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Abstract

Traumatic brain injury (TBI) is a leading cause of morbidity, disability,
and mortality worldwide. Motor and cognitive deficits and emotional
disturbances are long-term consequences of TBI. A lack of effective
treatment for TBI-induced neural damage, functional impairments, and
cognitive deficits makes it challenging in the recovery following TBI.
One of the reasons may be the lack of knowledge underlying the complex
pathophysiology of TBI and the regulatory factors involved in the cellular
and molecular mechanisms of inflammation, neural regeneration, and
injury repair. These mechanisms involve a change in the expression of
various proteins encoded by genes whose expression is regulated by
transcription factors (TFs) at the transcriptional level and microRNA
(miRs) at the mRNA level. In this pilot study, we performed the RNA
sequencing of injured tissues and non-injured tissues from the brain of
Yucatan miniswine and analyzed the sequencing data for differentially
expressed genes (DEGs) and the TFs and miRs regulating the expression
of DEGs using in-silico analysis. We also compared the effect of the
electromagnetic field (EMF) applied to the injured miniswine on the
expression profile of various DEGs. The results of this pilot study revealed
a few DEGs that were significantly upregulated in the injured brain tissue
and the EMF stimulation showed effect on their expression profile.

Keywords: Differentially expressed genes; Electromagnetic field;
MicroRNA; Transcription factors; Traumatic brain injury.

Introduction

Traumatic brain injury (TBI), a leading cause of morbidity, disability, and
mortality in the military and civilian population, affects approximately 1.5
million Americans each year, and nearly 3.2-5.3 million individuals in the
United States are living with a TBI-related disability as per the Center for
Disease Control and Prevention (CDC). Worldwide, nearly 50 million people
suffer from TBI each year. The post-traumatic complications of TBI include
neurological and psychological issues contributing to long-term disability.
Despite the increasing understanding of the pathophysiology underlying
primary and secondary TBI and the development of advanced therapies, there
is a need to develop better therapeutics to improve clinical outcomes [1, 2].
Injuries to cerebral brain tissues, diffuse axonal injury, loss of neuronal and
glial cells, brain edema, and ischemic brain damage after primary brain injury
contribute to secondary brain injuries resulting in cognitive deficits, behavioral
changes, and hemiparesis. Increased oxidative stress, excitotoxicity,
mitochondrial dysfunction, lipid peroxidation, neuroinflammation, axonal
degeneration, inhibition of myelination and axonal growth, increased
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apoptosis of neurons and oligodendrocytes, and impairment
of autophagy and lysosomal pathways contribute to secondary
brain injuries [1, 2]. These processes are regulated by several
proteins including enzymes, cytokines, chemokines, and
growth factors generated by activated microglial cells. The
expression of genes coding these proteins is regulated by
transcription factors (TF) at the transcriptional level and
microRNAs (miR) at the post-transcriptional level [3].

Liu et. al. [4] reported the association of time-dependent
increased expression of Forkhead box transcription factors,
class O (FOXOs), and FOXO proteins, important in regulating
neurite outgrowth, axonal degeneration, and learning and
memory, within 24 hours after TBI. Pennypacker et al. [5]
reported prolonged activation (days to months) of TFs Fos-
related antigen-2 (FRA2 from AP-1 family TF and involved
in cell death and repair) and p65 and p50 subunits of nuclear
factor kappa B (NF-kB) (involved in neuronal survival and/
or repair) after neurotoxic, excitotoxic or ischemic injuries.
Liu et al. [6] reported increased expression of transcription
initiation factor IIB (TFIIB) in association with proliferating
cell nuclear antigen (PCNA) after brain injury with its
implications in astrocytes and microglia proliferation and
neurological recovery. Activating transcription factor 3
(ATF3) is another TF involved in protecting neuronal
damage after an injury by suppressing neuronal apoptosis and
microglia activation via targeting CCL2 involving TLR4/NF-
kB signaling [7]. Further, the role of NF-xB, SMADI, ATF3,
ATF4, c-JUN, Oligl, and Arpclb in spinal cord injuries [8]
and of CEBPD, Pax6, Spil, NF-kB, NRF2, and PPAR-y in
TBI [8, 9] as well as their potential to be used as a therapeutic
target has been discussed. A genome-wide methyl binding
domain-sequencing and RNA-sequencing at 3 months after
TBI in adult male Sprague-Dawley rats reported upregulation
of Cebpd, Pax6, Spil, and Tp73 and the potential of targeting
these TFs to improve post-TBI recovery [10]. These findings
suggest that the regulation of TFs and their signaling could
be therapeutic targets to protect brain damage and improve
clinical outcomes [11].

