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Completion of the Lassa virus (LASV) life cycle critically depends on the activities of
the virally encoded, RNA-dependent RNA polymerase in replication and transcription
of the viral RNA genome in the cytoplasm of infected cells. The contribution of cellular
proteins to these processes remains unclear. Here, we applied proximity proteomics to
define the interactome of LASV polymerase in cells under conditions that recreate
LASV RNA synthesis. We engineered a LASV polymerase-biotin ligase (TurboID)
fusion protein that retained polymerase activity and successfully biotinylated the proxi-
mal proteome, which allowed the identification of 42 high-confidence LASV polymer-
ase interactors. We subsequently performed a small interfering RNA (siRNA) screen to
identify those interactors that have functional roles in authentic LASV infection. As
proof of principle, we characterized eukaryotic peptide chain release factor subunit 3a
(eRF3a/GSPT1), which we found to be a proviral factor that physically associates with
LASV polymerase. Targeted degradation of GSPT1 by a small-molecule drug candi-
date, CC-90009, resulted in strong inhibition of LASV infection in cultured cells. Our
work demonstrates the feasibility of using proximity proteomics to illuminate and char-
acterize yet-to-be-defined host-pathogen interactome, which can reveal new biology and
uncover novel targets for the development of antivirals against highly pathogenic RNA
viruses.
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Lassa virus (LASV) is a mammarenavirus that is highly prevalent in Western Africa,
where it infects several hundred thousand individuals annually; these infections result
in a high number of Lassa fever (LF) cases, a hemorrhagic fever disease associated with
high morbidity and significant mortality among hospitalized LF patients (1). Although
rodent-to-human transmission is the main mode of transmission leading to LASV
infections in the human population, a significant number of LF cases can arise from
human-to-human transmission (2). Moreover, increased travel has resulted in exported
LF cases from endemic Western African countries to nonendemic countries (3). To
date, no U.S. Food and Drug Administration (FDA)-licensed countermeasures are
available to prevent or treat LASV infections, and current anti-LASV therapy is limited
to an off-label use of ribavirin that has limited efficacy and can cause significant side
effects. Hence, there is an unmet need for cost-effective therapeutics to combat LASV
infections. Development of effective therapeutics would be facilitated by a better
understanding of virus-host cell interactions that modulate replication and gene expres-
sion of LASV in infected cells.
Like other mammarenaviruses (Bunyavirales: Arenaviridae), LASV is an enveloped

virus with a bisegmented, single-stranded RNA genome. Each viral genome segment
uses an ambisense coding strategy to direct the synthesis of two viral proteins from
open reading frames (ORFs) separated by noncoding intergenic region (IGR). The
small (S) segment encodes the nucleoprotein (NP), which is responsible for genome
encapsidation and immune evasion, and the glycoprotein precursor (GPC), which is
co- and posttranslationally processed to generate the mature GP that mediates virion
cell entry via receptor-mediated endocytosis (4, 5). The large (L) segment encodes the
large (L) protein that functions as a viral RNA-directed RNA polymerase and the
matrix Z protein. NP encapsidates the viral genome and antigenome RNA species to
form the viral nucleocapsid to which L associates to form the two viral ribo-NP com-
plexes (vRNPs) (of L and S segments). The resulting vRNPs are responsible for direct-
ing replication and transcription of the viral RNA genome (6, 7). LASV polymerase
initiates viral transcription from the genome promoter located at the 30 end of the viral
genome, which is primed by a small host-cell-derived, capped RNA fragment via a
mechanism called cap-snatching. Primary transcription results in synthesis of NP and
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L mRNAs from the S and L segments, respectively. The virus
polymerase can also adopt a replicase mode and moves across
the IGR to generate a copy of the full-length antigenome
(cRNA) for each segment. These cRNAs serve as templates for
synthesis of the GPC and Z mRNAs from the S and L seg-
ments, respectively, as well as templates for amplification of the
corresponding viral genome (vRNA) (8–10).
Coordination of multiple domains with distinct enzymatic

functions through conformational rearrangement and the engage-
ment of vRNA promoter elements with LASV polymerase have
been proposed to mediate the functional transitioning of LASV
polymerase between a replicase and transcriptase (11). Here, we
investigated whether host cell factors can critically contribute to
distinct steps of viral RNA synthesis that are driven by LASV
polymerase. We applied the recently developed proximity-
labeling technology to characterize the cellular interactome of
LASV L polymerase in the context of viral RNA synthesis in liv-
ing cells. We fused LASV polymerase to the engineered promis-
cuous biotin ligase TurboID to generate a fusion protein that
retained polymerase activity and the ability to biotinylate its cellu-
lar interactors in situ. This approach allowed direct affinity cap-
ture and identification of biotinylated interactors, leading to the
discovery of high-confidence LASV polymerase interactors. To
validate the functional role of the identified interactors, we imple-
mented a high-content imaging-based siRNA screen using a
human hepatocyte-derived cell line, Huh7 cells, infected with
authentic LASV. Among the functional polymerase interactors,
we identified GSPT1 as a proviral factor. Pharmacological target-
ing of GSPT1 with the preclinical drug CC-90009 had a strong
inhibitory effect against LASV in cultured cells. Our results have
improved our understanding of the cellular proteins and path-
ways involved in LASV RNA synthesis and uncover potential
therapeutic strategies against a lethal human pathogen.

