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ABSTRACT: Biomolecular condensates formed by liquid−liquid phase
separation have been implicated in multiple diseases. Modulation of
condensate dynamics by small molecules has therapeutic potential, but
so far, few condensate modulators have been disclosed. The SARS-CoV-
2 nucleocapsid (N) protein forms phase-separated condensates that are
hypothesized to play critical roles in viral replication, transcription, and
packaging, suggesting that N condensation modulators might have anti-
coronavirus activity across multiple strains and species. Here, we show
that N proteins from all seven human coronaviruses (HCoVs) vary in
their tendency to undergo phase separation when expressed in human
lung epithelial cells. We developed a cell-based high-content screening
platform and identified small molecules that both promote and inhibit
condensation of SARS-CoV-2 N. Interestingly, these host-targeted small
molecules exhibited condensate-modulatory effects across all HCoV Ns. Some have also been reported to exhibit antiviral activity
against SARS-CoV-2, HCoV-OC43, and HCoV-229E viral infections in cell culture. Our work reveals that the assembly dynamics of
N condensates can be regulated by small molecules with therapeutic potential. Our approach allows for screening based on viral
genome sequences alone and might enable rapid paths to drug discovery with value for confronting future pandemics.

■ INTRODUCTION
Biomolecular condensates are membrane-less organelles
formed by liquid−liquid phase separation of specific RNAs
and/or proteins, resulting in their local concentration in a
liquid-like compartment distinct in constituents from the
surrounding cytoplasm or nucleoplasm.1−3 Such biomolecular
condensates have been implicated in the formation of signaling
complexes, processing bodies, stress granules (SGs), and
germline bodies,1 where they facilitate the segregation and
concentration of factors involved in various cellular processes.
The material properties of condensates are tailored to their
functions; dynamic condensates with mobile constituents
enhance biochemical reactions that involve molecular turnover,
whereas more glasslike or solid condensates promote stiffness
for structural support.4

Phase separation and the formation of liquid condensates
known as viroplasms or inclusion bodies have been observed in
large groups of viruses such as the Mononegavirales order of
nonsegmented negative-strand RNA viruses5−13 and the
Reoviridae family of double-stranded RNA viruses.14 The
formation of viroplasms is induced by viral proteins and RNAs
expressed during infection, and they serve as organizational
hubs for the concentration of viral or host factors involved in
viral entry, replication, virion assembly, and/or packaging.15

The SARS-CoV-2 nucleocapsid (N) protein drives virion

packaging through RNA binding and enhances viral tran-
scription and replication at replication and transcription
complexes (RTCs).16,17 Recent observations that the SARS-
CoV-2 N protein forms liquid condensates16,18−24 has raised
the possibility that these N condensates may also behave as
dynamic viroplasms. However, whether condensate assembly is
a conserved property of HCoV Ns has not been examined.
Macromolecular phase separation is often driven by

unstructured regions of proteins, which makes condensates
unconventional for targeting by small-molecule drugs. Never-
theless, recent studies successfully identified small molecules
that modulate phase transitions of proteins involved in
amyotrophic lateral sclerosis (ALS)25,26 and respiratory
syncytial virus (RSV) infection.27 These studies, as well as
the recent founding of condensate-focused biotechnology
companies, have led to an explosion of interest in targeting
condensates for drug discovery, but to date, few active
molecules have been disclosed.28−30 In principle, small
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molecules could achieve therapeutic activity by inhibiting the
assembly of cytotoxic condensates25,26 or by promoting
condensation, leading to hardening and cessation of essential
dynamics.27 Given the ongoing need for antivirals to confront
the COVID-19 pandemic, and the likelihood that similar
pandemics will emerge in the future, we focused on identifying
small molecules that perturb SARS-CoV-2 N condensation,
with the hope that some might exhibit broad-spectrum antiviral
activity. We developed a cell-based high-content screening
platform to identify small molecules that either promote or
inhibit N condensation and identified small molecules with
condensate-modulating activity. Our results suggest it may be
possible to discover drug-like small molecules that promote
and inhibit condensation of many proteins and RNAs, which
will open new paths to drug discovery.

■ RESULTS AND DISCUSSION
HCoV N Condensates Are PolyIC-Inducible and

Exhibit Varied Material Properties. To investigate the
condensation behavior of HCoV N proteins, we stably
expressed each of the seven HCoV N proteins fused to a C-
terminal EGFP in A549 cells (human lung cancer-derived)
(Figure 1A and Table S1). Western blots confirmed that the
expression levels of each of the seven N proteins were similar
among the stably expressing A549 cells (Figure S1A). Under
control conditions, SARS-CoV, SARS-CoV-2, HCoV-OC43,
and MERS-CoV N showed diffuse cytoplasmic localization,
while HCoV-229E, HCoV-NL63, and HCoV-HKU1 N formed
spherical condensates (henceforth referred to as “constitutive”
condensates) of varying numbers (Figure 1A,B). Thus, the
tendency to phase-separate and condense varies between N
species under these conditions.