Additionally, microRNAs (miRNAs), long noncoding
RNAs (IncRNAs), circular RNAs (circRNAs), and other non-
coding RNAs (ncRNAs) play a diagnostic and therapeutic
role in TBI [12]. Mehta et al. [13] reported that IncRNA
FosDT interacts with REST-associated chromatin-modifying
proteins and enhances ischemic brain injury. LncRNA TUGI
plays a detrimental role in aggravating ischemic reperfusion
brain injury [14]. Further, the role of IncRNAs including
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), maternally expressed gene 3 (MEG3), homeobox
(HOX) transcript antisense RNA (HOTAIR), Gm4419,
H19, N1LR, and antisense non-coding RNA in the INK4
locus (ANRIL) in stroke and of ENSRNOG00000021987,
BC088414, growth arrest-specific 5 (GASS5), H19, nuclear-
enriched abundant transcript 1 (NEAT1), and others in
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hypoxia-related brain tissue damage and neuronal cell fate
has been documented [15]. Zhang et al. reported differential
expression profile of miRNAs and mRNAs in human TBI
and that IncRNA tubulin beta 6 class V (TUBB6)/nuclear
factor E2-related factor 2 (NRF2) are closely related to the
pathogenesis of TBI [16]. Overexpression of IncRNA H19-
mediated inhibition of miR-107 results in increased expression
of vascular endothelial growth factor (VEGF) and protects
brain tissue from hypoxic-ischemic injury [17]. These results
suggest that targeting ncRNAs, IncRNAs, miRNAs, and
circRNA could be a potential therapeutic strategy to improve
the clinical outcome post-TBI or injury after stroke [18]. This
suggests that TFs and miRNAs may play a critical role in TBI
in improving clinical outcomes.

Electromagnetic field (EMF) plays a critical role in TBI
and has a beneficial effect on improving clinical outcomes
[19, 20], however, further research is warranted to standardize
the frequency and time of application. We recently developed
a swine model of TBI and reported the findings on the effect
of simulated TBI and the effect of EMF on TBI [21]. In
this study, we performed the RNA sequencing of the brain
tissues collected from the injured areas and non-injured areas
and investigated the differential gene expression profile and
associated TFs and non-coding RNAs.

Materials and Methods
Animal model and tissue harvesting:

Male Yucatan minipigs obtained from Premier BioSource
(Romona, CA) were housed in the animal care facility of
Western University of Health Sciences, Pomona CA. The
swine were kept with 12 hours of light and dark cycle at 72°-
74° F temperature and were fed with the Mini-Pig Grower Diet
(Test Diet # 5801) and water ad libitum. The experimental
protocol was approved by the Institutional Animal Care
and Use Committee of the Western University of Health
Sciences (# R23IACUCO003). Induction of traumatic brain
injury (TBI), EMF application, and signal detection were
done as previously described [21-23]. After completion of
the experiment, the swine were euthanized and brain cortex
tissues from the site of injury and contralateral hemisphere
were collected in 10% formalin for histological analysis, in
RNAlater for RNA isolation, and dry freezing for protein
isolation. The tissues in RNAlater were kept at 4°C followed
by -20°C and then at -80°C.

RNA sequencing and data analysis:

