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Abstract: Spinal cord injury (SCI) causes irreversible tissue damage and severe loss of neurological
function. Currently, there are no approved treatments and very few therapeutic targets are under
investigation. Here, we combined 4 high-throughput transcriptomics and proteomics datasets, 7 days
and 8 weeks following clinically-relevant rat SCI to identify proteins with persistent differential
expression post-injury. Out of thousands of differentially regulated entities our combined analysis
identified 40 significantly upregulated versus 48 significantly downregulated molecules, which were
persistently altered at the mRNA and protein level, 7 days and 8 weeks post-SCI. Bioinformatics
analysis was then utilized to identify currently available drugs with activity against the filtered
molecules and to isolate proteins with known or unknown function in SCI. Our findings revealed
multiple overlooked therapeutic candidates with important bioactivity and established druggability
but with unknown expression and function in SCI including the upregulated purine nucleoside
phosphorylase (PNP), cathepsins A, H, Z (CTSA, CTSH, CTSZ) and proteasome protease PSMB10,
as well as the downregulated ATP citrate lyase (ACLY), malic enzyme (ME1) and sodium-potassium
ATPase (ATP1A3), amongst others. This work reveals previously unappreciated therapeutic
candidates for SCI and available drugs, thus providing a valuable resource for further studies
and potential repurposing of existing therapeutics for SCI.
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1. Introduction

Severe injury to the mammalian spinal cord causes irreversible tissue damage and in most cases,
results in permanent loss of sensorimotor function below the affected site. At the molecular level SCI
is characterized by neuronal death and loss of axons, aggressive inflammation, maladaptive tissue
remodelling, excessive accumulation of extracellular matrix and scarring [1,2]. These events cause
permanent pathological changes at the injury site and prevent neuronal regeneration and axonal
growth. With the exception of reducing acute inflammation using corticosteroids, a therapeutic
approach which remains controversial [3], followed by chronic rehabilitation physiotherapy, there are
no approved therapies for SCI and to date, no drugs can reverse tissue damage or facilitate regrowth
of surviving axons through the lesion site. There are few experimental therapies currently under
investigation, including antibodies against highly neurotoxic myelin debris proteins (i.e., anti-Nogo
antibodies [4]), stabilization of axonal microtubules using paclitaxel/taxol and epothilone B to facilitate
the regrowth of damaged axons [5,6] and chondroitinase ABC, an enzyme that digests the growth
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inhibitory glycosaminoglycan moieties in proteoglycans, which accumulate abundantly in the fibrotic
scar that develops after severe SCI and prevent neuronal growth through the injury site [7–9].
The complexity of the spinal tissue and the very severe inflammatory, fibrotic and neurodegenerative
pathology together with the fact that the SCI patient population is relatively small in comparison to
other neurological disorders, make the process of drug discovery difficult.

One possible approach to facilitate the discovery of novel pathological mechanisms and therapeutic
targets is to utilize high-throughput -omics such as transcriptomics and proteomics. Contemporary
high-throughput methods allow the interrogation of thousands of differentially regulated transcripts
or proteins in multiple biological replicates in single quantitative experiments [10]. When combined
with rigorous computational analysis of the large data that they return, –omics experiments can provide
systems-wide insight into the pathological changes taking place in disease and allow the screening of
multi-molecular changes instead of limited focusing towards single genes or proteins.

In this article, we sought to identify previously unappreciated and potentially promising therapeutic
candidates for SCI by combining high-throughput transcriptomics and proteomics to profile gene and
protein expression changes following clinically-relevant models of rat SCI. To ensure careful filtering of
potential therapeutic candidates, we only retrieved molecules that were significantly regulated at the mRNA
and protein level in tandem and showed consistent differential expression at 7 days (subacute) and 8 weeks
(chronic) post-injury. We subsequently isolated druggable proteins and mined their potential function in
SCI. This work could provide the basis for future mechanistic and preclinical studies investigating bioactive
molecules with disease-modifying potential in SCI. Importantly, all transcriptomics and proteomics data,
as well as the source code for the computational analysis that we developed, are available and freely
accessible online via the Mendeley Data repository (Elsevier; https://data.mendeley.com) and our analysis
is based on highly-cited freely accessible bioinformatics tools.

2. Results

2.1. Transcriptomics and Proteomics Analysis 7 Days and 8 Weeks after Rat SCI

SCI is a complex disorder which involves multiple different cell types and tissue substrates
(neurons and axons, microglia and infiltrating immune cells, astrocytes, vascular cells, meningeal cells
and others). It is also affected by the immune privilege of the central nervous system and the vascular
limitations of the blood-brain-barrier. Multiparametric high-throughput approaches that examine
large-scale transcript and protein changes in tandem can offer a broad understanding of molecular
changes in SCI. To this end, we combined high-throughput transcriptomics and proteomics and at two
different time-points (7 days and 8 weeks) after SCI to capture consistent and persistent molecular
changes post-SCI and to identify proteins with important bioactivity and drug-targeting potential.

First, we performed an intersection of differentially regulated genes identified in a publicly
available rat SCI microarray performed recently by Chamankhah and colleagues [11], to identify
molecules that were significantly up or downregulated at the mRNA level, both at 7 days and 8 weeks
post-SCI. Injury was performed by clip-compression using a 35 g aneurysm clip for 60 s, producing
moderate to severe SCI [11]. We chose to use this transcriptomics study because it was performed
by an experienced group, it had identical time-points to our proteomics analysis (see below) and
importantly, compression SCI shares pathological similarities to contusion injury. This transcriptomics
analysis compared uninjured (control) T7 spinal cord segments (n = 4) versus injured spinal cord,
either at 7 days (n = 4) or 8 weeks (n = 4) post-injury. All microarray data was made freely accessible
online from the authors [11] via the gene expression omnibus (GEO-NCBI: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE45006). Moreover, all differentially regulated transcripts from
7 days and 8 weeks post-SCI were downloaded from GEO-NCBI and have been publicly deposited
as easily accessible excel files in Mendeley Data: control versus 7 days post-SCI microarray: https:
//goo.gl/XqbbgN; control versus 8 weeks post-SCI microarray: https://goo.gl/BXYEeT. Only genes
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that had adjusted p-value ≤ 0.05 were accepted in the analysis. 902 were significantly upregulated at
both 7 days and 8 weeks versus 835 genes significantly downregulated at both time-points.