Figure 1. HCoV N proteins phase-separate in a polyIC-inducible manner. (A) Fluorescence images of A549 cells stably expressing N from the
seven HCoVs. Images taken at 40× air magnification, confocal. Scale bar, 20 μm. SARS1: SARS-CoV; SARS2: SARS-CoV-2; OC43: HCoV-OC43;
229E: HCoV-229E; NL63: HCoV-NL63; HKU1: HCoV-HKU1; MERS: MERS-CoV. (B) Quantification of number of N condensates per cell for
each of the seven cell lines. (C) Time-lapse imaging showing polyIC-induced SARS-CoV-2 and constitutive HCoV-229E N condensate fusion
events over time. Scale bar, 10 μm. ind.: induced. (D) Fluorescence recovery after photobleaching (FRAP) analyses of SARS-CoV-2 polyIC-
induced and HCoV-229E constitutive N condensates. Mean fluorescence intensity plot illustrates FRAP results for n = 7 condensates per condition.
Scale bar, 1 μm. fluor: fluorescence. (E) Final fluorescence recovery percentage 2 min post-bleach.
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Upon transfection of low-molecular-weight polyinosinic−
polycytidylic acid (polyIC), a synthetic analogue of dsRNA
that mimics viral genome replication intermediates and triggers
innate immune pathways, N condensates formed across all
seven HCoV N cell lines (Figure 1A,B). For the species that
exhibited constitutive condensation, the number of con-
densates increased upon polyIC transfection (Figure 1A,B).
The addition of polyIC to an A549 cell line stably expressing
EGFP alone did not result in condensate formation, confirming
the essentiality of N for polyIC-induced condensate formation
(Figure S1B). Across all seven Ns, both constitutive and
polyIC-induced condensates exhibited flow and fusion/
coalescence over time (Figures 1C and S1C), which are
behaviors consistent with liquid−liquid phase separation. We
also probed the dynamics of the various N condensates by
monitoring fluorescence recovery after photobleaching
(FRAP). PolyIC-induced SARS-CoV/SARS-CoV-2/HCoV-
OC43/MERS-CoV N condensates were much more dynamic
than constitutive HCoV-229E/HCoV-NL63/HCoV-HKU1
condensates, exhibiting faster and more complete recovery of
fluorescence after photobleaching (Figures 1D,E and S1D).
Moreover, polyIC-induced HCoV-OC43/MERS-CoV N con-
densates displayed faster dynamics than polyIC-induced SARS-
CoV/SARS-CoV-2 N condensates (Figures 1E and S1D).
Overall, the seven HCoV N proteins exhibit varied basal phase
separation propensities with constitutive condensates being
less dynamic than polyIC-induced condensates, and in all
cases, polyIC increased N condensation.
To gain insight into the specific regions of N that contribute

to differences in basal phase separation behavior between
species, we expressed “domain swap” mutants of the SARS-
CoV-2 and HCoV-229E N proteins in cells (Figure S1E). We

observed that individually replacing the SARS-CoV-2 N
protein N-terminal domain (NTD) and central Ser/Arg
(SR)-rich linker domains with the equivalent domains from
HCoV-229E N resulted in a significant increase in basal phase
separation propensity. In addition, protein disorder prediction
system (PrDOS) analyses31 for all seven N proteins identified
an approximately 25 amino acid region within the NTD with
varying disorder prediction scores (Figure S1F), with N
proteins that form constitutive condensates having lower
predicted disorder scores compared to the N proteins with
polyIC-inducible condensates. All in all, this suggests that
differences in the properties of both the NTD and linker
domains may explain the varied basal phase separation
between the two N proteins.
High-Content Phenotypic Screening for Modulators

of SARS-CoV-2 N Condensation. We hypothesized that
modulating the phase behavior of SARS-CoV-2 N with small
molecules may exert antiviral effects by perturbing the finely
tuned dynamics of N condensates required for various stages of
viral replication (Figure 2A). To identify compounds that
promote or inhibit condensation of SARS-CoV-2 N, we
devised two parallel screens (Figure 2B,C and Table S2).
Briefly, to identify compounds that promote N condensation
(henceforth referred to as pro-condensers), A549 cells stably
expressing SARS-CoV-2 N-EGFP were treated with 10 μM
compounds for 24 h (Figure 2B). To identify condensate
inhibitors, 17 h after compound addition, cells were treated
with polyIC for 7 h (Figure 2C). After fixing and staining, cells
were imaged at 20× magnification and the number of N puncta
per cell was scored by image analysis (Figure S2A). Positive
control compounds were MS023, a type I protein arginine
methyltransferase inhibitor known to induce N condensa-