Results

Generating LASV L-HA-TurboID with Polymerase and Proximity-
Labeling Activities. For proximity labeling, we selected TurboID,
an engineered biotin ligase that has promiscuous labeling activity
and optimized labeling efficiency. TurboID labels exposed lysine
residues on neighboring proteins within a ∼10-nm radius and is
highly active, requiring <10 min of labeling time for detectable
activity (12). We incorporated TurboID with an HA epitope tag
into the LASV L protein at a site (after residue 407) previously
shown to tolerate incorporation of epitope tags without severely
affecting polymerase activity (13) (Fig. 1A). The HA tag facili-
tated L-HA-TurboID detection and biochemical characterization,
as there is no commercially available antibody against LASV L.
We used a cell-based, LASV minigenome (MG) system to con-

firm the polymerase activity of the resulting L-HA-TurboID. This
MG system recapitulates LASV RNA synthesis using an intracellu-
lar reconstituted LASV vRNP expressing a fluorescent reporter,
ZsGreen. Reconstitution of LASV vRNP requires coexpression of
the LASV L and NP proteins, as well as the LASV MG vRNA.
Thus, we performed all experiments requiring reconstituted LASV
MG in human embryonic kidney cells (HEK 293T) due to their
high transfection efficiency. In these experiments, expression levels
of the MG reporter served as a comprehensive measurement of
LASV MG replication, transcription, and translation of the MG
reporter transcript (14) (SI Appendix, Fig. S1).
We used a wild-type LASV L (L-WT) and an N-terminal

HA-tagged L (L-HA) as controls to compare the polymerase
activity and protein expression levels with L-HA-TurboID.
L-HA-TurboID retained 70% of WT activity, with slightly

lower expression levels compared to those of the L-HA control
(Fig. 1B). We validated the proximity-labeling activity of
L-HA-TurboID by detecting biotinylated proteins in cells
reconstituted with LASV MG. In the presence of exogenous
biotin, L-HA-TurboID produced a broad range of biotinylated
proteins in a time-dependent manner. In comparison, a dif-
ferent group of cellular proteins was biotinylated by an
N-terminal HA-tagged TurboID control (Fig. 1C).

We next used confocal fluorescent microscopy to detect the
subcellular distribution of L-HA-TurboID-mediated biotinyla-
tion in cells. We transfected HEK 293T cells with a LASV MG
system containing either L-HA-TurboID or L-HA control, and
at 24 h posttransfection, we conducted 1-h biotin labeling.
LASV L-HA-TurboID localized to discrete puncta connecting
patches in the cytoplasm, similar to the L-HA control. Further,
the biotinylation signal overlapped with the location of L-HA-
TurboID, supporting efficient and localized biotinylation medi-
ated by the L-HA-TurboID (Fig. 1D).

Defining LASV Polymerase Interactomes by Proximity Proteomics.
We carried out a proximity proteomics experiment using simi-
lar conditions to those previously published (12). We trans-
fected HEK 293T cells with the LASV MG system, including
either L-WT or L-HA-TurboID followed by biotin labeling.
Transfected cells were lysed, and biotinylated proteins were
captured with streptavidin (SA) beads. Proteins enriched by SA
beads were washed and subjected to on-bead trypsin digestion.
The digested peptides in solution were then labeled with
unique tandem-mass tags for quantitative proteomic analysis
(Fig. 2A).

To assess the efficiency of the enrichment, biotinylated mate-
rial bound to SA beads (SA pulldown) from equal amounts of
starting material (input) was eluted using sodium dodecyl sul-
fate (SDS) loading buffer containing dithiothreitol (DTT) and
biotin and analyzed by western blot. We observed enrichment
of biotinylated proteins specific to samples with L-HA-Tur-
boID expression. Only a small fraction of LASV NP was bioti-
nylated, which may reflect that only a low percentage of the
total NP participates in the formation of a functional vRNP or
that in the vRNP, the majority of NP was not accessible to bio-
tinylation or remained insoluble under the lysis conditions we
used to prepare the samples. We detected L-HA-TurboID in
the SA pulldown fraction, suggesting self-biotinylation (Fig.
2B).

To analyze the LASV polymerase interactome, host proteins
identified as LASV polymerase interactors were scrutinized by
two criteria: 1) degree of enrichment compared to the control
proteome and 2) the corresponding statistical confidence for
each comparison. We used L-WT to generate the control prote-
ome. For every identified protein, the abundance ratio in the
L-HA-TurboID sample was normalized to that in the L-WT
sample to obtain a fold-change value. Multiple comparisons
were performed across three biological replicates, and adjusted
P values (adjusted to false discovery rate of 0.05) were deter-
mined to identify proteins that were enriched in the L-HA-
TurboID interactome. A threshold of adjusted P < 0.05 and
log2(fold change) > 1 was used to identify 42 high-confidence
hits corresponding to proteins that interact with LASV poly-
merase (Fig. 2C).

