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Abstract

Identifying transcriptional responses that are most consistently associated with
experimental coronavirus (CoV) infection can help illuminate human cellular signaling
pathways impacted by CoV infection. Here, we distilled over 3,000,000 data points from
publically archived CoV infection transcriptomic datasets into consensus regulatory
signatures, or consensomes, that rank genes based on their transcriptional
responsiveness to infection of human cells by MERS, SARS-CoV-1 and SARS-CoV-2
subtypes. We computed overlap between genes with elevated rankings in the CoV
consensomes against those from transcriptomic and ChIP-Seq consensomes for nearly
880 cellular signaling pathway nodes. Validating the CoV infection consensomes, we
identified robust overlap between their highly ranked genes and high confidence targets
of signaling pathway nodes with known roles in CoV infection. We then developed a
series of use cases that illustrate the utility of the CoV consensomes for hypothesis
generation around mechanistic aspects of the cellular response to CoV infection. We
make the CoV infection datasets and their universe of underlying data points freely
accessible through the Signaling Pathways Project web knowledgebase at

https://www.signalingpathways.org/datasets/index.jsf.
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Introduction

Infection by coronaviruses (CoV) represents a major current global public health
concern. Signaling within and between airway epithelial and immune cells in response
to infections by CoV and other viruses is coordinated by a complex network of signaling
pathway nodes. These include chemokine and cytokine-activated receptors, signaling
enzymes and transcription factors, and the genomic targets encoding their downstream
effectors (Takeda et al., 2003; Stark et al., 1998; Darnell et al., 1994)]. We recently
described the Signaling Pathways Project (SPP; (Ochsner et al., 2019), an integrated
‘omics knowledgebase designed to assist bench researchers in leveraging publically
archived transcriptomic and ChlP-Seq datasets to generate research hypotheses. A
unique aspect of SPP is its collection of consensus regulatory signatures, or
consensomes, which rank genes based on the frequency of their significant differential
expression across transcriptomic experiments mapped to a specific signaling pathway
node or node family. By surveying across multiple independent datasets, we have
shown that consensomes recapitulate pathway node-genomic target regulatory

relationships to a high confidence level (Ochsner et al., 2019).

Placing the transcriptional events associated with human CoV infection in context with
those associated with other signaling paradigms has the potential to catalyze the
development of novel therapeutic approaches. The CoV research community has been
active in generating and archiving transcriptomic datasets documenting the
transcriptional response of human cells to infection by the three major CoV species,
namely, Middle East respiratory syndrome coronavirus (MERS) and severe acute

respiratory syndrome coronaviruses 1 (SARS1) and 2 (SARS2) (DeDiego et al., 2011;
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Josset et al., 2013; Sims et al., 2013; Yoshikawa et al., 2010). To date however the field
has lacked a resource that fully capitalizes on these datasets by, firstly, using them to
rank human genes according to their transcriptional response to CoV infection and
secondly, contextualizing these transcriptional responses by integrating them with
‘omics data points relevant to host cellular signaling pathways. Here, as a service to the
research community to catalyze the development of novel CoV therapeutics, we
generated consensomes for infection of human cells by MERS, SARS1 and SARS2
CoVs. We then analyzed the extent to which high confidence transcriptional targets for
these viruses intersected with genes with elevated rankings in transcriptomic and ChlP-
Seq consensomes for cellular signaling pathway nodes. Integration of the CoV
consensomes with the existing universes of SPP transcriptomic and ChIP-Seq data
points in a series of use cases illuminates previously uncharacterized intersections
between CoV infection and human cellular signaling pathways. The CoV infection
consensome and its underlying datasets provide researchers with a unique and freely
accessible framework within which to generate and pressure test hypotheses around

human cellular signaling pathways impacted by CoV infection.
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Results

Generation of the CoV consensomes

We first set out to generate a set of consensomes ranking human genes based on the
frequency of their significant differential expression in response to infection by MERS,
SARS1 and SARS2 CoVs. To do this we searched the Gene Expression Omnibus
(GEO) and ArrayExpress databases to identify datasets involving infection of human
cells by these species. From this initial collection of datasets, we next carried out a
three step quality control check as previously described (Ochsner et al., 2019), yielding
a total of 3,041,047 million data points in 111 experiments from 25 independent CoV
infection transcriptomic datasets (Supplementary information, Section 1). Using these
curated datasets, we next generated consensomes for each CoV species, as well as
one ranking genes across all CoV infection experiments (ALL CoV). As a reference
consensome for a virus whose transcriptional impact on human cells has been studied

in depth, we also generated a consensome for human influenza A virus (IAV) infection.

The Supplementary information files contain the full human ALL CoV (Section 2), MERS
(Section 3), SARS1 (Section 4), SARS2 (Section 5) and IAV (Section 6) infection
transcriptomic consensomes. To assist researchers in inferring transcriptional regulation
of signaling networks, the ALL CoV consensome is annotated to indicate the identity of
a gene as encoding a bioactive small molecule, receptor, signaling enzyme or
transcription factor (Supplementary information, Section 2, columns W-Z). As an initial
benchmark for the ALL CoV consensome, we assembled a list of 20 interferon-
stimulated genes (ISGs), which encode many of the key canonical viral response

factors (Supplementary information, Section 2, column |) (Schneider et al., 2014). As
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98 shown in the scatterplot representation of the ALL COV consensome in Figure 1, all

99  canonical ISGs were assigned appropriately elevated rankings in the consensome.

100 To gain insight into transcriptional intersections between CoV infection and human

101 cellular signaling pathways, we next computed genes with elevated rankings in the CoV
102  consensomes against genes with high confidence regulatory relationships with cellular
103  signaling pathway nodes. To do this we generated five lists of genes corresponding to
104 the ALL CoV, MERS, SARS1, SARS2 and IAV transcriptomic consensome 95"

105  percentiles. We then retrieved genes in the 95™ percentiles of human transcriptomic (n
106 = 30) consensomes and ChlIP-Seq (n = 834) consensomes for a collection of cellular
107  signaling pathway nodes, and computed the extent and significance of their overlap with
108 genes in the 95" percentiles of each of the five CoV consensomes. Significant overlap
109  between the 95" percentiles of a node/node family consensome and a CoV

110 consensome would indicate a potential biological relationship between loss or gain of

111 function of that node and the transcriptional response to CoV infection.

