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Viruses evade the innate immune response by suppressing the production or activity of
cytokines such as type I interferons (IFNs). Here we report the discovery of a mecha-
nism by which the SARS-CoV-2 virus coopts an intrinsic cellular machinery to suppress
the production of the key immunostimulatory cytokine IFN-f. We reveal that the
SARS-CoV-2 encoded nonstructural protein 2 (NSP2) directly interacts with the cellu-
lar GIGYF2 protein. This interaction enhances the binding of GIGYF2 to the mRNA
cap-binding protein 4EHP, thereby repressing the translation of the Ifz61 mRNA.
Depletion of GIGYF2 or 4EHP significantly enhances IFN-f production, which inhib-
its SARS-CoV-2 replication. Our findings reveal a target for rescuing the antiviral
innate immune response to SARS-CoV-2 and other RNA viruses.
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Production of type I interferons (IFN-a and IFN-) is pivotal to antiviral immunity as
a host defense mechanism (1). Replication of SARS-CoV-2 is sensitive to type I IFN
in vitro (2—4), and SARS-CoV-2 infection in humans is associated with a deficiency in
type I IFN response (5, 6). In the early phase of the SARS-CoV-2 infection, a robust
IFN-induced antiviral response limits viral replication and prevents severe COVID-19
illness (7, 8). Conversely, impaired production of type I IFN is associated with higher
viral titers in blood and pernicious symptoms in late-stage SARS-CoV-2—infected
patients (9).

Production of type I IFNs is controlled at several levels, including transcription and
translation. Notably, multiple SARS-CoV-2 proteins inhibit [f#zbI transcription,
including NSP1, 3, 5, 6, 12, 13, 14, 15, ORF3a, ORF6, and ORE7b (10, 11). Potent
translational repression of /f#b1 mRNA is also manifested during SARS-CoV-2 infec-
tion (12). Although SARS-CoV-2 represses general cellular mRNA translation machin-
ery to support viral mRNA translation (12-14), specific repression of Ifzb! mRNA
translation was not reported.

Translation of most eukaryotic mRNAs is facilitated by binding of the eukaryotic
initiation factor 4E (eIF4E) to the 5’ cap structure (m7GpppN, where N is any nucleo-
tide, and m is a methyl group). eIF4E binds to the cap structure as a subunit of the
elF4F complex, which also contains the scaffolding protein eIF4G and the RNA heli-
case elF4A (15). Being the least abundant initiation factor, eIF4E is rate limiting for
elF4F formation and translation initiation. The eIF4E homologous protein, 4EHP
(eIF4E2) binds the cap structure but fails to initiate canonical translation because it
does not interact with eIlF4G. Consequently, 4EHP represses translation upon recruit-
ment to target mRNAs (e.g., via 4E-T protein upon recruitment by microRNAs)
(16-19). GIGYF2 (Grb10-interacting GYF [glycine, tyrosine, phenylalanine] protein 2)
is another protein that directly interacts with 4EHP to inhibit mRNA translation or
decrease mRNA stability (19-24). GIGYF2 participates in both 4EHP-dependent and
-independent posttranscriptional repression mechanisms (20, 22-24). We recently
reported the 4EHP-mediated, miR-34a—directed translational repression of Jfzb61 mRNA
(25). This mechanism limits IFN-p production upon vesicular stomatitis virus infection,
likely to prohibit prolonged inflammatory responses (25). Whether GIGYF2 is involved
in the 4EHP-mediated translational repression of IFN-f production is unknown.

Several large-scale proteomic studies reported the interaction of SARS-CoV-2 non-
structural protein 2 (NSP2) with 4EHP and GIGYF2 (26-28). Here, we document a
mechanism by which the NSP2 protein impedes IFN-B expression through transla-
tional repression of /fnbl mRNA by coopting the GIGYF2/4EHP complex, leading to

evasion of a cellular innate immune response and enhanced viral replication.
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Significance

A robust antiviral innate immune
response is indispensable for
combating infections. However, an
exacerbated response can result
in pathological inflammation and
tissue damage. mRNA
translational control mechanisms
play a crucial role in maintaining
the appropriate magnitude and
duration of the immune response.
We show that the GIGYF2/4EHP
translational repressor complex
represses translation of Ifnb1
mRNA, which encodes type |
interferon B (IFN-). We also
demonstrate that the NSP2
protein encoded by SARS-CoV-2
virus further impedes translation
of Ifnb7 mRNA through coopting
the GIGYF2/4EHP complex, leading
to evasion of a cellular innate
immune response. The knowledge
of the mechanism of action of
NSP2-mediated IFN-B suppression
provides valuable information for
development of treatments for
infections of SARS-CoV-2 and
other coronaviruses.
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Results

