of Azg8z,
PERK, and Irel (Fig. 6 L-Q; knockdown efficiency validated in
SI Appendix, Fig. S19 Band C). Similarly, CrPV infection promoted
Atgl transcription (Fig. 6R), but not that of other tested genes
(ST Appendix, Fig. S20 A-E). This pattern is not fully consistent with
the transcriptional upregulation induced by ppp1r15 knockdown,
possibly due to CrPV activating other undefined signaling pathways.
Interestingly, a previous study has demonstrated that overexpression
of Atgl, the Drosophila homolog of the mammalian unc-51-like
kinase 1 (ULK1), is sufficient to induce high level of autophagy
in Drosophila (51). Based on this, we investigated whether ectopic
expression of Atgl is sufficient to induce the degradation of Ago2.
We found that ectopic expression of Atgl significantly reduced
Ago2 protein level in S2 cells (Fig. 6S, quantified in Fig. 67). Taken
together, our results demonstrated that the ISR up-regulates Arg/
transcription in an ATF4-dependent manner, and this process is
sufficient to promote Ago2 degradation via the autophagy-lysosomal
pathway (Fig. 60).

The ISR Promotes the Degradation of Other Ago2-RISC
Components. Ago2 is a core component of the Ago2-RISC, which
consists of Ago2, Fragile X messenger ribonucleoprotein 1 (FMR1),
RM62, and Vasa intronic gene (VIG). This multiprotein complex
plays a pivotal role in mediating siRNA-directed RNA degradation,
a fundamental process in RNAi-based antiviral defense. We next
investigated whether other components of Ago2-RISC are also
degraded by the ISR-induced autophagy-lysosomal pathway.
To this end, we respectively transfected S2 cells with HA-tagged
FMRI1 (FMR1-HA), RM62 (RM62-HA), and VIG (HA-VIG).
Our western blots analysis revealed that the protein levels of these
components were markedly decreased in conjunction with the
progression of CrPV infection (Fig. 7 A, C, and £; quantified in
Fig. 7 B, D, and F). Notably, induction of the ISR through ppp 1715
knockdown also led to a significant decrease in the protein levels of
these RISC components (Fig. 7 G, 7, and K; quantified in Fig. 7 H,
J, and L; knockdown efficiency validated in S7 Appendix, Fig. S21
A-C). Importantly, the CrPV-mediated depletion of FMR1, RM62,
and VIG was effectively reversed upon treatment with the autophagy
inhibitor Bafilomycin A1 (Fig. 7 M, O, and Q; quantified in Fig. 7
N, P, and R). Consistently, coimmunoprecipitation assays confirmed
the interaction of FMR1, RM62, and VIG with Atg8a (Fig. 7 S~
X). Moreover, ectopic expression of Atgl substantially reduced the
protein levels of these RISC components (Fig. 7 ¥, A4, and AC,
quantified in Fig. 7 Z, AB and AD).