112 For clarity and brevity we will refer from here on to the 95" percentile of a ChIP-Seq

113 consensome as “CC95” and the 95" percentile of a transcriptomic consensome as

114 “TC95". Of the 834 node CC95s evaluated, 377 had significant overlap (p < 0.05) with at
115 least one of the CoV infection TC95s; of the 30 node/node family TC95s evaluated, 25
116  had significant overlap (p< 0.05) with at least one of the CoV infection TC95s. Results of
117  these analyses are shown in Figure 2 (receptor and enzyme transcriptomic analysis),
118  Figure 3 (ChlP-Seq transcription factor analysis), Figure 4 (ChlP-Seq enzyme analysis)
119  and Figure 5 (ChIP-Seq co-node analysis); see also Supplementary information Section

120 7 for the complete numerical data. We next surveyed the significant overlaps to identify
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(i) canonical inflammatory signaling pathway nodes with characterized roles in the
response to CoV infection, thereby validating the consensome approach in this context;
and (ii) evidence for previously uncharacterized transcriptional biology of CoV infection

that are consistent with their roles in the response to other viral infections.

Receptors Reflecting their well-documented roles in the response to viral infection, we
observed appreciable significant overlap between all TC95s and those for the toll-like
(TLR (Totura et al., 2015), interferon (IFNR (Hensley et al., 2004)) and tumor necrosis
factor (TNFR (W. Wang et al., 2007)) receptor families (Fig. 2). Interestingly, these
signatures were particularly highly enriched in the SARS2 TC95 — potentially reflecting a
particularly strong antiviral response to infection by SARS2. TC95 overlaps for receptor
systems with previously uncharacterized connections to CoV infection, including
epidermal growth factor receptors, glucocorticoid receptor and NOTCH receptor
signaling, are consistent with the known roles of these receptor systems in the context
of other viral infections (Hayward, 2004; Ito et al., 2011; Ng et al., 2013; Ostler et al.,
2019; Zheng et al., 2014). The relatively strong enrichment for xenobiotic receptors
reflects work describing a role for pregnane X receptor in innate immunity (S. Wang et
al., 2014) and points to a potential role for members of this family in the response to

CoV infection.

Transcription factors In general, ChlIP-Seq enrichments for transcription factors and
other nodes were more specific for individual CoV infection TC95s (compare Fig. 2 with
Figs 3, 4 and 5). This is likely due to the fact that ChlP-Seq consensomes are based on
direct promoter binding by a specific node antigen, whereas transcriptomic

consensomes encompass both direct and indirect targets of specific receptor and
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enzyme node families. Not unexpectedly — and speaking again to validation of the
consensomes - the strongest and most significant CoV TC95 overlaps were observed
for CC95s for known transcription factor mediators of the transcriptional response to
CoV infection, including members of the NFkB (Ludwig & Planz, 2008; Poppe et al.,
2017; Ruckle et al., 2012), IRF (Chiang & Liu, 2018) and STAT (Blaszczyk et al., 2016;
Frieman et al., 2007; Garcia-Sastre et al., 1998) transcription factor families. Consistent
with its known role in the regulation of interferon-stimulated genes (Hasan et al., 2013),
we also observed appreciable overlap between the CC95 for TFEB and the ALL CoV
TC95. Moreover, the strong overlap between the GTF2B/TFIIB CC95 and all viral
TC95s reflects previous evidence identifying GTF2B as a target for orthomyxovirus
(Haas et al., 2018), herpes simplex virus (Gelev et al., 2014) and hepatitis B virus

(Haviv et al., 1998).

Enzymes Compared to the roles of receptors and transcription factors in the response
to viral infection, the roles of signaling enzymes are less well illuminated — indeed, in the
context of CoV infection, they are entirely unstudied. Through their regulation of cell
cycle transitions, cyclin-dependent kinases play important roles in the orchestration of
DNA replication and cell division, processes that are critical in the viral life cycle. CDK®,
which has been suggested to be a critical G1 phase kinase (Bellail et al., 2014; Grossel
& Hinds, 2006), has been shown to be targeted by a number of viral infections, including
Kaposi's sarcoma-associated herpesvirus (Kaldis et al., 2001) and HIV-1 (Pauls et al.,
2014). Consistent with this common role across distinct viral infections, we observed
robust overlap between the CDK95 TC95 (Fig. 2) and the CDK6 CC95 (Fig. 4) and

those of all viral TC95s. As with the TLRs, IFNRs and TNFRs, which are known to
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signal through CDK6 (Cingoz & Goff, 2018; Handschick et al., 2014; Hennessy et al.,
2011), overlap with the CDK6 CC95 was particularly strong in the case of the SARS2
TC95 (Fig. 4). CCNTZ2 is a member of the highly conserved family cyclin family and,
along with CDK®9, is a member of the viral-targeted p-TEFB complex (Zaborowska et al.,
2016). Reflecting a potential general role in viral infection, appreciable overlap was
observed between the CCNT2 CC95 and all viral TC95s (Fig. 4). Finally in the context
of enzymes, DNA Topoisomerase (TOP1) has been shown to be required for efficient
replication of simian virus 40 (Wobbe et al., 1987) and Ebola (Takahashi et al., 2013)
viruses. The prominent overlap between its CC95 and those of SARS2 and IAV (Fig. 4)

suggest that it may play a similar role in facilitating the replication of these viruses.

Co-nodes We have coined the term “co-nodes” as a convenient catch-all for cellular
factors that are not members of the three principal signaling pathway node categories
(receptors, enzymes and transcription factors; Ochsner et al., 2019). The breadth of
functions encompassed by members of this category reflects the diverse mechanisms
employed both by viruses to infect and propagate in cells, as well as by hosts to mount
an efficient immune response. Consistent with its characterized role in the recruitment
of p-TEFB by IV-1 Tat protein (Schulze-Gahmen et al., 2013), we observed consistently
strong enrichment of the AFF4 CC95 in all viral TC95s (Fig. 5). The targeting of CNOT3
for degradation in response to adenoviral infection (Chalabi Hagkarim et al., 2018) is
reflected in the significant overlap between its CC95 and the viral TC95s, particularly in

the case of the SARS2 (Fig. 5).

By way of additional independent validation of the CoV and IAV consensomes, Gene

Set Enrichment Analysis (Subramanian et al., 2005) reflected significant overlap
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between the CoV and IAV TC95s and a variety of viral infection and inflammatory

transcription factor target gene sets (Supplementary information Section 8).

Use cases

Having established the reliability of the consensome approach in the context of CoV
infection, we next wished to use the CoV consensomes to gather evidence to identify
previously uncharacterized mediators of the transcriptional response to infection by

CoVs and, of particular current interest, SARS2.