Figure 2. High-content phenotypic screening assay to identify modulators of SARS-CoV-2 N condensation. (A) Schematic illustrating the sliding
scale of N condensate material properties, adapted with permission from Boeynaems, S.; Alberti, S.; Fawzi, N. L.; Mittag, T.; Polymenidou, M.;
Rousseau, F.; Schymkowitz, J.; Shorter, J.; Wolozin, B.; Van Den Bosch, L.; Tompa, P.; Fuxreiter, M. Protein Phase Separation: A New Phase in
Cell Biology, Trends Cell Biol. 2018, 28, 420−435, Copyright 2018 Elsevier. N can exist in a soluble, diffuse cytoplasmic state, or anywhere along a
continuum ranging from liquid-like condensates to more solid gel-like states. Intermolecular interaction strength tunes the material properties of
condensates. On a cellular level, liquid-like condensates appear as small spherical puncta, while progression to more gel-like states may result in the
formation of larger, more irregularly shaped aggregates. Small molecules that perturb the material state of N are referred to in this study as “pro-
condensers” and “condensate inhibitors.” (B) Schematic illustrating the pipeline for the pro-condensation screen to identify N condensation-
inducing compounds. Representative images show the negative (dimethyl sulfoxide (DMSO)) and positive (10 μM MS023) controls. FC: fold
change; pos: positive control. (C) Schematic illustrating the pipeline for the N condensate inhibition screen to identify N condensate-inhibiting
compounds. Representative images show the negative (DMSO) and positive (10 μM salvianolic acid B) controls.
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tion,32 and salvianolic acid B (SalB), a natural product
identified in our pilot screen that robustly inhibited the
formation of polyIC-induced condensates. The Z′ values for
the pro-condensation and condensate inhibition screening
modalities were 0.61 and 0.55, respectively. We performed
both screening modalities against the FDA-annotated Drug
Library from Selleckchem (Selleck 2019) comprising 2554
compounds at 10 μM in technical duplicate, with two
biological replicates. This was followed by confirmation of
compounds in dose−response experiments with both the
original screening assay (Figure S2A) and separate follow-up
experiments with an independent image analysis pipeline
(Figure S2B).
SARS-CoV-2 N Pro-Condensation Screen Identifies

GSK3 and Proteasome Inhibitors. After counter-screening

to remove fluorescent artifacts, cytotoxic hits, and compounds
that act directly on EGFP, we identified six hit compounds that
robustly increase the number of N puncta per cell (Figure 3A,B
and Table S3). These fell into two classes by annotation and
follow-up: inhibitors of the proteasomal catalytic core complex
and GSK3 inhibitors. Proteasome inhibition could prevent N
turnover, thereby increasing the concentration of N in cells and
promoting its phase separation. However, we also observed an
increase in N nuclear localization upon treatment of cells with
the proteasome inhibitors (Figure S3A), suggesting that these
small molecules may exert modulatory effects on N
condensation through multiple mechanisms. Proteasome
inhibition for cancer treatment has toxic side effects which
preclude this target for antiviral drugs, so this hit class was not
pursued further.

Figure 3. GSK3 and proteasome inhibitors promote pan-HCoV N condensation and condensate hardening. (A) Scatter plot illustrating SARS-
CoV-2 N pro-condensation screening results. Data are represented as percentage N condensation activity over DMSO (% activity). Blue points:
identified “pick” compounds. Validated hit compounds are annotated on the plot. (B) Hit compounds classified according to their annotated
cellular targets. Dose−response curves indicate fold change in number of N puncta per cell over DMSO control (fold DMSO). Scale bar, 10 μm.
(C) Fluorescence images and quantification for A549 SARS-CoV-2 N-EGFP cell lines treated with Wnt3a. Scale bar, 20 μm. (D) Fluorescence
images and western blot quantification for GSK3α, GSK3β, and GSK3α/β CRISPR knockout cell lines illustrating increase in N condensation.
Scale bar, 20 μm. Non-targeting: nontargeting sgRNA control; DKO: double knockout. (E) Representative fluorescence images of all seven HCoV
N-EGFP cell lines treated with 10 μM GSK3 inhibitor hit compounds. Scale bar, 10 μm. (F) Left: N condensation EC50s for all seven HCoV N-
EGFP cell lines across all GSK3 inhibitors. Right: Wnt signaling EC50s for all seven HCoV N-EGFP cell lines across all GSK3 inhibitors. Auto.:
autophinib; Laduv.: laduviglusib.
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We identified one ATP-competitive GSK3 inhibitor
(CP21R7) as a pro-condenser hit (Figure 3B). Autophinib, a
second pro-condenser hit originally annotated as a VPS34
ATP-competitive inhibitor of autophagy, robustly induced N
condensation and was later found to be a GSK3 inhibitor (see
below). We therefore tested five other ATP-competitive GSK3
inhibitors (6-BIO, laduviglusib, A1070722, CHIR-98014,
LY2090314) as well as the Mg2+-competitive GSK3 inhibitor
lithium chloride (LiCl) and found them to also induce N
condensation, albeit with varying EC50s that spanned several
orders of magnitude, with the most potent compound being
LY2090314 (Figure S3B,C). Mass spectrometry analysis of N
phosphorylation upon 1 μM LY2090314 treatment confirmed
inhibition of phosphorylation predominantly at the start of the