Effect of siRNA Targeting High-Confidence LASV Polymerase
Interactors on Viral Infection. Next, we assessed the biological
importance of the 42 high-confidence hits in the context of
infection with live LASV. We used a siRNA-based functional
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screen based on well-established experimental procedures (15)
and performed the screen using human hepatocyte-derived
Huh7 cells, as hepatocytes are relevant to LASV-induced
pathology (16). Briefly, we transfected Huh7 cells with a library
of individual siRNAs targeting each of the 42 high-confidence
hits, and at 48 h posttransfection, we infected these cells with
the recombinant LASV-eGFP (emerald green fluorescent

protein) using a multiplicity of infection (MOI) of 0.5 plaque
forming unit per cell (PFU/cell) (17). Using a high-content
imaging system, we quantified the percentage of LASV-infected
cells with each siRNA knockdown (KD) based on the number
of GFP-positive cells and the total cell count (with nuclear
stain) (Fig. 3A). The siRNA screen was repeated using a MOI
of 1.

Fig. 1. Generation of a functional LASV polymer-
ase with proximity-labeling activity. (A) Schematic
of LASV L-HA-TurboID construct and proxi-
mity biotinylation of L-interacting host factors.
(B) Polymerase activity and expression of LASV
L-TurboID compared to L-WT and L-HA in a cell-
based LASV MG assay. MG activity (fluorescent
reporter intensity) was quantified in each sample
and normalized to the L-WT control. Representa-
tive western blots show expression of LASV L-HA-
TurboID, L-HA, NP, and cellular β-actin in HEK
293T whole-cell lysates. MG activity was evalu-
ated in three independent biological replicates
with triplicated wells for each condition. Bar
graphs containing nine data points (white circles)
for each condition are displayed, with means
plus SEM (error bars). One-way ANOVA with Dun-
nett’s multiple comparisons test was performed
to compare the activity of LASV L-HA-TurboID
and L-HA to L-WT (****P <0.0001). (C) SA blot
showing biotinylations mediated by a control
HA-TurboID in the absence of LASV proteins (Left)
or by LASV L-HA-TurboID in cells coexpressing
LASV MG components (Right). (D) Confocal immu-
nofluorescence images of LASV L-HA-TurboID-
mediated proximity biotinylation in cells coex-
pressing LASV MG components. LASV L-HA and
L-TurboID were detected by using an anti-HA
antibody. Biotinylated proteins were detected by
using the SA-AF594. Nuclei were stained with
Hoechst and are shown in merged images. Scale
bar: 5 μm. Representative images from two inde-
pendent experiments acquired by Zeiss LSM 880
with Airyscan are shown. (Bottom) Zoomed-in
view of the area outlined by (Top) a white dashed
line. Each experiment includes at least three dif-
ferent fields of view.
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To control potential nonspecific effects of siRNA transfec-
tion on LASV infection and total cell count, we normalized
these two parameters against values for nonsilencing control
(NSC) siRNA. We excluded any hits for which siRNA-KD
altered the total cell count by one SD from the average cell
count or for which siRNA-KD failed to significantly change
the percentage of LASV-infected cells compared to NSC. From
the remainder, we considered as true hits those with at least
two out of four independent siRNA-KDs resulted in the same
infection phenotype.
In total, 19 high-confidence hits exhibited an antiviral

role, as depletion of the hit by more than two independent
siRNAs increased LASV infection (MOI = 0.5) (Fig. 3B).
Seven of these antiviral hits were validated in the repeated
siRNA screen (MOI = 1) (SI Appendix, Fig. S2). Limited
(10 to 20% of cells) infection of NSC siRNA-transfected
cells (SI Appendix, Fig. S3) may have favored the detection
of enhancement over reduction in infection. Top hits in the
siRNA screen were selected by stringent statistical metrics
(two biological replicates, four independent siRNAs per tar-
get, technical triplicate per siRNA) and were guided by
quantitative parameters of the resulting phenotype (i.e., rela-
tive percentages of infection and cell count). These top hits
included six antiviral factors (EIF3CL, EIF4G2, TAGLN2,
TUBA1B, PSMC5, and upstream frameshift 1 [UPF1]) and
one proviral factor (GSPT1).

The Proximity Interactome of LASV L Polymerase. We summa-
rized the LASV L polymerase interactome in a network repres-
entation, in which we highlighted hits that were functionally
validated in our siRNA screen. We clustered all interactors based
on their STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins)-functional classification (18) to identify distinct
cellular pathways relevant to LASV infection (Fig. 4A).

To confirm the LASV L interactome, we selected eight inter-
actors for biochemical validation. We coimmunoprecipitated
(coIP) endogenous LASV L interacting proteins in HEK 293T
cells using an N-terminal HA-tagged L as the bait (Fig. 4B).
Among the eight selected interactors, we validated RARS,
AIMP2, RPS3, PSMC5, EIF4G2, UPF1, and GSPT1. AMOT
was the only interactor that we could not successfully coIP,
likely due to its low expression levels. To control nonspecific
binding, we performed a parallel coIP using an HA-tagged
GFP-Halotag fusion protein as the bait. These results support
the validity of proximity-labeling-based proteomics to identify
bona fide LASV L interactors.

We also compared the LASV L interactome described here
with previously reported host interactomes of viral proteins
derived from the prototypic Old World (OW) arenavirus, lym-
phocytic choriomeningitis virus (LCMV) (SI Appendix, Fig.
S4). We found 11 common host factors shared by multiple
interactomes, which likely reflects conserved molecular recogni-
tion interfaces between host cells and OW mammarenaviruses.

