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Abstract: Coronaviruses are RNA viruses that cause significant disease within many species,
including cattle. Bovine coronavirus (BCoV) infects cattle and wild ruminants, both as a
respiratory and enteric pathogen, and possesses a significant economic threat to the cattle industry.
Transcription factors are proteins that activate or inhibit transcription through DNA binding and
have become new targets for disease therapies. This study utilized in silico tools to identify potential
transcription factors that can serve as biomarkers for regulation of BCoV pathogenesis in cattle,
both for testing and treatment. A total of 11 genes were identified as significantly expressed during
BCoV infection through literature searches and functional analyses. Eleven transcription factors were
predicted to target those genes (AREB6, YY1, LMO2, C-Rel, NKX2-5, E47, RORAlpha1, HLF, E4BP4,
ARNT, CREB). Function, network, and phylogenetic analyses established the significance of many
transcription factors within the immune response. This study establishes new information on the
transcription factors and genes related to host-pathogen interactome in BCoV infection, particularly
transcription factors YY1, AREB6, LMO2, and NKX2, which appear to have strong potential as
diagnostic markers, and YY1 as a potential target for drug therapies.
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1. Introduction

Coronaviruses are enveloped RNA virus, spherical to pleomorphic in shape, with 20 nm spikes on
the envelope. A member of the coronavirus family, within the beta A subtype [1,2], Bovine coronavirus
(BCoV), is a respiratory and enteric pathogen that infects cattle and wild ruminant species. Like several
other variations of coronaviruses, BCoV has additional 5 nm secondary spikes [2,3]. The larger
spike interacts with sialic acid within receptors on the target cell, while the smaller spike contains
hemagglutinin-esterase (HE), another protein critical in attachment to target cells [1,4]. The virus
results in three distinct symptoms: calf diarrhea, winter dysentery with hemorrhagic diarrhea in adults,
and respiratory infection in cattle of all ages [4,5]. Neonatal calf diarrhea (NCD) is the major cause
of death in unweaned heifers [6,7]. These symptoms are devastating for the agricultural industry,
with impacts including the cost of treatment and prophylaxis, increased vulnerability to additional
diseases, increased mortality rates, long-term lowered growth rates, and lowered milk production [8,9].
Widespread BCoV infections can have disastrous effects, especially in countries like Uruguay or
Vietnam, where cattle production is a primary source of income and the overall BCoV detection rate is
7.8% [7] and 33.3% [1], respectively.
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Current diagnostic method involves sampling feces and intestinal contents and performing reverse
transcription-polymerase chain reactions (RT-PCR) to assess for BCoV [7–9]. There are vaccines on
the market for NCD and specifically BCoV, however, they are typically presented to pregnant cows
rather than the calves [10–12]. Due to the difficulty in establishing a marker for targeted treatment of
BCoV infections, recent developments within the field of transcription therapy might enable better
diagnostic methods and finely targeted treatments. The traditional strategy for treatments is to block
the “identified aberrant biochemical activity” [13]. However, with new developments in disease gene
expression, an alternative idea is to target the transcription behind the undesired activity. Transcription
factors (TFs) are proteins that bind to DNA to activate or inhibit transcription. Studies have shown
success with targeting the DNA binding domain and successfully inhibiting TFs in vitro, including the
identification of specific inhibitors for the TFs in human CREB, STAT3, and SOX2 genes [14–16].

Breakthroughs in computational and analytical tools have enabled complex research powered by
preexisting database results [17]. Literature searches on databases such as PubMed or Google Scholar
enable the identification of previously completed research and retrieval of genomic data that can be
reanalyzed to serve new purposes, such as significantly expressed genes during BCoV infection [18].
Function analysis tools such as Gene Ontology [19] enable complex pathway analysis based off previous
research. In part with the newly developed strategies to target transcription, transcription factor
binding site prediction takes previously sequenced data with complex algorithms and extensive
databases to produce a highly accurate list of transcription factors predicted to be involved with desired
genes [20–22]. Finally, alignment software and phylogenetic tree developers such as MEGA enable
analysis of evolutionary conservation between various species for specific sequences.

Although transcription targeting has had many successful studies utilizing different methods,
few drugs have incorporated these methods so far [12]. Bovine coronavirus is comparatively under
researched compared to other coronaviruses such as SARS-CoV, and many of the publicly available
databases only feature few species, which typically does not include cattle. On the biomedical science
repository PubMed, a search with the keyword “BCoV” return 166 results, while that with “SARS
CoV” returns 12,793 results. Although SARS-CoV is a more commonly known disease, the outcome
of BCoV infection is extensive and widespread. For any potentially economically devastating virus,
specific and highly targeted drugs are necessary. With new breakthroughs potentially attainable by
combing available datasets in databases and possibility for drug targeting, transcription factor targeted
treatments for BCoV would provide protection against economically devastating outbreaks. Therefore,
the goal of this study is to deploy up-to-date and modern computational tools to identify immune
response genes and transcriptional regulatory elements during BCoV infection with a goal to pin-point
candidate regulatory elements as drug targets.

2. Materials and Methods

2.1. Identification of Genes Associated with Bovine Coronavirus Pathway

This study utilized a data survey of genes significantly expressed during cattle infection with
bovine coronavirus. The search was initially performed on PubMed (pubmed.gov) and later expanded
to Google Scholar. An initial list of 77 genes was identified, with the majority from Aich et al. [23],
and additional supporting literature. The list of genes was run through Gene Ontology [24,25],
and important genes were recorded from significant pathways. GO terms with adjusted p-value less
than 0.0001 and fold enrichment above 70 were considered significantly enriched from our gene list.
This produced 31 different pathways, with 21 individual genes within them. Four genes were then
removed from the list, as they were not in the original list compiled from literature. The remaining
17 genes were searched for their expression association with coronavirus in other species including
human, murine, avian, feline, porcine, and canine. Seven of these 17 genes were removed because
there were no supporting articles produced during the search, while gene NANS was added, due to its
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significance in the infection pathway of BCoV. In all, a total of 11 genes was catalogued and utilized for
further analyses.

