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Mining of high throughput
screening database reveals

AP-1 and autophagy pathways
as potential targets for COVID-19
therapeutics
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Anton Simeonov, Mathew D. Hall, Menghang Xia, Wei Zheng & Ruili Huang"*

The recent global pandemic of the Coronavirus disease 2019 (COVID-19) caused by the new
coronavirus SARS-CoV-2 presents an urgent need for the development of new therapeutic candidates.
Many efforts have been devoted to screening existing drug libraries with the hope to repurpose
approved drugs as potential treatments for COVID-19. However, the antiviral mechanisms of

action of the drugs found active in these phenotypic screens remain largely unknown. In an effort

to deconvolute the viral targets in pursuit of more effective anti-COVID-19 drug development, we
mined our in-house database of approved drug screens against 994 assays and compared their activity
profiles with the drug activity profile in a cytopathic effect (CPE) assay of SARS-CoV-2. We found

that the autophagy and AP-1 signaling pathway activity profiles are significantly correlated with

the anti-SARS-CoV-2 activity profile. In addition, a class of neurology/psychiatry drugs was found to
be significantly enriched with anti-SARS-CoV-2 activity. Taken together, these results provide new
insights into SARS-CoV-2 infection and potential targets for COVID-19 therapeutics, which can be
further validated by in vivo animal studies and human clinical trials.

In late fall 2019, a new Coronavirus disease 2019 (COVID-19) emerged from Wuhan, China. It is caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 appears to be highly contagious,
and a lack of immunity in the human population has resulted in rapid spread across the globe. As of November
2020, the virus has infected over 50 million people, killed over 1.3 million people, and caused abrupt disruption
to social and economic activities around the world (https://covid19.who.int/).

The treatment for COVID-19 evolved rapidly in early 2020 after its emergence, from supportive care
(supplemental oxygen'), nonspecific therapies (dexamethasone?, convalescent plasma®), to specific therapies
(Bamlanivimab?). For preventive approaches such as vaccines, Pfizer announced the first compelling evidence
that a vaccine can prevent COVID-19, which was more than 90% effective at preventing disease, on November
9th, 2020°. More recently on November 16, 2020, Moderna released preliminary data on another vaccine that
was found to be more than 94% effective at preventing severe COVID-19 infection®. Typically, small molecule
drug development takes 12-16 years and costs US$1-2 billion to bring a new drug to the market’. Given that
treatments for patients infected with SARS-CoV-2 are needed immediately, repurposing existing drugs and clini-
cal investigational drugs to treat COVID-19 is an attractive strategy. This approach takes advantage of known
human pharmacokinetics and safety profiles of drugs, which allows for rapid initiation of human clinical trials
or direct use for treatments. Remdesivir is such an example of repurposing an existing drug to treat COVID-19.
In a double-blind, randomized, placebo-controlled trial carried out by the National Institutes of Health (NIH),
remdesivir was demonstrated to be effective in reducing the recovery time from 15 to 11 days in hospitalized
COVID-19 patients®. On May 1, 2020, the U.S. Food and Drug Administration (FDA) issued an emergency use
authorization (EUA) for the investigational antiviral drug remdesivir for the treatment of hospitalized COVID-19
patients. However, the beneficial effect of remdesivir was challenged by the most recent results from the World
Health Organization (WHO)’.

Division of Preclinical Innovation, National Center for Advancing Translational Sciences (NCATS), National Institutes
of Health (NIH), DPI/NCATS, 9800 Medical Center Drive, Rockville, MD 20850, USA. *“email: huangru@mail.nih.gov

Scientific Reports |

(2021) 11:6725 | https://doi.org/10.1038/s41598-021-86110-8 nature portfolio


https://covid19.who.int/
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-86110-8&domain=pdf

www.nature.com/scientificreports/

Rather than taking an intuitive repurposing approach based on known mechanisms (as demonstrated by the
recent reports on beneficial effects of dexamethasone for modulating inflammatory response in COVID-19)",
an unbiased and systematic screening of approved or clinical investigational drugs may uncover additional
therapeutic options. Multiple sites''~'%, including our center (The National Center for Advancing Translational
Sciences, NCATS), are screening approved drugs and mechanistically annotated libraries to identify new thera-
peutics. To rapidly share screening results with the scientific community and accelerate the drug repurposing
process, NCATS created a freely available, online database that contains a collection of COVID-19-related drug
repurposing screening data for all approved drugs as well as the assay protocols used to generate them(Open
Science Data Portal of COVID-19) (https://opendata.ncats.nih.gov/covid19/index.html)'. In most antiviral
drug repurposing efforts, the most scalable assay used for screening in biological safety level-3 laboratories is a
phenotypic assay, which measures the cytopathic effect (CPE) of SARS-CoV-2 virus on Vero E6 cells infected
for 72 h. If compounds exhibit antiviral activity, Vero E6 cells are rescued from the CPE. While many drugs
have known targets/mechanisms of action for their approved indications, the targets or mechanisms of their
antiviral activities remain largely unknown, which could be a host of viral targets'!~'>. It is thus crucial to better
understand the antiviral mechanisms of these drugs to facilitate further drug development.

The NCATS Pharmaceutical Collection (NPC)" is a library of ~ 3,000 drugs approved for marketing in the
US (FDA), Europe (EMA), Canada, Australia, and/or Japan (PMDA). The library was specifically created to
enable drug repurposing and it has been screened at NCATS in nearly 1,000 assays in concentration-response
(quantitative high throughput screening, qHTS). These assays encompass a wide range of disease targets and
pathways with main disease areas covered including rare and neglected diseases, infectious diseases, and cancer’®.
Here, we leveraged this unique dataset to compare activity across SARS-CoV-2 CPE screening data (both from
NCATS and published elsewhere)!>"?-2* with historical in-house NPC qHTS data. Correlations were performed
to identify assays with patterns of activity similar to that shown in the SARS-CoV-2 CPE assay.