NSP2 Specifically Interacts with GIGYF2 in the GIGYF2/4EHP
Translation Repression Complex. We first sought to confirm
the interaction between NSP2 and the GIGYF2/4EHP complex,
which was reported in high-throughput surveys (26-28). We visu-
alized the interaction of NSP2 with the GIGYF2/4EHP complex
in cells using proximity ligation assay (PLA). Cotransfection of
FLAG-NSP2 with v5-GIGYF2 resulted in a strong PLA signal,
which was absent in cells cotransfected with FLAG-NSP2 and
v5-GIGYF1 (a paralogue of GIGYF2) (Fig. 1 A and B and

SI Appendix, Fig. S1 A and B). Strikingly, we did not detect any
signal upon cotransfection of FLAG-NSP2 with v5-4EHP (Fig. 1
A and B), which indicates that NSP2 interacts directly with
GIGYF2, but not with 4EHP. Coimmunoprecipitation (co-IP)
experiments showed that GIGYF2 and 4EHP coprecipitated
with FLAG-tagged NSP2 (FLAG-NSP2), whereas no GIGYF2
or 4EHP pulldown was detected with FLAG-GFP or FLAG-
NSP1 baits (SI Appendix, Fig. S1C). Notably, while the lower
level of expression of NSP1 compared with NSP2 may explain
the lack of coprecipitation of 4EHP/GIGYF2 with NSP1 in our
co-IP assay, the interaction between NSP2 and 4EHP/GIGYF2
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Fig. 1. Characterization of the NSP2 interaction with the GIGYF2/4EHP complex. (A) PLA for detection of NSP2-GIGYF2. Sites of interactions are visible as

fluorescent punctate in HEK293T cells transfected with vectors expressing v5-tagged GIGYF2, 4EHP, or GIGYF1 together with FLAG-NSP2. At 24 h posttransfec-
tion, cells were fixed and subjected to PLA using FLAG and v5 antibodies. PLA signals are shown in yellow. Nucleus and actin cytoskeleton were counter-
stained with DAPI (blue) and phalloidin (red), respectively. (Scale bar, 10 pm.) (B) Quantification of positive PLA signals in A. The number of PLA signals from
at least 30 cells was counted in each sample. Data are presented as mean + SD (n = 5). (C) Schematic of the primary structures of FL GIGYF2 and fragments
A through F used in this study. (D) HEK293T cells were cotransfected with FLAG-NSP2 and GIGYF2 fragment constructs shown in E or full-length GIGYF2 (as
control). The 24-h posttransfection cells were fixed and subjected to PLA using FLAG and v5 antibodies. PLA signals are shown in yellow. Nucleus and actin
cytoskeleton were counterstained with DAPI (blue) and phalloidin (red), respectively. (Scale bar, 10 pm.) (£) Quantification of positive PLA signals in D. The
number of PLA signals from at least 20 cells was counted in each sample. n = 3 independent experiments. (F) PLA assay for testing the interactions between
NSP2 and the indicated fragments of GIGYF2-LHR, as described in D. (G) Quantification of positive PLA signals from F. The number of PLA signals from at
least 20 cells was counted in each sample. Data are presented as mean + SD (n = 5). ns, nonsignificant, ****P < 0.0001, one-way analysis of variance
(ANOVA) with Bonferroni's post hoc test. See also S/ Appendix, Fig. S1.
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has been consistently observed in several high-throughput analyses
by other groups (26-28), but interaction with 4EHP/GIGYF2
has never been reported for NSP1 or other SARS-CoV-2—encoded
proteins.

We next mapped the region of GIGYF2 responsible for
binding NSP2. The human GIGYF2 ¢DNA portions were
expressed as six v5-tagged contiguous fragments (GIGYF2 A-F;
Fig. 1C), and cotransfected with FLAG-tagged NSP2 in
HEK293T cells. We observed an interaction of NSP2 with
full-length (FL) GIGYF2 and fragment E (742-1,085) in PLA
assays (Fig. 1 D and E and SI Appendix, Fig. S1D), and to a
lesser extent with the partially overlapping GIGYF2-D frag-
ment (621-752). In agreement with the PLA results, IP with
the anti-FLAG followed by blotting with anti-v5 antibody
revealed that GIGYF2-FL (1-1,320), GIGYF2-E (742-1,085),
and to a far lesser extent GIGYF2-A (1-267), interacted with
FLAG-NSP2 (SI Appendix, Fig. S1E). Notably, our PLA and
IP assays showed a slight but significant increase in binding of
NSP2 to fragment E compared to the full-length GIGYF2,
which may be due to a small increase in expression of fragment
E compared with the full-length GIGYF2 as evident in parallel
Western blots (SI Appendix, Fig. S1 D and E). These data dem-
onstrate that the NSP2-interacting region of GIGYF2 spans
residues 742—1,085. We further narrowed down the interaction
site and revealed that the region spanning amino acids
860-919 of GIGYF?2 interacts with NSP2 (Fig. 1 Fand G and
SI Appendix, Fig. S1F). This fragment is contained within a
singular, long alpha helix region (LHR) (723-919), which is
predicted by AlphaFold 2 (16, 29).