2.2. Prediction of Disease Associated Bovine Transcription Factors

The sequences and locations of the 11 genes were identified using NCBI nucleotide databases.
The complete bovine nucleotide sequences along with accession numbers were retrieved and saved for
analysis: TLR7 (NM_001033761), TLR9 (NM_183081.1), IRF1 (NM_001191261.2), IL-6 (NM_173923.2),
CEBPD (NM_174267), TRAF2 (XM_005213525.4), RHOA (NM_176645.3), TP53 (NM_174201.2),
CEBPB (NM_176788.1), SRC (NM_001110804.2), and NANS (NM_001046482.1). These genes were then
used as seeds to identify transcription factors through different transcription factors prediction software.
To increase accuracy, three computational tools were utilized; AnimalTFDB [22] and GeneXplain [26]
that uses Match and P-Match algorithms for gene regulation. AnimalTFDB was run using the default
settings, but both Match and P-Match algorithms on GeneXplain were adjusted to use the cutoff

selection “0.95 and 1.0 as mat. sim. and core sim.” With Venny [27], TFs that appeared in the results of at
least two software were considered significant for further analysis. We then searched for transcription
factors that target multiple genes. This step allowed us to identify significant transcription factors that
were substantially targeting multiple genes across the entire list of genes, to limit false positives and
increase predicted relation to BCoV infection. After these steps were performed, only 11 TFs remained,
which were then included for further analyses.

2.3. Functional Analysis of Transcription Factors and Gene Targets

Using Gene Ontology [24,25], we performed functional analysis of the 11 transcription factors and
11 genes previously identified as significant in BCoV infections. Pathways with p < 0.001; False Discovery
Rate (FDR) < 0.05 and a fold enrichment value over 70 were recorded, along with the genes and
transcription factors involved with them were considered important. Immune specific pathways were
highlighted for later analysis.

2.4. Network Analysis of Transcription Factors and Genes

Using STRING database [28], we performed a network analyses of TFs, genes, and the TFs and
gene. The software produces a network of the genes and TFs through colored connections representing
established protein-protein associations. To develop a network through the tool Cytoscape (v3.8.0, [29],
the identified TFs and their target genes, along with the pathways from the GO functional annotation,
were compiled and used as input into the software.

2.5. Phylogenetic Analysis of Conserved Transcription Factors

To determine conservation of the identified transcription factors, sequences were retrieved from
the GenBank database and run through BLAST. The topmost 25 hits were selected for different
species based on the E-values from the BLAST search, then run through the MEGA (v7) software for
multiple sequence alignment. Phylogenetic trees were then developed using the Neighbor-Joining
Tree method [30].

3. Results

3.1. Identification of Genes and TFs Associated with Bovine Coronavirus

Literature searches and pathway analyses identified a total of 10 genes that appeared important
in BCoV infections, as illustrated in Table 1. As explained in the Methods section, genes were
recorded if they appeared in at least one significant pathway, with significance relying on the fold
enrichment and the p-value. The gene NANS was added due to its significance in BCoV infection
in the host, bringing the total of genes to 11. NANS is the gene responsible for producing N-acetyl
9-O-acetylneuraminic acid, the sialic acid within the host receptor BCoV utilizes to bind to host cell.
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From the binding site predictions, 11 transcription factors were identified. All factors were identified
by at least two unique software in at least two different BCoV identified genes, with some identified
in up to 10 different genes, as shown in Tables 2 and 3. The only TF to appear in all three prediction
software was NKX2-5. For three genes, NKX2-5 appeared in the results of two software, and for
two genes, it appeared in all three. AREB6, YY1, and LMO2 all also appeared frequently in the
predictions. As illustrated in Figure 1 and Table 3, most TFs were identified for two or three genes,
which emphasizes a relationship between the genes, however, not necessarily a relationship with the
factors used to establish the greater list of genes. However, with transcription factors that appear in 5,
7, or 10 of the 11 identified genes (NKX2-5, LMO2, YY1, and AREB6), there appears to be a potential
relationship with the defining factors of the original gene list.

Table 1. List of significant genes in BCoV infection and the number of significant pathways they
appeared in.

SN Genes Number of GO Pathways GO Pathways Identified Within

1 TLR9 11

positive regulation of interferon-α, β and γ biosynthetic process;
regulation of interferon-α, β and γ biosynthetic process; positive

regulation of toll-like receptor 9 signaling pathway; toll-like
receptor 9 signaling pathway; positive regulation of interleukin-8

biosynthetic process; tumor necrosis factor production

2 TLR7 8

positive regulation of interferon-α, β and γ biosynthetic process;
regulation of interferon-α, β and γ biosynthetic process; positive

regulation of interleukin-8 biosynthetic process; regulation of
interferon-γ biosynthetic process

3 RHOA 4
apolipoprotein A-I mediated signaling pathway; stress fiber

assembly; contractile actin filament bundle assembly; positive
regulation of podosome assembly

4 CEBPD 3 epithelial cell proliferation involved in liver morphogenesis; liver
regeneration; liver morphogenesis

5 SRC 3 stress fiber assembly; positive regulation of podosome assembly;
contractile actin filament bundle assembly

6 IRF1 3
Interferon-γ-mediated signaling pathway; contractile actin

filament bundle assembly; positive regulation of interleukin-12
biosynthetic process

7 IL-6 2
positive regulation of production of miRNAs involved in gene

silencing by miRNA; regulation of interferon-γ
biosynthetic process

8 TP53 2
interferon-γ-mediated signaling pathway; positive regulation of

production of miRNAs involved in gene silencing by miRNA

9 CEBPB 2
epithelial cell proliferation involved in liver morphogenesis;

hepatocyte proliferation

10 TRAF2 1 regulation of interferon-γ biosynthetic process

11 NANS 0

Key: TLR9: Toll Like Receptor 9; TLR7: Toll Like Receptor 7; RHOA: Ras homolog family member A; CEBPD:
CCAAT Enhancer Binding Protein Delta; SRC: SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase; IRF1:
Interferon Regulatory Factor 1; IL-6: Interleukin 6; TP53: Tumor Protein 53; CEBPB: CCAAT Enhancer Binding
Protein beta; TRAF2: TNF Receptor Associated Factor 2; NANS: N-Acetylneuraminate Synthase.
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Table 2. List of significantly expressed genes during bovine coronavirus infection and the number of
predicted transcription factors.