Results

Mining qHTS data reveals potential anti-SARS-CoV-2 targets: Autophagy and AP-1 signal-
ing. Phenotypic assays, such as the CPE assay, have been used to screen compound libraries to identify com-
pounds that prevented cell death caused by SARS-CoV-2 infection. Assays that share similar activity profiles,
i.e., similar active and inactive compounds, may have molecular targets in common. In order to identify new
anti-SARS-CoV-2 targets, we compared the compound activity profiles'® in each of the~1000 NPC screens
with the activity profiles in the SARS-CoV-2 CPE assay. The assays with activity profiles which resemble that of
the SARS-CoV-2 CPE assay may represent targets or pathways related to SARS-CoV-2. These targets or path-
ways could provide important clues to the underlying mechanisms of the pathogenesis of SARS-CoV-2, and
serve as targets for the development of new COVID-19 therapies. Toward this goal, we gathered compounds
reported as active from recent anti-COVID-19 repurposing screens in the literature using the SARS-CoV-2 CPE
assay (including the NPC screen results)'>!*?** and drugs proposed by the scientific community as potential
COVID-19 therapies!'??*2%, A list of these compounds is provided in Supplementary Table 1. Activities of these
compounds in the CPE assay were used as a “probe signature” to compare with the activity profiles of the ~ 1000
NPC screens (Fig. 1a). Compound activity was represented by “curve rank’,**?” a numeric measure between -9
and 9 based on potency, efficacy, and the quality of the concentration response curve, such that a large positive
number indicates a strong activator, a large negative number indicates a strong inhibitor, and 0 means inactive.
Activity profile similarity was measured by the Pearson Correlation Coefficient (r) with a p-value calculated for
the significance of correlation (Fig. 2).

The activity profiles from an autophagy assay (r=0.47, P<1x 10~ and an AP-1 signaling pathway
assay (r=0.37, P<1x1072°)% exhibited the most significant correlations with that of the SARS-CoV-2 screen
(Fig. 1b). Interestingly, three other antiviral assays, an Ebola virus-like particle entry assay (EBOV) (r=0.39,
P<1x1072),%° a MERS pseudo particle entry assay (r=0.28, P<1x107%)*! and a SARS-CoV pseudo particle
entry assay (r=0.18, P=2.77 x 1072°)*!, were also among the most significantly correlated assays with activity
profiles that highly resemble that of the SARS-CoV-2 CPE assay (Fig. 1b). As SARS-CoV is the closet relative to
SARS-CoV-2 and MERS belongs to the same family of beta-coronaviruses, these findings can serve as a valida-
tion of our approach.**-** Moreover, remdesivir, an antiviral drug active against Ebola, was recently found to be
effective against SARS-CoV-2 in in vitro assays and approved for treating hospitalized COVID-19 patients®*.
This is consistent with our finding that a significant number (118) of drugs including remdesivir demonstrated
both anti-Ebola activity and activity in the SARS-CoV-2 CPE assay, suggesting the presence of shared drug targets
(either viral target or cellular targets) between EBOV and SARS-CoV-2. The activity profiles of three pathway
assays, androgen receptor (AR) signaling pathway®®, cAMP response element (CRE) signaling pathway*’, and
p53 signaling®®, serve as examples of assays that exhibited no correlation with the SARS-CoV-2 CPE assay (r=0),
and these are shown in Fig. 1b for comparison purposes.

To further examine the compound activity concordance between SARS-CoV-2 and the top correlated assays,
we investigated if the compound profiles of each assay could be used as predictors for the activity in the SARS-
CoV-2 CPE assay (Table 1). Compound profiles in both the autophagy and the AP-1 assays showed good con-
cordance with that in the SARS-CoV-2 CPE assay with balanced accuracies (BA) of 0.80 and 0.75, respectively.
The autophagy assay showed very high specificity (0.93) and relatively low sensitivity (0.65) in picking up the
SARS-CoV-2 actives, whereas the AP-1 assay showed slightly higher specificity (0.76) compared to sensitivity
(0.74). When the autophagy and AP-1 assays were combined, i.e., a compound was counted as active if it was
active in either one of these assays and inactive otherwise, the sensitivity in picking up SARS-CoV-2 actives
increased to 0.85 with an improved BA of 0.81. The improvement in sensitivity and BA suggests that the targets
in these two assays are different and either autophagy or AP-1 could only account for one mechanism in targeting
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Figure 1. Compound activity profiles from the ~ 1000 NPC screens. In the heat map, each row is a compound,
and each column is an assay. The heat map is colored by “curve rank”**?’, a numeric measure (between -9 and 9)
of compound activity based on potency, efficacy, and the quality of the concentration response curve, such that

a large positive number indicates a strong activator (red), i.e., a compound that activates or induces the assay
target activity, a large negative number indicates a strong inhibitor (blue), i.e., a compound that inhibits the assay
target activity, and 0 means inactive (light gray). Dark gray indicates missing data. (a) All assays. (b) Examples
of assays that showed significant correlations with the SARS-CoV-2 CPE assay (SARS-CoV, MERS, EBLV,
autophagy, AP-1) and assays that showed no correlation with the SARS-CoV-2 CPE assay (p53; ARandrogen
receptor; CRE cAMP response element). (c) A zoomed-in view that shows the activities of a group of mostly
psychoactive drugs that were active in the SARS-CoV-2 CPE assay as well as the autophagy and/or AP-1 assays.
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Figure 2. Activity profile correlations between the ~ 1000 NPC screens including the SARS-CoV-2 CPE assay.
In the heat map, each row/column is a different assay. The heat map is colored by the correlation coefficient (r),
such that darker shades of red indicate stronger positive correlations and darker shades of blue indicate stronger
negative correlations. Gray means no correlation found. (a) Pair-wise correlations of all assays. (b) A zoomed-in
view that shows the pair-wise correlations of example assays that either significantly correlated or showed no
correlation with the SARS-CoV-2 CPE assay.

SARS-CoV-2. The combination of the two pathways may increase the likelihood of identifying drugs that can
target SARS-CoV-2 through different mechanisms.

A list of the most potent compounds (<20 pM) in the AP-1 assay and their corresponding activities in the
autophagy and SARS-CoV-2 CPE assays are provided in Table 2. These drugs can be considered for further
anti-COVID-19 development. Concentration-response curves of exemplar compounds that were active in all
three assays are shown in Fig. 3.