Second, to expand the transcriptomics findings to protein expression post-SCI, we used
high-throughput proteomics datasets obtained from spinal tissue LC-MS/MS (liquid chromatography-
tandem mass spectrometry) performed in our lab. High-throughput analysis at the protein level is
biologically important given that transcripts tend to be short-lived in comparison to proteins and
mRNA expression does not necessarily reflect protein expression or accumulation at tissue sites,
especially given the substantial tissue remodelling that takes place in injured tissues.

To improve the relative enrichment of different protein species and the depth of protein identifications,
we used a solubility-based tissue protein subfractionation method previously developed by us,
which allows separate analysis of cellular and extracellular proteins by LC-MS/MS and is based on
using 0.08% SDS to isolate cellular proteins followed by 4 M guanidine for extracellular matrix and
insoluble proteins [10,12,13]. Control (uninjured) versus injured rat spinal cord proteomics comparisons
were made again at 7 days and 8 weeks post-SCI, matching the transcriptomics data. Relative estimation
of protein abundance in tissue samples by LC-MS/MS was performed using spectral counting [14].
This comparison returned 115 proteins that were significantly upregulated and 149 proteins that were
significantly downregulated in tandem, at both 7 days and 8 weeks post-SCI. All protein identification
datasets, differentially regulated proteins and statistically analysed spectral counts from 7 days and
8 weeks post-SCI are publicly deposited as easily accessible excel files in Mendeley Data: 7 days proteomics:
https://goo.gl/k93LwN; 8 weeks proteomics: https://goo.gl/qYoTJz.

2.2. Integration of Transcriptomics and Proteomics Datasets to Identify Persistently Differentially
Regulated Molecules

To filter entities with consistent and persistent differential regulation at the mRNA and protein
level and at 7 days and 8 weeks post-SCI, we integrated the transcriptomics and proteomics
datasets described above. To ensure stringent selection, we accepted only molecules that were
significantly differentially regulated (control vs. injured; t-test p ≤ 0.05) in all 4 high-throughput
datasets (transcriptomics and proteomics, 7 days and 8 weeks post-SCI). This combined analysis
returned a filtered signature of only 40 upregulated (Figure 1a–c) and 48 downregulated (Figure 1d–f)
molecules, at the transcript and protein level and both at 7 days and 8 weeks post-SCI. These
consistent signatures are summarised as heatmaps, which display differential expression from
shotgun proteomics (upregulated; Figure 1a and downregulated; Figure 1d) as well as protein-protein
interaction networks, which highlight the interconnectivity of the differentially regulated proteins
(upregulated; Figure 1b and downregulated; Figure 1e). Figure 1c,f depict 10 upregulated and
downregulated proteins respectively, with the highest network betweenness centrality, a measure of
how associated and central a protein is in comparison to other network proteins and offers an unbiased
assessment of its relative biological importance [15]. Conceivably, proteins with high betweenness
centrality and therefore extensive biological association with other proteins, might be considered as
good drug targets given that they likely have an important function in the system either in isolation or
as part of a functional pathway.

2.2.1. 40 Persistently Upregulated Proteins

The network of the 40 upregulated entities (Figure 1a,b) contains multiple proteins involved
in extracellular matrix metabolism, including minor glycoproteins galectin 3 (LGALS3), lumican
(LUM) and decorin (DCN) together with annexin A2 (ANXA2) and both alpha chains of collagen-1
(COL1A1 and COL1A2). The upregulated network (Figure 1a,b) also contains cytoskeletal proteins
such as LIMA1 (actin-binding), CALD1 (actin-binding caldesmon), AIF1 (microglia/macrophage
cytoskeletal protein commonly known as IBA1), LCP1 (plastin-2, T cell actin-binding protein), filamin
A (FLNA) and vimentin (VIM) an abundant non-epithelial cytoskeletal protein with key collagen-1
mRNA-stabilising function.

https://goo.gl/k93LwN
https://goo.gl/qYoTJz


Int. J. Mol. Sci. 2018, 19, 1461 4 of 19

Consistently upregulated proteins also include 5 cathepsins (lysosomal proteases); A (CTSA),
B (CTSB), D (CTSD), H (CTSH) and Z (CTSZ) (Figure 1a,b) covering a large spectrum of cellular
and extracellular proteolytic substrates. Cathepsin upregulation, proteolytic activity and lysosomal
involvement are often associated with inflammatory tissue remodelling and loss of normal tissue
function as well as activation of cell death pathways. Cathepsins are typically associated with activated
macrophages and other immune cells [16]. The multicatalytic proteasome proteinase PSMB10 and
dipeptidase PEPD, the latter with an important function in collagen-1 metabolism, are also present
(Figure 1a,b). VIM, CTSD and ANX A2 have high betweenness centrality (Figure 1c), followed by
FLNA and COL1A1 (Figure 1c), indicating relative biological importance in the system. The persistent
upregulation of these proteins highlights the dominance of inflammation and scarring after SCI,
driving pathological matrix remodelling and extensive proteolysis.

Figure 1. Persistently differentially regulated molecules at the mRNA and protein level 7 days and 8 weeks
post-spinal cord injury (SCI): (a) 40 molecules that were consistently and significantly upregulated (t-test
p ≤ 0.05, Con vs. 7 ds and Con vs. 8 weeks) in all transcriptomics and proteomics datasets, at both
7 days and 8 weeks post-SCI. Heat-map displays differential protein expression quantified by spectral
counting using shotgun proteomics. Heat-map values were normalised from −3 (green; low spectral
counts) to +3 (red; high spectral counts). (b) The 40 persistently upregulated molecules were collected
into a protein-protein interaction network using StringDB and Cytoscape. Node colours indicate protein
betweenness centrality (how connected a protein is with others in the network); green nodes: low score;
red nodes: high score. The width and colour of edges indicates protein-protein interaction score obtained
from StringDB (green and slim: low interaction; red and broad: high interaction). Betweenness centrality
and interaction scores were calculated and visualised in Cytoscape. (c) Ten upregulated proteins with the
highest betweenness centrality score from network (b) are depicted. (d) 48 molecules that were consistently
and significantly downregulated (t-test p ≤ 0.05, Con vs. 7 ds and Con vs. 8 weeks) in all transcriptomics
and proteomics datasets, at both 7 days and 8 weeks post-SCI. Heat-map displays differential protein
expression quantified by spectral counting. (e) The 48 persistently downregulated molecules were collected
into a protein-protein interaction network using StringDB and Cytoscape as above. (f) Ten downregulated
proteins with the highest betweenness centrality from network (e) are depicted.
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2.2.2. 48 Persistently Downregulated Proteins