S/No Genes Number of Significantly Predicted TFs Significantly Predicted Transcription Factors

1 TLR7 10 HLF, YY1, AREB6, C-Rel, NKX2-5, E47, E4BP4,
RORAlpha1, LMO2, ARNT

2 IRF1 6 YY1, C-Rel, AREB6, NKX2-5, LMO2, ARNT
3 TLR9 5 YY1, E47, AREB6, LMO2, NKX2-5
4 CEBPD 5 YY1, E47, AREb6, CREB, LMO2
5 TRAF2 4 YY1 AREB6, C-Rel, CREB
6 TP53 4 HLF, AREB6, RORAlpha1, E4BP4
7 SRC 3 NKX2-5, RORAlpha1, AREB6
8 IL-6 2 LMO2, NKX2-5
9 RHOA 2 YY1, AREB6
10 CEBPB 2 YY1, AREB6
11 NANS 1 AREB6

Table 3. List of predicted transcription factors targeting 11 genes significantly expressed during
infection with bovine coronavirus.

S/No Transcription Factor Number of Gene Targets Genes Targeted

1 AREB6 10
TLR7, TLR9, IRF1, CEBPD,

TRAF2, RHOA, TP53, CEBPB,
SRC, NANS

2 YY1 7 TLR7, TLR9, IRF1, CEBPD,
TRAF2, RHOA, CEBPB

3 LMO2 5 TRL7, TLR9, IRF1, IL-6,
CEBPD,

4 NKX2-5 5 IRF1, IL-6, TLR7, TLR9, SRC
5 C-Rel 3 TLR7, IRF1, TRAF2
6 E47 3 TLR7, TLR9, CEBPD
7 RORAlpha1 3 TLR7, TP53, SRC
8 HLF 2 TLR7, TP53
9 E4BP4 2 TLR7, TP53
10 ARNT 2 TLR7, IRF1
11 CREB 2 CEBPD, TRAF2

All transcription factors, except for NKX2-5, were found in 2 softwares. NKX2-5 was found 3 times in two softwares,
and 2 times in all 3 softwares (AnimalTFDB, Match, and P-Match).
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3.2. Functional Analysis of Transcription Factors and Genes

After a list of genes and transcription factors were identified, functional analysis was performed
to identify significant pathways. A pathway was considered significant if the fold enrichment was
over 70 and p-values less than 0.00041. Figure 2a represents the number of genes and transcription
factors identified within each pathway. The majority of the pathways only reported a total of two
genes or transcription factors. However, the pathways “regulation of interferon-β production” and
“regulation of type II interferon production” identified the same four genes and transcription factors:
TLR7, YY1, TLR9, and IRF1. Figure 2b also represents results from the function analysis, however,
with specific focus on immune specific pathways. These pathways reported between one and four
genes and transcription factors. They are shown in the Cytoscape network illustrated in the section
below (Section 3.3), where they are integrated into a network of genes and transcription factors.

3.3. Network Analysis of Transcription Factors, Genes, and Genes and Transcription Factors

Network analysis of the relationships between the TFs, the genes, and then the genes and TFs were
performed initially with STRING (Figures 3 and 4). Since these figures are second or third interaction
networks, there are genes included that are not included in original literature searches and pathway
analyses and are not a part of the analysis. As shown by Figure 3, YY1 and NKX2-5 appear to be the
largest hubs of predicted TFs. The TF ZEB1 is an alternative name of AREB6 and is only incorporated
into the network through NKX2-5, which appears surprising. AREB6 is predicted in all genes except
one, and therefore, is predicted for the same genes as the majority of the other transcription factors;
however, the network only shows interaction with NKX2-5. Another surprising result from the network
was that even in a second interaction network, ARNT does not have any interactions, which might
represent an unrelated function to the other TFs. In Figure 4, some of the larger hubs from the original
list of genes appear to be TLR9, TLR7, IL-6, TP53, and SRC, with the largest hub being RHOA. NANS
is unconnected in this network, which is most likely due to its specific function as a gene. In Figure 5,
a third interaction relationship, NANS, is still unconnected. ARNT becomes attached through an
additional gene to YY1 and TP53, along with many other additional genes. NKX2-5 appears to be less of
a hub than other transcription factors like ZEB1 (AREB6) and LMO2. The genes have much larger hubs
than the transcription factors, with SRC, RHOA, and TP53 illustrating some of the largest original hubs.
Figure 6 depicts the Cytoscape network, which incorporates transcription factors, genes, and immune
significant pathways. Similar to earlier STRING networks, TLR7 appears to be a major hub of the
network, creating the link between many transcription factors and pathways. YY1 appears to serve as
a major transcription factor hub, even directly interacting with two major pathways “regulation of type
I interferon production” and “regulation of interferon-β production”. Many of the transcription factors
such as HLF, E4BP4, NRF-2, and ELK-1, only connect to a singular gene. Although HLF’s singular
connection is to TLR7, the most prominent hub within the network, the transcription factors YY1 or
AREB6, which interact with many genes including TLR7, appear to be a stronger target.
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Figure 2. Cont.
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The green circles represent genes and the blue parallelograms represent immune specific pathways. The
transcription factors are represented by triangles, with the red representing many network connections,
and the pink representing fewer network connections.
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3.4. Evolutionary Conservation of Transcription Factors