The tissues from injured (n=3) and control non injured
(n=3) sites were sent for RNA sequencing to the University of
California at Los Angeles (UCLA). The RNA was extracted
and RNAs with RIN >6 were used for sequencing. Libraries
for RNA-Seq were prepared with KAPA Stranded mRNA-
Seq Kit. The workflow consisted of mRNA enrichment and
fragmentation, first-strand ¢cDNA synthesis using random
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priming followed by second-strand synthesis converting
cDNA: RNA hybrid to double-stranded cDNA (dscDNA)
and incorporated dUTP into the second cDNA strand. cDNA
generation was followed by end repair to generate blunt ends,
A-tailing, adaptor ligation, and PCR amplification. Different
adaptors were used for multiplexing samples in a half-lane.
Sequencing was performed on Illumina Novaseq 6000 for PE
2x50 run. A data quality check was done on Illumina SAV.
Demultiplexing was performed with Illumina Bcl2fastq
v2.19.1.403 software. The alignment was performed using
STAR [24] with pig reference genome Sscrofall.l. The
Ensembl Transcripts release Sus_scrofa.Sscrofall.1.110
GTF was used for gene feature annotation. For normalization
of transcripts counts, CPM normalized counts were generated
by adding 1.0E-4 followed by counts per million (CPM)
normalization. Differential Gene expression was determined
by Partek Flow GSA algorithm (Partek® Flow® software,
version 7.0 Copyright ©; 2019 Partek Inc., St. Louis, MO,
USA.). A p-value of 0.05 and log2 Fold-change (FC) were
used to filter for differentially expressed gene lists. Network
analysis was done using Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING) for protein-
protein interaction, SIGnaling Network (SIGNOR), and
Networkanalyst.ca for investigating the association between
DEG:s, transcription factors (TFs), and microRNA.

Results and Discussion

RNA sequencing analysis revealed differentially
expressed genes (DEGs):

The analysis of RNA seq data comparing control and
experimental gene expression revealed 175 DEGs (p<0.05)
and 13 significantly upregulated (p<0.05, log2FC>1.5) DEGs
(CYP19A1, ADGRG3, DNAAF6 (PIHID3), ADGRGS,
LRRC2, CCDC194, Clorf56, OR10A4, PRSS53, LIPG,
ATP8B3, CFAP157, and PDCL2) in the experimental tissues
compared to control out of a total of 24309 genes (Sheet 2,
Supplementary file).

STRING network reveals protein-protein interaction
between various proteins:

STRING network showed an interaction between
various proteins encoded by significantly DEGs (CYP19A1,
ADGRG3, DNAAF6 (PIHID3), ADGRGS5, LRRC2,
CCDC19%4, Clorf56, OR10A4, PRSS53, LIPG, ATP8B3,
CFAPI157, and PDCL2) identified after RNAseq analysis
(Figure 1, Supplementary File Sheet Folds Change
Comparison). CYPI19A1 gene encodes the aromatase
cytochrome P450 enzyme extensively expressed in astrocytes
and a subpopulation of excitatory and inhibitory neurons in the
human brain mainly in the cortex, thalamus, hypothalamus,
amygdala, and hippocampus. This enzyme plays a role in the
regulation of sensory integration, body homeostasis, social
behavior, cognition, and language [25]. RNAseq analysis
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revealed increased expression in injured tissues suggesting
its role to regulate sensory integration as a response to injury.

Adhesion G Protein-Coupled Receptors are expressed in
the plasma membrane and is involved in various signaling
pathway and regulation of cell migration [26, 27]. Adhesion
GPCR GPR125 upregulates after brain injury in the choroid
plexus and its expression decreases after 2 days while
its expression in the hippocampus increases 1 day after
brain injury [28]. An increased expression of ADGRG3
(Adhesion G Protein-Coupled Receptor G3) and ADGRG5
in the cortex after injury suggests a response to the injury
to promote healing by increasing cell migration. Further, an
increased expression in experimental animals 2 and 3, who
started receiving EMF stimulation after 2 days and the same
day, respectively, suggests the beneficial role of EMF. This
notion is supported by the fact that the role of ADGRGS has
been implicated in the pathogenesis of glioblastoma and is a
therapeutic target in neurological diseases [29]. Leucine Rich
Repeat Containing 2 (LRRC2) localized in the mitochondria
is transcriptionally regulated by the mitochondrial master
regulator Peroxisome Proliferator-Activated Receptor
Gamma Coactivator 1-Alpha (PGC-1a) [30] which in turn is
a marker of mitochondrial biogenesis. The protein levels of
nuclear PGC-1a increased from 6 to 24 hours after TBI and
decreased at 48 hours after TBI [31]. We found an increased
expression of LRRC2 in swine after injury with no EMF
while the expression was decreased with EMF. This suggests
that mitochondrial biogenesis increased after injury and
application of EMF helped in repair which leads to decreased
need of mitochondria and thus decreased LRRC2. Increased
expression of lipoprotein lipase (LPL) and endothelial lipase
(EL) has been documented in association with brain injury
mainly in the brain cortex as a pathophysiological response
to brain injury [32]. We found an increased expression
of Lipase G, endothelial type (LIPG) after TBI, however,
the results of the effects of EMF on LIPG expression were
equivocal. Mutations in ATP8B3 (Phospholipid-transporting
ATPase 8B3) is associated with axonal degeneration [33].
We found an increased expression of ATP8B3 after injury
and a beneficial effect of EMF (Figure 1, Supplementary File
Sheet Folds Change Comparison).