SR-rich region of the LKR domain as well as at four other
minor phosphorylation sites within the disordered N- and C-
terminal arms and the N-terminal RNA-binding domain
(Figure S3D). Conversely, 1 μM CP21R7 inhibited phosphor-
ylation of N to a smaller extent, consistent with the different
EC50s and N condensation potencies for these two small
molecules.
To test if GSK3 is indeed the relevant target of the pro-

condenser compounds, we pursued gain- and loss-of-function
experiments. We observed robust SARS-CoV-2 N condensa-
tion when cells were stimulated with Wnt3a ligand, which
activates the Wnt signaling pathway and leads to GSK3
inhibition (Figure 3C). CRISPR-knockouts of GSK3α/β
recapitulated the effect of inhibitors, with CRISPR-knockouts

Figure 4. Diverse classes of compounds inhibit SARS-CoV-2 polyIC-induced N condensation. (A) Scatter plot illustrating SARS-CoV-2 N
condensate inhibition screening results. Data are represented as percentage N condensate inhibition activity over DMSO (% activity). Yellow
points: identified “pick” compounds. Validated hit compounds are annotated on the plot. (B) Hit compounds classified according to their
annotated cellular targets. Dose−response curves indicate fold change of number of N puncta per cell over DMSO control (fold DMSO). Scale bar,
10 μm. (C) Dose−response curves illustrating inhibition of stress granule formation and IRF3 activation by various N condensate inhibitors. avg.
N/C: average nuclear-to-cytoplasmic ratio; FC DMSO: fold change over DMSO. (D) Representative fluorescence images of SARS-CoV, SARS-
CoV-2, HCoV-OC43, and MERS-CoV N-EGFP cell lines treated with 10 μM condensate inhibitors followed by transfected polyIC treatment.
Scale bar, 10 μm. (E) N condensate inhibition IC50s for SARS-CoV, SARS-CoV-2, HCoV-OC43, and MERS-CoV N-EGFP cell lines across all
four active condensate inhibitors. Olver.: olverembatinib; SalB: salvianolic acid B.
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of either kinase alone exhibiting a smaller effect than the
double knockout (Figure 3D). Finally, site-directed muta-
genesis of the 14 Ser residues to Ala within the SR-rich LKR
region (NSAmut) also recapitulated small-molecule-induced
condensation of N (Figure S3E), further validating the on-
target activity of these compounds. These Wnt pathway and
genetic data confirm GSK3 as the target of the small-molecule
inhibitors and suggest that GSK3α and GSK3β play partially
redundant roles in phosphorylating SARS-CoV-2 N and
preventing its condensation, as they do for other proteins
that are regulated by GSK3.33

ATP-Competitive GSK3 Inhibitors Induce pan-HCoV
N Condensate Hardening. GSK3 was previously reported to
regulate the condensation of N from SARS-CoV and SARS-
CoV-2,22,24,34,35 but less closely related coronaviruses have not
been tested. We thus followed up by treating all seven A549
cell lines expressing N-EGFP from the various human
coronaviruses with all seven ATP-competitive GSK3 inhibitors
and analyzing N condensation. Robust and reproducible dose-
dependent N condensation was observed across all seven Ns
(Figures 3E,F and S4A,B and Table S4). These data suggest
that regulation of N condensation by GSK3 is conserved
among HCoVs, even though the sequences of divergent Ns are
only approximately 25% identical. We also found that
treatment of N proteins from the bat coronaviruses (bat-
CoVs) RaTG13, WIV1, HKU4, HKU10, and HKU8 with the
most potent GSK3 inhibitor, LY2090134, induced their phase
separation (Figure S4C). Overall, our data indicate that N
condensation across all seven HCoVs as well as several bat-
CoVs is negatively modulated by GSK3. However, the
sensitivity of different HCoV Ns to the pro-condensation
effects of GSK3 inhibitors varied considerably (Figure 3F). For
example, HCoV-HKU1 and HCoV-NL63 N were much more
sensitive to compound modulation than SARS-CoV-2 N, with
EC50s for all compounds typically being 1−2 orders of
magnitude lower compared to SARS-CoV-2 N, despite similar
N expression levels (Figure S1A).
Dephosphorylation of SARS-CoV-2 N by inhibition of

GSK3 is thought to promote N phase transition from a liquid-
like condensate state to a more gel-like, less dynamic state.24