Based on the results of TF prediction, homolog searches were performed through NCBI BLAST
to retrieve multiple sequences from unique species. Phylogenetic trees were produced for eight of
the predicted transcription factors. The factors E47, RORAlpha1, and E4BP4 were not present on
NCBI, Ensembl, or UniProt, and therefore were excluded from analysis. These trees are illustrated
in Figure 7a–h. AREB6, which is depicted in Figure 7a, is highly conserved in comparison to Bos
taurus within Bison and Bubalus bubalis clade. Bos indicus and Odocoileus virginianus texanus are also
within the clade. ARNT, illustrated in Figure 7b, has less evolutionary conservation in relation to Bos
taurus. The closest relation appears to be with Ovis aries. In Figure 7c, which depicts the transcription
factor C-Rel, there appears to be a lack of evolutionary conservation. C-Rel appears to be the closest
to Bos taurus for Capra hircus and Ovis aries. The transcription factor HLF, present in Figure 7d,
appears to be the most conserved in relation to Bos taurus in the species Bubalus bubalis and Bos indicus.
Odocoileus viriginianus texanus, Capra hircus and Bison are also within the clade. Figure 7e illustrates
the phylogenetic tree of CREB, which appears to have the most conservation from Bos taurus in Bos
mutus. LMO2, the transcription factor for Figure 7f, is highly conserved between Bos taurus and Bos
indicus. Bison and Bos mutus also appeared to be conserved in relation to Bos taurus. NKX2-5, one of
the most predicted transcription factors, is illustrated in Figure 7g. Bos indicus appears to be very
highly conserved in relation to Bos taurus, with Bos mutus and Bison also appearing closely conserved.
Figure 7h depicts YY1, where Bos indicus and Bison appear to be the most conserved in relation to Bos
taurus. Species within these phylogenies were mostly consistent between the trees, resulting in very
similar phylogenetic trees and therefore very similar relationships of conservation. From these eight
transcription factors, the species that appear to be highly conserved in relation to Bos taurus include
Bos mutus, Bos indicus, Bison, and Bubalus bubalis.
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Figure 7. Phylogenetic tree representing the evolutionary conservation of transcription factors. Bos taurus is illustrated in black, and the nodes are color coded in four
different groups, with red and orange representing the two different sub clades from the first divergence, and blue and green representing the other two sub clades. (a)
Transcription factor AREB6; (b) ARNT; (c) C-Rel; (d) CREB; (e) HLF; (f) LMO2; (g) NKX2-5; (h) YY1.
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4. Discussion

As one of the major risks to the cattle industry, bovine coronavirus outbreaks have the potential
to cause significant economic effects and negative downturn in agricultural output. Causing both
respiratory infections and weight-loss inducing diarrhea, along with long lasting lowered growth rates
and diminished milk production, widespread BCoV infection would be devastating to countries with
cattle as a primary source of GDP [8,9,31]. Despite the risk associated with uncontrolled outbreaks,
BCoV is under researched and lacking in strong testing and treatment options. With recent progress in
data mining, transcription factor prediction, and transcription targeted treatments, new testing and
treatment methods are within reach. In this study, an extensive pipeline was developed to identify
significant gene and transcription factor targets for future BCoV testing and treatment resources.

Through data mining and functional analyses, a list of 11 significant genes in BCoV infection
were identified. Many of these genes were involved in immune response to infection, particularly
inflammation. TLR7 and TLR9 are both implicated in pro-inflammatory signaling in response to
recognized conserved viral molecular patterns and are key in the innate antiviral response [32,33].
TLR7 is activated by microbial derived nucleic acids while TLR9 is activated by dsDNA-derived CpG
motifs [34]. TLRs are responsible for linking the innate and adaptive immune response, clearly a
desired response to preserve or improve with a targeted drug. If a transcription factor was to repress
TLR7 or TLR9, it would damage the immune response to BCoV. Other genes that would harm the
desired immune response if repressed are RHOA, which is responsible for antigen presentation; T-cell
activation; and chemokine, cytokine, and growth factor binding [35,36]; and IRF1, which is responsible
for defense of host cells through the regulation of autoimmunity, inflammation, viral infections, and
innate and adaptive immune responses [10]. The disruption of any of these genes will most likely
affect the immune response. As seen from our results, the 10 transcription factors that target these four
genes (HLF, YY1, AREB6, C-Rel, NKX2-5, E47, E4BP4, RORAlpha1, LMO2, ARNT) will either activate
or repress the immune response through the activation or repression of these four genes.

IL-6 is also involved in immune reactions, however, as a pro-inflammatory cytokine, responsible for
acute phase responses [37–39]. As pro-inflammatory cytokines result in inflammation, tissue damage,
fever, and potential shock and even death [40], which are found to be increasingly expressed within
respiratory tracts [41], a transcription factor enabled activation of the IL-6 gene is inferred to increase
the potential of these negative effects. Similar to IL-6, NANS is inferred to be an undesirable target for
transcription factor activation. The repression of the gene NANS would logically improve the desired
immune response. NANS is the gene responsible for the production of N-acetyl 9-O-acetylneuraminic
acid [42,43]; the sialic acid BCoV binds to on host cell receptors. The use of transcription factors to repress
NANS would limit the production of N-acetyl 9-O-acetylneuraminic acid and reduce the opportunities
for BCoV binding, thereby hampering the virus entry in to the host. Such limitations will reduce the
capacity for infection, advance innate immunity and ameliorate further pathological outcome.

The other five genes lack a clear direct effect on the immune pathways and therefore have less
inferable effects of potential regulation or activation through transcription factor targeting. CEBPB,
involved in monocyte development [44], is key in the response to many types of infection but
occasionally cause immunopathology [45]. TRAF2 is a key element of TNF [46,47], which has
significant roles in inflammation. However, as also for CEBPD, SRC, and TP53, TNF has established
links to cancer and its polymorphisms serving as susceptibility factor for many infectious diseases [48].
CEBPD is a tumor suppressor [49,50], which identifies it as a bad candidate for repression. However,
it has been reported to enhance oncogenic pathways in different contexts [50]. TP53 has also been
identified as a tumor suppressor gene [51] and SRC implicated in some cancers such as sarcoma [52].
As many of the transcription factors target both genes that should not be repressed and genes that
should be repressed, transcription factors must be carefully chosen as target, with gene function in mind.
Additionally, transcription factors such as NKX2-5, which have been proven to cause heart defects
or disease when mutated or deleted [53,54], have external effects that must be carefully considered
in the decision whether to target them for treatments. Transcription factors selected as biomarkers
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for targeting should be predicted for genes such as TLR7, TLR9, RHOA, IRF1, and IL6 since they are
activated early in infection. These genes have functions directly related to immune response pathways
and have the highest probability of expression during BCoV. The possibility to activate them for a
robust innate immune response through TF-targeted therapy would be important in the treatment of
BCoV infection [55,56]. Given the diverse functions of the 11 genes identified as significantly expressed
during BCoV infection, and the high overlap between the genes for predicted transcription factors, the
transcription factor selected to serve as the target for therapy must be selected with those functions
in mind.