Enrichment of neuroactive drugs in anti-SARS-CoV-2 and AP-1 active compounds. Another
interesting phenomenon we observed was that a large number of compounds active in the SARS-CoV-2 CPE
assay are psychoactive drugs. We further investigated the statistical significance of this finding. A total of 359
drugs were annotated as neurology/psychiatry drugs and they were tested in the SARS-CoV-2 CPE assay. We
found that 74 out of the 359 drugs in this class were active (21%) (Supplementary Table 2; assay activities of
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Autophagy AP-1 Autophagy + AP-1

TP 88 84 118

FN 44 29 21

Fp 142 399 473

N 1887 1243 1682

Sensitivity 0.67 0.74 0.85

Specificity 0.93 0.76 0.78

BA 0.80 0.75 0.81

Table 1. Activity concordance between the SARS-CoV-2 CPE assay and top correlated assays. TP True
positive; number of compounds active in both the SARS-CoV-2 and the other assay. FNfalse negative; number
of compounds active in the SARS-CoV-2 assay but not active in the other assay. FPfalse positive; number of
compounds not active in the SARS-CoV-2 assay but active in the other assay. TN =True negative; number

of compounds inactive in both assays. BA balanced accuracy; (sensitivity + specificity)/2. Sensitivity = TP/

(TP +EN). Specificity =TN/(TN + FP).

example compounds are shown in Fig. 1c), whereas only 8% of drugs that did not belong in this category were
active in the SARS-CoV-2 CPE assay. These results corresponded to a 2.6-fold enrichment of actives in the neu-
roactive drugs and the enrichment was found to be statistically significant (Fisher’s exact test: P=2.41x107!). To
check whether this phenomenon only occurred in the psychoactive class of drugs, we also examined five other
common drugs classes, including infectious disease, cardiology, endocrinology, gastroenterology, and oncol-
ogy. We found that none of these additional classes were significantly enriched with anti-SARS-CoV-2 active
compounds (Fig. 4). The results suggest a possible connection between the psychoactive drugs and the targets/
pathways related to SARS-CoV-2 infection or replication in host cells.

Discussion

In an effort to deconvolute viral targets in pursuit of more effective anti-COVID-19 drug development, we com-
pared the compound activity profiles from our historical qHTS data with recent SARS-CoV-2 CPE assay data.
We found that activities against autophagy and AP-1 significantly correlated with anti-SARS-CoV-2 activity.
We also found strong associations between the SARS-CoV-2 and other antiviral assays such as SARS-CoV and
MERS-CoV pseudo particle entry. It is intuitive given that both SARS-CoV and MERS-CoV are zoonotic beta-
coronaviruses with similar genomes and they share a common cellular entry mechanism. Since the emergence
of SARS-CoV-2, multiple agents that were shown to be active against MERS-CoV and SARS-CoV over the past
15 years have been tested and continue to exhibit activity against SARS-CoV-2. The analysis conducted in this
study using independent assays that were performed years apart reinforces this observation.

Autophagy and endocytosis are interconnected cellular pathways that are involved in the degradation and
recycling of intracellular and extracellular components, respectively. The two pathways interact and interdepend
on each other, sharing some molecular machinery®. The autophagy/endocytosis pathway has been implicated
in the entry of coronavirus into host cells, such as hijacking the autophagosomes for viral replication, including
SARS-CoV, MERS-CoV and SARS-CoV-2'*%, The involvement of autophagy in other coronavirus infections
has also been reported*!~**. Recently, autophagy as a drug target for SARS-CoV-2 has been reviewed in both
autophagy and virology journals**#+%>. In our recent study, a small number of autophagy modulators were tested
to determine if the activity of CQ/HCQ was related to its autophagy modulatory properties, and a number of
active compounds were confirmed in the CPE assay'®. Here, our unbiased comparison of the SARS-CoV-2
CPE assay with approximately 1,000 NCATS qHTS assays targeting various drugs targets and diseases found a
significant correlation with an autophagy assay screened against the NPC library several years earlier, further
validating our data mining approach. Targeting the autophagy pathway has been tested in clinical trials to curb
COVID-19. For example, CQ and HCQ are antimalaria drugs and known autophagy inhibitors. HCQ/CQ have
shown promising anti-SARS-CoV-2 activity in vitro'>***’; however, their therapeutic effect in COVID-19 patients
remain controversial®®*. Our analysis here reinforces that more selective and potent modulators of autophagy
pathways should be further evaluated in pre-clinical models to test for antiviral activity. Another factor that
should be taken into consideration is the mode of entry that the coronavirus can take, either the endosomal or
non-endosomal pathway®. Blocking autophagy, which is the endocytosis pathway, may not be sufficient to pre-
vent the viral entry, therefore combination approaches, e.g., combination treatments with autophagy inhibitors
and TMPRSS2 inhibitors®!, warrant further consideration.

Activator protein 1 (AP-1) is a dimeric transcription factor composed of proteins belonging to the Jun, Fos,
ATE and JDP families, and it regulates a range of cellular processes. The AP-1 transcription factor family can
be activated by different stimuli, such as cytokines, stress, bacterial, and viral infections®. The AP-1 signaling
pathway has been shown to be activated by the SARS-CoV viral particle™, spike protein®, nucleocapsid protein®,
and accessory protein 3b*. In a recent study, the AP-1 protein Jun was identified as one of the top hub host
proteins, which can either be directly targeted by coronavirus proteins or indirectly involved in the coronavirus
infection®. The activation of AP-1 signaling may serve as an immune response for the host to fight viral infec-
tions. One hypothesis that can be drawn from this observation is that the coronavirus hijacks the AP-1 pathway,
which leads to the mediation of the CPE process. Therefore, disruption of the AP-1 pathway could offset this
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Literature Reported anti-SARS-
Compound Name AP-1 Potency (uM) | Autophagy Potency (uM) | SARS-CoV-2 CPE Potency (uM) | CoV-2 Neurology/psychiatry
Oxyphenisatin 0.22 N/A N/A Y
Clioquinol 0.37 >100 10.00
Trimipramine maleate 1.34 9.02 10.00 Y
Promethazine 2.05 26.60 12.59 Y
Dimethisoquin 2.49 10.12 12.59 Y
Cepharanthine 3.79 13.33 2.00
Pizotifen 4.25 16.79 12.59
Ethopropazine 4.25 >100 12.59 Y
Amitriptyline 5.29 10.59 12.59
Mefloquine 5.78 29.85 >100 Y
Tolterodine Tartrate 6.49 14.96 12.59 Y
Tetraethylthiuram disulfide 6.66 2.54 >100 Y Y
Lynestrenol 7.14 >100 12.59
Cyproheptadine 7.28 >100 3.98
Benzydamine 7.28 >100 12.59
Promazine 7.56 5.69 10.00 Y Y
Triparanol 7.56 21.13 N/A
Fluphenazine 7.56 13.33 >100 Y Y
Imipramine 7.76 13.33 8.91 Y
Loxapine succinate 7.86 14.30 10.00 Y
Tripelennamine citrate 8.49 >100 >100 Y
Homochlorcyclizine 8.49 21.13 5.01
Fluoxetine 8.94 23.71 4.47 Y
Cyclobenzaprine 9.52 14.96 12.59 Y
Chlorprothixene 9.89 23.71 8.91 Y
Bepridil 9.89 >100 12.59
Chlorpromazine 10.15 16.79 11.22 Y Y
Difeterol 11.10 29.85 12.59
Zotepine 11.10 13.33 12.59 Y
Spiperone 11.99 13.33 12.59 Y Y
Clemastine fumarate 11.99 23.71 11.22
Maprotiline 12.30 13.33 12.59 Y
Nylidrin 13.45 26.60 >100 Y
Duloxetine 13.97 16.79 8.91 Y
Amoxapine 14.34 5.96 8.91 Y
Clomipramine 14.90 11.88 10.00 Y Y
Triflupromazine 15.68 23.71 12.59 Y
Bromodiphenhydramine 16.93 N/A 12.59
Chlormadinone acetate 17.59 >100 12.59
Tamoxifen citrate 18.21 26.60 1.78 Y
Cyclomethycaine 19.00 N/A 12.59
Bencyclane 19.74 N/A 12.59