Fig. 2. Proximity proteomics of LASV polymerase in living cells. (A) Sample preparation workflow for proximity proteomic assays. (B) Validation of SA enrich-
ment of LASV L-HA-TurboID-mediated biotinylation. Harvested cell lysates are indicated as “Input,” and biotinylated proteins enriched with SA beads are indi-
cated as “SA pulldown.” Representative blots and a silver-stained gel from three biological replicates are presented. (C) Scatter plot showing LASV
polymerase-interacting proteins in HEK 293T cells determined by quantitative proteomic analysis. The degree of enrichment for each protein is shown as a
fold change, and the statistical confidence of enrichment is shown as adjusted P values that are numerated and log transformed.
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Fig. 3. Identification of functional polymerase interactors by siRNA screen in LASV-infected cells. (A) Workflow of siRNA screen by high-content imaging of
Huh7 cells infected with rLASV-eGFP. The raw percentage of infection and total cell count for each siRNA treatment were calculated and normalized to those
of NSCs. (B) Heat maps of relative percentage of infection and relative total cell count for LASV. Each value is the mean of technical triplicates. Multiple
unpaired t tests were performed to determine the statistical significance of siRNA-mediated changes in the percentage of infection compared to that for
NSC. (C) The P values were log-transformed and displayed as the size of each data point on a scatter plot. Data points in the heatmap with P > 0.05 were
eliminated from the scatter plot. Names of genes for which multiple siRNAs significantly affected infection, but not cell counts, are highlighted on the corre-
sponding data points. For each gene, only one label is highlighted in red for display purposes. (D) Representative fluorescence images of Huh7 cell mono-
layers at 48 h.p.i. are shown for NSC and two selected siRNAs. Merged images are composed of green (rLASV-eGFP) and blue (nuclei) channels. Results of
the siRNA screen with MOI = 0.5 are shown.
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Role of GSPT1 in LASV Gene Expression. Here, we focused on
the only proviral hit, eukaryotic peptide chain release factor
subunit 3a (eRF3a/GSPT1), which has not been reported to
play any specific role in viral infection.
First, we used coIP to verify that GSPT1 physically interacts

with LASV L protein. To ensure the level of GSPT1 protein was
sufficient for coIP, we cotransfected HEK 293T cells with plasmids
expressing an N-terminal FLAG-tagged GSPT1 (long isoform, 68.7
kDa) and LASV L-HA in the presence or absence of other LASV
MG components. We found that LASV L-HA consistently IP
FLAG-GSPT1 in the presence or absence of LASV NP or LASV
NP and the LASV MG (Fig. 5A). We next examined the func-
tional consequence of GSPT1 association with LASV L by the
LASV MG assay. We found that depletion of GSPT1 protein by
one experimentally validated siRNA, GSPT1si8 (SI Appendix, Fig.
S5), significantly suppressed LASV MG activity but did not affect
expression of a control eGFP reporter (Fig. 5B).
We also examined whether endogenous GSPT1 interacts with

LASV polymerase in a cellular context that recapitulates viral
RNA synthesis. In HEK 293T control cells, endogenous GSPT1
exhibited a diffuse nucleocytoplasmic distribution (Fig. 5C). How-
ever, in HEK 293T cells that successfully reconstituted a func-
tional LASV vRNP, as determined by the ZsGreen reporter signal,
we detected a fraction of cytoplasmic GSPT1 that coclustered
with LASV L-HA (Fig. 5D), suggesting that GSPT1 interacts
with LASV L in cells expressing a functional LASV vRNP.

Role of GSPT1 in LASV Multiplication. To validate the role of
GSPT1 on LASV multiplication, we examined the phenotype of
siRNA-mediated GSPT1-KD in multistep LASV growth kinetics

in Huh7 cells. Consistent with the siRNA screen results, GSPT1
depletion significantly impaired LASV growth in Huh7 cells
starting at 24 h postinfection (h.p.i.) with at least one log reduc-
tion in viral titer at 48 h.p.i. (Fig. 6A). The phenotype of
impaired LASV growth in GSPT1-KD cells was observed in
three biological replicates (Fig. 6A and SI Appendix, Fig. S6A).
Upon GSPT1-KD, none of the LASV RNA species were signifi-
cantly altered (Fig. 6B and SI Appendix, Fig. S6B). Notably, in
GPST1-depleted cells at 72 h.p.i., LASV GP2 protein levels were
decreased, which might impede production of infectious virions
(Fig. 6C and SI Appendix, Fig. S6C). This finding can be related
to GSPT1 being a critical component of the cellular translation
termination complex (eRF1/eRF3) (19–21). Given the subtle
impact on LASV RNA accumulation but decrease in LASV pro-
tein levels, we reason that GSPT1 may support LASV infection
by assisting viral protein translation.