Unsurprisingly, the network of the 48 persistently downregulated proteins (Figure 1d,e) contains
multiple neuronal proteins with direct involvement in synaptic transmission including CPLX1
(complexin-1) and STX1B (syntaxin-1B) involved in synaptic vesicle function, ABAT (mitochondrial
aminobutyrate aminotransferase) and ALDH5A1 (mitochondrial aldehyde dehydrogenase), both
involved in the degradation of the neurotransmitter GABA, CPNE6 (copine-6; dendrite formation),
HPCA (neuron-specific calcium-binding hippocalcin; regulates calcium channels), ME1 (malic enzyme)
and AMPH (amphiphysin; involved in synaptic exocytosis). The persistent downregulation of
synaptic-associated proteins is likely the result of neurodegeneration following SCI.

The downregulated network also contains 7 proteins involved in cholesterol and lipid synthesis
and metabolism including MVD and MVK (mevalonate decarboxylase and kinase respectively),
FDPS (farnesyl diphosphate/pyrophosphate kinase), HMGCS1 (catalyses synthesis of mevalonate
from acetyl-CoA), ACSS2 (acetyl-CoA synthetase), ACLY (ATP citrate lyase) involved in acetyl-CoA
metabolism) and SEC14L2 (supernatant protein factor). The central nervous system-specific heat-shock
protein 70, 12A (HSPA12A) has the highest betweenness centrality (Figure 1f) reflecting the role of
chaperone heat-shock proteins in multiple biological functions. Neuron-specific gamma-enolase (ENO2
or NSE) with a catalytic role in the synthesis of pyruvate and CALB2 (calretinin; a neuron- specific
calcium-binding protein) follow HSPA12A in betweenness centrality (Figure 1f). The consistent
downregulation of proteins involved in cholesterol metabolism is very interesting and such
mechanisms in SCI are not well understood. One likely hypothesis is their involvement in myelin
synthesis [17] and as such, their restoration might promote myelination after SCI. In contrast,
downregulation of cholesterol synthesis has been associated with the highly effective regenerative
capacity that is observed in peripheral nerves [18].

2.3. Identification of Druggable Proteins in SCI

To examine further the tight list of 40 upregulated and 48 downregulated molecules, we first
looked for proteins that could be targeted using currently available, clinically-approved or experimental
drugs/bioactive chemicals and second, we asked whether these druggable proteins have been cited
in studies related to SCI. Druggable proteins were predicted using DGIdb v3 [19] and further
validated with StitchDB v5 [20]. The relevance of druggable proteins to SCI was then examined
using an automated PubMed text-mining tool that we developed for this study (source code deposited
online: https://goo.gl/vRScJ3). Druggable proteins were searched in PubMed in conjunction to the
terms “spinal cord injury” and “spinal injury” as well as with the words “trauma,” “contusion” or
“transection” replacing “injury” in the query.

DGIdb and StitchDB identified 15 upregulated druggable proteins, 10 of which returned at
least one citation in SCI and 19 downregulated druggable proteins, 7 with at least one citation in
SCI. These are summarised in Figure 2a. Druggable proteins are plotted against the number of
drugs predicted to act against them (x axis) versus their betweenness centrality (y axis), to visualise
druggability versus relative biological importance Figure 2a. Next, StitchDB-validated druggable
proteins and their protein-protein as well as protein-drug interactions are illustrated in 4 networks.
Figure 2b: 10 upregulated proteins with SCI citations plus 60 associated drugs; Figure 2c: 5 upregulated
proteins with no SCI references plus 22 associated drugs; Figure 2d: 7 downregulated proteins with
SCI citations plus 33 associated drugs; Figure 2e: 12 downregulated druggable proteins with no
SCI citations plus 34 linked drugs. The predicted drugs from networks in Figure 2b–e were also
text-mined in PubMed for potential reference to SCI (as described above) and the number of retrieved
articles is shown in Figure 2f–i. All identified drugs from each network (Figure 2b–e) are listed here
(https://goo.gl/zwbuq1) together with the number of citations retrieved from text-mining using SCI
terms (as explained above) and compared to terms “brain,” “spinal cord” and “central nervous system”
for comparison. Links to the drug database PubChem is also provided for fast screening of essential
drug information.

https://goo.gl/vRScJ3
https://goo.gl/zwbuq1
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Figure 2. Mining druggable proteins using DGIdb and StitchDB: (a) DGIdb analysis followed by
StitchDB identified 15 upregulated druggable proteins 10 of which returned at least one citation in SCI
and 19 downregulated druggable proteins 7 of which with at least one citation in SCI. Proteins are
summarised in 3 dimensions. Druggable proteins are plotted against the number of drugs predicted to
act against them (x axis) versus their network betweenness centrality (y axis) to visualise druggability
versus relative biological importance. The size of nodes (3rd dimension) indicates the number of
PubMed articles citing these proteins in SCI. Grey nodes are proteins with no SCI citations in PubMed.
(b) Protein-protein-drug interaction network of the 10 upregulated druggable proteins with at least
one citation in SCI. The network was made using StitchDB and visualised in Cytoscape. Nodes and
edges are colour-coded according to their betweenness centrality while the width and colour of edges
indicates the strength of interaction between molecules (proteins and drugs) as predicted by StitchDB.
(c) Protein-protein-drug interaction network of the 5 upregulated druggable proteins with no citations
in SCI. (d) Protein-protein-drug interaction network of the 7 downregulated druggable proteins with at
least one citation in SCI. (e) Protein-protein-drug interaction network of the 12 upregulated druggable
proteins with no citations in SCI. (f–i) Predicted drugs from networks were text-mined in PubMed for
potential reference to SCI and the number of articles is presented; (f) drugs interacting with proteins in
network (b); (g) drugs interacting with proteins in network (c); (h) drugs interacting with proteins in
network (d); (i) drugs interacting with proteins in network (e).
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2.3.1. Upregulated Druggable Proteins with SCI Citations (Figure 2b,f)

In the group of upregulated proteins with SCI citations (Figure 2b), the association of annexin
A1 (ANXA1) with classic corticosteroids (cortisone, dexamathasone, prednisone, amcinonide and
associated steroids and hormones, i.e. estradiol and progesterone) dominates the network (Figure 2b).
The potent anti-inflammatory effect of corticosteroids in tissues is thought to be exerted, at least
in part, by regulating the synthesis and function of ANXA1 [21]. Interestingly, while ANXA1 has
received limited attention in SCI, corticosteroids have been extensively used to reduce acute SCI
inflammation (Figure 2f) but their efficacy in alleviating long-term pathology is debatable and their use
is controversial [22,23]. Steroid hormones estradiol and progesterone are also well studied (Figure 2f)
and are considered neuroprotective in SCI [24].