Table 2. Potent (<20 uM) AP-1 compounds that were active in the SARS-CoV-2 CPE assay or reported as
active in the literature.

process. While this hypothesis has not been directly tested, the correlation that we found between the AP-1 path-
way and SARS-CoV-2 points to a druggable host pathway for SARS-CoV-2 and future emergent coronaviruses.
In addition, previous reports have linked the AP-1 pathway to autophagy®®, further validating the correlations
between AP-1, autophagy, and SARS-CoV-2.

Psychoactive drugs have been reported to be active against SARS-CoV-2!1151920_In this study, we found that
the neurology/psychiatry class of drugs, in contrast to other classes of drugs, was significantly enriched in anti-
SARS-CoV-2 activity. Most of the active compounds in the neurology/psychiatry class of drugs are psychoac-
tive drugs which target G protein coupled receptors (GPCRs), particularly monoamine receptors (86% of the
psychoactive drugs that showed anti-SARS-CoV-2 activity belong to this category) (Supplementary Table 2).
We hypothesize that those compounds may bind to membrane receptors and activate intracellular pathways
to fight against coronaviruses. It is interesting to note that among the active compounds in both the AP-1 and
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Figure 3. Example concentration-response curves of compounds active in the SARS-CoV-2, autophagy,
and AP-1 assays. Chlorpromazine is a tricyclic antipsychotic, clomipramine is a tricyclic antidepressant, and
cepharanthine is a natural product anti-inflammatory that is approved in Japan®®.

SARS-CoV-2 CPE assays, we found a more pronounced enrichment of neurology/psychiatry drugs (3.76-fold;
P=3.89x107), suggesting that this class of drugs may also act through the AP-1 pathway to inhibit SARS-
CoV-2. Another hypothesis is that SARS-CoV-2 may infect cells through other unknown membrane proteins in
addition to angiotensin-converting enzyme 2 (ACE2), and those compounds may interfere with the viral binding
to its receptors. GPCRs have been shown to be hijacked by viruses as co-receptors for entry into host cells®-¢2,
A French study reported that lower incidences of the symptomatic forms of COVID-19 were found among
psychiatric patients (~4%) when compared to clinical staff (~ 14%)%. An anti-psychiatric drug, chlorpromazine
(Fig. 3), has been repurposed for COVID-19 treatment, and it is currently in phase III clinical trial (https://
clinicaltrials.gov/ct2/show/NCT04366739). In another phase II clinical trial, fluvoxamine, a selective serotonin
reuptake inhibitor (SSRI), was found to prevent more serious complications of COVID-19 infection (https://
clinicaltrials.gov/ct2/show/NCT04342663). Pre-clinical data and clinical observations of those psychoactive
drugs are promising; however, further clinical evidence and data are required to confirm the anti-SARS-CoV-2
effects of those psychoactive drugs.

In summary, we discovered that the autophagy and AP-1 signaling pathways may be potential targets for
COVID-19 therapeutics through systematic mining of a large qHTS database. These findings from in vitro
experiments need to be further validated by in vivo animal studies and human clinical trials to confirm the
therapeutic efficacy of the identified targets. In addition, the class of neurology/psychiatry drugs was found to
be significantly enriched with anti-SARS-CoV-2 active compounds, indicating that this class of drugs has the
potential to be repurposed as treatments for COVID-19 and warrant further investigation.

Materials and methods

SARS-CoV-2 cytopathic effect (CPE) assay. Vero-E6 cells previously selected for high ACE2
expression® (grown in EMEM, 10% FBS, and 1% Penicillin/Streptomycin) were cultured in T175 flasks and pas-
saged at 95% confluency. Cells were washed once with PBS and dissociated from the flask using TrypLE. Cells
were counted prior to seeding. A CPE assay previously used to measure antiviral effects against SARS-CoV® was
adapted for performance in 384 well plates to measure CPE of SARS CoV-2 with the following modifications.
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(a)
Activity in anti-COVID19 assa .
Drug class Total compounds = U : . Enrichment (fold) | P value
Class active rate | Background active rate
Neurology/Psychiatry 359 0.21 0.08 2.56 2.41E-11
Infectious disease 315 0.11 0.10 1.09 0.61
Cardiology 209 0.14 0.10 1.44 0.053
Endocrinology 129 0.07 0.10 0.69 0.29
Gastroenterology 140 0.14 0.10 1.47 0.082
Oncology 95 0.09 0.10 0.95 1.00
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Figure 4. Enrichment of neurology/psychiatry drugs in anti-SARS-CoV-2 active compounds. (a) Activity
statistics of six common drug classes in the SARS-CoV-2 CPE assay. Class active rate =Fraction of anti-
SARS-CoV-2 active compounds in the drug class; Background active rate = Fraction of anti-SARS-CoV-2
active compounds outside the drug class. (b) Distribution of the six common drug classes in the NPC library.
(c) Significance of enrichment of anti-SARS-CoV-2 actives in each drug class. Only the class of neurology/
psychiatric drugs was significantly enriched. The dotted line indicates the threshold for statistical significance.