We probed the dynamics of various HCoV N condensates in
the presence of our most potent GSK3 inhibitor LY2090314,
using FRAP. We observed that LY2090314-induced SARS-
CoV, SARS-CoV-2, HCoV-OC43, and MERS-CoV N
condensates were less dynamic than their corresponding
polyIC-induced condensates, with percentage recovery over 2
min decreasing from 53.3/50.5/70.8/72.1% in the polyIC-
treated condition to 6.8/13.9/35.6/5.6% in the LY2090314-
treated condition, respectively (Figure S4D). LY2090314
treatment did not result in any statistically significant changes
in percentage recovery for constitutive HCoV-229E, HCoV-
NL63, and HCoV-HKU1 condensates, likely owing to the
already slow dynamics of constitutive N condensates. Overall,
this suggests that ATP-competitive GSK3 inhibitors are not
only capable of inducing N condensation from a basal soluble
state, but also result in hardened N condensates with much
slower dynamics compared to polyIC-induced N condensates.
GSK3 has been considered as a therapeutic target for the

treatment of coronavirus infections,34−37 but a concern is
possible toxicity. For GSK3-targeting inhibitors, the most
relevant host pathway to consider for safety is canonical Wnt
signaling through β-catenin, which is activated by GSK3
inhibition.38 This can drive hyperproliferation of epithelial cells

in the gut, which is considered a negative safety signal.39 As a
preliminary indicator of therapeutic index, we compared the
inhibitor EC50 values obtained in our N condensation assays
to EC50s for Wnt pathway activation. In addition to the ATP-
competitive GSK3 inhibitors listed above, we also tested two
non-ATP-competitive inhibitors (tideglusib, TDZD-8), of
which tideglusib has been shown to not activate β-catenin
signaling.40 We found a correlation between the EC50s for N
condensation and Wnt signaling activation (via β-catenin
activation) for the ATP-competitive inhibitors, with more
potent pro-condensation GSK3 inhibitors such as LY2090314
also activating Wnt signaling at lower concentrations (Figure
3F, right). Conversely, the non-ATP-competitive inhibitors
were inactive on both assays (Figures 3F and S4A). These data
suggest that for HCoVs like SARS-CoV-2, it will be difficult to
separate the safety risk of Wnt signaling activation from N
modulation since inhibitor concentrations required for N
modulation would also activate Wnt signaling. However,
therapeutic modulation of N condensation may be viable in
the case of HCoVs whose Ns are unusually sensitive to GSK3
inhibition, such as HCoV-NL63 and HCoV-HKU1, where
drug exposure below the threshold for activating Wnt signaling
might be antiviral.
SARS-CoV-2 N Condensate Inhibitor Screen Identifies

Compounds That Inhibit the polyIC Input. Our
condensate inhibition screen probed the same compound
library. After counter-screening, we identified four hit
compounds that robustly reduced the number of polyIC-
induced N puncta per cell. These included three compounds
annotated as Bcr-Abl/Src inhibitors (bosutinib, ponatinib, and
olverembatinib) as well as a plant-derived polyphenol,
salvianolic acid B (SalB) (Figure 4A,B and Table S5).
To test if these compounds act directly on N itself, or

indirectly via a host factor, we tested whether they inhibited
two endogenous pathways that are induced by transfection of
polyIC, in particular, SG formation and IRF3 translocation
into the nucleus triggered by RIG-I and related viral RNA
sensors. Both pathways were measured using cell-based high-
content assays. At high concentrations, the three annotated
kinase inhibitors (bosutinib, ponatinib, and olverembatinib)
inhibited SG formation triggered by polyIC or arsenite, as well
as IRF3 nuclear localization triggered by polyIC or cGAMP
(Figures 4C and S5A). These data suggest action by
polypharmacology. Bosutinib exhibited more potent activity
against polyIC-triggered IRF3 translocation, suggesting a
possibly interesting off-target activity on that pathway. We
also tested two other Bcr-Abl kinase inhibitors (nilotinib,
imatinib) and two other Src kinase inhibitors (saracatinib,
PP2) in our assay. None of the compounds resulted in robust
dose-dependent inhibition of polyIC-induced N condensation
(Figure S5B), suggesting that the relevant target(s) may not be
Abl or Src family kinases. Interestingly, treatment with
nilotinib instead resulted in an increase in N condensation,
suggesting an additional possible off-target N condensation
mechanism. The polyphenol SalB was more specific, inhibiting
only polyIC-induced SG formation and IRF3 nuclear local-
ization (Figures 4C and S5A). Thus, all of the condensate
inhibitors act against the polyIC input into the assay,
presumably by inhibiting host factors required for polyIC
signaling. We suspect the kinase inhibitors block the polyIC
input via kinase inhibition, but likely not by inhibition of their
annotated primary targets Abl or Src.
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We next sought to determine the species-specificity of the
four active condensate inhibitors (bosutinib, ponatinib,
olverembatinib, SalB). All four compounds also showed
significant suppression of polyIC-induced SARS-CoV/SARS-
CoV-2/HCoV-OC43/MERS-CoV N condensation (Figures
4D,E and S5C and Table S6). However, we did not observe
significant inhibition of the formation of constitutive HCoV-
229E/HCoV-NL63/HCoV-HKU1 N condensates independ-
ent of polyIC (Figure S5D and Table S6), further
demonstrating that the activity of the condensate inhibitors
is polyIC-dependent. No conclusive inhibition of polyIC-
induced N condensates could be determined for HCoV-229E/
HCoV-NL63/HCoV-HKU1 owing to the relatively small
difference in number of N puncta per cell between the
polyIC-induced state and basal condensation state (Figure
S5E).
Condensate Formation and Antiviral Activity. The