Use case 1: consensome redundancy analysis identifies potential

uncharacterized players in the response to CoV infection

We previously showed (Figs. 2 and 3) that the overlap of the CoV TC95 genes was
most robust among consensomes for members of the IFNR, TLR and TNF receptor
families (Fig. 2), and the NFkB, RELA, IRF and STAT transcription factor families (fig.
5). To investigate this further, we ranked genes in the ALL CoV consensome by their
aggregate 80™ percentile rankings across these consensomes (Supplementary
information, Section 2, column V). Transcriptomic consensomes for IFNRs (Section 9),
TLRs (Section 10) and TNFRs (Section 11) are provided in Supplementary information,
as are links to the ChIP-Atlas lists used to generate the ChlP-Seq consensomes

(Section 12).

10
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This redundancy ranking elevates genes with known critical roles in the response to
viral infection that are acutely responsive to a spectrum of inflammatory signaling
nodes, such as NCOA?7 (Doyle et al., 2018), STAT (Chapgier et al., 2009) and TAP1
(Gruter et al., 1998). Interestingly, genes such as PSMB9, CSRNP1 and MRPL24 have
ALL CoV discovery rates that are comparable to or exceed those of many of the classic
viral response ISGs (Fig. 1), but are either largely or completely uncharacterized in the
context of viral infection. This use case the reflects the potential of consensome-driven
data mining to illuminate novel and potentially therapeutically relevant transcription

pathway effectors in the response to CoV infection.

Use case 2: discrimination between genes frequently differentially expressed in

response to CoV, but not IAV, infection

We next wished to gain insight into signaling paradigms that were selectively
characteristic of CoV infection but not IAV infection. To do this we generated a set of
genes that were frequently differentially expressed in response to CoV infection (ALL
CoV TC99), but less frequently expressed in response to IAV infection (50" percentile)
(Table 1). Interestingly, this group contained two genes encoding transcription factors
with well characterized roles in the regulation of oscillatory gene expression, PER1 and
PERZ2 (Yamajuku et al., 2010). This led us to speculate that genomic targets of
transcriptional regulators of circadian rhythms might be enriched among high
confidence CoV-regulated genes, but not IAV-regulated genes. Consistent with this we
observed significant overlap between the CC95s of the master circadian transcription
factors ARNTL1/BMAL1 and CLOCK (Gaucher et al., 2018) and the CoV TC95, but not

11
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the IAV TC95 (Fig. 2). These data indicate a hitherto uncharacterized intersection
between CoV signaling and the cellular oscillatory apparatus. Another gene of note in
this group is INHBA, encoding activin A, overexpression of which in murine lung gives
rise to a phenotype resembling acute respiratory distress-like syndrome (Apostolou et
al., 2012), a condition commonly associated with CoV infection (Totura & Bavari, 2019).
Other genes in the group provide evidence for the potential mechanisms of infection
and propagation of CoVs. TJAP1, for example, encodes a member of a family of
proteins involved in regulation of tight junctions, shown to be route of porcine epidemic
diarrhea coronavirus entry into epithelial cells (Luo et al., 2017). In addition, GON7 is a
member of the KEOPS complex (Wan et al., 2017), which is involved in
threonylcarbamoylation of tRNAs, which represent an important host facet of the
retroviral life cycle (Jin & Musier-Forsyth, 2019). Interestingly, another critical gene in
this tRNA pathway, YRDC, is the 19" ranked gene in the ALL CoV consensome

(Supplementary information Section 2).

Use case 3: evidence for antagonism between progesterone receptor and

interferon receptor signaling in the airway epithelium

Although a lack of clinical data has so far prevented a definitive evaluation of the
connection between pregnancy and susceptibility to SARS2 infection in COVID-19,
pregnancy has been previously associated with the incidence of viral infectious
diseases, particularly respiratory infections (Sappenfield et al., 2013; Siston et al.,
2010). We were interested therefore to see consistent overlap between the
progesterone receptor (PGR) TC95 and all the viral TC95s, with the enrichment being

12
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particularly evident in the case of the SARS2 TC95 (Fig. 2). To investigate the specific
nature of the crosstalk implied by this overlap in the context of the airway epithelium, we
first identified a set of 16 genes that were in both the ALL CoV and PGR TC95s. We
then retrieved two SPP experiments involving treatment of A549 airway epithelial cells
with the PGR full antagonist RU486 (RU), alone or in combination with the GR agonist
dexamethasone (DEX). As shown in Figure 6 , there was nearly unanimous correlation
in the direction of regulation of all 16 genes in response to CoV infection and PGR loss
of function. These data indicate that antagonism between PGR and IFNR signaling in

the airway epithelium may predispose pregnant women to infection by SARS2.

Use case 4: evidence for a role for the telomerase catalytic subunit TERT in the

interferon response to viral infection

Although telomerase activation has been well characterized in the context of cell
immortalization by human tumor virus infection (Gewin et al., 2004; Klingelhutz et al.,
1996; Yang et al., 2004), no connection has previously been made between CoV or IAV
infection and telomerase. We were therefore intrigued to observe robust overlap
between all viral TC95s and that of the telomerase catalytic subunit TERT. In support of
this finding, NFkB signaling has been shown to induce expression (Yin et al., 2000) and
nuclear translocation (Akiyama et al., 2003) of TERT, and direct co-regulation by
telomerase of NFkB-dependent transcription has been linked to chronic inflammation
(Ghosh et al., 2012). Inspecting the ALL CoV consensome underlying data points (data
not shown) we found that the TERT gene was not transcriptionally induced in response
to infection by any of the CoVs, indicating that the overlap between its TC95 and those

13
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of the CoVs might occur in response to an upstream regulatory signal. If functional
interactions between TERT and inflammatory nodes did indeed take place in response
to CoV infection, we anticipated that this would be reflected in close agreement
regarding the direction of differential expression of CoV infection-regulated genes in
response to perturbation of TERT on the one hand, and on the other, to stimulation of
the classic viral response IFNRs. To test this hypothesis, we took the same set of 20
ISGs referred to previously (Fig. 1) and compared their direction of regulation across all
experiments underlying the ALL CoV, TERT and IFNR consensomes. For reference, the
TERT consensome (Section 13) and its underlying data points (Section 14) are
provided in the Supplementary information. With respect to the IFNR and TERT data
points, we observed a nearly universal alignment in the direction of regulation of all
genes tested with those in the CoV infection experiments (Fig. 6), with agreement in the
direction of regulation across 99% of the underlying probesets. We should note that of
the 1859 p < 0.05 CoV infection ISG data points, we observed repression, rather than
induction, in response to CoV infection in 303 (~15%) , which may be attributable to the
impact of differences in cell type, cell cycle stage or virus incubation time across the
independent experiments. Our results are consistent with a model in which activation of

telomerase is a component of the human innate immune response to viral infection.