Cells, harvested and suspended at 160,000 cells/ml in MEM/1% PSG/1% HEPES supplemented 2% HI FBS,
were batch inoculated with SARS CoV-2 (USA_WA1/2020) at M.O.I. of approximately 0.002 which resulted in
approximately 5% cell viability 72 h post infection. Compound solutions in DMSO were acoustically dispensed
into assay ready plates (ARPs) at 3 point 1:5 titrations. ARPs were stored at -20 °C and shipped to BSL3 facility
(Southern Research Institute, Birmingham, AL) for CPE assay. ARPs were brought to room temperature and
5 pl of assay media was dispensed to all wells. The plates were transported into the BSL-3 facility were a 25 uL
aliquot of virus inoculated cells (4000 Vero E6 cells/well) was added to each well in columns 3-24. The wells in
columns 23-24 contained virus infected cells only (no compound treatment). A 25 uL aliquot of uninfected cells
was added to columns 1-2 of each plate for the cell only (no virus) controls. After incubating plates at 37 °C with
5% CO, and 90% humidity for 72 h, 30 pL of Cell Titer-Glo (Promega, Madison, WI) was added to each well.
Following incubation at room temperature for 10 min the plates were sealed with a clear cover, surface decon-
taminated, and luminescence was read using a Perkin Elmer Envision (Waltham, MA) plate reader to measure
cell viability.

AP-1-bla ME-180 assay. CellSensor AP-1-bla ME-180 cell line and the culture medium components were
purchased from Thermo Fisher Scientific (Waltham, MA). These cells contain a beta-lactamase reporter gene
under the control of AP-1 response element that has been stably integrated into ME-180 cells. Cells were cul-
tured in DMEM medium supplemented with 10% dialyzed fetal bovine serum (FBS), 0.1 mM non-essential
amino acids (NEAA), 1 mM sodium pyruvate, 25 mM HEPES, 100 U/ml penicillin, 100 ug/ml streptomycin,
and 5 pg/ml of blastcidin at 37 °C under a humidified atmosphere and 5% CO,. AP-1-bla ME-180 cells were
used to screen the NPC compound collection. The positive controls, human epidermal growth factor (EGF)
for the AP-1-bla and tetraoctyl ammonium bromide for the cytotoxicity assays, were purchased from Sigma-
Aldrich (St. Louis, MO).

CellSensor AP-1-bla ME-180 cells were suspended in 6 uL of assay medium (Opti-MEM with 0.5% dialyzed
FBS, 0.1 mM NEAA, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 pug/ml streptomycin), and were
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dispensed at 2,500 cells per well in 1,536-well tissue culture treated black/clear bottom plates (Greiner Bio-One
North America, NC) using a Multidrop Combi (Thermo Fisher Scientific). After incubation at 37 °C for an over-
night to facilitate cell adhesion, 23 nL of compounds and positive controls were transferred into the assay plates
by a Pintool station (Wako Automation, San Diego, CA). The assay plates were incubated for 5 h at 37 °C. One
ul of LiveBLAzer FRET B/G (CCF4-AM) substrate mix (Thermo Fisher Scientific) was added using an Flying
Reagent Dispenser (FRD) and incubated at room temperature for 2 h. The fluorescence signal was measured
using an Envision plate reader (Perkin Elmer, Waltham, MA) at excitation 405 nm, and dual emissions at 460 and
530 nm. Data were expressed as relative fluorescence units (ratio of 460 nm/530 nm emissions). The cytotoxicity
of each compound was tested in parallel in the same well by adding 4 pl/well of CellTiter-Glo reagent (Promega,
Madison, WI) after beta-lactamase read into the assay plates using an FRD. After 30 min incubation at room
temperature, the luminescence signal was measured using a ViewLux plate reader (Perkin Elmer). Cytotoxicity
data were expressed as relative luminescence units.

Received: 23 July 2020; Accepted: 10 March 2021
Published online: 24 March 2021

References

1. Bajwah, S. et al. Managing the supportive care needs of those affected by COVID-19. Eur. Respir. ]. https://doi.org/10.1183/13993
003.00815-2020 (2020).

2. Group, R. C. et al. Dexamethasone in hospitalized patients with Covid-19-preliminary report. N. Engl. J. Med. https://doi.org/10.
1056/NEJM0a2021436 (2020).

3. Zeng, E, Chen, X. & Deng, G. Convalescent plasma for patients with COVID-19. Proc. Natl. Acad. Sci. U S A 117, 12528. https://
doi.org/10.1073/pnas.2006961117 (2020).

4. Mabhase, E. Covid-19: FDA authorises neutralising antibody bamlanivimab for non-admitted patients. BMJ 371, m4362. https://
doi.org/10.1136/bm;j.m4362 (2020).

5. Callaway, E. What Pfizer’s landmark COVID vaccine results mean for the pandemic. Nature https://doi.org/10.1038/d41586-020-
03166-8 (2020).

6. Callaway, E. COVID vaccine excitement builds as Moderna reports third positive result. Nature 587, 337-338. https://doi.org/10.
1038/d41586-020-03248-7 (2020).

7. Scannell, ]. W, Blanckley, A., Boldon, H. & Warrington, B. Diagnosing the decline in pharmaceutical R&D efficiency. Nat. Rev.
Drug. Discov. 11, 191-200. https://doi.org/10.1038/nrd3681 (2012).

8. Beigel, J. H. et al. Remdesivir for the treatment of covid-19-preliminary report. N. Engl. J. Med. https://doi.org/10.1056/NEJMo
22007764 (2020).

9. WHO Solidarity Trial Consortium, Pan H, Peto R, Henao-Restrepo AM, Preziosi MP, Sathiyamoorthy V, Abdool Karim Q, Alejan-
dria MM, Hernandez Garcia C, Kieny MP, Malekzadeh R, Murthy S, Reddy KS, Roses Periago M, Abi Hanna P, Ader F, Al-Bader
AM, Alhasawi A, Allum E, Alotaibi A, Alvarez-Moreno CA, Appadoo S, Asiri A, Aukrust P, Barratt-Due A, Bellani S, Branca M,
Cappel-Porter HBC, Cerrato N, Chow TS, Como N, Eustace J, Garcia PJ, Godbole S, Gotuzzo E, Griskevicius L, Hamra R, Hassan
M, Hassany M, Hutton D, Irmansyah I, Jancoriene L, Kirwan J, Kumar S, Lennon P, Lopardo G, Lydon P, Magrini N, Maguire T,
Manevska S, Manuel O, McGinty S, Medina MT, Mesa Rubio ML, Miranda-Montoya MC, Nel ], Nunes EP, Perola M, Portolés A,
Rasmin MR, Raza A, Rees H, Reges PPS, Rogers CA, Salami K, Salvadori MI, Sinani N, Sterne JAC, Stevanovikj M, Tacconelli
E, Tikkinen KAO, Trelle S, Zaid H, Rettingen JA, Swaminathan S. Repurposed Antiviral Drugs for Covid-19 - Interim WHO
Solidarity Trial Results. N Engl ] Med. 384(6), 497-511. https://doi.org/10.1056/NEJM0a2023184 (2021).