Another notable cluster in Figure 2b includes the well-studied cathepsins B and D (CTSB, CTSD)
and the numerous mostly experimental inhibitors that block their proteolytic activity. Both CTSB
and CTSD are likely involved in the degradation of axonal components after SCI [25] but notably
anti-cathepsin drugs have not been used in SCI thus far in either preclinical or clinical studies. NPM1
(nucleophosmin; Figure 2b) is associated with anti-neoplastic drugs crizotinib and deguelin (plus
associated compounds). While inhibition of NPM1 was recently noted to block neuronal apoptosis
after SCI in one study [26], neither deguelin nor crizotinib have been tested in SCI (Figure 2f).

Although vimentin (VIM; Figure 2b) has been cited extensively in SCI, mainly as a non-specific
marker of proliferating (astrocytes, ependymal cells, fibroblasts) or invading (macrophages, endothelial
cells, progenitors) mesenchymal cells in the injury site, it has not been tested as a putative drug
target thus far. The cytoskeletal protein, which has very high betweenness centrality (Figure 2a),
is recently gaining attention as a potential target in glioma and other cancers using antibodies against
its ectodomain (pritumumab [27]). In SCI, anti-vimentin antibodies could be conceivably used for the
removal of vimentin-positive cells but the selectivity of such an approach against a protein that is highly
abundant in multiple cell types, some with potentially neuroprotective roles [28], is questionable.

The archetypal matrix and fibrosis protein collagen-1 (chain COL1A1; Figure 2b) is persistently
upregulated after SCI, it has high betweenness centrality (Figure 2f) and is associated with the
anti-fibrosis collagen expression blocker halofuginone [29], as well as with the beta-adrenergic receptor
agonist isoproterenol (Figure 2b), known to increase its expression [30]. Notably, this is one of the
very few cases of an agonist present in our analysis. The potential involvement of collagen-1 in matrix
remodelling, fibrosis and scarring after SCI is a promising area for future investigation.

2.3.2. Upregulated Druggable Proteins without SCI Citations (Figure 2c,g)

In this small network the extensive druggability of PNP (purine nucleoside phosphorylase),
an enzyme that converts ribonucleosides into purine bases, is striking. PNP has been implicated
as an inflammatory mediator in glia as well as peripheral T and B-cells and is a good target for
anti-inflammatory therapies especially with regards to T-cell activity [31–33]. PNP has not been studied
in SCI and might represent an interesting drug target given its persistent upregulation, its involvement
in inflammatory mechanisms and the sizeable cohort of associated drugs (Figure 2c) that can block its
function (i.e. immucillins and forodesine). Interestingly, purine derivatives that associate with PNP
(guanosine, inosine, hypoxanthine) are used in experimental SCI as neuroprotective/neurotrophic
agents but this is independent to their biological connection to PNP [34].

Unlike cathepsins B and D (CTSB, CTSD) discussed above, the function of upregulated CTSA, CTSH
and CTSZ in SCI is unknown (Figure 2c). Similarly, neither specific cathepsin blockers (PPTs: odanacatib,
toluenesulfonic acid) nor other protease inhibitors (telaprevir, boceprevir), have been tested in SCI. CTSA,
CTSH and CTSZ are all persistently upregulated after SCI and CTSA has high betweenness centrality
(Figure 2a). Thus, the availability of cathepsin blockers (Figure 2c) and the lack of knowledge about these
cathepsins make them interesting candidates for further investigation. In addition to cathepsins, the role
of the proteasome protease PSMB10 (Figure 2c) in the spinal cord is not studied and not much is known
about the proteasome-ubiquitin system in SCI [35]. The proteasome inhibitor carfilzomib which interacts
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with PSMB10 (Figure 2c), was recently shown to exert an acute neuroprotective effect after T10 transection
SCI in rats (Figure 2g) but the authors did not implicate PSMB10 to this effect [36].

2.3.3. Downregulated Druggable Proteins with SCI Citations (Figure 2d,h)

This dense network contains few multi-druggable entities (Figure 2d,h). The classic neuronal
tubulin beta-3 (TUBB3) is associated with many cytoskeleton-regulating drugs, mainly paclitaxel (taxol)
and derivatives (docetaxel, cabazitaxel, epothilone D, patupilone/epothilone B) plus other putative
microtubule stabilisers like estramustine, vinblastine and vincristine (Figure 2d). Although mainly
used as anti-neoplastic agents, microtubule stabilisers (notably paclitaxel and patupilone/epothilone
B) are currently at the forefront of experimental SCI therapies [5,6]. Another microtubule assembly
protein, MAP2 (microtubule-associated protein 2) is consistently downregulated after SCI (Figure 1d)
and is also predicted to interact with these drugs (Figure 2d). MAP2 is a well-studied neuronal
marker. It has been previously shown to be downregulated after SCI and its loss is associated with
destabilization and depolymerization of axonal microtubules [37].

The activity of the acidic fibroblast growth factor FGF1 can be blocked by the tyrosine kinase inhibitor
pazopanib (FGF1 activates tyrosine kinase signalling) and by the anti-inflammatory amlexanox (Figure 2d)
both with no citations in SCI. Nevertheless, the use of drugs that block FGF1 activity is counterintuitive,
as it is persistently downregulated in our analysis plus it has been shown to be neurotrophic and
neurorestorative after SCI in preclinical studies [38]. Like FGF1, neuron-specific enolase (ENO2/NSE;
Figure 2d) has broad neuroprotective function in the central nervous system [39]. ENO2 is a protein with
high betweenness centrality (Figure 2a) and potentially high biological importance. The anti-cancer drug
fenretinide has been found to interact with enolase (Figure 2d) but the exact pharmacological action is
unknown. Interestingly, fenretinide was recently shown to alleviate inflammation in murine contusion SCI
but the authors did not connect this effect to ENO2 [40].