library we screened contains approved drugs and well-
annotated tool compounds. Similar libraries have been
screened by multiple groups for antiviral activity against
HCoVs.41−46 Several of the GSK3, Src/Abl, and proteasome
inhibitors we identified as N condensation modulators were
previously shown to have antiviral activity. The published data
cover several HCoV species and several different cell lines
(Figure 5A). In addition, for some of the GSK3 inhibitors,
published antiviral IC50s showed correlation with the N
condensation EC50s determined here. Notably, the most
potent pro-condenser compound LY2090314 also exhibited
antiviral activity against HCoV-229E at low inhibitor

concentrations (Figure 5B). This suggests that possible on-
target activity on N condensation may be responsible for the
antiviral activity of the GSK3 inhibitors, and that small-
molecule modulation of N condensation can exert antiviral
activity.
Discussion. Biomolecular condensates play a role in

cellular processes such as embryonic development, stress
response and pathological aggregation of proteins, and are also
critical for various stages of viral replication. In this study, we
show that (A) N condensation is a common phenomenon
across all seven HCoVs, and (B) small molecules can promote
or inhibit N condensation via perturbation of host targets, and
this activity tends to be common across N proteins from all
HCoV species tested (Figure 5C). Several of these small
molecules are also active against multiple HCoV infection
models. These data show that perturbation of viral condensate
dynamics via host factors has the potential to generate drugs
with antiviral activity across multiple viral species, including
new pandemic species. Our approach also illustrates that cell-
based screens using viral genes can predict potential antiviral
activity of small molecules without requiring access to whole
virus infection models.
Our high-content screens identified small-molecule inhib-

itors of GSK3 that tune both the fraction of condensed N
protein as well as the dynamics of N condensates. GSK3 has
previously been proposed as a HCoV target.35−37 Our work
reveals its pan-HCoV potential and also highlights the safety
risk associated with Wnt pathway activation. GSK3 is an
abundant, constitutively active Ser/Thr kinase that phosphor-

Figure 5. N condensate modulators are antiviral against SARS-CoV-2, HCoV-OC43, and HCoV-229E. (A) Active compounds from our screens
and follow-up assays that have been identified as antiviral across various HCoV infection models by prior studies. (B) Antiviral IC50s (from prior
studies, where available) and corresponding N condensation EC50s (from our N condensation assays) for GSK3 inhibitors illustrating a correlation
between N condensation potency and antiviral activity. (C) Schematic illustrating the tunability of N condensation by small molecules identified in
our screens. GSK3 phosphorylates all seven HCoV N proteins. ATP-competitive GSK3 inhibitors and Wnt signaling inhibit N phosphorylation and
promote N condensation, with resultant condensates exhibiting significantly reduced dynamics. Inhibition of one or more host factors involved in
SG/IRF3 signaling pathways by the Bcr-Abl/Src kinase family of inhibitors prevent polyIC/RNA-induced N condensation. In addition, SalB may
inhibit polyIC/RNA-induced N condensation through different mechanisms such as the inhibition of host factor(s) that induce N condensation
through SG/IRF3-independent mechanisms, and/or direct interference of N-RNA/polyIC interactions. Nsol: soluble N; Ncond: condensed N; ATP-
comp.: ATP-competitive.
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ylates a wide range of pre-primed substrates47 and has
previously been shown to phosphorylate both SARS-CoV
and SARS-CoV-2 N along its SR-rich LKR region.22,24,34 In
this study, we show that GSK3 inhibitors exhibit the same
condensate-modulating effects across all seven HCoV and five
bat-CoV N proteins. These condensate-hardening inhibitors
likely inhibit viral replication through on-target induction of N
condensation/aggregation. In addition, several others have also
demonstrated that GSK3 inhibitors are antiviral against various
HCoVs.34,35,41,43 This further promotes GSK3 as a candidate
target for the development of multi-CoV antivirals and
illustrates one of the major benefits of host-targeting to
achieve broad-spectrum antiviral activity (in addition to
reduced risk of resistance development). However, as with
any host target, a key concern is therapeutic index and toxicity
due to perturbation of host pathways that depend on the
target, in this case potentially oncogenic β-catenin signaling.
For the HCoVs whose Ns are much more sensitive to
compound modulation such as HCoV-NL63, it could be that
antiviral activity can be achieved with minimal activation of β-
catenin signaling in live virus infection models. In addition, a
follow-up would be to investigate the molecular basis behind
the difference in sensitivity of various Ns to compound
modulation. For example, this could be done by determining if
dephosphorylation occurs at lower concentrations of GSK3
inhibitors for more sensitive N proteins, or if these N proteins
dephosphorylate at similar concentrations of inhibitor but
require a lower degree of dephosphorylation to condense. The
main SARS-CoV-2 N Ser phosphorylation site identified by
mass spectrometry to be perturbed by LY2090314 treatment
(Figure S3D) is conserved across all other Ns, with the
exception of MERS-CoV, where it is substituted with Thr. It is
thus likely that if different phosphorylation states account for
the varied responses of N proteins to inhibitors, the important
phosphorylation sites may be located within the rest of the Ser-
rich LKR region, which was under-represented by mass
spectrometry.
Additionally, condensate targets offer novel avenues for