5. Conclusions

This study identifies specific transcription factors that could affect host response to bovine
coronavirus infection, particularly within the immune response system. Eleven genes were identified
as significantly expressed during infection, and an extensive pipeline was developed to predict and
analyze potential transcription factors targeting those genes. Transcription factor involved with many
genes and pathways were inferred to have a stronger potential effect on the host if targeted, due to their
role in activating or repressing many genes. For example, the targeting of AREB6 would regulate 10 of
the 11 identified genes, including TLR7, TLR9, IRF1, and many more. We established the predicted
effect of these transcription factors based on the function of their gene interactions and associated
pathways. In total, this study establishes relationships between bovine genes, transcription factors,
and immune pathways. Given that the genes NANS and IL-6 were identified as having potentially
negative effect on immune response, the regulation/activation of genes to improve host immune
response to BCoV must be done through transcription factors capable of repressing either or both of
them. The best transcription factors we identified as potential markers for host-pathogen interactome
in BCoV infection include NKX2-5, AREB6, YY1, and LMO2. Given the criteria above and the fact that
YY1 could target TLR7 and TLR9 signaling, type I and II interferon production/pathways, reported as
effective for virus clearance during infection, if activated, establishes YY1 as the best TF with the best
potential as a drug target for BCoV therapy.

Author Contributions: O.B.M. and B.N.T. conceptualized and designed the experiments; O.B.M., E.S., M.W., K.B.
and E.Y. carried out the experiments, analyzed the data and drafted the manuscript; O.B.M. and B.N.T. revised the
manuscript, contributed to the discussion and scientific content. All authors read and approved the final version
of the manuscript.

Funding: This work was supported by the Ralph E. Hansmann Science Students Support Fund and the Sergei
S. Zlinkoff Student Medical Research Fund, Hamilton College SSRF. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript. The APC was discounted
by MDPI.

Conflicts of Interest: The authors declare we have no conflicts of interest.

References

1. Shin, J.; Tark, D.; Le, V.P.; Choe, S.; Cha, R.M.; Park, G.-N.; Cho, I.-S.; Nga, B.T.T.; Lan, N.T.; An, D.-J.
Genetic characterization of bovine coronavirus in Vietnam. Virus Genes 2019, 55, 415–420. [CrossRef]

2. Ellis, J. What is the evidence that bovine coronavirus is a biologically significant respiratory pathogen
in cattle? Can. Veter. J. 2019, 60, 147–152.

3. Maclachlan, N.J.; Dubovi, E.J. (Eds.) Fenner’s Veterinary Virology; Academic Press: Salt Lake City, UT, USA, 2011.
4. Bidokhti, M.R.M.; Tråvén, M.; Krishna, N.K.; Munir, M.; Belák, S.; Alenius, S.; Cortey, M. Evolutionary dynamics

of bovine coronaviruses: Natural selection pattern of the spike gene implies adaptive evolution of the strains.
J. Gen. Virol. 2013, 94, 2036–2049. [CrossRef] [PubMed]

5. Saif, L.J. Bovine respiratory coronavirus. Vet. Clin. N. Am. Food Anim. Pract. 2010, 26, 349–364. [CrossRef]
[PubMed]

6. Cho, Y.-I.; Yoon, K.-J. An overview of calf diarrhea—Infectious etiology, diagnosis, and intervention.
J. Veter. Sci. 2014, 15, 1–17. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11262-019-01647-1
http://dx.doi.org/10.1099/vir.0.054940-0
http://www.ncbi.nlm.nih.gov/pubmed/23804565
http://dx.doi.org/10.1016/j.cvfa.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20619189
http://dx.doi.org/10.4142/jvs.2014.15.1.1
http://www.ncbi.nlm.nih.gov/pubmed/24378583


Microorganisms 2020, 8, 1323 18 of 20

7. Castells, M.; Giannitti, F.; Caffarena, R.D.; Casaux, M.L.; Schild, C.; Castells, D.; Riet-Correa, F.; Victoria, M.;
Parreño, V.; Colina, R. Bovine coronavirus in Uruguay: Genetic diversity, risk factors and transboundary
introductions from neighboring countries. Arch. Virol. 2019, 164, 2715–2724. [CrossRef] [PubMed]

8. Boileau, M.J.; Kapil, S. Bovine Coronavirus Associated Syndromes. Vet. Clin. N. Am. Food Anim. Pract. 2010,
26, 123–146. [CrossRef] [PubMed]

9. Oma, V.S.; Tråvén, M.; Alenius, S.; Myrmel, M.; Stokstad, M. Bovine coronavirus in naturally and experimentally
exposed calves; viral shedding and the potential for transmission. Virol. J. 2016, 13, 100. [CrossRef]

10. Burimuah, V.; Sylverken, A.; Owusu, M.; El-Duah, P.; Yeboah, R.; Lamptey, J.; Agbenyega, O.; Folitse, R.;
Emikpe, B.; Tasiame, W.; et al. Molecular-based cross-Species evaluation of bovine coronavirus infection in
cattle, sheep and goats in Ghana. BMC Vet. Res. 2020, preprint. [CrossRef]

11. Geng, J.-J.; Gong, Z.-D.; Li, Q.-Y.; Shen, X.-Y.; Wei, S.-C. Specific Detection of Bovine Coronavirus N Protein
with TaqMan Probe qRT-PCR. Acta Sci. Vet. 2019, 47. [CrossRef]

12. Suzuki, T.; Otake, Y.; Uchimoto, S.; Hasebe, A.; Goto, Y. Genomic Characterization and Phylogenetic
Classification of Bovine Coronaviruses through Whole Genome Sequence Analysis. Viruses 2020, 12, 183.
[CrossRef] [PubMed]