Based on the effect of GSPT1 KD on LASV growth kinetics,
we predicted that pharmacological inhibition of GSPT1 would
suppress LASV multiplication. We therefore tested the antiviral
activity of CC-90009, an E3 ubiquitin ligase modulator that
selectively tethers GSPT1 to the CRL4CRBN E3 ubiquitin ligase
to induce targeted ubiquitination and degradation of GSPT1
(22, 23) (SI Appendix, Fig. S5C). We treated Huh7 cells with
CC-90009 immediately following LASV infection and measured
the effect of CC-90009 treatment on LASV growth kinetics,
viral RNAs, and viral protein accumulation. At 0.1 and 1 μM,
CC-90009 effectively inhibited LASV growth (Fig. 6E), which
correlated with the dose-dependent reduction in accumulation of
both vRNA and c/mRNA accumulation within 6 h of viral infec-
tion (Fig. 6F) and diminished viral protein accumulation

Fig. 4. The proximity interactome of LASV L polymerase. (A) Network of the LASV polymerase interactome identified by proximity proteomics. Each node
represents one high-confidence proteomic hit. Each edge represents an identified protein-protein interaction. Nodes that were functionally validated by
siRNA screen are highlighted in pink (by two siRNA screens) or in maroon (by one siRNA screen). Nodes shown in heptagons have been previously reported
for other virus-host interactomes. Selected nodes are clustered based on enriched biological processes or protein domains by functional enrichment analy-
ses via STRING. (B) Validation of selected proteomic hits by coIP of LASV L-HA transiently expressed in HEK 293T cells. HA-tagged GFP-Halotag fusion protein
was used as a control. Representative blots of three experiments are shown. Asterisks indicate band(s) of target protein being detected, including different
isoforms. For some blots, a longer-exposure image was used to show visible IP signal, and the same blot with shorter-exposure is shown on the right.
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compared to the dimethyl sulfoxide (DMSO)-treated control
(Fig. 6G). CC-90009 had 50% inhibitory concentration (EC50)
of 16.86 nM (Fig. 6I) and 50% cytotoxic concentration (CC50)
> 10 μM (Fig. 6J), with a selectivity index (CC50/EC50) > 593.
We noticed that unlike GSPT1 depletion mediated by

siRNA, CC-90009 treatment equivalently inhibited accumula-
tion of both LASV vRNA and c/mRNA at very early time
points after infection (cf. Fig. 6H and 6B), suggesting a funda-
mental defect in LASV RNA synthesis. This finding, together

with the physical association between GSPT1 and LASV L
polymerase, suggests that CC-90009 tethering of the E3 ligase
to GSPT1 might facilitate ubiquitination and degradation of
LASV L. As CC-90009 is able to modulate the spectrum of
substrates targeted by the CRL4CRBN E3 ligase (24, 25), LASV
L itself could be turned into a neosubstrate and targeted for
degradation upon CC-90009 treatment. Thus, a reduced level
of LASV L could entail a global decrease in LASV RNA synthe-
sis, although this hypothesis remains to be examined. Together,

Fig. 5. GSPT1 physically and functionally associates with LASV polymerase. (A) Western blot analyses of FLAG-IP from cells coexpressing FLAG-GSPT1 and
LASV L-HA with or without LASV MG components. Representative results from three biological replicates are shown. (B) LASV MG activity and expression
level of a control GFP reporter in HEK 293T cells upon GSPT1-KD. GSPT1-KD by siRNA was validated by western blot analysis. β-actin served as the loading
control. MG activity and expression level of the control GFP reporter in GSPT1si8-transfected cells were normalized to those of NSC transfected cells. The
LASV MG experiment was repeated in three independent replicates with triplicate wells for each condition. Nine individual data points for each condition
are displayed in the bar graphs, with means ± SEM (error bars) shown. Two-tailed unpaired t tests were performed to determine whether depleting GSPT1
significantly changed activities of LASV MG and the control reporter (ns, not significant; ****P < 0.0001). B.D., below detection limits. Confocal immunofluo-
rescent analysis of the subcellular localization of endogenous GSPT1 alone (C) or with transiently expressed LASV L-HA in LASV MG reconstituted HEK 293T
cells (D). Nuclei were stained with Hoechst (blue) and are shown in merged images. Arrowheads show sites where endogenous GSPT1 localize proximal to
LASV proteins. Representative images from four independent experiments that were acquired with Zeiss-LSM880 Airyscan are shown, and each experiment
includes at least three different fields of view. (Bottom) Zoomed-in view of the area outlined by (Top) a white dashed line. Colocalization analysis of LASV
L-HA and endogenous GSPT1 was performed along two white lines for each channel. The line profile plots of the fluorescence intensity of both channels in
the same focal plane are shown. Scale bar: 5 μm.
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Fig. 6. GSPT1 is a druggable host factor required for LASV multiplication. (A) Effect of GSPT1-KD on LASV viral growth kinetics in Huh7 cells. Viral titers from two
independent experiments with technical triplicates were log-transformed and plotted as mean ± SD (error bars). Two-way ANOVA analysis on log-transformed
titers was performed to determine the statistical significance of the effect of GSPT1-KD on viral growth kinetics (****P < 0.0001). (B) Effect of GSPT1-KD on LASV
vRNA and c/mRNA accumulation. Six individual data points from two independent experiments with technical triplicates are displayed, and the mean ± SEM (error
bars) is shown. Welch’s t test was performed to determine the statistical significance of the effect of GSPT1-KD on LASV RNA accumulation. (C) Western blot analy-
sis of endogenous GSPT1 protein and LASV GP2 levels in lysates from LASV-infected Huh7 cells. β-actin served as the loading control. Lysates from triplicate wells
in the growth kinetic experiments were pooled and analyzed. (D) Representative fluorescence images of Huh7 monolayers at 72 h.p.i. are shown with nuclei (blue)
and virus infected cells (green). Representative blots and images from one experiment are shown. (E) Schematic diagram CC-90009-mediated GSPT1 degradation.
(F) Effect of CC-90009 on LASV growth kinetics in Huh7 cells. Results of one experiment with technical triplicates were plotted as mean ± SD (error bars). ND, not
detectable. Two-way ANOVA analyses on log-transformed viral titers were performed to determine the statistical significance of the effect of CC-90009 treatments
compared to DMSO on LASV growth kinetics (***P < 0.001). (G) Effect of CC-90009 treatment on LASV vRNA and c/mRNA accumulation in Huh7 cells. Three individ-
ual data points from one experiment with technical triplicates are displayed as mean ± SEM (error bars). Brown-Forsythe and Welch ANOVA with multiple compar-
isons test were used to determine values that differed significantly from the controls (*P < 0.05; **P < 0.01). (H) Western blot analysis of endogenous GSPT1 pro-
tein and LASV GP2 levels in LASV-infected Huh7 lysates. Lysates from triplicate wells in the growth kinetic experiments were pooled and analyzed. (I) Percentage of
LASV infection in Huh7 cell (MOI = 0.5) after CC-90009 treatment at 48 h.p.i. Raw values of mean fluorescence intensity of the infected monolayer with drug treat-
ment are normalized to a DMSO control. (J) Percentage of Huh7 cells viability after CC-90009 treatment was determined by Cell titer Glo 2.0. Raw values for cell
viability in drug-treated samples are normalized to a DMSO control. For I and J, one experiment with technical triplicates is indicated as mean ± SD (error bars).
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our results demonstrated that CC-90009 has potent antiviral
activity against LASV in human hepatocytes.