optimization chemistry, notably the potential to increase on-
target activity by partitioning of the drug into the
condensate.48 Since viral and host condensates have different
compositions, this effect should enable improvement of
selectivity. We compared EC50 values for nine GSK3
inhibitors in N condensate versus Wnt activation assays and
found no compounds that were notably selective for the viral
pathway over the host pathway (Figure 3F). Testing a larger
library of GSK inhibitors, or a focused medicinal chemistry
effort, might tease out selectivity between these pathways.
The N condensate inhibitors we identified appear to target

the polyIC input to N condensation, as evidenced by their
ability to block induction of polyIC-induced IRF3 trans-
location and SG assembly. A potentially causal relationship
between SG induction and SARS-CoV-2 N condensation has
been shown by others.16,49 The three kinase inhibitors we
identified (bosutinib, ponatinib, and olverembatinib) are
annotated as targeting Bcr-Abl and Src. However, our
investigation of additional potent Bcr-Abl and Src inhibitors
failed to support this hypothesis. We currently suspect their
activities, especially at concentrations of 1 μM and higher, may
be due to polypharmacology that could be resolved by kinase
activity profiling and additional structure−activity relationship
(SAR).

The polyphenolic natural product SalB represents a class of
compounds that has a broad range of biological effects and are
not considered promising starts for medicinal chemistry. SalB
selectively blocks polyIC input at some stage as evidenced by
its inhibition of only polyIC-induced IRF3 activation and SG
formation. However, its polypharmacology raises the possi-
bility that it may also act directly on N by physically inhibiting
N-RNA or general RNA−protein interactions. It was shown in
a previous study that another polyphenol natural product,
(−)-gallocatechin gallate, is able to disrupt SARS-CoV-2 N
condensation through direct interference of N-RNA binding.50

Taken together, the condensate inhibitors demonstrate that
small molecules are capable of disrupting liquid−liquid phase
separation of HCoV N proteins through varied mechanisms.
The use of the FDA-approved library that has been screened

several times for antiviral activity allows us to see a potential
correlation with condensate formation and virus infectivity.
However, one of the limitations of screening with an annotated
FDA-approved library is the lack of diversity in pharmaco-
logical targets. Screening a larger, more chemically diverse
compound library is a natural next step for our approach.
Additionally, while our primary goal in screening for
modulators of HCoV N condensates was to identify targets
for treating COVID-19 and other HCoV infections, our
approach is also relevant to other diseases where ribonucleo-
protein (RNP) aggregates have been causally implicated.
Neurological diseases such as Huntington’s disease, spinocer-
ebellar ataxia, and Fragile X syndrome arise from nucleotide
repeat expansions in noncoding RNA that give rise to
pathological nuclear RNP granules.51 Similarly, pathological
cytoplasmic RNP inclusions of mutant variants of the Fused in
sarcoma (FUS) protein are the hallmark of ALS.52−54 In
addition to its role in virus infections, double-stranded RNA
signaling may also underly neurodegeneration caused by the
C9ORF72 locus.55 Taken together, the ability to screen for
condensate dynamics as a therapeutic target supports the value
of moving forward with larger more diverse compound
libraries to reveal novel condensate biology in both viral
infections as well as in other indications such as neurological
diseases.

■ MATERIALS AND METHODS
Cell Lines and Cell Culture. HEK293T/17 (CRL-11268) and

A549 (CCL-185) cells were purchased from ATCC. BJ-5ta ΔcGAS
cells were obtained from Dr. Tai L. Ng (Harvard Medical School).
HEK293T/17 cells and BJ-5ta ΔcGAS cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; ATCC 30-2002)
supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco
10438026), 1000 U mL−1 penicillin−streptomycin (Gibco
15140122), and 100 μg mL−1 normocin (Invivogen ant-nr-1). Wild-
type A549 cells were maintained in F-12K medium (ATCC 30-2004)
supplemented with 10% (v/v) FBS, 1000 U mL−1 penicillin−
streptomycin, and 100 μg mL−1 normocin or DMEM supplemented
with 10% (v/v) FBS. A549 stable cell lines expressing various HCoV
N-EGFP were maintained in full F-12K culture medium with 1.5 μg
mL−1 puromycin (Gibco A1113803). Cells were maintained at 37 °C
and 5% CO2 in a humidified environment and subcultured twice a
week by DPBS washing (Gibco 14190250) followed by trypsinization
(Corning MT25053CI) from 90 to 20% confluence.
Fluorescence Recovery after Photobleaching (FRAP). FRAP