13. Moustaqil, M.; Gambin, Y.; Sierecki, E. Biophysical Techniques for Target Validation and Drug Discovery in
Transcription-Targeted Therapy. Int. J. Mol. Sci. 2020, 21, 2301. [CrossRef] [PubMed]

14. Narasimhan, K.; Pillay, S.; Bin Ahmad, N.R.; Bikádi, Z.; Hazai, E.; Yan, L.; Kolatkar, P.R.; Pervushin, K.;
Jauch, R. Identification of a Polyoxometalate Inhibitor of the DNA Binding Activity of Sox2. ACS Chem. Biol.
2011, 6, 573–581. [CrossRef] [PubMed]

15. Souissi, I.; Ladam, P.; Cognet, J.; Le Coquil, S.; Varin-Blank, N.; Baran-Marszak, F.; Metelev, V.; Fagard, R.
A STAT3-inhibitory hairpin decoy oligodeoxynucleotide discriminates between STAT1 and STAT3 and
induces death in a human colon carcinoma cell line. Mol. Cancer 2012, 11, 12. [CrossRef] [PubMed]

16. Huang, W.; Dong, Z.; Chen, Y.; Wang, F.; Wang, C.J.; Peng, H.; He, Y.; Hangoc, G.; Pollok, K.; Sandusky, G.; et al.
Small-molecule inhibitors targeting the DNA-binding domain of STAT3 suppress tumor growth, metastasis
and STAT3 target gene expression in vivo. Oncogene 2016, 35, 783–792. [CrossRef]

17. Morenikeji, O.B.; Hawkes, M.E.; Hudson, A.O.; Thomas, B.N. Computational Network Analysis Identifies
Evolutionarily Conserved miRNA Gene Interactions Potentially Regulating Immune Response in Bovine
Trypanosomosis. Front. Microbiol. 2019, 10. [CrossRef]

18. Kontou, P.I.; Pavlopoulou, A.; Braliou, G.G.; Bogiatzi, S.; Dimou, N.L.; Bangalore, S.; Bagos, P.G.
Identification of gene expression profiles in myocardial infarction: A systematic review and meta-analysis.
BMC Med. Genom. 2018, 11, 109. [CrossRef]

19. Gene Ontology Consortium. The Gene Ontology Consortium Gene Ontology Consortium: Going forward.
Nucleic Acids Res. 2015, 43, D1049–D1056. [CrossRef]

20. Wang, G.; Wang, F.; Huang, Q.; Li, Y.; Liu, Y.; Wang, Y. Understanding Transcription Factor Regulation by
Integrating Gene Expression and DNase I Hypersensitive Sites. BioMed. Res. Int. 2015, 2015, 1–7. [CrossRef]

21. Farrel, A.; Guo, J.-T. An efficient algorithm for improving structure-based prediction of transcription factor
binding sites. BMC Bioinform. 2017, 18, 342. [CrossRef]

22. Hu, H.; Miao, Y.-R.; Jia, L.-H.; Yu, Q.-Y.; Zhang, Q.; Guo, A.-Y. AnimalTFDB 3.0: A comprehensive resource for
annotation and prediction of animal transcription factors. Nucleic Acids Res. 2019, 47, D33–D38. [CrossRef]
[PubMed]

23. Aich, P.; Wilson, H.L.; Kaushik, R.S.; Potter, A.A.; Babiuk, L.A.; Griebel, P. Comparative analysis of innate
immune responses following infection of newborn calves with bovine rotavirus and bovine coronavirus.
J. Gen. Virol. 2007, 88, 2749–2761. [CrossRef] [PubMed]

24. Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.;
Dwight, S.S.; Eppig, J.T.; et al. Gene ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29.
[CrossRef] [PubMed]

25. The Gene Ontology Consortium. The Gene Ontology Resource: 20 years and still GOing strong. Nucleic Acids Res.
2019, 47, D330–D338. [CrossRef]

26. Kel-Margoulis, O.V.; Kel, A.E.; Reuter, I.; Deineko, I.V.; Wingender, E. TRANSCompel: A database on
composite regulatory elements in eukaryotic genes. Nucleic Acids Res. 2002, 30, 332–334. [CrossRef]

27. Oliveros, J.C. Venny. An Interactive Tool for Comparing Lists with Venn’s Diagrams (2007–2015).
Available online: https://bioinfogp.cnb.csic.es/tools/venny/index.html (accessed on 21 July 2020).

http://dx.doi.org/10.1007/s00705-019-04384-w
http://www.ncbi.nlm.nih.gov/pubmed/31456086
http://dx.doi.org/10.1016/j.cvfa.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20117547
http://dx.doi.org/10.1186/s12985-016-0555-x
http://dx.doi.org/10.21203/rs.3.rs-24727/v4
http://dx.doi.org/10.22456/1679-9216.97156
http://dx.doi.org/10.3390/v12020183
http://www.ncbi.nlm.nih.gov/pubmed/32041103
http://dx.doi.org/10.3390/ijms21072301
http://www.ncbi.nlm.nih.gov/pubmed/32225120
http://dx.doi.org/10.1021/cb100432x
http://www.ncbi.nlm.nih.gov/pubmed/21344919
http://dx.doi.org/10.1186/1476-4598-11-12
http://www.ncbi.nlm.nih.gov/pubmed/22423663
http://dx.doi.org/10.1038/onc.2015.215
http://dx.doi.org/10.3389/fmicb.2019.02010
http://dx.doi.org/10.1186/s12920-018-0427-x
http://dx.doi.org/10.1093/nar/gku1179
http://dx.doi.org/10.1155/2015/757530
http://dx.doi.org/10.1186/s12859-017-1755-0
http://dx.doi.org/10.1093/nar/gky822
http://www.ncbi.nlm.nih.gov/pubmed/30204897
http://dx.doi.org/10.1099/vir.0.82861-0
http://www.ncbi.nlm.nih.gov/pubmed/17872528
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://dx.doi.org/10.1093/nar/gky1055
http://dx.doi.org/10.1093/nar/30.1.332
https://bioinfogp.cnb.csic.es/tools/venny/index.html