NSP2 Induces Translational Repression by Bolstering GIGYF2-
4EHP Interaction. GIGYF2 employs both 4EHP-dependent and
-independent mechanisms to translationally repress target mRNAs
(20, 23, 30). To investigate whether NSP2 impacts translational
repression by GIGYF2, we used the AN-BoxB system to tether
the AN-fused GIGYF2 to the 3’ untranslated region (3’ UTR) of
Renilla luciferase (R-Luc) mRNA. The reporter mRNA is pro-
tected from deadenylation by a hammerhead ribozyme (HhR)
located at its 3’ end (31, 32). We cotransfected the reporter along
with FLAG-NSP2 or FLAG control plasmid. While GIGYF2
tethering alone resulted in ~50% repression (the R-Lud F-Luc
[firefly luciferase] ratio) compared to the counterpart AN vector,
coexpression of NSP2 along with GIGYF2-tethering plasmid
resulted in a stronger repression (~88%) (Fig. 24 and S/
Appendix, Fig. S2A). In contrast, R-Luc repression was unaffected
in GIGYF2-knockout (KO) cells transfected with NSP2 (Fig. 28
and SI Appendix, Fig. S2B), most probably due to the absence
of 4EHP, which is rendered unstable in GIGYF2-depleted cells
(20). Importantly, NSP2 did not increase translational repression
by tethered GIGYF1 (87 Appendix, Fig. S2 C and D), demonstrat-
ing the specificity of NSP2-induced GIGYF2-mediated transla-
tional repression.

To study how 4EHP contributes to the GIGYF2-mediated
translational repression by NSP2, GIGYF2 tethering experi-
ments were carried out in wild-type (WT), 4EHP-KO, and
GIGYF2-KO cells with or without ectopic 4EHP expression.
Expression of NSP2 enhanced the GIGYF2 tethering—induced
silencing (from R-Luc/ F-Luc ratio 0.41 to 0.15) in WT cells,
but not in 4EHP-KO or GIGYF2-KO cells (Fig. 2 C-F and S/
Appendix, Fig. S2 E-G). 4EHP expression restored GIGYF2-
mediated repression (from R-Lud/ F-Luc ratio 0.45 to 0.05 and
from 0.40 to 0.08 in NSP2-overexpressing 4EHP-KO and
GIGYF2-KO cells, respectively). These results support the
notion that NSP2 promotes GIGYF2-induced translational

PNAS 2022 Vol. 119 No.32 2204539119

repression in a 4EHP-dependent manner (Fig. 2F). To deter-
mine whether NSP2 bolsters the interaction of GIGYF2 and
4EHP, we carried out the PLA assay following cotransfection of
v5-GIGYF2 and HA-4EHP into WT HEK293 cells with
NSP2. As expected, the interaction between 4EHP and GIGYF2
was dramatically enhanced (threefold) upon expression of NSP2
(FLAG: 19.8 + 1.9, FLAG-NSP2: 61 + 5.5 punctate per cell
(Fig. 2 Gand H and SI Appendix, Fig. S3 A-C).

Notably, natural variants of SARS-CoV-2 with glycine-to-
valine point mutations at residues 262 and 265 in NSP2 have
been reported (33). A recent study of changes in NSP2’s
virus—host protein—protein interactome caused by naturally
occurring mutations using affinity purification  mass-
spectrometry (AP-MS) assay found that the NSP26262V/G265V
double mutant failed to interact with the GIGYF2 and 4EHP
(28). PLA and co-IP assays upon cotransfection of HEK293
cells with v5-GIGYF2 and either wild-type FLAG-NSP2 or the
NSP26262V/G265V: mytant confirmed that the G262V/G265V
mutations impeded the NSP2 interaction with GIGYF2
(ST Appendix, Fig. S3 D-G). Importantly, GIGYF2 tethering
experiments entailing cotransfecting the AN-v5 fused GIGYF2
with wild-type NSP2 or the NSP2%%*2V/S2%5V mytants revealed
that the G262V/G265V mutations significantly abrogated the
NSP2-induced GIGYF2-mediated repression of the reporter
mRNA (Fig. 27 and SI Appendix, Fig. S3H).

The GIGYF2/4EHP Complex Represses IFN-f Production. We
reported that 4EHP suppresses [fn6] mRNA translation (25).
4EHP interacts with GIGYF2 and mediates GIGYF2-induced
translational repression (23, 30). Thus, we examined the role of
GIGYF2 in the regulation of IFN-B production. Due to the
lack of expression of Toll-like receptor 3 (TLR3) in HEK293
cells, TLR3 was transiently expressed in WT, 4EHP-KO, and
GIGYF2-KO HEK293 cells, which were then treated with
poly(I:C), an agonist of TLR3 that stimulates IFN-f produc-
tion. While, as expected (25), 4EHP-KO cells produced ~2.5-fold
more IFN-B than WT cells, a significanty more robust (~5.5-fold)
increase in IFN-B production was observed in GIGYF2-KO, com-
pared with WT cells (Fig. 34). Furthermore, consistent with the
elevated IFN-B production, poly(I:C)-induced STAT1 phosphory-
lation was enhanced (~3-fold) in 4EHP-KO HEK293 cells, an
effect which was further augmented (~6.5-fold) in GIGYF2-KO
cells (Fig. 3B).