Clorf56 (chromosome 1 open reading frame 56)
protein is involved in the pathogenesis of multiple system
atrophy (MSA), a rare oligodendroglial synucleinopathy
of unknown etiopathogenesis including two major clinical
variants with predominant parkinsonism (MSA-P) or
cerebellar dysfunction (MSA-C) [34]. Mutations in dynein
(axonemal) assembly factors (DNAAFs) are involved
in impaired chordotonal neuron function [35]. Olfactory
Receptor, Family 10, Subfamily A, Member 4 (OR10A4) is a
specific epigenomic target of postprandial hyperglycemia in
peripheral blood leukocytes [36]. As per GeneCards, OR10A4
plays a role in smell sensation. The expression of serine
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protease 53 (PRSS53) is associated with Alzheimer’s disease
[37] and is a mitochondrial protein in islet beta cells [38].
Increased expression of CFAP157 is associated with human
prodromal Huntington’s disease where dramatic and unique
transcriptional changes occur in the caudate nucleus [39].
Phosducin-like protein 2 (PDCL2) protein is associated with
germ cell aplasia [40] and is essential for spermiogenesis and
male fertility in mice [41]. We found an increased expression
of Clorf56, DNAAF6, OR10A4, CFAP157, and PDCL2
after brain injury but how they play a role in the pathogenesis
of TBI warrant further investigation.

Further network analysis of 175 significantly expressed
DEGs using STRING networking showed interaction of
various proteins encoded by these genes, however, the
interaction between upregulated 13 genes was minimal, and
we only found interaction between LRRC2 with FBXOS,
ADGRG3, KISSIR; GPR26 and OR10A4 with GRM2; and
CYPI19A1, AREG, IL5, and CRP (Figure 2). The association
between LRRC2 with FBXO8, ADGRG3, and KISSIR
indicates that FBXOS8 (negatively regulating Arf6o GTPase)
[42] and KISS1R (associated with glucose metabolism) [43]
may play a role in the pathogenesis of TBI because of their
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co-expression with LRRC2 and ADGRG3 whose expression
is increased after TBI in our study. GPR26 plays a role in
CNS disorders [44] and activation of GRM2 (Glutamate
Metabotropic Receptor 2) protects rat brain from oxidative
stress injury [45], reduces apoptosis, and regulates BDNF
and GDNF levels after hypoxia-ischemia injury [46]. The
interaction between GPR26 and OR10A4 with GRM2
suggests that OR10A4 whose expression is increased after
TBI may play a protective role after TBI and warrants
investigation. Increased expression of amphiregulin (AREG)
[47], interleukin (IL)-5 [48], and C-reactive protein [49]
is associated with brain injury and inflammation. It should
be noted that IL-5 and CRP are biomarkers and prognostic
markers of TBI. The interaction of CYP19A1, whose
expression is increased after TBI in this study, with IL-
5, CRP, and AREG suggests that CYP19A1 might play a
protective role after TBI.

Analysis of these genes using Networkanalyst.ca with the
STRING dataset revealed more interactions between these
proteins (gene-protein interaction) along with various drugs
associated with their expression (Figure 3, Supplementary
File Fold change comparison). Src family kinases play a
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Figure 1: Significantly upregulated differentially expressed genes (DEGs) in experimental brain cortex tissues after traumatic brain

injury (TBI).
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Figure 2: STRING network analysis of significant differentially expressed genes (DEGs) after traumatic brain injury (TBI) in swine.

significant role in brain edema after acute brain injury [50]
and its association with CYP19A1 and AREG (Figure 3 panel
A) suggests the synergistic role of these proteins in brain
injury. GNA14, GNA11, and GNAQ mutations are associated
with benign but not malignant cutaneous vascular tumors
[51] while blockade of B1 receptor (ADRBI1) attenuates
atherosclerosis progression after TBI [52]. The association
between KISSIR with GNAQ and GNA14 along with other

molecules (Figure 3 panel B) may play a significant role in
the pathogenesis of TBI.