Microorganisms 2020, 8, 1323 19 of 20

28. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.;
Morris, J.H.; Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019, 47,
D607–D613. [CrossRef]

29. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T.
Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res.
2003, 13, 2498–2504. [CrossRef]

30. Kumar, S.; Tamura, K.; Nei, M. MEGA3: Integrated software for Molecular Evolutionary Genetics Analysis
and sequence alignment. Briefings Bioinform. 2004, 5, 150–163. [CrossRef]

31. Groen, A.F.; Steine, T.; Colleau, J.-J.; Pedersen, J.; Pribyl, J.; Reinsch, N. Economic values in dairy cattle
breeding, with special reference to functional traits. Report of an EAAP-working group. Livest. Prod. Sci.
1997, 49, 1–21. [CrossRef]

32. Macdonald, M.R.; Xia, J.; Smith, A.L.; Magor, K.E. The duck toll like receptor 7: Genomic organization,
expression and function. Mol. Immunol. 2008, 45, 2055–2061. [CrossRef]

33. Qi, Y.; Chen, S.; Zhao, Q.; Wang, M.; Jia, R.; Zhu, D.; Liu, M.; Liu, F.; Chen, X.; Cheng, A. Molecular cloning,
tissue distribution, and immune function of goose TLR7. Immunol. Lett. 2015, 163, 135–142. [CrossRef]
[PubMed]

34. Hasan, U.; Bates, E.; Takeshita, F.; Biliato, A.; Accardi, R.; Bouvard, V.; Mansour, M.; Vincent, I.; Gissmann, L.;
Iftner, T.; et al. TLR9 expression and function is abolished by the cervical cancer-associated human
papillomavirus type 16. J. Immunol. 2007, 178, 3186–3197. [CrossRef] [PubMed]

35. Bros, M.; Haas, K.; Moll, L.; Grabbe, S. Moll RhoA as a Key Regulator of Innate and Adaptive Immunity.
Cells 2019, 8, 733. [CrossRef] [PubMed]

36. López-Posadas, R.; Fastancz, P.; Martínez-Sánchez, L.D.C.; Panteleev-Ivlev, J.; Thonn, V.; Kisseleva, T.; Becker, L.S.;
Schulz-Kuhnt, A.; Zundler, S.; Wirtz, S.; et al. Inhibiting PGGT1B Disrupts Function of RHOA, Resulting in
T-cell Expression of Integrin α4β7 and Development of Colitis in Mice. Gastroenterology 2019, 157, 1293–1309.
[CrossRef]

37. Tanaka, T.; Kishimoto, T. The Biology and Medical Implications of Interleukin-6. Cancer Immunol. Res. 2014, 2,
288–294. [CrossRef]

38. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in Inflammation, Immunity, and Disease. Cold Spring Harb.
Perspect. Biol. 2014, 6, a016295. [CrossRef]

39. Ibrahim, M.L.; Klement, J.D.; Payne, D.; Lu, C.; Redd, P.S.; Liu, K. Abstract 5744: Chronic inflammation
activates IL6 signaling to upregulate DNMT1 and DNMT3b to promote colon tumorigenesis. Immunology
2018, 78, 5744. [CrossRef]

40. Dinarello, C.A. Proinflammatory Cytokines. Chest 2000, 118, 503–508. [CrossRef]
41. Short, K.R.; Veeris, R.; Leijten, L.M.; van den Brand, J.M.; Jong, V.L.; Stittelaar, K.; Osterhaus, A.; Andeweg, A.;

Van Riel, D. Proinflammatory Cytokine Responses in Extra-Respiratory Tissues During Severe Influenza.
J. Infect. Dis. 2017, 216, 829–833. [CrossRef]

42. Rangarajan, E.S.; Ruane, K.M.; Proteau, A.; Schrag, J.D.; Valladares, R.; Gonzalez, C.F.; Gilbert, M.;
Yakunin, A.F.; Cygler, M. Structural and enzymatic characterization of NanS (YjhS), a 9-O-Acetyl
N-acetylneuraminic acid esterase from Escherichia coli O157:H7. Protein Sci. 2011, 20, 1208–1219. [CrossRef]

43. Van Karnebeek, C.D.M.; Bonafé, L.; Wen, X.-Y.; Tarailo-Graovac, M.; Balzano, S.; Royer-Bertrand, B.;
Ashikov, A.; Garavelli, L.; Mammi, I.; Turolla, L.; et al. NANS-mediated synthesis of sialic acid is required
for brain and skeletal development. Nat. Genet. 2016, 48, 777–784. [CrossRef] [PubMed]

44. Jaitin, D.A.; Weiner, A.; Yofe, I.; Lara-Astiaso, D.; Keren-Shaul, H.; David, E.; Salame, T.M.; Tanay, A.; Van
Oudenaarden, A.; Amit, I. Dissecting Immune Circuits by Linking CRISPR-Pooled Screens with Single-Cell
RNA-Seq. Cell 2016, 167, 1883–1896. [CrossRef] [PubMed]

45. Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11,
762–774. [CrossRef] [PubMed]

46. Chen, H.; Xiao, J.; Li, J.; Liu, J.; Wang, C.; Feng, C.; Feng, H. TRAF2 of black carp upregulates MAVS-mediated
antiviral signaling during innate immune response. Fish Shellfish. Immunol. 2017, 71, 1–9. [CrossRef]