Next, we examined whether GIGYF2 also suppresses IFN-
production in two lung epithelial cell lines, Calu-3 and A549,
which are widely used in SARS-CoV-2 studies and respond to
poly(I:C) stimulation with robust IFN-p production (34-37).
Upon poly(I:C) treatment of Calu-3 and A549 cells, IFN-B
expression and STAT1 phosphorylation significantly increased
in the 4EHP-depleted cells (~2.5-fold in Calu-3 and ~1.8-fold
in A549 cells), and even more in GIGYF2-depleted cells com-
pared to WT cells (~6-fold in Calu-3 and ~6.1-fold in A549
cells; SI Appendix, Fig. S4 A-D). These data demonstrate that
4EHP and GIGYF2 repress IFN-p production and that GIGYF2
is a more potent repressor than 4EHP. Importandy, /fz61 mRNA
levels did not change in 4EHP- or GIGYF2-depleted cells com-
pared to their control counterparts (S/ Appendix, Fig. S4 E-G).

Next, we investigated whether formation of the GIGYF2/
4EHP complex is necessary for repression of IFN-B production.
Rescuing expression of 4EHP, which is destabilized in GIGYF2-
depleted cells (20), failed to restore repression of IFN-f produc-
tion in GIGYF2-KO HEK293 cells (Fig. 3 C'and D). These data
indicate that repression of IFN-B production by 4EHP is depen-
dent on GIGYF2. To determine whether direct interaction of
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Fig. 2. NSP2 augments GIGYF2/4EHP complex-mediated translational repression by enhancing the GIGYF2 interaction with 4EHP. (A) WT HEK293 cells were
cotransfected with plasmids expressing either AN-v5-GIGYF2 or AN-v5 as control, along with R-Luc-5BoxB-A114-N40-HhR (hammerhead ribozyme) and F-Luc (as
control), followed by dual-luciferase measurement assay. Data are presented as mean + SD (n = 3). The schematic shows a graphic model of the AN-v5-GIGYF2
tethering system. (B) Analysis of AN-v5-GIGYF2 tethering-induced silencing in GIGYF2-KO cells that overexpress FLAG-NSP2. Data are presented as mean + SD
(n = 3). (C) WT cells were cotransfected with vectors expressing either AN-v5-GIGYF2 or AN-v5 control, along with R-Luc-5BoxB-A114-N40-HhR and F-Luc (as con-
trol), in combination with FLAG-4EHP or FLAG-empty plasmids. A dual-luciferase assay was performed 24 h posttransection. Data are presented as mean + SD
(n = 3). (D-E) GIGYF2-tethering assay carried out in 4EHP-KO cells in D and GIGYF2-KO cells in E. Data are presented as mean + SD (n = 3). (F) Graphic illustration
of the GIGYF2/4EHP-mediated induction of translational repression by NSP2. (G) PLA assay for detection of GIGYF2-4EHP interactions in HEK293T cells trans-
fected with vectors expressing v5-GIGYF2 and HA-4EHP together with FLAG-empty or FLAG-NSP2. Cells were fixed and subjected to PLA using v5 and HA anti-
bodies 24 h posttransfection. (Scale bar, 10 pm.) (H) Quantification of positive PLA signals from G. (/) WT cells were cotransfected with either AN-v5-GIGYF2 or
AN-v5 control vector along with R-Luc-5BoxB-A114-N40-HhR and F-Luc (as control), in combination with FLAG-EV, wild-type FLAG-NSP2, or FLAG-NSp2G262V/6265V_
expressing plasmids. A dual-luciferase assay was performed 24 h posttransection. Data are presented as mean + SD (n = 3). The number of PLA signals from
at least 20 cells was counted in each sample. n = 5 independent experiments. Data are presented as mean + SD (n = 5). ns, nonsignificant, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA with Bonferroni's post hoc test. See also S/ Appendix, Figs. S2 and S3.
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Fig. 3. GIGYF2/4EHP complex formation is critical for repression of /fnb7 mRNA translation and enabling viral replication. (A) ELISA measurement of IFN-f
production in WT, 4EHP-KO, and GIGYF2-KO HEK293 cells transiently expressing TLR3 following 6 h of treatment with 1 ug/mL poly(l:C). Data are presented
as mean + SD (n = 3). ****P < 0.0001, one-way ANOVA with Bonferroni's post hoc test. (B) Western blot analysis of cell lysates from A. (C) WT and GIGYF2-
KO HEK293 cells were transfected with the plasmids expressing v5-empty or v5-4EHP. ELISA measurement of IFN-B production was performed following 6 h
of 1 pug/mL High molecular weight (HMW) poly(l:C) treatment. Data are presented as mean + SD (n = 3). ns, nonsignificant, two-tailed Student’s t test. (D)
Western blot analysis of lysates from C. (E) v5-empty or v5-4EHP expression plasmids were cotransfected with EV or plasmids expressing WT GIGYF2 or
4EHP-binding mutant GIGYF2 (Y41A, Y43A, M48A, L49A; GIGYF2M). IFN-B ELISA was performed following 6 h of 1 pg/mL HMW poly(l:C) stimulation. Data are
presented as mean + SD (n = 3). ***P < 0.001, one-way ANOVA with Bonferroni’s post hoc test. (F) Western blot analysis of lysates from D. (G) WT, 4EHP-KO,
GIGYF1-KO, and GIGYF2-KO HEK293 cells were transfected with psiCHECK2-R-Luc-Ifnb1 3’ UTR reporter or the psiCHECK2 reporter (as control). R-Luc and F-
Luc activities were measured 24 h after transfection. The R-Luc/F-Luc ratio in psiCHECK2-R-Luc-Ifnb1 3’ UTR reporter-expressing cells was normalized to the
psiCHECK2-expressing cells. Data are presented as mean + SD (n = 3). ns, nonsignificant, **P < 0.01, ***P < 0.001, two-way ANOVA with Bonferroni's post
hoc test. (H-K) WT or GIGYF2-KO#1-2 (two independent sgRNAs) A549 cells were infected with mock or VSVA51-GFP (0.1 multiplicity of infection [MOI]). At
12 h postinfection (h.p.i.), cells were subjected to: (H) visualization of VSVA51-GFP infection by fluorescence microscopy, (/) quantification of the GFP-positive
cell number in F by Image), and (/) ELISA measurement of IFN-B production in the supernatant. (K) At the indicated time points post virus infection, /SG56
mMRNA levels were measured by RT-qPCR. GAPDH mRNA was used for normalization. Data are presented as mean + SD (n = 5). **P < 0.01, ***P < 0.001,
**%%P < 0.0001, one-way ANOVA with Bonferroni's post hoc test. See also S/ Appendix, Figs. S4 and S5.
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4EHP with GIGYF2 is required for repression of IFN-f produc-
tion, we overexpressed 4EHP and WT GIGYF2 or a mutant
form of GIGYF2 (GIGYF2M), which does not bind to 4EHP
(20), in GIGYF2-KO cells. Coexpression of 4EHP and WT
GIGYF2 restored the repression of IFN-f in GIGYF2-KO cells
(Fig. 3 E and F). In contrast, cotransfection of 4EHP and
GIGYEF2M only partially (~50%) rescued the IFN-f repression,
indicating that formation of the GIGYF2/4EHP complex is piv-
otal for efficient repression of IFN-f production.