Use case 5: SARS2 infection of human cells is specifically associated with an

epithelial to mesenchymal transition transcriptional signature

Epithelial to mesenchymal transition (EMT) is the process by which epithelial cells lose

their polarity and adhesive properties and acquire the migratory and invasive

14
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302 characteristics of mesenchymal stem cells (Lamouille et al., 2014). EMT is known to
303 contribute to pulmonary fibrosis (Hill et al., 2019) and acute interstitial pneumonia (H. Li
304 etal., 2014), both of which have been reported in connection with SARS2 infection in
305 COVID-19 (Adair & Ledermann, 2020; P. Zhou et al., 2020). Moreover, EMT is widely
306 accepted as a core component of the process by which renal tubular cells transform into
307 mesenchymal cells during the development of fibrosis in kidney disease (Y. Liu, 2006),
308 a signature comorbidity of SARS2 infection (Durvasula et al., 2020). Of the 834 CC95s
309 analyzed, overlap (p < 0.05) was specific to the SARS2 CC95 for only five; SNAI2/Slug,
310 SOX2, GATA6, CTBP1 and PRMT1. Strikingly, a literature search indicated that these
311 five nodes were connected by documented roles in in the promotion of EMT (Avasarala
312 etal, 2015; Herreros-Villanueva et al., 2013; Martinelli et al., 2017; Nieto, 2002; Sahu
313 etal, 2017). In addition to these nodes, whose C95 genes were exclusively enriched (p
314 < 0.05) in the SARS2 C95 genes, we identified several other EMT-linked nodes whose
315  CC95 genes were preferentially enriched (p < 0.05) in the SARS2 TC95 genes (Figs. 3-
316  95), including the homeodomain transcription factor SIX2 (C.-A. Wang et al., 2014),

317 SMADA4 (Siraj et al., 2019), and the co-nodes PYGOZ2 (Chi et al., 2019), SKI (Tecalco-

318 Cruzetal., 2018), BRD7 (T. Liu et al., 2017) and STAG2 (Nie et al., 2019).

319 Toinvestigate this further, we computed overlap between the individual viral TC99s and
320 allist of 335 genes manually curated from the research literature as signature EMT

321  markers (Supplementary information Section 15; Zhao et al., 2015). Consistent with the
322 node consensome enrichment analysis, we observed significant enrichment of

323 members of this gene set within the SARS2 CC99, but not those of the ALL CoV,

324 SARS1, MERS or IAV consensomes (Supplementary information Section 16). One
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possible explanation for this was the fact that the SARS2 consensome was comprised
of airway epithelial cell lines, whereas the SARS1 and MERS consensomes included
non-epithelial cell biosamples (Supplementary information Section 1). To exclude this
possibility therefore, we next calculated airway epithelial cell-specific consensomes for
SARS1 and MERS and computed overlap of their TC95s against the 864 pathway
node/node family CC95s & TC95s. We found that significant overlap with the CoV
TC95s remained specific to SARS2 (data not shown), confirming that significant overlap

with the EMT node signature was specific to the SARS2 TC99.

We next applied consensome redundancy analysis (see Use case 1) to isolate a set of
SARS2 regulated genes (CPV P < 0.05) that were high confidence targets (i.e. in the
CC80) for at least two of the EMT nodes (SNAI2, SOX2, GATA6, CTBP1 and PRMT1;
Supplementary information, Section 4, column M). A literature survey showed that 13 of
these 21 genes had a documented connection to EMT (Supplementary information,
Section 5, column N). Figure 9 compares the percentile rankings for these genes across
the three CoV infection consensomes and the IAV consensome. Although some EMT
genes, such as CXCLZ2 and IRF9, had elevated rankings across all four consensomes,
the collective EMT gene signature had a significantly higher mean percentile value in

the SARS2 consensome than in each of the three others (Fig. 9).

Although EMT has been associated with infection by transmissible gastroenteritis virus
(Xia et al., 2017), this is to our knowledge the first evidence connecting CoV infection,

and specifically SARS2 infection, to EMT. Interestingly, several members of the group
of SARS2-induced EMT genes have been associated with signature pulmonary

comorbidities of CoV infection, including ADAR (Diaz-Pina et al., 2018), CLDN1
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(Vukmirovic et al., 2017) and SOD2 (Gao et al., 2008). Of note in the context of these
data is the fact that signaling through two SARS2 cellular receptors, ACE2/AT2 and
CD147/basigin, has been linked to EMT in the context of organ fibrosis (Kato et al.,
2011; Ruster & Wolf, 2011; C. Wang et al., 2018). Moreover, overlap between of the
CoV TC95s and the TERT CC95 was particularly robust in the case of SARS2, a finding
of potential relevance to the fact that telomerase has been implicated in EMT (Z. Liu et
al., 2013). Collectively, our data indicate that EMT warrants further investigation as a

SARS2-specific pathological mechanism.

Development of a CoV infection cell signaling knowledgebase

Having validated the ALL CoV consensome, we next wished to make it freely available
to the research community for re-use in the characterization of signaling events
associated with CoV infection. Firstly, the viral infection datasets were curated
accordingly to our previously described protocol (Ochsner et al., 2019) made available
for browsing in the SPP Dataset listing

(https://www.signalingpathways.org/datasets/index.jsf). As with other SPP datasets, and

per FAIR data best practice, CoV infection datasets were associated with detailed
descriptions, assigned a digital object identifier, and linked to the associated article to
place the dataset in its original experimental context. Loading the CoV datasets into the
SPP also automatically made the underlying data points discoverable by the SPP query
tool Ominer (Ochsner et al., 2019). These reports represent a summary of the current
state of transcriptomic and ChlP-Seq knowledge on the regulatory relationship of a
given gene with upstream regulatory pathway nodes, or in clinical and model

experiments. The full value of the integration of the CoV consensome with the existing
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SPP framework can perhaps be best appreciated in the context of the one click links to
Ominer Regulation Reports from the individual CoV datasets. These Reports provide
researchers with a wealth of contextual data on signaling pathways impacted by CoV
infection in the context of a specific gene. Table 2 shows links to Regulation Reports for
the top twenty ranked genes in the ALL CoV consensome. The order of sections in the
Reports is Receptors, Enzymes, Transcription Factors, Co-nodes, Clinical and Models,
the last section including data points from the CoV infection model experiments that

form the basis of this study.
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Discussion

An effective research community response to the impact of CoVs on human health
demands systematic exploration of the transcriptional interface between viral infection
and human cell signaling systems. It also demands routine access to existing datasets
that is unhindered either by paywalls or by lack of the informatics training required to
manipulate archived datasets in their unprocessed state. Moreover, the substantial
logistical obstacles to BSL3 certification only emphasizes the need for fullest possible
access to, and re-usability of, existing CoV infection datasets to focus and refine
hypotheses prior to carrying out in vivo CoV infection experiments. To this end, we
generated a set of CoV infection consensomes that rank human genes by the
reproducibility of their significant differential expression in response to infection of
human cells by CoVs. We then computed the CoV consensomes against high
confidence transcriptional signatures for a broad range of cellular signaling pathway
nodes, affording investigators with a broad range of signaling interests an entrez into
the study of CoV infection of human cells. The five use cases described here represent
illustrative examples of the types of analyses that users are empowered to carry out in

the CoV infection knowledgebase.