experiments were performed on a DeltaVision OMX Blaze micro-
scope equipped with a 60×/1.42 Plan Apo oil objective (Olympus), a
488 nm laser, and a PCO edge Front Illuminated sCMOS camera. N-
EGFP was imaged with a light-emitting diode (LED), 477/32 nm
bandpass filter, and 528/48 nm emission filter. Bleaching of N-EGFP
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was performed with a 488 nm laser. For each experimental sample,
seven condensates were bleached within a circular region of about 1.2
μm diameter at 31.3% laser transmission for 50 ms. A total of 120
frames were recorded at one frame per 2 s, for a total of 2 min (two
frames recorded prior to bleach event, followed by 117 subsequent
post-bleach frames). Images were processed in FIJI software (NIH).
The fluorescence intensity of a 0.32 μm diameter circular region of
interest (ROI) within the bleached spot was monitored over time
(Ibleached). The fluorescence intensity within the same ROI pre-
bleaching (Ipre‑bleach) and immediately post-bleaching (Ipost‑bleach) were
also recorded. The fluorescence intensity of a separate rectangular
ROI of 2.72 μm diameter away from one bleached ROI per sample
was monitored over time (Ibackground). The FRAP recovery intensities
at any given time point (It) were calculated as follows

=I
I I

It
bleached background

pre bleached

The curves obtained were then normalized as follows

=
I I

I
normalization

1
t post bleach

post bleach

The mean and standard deviation of the final normalized values were
plotted for seven condensates per experimental condition, and the
final normalized recovery value was taken as the percentage recovery
for each condition.
High-Content Compound Screening. The primary screen was

performed at AbbVie as follows. Briefly, cells were seeded in
PerkinElmer LLC ViewPlate 384-well black, optically clear bottom
plates at 2000 cells per well and incubated overnight. The FDA-
annotated Drug Library from Selleckchem (Selleck 2019) comprising
2554 compounds was added at a final concentration of 10 μM and
incubated overnight on duplicate plates. Plates for the condensate
inhibition screen were additionally transfected with a final
concentration of 1 μg mL−1 polyIC 17 h after compound addition
to induce N condensation and incubated for a further 7 h. All plates
for both the pro-condensation and condensation inhibition screens
were fixed with 3% formaldehyde and nuclei stained with Hoechst
33342 for nuclear identification. Plates were scanned on the Thermo
Fisher CX7 LZR using a 20× objective and widefield imaging mode.
Nuclei staining was imaged with the 405LZR_BGFR_BGFR filter.
GFP was imaged with the 488LZR_BGFR_BGFR filter. Images were
analyzed with automatic image analysis as described below. The Z′ for
both the pro-condensation and condensation inhibition assays were
calculated as follows

=
+

| + |
Z

3( )pos neg

pos neg

where σpos is the SD of positive control, σneg is the SD of negative
control (DMSO), μpos is the mean of positive control, and μneg is the
mean of negative control (DMSO). For visualization of screening data
(Figures 3A and 4A), % activity compared to DMSO control was
calculated as follows

= ×% activity
(cMax experimental)

(cMax cMin)
100

For the pro-condensation screen, cMax = mean number of puncta per
cell for positive control MS023 and cMin = mean number of puncta
per cell for negative control DMSO. For the condensation inhibition
screen, cMax = mean number of puncta per cell for negative control
DMSO and cMin = mean number of puncta per cell for positive
control salvianolic acid B. Hit triage criteria are detailed in Table S2.
See the Supporting Information for more details on follow-up

experiments for hit compounds across all seven A549 HCoV N-EGFP
cell lines.
Automatic Image Analysis. Image analysis for the primary

screen as well as follow-up experiments were performed at AbbVie
and HMS, respectively, with independent image analysis pipelines that

demonstrated highly reproducible results. At AbbVie, image analysis
was performed using SpotDetector.V4 algorithm (Figure S2A). The
output feature SpotCountPerObject was used to evaluate the changes
in N protein condensation in both screens. At Harvard Medical
School, image analysis for follow-up experiments was performed with
Molecular Devices MetaXpress software with customized image
analysis pipelines for quantification of N puncta (Figure S2B). For
quantification of N puncta upon treatment with the pro-condensation
proteasome inhibitors, thresholds for the image analysis pipeline were
modified slightly to enable more robust and accurate identification of
smaller and dimmer puncta. For dose−response experiments, mean
values were fit with a three-parameter curve in Prism (GraphPad 9).
Other Materials and Methods. See Supporting Information for

more details.
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