It remains unclear whether CrPV-induced autophagy selectively
targets the intact RISC or degrades individual components inde-
pendently. To this end, we knocked down distinct RISC components
and tested whether CrPV-mediated degradation of other RISC com-
ponents were affected. Our data showed that knockdown of
FMRI, RM62, or VIG did not rescue CrPV-induced Ago2
degradation (S/ Appendix, Fig. S22 A, D and G, quantified
in ST Appendix, Fig. S22 B, E and H; knockdown efficiency
validated in S7 Appendix, Fig. S22 C, F and 1), demonstrating that
CrPV-induced Ago2 degradation occurs independently of these
RISC components. Conversely, Ago2 knockdown rescued CrPV-
induced degradation of RM62 and VIG (8] Appendix, Fig. S22 M
and P, quantified in S/ Appendix, Fig. S22 N and Q; knockdown
efficiency validated in ST Appendix, Fig. S22 Oand R) but not FMR1
(SI Appendix, Fig. S22, quantified in ST Appendix, Fig. S22K; knock-
down eficiency validated in S7 Appendix, Fig. S221), indicating that
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Fig. 5. CrPV infection and the ISR induce Ago2 degradation via the autophagy-lysosomal pathway. (A) Cultured S2 cells were mock infected or infected with CrPV
(MOI = 1) and treated with DMSO, MG-132, or Bafilomycin A1 for 12 h. Cell lysates were subsequently subjected to western blot analysis using indicated antibodies.
(B) Quantification of relative Ago2 levels in (A) from four independent experiments. (C) Cultured S2 cells were transfected with plasmid expressing Ago2-HA for 36
h and then mock infected or infected with CrPV (MOI = 1) and treated with DMSO, MG-132, or Bafilomycin A1 for 12 h. Cell lysates were subsequently subjected to
western blot analysis using indicated antibodies. (D) Quantification of relative Ago2-HA levels in (C) from three independent experiments. (£ and F) Cultured S2 cells
were transfected with plasmids expressing the indicated proteins. Cell lysates were prepared and subjected to co-IP using anti-HA antibody (E) or anti-GFP antibody
(A. Immunoprecipitates and total cell lysates (input) were subsequently subjected to western blot analysis using indicated antibodies. (G and H) Fat bodies from flies
of indicated genotypes, either fed (G) or starved (H) for 8 h prior to dissection, were stained with anti-HA antibody. mCherry-Atg8a-positive autophagosomes are
shownin G'and H'. Merged images are shown in G" and H". (/) Cultured S2 cells were infected with CrPV (MOI = 1) for 0, 2, 4, 6, 8, or 10 h and then subjected to western
blot analysis using indicated antibodies. (/) Quantification of relative Ref(2)P levels in (/) from three independent experiments. (K) Cultured S2 cells were transfected
with dsRNAs against the indicated genes and then mock infected or infected with CrPV (MOI = 1) for 12 h. Cell lysates were subsequently subjected to western blot
analysis using indicated antibodies. (L) Quantification of relative Ref(2)P levels in (K) from three independent experiments. (M) Cultured S2 cells were transfected with
dsRNAs against the indicated genes and subjected to western blot analysis using indicated antibodies. (N) Quantification of relative Ref(2)P levels in (M) from three
independent experiments. (O and P) Fat bodies bearing GFP-labeled clones of indicated genotypes. mCherry-Atg8a-positive autophagosomes are shown in 0" and
P'. Merged images are shown in 0" and P". (Q and R) Wing discs from flies of indicated genotypes. mCherry-Atg8a-positive autophagosomes are shown in Q"and R".
Merged images are shown in Q" and R".
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RM62 and VIG degradation require Ago2 while FMR1 degradation
occurs through an Ago2-independent mechanism. These results sug-
gested that while the intact RISC is not required for CrPV-mediated
Ago2 degradation, the degradation of RISC components RM62 and
VIG is Ago2-dependent, whereas FMR1 degradation appears to
operate through a distinct mechanism. Taken together, our findings
demonstrated that the ISR promotes the degradation of multiple
Ago2-RISC components via the autophagy-lysosomal pathway, high-
lighting a broader regulatory mechanism that modulates the RNAi
machinery during viral infection and stress responses.

Discussion

The siRNA pathway serves as a potent antiviral defense mechanism
in both vertebrates and invertebrates. In the present study, we uncover
an unexpected crosstalk between the ISR and siRNA pathways. Our
data show that inhibiting the PP1 subunit ppp1rl5 is sufficient to
lead to the degradation of Ago2-RISC components, thereby

PNAS 2025 Vol.122 No.41 2511857122

suppressing the siRNA pathway. Transcriptomic analysis enables us
to identify Azgl as a downstream transcription product of the
phospho-elF2a-ATF4 signaling axis. Azg/ emerges as a principal
regulatory factor mediating the degradation of Ago2 through the
autophagy-lysosomal pathway, thus further suppressing the antiviral
RNAI response (SI Appendix, Fig. S23). Collectively, our findings
reveal a previously undescribed upstream regulatory mechanism of
the siRNA pathway, which is utilized by CrPV to evade antiviral
RNAI response.