To democratize access to the CoV consensome and its >3,000,000 underlying data
points by the broadest possible audience, we have integrated them into the SPP
database to create a cell signaling knowledgebase for CoV infection. Incorporation of
the CoV data points into SPP in this manner places them in the context of millions more
existing SPP data points documenting transcriptional regulatory relationships between

pathway nodes and their genomic targets. In doing so, we afford users a unique
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appreciation of the cellular signaling pathway nodes whose gain or loss of function in

response to CoV infection gives rise to these transcriptional patterns.

The human CoV and IAV consensomes and their underlying datasets are “living”
resources on SPP that will be updated and versioned with appropriate datasets. This
will be particularly important in the case of SARS2, as datasets involving infection of
human cells with this virus are necessarily currently limited in number. This will allow
for hardening of observations that are intriguing, but whose significance is currently
unclear, such as the overlap of the CoV TC95s with the TERT TC95, as well as the
enrichment of EMT genes among those with elevated rankings in the SARS2
consensome. We welcome feedback and suggestions from the research community for

the future development of the SPP CoV infection consensomes.
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Methods

Dataset processing and consensome analysis.

Differential expression values were calculated for each gene in each experiment using
the limma analysis package from Bioconductor then committed to the consensome
analysis pipeline as previously described (Ochsner et al., 2019). Briefly, the
consensome algorithm surveys each experiment across all datasets and ranks genes
according to the frequency with which they are significantly differentially expressed. For
each transcript, we counted the number of experiments where the significance for
differential expression was <0.05, and then generated the binomial probability, referred
to as the consensome p-value (CPV), of observing that many or more nominally
significant experiments out of the number of experiments in which the transcript was
assayed, given a true probability of 0.05. A more detailed description of the
transcriptomic consensome algorithm is available (Ochsner et al., 2019). The
consensomes and underlying datasets were loaded into an Oracle 13c database and
made available on the SPP user interface as previously described (Ochsner et al.,

2019).

Statistical analysis

Gene Overlap analysis was performed using the Bioconductor GeneOverlap analysis
package
(https://www.rdocumentation.org/packages/GeneOverlap/versions/1.8.0/topics/GeneOv
erlap) implemented in R. Briefly, given a whole set | of IDs and two sets A € land B € |,

and S = AN B, GeneOverlap calculates the significance of obtaining S. The problem is
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formulated as a hypergeometric distribution or a contingency table, which is solved by
Fisher's exact test. The universe for the overlap was set at a recent estimate of the total
number of coding genes in the human genome (21,500; Pertea et al., 2018). Paired
Two Sample t-Test for comparing the mean percentile ranking of EMT genes in the
MERS, SARS1, SARS2 and IAV consensomes was performed in PRISM at 12 degrees

of freedom.

Consensome generation

The procedure for generating transcriptomic consensomes has been previously
described (Ochsner et al., 2019). To generate the ChIP-Seq consensomes, we first
retrieved processed gene lists from ChIP-Atlas, which rank human genes based upon
their average MACS2 occupancy across all publically archived datasets in which a
given transcription factor, enzyme or co-node is the IP antigen. Of the three stringency
levels available (10, 5 and 1 kb from the transcription start site), we selected the most
stringent (1 kb). According to SPP convention (Ochsner et al., 2019), we then mapped
the IP antigen to its pathway node category and class, and the experimental cell line to
its appropriate biosample physiological system and organ. We then organized the

ranked lists into percentiles to generate the node ChlP-Seq consensome.

SPP web application

The SPP knowledgebase is a gene-centric Java Enterprise Edition 6, web-based
application around which other gene, mRNA, protein and BSM data from external
databases such as NCBI are collected. After undergoing semiautomated processing

and biocuration as described above, the data and annotations are stored in SPP’s
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Oracle 13c database. RESTful web services exposing SPP data, which are served to
responsively designed views in the user interface, were created using a Flat Ul Toolkit
with a combination of JavaScript, D3.JS, AJAX, HTMLS, and CSS3. JavaServer Faces
and PrimeFaces are the primary technologies behind the user interface. SPP has been
optimized for Firefox 24+, Chrome 30+, Safari 5.1.9+, and Internet Explorer 9+, with
validations performed in BrowserStack and load testing in LoadUIWeb. XML describing
each dataset and experiment is generated and submitted to CrossRef to mint DOls

(Ochsner et al., 2019).
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Data availability

The entire set of data points used to generate the CoV consensome has been uploaded in an R
file to Figshare and a link included for reviewer access. The entire set of metadata for these
data points is available in Supplementary information Section 1. Consensome data points are in

Supplementary information Sections 2-6.

SPP is freely accessible at https://www.signalingpathways.org. Programmatic access to all

underlying data points and their associated metadata are supported by a RESTful API at

https://www.signalingpathways.org/docs/. All SPP datasets are biocurated versions of publically

archived datasets, are formatted according to the recommendations of the FORCE11 Joint
Declaration on Data Citation Principles 4 and are made available under a Creative Commons
CC 3.0 BY license. The original datasets are available are linked to from the corresponding SPP
datasets using the original repository accession identifiers. These identifiers are for
transcriptomic datasets, the Gene Expression Omnibus (GEO) Series (GSE); and for
cistromic/ChlP-Seq datasets, the NCBI Sequence Read Archive (SRA) study identifier (SRP).

DOls for the consensomes and datasets are pending.

Code availability

The full SPP source code is available in the SPP GitHub account under a Creative Commons

CC 3.0 BY license at https://qithub.com/signaling-pathways-project/ominer/.
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Figure Titles Legends

Figure 1. Ranking of ISGs in the human ALL CoV infection transcriptomic

consensome. See Supplementary information, Section 2, column I.

Figure 2. GeneOverlap analysis of CoV and IAV TC95s and SPP receptor or
enzyme TC95s. OR: Odds ratio. All ORs are p < 0.05. Numerical data are provided in

Supplementary information Section 8.

Figure 3. GeneOverlap analysis of CoV and IAV TC95s and ChiP-Atlas
transcription factor CC95s. OR: Odds ratio. All ORs are p < 0.05. Numerical data are

provided in Supplementary information Section 8.

Figure 4. GeneOverlap analysis of CoV and IAV TC95s and ChlIP-Atlas enzyme
CC95s. OR: Odds ratio. Numerical data are provided in Supplementary information

Section 8. All ORs are p < 0.05.