Key downregulated sterol synthesis enzymes MVK and HMGCS1 interact with the chemical
farnesol (Figure 2d) but potential pharmacological effects are unclear. They also interact with substrates
geranyl and farnesyl diphosphate, again with unknown pharmacological benefit. The role of MVK
and HMGCS1 is unclear but cholesterol metabolism and the mevalonate cascade are recently gaining
attention in the field [41].

2.3.4. Downregulated Druggable Proteins without SCI Citations (Figure 2e,i)

In conjunction with MVK and HMGCS1 from (Figure 2d), farnesyl diphosphate/pyrophosphate
synthase (FDPS) is a critical mevalonate synthesis enzyme with multiple established biphosphonates
(i.e., alendronate, etidronate, etc.) as well as experimental (NE-10575, NSC724480) inhibitors (Figure 2e)
and medium betweenness centrality (Figure 2a). Yet, the enzyme has not been studied in SCI and its
function in the brain and spinal cord remains elusive [42]. In contrast, clinical and experimental inhibition
of FDPS by biphosphonates is the gold-standard approach to block bone resorption by inhibiting the
function of osteoclasts. As a result, biphosphonates are currently used to regulate inactivity-induced bone
resorption in SCI patients [43] and this is independent to any potential function of FDPS in the spinal
cord. ACSS2 and ACLY are important lipid synthesis mediators with high betweenness centrality but
unknown role in SCI (Figure 2a). They are prominent in the drug network (Figure 2e), mainly due to
their interaction with adenosine phosphate (and MgATP) and lipid metabolism intermediaries palmitate,
succinate and pyruvate. Potential therapeutic effects are unknown. Notably, ACLY is involved in the
synthesis of the neurotransmitter acetylcholine in the brain [44]. ACLY is also associated with ME1 (malic
enzyme; Figure 2e) which generates NADPH for fatty acid synthesis. The role of ME1 in the spinal cord is
also unknown but it was recently shown, together with other lipid synthesis molecules, to have a possible
function in white matter development in infants [45].

ATP1A3 (Figure 2e), a sodium/potassium pump ATPase is another enzyme with unknown
function in SCI and high betweenness centrality (Figure 2a). The enzyme has a distinct neuronal
function as it is involved in the generation of electrical impulses and in the transport of



Int. J. Mol. Sci. 2018, 19, 1461 9 of 19

neurotransmitters and calcium ions across the plasma membrane [46,47]. It is associated with the
cardiac glycoside digoxin/digitoxin and derivatives, which have not been tested as SCI treatments
and are rarely used in modern clinical practice to enhance cardiac function.

Two highly druggable, downregulated proteins with high betweenness centrality are aldehyde
dehydrogenase 5A (ALDH5A1) and 4-aminobutyrate aminotransferase (ABAT) (Figure 2a,e) both
involved in the catabolism of the inhibitory neurotransmitter GABA [48,49]. Interestingly, although
the role of these GABA catabolic enzymes in SCI is unknown, the associated drug valproate (plus
associated vigabatrin, chlormerodrin and tiagabine) are used (Figure 2i) to increase GABA and prevent
the spasticity and involuntary muscle contractility that affects the majority of SCI patients [50]. Thus,
it could be speculated that the persistent downregulation of ALDH5A1 and ABAT described here,
might contribute to the molecular mechanisms of post-SCI spasticity which is nevertheless caused by
very complex neuronal mechanisms following injury to upper or lower motor neurons.

2.3.5. Transcription Factor Regulation of Persistently Differentially Regulated Proteins

One approach to regulate gene and protein expression in tissues is via interference with relevant
transcription factor activity. Given that our combined intersection of transcriptomics and proteomics
datasets isolated a filtered list of 40 significantly upregulated and 48 significantly downregulated
proteins both at the mRNA and protein level and both at 7 days and 8 weeks post-SCI (Figure 1),
we sought to examine likely transcription factor promoter-binding sites for the identified proteins.
To do this, we used TRANSFAC-7-based computational prediction for transcription factor promoter
binding sites (MSigDB; [51]). This analysis returned 9 transcription factors as potential regulators of the
40 upregulated proteins (Figure 3a) and 5 transcription factors potentially controlling the expression of
the 48 downregulated proteins (Figure 3b).

SP1 followed by TCF3 (or TFE2) are predicted to bind to the highest number of upregulated gene
promoters (Figure 3a) while MAZ and SP1 are predicted for the highest number of downregulated
genes (Figure 3b). These transcription factors are conserved and abundant housekeepers and regulate
a plethora of genes, hence their involvement is not surprising. Nevertheless, potential specific role of
either MAZ or SP1 in SCI is currently unknown.

Figure 3. Transcription factor promoter binding site analysis for 40 and 48 persistently differentially
regulated proteins: (a,b) MSigDB was used to identify transcription factors with likely promoter
binding sites for the molecules that were consistently upregulated (a) or downregulated (b) in all
4 transcriptomics and proteomics datasets, at both 7 days and 8 weeks post-SCI. Graphs display the
number of proteins (x axis) likely regulated by listed transcription factors. ELF1 is upregulated while
NFATC1 is downregulated in both 7 days and 8 weeks transcriptomics datasets. (c) Protein-protein-drug
interaction network made in StitchDB and Cytoscape depicting interacting transcription factors
(from a,b) and associated drugs. Neither ELF1 nor NFATC1 have predicted drugs with either DGIdb or
StitchDB. The upregulated (red) and downregulated proteins with likely promoter binding sites for
ELF1 and NFATC1 are highlighted in (d).
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When we examined the expression profile of these transcription factors in the transcriptomics
and proteomics datasets we found that although none were differentially regulated at the protein level
(proteomics datasets) ELF1 which was predicted to regulate 7 of the 40 persistently upregulated proteins
(Figure 3a), was itself upregulated at the mRNA level both at 7 days and 8 weeks post-SCI (7 days SCI
microarray: https://goo.gl/XqbbgN; 8 weeks SCI microarray: https://goo.gl/BXYEeT). On the other
hand, NFAT transcription factor complex promoter binding sites were predicted for 11 of the 48 persistently
downregulated proteins (Figure 3b) and NFATC1, one of the NFAT components, was downregulated at the
mRNA level at both 7 days and 8 weeks post-SCI (7 days SCI microarray: https://goo.gl/XqbbgN; 8 weeks
SCI microarray: https://goo.gl/BXYEeT). As for SP1 and MAZ (both upregulated at the mRNA level at
7 days but not 8 weeks), the potential function of either ELF1 or NFATC1 in SCI is unknown. Upregulated
proteins with predicted regulation by ELF1 and downregulated proteins with predicted regulation by
NFATC1 are depicted in Figure 3d. Predicted transcription factors from Figure 3a,b were also examined
using DGIdb and StitchDB for potential association with drugs (Figure 3c). Neither ELF1 nor NFATC1
appear to be druggable. SP1 and ESRRA, are instead associated with anti-cancer compounds (Figure 3c)
which have not been tested in SCI thus far. Interestingly, the only transcription factor found in the filtered
list of the 40 upregulated molecules at the mRNA and protein level, 7 days and 8 weeks post-SCI, is STAT1
(signal transducer and activator of transcription 1), a key regulator of inflammatory mechanisms and
interferon signalling in particular [52,53]. STAT1 is persistently upregulated after SCI and has a high
betweenness centrality (Figure 1a–c). Although it has been involved in various inflammatory mechanisms
and diseases, its function after SCI is not well-studied, albeit few recent studies have shown that blocking
STAT1 activity has a positive effect post-SCI [54,55]. To the best of our knowledge, no approved drugs or
inhibitors offer selective inhibition of STAT1.