The 3" UTR of the Ifnbl mRNA plays a key role in 4EHP-
mediated translational repression (25). To investigate whether the
Ifnb1 mRNA 3’ UTR exerts its silencing effect via GIGYF2, we
transfected a luciferase reporter (R-Luc) fused to the Ifnbl 3’
UTR into WT, 4EHP-KO, GIGYF1-KO, or GIGYF2-KO
cells. Luciferase activity was repressed by twofold in WT and
GIGYF1-KO cells, but not in 4EHP-KO and GIGYF2-KO cells
(Fig. 3G), with no change in the abundance of the mRNA (87
Appendix, Fig. S5A). These data demonstrate that GIGYF2 and
4EHP mediate the translational silencing induced by Ifnbl
mRNA 3’ UTR.

GIGYF2 Represses RNA Virus Replication. To assess the broader
role of GIGYF2 in the antiviral immune response to RNA
viruses through repression of IFN-B production, we used a GFP-
tagged mutant strain of vesicular stomatitis virus (VSVAS51).
The deletion of methionine-51 (M51) in the matrix protein,
renders the virus more sensitive to the IFN antiviral activity (38).
We reported that 4EHP depletion inhibits the replication of
VSVAS51 by enhancing the production of IFN-B (25). GIGYF2-
KO significantly limited replication of GFP-tagged VSVA51 in
A549 lung cells 12 h postinfection (Fig. 3 H and ). Following
virus infection, expression of IFN-f (measured by enzyme-linked
immunosorbent assay [ELISA]) and the mRNA level of the
IFN-stimulated gene 56 (ISG56, measured by RT-qPCR) were
increased approximately twofold as compared to WT cells (Fig.
3 Jand K) without a detectable change in /fz61 mRNA levels
(ST Appendix, Fig. S5B). These data support the conclusion that
GIGYF2-depletion protects A549 cells from VSVA51-GFP
infection, due to robust IFN-f production and activation of
IFN-induced antiviral pathways.