Effect of GSPT1 Depletion on Other Mammarenaviruses. To
determine whether the antiviral activity of CC-90009 could be
expanded to other OW mammarenaviruses, we examined the effect
of CC-90009 on the growth kinetics of LCMV, an OW mammar-
enavirus related to LASV, in Huh7 cells. Delayed LCMV growth
was seen in Huh7 cells infected with LCMV and then treated with
CC-90009 (0.1 μM) following infection, and with 1 μM
CC-90009, LCMV titers were sustainably reduced by more than
one log (Fig. 7A). Similar to the phenotype observed in LASV-
infected cells, accumulation of LCMV RNAs (Fig. 7B) and proteins
(Fig. 7C) was reduced in CC-90009-treated cells, and fewer cells
were infected with LCMV compared to vehicle-treated cells (Fig.
7D). Comparable to the antiviral activity against LASV infection,
the EC50 of CC-90009 for LCMV was 14.85 nM (Fig. 7E).

Discussion

Here, we have presented a host interactome of LASV polymerase
in the context of viral RNA synthesis directed by an intracellu-
larly reconstituted functional LASV vRNP. We applied proximity
proteomics to identify the LASV polymerase interactors in situ.
We then performed a siRNA screen in human hepatocytes
infected with live LASV to identify polymerase interactors func-
tionally important during LASV infection. Our finding that most
identified polymerase interactors exhibited an antiviral, rather
than a proviral, phenotype could reflect that the viral polymerase
or viral RNA products, or both, are targets of host innate defense
mechanisms. Nevertheless, we validated one proviral factor,
GSPT1, and demonstrated that it is a potentially druggable target
for the development of therapeutics against LASV.
Previously reported host interactomes on LCMV proteins

were based on the affinity purification-mass spectrometry (AP-
MS) approach in the context of viral infection (26, 27), which
may fail to capture nonstable transient protein-protein interac-
tions. Moreover, the use of live LASV infection requires BSL4
containment, which complicates proteomic experiments using
LASV-infected cells. To overcome these obstacles, we used the
TurboID-based, proximity-labeling approach to capture both
stable and dynamic protein-protein interactions in the context
of a cell-based MG system that recapitulates the biological activi-
ties of the LASV vRNP. Detection of endogenous host proteins
expressed at low levels can be difficult to capture in AP-MS-
based interactomes. Nevertheless, in proximity proteomics,
direct enrichment of biotinylated interactors to the bait protein
offers a higher likelihood of detecting host factors that have low
abundance yet important roles such as GSPT1. This technologi-
cal advantage may have contributed to the identification of
31 cellular proteins not identified by the LCMV L interactome.
Many RNA viruses have evolved strategies to manipulate the

host translational machinery to favor translation initiation of viral
mRNAs (28–30). We identified two translation initiation factors
in our LASV polymerase interactome, EIF4G2 and EIF3CL, as
repressors of LASV infection. EIF4G2 is a functional homolog of
EIF4G1 (31), which is known to bridge the high-affinity cytoplas-
mic cap-binding protein EIF4E and the scaffolding protein EIF3,
which binds to the small ribosomal subunit. EIF4G2 can also
enhance the interaction between EIF4E and cap-containing
mRNAs (32). As with other mammarenaviruses, transcription of
LASV mRNAs uses a “cap-snatching” mechanism by which viral
mRNAs hijack 50 cap structures from host mRNA species (33),
which primes viral transcription and enables cap-dependent

translation (34). Although still controversial, one mechanism by
which mammarenaviruses could accomplish cap-snatching
involves binding of virus NP to m7GpppN cap structures (35,
36), together with the activity of an endonuclease motif (EndoN)
present within the N-terminal region of the LASV polymerase
(37) that cleaves cellular mRNAs to liberate the 50 cap structure.
Importantly, our LASV L interactome included EIF4G2 and
EIF3CL, but not EIF4E, suggesting that LASV polymerase may
not hijack the canonical host cap-binding complex. Our results
could indicate that L polymerase instead competes for 50 capped
cellular mRNAs with the canonical host cap-binding complex,
which contains EIF4E, and L may bind to EIF4G2 as a decoy
that interferes with stable complex formation between eIF4E and
capped mRNAs. This binding, in turn, would release capped