As discussed above, IL-5 and CRP are associated with
brain injury, their association with Akt, a cytoplasmic kinase,
and degranulation (Figure 3 panel C) suggests their role in
inflammation after TBI. Similarly, the association of CRP
with CXCL8 and IL-10 (Figure 3 panel E) suggests a response
to injury with an increased IL-10, an anti-inflammatory

Citation: Vikrant Rai, Yssel Mendoza-Mari, Mohamed M. Radwan, James Brazdzionis, David A. Connett, Dan E. Miulli, and Devendra K. Agrawal.
Transcriptional and Translational Regulation of Differentially Expressed Genes in Yucatan Miniswine Brain Tissues following Traumatic
Brain Injury. Journal of Bioinformatics and Systems Biology. 7 (2024): 81-91.


http://

Rai V, et al., J Bioinform Syst Biol 2024
Journals DOI:10.26502/jbsb.5107080

cytokine, and CXCLS, a pro-inflammatory cytokine but also
involved in angiogenesis after an injury suggest their role
in the pathogenesis of TBI [53]. However, this association
is not known in TBI and must be investigated. Increased
expression of transcription factor achaete-scute family bHLH
transcription factor 1 (ASCL1) after an injury mediates
a transitory cell state needed for repair of the neonatal
cerebellum [54]. Cakir et al. [55] reported that reprogramming
of ETV2-induced endothelial cells is a potent way to generate
vascularized human cortical organoids, and this suggests that
ETV2 may induce angiogenesis and tissue repair. Further, its
association with differentiation (Figure 3 panel F) supports
the notion that targeting the ETV2 transcription factor may
have a therapeutic effect on TBI.

TNFSF15 and TNFSF25 (Figure 3 panel G) are associated
with co-stimulatory signals for activating, proliferative
activity, and cytokine production by lymphocytes along
with influencing the development and suppressive function
of Tregs [56]. TNFSF6B is a negative regulator of
TNFSF15 and TNFSF25 [57]. The expression of TNFSF15,
TNFSF25, and TNFSF6B in the brain tissues suggests that
lymphocyte activation and their regulation are involved
in the pathogenesis of TBI though their functions warrant
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investigation. ATG12-ATG5-ATG16L1 conjugate facilitated
by ATG7 and ATG10 plays a critical role in autophagosome
formation and autophagy [58] and upregulation of ATG10 in
the injured brain tissues in this study suggest the involvement
of autophagy after TBI (Figure 3 panel H). Increased
secretion of bradykinin by activated factor XII (F12) plays an
important role in secondary brain damage by enhancing brain
edema and inflammation [59] and targeting activated F12 has
been proposed as a therapeutic target to reduce edema and
inflammation. An increased F12 expression in injured cortex
tissues after TBI in this study suggests F12 be an attractive
target to prevent secondary damage and enhance recovery
(Figure 3 panel I).

Network analysis revealed the association of DEGs
with transcription factors:

We performed the gene-transcription factor network
analysis using the Encyclopedia of DNA Elements (ENCODE)
dataset (Networkanalyst.ca). We find the association of
various TFs associated with the DEGs (Figure 4, Network
Analysis Output Supplementary File Columns W-Z). Since
adhesion molecules ADGRG3 and ADGRGS5, ATP8B3,
LIPG, and LRRC2 play a crucial role in the pathogenesis
of TBI, we looked for the betweenness of genes and TFs