We next asked whether GIGYF2 directly targets virus-
induced activation of signaling pathways upstream of IFN-f.
We first examined the impact of GIGYF2 or 4EHP depletion
on virus RNA sensor—initiated signaling. We cotransfected
GIGYF2-KO cells with a F-Luc reporter under the control of
the minimal IFN-f promoter and constructs expressing constitu-
tively active forms of key factors involved in RNA virus—induced
signaling to mimic TLR3- and retinoic acid inducible gene
I (RIG-I)-like receptor (RLR)-mediated signaling. GIGYF2
depletion did not affect IFN-P promoter activity mediated by
upstream signaling pathways (S Appendix, Fig. S5C). We also
examined whether GIGYF2 depletion affects JAK-STAT, a key
downstream signaling pathway activated by IFN-f. We trans-
fected the F-Luc reporter under the control of an IFN-sensitive
response element (ISRE) promoter into WT, 4EHP-KO, or
GIGYF2-KO HEK293 cells, followed by treatment with in-
creasing doses of recombinant IFN-B protein. ISRE reporter
activity was not affected by the removal of GIGYF2 or 4EHP-
KO (81 Appendix, Fig. S5D). Neither did the removal of 4EHP
or GIGYF2 affect recombinant IFN-p-induced STAT1 phos-
phorylation or ISG56 expression compared with WT cells
(ST Appendix, Fig. S5E). These results demonstrate that the
GIGYF2- and 4EHP-mediated antiviral immune response is a
consequence of direct repression of Ifnbl mRNA translation
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and not via directly affecting the RNA virus sensors or signal-
ing pathways downstream of IFN-f.

SARS-CoV-2 NSP2 Coopts the GIGYF2/4EHP Complex to
Repress Ifnb1 mRNA Translation and Facilitate SARS-CoV-2
Replication. To investigate the potential role of NSP2 in the
control of IFN-f expression, SARS-CoV-2 NSP2, NSPI, or
envelope (E) protein were expressed in HEK293 cells cotrans-
fected with the R-Luc reporter construct fused to the Ifnbl 3’
UTR. The reporter expression was repressed approximately two-
fold upon ectopic expression of NSP2, but not NSP1 or E pro-
tein (Fig. 44 and SI Appendix, Fig. S6A). To examine whether
NSP2-mediated repression of the R-Luc-Ifnb1 3' UTR reporter
requires the GIGYF2/4EHP complex, reporter activity was mea-
sured in WT, 4EHP-KO, and GIGYF2-KO cells expressing
either GFP or NSP2 (SI Appendix, Fig. S6B). R-Luc-Ifnbl 3’
UTR was consistently repressed by twofold in the NSP2-
transfected WT cells compared to the GFP-transfected WT cells
(Fig. 4B), without affecting mRNA levels (ST Appendix, Fig.
S6C). However, silencing of the R-Luc-Ifnbl 3' UTR reporter
was relieved in 4EHP-KO and GIGYF2-KO cells, regardless of
the expression of NSP2 (Fig. 4B). Thus, the NSP2-induced
Ifnb1 3’ UTR-dependent repression requires the presence of
4EHP and GIGYF2. Notably, transient expression of NSP2 in
WT HEK293 cells elicited an ~40% and ~48% increase in
endogenous GIGYF2 and 4EHP protein levels, respectively (S/
Appendix, Fig. S6 B, D, and E), without affecting GIGYF2 and
4EHP mRNA levels (SI Appendix, Fig. S6 F and G). This is
likely due to the NSP2-induced enhanced GIGYF2 and 4EHP
interaction (Fig. 2), which engenders mutual stabilization of
both proteins (20).

Next, we wished to confirm the above results in the lung epi-
thelial cell line A549. We used lentiviral vectors to stably express
NSP2 or control empty vector (EV) in WT and GIGYF2-KO
A549 cells. Compared to control, ectopic NSP2 expression
reduced the poly(I:C)-induced IFN-B production (~4-fold; Fig.
4C) and STATI1 phosphorylation (~4-fold; Fig. 4D) in WT
cells, without a significant impact on [fnbl mRNA levels (57
Appendix, Fig. S7A). In stark contrast, NSP2 failed to repress
IFN-B production or STAT1 phosphorylation in GIGYF2-KO
cells (Fig. 4 C and D). Notably, similar to HEK293T cells (57
Appendix, Fig. S6B), stable expression of NSP2 in A549 cells
resulted in a 2-fold and 1.8-fold increase in GIGYF2 and 4EHP
protein levels, respectively (Fig. 4D and SI Appendix, Fig. S7 D
and E), without changes in mRNA levels (87 Appendix, Fig. S7
B and O). However, stabilization of 4EHP by NSP2 was not
observed in NSP2-expressing GIGYF2-KO cells, because NSP2
directly interacts with GIGYF2, but not 4EHP.