3. Discussion

In this manuscript combination of transcriptomics, proteomics and bioinformatics provides
a comprehensive overview of proteins with persistent differential expression at the mRNA and
protein level and from the subacute (7 days) to the chronic (8 weeks) phase of SCI lesion development.
To ensure stringent filtering, we accepted only molecules that were significantly differentially regulated
in all high-throughput datasets (transcriptomics and proteomics, 7 days and 8 weeks post-SCI).
The intersection of transcriptomics and proteomics is useful given that while mRNA screening provides
a snapshot of the dynamic gene expression changes following SCI, proteomics confirms functional
expression of proteins from regulated transcripts and underscores proteotypic changes in the injured
spinal cord. To the best of our knowledge, this is the first attempt to systematically analyse the
molecular druggability of SCI in high-throughput.

The intersection of transcriptomics and proteomics at 2 different injury time-points and from 2
independent labs using comparable contusion and compression SCI models in female rats, ensures
unbiased validation of the high-throughput data and offers confidence in the filtering of these molecular
targets. Nevertheless, it is important to note that the transcriptomics and proteomics data were based
on two different SCI models as well as rat strains. More specifically, the transcriptomics analysis by
Chamankhah et al. was based on a T7 aneurysm clip (35 g) compression injury (moderate to severe)
in female Wistar rats [11], while our proteomics analysis was based on automated 150 kilo-dyne
(1.5 Newton) spinal contusion injuries (moderate), performed on female Sprague-Dawley rats (see
Section 4 for more details and [7,9,10,56]). It is important to note that different injury models might
cause variable tissue pathology and sensorimotor outcomes. Differences and similarities between
contusive and compressive injuries have not been studied in detail but both models are considered
comparable, as they rely on blunt trauma to the spinal cord and normally involve neither penetration of
the meninges, nor sharp severing of axons (as occurs in hemisections and full transections). As a result,
they better simulate the biomechanical damage observed in the majority of human injuries (reviewed
and summarized in [57–60]). Few studies have directly compared contusions with compressions.
Pinzon et al., showed that gross lesion pathological features did not appear to differ greatly between

https://goo.gl/XqbbgN
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contusion and compression injuries [61]. More recently, Geremia and colleagues concluded that lesion
volumes and gross tissue pathology were not significantly different between contusion (severe T12,
200 kilo-dyne) and clip-compression (moderate to severe T12, 35 g aneurysm clip), albeit clearly
increased hematoma formation and spreading in the severe contusion group [62]. Differences in
contusion/compression forces applied in different studies are clearly important in terms of defining
injury severity. Comparison between strains has revealed differences in a number of studies not only
between strains but even in same strains obtained from different vendors [63]. 20 years ago Popovich
and colleagues focused on differences in inflammation after SCI. They found that while the basic
inflammatory reaction after SCI follows similar patterns in Sprague-Dawley and Lewis rats, differences
were observed in the magnitude and duration of macrophage activation and T-cell infiltration in lesions.
The authors attributed these differences to strain-specific variations in corticosteroid regulation of
inflammation [64]. Accordingly, using a neuronal-specific gene array, Schmitt et al., showed that
the expression of several genes varies between Sprague-Dawley, Long Evans and Lewis rats after
contusive SCI [65] and in a study focusing on post-SCI sensorimotor function, Mills et al., showed that
strain selection significantly affects functional recovery in Sprague-Dawley and Wistar rats [57]. Thus,
different strains might exhibit pathological or sensorimotor differences. Nevertheless, our focus on
proteins that are differentially regulated in both models, both time-points and both at the mRNA and
protein level highlights the likely importance of these differentially regulated signatures to SCI.

Our high-throughput intersection returned 40 persistently upregulated and 48 persistently
downregulated proteins. To further narrow down the list of target molecules, we applied two-tier
computational protein-protein-drug interaction screening combined with literature text-mining.
This analysis isolated previously unappreciated druggable proteins and pharmacological substances
that could be examined in future experimental and preclinical SCI studies. Notably, excluding a few
proteins that have been studied extensively in SCI (i.e., vimentin, IBA1, decorin, ceruloplasmin, CTSB,
CTSD, tubulin beta-3, ENO2/NSE, FGF1, MAP2 and others) many proteins and drugs identified in
our comparative analysis have received little to no experimental attention and some might be excellent
targets for future investigations.

While it would be very difficult within the limits of this manuscript to cover in detail the function
of each protein and their potential role in SCI, we have made an effort to describe the bioactivity
of multiple druggable proteins and put it in the context of SCI where applicable (see Figure 2 and
associated Results). Given that the majority of drugs are antagonists, inhibitors, or function-blockers,
upregulated molecules are excellent primary candidates for drug targeting. In contrast, downregulated
entities might be modulated with function agonists or over-expression with more complex molecular
tools such as viruses or CrispR/CAS9.