Figure 5. GeneOverlap analysis of CoV and IAV TC95s and ChlIP-Atlas co-node
CC95s. OR: Odds ratio. Numerical data are provided in Supplementary information

Section 8. All ORs are p < 0.05.

Figure 6. Antagonism between PGR and IFNR signaling in the regulation of viral
response genes in the airway epithelium. PGR loss of function experiments were

retrieved from GSE17307 (SPP DOI 10.1621/ xigkzGn1se).

Figure 7. Conservation of polarity of differential expression in CoV, IFNR and
TERT perturbation transcriptomic experiments across diverse canonical
interferon-inducible viral response genes. Positive/negative regulatory relationship

of TERT with a transcriptional target was inferred from the design of the underlying
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experiments: this was loss of function for experiments in GSE77014 (MST132 inhibitor)
and GSE60175 (shRNA), and gain of function in E-MEXP-563 (overexpression). All
IFNR experiments were gain of function using characterized physiological ligands for

members of the family.

Figure 8. Identification of a SARS2 epithelial to mesenchymal transcriptional
signature. Note that the SARS2 genes are all in the 99" percentile and are therefore
superimposed in the scatterplot. Indicated are the results of the Paired Two Sample for
Means t-Test comparing the Relative Ranks of the genes in the SARS2 consensome

with those in the SARS1, MERS and IAV consensomes.
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981 Tables

982 Table 1. Genes in the 99" %ile of the ALL CoV consensome and the 50™

983 percentile of the IAV consensome

CONSENSOME %ILE

Symbol Name All CoV AV
GEM GTP binding protein overexpressed in skeletal muscle 99 43
DHRS1 dehydrogenase/reductase 1 99 43
NIPSNAP3A nipsnap homolog 3A 99 43
SFSWAP splicing factor SWAP 99 43
GON7 GON7 subunit of KEOPS complex 99 39
INHBA inhibin subunit beta A a9 37
PDZK1 PDZ domain containing 1 99 37
PER1 period circadian regulator 1 99 33
PAQR6 progestin and adipoQ receptor family member 6 99 33
IFT20 intraflagellar transport 20 99 33
ZNF628 zinc finger protein 628 99 33
KANSL1 KATS regulatory NSL complex subunit 1 99 33
CREBS cAMP responsive element binding protein 5 99 27
PER2 period circadian regulator 2 99 17
TIAP1 tight junction associated protein 1 99 17

984

985

986
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987 Table 2. Links to SPP Regulation Reports for the top 20 ranked genes in the ALL

988

CoV consensome

Symbol

Name

Link

JUN
DUSP1
FOS
EGR1
CXCL2
TNFAIP3
IER2
CCNL1
PIM3
CSRNP1
FOSB
ZC3H12A
ZFP36
BHLHE40
RELB
EGR2
NFKBIA
BCL3
YRDC
IFIT1

Jun proto-oncogene, AP-1 transcription factor subunit
dual specificity phosphatase 1

Fos proto-oncogene, AP-1 transcription factor subunit
early growth response 1

C-X-C motif chemokine ligand 2

TNF alpha induced protein 3

immediate early response 2

cyclin L1

Pim-3 proto-oncogene, serine/threonine kinase

cysteine and serine rich nuclear protein 1

FosB proto-oncogene, AP-1 transcription factor subunit
zinc finger CCCH-type containing 12A

ZFP36 ring finger protein

basic helix-loop-helix family member e40

RELB proto-oncogene, NF-kB subunit

early growth response 2

NFKB inhibitor alpha

BCL3 transcription coactivator

yrdC N6-threonylcarbamoyltransferase domain containing
interferon induced protein with tetratricopeptide repeats 1

SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
SPP Regulation Report
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20000