We next investigated whether the GIGYF2/4EHP-mediated
repression of IFN-B production affects SARS-CoV-2 replication.
Since SARS-CoV-2 significantly represses the expression of [fnb1
mRNA in Calu3 cells (10, 11), we pretreated the cells with
poly(I:C) to bolster the IFN-f secretion before SARS-CoV-2
exposure (Fig. 4F). Following 6 h of pretreatment with
poly(I:C), control (shCTR), 4EHP-knockdown (sh4EHP#1-2),
and GIGYF2-knockdown (shGIGYF2#1-2) Calu-3 cells were
infected with SARS-CoV-2. After 24 h of infection, we assessed
the viral RNA levels to evaluate the virus replication status using
RT-qPCR, and measured IFN-B production by ELISA. As
expected, both sh4EHP- and shGIGYF2-treated cells followed
by mock infection expressed more IFN-B compared to shCTR
cells (SI Appendix, Fig. S4A). Importantly, upon pretreatment
with 0.1 or 0.5 pg/mL poly(I:C), sh4EHP and shGIGYF2
reduced spike mRNA levels by 70% and 80%, respectively,
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Fig. 4. NSP2 augments the GIGYF2/4EHP complex-mediated translational silencing of /fnb7 mRNA. (A) The 24 h posttransfection with GFP, NSP2, NSP1, or E
protein, HEK293 cells were transfected with psiCHECK2-R-Luc-Ifnb1 3’ UTR reporter or the psiCHECK2 reporter (control). R-Luc and F-Luc activities were mea-
sured 24 h after the second transfection. The R-Luc/F-Luc ratio of psiCHECK2-R-Luc-Ifnb1 3’ UTR cells was normalized to the value for the psiCHECK2 cells as
a percentage. Data are presented as mean = SD (n = 3). ns, nonsignificant, *P < 0.05, two-way ANOVA with Bonferroni's post hoc test. (B) WT, 4EHP-KO, and
GIGYF2-KO HEK293 cells were transfected with GFP or NSP2 expression plasmid for 24 h, followed by the second transfection with psiCHECK2-R-Luc-Ifnb1 3’
UTR reporter or the psiCHECK2 control reporter. At 24 h posttransfection the R-Luc/F-Luc ratio was measured as described in A. (C) ELISA measurement of
IFN-B and (D) Western blot analysis of 1 pg/mL poly(l:C)-treated WT and GIGYF2-KO A549 cells stably expressing either EV or NSP2 using lentiviral vector at
8 h posttransfection. (£) shCTR, sh4EHP, and shGIGYF2 Calu-3 cells were challenged with 0.1 or 0.5 pg/mL poly(l:C) for 6 h, followed by 0.01 MOI SARS-CoV2
infection, or mock-infected group as control. At 24 h postinfection, viral mRNA levels were measured by RT-qPCR, normalized to the GAPDH mRNA, and
expressed as fold values relative to the mock-infected shCTR cells. (F) The cell culture supernatants collected from the samples described in £ were used for
detection of IFN-p levels with ELISA. Data are presented as mean + SD (n = 3). ns, nonsignificant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; two-
way ANOVA with Bonferroni's post hoc test was used. (G) Graphic illustration of cooption of the GIGYF2/4EHP repressor complex by NSP2 to silence IFN-f
production in response to SARS-CoV-2 infection. The GIGYF2/4EHP complex enables the miRISC-induced repression of the cap-dependent mRNA translation.
Binding of NSP2 to GIGYF2 enhances the interaction of GIGYF2 with 4EHP, resulting in costabilization of GIGYF2 and 4EHP and augmented translational
repression of /fnb7 mMRNA. See also S/ Appendix, Figs. S6 and S7.

compared to shCTR (Fig. 4F). A similar result was observed Discussion
for the SARS-CoV-2 nucleocapsid (N) protein mRNA by . . L .
RT-qPCR (ST Appendix, Fig. S71). Consistently, the IFN-p lev- While a r.ob.ust' type | IFN—medlated. ant.1v1ral innate immune
els in the supernatant were significantly higher in sh4EHP and ~ fesponse 1s indispensable .for combat.mg .mfectlons,. an exacer-
shGIGYF2 cells compared to shCTR cells upon SARS-CoV-2 bated response can result in patholog{cal inflammation and. tis-
infection [respectively, ~50% and ~95% increase in 0.1 pg/mL  Sue damage (39-42). mRNA translational control mechanisms
poly(I:C) pretreated cells and ~100% and ~135% increase in play a crucial role in maintaining the appropriate magnitude
0.5 pg/mL poly(I:C) pretreated cells; Fig. 471. and duration of the immune response (42). Our data show that
Taken together, our data offer a mechanistic model in which ~ the GIGYF2/4EHP complex inhibits translation of Ifnb1
NSP2 directly interacts with host GIGYF2 protein to enhance =~ mRNA. We demonstrate that SARS-CoV-2 coopts this mecha-
the interaction of GIGYF2 with 4EHP, resulting in stabiliza-  nism through NSP2, which is highly conserved among corona-
tion of both GIGYF2 and 4EHP proteins. We show that  viruses (28) to impede the antiviral innate immune response.