10. Horby, P. et al. Effect of dexamethasone in hospitalized patients with COVID-19: preliminary report. medRxiv (2020).

11. Gordon, D. E. et al. A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature https://doi.org/10.1038/
541586-020-2286-9 (2020).

12. Yuan, S. et al. Discovery of the FDA-approved drugs bexarotene, cetilistat, diiodohydroxyquinoline, and abiraterone as potential
COVID-19 treatments with a robust two-tier screening system. Pharmacol. Res. https://doi.org/10.1016/j.phrs.2020.104960 (2020).

13. Gorshkov, K. et al. The SARS-CoV-2 cytopathic effect is blocked with autophagy modulators. bioRxiv https://doi.org/10.1101/
2020.05.16.091520 (2020).

14. Koa, M. et al. Screening of FDA-approved drugs using a MERS-CoV clinical isolate from South Korea identifies potential thera-
peutic options for COVID-19. Science https://doi.org/10.1101/2020.02.25.965582 (2020).

15. Riva, L. et al. A Large-scale Drug Repositioning Survey for SARS-CoV-2 Antivirals. bioRxiv https://doi.org/10.1101/2020.04.16.
044016 (2020).

16. Brimacombe, K. R. et al. An OpenData portal to share COVID-19 drug repurposing data in real time. BioRxiv https://doi.org/10.
1101/2020.06.04.135046 (2020).

17. Huang, R. et al. The NCGC pharmaceutical collection: a comprehensive resource of clinically approved drugs enabling repurposing
and chemical genomics. Sci Transl Med 3, 80. https://doi.org/10.1126/scitranslmed.3001862 (2011).

18. Huang, R. et al. The NCATS pharmaceutical collection: a 10-year update. Drug Discov. Today 24, 2341-2349. https://doi.org/10.
1016/j.drudis.2019.09.019 (2019).

19. Touret, E et al. In vitro screening of a FDA approved chemical library reveals potential inhibitors of SARS-CoV-2 replication.
bioRxiv https://doi.org/10.1101/2020.04.03.023846 (2020).

20. Weston, S., Haupt, R., Logue, J., Matthews, K. & Frieman, M. B. FDA approved drugs with broad anti-coronaviral activity inhibit
SARS-CoV-2. bioRxiv https://doi.org/10.1101/2020.03.25.008482 (2020).

21. Caly, L., Druce, J. D., Catton, M. G., Jans, D. A. & Wagstaff, K. M. The FDA-approved drug ivermectin inhibits the replication of
SARS-CoV-2 in vitro. Antiviral Res. 178, 104787. https://doi.org/10.1016/j.antiviral.2020.104787 (2020).

22. Wang, Y. et al. Remdesivir in adults with severe COVID-19: a randomised, double-blind, placebo-controlled, multicentre trial.
Lancet 395, 1569-1578. https://doi.org/10.1016/S0140-6736(20)31022-9 (2020).

23. Geleris, J. et al. Observational study of hydroxychloroquine in hospitalized patients with covid-19. N. Engl. J. Med. https://doi.org/
10.1056/NEJM0a2012410 (2020).

24. Bleasel, M. D. & Peterson, G. M. Emetine, ipecac, ipecac alkaloids and analogues as potential antiviral agents for coronaviruses.
Pharmaceuticals (Basel) https://doi.org/10.3390/ph13030051 (2020).

25. Chen, C. Z. et al. Drug repurposing screen for compounds inhibiting the cytopathic effect of SARS-CoV-2. bioRxiv https://doi.
0rg/10.1101/2020.08.18.255877 (2020).

26. Huang, R. et al. Chemical genomics profiling of environmental chemical modulation of human nuclear receptors. Environ. Health
Perspect. 119, 1142-1148. https://doi.org/10.1289/ehp.1002952 (2011).

Scientific Reports |

(2021) 11:6725 | https://doi.org/10.1038/s41598-021-86110-8 nature portfolio


https://doi.org/10.1183/13993003.00815-2020
https://doi.org/10.1183/13993003.00815-2020
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1073/pnas.2006961117
https://doi.org/10.1073/pnas.2006961117
https://doi.org/10.1136/bmj.m4362
https://doi.org/10.1136/bmj.m4362
https://doi.org/10.1038/d41586-020-03166-8
https://doi.org/10.1038/d41586-020-03166-8
https://doi.org/10.1038/d41586-020-03248-7
https://doi.org/10.1038/d41586-020-03248-7
https://doi.org/10.1038/nrd3681
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2023184
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1016/j.phrs.2020.104960
https://doi.org/10.1101/2020.05.16.091520
https://doi.org/10.1101/2020.05.16.091520
https://doi.org/10.1101/2020.02.25.965582
https://doi.org/10.1101/2020.04.16.044016
https://doi.org/10.1101/2020.04.16.044016
https://doi.org/10.1101/2020.06.04.135046
https://doi.org/10.1101/2020.06.04.135046
https://doi.org/10.1126/scitranslmed.3001862
https://doi.org/10.1016/j.drudis.2019.09.019
https://doi.org/10.1016/j.drudis.2019.09.019
https://doi.org/10.1101/2020.04.03.023846
https://doi.org/10.1101/2020.03.25.008482
https://doi.org/10.1016/j.antiviral.2020.104787
https://doi.org/10.1016/S0140-6736(20)31022-9
https://doi.org/10.1056/NEJMoa2012410
https://doi.org/10.1056/NEJMoa2012410
https://doi.org/10.3390/ph13030051
https://doi.org/10.1101/2020.08.18.255877
https://doi.org/10.1101/2020.08.18.255877
https://doi.org/10.1289/ehp.1002952

www.nature.com/scientificreports/

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

Huang, R. in High-Throughput Screening Assays in Toxicology Vol. 1473 Methods in Molecular Biology (eds Hao Zhu & Menghang
Xia) Ch. 12, (Humana Press, 2016).

Li, Y. et al. A cell-based quantitative high-throughput image screening identified novel autophagy modulators. Pharmacol. Res.
110, 35-49. https://doi.org/10.1016/j.phrs.2016.05.004 (2016).