The ISR is triggered in eukaryotic cells by various stress stim-
ulus, including hypoxia, nutrient deprivation, oncogene activa-
tion, heme deficiency, ultraviolet light, reactive oxygen species
(ROS), endoplasmic reticulum (ER) stress, and viral infection
(52-63). Based on our finding that the ISR can suppress the RNAi
pathway, we propose that other upstream stressors, in addition to
the viral infection described in this paper, that activate the ISR
may also suppress RNAI responses and consequently weaken anti-
viral immunity. On the other hand, the ISR is mainly mediated
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Fig. 7. CrPVinfection and the ISR promote the degradation of Ago2-RISC components. (A, C, and E) Cultured S2 cells were transfected with plasmid expressing FMR1-
HA (A), RM62-HA (C), or HA-VIG (E) and then infected with CrPV (MOI = 1) for 0, 2, 4, 6, 8, or 10 h. Cell lysates were subsequently subjected to western blot analysis using
indicated antibodies. (B, D, and F) Quantification of relative FMR1-HA (B), RM62-HA (D), and HA-VIG (F) levels in (A, C, and E) from three independent experiments. (G, /,
and K) Cultured S2 cells were transfected with plasmid expressing FMR1-HA (G), RM62-HA (/), or HA-VIG (K) and dsRNAs against the indicated genes. Cell lysates were
subsequently subjected to western blot analysis using indicated antibodies. (H, /, and L) Quantification of relative FMR1-HA (H), RM62-HA ()), and HA-VIG (L) levels in (G,
1, and K) from three independent experiments. (M, O, and Q) Cultured S2 cells were transfected with plasmid expressing FMR1-HA (M), RM62-HA (0), or HA-VIG (Q) for
36 h and then mock infected or infected with CrPV (MOI = 1) and treated with DMSO or Bafilomycin A1 for 12 h. Cell lysates were subsequently subjected to western
blot analysis using indicated antibodies. (N, P, and R) Quantification of relative FMR1-HA (N), RM62-HA (P), and HA-VIG (R) levels in (M, O, and Q) from three independent
experiments. (S-X) Cultured S2 cells were transfected with plasmids expressing the indicated proteins. Cell lysates were prepared and subjected to co-IP using anti-HA
antibody (S, U, and W) or anti-GFP antibody (7, V, and X). Immunoprecipitates and total cell lysates (input) were subsequently subjected to western blot analysis using
indicated antibodies. (Y, AA, and AC) Cultured S2 cells were transfected with plasmids expressing the indicated proteins and then subjected to western blot analysis using
indicated antibodies. (Z, AB and AD) Quantification of relative FMR1-HA (2), RM62-HA (AB), and HA-VIG (AD) levels in (Y, AA, and AC) from three independent experiments.

by the PERK and PKR in response to (+)ssRNA virus infections. which leads to the suppression of elF2a dephosphorylation, and,

In this study, we propose a mechanism through which (+)ssRNA  in turn, activates the ISR. This nonclassical mechanism of ISR
viruses activate the ISR: by inhibiting the PP1 subunit ppp1rl5,  activation may also apply to other RNA virus infections.

10 0f 12  https://doi.org/10.1073/pnas.2511857122 pnas.org



Downloaded from https://www.pnas.org by TSINGHUA UNIVERSITY on October 26, 2025 from |P address 188.253.121.66.

Our results indicated that ectopically expressed Ago2 can be tar-
geted for degradation via both the ubiquitin—proteasome pathway
and the autophagy-lysosomal pathway during CrPV infection
(Fig. 5 Cand D). These findings are consistent with the earlier study
by Nayak etal., which demonstrated that CrPV-1A recruits
Cul2-Rbx1-EloBC ubiquitin E3 ligase complex, thereby promoting
the degradation of ectopically expressed Ago2 (49). Interestingly,
this degradation mechanism did not apply to basal level Ago2 in
the context of CrPV infection (Fig. 5 4 and B). As a possible expla-
nation, we suggest that in response to excessive amounts of Ago2,
CrPV employs various mechanisms to degrade Ago2. Conversely,
under conditions of normal Ago2 level, this virus predominantly
utilizes the autophagy-lysosomal pathway to degrade Ago2. This
variable mechanism may be used by CrPV to counteract antiviral
RNAI responses in cells with different immune states.