Figure 3: A network analysis of 175 differentially expressed genes (p<0.05, DEGs) expressed in injured brain tissues after traumatic brain
injury with Networkanalyst.ca using the STRING dataset. Larger blue circles (input DEGs encoding proteins), smaller blue circles (output
genes encoding proteins, drugs, and cellular functions), green circles (cytoplasmic kinases), light blue circles (transcription factors), and pink

circles (associated hormones).
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and found that ATP8B3 has a betweenness (influence of TF
on gene) of 239.4165, LRRC2 of 675.1977, and LIPG of
4.479487. Forty-five genes were found to have betweenness
higher than LRRC2 (Supplementary File) and among them,
the probable role of KISSIR, ETV2, and F12 (an attractive
therapeutic target) in association with upregulated DEGs
in TBI has been discussed above. Increased betweenness
of GPR114 and GPR97 was of interest because of the
upregulation of adhesion GPCRs in the injured tissues of
the brain after TBI. However, these correlations should be
investigated using in-vitro studies. Other associated TFs of
importance were the ones playing a role in regeneration, cell
reprogramming, and mRNA processing (TRIB3, MLLT10,
NFS1, NAT9, KLF9 (suppress axon regeneration), LENGS,
KDMS5B, KLF16, etc.) and since neurons regenerate after
TBI, investigating these associations will be of importance.

Network analysis revealed the association of DEGs
with microRNAs:

The network analysis using Networkanalyst.ca revealed
an association between DEGs and miRNAs. We found an
association of various miRs associated with the DEGs (Figure
5, Network Analysis Output Supplementary File Columns
R-U).

The network analysis for DEGs and miRNAs revealed
LRRC2, LIPG, ATP8B3, and CYP19A1 in association with
several miRs with 207 having betweenness (Supplementary

Figure 4: Network analysis for the association of DEGs with
transcription factors using the Encyclopedia of DNA Elements
(ENCODE) dataset (Networkanalyst.ca). Red circles (input genes)
and blue squares (output transcription factors).
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Figure 5: Network analysis for the association of DEGs with
microRNAs using Networkanalyst.ca. Red circles (input genes) and
blue circles (output miRs).

File Network analysis). Of these, the regulatory role of miR-
130a, miR-223, miR-433, miR-451, miR-541, miR-16, miR-
21, miR-9, miR-27, etc. [60-62] has been reported in the
context of brain injury. LRRC2 gene expression is regulated
by various miRs (MiRTarBase microRNA Targets dataset.
https://maayanlab.cloud/Harmonizome/gene/LRRC2)  and
is also associated with atrial fibrillation being regulated by
LOC101928304/miR-490-3p/LRRC2 [63]. The presence
of miR-490-3p in our network analysis supports the notion
that miR-490-3p regulates LRR2, regulating mitochondrial
biogenesis, in TBI. miR-27a and miR-29a regulate
adipogenesis and miR-655-3p and mR-497-5p inhibit cell
proliferation [64] by regulating the expression of LIPG. The
presence of these miRs in association with LIPG in our study
indicate that these miRs may play a role in the pathogenesis
of TBI by regulating cell proliferation and brain activation
pattern [65]. Src family kinases play a significant role in
brain edema after acute brain injury [50], an association of
Src kinase with CYP19A1 which is negatively regulated
by miR-326 [66] appearing in our analysis indicates the
probable role of miR-326 in TBI. Since miRs play a critical
role in the pathophysiology of TBI, hypoxic-ischemic
brain injuries, secondary brain injuries, and even post-
traumatic stress disorder and may serve as diagnostic and
prognostic biomarkers and therapeutic targets [60, 67-69];
the role, diagnostic and prognostic utility, and therapeutic
targetability of additional miRs identified in this study should
be investigated.

Network analysis revealed the association of TFs
with microRNAs:

We did the network analysis to investigate the association

Citation: Vikrant Rai, Yssel Mendoza-Mari, Mohamed M. Radwan, James Brazdzionis, David A. Connett, Dan E. Miulli, and Devendra K. Agrawal.
Transcriptional and Translational Regulation of Differentially Expressed Genes in Yucatan Miniswine Brain Tissues following Traumatic
Brain Injury. Journal of Bioinformatics and Systems Biology. 7 (2024): 81-91.