Huang, R. et al. Modelling the Tox21 10 K chemical profiles for in vivo toxicity prediction and mechanism characterization. Nat.
Commun. 7, 10425. https://doi.org/10.1038/ncomms10425 (2016).

Kouznetsova, J. ef al. Identification of 53 compounds that block Ebola virus-like particle entry via a repurposing screen of approved
drugs. Emerg. Microbes. Infect. 3, e84. https://doi.org/10.1038/emi.2014.88 (2014).

Chen, C. Z. et al. Identifying SARS-CoV-2 entry inhibitors through drug repurposing screens of SARS-S and MERS-S pseudotyped
particles. bioRxiv https://doi.org/10.1101/2020.07.10.197988 (2020).

Chen, N. et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a
descriptive study. Lancet 395, 507-513. https://doi.org/10.1016/S0140-6736(20)30211-7 (2020).

Zumla, A., Hui, D. S. & Perlman, S. Middle East respiratory syndrome. Lancet 386, 995-1007. https://doi.org/10.1016/S0140-
6736(15)60454-8 (2015).

Lai, C. C,, Shih, T. P, Ko, W. C,, Tang, H. J. & Hsueh, P. R. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
coronavirus disease-2019 (COVID-19): the epidemic and the challenges. Int. J. Antimicrob. Agents 55, 105924. https://doi.org/10.
1016/j.ijantimicag.2020.105924 (2020).

Cao, Y. C,, Deng, Q. X. & Dai, S. X. Remdesivir for severe acute respiratory syndrome coronavirus 2 causing COVID-19: An evalu-
ation of the evidence. Travel Med. Infect. Dis. https://doi.org/10.1016/j.tmaid.2020.101647 (2020).

Kleinstreuer, N. C. et al. Development and validation of a computational model for androgen receptor activity. Cherm. Res. Toxicol.
30, 946-964. https://doi.org/10.1021/acs.chemrestox.6b00347 (2017).

Xia, M. et al. Identification of compounds that potentiate CREB signaling as possible enhancers of long-term memory. Proc. Natl.
Acad. Sci. US A 106, 2412-2417. https://doi.org/10.1073/pnas.0813020106 (2009).

Witt, K. L. et al. Assessment of the DNA damaging potential of environmental chemicals using a quantitative high-throughput
screening approach to measure p53 activation. Environ. Mol. Mutagen 58, 494-507. https://doi.org/10.1002/em.22112 (2017).
Birgisdottir, A. B. & Johansen, T. Autophagy and endocytosis-interconnections and interdependencies. J. Cell Sci. https://doi.org/
10.1242/jcs.228114 (2020).

Yang, N. & Shen, H. M. Targeting the endocytic pathway and autophagy process as a novel therapeutic strategy in COVID-19. Int.
J. Biol. Sci. 16, 1724-1731. https://doi.org/10.7150/ijbs.45498 (2020).

Maier, H. J. & Britton, P. Involvement of autophagy in coronavirus replication. Viruses 4, 3440-3451. https://doi.org/10.3390/v4123
440 (2012).

Fung, T. S. & Liu, D. X. The ER stress sensor IRE1 and MAP kinase ERK modulate autophagy induction in cells infected with
coronavirus infectious bronchitis virus. Virology 533, 34-44. https://doi.org/10.1016/j.virol.2019.05.002 (2019).

Fung, T. S. & Liu, D. X. Human coronavirus: host-pathogen interaction. Annu. Rev. Microbiol. 73, 529-557. https://doi.org/10.
1146/annurev-micro-020518-115759 (2019).

Bonam, S. R., Muller, S., Bayry, J. & Klionsky, D. J. Autophagy as an emerging target for COVID-19: lessons from an old friend,
chloroquine. Autophagy https://doi.org/10.1080/15548627.2020.1779467 (2020).

Shojaei, S., Suresh, M., Klionsky, D. J., Labouta, H. I. & Ghavami, S. Autophagy and SARS-CoV-2 infection: apossible smart target-
ing of the autophagy pathway. Virulence 11, 805-810. https://doi.org/10.1080/21505594.2020.1780088 (2020).

Liu, J. et al. Hydroxychloroquine, a less toxic derivative of chloroquine, is effective in inhibiting SARS-CoV-2 infection in vitro.
Cell Discov. 6, 16. https://doi.org/10.1038/s41421-020-0156-0 (2020).

Weston, S., Haupt, R., Logue, J., Matthews, K. & Frieman, M. B. FDA approved drugs with broad anti-coronaviral activity inhibit
SARS-CoV-2 in vitro. BioRxiv https://doi.org/10.1101/2020.03.25.008482 (2020).

Mehra, M. R., Desai, S. S., Ruschitzka, F. & Patel, A. N. Hydroxychloroquine or chloroquine with or without a macrolide for treat-
ment of COVID-19: a multinational registry analysis. Lancet https://doi.org/10.1016/S0140-6736(20)31180-6 (2020).

Gautret, P. et al. Hydroxychloroquine and azithromycin as a treatment of COVID-19: results of an open-label non-randomized
clinical trial. Int. J. Antimicrob. Agents https://doi.org/10.1016/j.jjantimicag.2020.105949 (2020).

Zumla, A., Chan, J. F, Azhar, E. I, Hui, D. S. & Yuen, K. Y. Coronaviruses-drug discovery and therapeutic options. Nat. Rev. Drug
Discov. 15, 327-347. https://doi.org/10.1038/nrd.2015.37 (2016).

Hoffmann, M. et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a clinically proven protease inhibi-
tor. Cell 181, 271-280. https://doi.org/10.1016/j.cell.2020.02.052 (2020).

Hess, J., Angel, P. & Schorpp-Kistner, M. AP-1 subunits: quarrel and harmony among siblings. J. Cell Sci. 117, 5965-5973. https://
doi.org/10.1242/jcs.01589 (2004).

Yoshikawa, T. et al. Dynamic innate immune responses of human bronchial epithelial cells to severe acute respiratory syndrome-
associated coronavirus infection. PLoS ONE 5, €8729. https://doi.org/10.1371/journal.pone.0008729 (2010).

Chang, Y. J,, Liu, C. Y., Chiang, B. L., Chao, Y. C. & Chen, C. C. Induction of IL-8 release in lung cells via activator protein-1 by
recombinant baculovirus displaying severe acute respiratory syndrome-coronavirus spike proteins: identification of two functional
regions. J. Immunol. 173, 7602-7614. https://doi.org/10.4049/jimmunol.173.12.7602 (2004).