Our data indicated that ISR can enhance CrPV replication
(Fig. 3 Aand B). In contrast, earlier findings showed that the ISR
does not significantly influence CrPV production (35). This con-
clusion was based on observations that ectopically expressed
ppplrl5 failed to inhibit host translation or CrPV production
(35). We believe the discrepancies may arise from low plasmid
transfection efficiency in S2 cells, which could lead to insufficient
ectopic expression of ppplrl5 and thus failed to suppress CrPV
production in their study. Furthermore, differences in methodol-
ogy may also explain the conflicting results: while they measured
viral protein synthesis, we assessed viral RNA and titer.

The differential impact of ISR on distinct RNA viruses presents
intriguing implications. Our data demonstrated that ISR enhances
DCV replication (SI Appendix, Fig. S10C; knockdown efficiency
validated in S7 Appendix, Fig. S10D) but does not significantly
affect FHV (81 Appendix, Fig. S104; knockdown efficiency vali-
dated in 8T Appendix, Fig. S10B) or DXV (SI Appendix, Fig. S10E;
knockdown efficiency validated in S7 Appendix, Fig. SI0F). As
members of the Dicistroviridae family that utilize IRES-mediated
translation, DCV and CrPV likely evade the detrimental effects
of ISR-induced translational attenuation which primarily affects
5'-cap-dependent translation. This evasion enables them to exploit
ISR-induced RNAi suppression for replicative advantage. Among
dicistroviruses, CrPV activates ISR whereas DCV does not. This
divergence may stem from distinct host adaptation strategies.
CrPV infects diverse insect hosts including orthopteran, dipteran,
and lepidopteran insects (64), while to our knowledge, DCV has
only been found infecting dipteran insects under natural condi-
tions. Compared to DCV, CrPV faces more complex host antiviral
defenses across insect orders. We hypothesize that this pressure
has driven CrPV to evolve distinct mechanisms, such as ISR
induction, as a general strategy for infecting diverse hosts.

In summary, our study highlights the importance of virus-induced
host stress responses in antiviral immunity and reveals the ISR as an
upstream mechanism governing the antiviral siRNA pathway.
Considering that the ISR can be triggered by various stress stimuli,
activating this stress response could potentially regulate the intensity
of antiviral responses, which has implications for pest management
and insect population control. Furthermore, since both the ISR and
the siRNA pathways are evolutionarily conserved across invertebrates
and vertebrates, this may inspire further exploration of the innate
immunity network in mammals and provide a theoretical foundation
for the development of antiviral drugs.

Materials and Methods

Cell Culture and Transfection. Drosophila S2 cell line (RRID: CVCL_7232)
was obtained from the American Type Culture Collection (ATCC). Its identity was
confirmed by visual inspection of the cell morphology in Schneider's Drosophila

PNAS 2025 Vol.122 No.41 2511857122

medium (Thermo Fisher Scientific, Cat #21720024)/10% fetal bovine serum (FBS).
A Mycoplasma test is usually not done for S2 cells (65).

For transfection assay, S2 cells were plated in 100-mm plates or six-well plates
and grown overnight to reach 70% confluence. After that, DNA plasmids or dsRNAs
were transfected into the cells using FuGene HD transfection reagent (Promega,
Cat#2311), following the manufacturer’s protocol. In addition, while transfecting
the same plasmid or dsRNA in multiple wells, to ensure equal transfection, cells
culturedina 100 mm plate were first transfected. After 24 to 42 h, the transfected
cells were randomly divided into six-well plate, and cultured for an additional
~6 h to reach 70 to 80% confluence (approximately 2.5 * 10° cells per well).
The cells were then subjected to viral infection or other treatments according to
experimental requirements.