® ALL CoV consensome

® [SGs

Discovery rate

Interferon-stimulated genes (I5G) ALL CoV CONSENSOME
Symbol [Name DR CPV Rank | %ile
IFIT1 interferon induced protein with tetratricopeptide repeats 1 0.73 1.5E-78 20 99
IFIT3 interferon induced protein with tetratricopeptide repeats 3 0.72 7.AE-77 25 99
IFI35 interferon induced protein 35 0.72 7.4E-77 28 99
15G20 |interferon stimulated exonuclease gene 20 0.68 | 2.8E-70 55 29
IFIT2 interferon induced protein with tetratricopeptide repeats 2 0.67 1.1E-68 62 a9
18G15 |I1SG15 ubiquitin like modifier 0.66 | 4.2E-67 69 a9
IRF9 interferon regulatory factor 9 0.66 | 4.2E-67 71 99
IFITS interferon induced protein with tetratricopeptide repeats 5 0.65 1.5E-65 82 a9
MXx1 MX dynamin like GTPase 1 0.65 5.4E-64 89 ag
IFIH1  |interferon induced with helicase C domain 1 0.65 5.4E-64 91 99
IFITM3 |interferon induced transmembrane protein 3 0.65 5.4E-64 94 99
IFITM1 |interferon induced transmembrane protein 1 0.63 5.9E-61 135 ag
IRF7 interferon regulatory factor 7 0.63 5.9E-61 138 99
IFITM2 |interferon induced transmembrane protein 2 0.63 5.9E-61 140 99
0AS1  |2'-5'-oligoadenylate synthetase 1 0.61 5.6E-58 197 99
IFl16 interferon gamma inducible protein 16 0.60 1.6E-56 259 98
DDX58 |DExD/H-box helicase 58 0.56 7.8E-51 520 97
IFI27  |interferon alpha inducible protein 27 0.55 1.9E-49 624 96
IFI30 IFI30 lysosomal thiol reductase 0.54 9.8E-47 954 a5
IFl6 interferon alpha inducible protein 6 0.51 8.9E-43 | 1472 92
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CORONAVIRUS CORONAVIRUS
Class [Family [Node ALL [sARs1[sARs2] MERS| 1AV Class [Family [Node ALL [sARs1[sARs2| MERS| 1AV
ARID domain ARID1 family ARID1A Small Maf factors MAFG
ARID2 family ARID2 MAFK
ARID3 family ARID3A C2H2 Zn finger B-cell lymphoma 13 (BCL13) BCL11B
BHLH Ahr-like family AHR B-cell lymphoma 2 (BCL12) BCL11A
EPAS1 BCL6 factors BCL6
HIF1A CTCF-like CTCF
AP-2 family TFAP2A Early growth response (EGR) EGR1
TFAP2C GFI1 factors GFI1
AP-4 family TFAP4 GLI2
Arnt-like factors ARNT Hypermethylated in Cancer HIC1
ARNTL lkaros family IKZF1
E2A-related factors TCF12 Kruppel-like KLF1
TCF3 KLF11
TCF4 KLF4
Hairy-related BHLHE40 KLF5S
HEY1 Kruppel-like KLF6 =
Mad-like factors MXI1 MAZ-like MAZ
MESP TCF21 REST REST
Mondo-like factors MLXIP Snail-like SNAI2
Myc / Max factors MAX Spl-like SP1
MYC SP2
MYCN SP4
Myogenic transcription factors MYF5 ZBTB17 ZBTB17
MYOD1 ZBTB7 ZBTB7A
Neurogenin-Atonal like NEUROD1 ZFX/ZFY factors ZFX
SREBP factors SREBF1 ZNF24-like factors ZKSCAN1
SREBF2 ZNF263 ZNF263
TFE3-like factors MITF ZNF362-like ZNF384
TFEB I 1 ZNF366-like factors ZNF366
Twist-like factors HAND2 ZNF639-like ZNF711
USF1 ZNF76-like ZNF143
BZIP ATF-2-like factors ATF2 ZNF83 ZNF83
ATF-3-like factors ATF3 ZNF92 INF92 ]
JDP2 ZNF99-like ZBTB48
ATF-4-related factors ATF4 CXXC zinc finger CpG-binding proteins CXXC1
B-ATF-related factors BATF Fork head / winged helix E2F family E2F6
C/EBP family CEBPA FOXA family FOXA1
CEBPB FOXA2
CEBPD FOXF family FOXF1 | [
DDIT3 FOXK family FOXK1 [
CREB-like factors CREB1 FOXM family FOXM1
Fos factors FOS FOXO family FOXO01
FOSL1 FOXP family FOXP1
FOSL2 FOXP family FOXP2 = ||
Jun factors JUN Regulatory factor X (RFX) RFX5 -
JUNB Grainyhead domain factors CP2-related TFCP2
JUND Heat shock factors HSF family HSF1
Large Maf factors MAF Heteromeric CCAAT Heteromeric CCAAT-binding NFYA
NF-E2-like factors BACH2 NFYB
NFE2L2 NFYC
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CORONAVIRUS CORONAVIRUS
Class [Family [Node ALL [sARs1[sARS2] MERS| 1AV Class [Family [Node ALL [sARs1[sARs2] MERs| IAV
HMG domain Group B SOX2 GTFs GTF2F1
SOX3 GTF3C5
Group E SOX9 Others bromodomain PHD finger BPTF
TCF-7-related TCF7L2 Others Notch receptors NOTCH1
UBF-related UBTF p53 domain p53-related factors TP53
WHSC1-related SSRP1 p53 domain TP63
Homeo domain Caudal type homeobox (CDX) CDX2 Paired box PAX-2-like factors PAXS
HNF1-like factors HNF1B Rel Homology Region Early B-Cell Factor-related EBF1
HOX4 HOXA4 EBF3
HOX5 family HOXC5 lkappaB-related factors BCL3
HOX6-7 HOXA6 M RBPJ
NK-2.1 NKX2-1 NFAT-related factors NFATC1
Oct-1/2-like (POU2 ) POU2F2 NF-kappaB p50 subunit-like NFKB1 I
Orthodenticle homeobox OTX2 NFKB2 - -
PBX PBX1 REL
PBX3 RELA I
PBX4 RELB l
SIX1-like factors SIX2 - Runt domain Core-binding factor subunits CBFB
TLX TLX1 RUNX1
ZHX family ZHX2 RUNX1T1
Zn finger E-box binding ZEB1 RUNX2
MADS box Myocyte enhancer factor 2 MEF2A RUNX3
MEF2B SMAD/NF1 DBD Co-activating (Co) Smads SMAD4
MEF2C Regulatory (R) Smads SMAD2
Responders to external signals SRF SMAD3
Nuclear receptors Androgen receptor AR STAT domain STAT factors STAT1 4-
COUP-TF-like receptors NR2F2 STAT2 ]
Estrogen receptors ESR1 STAT3 -
Estrogen-related receptors ESRRA STAT4 -
Glucocorticoid receptor NR3C1 STATSB -
HNF4 receptors HNF4A TATA-binding proteins TBP-related factors TBP
HNF4G TEA domain TEF-1-related factors TEAD1
Liver X receptors NR1H2 TEAD4
NR1H3 Tryptophan cluster EHF-like ELF3
NGFBI-like (NR4A) receptors NR4A1 Elf-1-like ELF1
PPARs PPARG Elk-like ELK1
Progesterone receptor PGR ELK4
Retinoid X receptors RXRA ETV1
Vitamin D receptor VDR ETV4 -- --
Other C4 zinc finger Single GATA-type zinc-finger MTA3 ETV5
TRPS1 Ets-like ERG
Two zinc-finger GATA factors GATA1 FLI1
GATA2 GABPA
GATA3 Interferon-regulatory IRF1
GATA4 IRF2
GATA6 IRF4
Other regulators Canonical HMG HMGB1 IRF8
HMGB2 Myb-like MYB
GTFs GTF2B MYBL2
Spi-like SPI1

Figure 3 (contd)
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CORONAVIRUS

Class Family Node ALL [sARs1[sARs2| MERs| 1av
Acetyltransferases CBP/p300 CREBBP
EP300
Lysine acetyltransferases (KAT) KAT5
KAT7
Nuclear receptor coactivator (NCOA) NCOA1
Deacetylases Histone deacetylases (HDAC) HDAC1
HDAC2
Demethylases Histone-H3-lysine-36 demethylases (KDM) JMID1C
KDM1A
KDM2B
KDM4C
KDMS5A
KDM5B
KDM5D
KDM6A
KDM6B
jumonji domain containing JMID6
Dioxygenases Ten-eleven translocation (TET) TET2
E3 ubiquitin ligases Breast cancer associated (BRCA) BRCA1
Cullins (CUL) CUL4A
Protein inhibitor of activated STAT (PIAS) PIAS1
Tripartite motif-containing (TRIM) TRIM24
TRIM25
TRIM28
Helicases Chromodomain-helicases-DNA binding (CHD) CHD1
ERCC excision repair (ERCC) ERCC2
Hydrolases Recombination activating RAG1
RAG2
Kinases Cyclin-dependent kinases (CDK) CDKe --- -
CDK7
CDK8
CDK9
Mammalian target of rapamycin (MTOR) MTOR
Mitogen-activated protein kinases (MAPK) MAPK14 -
protein kinase, DNA-activated, cat...peptide PRKDC
Methyltransferases DNA (cytosine-5-)-methyltransferases (DNMT) DNMT3A
Histone-lysine N-methyltransferases (KMT) KMT2A
KMT2B
KMT2C
Protein arginine methyltransferases (PRMT) PRMT1
SET domain-containing (SETD) SETD1A
Regulatory factors Cyclin-dependent kinase inhibitors (CDKN) CDKN1B
Cyclins (CCN) CCND2
CCNT2
Protein phosphatase 1 regulatory subunits APC
NONO
SFPQ
Topoisomerases DNA topoisomerases (TOP) TOP1 - -