He, R. et al. Activation of AP-1 signal transduction pathway by SARS coronavirus nucleocapsid protein. Biochem. Biophys. Res.
Commun. 311, 870-876. https://doi.org/10.1016/j.bbrc.2003.10.075 (2003).

Varshney, B. & Lal, S. K. SARS-CoV accessory protein 3b induces AP-1 transcriptional activity through activation of JNK and
ERK pathways. Biochemistry 50, 5419-5425. https://doi.org/10.1021/bi200303r (2011).

Zhou, Y. et al. Network-based drug repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2. Cell Discov. 6, 14. https://doi.
0rg/10.1038/s41421-020-0153-3 (2020).

Guo, Y. et al. AP1 is essential for generation of autophagosomes from the trans-Golgi network. J. Cell Sci. 125, 1706-1715. https://
doi.org/10.1242/jcs.093203 (2012).

Edwards, T. A. AP-1 Proteins Regulate Autophagy in Skeletal Muscle Progenitor Cells, (2019).

Alkhatib, G. et al. CC CKR5: a RANTES, MIP-1alpha, MIP-1beta receptor as a fusion cofactor for macrophage-tropic HIV-1.
Science 272, 1955-1958. https://doi.org/10.1126/science.272.5270.1955 (1996).

Feng, Y., Broder, C. C., Kennedy, P. E. & Berger, E. A. HIV-1 entry cofactor: functional cDNA cloning of a seven-transmembrane
G protein-coupled receptor. Science 272, 872-877. https://doi.org/10.1126/science.272.5263.872 (1996).

Elphick, G. F. et al. The human polyomavirus, JCV, uses serotonin receptors to infect cells. Science 306, 1380-1383. https://doi.
org/10.1126/science.1103492 (2004).

Plaze, M. et al. Repurposing chlorpromazine to treat COVID-19: the reCoVery study. Encephale https://doi.org/10.1016/j.encep.
2020.05.006 (2020).

Li, W. et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 426, 450-454. https://doi.
org/10.1038/nature02145 (2003).

Severson, W. E. et al. Development and validation of a high-throughput screen for inhibitors of SARS CoV and its application in
screening of a 100,000-compound library. J. Biomol. Screen. 12, 33-40. https://doi.org/10.1177/1087057106296688 (2007).
Bailly, C. Cepharanthine: an update of its mode of action, pharmacological properties and medical applications. Phytomedicine
62, 152956. https://doi.org/10.1016/j.phymed.2019.152956 (2019).

Scientific Reports |

(2021) 11:6725 | https://doi.org/10.1038/s41598-021-86110-8 nature portfolio


https://doi.org/10.1016/j.phrs.2016.05.004
https://doi.org/10.1038/ncomms10425
https://doi.org/10.1038/emi.2014.88
https://doi.org/10.1101/2020.07.10.197988
https://doi.org/10.1016/S0140-6736(20)30211-7
https://doi.org/10.1016/S0140-6736(15)60454-8
https://doi.org/10.1016/S0140-6736(15)60454-8
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1016/j.ijantimicag.2020.105924
https://doi.org/10.1016/j.tmaid.2020.101647
https://doi.org/10.1021/acs.chemrestox.6b00347
https://doi.org/10.1073/pnas.0813020106
https://doi.org/10.1002/em.22112
https://doi.org/10.1242/jcs.228114
https://doi.org/10.1242/jcs.228114
https://doi.org/10.7150/ijbs.45498
https://doi.org/10.3390/v4123440
https://doi.org/10.3390/v4123440
https://doi.org/10.1016/j.virol.2019.05.002
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1146/annurev-micro-020518-115759
https://doi.org/10.1080/15548627.2020.1779467
https://doi.org/10.1080/21505594.2020.1780088
https://doi.org/10.1038/s41421-020-0156-0
https://doi.org/10.1101/2020.03.25.008482
https://doi.org/10.1016/S0140-6736(20)31180-6
https://doi.org/10.1016/j.ijantimicag.2020.105949
https://doi.org/10.1038/nrd.2015.37
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1371/journal.pone.0008729
https://doi.org/10.4049/jimmunol.173.12.7602
https://doi.org/10.1016/j.bbrc.2003.10.075
https://doi.org/10.1021/bi200303r
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1242/jcs.093203
https://doi.org/10.1242/jcs.093203
https://doi.org/10.1126/science.272.5270.1955
https://doi.org/10.1126/science.272.5263.872
https://doi.org/10.1126/science.1103492
https://doi.org/10.1126/science.1103492
https://doi.org/10.1016/j.encep.2020.05.006
https://doi.org/10.1016/j.encep.2020.05.006
https://doi.org/10.1038/nature02145
https://doi.org/10.1038/nature02145
https://doi.org/10.1177/1087057106296688
https://doi.org/10.1016/j.phymed.2019.152956

www.nature.com/scientificreports/

Acknowledgements

This work was supported by the Intramural Research Program of the National Center for Advancing Transla-
tional Sciences, National Institutes of Health. The authors would like to thank Hui Guo, Xin Hu, and Min Shen
for assistance with CPE assay data processing, and Richard Eastman, Zina Itkin, and Paul Shinn for compound
management and plating.

Author contributions

R.H. and H.Z. conceived the research and designed the study. C.Z.C., ].Z. and S.S. performed the experiments,
collected data and aided data interpretation. R.H. performed statistical analysis of all data. H.Z. aided data
analysis and visualization. R.H., H.Z., D.K.N. and M.D.H. wrote the manuscript. R.H., M.D.H., M.X., W.Z. and
A.S. directed the research. All authors reviewed the manuscript.

Funding
Open Access funding provided by the National Institutes of Health (NIH).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-86110-8.

Correspondence and requests for materials should be addressed to R.H.
Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

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

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2021

Scientific Reports |

(2021) 11:6725 | https://doi.org/10.1038/s41598-021-86110-8 nature portfolio


https://doi.org/10.1038/s41598-021-86110-8
https://doi.org/10.1038/s41598-021-86110-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mining of high throughput screening database reveals AP-1 and autophagy pathways as potential targets for COVID-19 therapeutics
	Results
	Mining qHTS data reveals potential anti-SARS-CoV-2 targets: Autophagy and AP-1 signaling. 
	Enrichment of neuroactive drugs in anti-SARS-CoV-2 and AP-1 active compounds. 

	Discussion
	Materials and methods
	SARS-CoV-2 cytopathic effect (CPE) assay. 
	AP-1-bla ME-180 assay. 

	References
	Acknowledgements