Fly Stocks. All flies used were reared at 25 °C on a standard cornmeal/yeast diet. Fly
strains used in this study are the following: hs-FLP; Sp/Cy0; Act > CD2 > Gal4, UAS-
GFP (BCF #658) and hs-FLP; Act > CD2 > Gal4, UAS-GFP; MKRS/TM6B (BCF #657)
from Core Facility of Drosophila Resource and Technology (Center for Excellence in
Molecular Cell Science, Chinese Academy of Sciences); UAS-Luciferase RNAi (BDSC
#31603) and Flag-HA-Ago2 (BDSC #33242) from Bloomington Drosophila Stock
Center; UAS-ppp1r15 RNAi (THU #1204) from Tsinghua fly center; en-Gal4, UAS-
GFP, and 3*mcherry-Atg8a from Dr.Tatsushi Igaki (Kyoto University, Kyoto, Japan);
ppl-Gal4 and r4-mcherry-Atg8a from Dr. Sheng Li and Dr. Suning Liu (South China
Normal University, Guangzhou, China). Detailed genotypes of fly strains used in this
study are listed in S/ Appendix, Table S7.

viruses. CrPV was kindly provided by Dr. Qingfa Wu (University of Science and
Technology of China, Hefei, China). DCV was kindly provided by Dr. Bo Liu (Xiamen
University, Xiamen, China). FHV and DXV were kindly provided by Dr. Liging Zhang
(Hangzhou Normal University, Hangzhou, China). The viral titers were determined
using the 50% tissue culture infectious dose (TCIDsy).

Dual-Luciferase Reporter Assay. To construct the FLU and RLU reporter plas-
mids, the firefly luciferase or renilla luciferase ORF was cloned into the EcoR I-Xho
[site of the pAc5.1/V5-His vector. For the ATF4 5'UTR-FLU reporter plasmid, the
ATF4 5'UTR replaced the 5'UTR region of FLU reporter plasmid. To construct the
FLU-CrPV IGR-RLU reporter plasmid, the firefly luciferase-CrPV IGR-renilla lucif-
erase sequence was amplified from the pFR_CrPV_xb plasmid (Addgene, Cat
#11509) and inserted into the EcoR I-Xho I site of the pAc5.1/V5-His vector. To
construct the CrPV 5'IRES-FLU reporter plasmid, the CrPV 5'IRES replaced the 5'-
UTR region of FLU reporter plasmid. Importantly, the methionine initiator codon
of the firefly luciferase was deleted and replaced by the first 16 codons of the
CrPV ORF1 protein, as described in a previous study (42). Dual-Luciferase reporter
assay was performed using Dual-Luciferase® Reporter Assay System (Promega,
Cat #£1910), following the manufacturer's protocol.

Transcriptomic Sequencing and Analysis. Total RNA was extracted from cells
using the RNA isolater Total RNA Extraction Reagent (Vazyme, Cat #R401-01). The
mRNA was then enriched and reverse-transcribed to construct a cDNA library. The
cDNA libraries were sequenced using the Illumina NovaSeq 6000 (lllumina, San
Diego, USA). mRNA enrichment, reverse transcription, cDNAlibrary construction, qual-
ity control, and sequencing were performed by Biomarker Technologies (Biomarker
Technologies Ltd, Beijing, China). The analysis of transcriptomic sequencing data was
performed on the Secevo HPC cluster of the School of Ecology, Sun Yat-sen University
(Shenzhen, China). DEGs were identified using DESeq2. DEGs with an absolute log,
fold change (]log,FC|)=1 and adjusted P-value (padj) < 0.05 were considered to
be significantly DEGs. Heatmap and Venn diagram analyses were performed by
using tools in Hiplot Pro (https://hiplot.com.cn/), a comprehensive web service for
biomedical data analysis and visualization.

Statistical Analysis. Statistical significance was assessed using a Student's t test
for comparisons between two groups and a one-way ANOVA multiple-comparison
test for comparisons among multiple groups. In all figures, significance is indi-
cated as follows: P > 0.05 (not significant, n.s.), *P < 0.05, **P < 0.01, ***P <
0.007, and ****P < 0.0001.

Data, Materials, and Software Availability. The RNA-seq data have been
deposited in Gene Expression Omnibus (GSE309081) (66). All other study data
are included in the article and/or S/ Appendix.
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