47. Qu, F.; Xiang, Z.; Zhou, Y.; Qin, Y. A molluscan TNF receptor-associated factor 2 (TRAF2) was involved in
host defense against immune challenges. Fish Shellfish. Immunol. 2017, 71, 105–115. [CrossRef]

http://dx.doi.org/10.1093/nar/gky1131
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.1093/bib/5.2.150
http://dx.doi.org/10.1016/S0301-6226(97)00041-9
http://dx.doi.org/10.1016/j.molimm.2007.10.018
http://dx.doi.org/10.1016/j.imlet.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/25497239
http://dx.doi.org/10.4049/jimmunol.178.5.3186
http://www.ncbi.nlm.nih.gov/pubmed/17312167
http://dx.doi.org/10.3390/cells8070733
http://www.ncbi.nlm.nih.gov/pubmed/31319592
http://dx.doi.org/10.1053/j.gastro.2019.07.007
http://dx.doi.org/10.1158/2326-6066.CIR-14-0022
http://dx.doi.org/10.1101/cshperspect.a016295
http://dx.doi.org/10.1158/1538-7445.am2018-5744
http://dx.doi.org/10.1378/chest.118.2.503
http://dx.doi.org/10.1093/infdis/jix281
http://dx.doi.org/10.1002/pro.649
http://dx.doi.org/10.1038/ng.3578
http://www.ncbi.nlm.nih.gov/pubmed/27213289
http://dx.doi.org/10.1016/j.cell.2016.11.039
http://www.ncbi.nlm.nih.gov/pubmed/27984734
http://dx.doi.org/10.1038/nri3070
http://www.ncbi.nlm.nih.gov/pubmed/21984070
http://dx.doi.org/10.1016/j.fsi.2017.09.069
http://dx.doi.org/10.1016/j.fsi.2017.09.076


Microorganisms 2020, 8, 1323 20 of 20

48. Ojurongbe, O.; Funwei, R.I.; Snyder, T.J.; Farid, I.; Aziz, N.; Li, Y.; Falade, C.O.; Thomas, B. Genetic variants
of tumor necrosis factor-α -308G/A (rs1800629) but not Toll-interacting proteins or vitamin D receptor genes
enhances susceptibility and severity of malaria infection. Immunogenetics 2018, 70, 135–140. [CrossRef]

49. Pan, Y.-C.; Li, C.-F.; Ko, C.-Y.; Pan, M.-H.; Chen, P.-J.; Tseng, J.T.; Wu, W.-C.; Chang, W.-C.; Huang, A.-M.;
Sterneck, E.; et al. CEBPD Reverses RB/E2F1-Mediated Gene Repression and Participates in HMDB-Induced
Apoptosis of Cancer Cells. Clin. Cancer Res. 2010, 16, 5770–5780. [CrossRef]

50. Sheshadri, N.; Sharan, S.; Sterneck, E. Abstract 4501: CEBPD is an early endoplasmic reticulum stress
response gene implicated in breast cancer cell survival. Cancer Res. 2017, 77, 4501.

51. Giacomelli, A.O.; Yang, X.; Lintner, R.E.; McFarland, J.M.; Duby, M.; Kim, J.; Howard, T.P.; Takeda, D.Y.;
Ly, S.H.; Kim, E.; et al. Mutational processes shape the landscape of TP53 mutations in human cancer.
Nat. Genet. 2018, 50, 1381–1387. [CrossRef]

52. Chen, Q.; Zhou, Z.; Shan, L.; Zeng, H.; Hua, Y.; Cai, Z. The importance of Src signaling in sarcoma. Oncol. Lett.
2015, 10, 17–22. [CrossRef]

53. Nakashima, Y.; Yanez, D.A.; Touma, M.; Nakano, H.; Jaroszewicz, A.; Jordan, M.C.; Pellegrini, M.; Roos, K.P.;
Nakano, A. Nkx2-5 Suppresses the Proliferation of Atrial Myocytes and Conduction SystemNovelty and
Significance. Circ. Res. 2014, 114, 1103–1113. [CrossRef] [PubMed]

54. Anderson, D.J.; Kaplan, D.I.; Bell, K.M.; Koutsis, K.; Haynes, J.M.; Mills, R.J.; Phelan, D.G.; Qian, E.L.;
Leitoguinho, A.R.; Arasaratnam, D.; et al. NKX2-5 regulates human cardiomyogenesis via a HEY2 dependent
transcriptional network. Nat. Commun. 2018, 9, 1373. [CrossRef] [PubMed]

55. Kardassis, D.; Gafencu, A.V.; Zannis, V.I.; Dávalos, A. Regulation of HDL Genes: Transcriptional,
Posttranscriptional, and Posttranslational. In High Density Lipoproteins; Spring: Cham, Switzerland, 2015;
Volume 224, pp. 113–179. [CrossRef]

56. Galdeano, C.; Gadd, M.S.; Soares, P.; Scaffidi, S.; Van Molle, I.; Birced, I.; Hewitt, S.; Dias, D.M.; Ciulli, A.
Structure-Guided Design and Optimization of Small Molecules Targeting the Protein–Protein Interaction
between the von Hippel–Lindau (VHL) E3 Ubiquitin Ligase and the Hypoxia Inducible Factor (HIF) Alpha
Subunit with in Vitro Nanomolar Affinities. J. Med. Chem. 2014, 57, 8657–8663. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00251-017-1032-4
http://dx.doi.org/10.1158/1078-0432.CCR-10-1025
http://dx.doi.org/10.1038/s41588-018-0204-y
http://dx.doi.org/10.3892/ol.2015.3184
http://dx.doi.org/10.1161/CIRCRESAHA.114.303219
http://www.ncbi.nlm.nih.gov/pubmed/24563458
http://dx.doi.org/10.1038/s41467-018-03714-x
http://www.ncbi.nlm.nih.gov/pubmed/29636455
http://dx.doi.org/10.1007/978-3-319-09665-0_3
http://dx.doi.org/10.1021/jm5011258
http://www.ncbi.nlm.nih.gov/pubmed/25166285
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Identification of Genes Associated with Bovine Coronavirus Pathway 
	Prediction of Disease Associated Bovine Transcription Factors 
	Functional Analysis of Transcription Factors and Gene Targets 
	Network Analysis of Transcription Factors and Genes 
	Phylogenetic Analysis of Conserved Transcription Factors 

	Results 
	Identification of Genes and TFs Associated with Bovine Coronavirus 
	Functional Analysis of Transcription Factors and Genes 
	Network Analysis of Transcription Factors, Genes, and Genes and Transcription Factors 
	Evolutionary Conservation of Transcription Factors 

	Discussion 
	Conclusions 
	References