Fig. 7. Inhibition of LCMV growth by CC-90009-mediated degradation of
GSPT1. (A) Effect of CC-90009 on LCMV growth kinetics in Huh7 cells.
Results of two independent experiments with technical duplicates are plot-
ted as mean ± SD (error bars). Two-way ANOVA analyses of log-
transformed viral titers were performed to determine the statistical signifi-
cance of the effect of CC-90009 treatments compared to DMSO on LCMV
growth kinetics (****P < 0.0001). (B) Effect of CC-90009 treatment on LCMV
RNA synthesis in Huh7 cells. Three individual data points from one experi-
ment with technical triplicates are displayed and indicated as mean ± SEM
(error bars). Values significantly different from the controls were determined
by Brown-Forsythe and Welch ANOVA with multiple comparisons test (*P <
0.05). (C) Western blot analysis of endogenous GSPT1 protein, LCMV GPC,
and GP2 levels in LCMV-infected Huh7 lysates. β-actin was used as the load-
ing control. Lysates from duplicated wells in the growth kinetic experiments
were pooled and analyzed. (D) Representative fluorescence images of Huh7
monolayers infected with rLCMV-GFP at 72 h.p.i. are shown with nuclei (blue)
and virus-infected cells (green). Representative blots and images from one
experiment are shown. (E) Percentage of LCMV infection in Huh7 cell (MOI =
0.5) after CC-90009 treatment at 48 h.p.i. Raw values of LCMV infection rate
with drug treatment are normalized to a DMSO control.
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mRNAs that can then serve as substrates for the L EndoN to
hijack the 50 cap structure for LASV transcription initiation. Addi-
tional support for this hypothetical model stems from the observa-
tion that cap-binding affinity of EIF4E was reduced upon binding
of LASV Z protein to EIF4E (38), which further lowers the affin-
ity barrier for a LASV-encoded cap-binding protein, or another
proviral factor, to capture fragments of capped cellular mRNAs
for priming LASV transcription (SI Appendix, Fig. S7). This
model is based on the assumption that EIF4G2 and EIF3CL, but
not EIF4E, are bona fide LASV polymerase interactors, which
needs to be experimentally validated.
Our siRNA-based functional screen also revealed a LASV poly-

merase interactor, ATP-dependent RNA helicase UPF1, as an
antiviral factor. UPF1 is a key player in multiple cellular RNA
decay pathways, typically through binding to the 30 UTR of a tar-
get transcript (39), suggesting that UPF1 might play an antiviral
role in LASV infection by mediating LASV mRNA decay. LASV
mRNAs could trigger UPF1-dependent mRNA decay through
the nonsense-mediated mRNA decay (NMD) pathway. In the
NMD pathway, UPF1 degrades aberrant RNA transcripts by join-
ing the translation-termination complex (GSPT1/eRF3-eRF1)
upon ribosomal recognition of a premature termination codon
(PTC) in the mRNA (40). After recruitment to the termination
complex, UPF1 is phosphorylated, thereby triggering a down-
stream cascade of nucleases and decapping enzymes to dismantle
the target transcript (41). LASV mRNAs are likely to incorporate
PTCs owing to the presence of an upstream ORF, which can be
acquired by viral transcripts as byproducts of the cap-snatching
mechanism (42). Future experiments are needed to determine
whether the UPF1-LASV L interaction is RNA dependent and
whether UPF1 directly targets LASV mRNAs for degradation.
Intriguingly, we identified another host NMD factor, G1-to-S-

phase transition 1(GSPT1)/eukaryotic peptide chain release factor
GTP-binding subunit A(eRF3a), as a LASV L interactor with pro-
viral activity. GSPT1 is a core component of the cellular transla-
tion termination machinery (20, 43) and has been shown to regu-
late cell-cycle progression (44) and promote apoptosis (45). As
GSPT1 participates in multiple cellular pathways, it may regulate
viral infection via different mechanisms in a context-dependent
manner. We confirmed a physical association between LASV L
polymerase and GSPT1. Further, we showed that GSPT1 posi-
tively regulates LASV MG activity, arguing against the role of
GSPT1 in the NMD being linked to its proviral activity. In the
context of a multistep growth kinetics experiment, GSPT1 KD
resulted in one-log reduction of the number of infectious LASV
progeny, as well as reduced levels of both viral RNA and protein.
These results point to a supporting role of GSPT1 in LASV gene
expression, which could reflect a critical dependency of LASV on
cellular translation termination machinery for its propagation in
host cells. Whether the proviral phenotype we observed for
GSPT1 is indirectly mediated by its involvement in regulating the
cell cycle or apoptosis remains to be determined. Future studies
are needed to resolve the functional consequence of the physical
association between GSPT1 and LASV polymerase in LASV gene
expression and to verify whether GSPT1 contributes to any step
of LASV RNA synthesis independent from its potential impact on
LASV protein translation.
CC-90009, a CRL4CRBN E3 ligase-modulating drug that specifi-

cally targets GSPT1 for proteasomal degradation (22), exhibited
antiviral activity against both LASV and LCMV without apprecia-
ble cytotoxicity. For both viruses, CC-90009 treatment reduced
accumulation of viral RNA and protein in infected cells, suggesting
that similar mechanisms drive CC-90009 antiviral activity against
LASV and LCMV. Based on the physical interaction between

LASV L and GSPT1, it is plausible that LASV L protein might
have a higher turnover rate upon CC-90009 treatment. However,
due to the lack of access to an antibody to LASV L, we were not
able to directly monitor L protein in our viral growth curve experi-
ment. Further validation of this hypothesis can be enabled by mon-
itoring the turnover rate of an epitope or reporter-tagged LASV L
in CC-90009-treated cells in the presence or absence of GSPT1.