Based on biological function, druggability and crucially, lack of knowledge with regards to SCI,
we could highlight few interesting proteins that are consistently upregulated or downregulated at the
mRNA and protein level, at 7 days and 8 weeks individually depicted in Figure 4. From the upregulated
cohort, PNP (purine nucleoside phosphorylase) is a protein with well-documented involvement in T-cell
activity and function and PNP inhibitors exert potent immunomodulatory effects against T-cells, especially
in diseases with dominant involvement of adaptive immunity [32,66,67]. The role of PNP in B-cell function
is also under investigation. Notably, not only the potential function of PNP in SCI is unknown but in
addition, the role of T-cells is still unclear, although T-cells infiltrate spinal lesions [64]. Thus, given the
importance of inflammation in primary and secondary SCI pathology and the importance of T-cells in
immune processes, the highly druggable PNP (Figure 2c) is a very interesting candidate.

Similarly, the role of upregulated lysosomal cathepsin A (CTSA; Figure 4) in SCI is unknown.
This serine protease and carboxypeptidase is involved in the activation of sialidase and its deficiency
causes the lysosomal storage disease galactosialidosis [68]. It also seems to play an important role
in autophagy, which is involved in the regulation of various inflammatory mechanisms including
SCI [69]. Recent work in mice showed that CTSA deficiency is associated with a severe neurological
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phenotype [70]. Similarly, the role of the other consistently upregulated cathepsins CTSH and CTSZ
(Figure 4) in SCI is unknown.

Figure 4. Highlighted differentially regulated proteins after SCI. Graphs depict the differential
expression of upregulated purine nucleoside phosphorylase (PNP), cathepsins A, H and Z (CTSA,
CTSH, CTSZ) and downregulated ACSS2 (acetyl-CoA synthetase), ATP citrate lyase (ACLY), malic
enzyme (ME1) and sodium-potassium ATPase (ATP1A3) proteins using spectral counting values from
shotgun liquid chromatography-tandem mass spectrometry (LC-MS/MS). These proteins are amongst
the molecules that were consistently upregulated or downregulated at the mRNA and protein level
and at 7 days and 8 weeks post-SCI. n = 3 per group; mean +SD; ANOVA and Fisher post-hoc test
(independent comparison); stars indicate significance versus CON (control intact T10 spinal cord
segments); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. CTSA and CTSZ spectral counts are also significantly
different from 7 days to 8 weeks.

From the persistently downregulated proteins, lipid and sterol synthesis mediators including
ACSS2, ACLY and ME1 (Figure 4) are attractive candidates for further research. They might be involved
in lipid and energy homeostasis or in myelin synthesis post-injury. The distinctly neuronal ATP1A3
is another persistently downregulated protein (Figure 4) with very interesting properties given its
involvement in neurotransmission [47]. The protein has been studied extensively for its function in the
central nervous system but its role in SCI is unknown. Mutations that impair ATP1A3 activity cause
rapid-onset dystonia in humans and permanent neurological dysfunction [71]. The enzyme is also
downregulated after neonatal cortical injury in rats [46].

In summary, by using a combination of transcriptomics, proteomics and bioinformatics we
isolated multiple proteins with drug-targeting potential and unknown function in SCI. While it might
be difficult to speculate on the best possible drug target or identify a panacea for SCI, our systematic
analysis might stimulate further mechanistic or therapeutic studies in the future.

4. Materials and Methods

4.1. Rat Transcriptomics—Microarray Analysis of Rat SCI

The rat microarray datasets analysed and integrated in this manuscript were recently performed
and published by Chamankhah and colleagues. Information about the ethical use of animals in this
study and in-depth information about the clinically-relevant compressive SCI model utilised in their
study has been published [11]. Briefly, the authors used a clip compression SCI in female Wistar rats
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using a 35 g aneurysm clip for 60 s producing a moderate to severe T7 SCI. The compression model
produces comparable blunt-force gross pathology and lesion characteristics to the contusion model
that we used on the thoracic spinal cord (see below). Microarray data is available online via the gene
expression omnibus (GEO-NCBI). Microarray data from GEO is qualitatively and statistically curated
and MIAME-compliant. Rat T7 spinal clip compression injury microarray n = 4 intact versus injured
T7 spinal cord samples at 7 days (n = 4) and 8 weeks (n = 4) post-injury. Microarray experimental
information is available here (GEO-NCBI: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE45006). Additionally, microarray expression data was downloaded and compiled to excel files
(.xlsx) to enable uncomplicated examination of differential mRNA expression between control and
injured spinal cord specimens at 7 days and 8 weeks post-SCI and to allow investigation of individual
genes. Due to their excessive size, these excel files have been publicly deposited and are free to
download from the Mendeley Data public repository. Control versus 7 days post-SCI microarray
comparison can be found here: (7 days SCI microarray: https://goo.gl/XqbbgN; 8 weeks SCI
microarray: https://goo.gl/BXYEeT). Expression and statistical analysis was performed by GEO-NCBI
using standard t-test p-values and multiple p-value error adjustments. We only accepted transcripts
that were significant with an adjusted p ≤ 0.05 and 2-fold change at both 7 days and 8 weeks.

4.2. Spinal Cord Injury Model in Rats for Proteomics Analysis

We have previously characterised in detail spinal cord contusion in adult rats [7,9,10,56]. Briefly,
adult female Sprague-Dawley rats (~200 g) were anesthetised using breathable isofluorane. 5 mg/kg
Baytril (antibiotic) and 5 mg/kg Carprofen (NSAID pain and inflammation control) were given
subcutaneously at the time of surgery and the morning after surgery. Spinal laminectomies were
performed at vertebral level T10, the vertebral column was stabilised using Adson forceps and
the rat-specific impactor probe was positioned 2 mm above the spinal cord. An impact force of
150 kilo-dyne (mean 152.3 kilo-dyne; standard deviation 3.2; n = 6 contused animals) was delivered
to the exposed spinal cord through the intact dura with an Infinite Horizon impactor (Precision
Systems Instrumentation) which generates a moderate severity contusion injury according to our
Home Office-approved animal licence. This severity mimics more than 50% of human injuries that
are “incomplete” (i.e., where some white matter tissue is spared) containing uninjured axons and the
model is generally considered to be relatively clinically-relevant. After injury, all 6 animals used in
the study had full bilateral hind limb paralysis and started exhibiting limited spontaneous recovery
typically after the first week. After spinal contusion, the overlying muscle and skin were sutured,
anaesthesia was reversed using oxygen and animals recovered in cages placed on heated blankets.
Saline and Baytril (antibiotic) were given subcutaneously daily for 7 days, after injury. Bladders were
manually expressed twice daily until reflexive emptying returned (typically 6–9 days after injury).
The study has received approval by the institutional Animal Care and Use Committee (King’s College
London; PPL 70/8032, 14/11/2016) and all surgical procedures were performed in accordance with
the United Kingdom Animals (Surgical Procedures) Act 1996.