NSP2 coopts the GIGYF2/4EHP translational repression com- Notably, the interaction of SARS-CoV-1 encoded NSP2
plex to suppress IFN-B production and thereby facilitates viral with GIGYF2 and 4EHP was also reported (43), indicating a
replication (model; Fig. 4G). common mechanism of impeding the host innate immune
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response by coronaviruses. Our data reveal that another RNA
virus (VSV) also employs the GIGYF2/4EHP complex to repress
IFN-B production (Fig. 3) (25). Thus, it appears that at least two
different RNA viruses use distinct means that converge on
GIGYF2/4EHP translational repression complex to block the acti-
vation of the antiviral innate immune response. A recent study
showed that SARS-CoV-2 expresses a miRNA-like small RNA
that selectively repress host genes related to activation of interferon
signaling (44). It is possible that SARS-CoV-2-encoded NSP2
could also enhance the repression of the cellular targets of the viral
coded miRNAs via coopting the GIGYF2/4EHP complex.

Other SARS-CoV-2 proteins, including NSP1 and NSP14,
also dysregulate the host mRNA translation machinery (13, 16,
22, 43, 45). NSP1 blocks the ribosomal entry site for host
mRNAs but allows SARS-CoV-2 mRNA translation (46, 47).
While viral RNA is protected, host mRNA is subjected to degra-
dation. Thus, NSP1 broadly inhibits translation of host mRNAs,
including /fzb1 (47), and results in depletion of antiviral factors
such as Tyk2 and STAT2 (48). NSP14 also inhibits global
mRNA translation, which likewise involves the shutdown of ISG
expression (45). In contrast, we showed that NSP2 associates
with the GIGYF2/4EHP complex to repress translation of /fnb1
mRNA, but it is highly likely that this mechanism also affects
the expression of other important cytokines that promote an
antiviral response.

The N-terminal region of GIGYF2 encodes several impor-
tant protein binding motifs, including the 4EHP-binding motif
(20), DDX6-binding motif, and the GYF domain that interacts
with the Pro-Pro-Gly-hydrophobic motif (PPGL) (20, 49). We
mapped an NSP2 binding region at the LHR of GIGYF2. The
solution of the three-dimensional structure of the LHR and its
interaction with NSP2 will be instrumental for a better under-
standing of the molecular basis of the proposed NSP2/
GIGYF2/4EHP complex. The knowledge of the mechanism of
action of NSP2-mediated IFN suppression via the 4EHP/
GIGYF2 complex and identifying the binding motif on NSP2
and GIGYF2 LHR could inform the development of peptides
or small molecules to block the interaction of NSP2 with
GIGYF2. These findings have potentially considerable value for
combatting future infections of SARS-CoV-2 and of other
known and yet to emerge novel coronaviruses.

Methods

Cell Lines and Culture Conditions. HEK293T (Thermo Fisher Scientific) cells
were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (Wisent
Technologies). A549 (American Type Culture Collection [ATCC]), were cultured in
RPMI, also supplemented with 10% FBS and 1% P/S. Calu-3 cells (ATCC) were
cultured in Eagle minimal essential medium (EMEM) supplemented with 20%
FBS and 1% P/S. WT, 4EHP-knockout, and GIGYF2-knockout HEK293 cells were
maintained in DMEM supplemented with 10% FBS, 1% P/S, 100 pg/mL zeocin
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(Thermo Fisher Scientific, R25001), and 15 pg/mL blasticidin (Thermo Fisher
Scientific, R210-01) (17). All cells were cultured at 37 °C, in a humidified atmo-
sphere with 5% CO,.

PLA. PLA using Duolink reagents (Sigma, DU092101) was performed according
to the manufacturer's recommendations. Briefly, cells were fixed with 4% PFA-
sucrose Paraformaldehyde (PFA) for 15 min and permeabilized by Phosphate-
buffered saline (PBS) containing 0.1% Triton X-100 for 15 min. Cells were
blocked in Duolink blocking solution for 1 h at 37 °C and incubated with pri-
mary antibodies overnight at 4 °C. Cells were washed by wash buffer A before
incubation with PLA probe for 1 h at 37 °C, followed by ligation for 30 min at
37°C. PLA signals were amplified using amplification buffer for 100 min at
37°C, followed by washing with wash buffer B and mounting onto the glass
slide before Airyscan microscopic imaging (Zeiss). Further information is given in
Sl Appendix, SI Materials and Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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