CC-90009 had EC50 values of 16.86 and 14.85 nM for LASV
and LCMV, respectively, in Huh7 cells. We did not observe any
significant reduction in cell viability even at the highest (10 μM)
concentration of CC-90009 used (CC50 > 10 μM). Importantly,
our recent work has shown a potent inhibitory effect of
CC-90009 against Zaire Ebola virus growth in cell culture (100-
fold reduction in viral titer with 1 μM CC-90009 treatment post-
infection) (46). As a comparison, the SARS-CoV-2 polymerase
inhibitor molnupiravir, which has been recently issued with an
FDA Emergency Use Authorization for COVID-19 treatment,
was reported to have an EC50 = 300 nM against SARS-CoV2 in
cultured cells (47). CC-90009 is currently in phase 1 clinical
development for the treatment of acute myeloid leukemia, raising
the possibility of its repurposing as a broad-spectrum antiviral
therapy against LASV and Ebola virus infections.

There are several limitations in the current work to be discussed.
First, the use of LASV L-WT as the control in our proximity prote-
omic experiment does not control for nonspecific interactions associ-
ated with the TurboID tag in the LASV L-HA-TurboID fusion
protein. This might have resulted in some false positives in our list
of proteomic hits. However, a control proximity proteome generated
by TurboID alone could have resulted in the elimination of cellular
proteins that interact with LASV L, because both LASV L and Tur-
boID are cytoplasmic proteins that have no clear physical boundary
that would constrain their localizations. To support the specificity of
our interactome, we biochemically validated a subset of the identified
interactors via coIP using an HA-tagged L that lacks TurboID. We
confirmed that 7/8 (87%) tested hits interacted with LASV L. We
acknowledge that efficiency of proximity proteomics using TurboID
is influenced by the accessibility of lysine residues on the bait-
interacting proteins. The list of LASV L-interacting proteins we
revealed with proximity proteomics could be complemented by
orthogonal proteomic approach to recapitulate the full picture of
host-LASV L interactions. Moreover, we utilized the siRNA-based
functional screen to support the relevance of LASV L interactome.
We confirmed 21 functional hits among 42 interactors (50%) in
at least one siRNA screen, including 7 top hits in two indepen-
dent siRNA screens using different infection conditions. It is pos-
sible that some of LASV L interactors we identified in HEK
293T cells are cell-type specific, whereas we performed our
siRNA screen in Huh7 cells. We used HEK 293T cells in several
experiments because of their high transfection efficiency, and we
used Huh7 cells in all viral infection experiments, as liver is a
major target organ during LASV infection. Future work should
confirm the functional role of LASV L interactors in other pri-
mary target cells including macrophage and dendritic cells, as
well as in suitable animal models. Taken together, we presented
here a cellular interactome of LASV L polymerase, which illumi-
nated mechanisms of host regulation of LASV replication and
revealed a landscape of targets for host-directed antiviral drug
development.

Materials and Methods

Plasmids, siRNAs, Antibodies, Primers, and Compound. See SI Appendix,
Tables S1–S3 and Dataset S2.
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Cell Cultures and Viruses. See SI Appendix.

LASV MG Assay. See SI Appendix.

Biotinylation with TurboID Fusion Proteins. See SI Appendix.

Immunofluorescent Analysis Using Confocal Microscopy. See SI Appendix.

Proximity-Labeling-Based Proteomics. See SI Appendix.

siRNA Functional Screening. Huh7 cells were transfected with individual
gene-targeting siRNA and infected with rLASV-eGFP (MOI = 0.5 or 1). Percent-
age of LASV-infected cells and total cell counts were quantified at 48 h.p.i. See SI
Appendix for details.

LASV Growth Kinetics. Huh7 cells were transfected with siRNA targeting
GSPT1 and infected with rLASV-eGFP (MOI = 0.5) 48 h posttransfection or were
infected with rLASV-eGFP (MOI = 0.5) and treated with CC-90009 at the speci-
fied concentration 1 h.p.i. At indicated time points, LASV vRNAs or c/mRNAs, pro-
teins, and titers were quantified. See SI Appendix for details.

LCMV Growth Kinetics. rLCMV-GFP-infected Huh7 cells were treated with
CC-90009 at the specified concentration 1 h.p.i. At indicated time points, LCMV
RNAs, proteins, and titers were quantified. See SI Appendix for details.

Determination of EC50 and CC50 for CC-90009. See SI Appendix.

CoIP. See SI Appendix.

RT-qPCR. See SI Appendix.

Data Availability. All study data are included in the article and/or supporting
information. Proteomic data are shown as Dataset S01 in SI Appendix.
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