Figure 4
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CORONAVIRUS
Class [Family Node ALL [sARs1[sARs2] MERS| 1AV
Bromodomain BET family BRD2
BRD3
BRD4
BRD7
BRD9
BRPF family BRD1
BRPF3
Chromatin remodellers SMARCA-like SMARCA4
SMARCC-like SMARCC1
SMARCC2
Cytoskeleton factors Lamins (LMN) LMNA
Lamins (LMN) LMNB1
GTFs TAFs TAF1
TAF3
TAF7
Plant homeodomain (PHD) finger Double PHD fingers (DPF) DPF2
PHD finger proteins (PHF) PHF2
PHF8
Pygopus family PHD finger (PYGO) PYGO2
Polycomb group (PcG) ASXL transcriptional regulator (ASXL) ASXL1
Embryonic ectoderm development EED
PR domain PR/SET domain family PRDM11
RNA binding motif Argonaute/PIWI family AGO1
AGO2
Heterogeneous nuclear ribonucleoprotein (HNRNP) HNRNPL
HNRNPLL
Negative elongation factor complex member (NLEF) NELFA
NELFE
RNA binding motif (RBM) RBM22
RBM25
RNA binding protein, fox-1 homolog (RBFOX) RBFOX2
U2 small nuclear RNA auxiliary factor (U2AF) U2AF2
Others TARDBP
Transcriptional regulators Canonical high mobility group proteins (HMGN) HMGN1
HMGN3
CCR4-NOT transcription complex subunits (CNOT) ~ CNOT3

CREB regulated transcription coactivator (CRTC) CRTC2

Histone cell cycle regulator HIRA
Integrator complex subunits INTS12
INTS13
INTS3
MEDIATOR Complex MED1
MED26
Nuclear receptor corepressor NCOR1
NCOR2
Paf1/RNA polymerase |l complex LEO1
PAF1
Sin3A associated proteins SAP30
SKI transcriptional corepressors SKI
Tripartite motif Promyelocytic leukemia PML
WD repeat proteins Transducin beta like TBLIXR1
Transducin like enhancer of split TLE3
Zinc finger Zinc finger MIZ-type (ZMIZ) ZMIZ1
Zinc fingers RANBP2-type RYBP
Others AF4/FMR2 family AFF4
Chromobox family CBX3
Cohesin complex STAG2
Condensin Il NCAPH2
C-terminal binding protein (CTBP) CTBP1
DDB1 and CUL4 associated factors PHIP
Decapping mRNA (DCP) DCP1A
Delangin NIPBL
Fanconi anemia complementation groups BRCA2
Hexamethylene bisacetamide inducible HEXIM1
Host cell factors HCFC1
Inhibitor of growth (ING) INGS
La ribonucleoprotein domain containing LARP7
Mastermind-like MAML1
Methyl-CpG Binding Domain (MBD) MBD3
Myosin heavy chains MYH11
Nuclear factor 1 NFIC
Nuclear protein coactivator of histone transcription NPAT
Nuclear respiratory factor NRF1
PRAME family PRAME
RB binding proteins RBBPS
RBBP7
retinol binding protein RBP1
Small ubiquitin-like modifier SUMO1
SumMo2
Structural maintenance of chromosomes proteins ~ SMC1A
SMC3
Suppressor of Ty 5 homolog SUPTSH
Tudor domain containing TP53BP1
WD repeat domain containing PRPF4
'WTAP complex BCLAF1
X-ray repair cross complementing XRCC5
Yes associated protein (YAP) YAP1
Others CPSF3
FIP1LL
Ss18
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Figure 6

logl0 FC PGR loss of function

Symbol |Name logl0 FC SARS2| RU/DEX vs V |RU vs V (DEX)
oxcL2? C-X-C motif chemokine ligand 2 0.33 0.57

IL1B interleukin 1 beta 0.30 0.30 0.29
TNFAIP3 |TNF alpha induced protein 3 0.34 0.27

NFKBIA |NFKB inhibitor alpha 0.19 0.24

15G15 ISG15 ubiquitin like modifier 0.88 0.23 0.27
STAT1  |signal transducer and activator of transcription 1 0.29 0.21 0.14
1SG20 interferon stimulated exonuclease gene 20 0.14 0.20 0.22
IFI35 interferon induced protein 35 0.32 0.19 0.19
IFITM2  |interferon induced transmembrane protein 2 0.14 0.18 0.23
IFIT3 interferon induced protein with tetratricopeptide repeats 0.45 0.16 0.26
0AS1 2'-5'-oligoadenylate synthetase 1 0.49 0.16 0.28
IFITM3  |interferon induced transmembrane protein 3 0.24 0.16 0.20
CXXC5 CXXC finger protein 5 -0.14 0.14 0.29
IER3 immediate early response 3 0.20 0.53
MYD88 |MYD88 innate immune signal transduction adaptor 0.07 0.19
CXClL1 C-X-C motif chemokine ligand 1 0.32 0.18
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Figure 8

EPITHELIAL TO MESENCHYMAL TRANSITION (EMT) GENES

CONSENSOME %ILE

Symbol Name SARS2 SARS1 MERS 1AV EMT REFERENCE
ADAR adenosine deaminase RNA specific 99 96 43 98 Liu et al., 2019
ANXA3  annexin A3 99 80 86 43 Wang & Li, 2016
BIRC3 baculoviral IAP repeat containing 3 99 98 96 94 Mendoza et al., 2017
CLDN1 claudin 1 99 47 83 97 Suh et al., 2013
CXCL2 C-X-C motif chemokine ligand 2 99 99 99 99 Taki et al., 2018
DHDDS  dehydrodolichyl diphosphate synthase subunit 99 23 49 43 Lietal., 2020
FAMB83A family with sequence similarity 83 member A 99 31 3 47 Zhou et al., 2019
IRF9 interferon regulatory factor 9 99 99 91 99 Doherty et al., 2017
KCNMA1 potassium calcium-activated channel subfamily M alpha 99 10 2 10 Kuo et al., 2015
PDE4B phosphodiesterase 4B 99 61 99 82 Kolosionek et al., 2009
RNF128 ring finger protein 128 99 84 60 86 Wei et al., 2019
RRAGD  Ras related GTP binding D 99 76 79 94 Jordan et al., 2013
50D2 superoxide dismutase 2 99 84 91 97 Chang et al., 2016
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