http://

fOrIU“e Rai V, et al., J Bioinform Syst Biol 2024

Journals DOI:10.26502/jbsb.5107080

between transcription factors and miRs using Networkanalyst.
ca. We found an association of various TFs associated with
the miRs (Figure 6, Network Analysis Output Supplementary
File Columns H-K). Since TFs and miRs, both regulate the
expression of various genes encoding proteins, we analyzed
the data for the association/co-expression of TFs and miRs.
With the input of DEGs, Networkanalyst.ca generated a
co-expression of TFs (n=260, Network Analysis Output
Supplementary File Columns M-P) and miRs (n=364,
Network Analysis Output Supplementary File Columns R-U).
LRRC2 has a betweenness of 5847.164, LIPG of 1442.449,
and ATP8B3 of 1528.56. The betweenness of co-expression
of TF and miR higher than LIPG was for MLLT10, STK33,
CYPI9A, PAXIP1, AREG, ADRB1, RAPGEF4, SOAT2,
SOX21, FBXO0S8, Clorf63, ANKRD49, TRIB3, LENGS,
ILS, CRADD, ETV2, and DEMI (Supplementary File
Network analysis results). Of these genes/TFs, we have
discussed the role of CYP19A1, AREG, FBXO8, IL-5, and
ETV2 above in the context of the central nervous system and
brain injury. Thus, the role of these genes/TFs and others and
their regulation by microRNAs in the pathogenesis of TBI
warrant investigations. Furthermore, epigenetics, mutation
variants, gene transcription, miRs-mRNA interaction, and
competing endogenous RNA (ceRNA) or miRNA sponges
[70] regulate the expression of miRs, the role of epigenetics
and other regulatory mechanisms warrant investigation in the
pathogenesis of TBI. Phosphorylation and ligand binding are
the main mechanisms regulating the levels and expression
of TFs [71], investigating the receptors and their ligands
involved in TBI pathogenesis will enhance our understanding
of the expression of genes involved in TBI pathogenesis.

Effect of EMF on gene expression:

The fold change (experiment/control) in ADGRGS5 was
2.5 in an animal without EMF (hereafter swine 1) compared
to 5.3 in swine received EMF after 2 days (hereafter swine 2)
and 0 in swine receiving EMF the same day just after injury
(hereafter swine 3). Looking at the gene raw count, it was
obvious that read counts increased after injury and were more
in swine 2 while decreased in swine 3. The fold change of
LRRC2 was 7 in swine 1, 2.3 in swine 2, and 0 in swine
3 and this suggests an effect of EMF on gene expression.
The read count of LRRC2 was also decreased in swine 3
compared to swine 1 and swine 2 (4 vs 7 and 7, respectively)
in the experimental tissues. A similar trend was observed
for Clorf56 whose fold change was 7.15 in swine 1, 5.27 in
swine 2, and 1.5 in swine 3 suggesting the effect of EMF. A
similar trend was with the raw gene count (3 in swine 3 vs
7.15 in swine 1, 5.27 in swine 2) in the experimental tissues.
The read count for ATP8B3 was decreased with EMF (4 in
swine 3 vs 5 in swine 2, and 6 in swine 1). The fold change in
other DEGs showed no trend and this was due to the limited
number of tissues we used for RNA sequencing.
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Figure 6: A network analysis of transcription factors co-expressed
with microRNAs regulating differentially expressed genes in
traumatic brain injury using Networkanalyst.ca.

Conclusion

The pathogenesis of TBI is multifactorial and the
mechanisms involved are regulated by various differentially
expressed genes. The results of this study suggest that DEGs
ADGRG3, ADGRGS5, ATP8B3, LIPG, CYP19Al, and
LRRC?2 significantly upregulated in injured tissues (logFC >2
and p<0.05) and CALB1, CFAP126, INSC, TTR, CDH19,
and SERPINE1 upregulated in the control tissues (FC >2
and p<0.05). Since the expression of genes is regulated by
transcription factors and microRNAs, the association between
these genes and the TFs and miRs regulating them should be
investigated. Additionally, there was an effect of EMF on the
expression of these genes, the effect of EMF and the most
effective frequency should be investigated.

Limitation of the study and future directions:

One of the limitations of this study is the limited number
of swine (n=1 in each experimental category). This makes
it difficult to delineate the generalized effect of EMF on
gene expression. Another limitation is analyzing the data by
combining the controls and experimental gene expressions
with different treatment strategies to look for fold change and
log2 fold change. Future studies must be conducted to increase
the number of swine and the data should be pooled to validate
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the findings of this study. The results of this study pave the
way for targeting a single DEG with a small molecule or drug
and investigating the effect of various frequencies on the gene
expression profile to choose the most effective therapeutic
frequency with improved clinical outcomes.
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