4.3. Shotgun LC-MS/MS Proteomics—Proteomics Analysis of Rat SCI

We have recently described in detail and published high-resolution shotgun LC-MS/MS proteomics
analysis of rat SCI [10]. Prior to proteomics spinal cord tissue from intact (n = 3) or injured T10 spinal cord
segments 7 days (n = 3) and 8 weeks (n = 3) post-injury were extracted using a sequential protein extraction
protocol previously developed by us [10,12,13]. This approach improves separation of easily soluble
cellular proteins (0.08% SDS) followed by isolation of insoluble and cross-linked, extracellular, matrix and
matrix-associated extracellular proteins from tissue specimens (4 M guanidine). This method has been
published multiple times and is widely used for different tissues including the spinal cord. Following
protein extraction shotgun LC-MS/MS was performed as described in depth [10]. Briefly, protein samples
were digested by trypsin, tryptic peptides were separated in 2–35%, 120 min acetonitrile gradient and
analysed on Q Exactive orbitrap mass spectrometer. Protein identifications were performed using Mascot

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45006
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE45006
https://goo.gl/XqbbgN
https://goo.gl/BXYEeT


Int. J. Mol. Sci. 2018, 19, 1461 14 of 19

Version 2.4.1 (Matrix Science). Scaffold [72] (version 4.2.1) was used to validate MS/MS based peptide
and protein identifications. Peptide identifications were accepted only if they could be established at
greater than 95.0% probability by the Peptide Prophet algorithm with Scaffold delta-mass correction.
Protein identifications were accepted only if they could be established at greater than 95.0% probability
and contained at least 2 unique identified peptides. Scaffold was also used to calculate normalised
spectral counts for quantitation. All accepted protein spectra (95% probability plus 2 unique peptides
minimum) were included in the analysis and no outliers were removed. Although there are multiple
different approaches to achieve relative protein quantitation using LC-MS/MS, spectral counting is very
simple and less prone to technical errors in comparison to protein-labelling approaches especially when
combined with orthogonal validation of findings [10,14]. In this manuscript, extra confidence is obtained
from the fact that we focus only on proteins that are common across 2 independent transcriptomics and
proteomics datasets and across 2 different time-points. Only proteins with t-test p ≤ 0.05 at both 7 days
and 8 weeks and concomitant significant differential regulation (p ≤ 0.05) at the transcript level (from
microarrays described above) at both 7 days and 8 weeks were accepted. All proteomics identifications
and spectral counting quantitation has been deposited online at Mendeley Data: 7 days proteomics:
https://goo.gl/k93LwN; 8 weeks proteomics: https://goo.gl/qYoTJz.

4.4. Computational and Bioinformatics Analysis of High-Throughput Data

Hierarchical clustering and heat-maps were created in the MeV TM4 platform [73]. Significantly
different (p ≤ 0.05; t-test) spectral counts were z-normalised (−3; low to +3; high) to obtain a more
linear colour representation of the data. Pairwise similarity in spectral counts between different
proteins (rows) was computed using Pearson correlation coefficient. Protein-protein interaction
networks were created using StringDB v10 (https://string-db.org) [74] of known and predicted
protein-protein interactions and inferring protein associations from multiple databases as well as
text-mining. For protein-protein interaction networks, a low threshold of association (0.15) was
used to capture the largest possible interaction probability. Network parameters were visualised in
CytoScape v2.8 [75], which was also used to calculate the betweenness centrality of interacting proteins
within networks. Drug candidate analysis was performed using DGIdb (http://www.dgidb.org) [19].
This software is searching multiple different drug databases and uses text-mining to identify drugs
matching input proteins. Drug-protein interactions were then validated and filtered using StitchDB v5
(http://stitch.embl.de) [20]. This step resulted in significant filtering of the drug-protein interaction
data. StitchDB also creates organic drug-protein and protein-protein interaction networks, the latter
using the StringDB platform and generates interaction scores. For protein-drug interactions, a medium
threshold of association (0.40) was used to ensure more stringent filtering of drugs and chemicals.
As above, network parameters were visualised in CytoScape v2.8, which was also used to calculate the
betweenness centrality of interacting proteins and drugs within networks. Transcription factor analysis
was performed using MSigDB (http://software.broadinstitute.org/gsea/msigdb) [51], transcription
factor targets sub-collection. Mammalian transcriptional regulatory motifs were extracted from v7.4
TRANSFAC database. Each gene set consists of all human genes whose promoters contains at least one
conserved instance of the TRANSFAC motif, where a promoter is defined as the non-coding sequence
contained within 4-kilobases from the transcription start site.

4.5. Gene and Drug Java Text-Mining Tool

The custom-made text-mining tool was constructed using Java in IntelliJ IDEA community edition.
The code used has been publicly deposited in Mendeley Data for Journals and can be found here
together with running instructions to operate the tool in IntelliJ for free (https://goo.gl/vRScJ3).
Firstly, the nomenclature for the text-mined genes is retrieved using the HGNC REST web-service
API (https://www.genenames.org/help/rest-web-service-help). The gene symbol, gene name and
synonym identifiers were used in the literature queries. The gene nomenclature is enriched by a set of
algorithms that are designed to permute names and omit obsolete name parts. The literature queries
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are performed using the Europe PubMed Central (EPMC) REST web-service API after nomenclature
retrieval. The EPMC database queries are structured into two blocks; the first block contains all gene
names, abbreviations, synonyms and accepted protein names from HGNC, whereas the second block
contains the keywords of interest including: “spinal cord injury” and “spinal injury” as well as with
the words “trauma,” “contusion” or “transection” replacing “injury” in the query. The search clause is
structured so that at least one search term belonging to each of the search blocks must be present in the
abstract or title of the retrieved articles. All search terms were enclosed in quotations to ensure that
the terms are searched as is and that individual words within the term are not matched mistakenly.
The retrieved articles were manually verified to satisfy search requirements. Drug text-mining was
performed similarly. The drugs for the differentially regulated genes were derived manually with
the use of DGIdb and StitchDB. Next, EPMC was queried in the same way as for the genes, where
the first block of the query contained the primary drug names instead of gene names. This article
set contained no false positives. Please note that different text-mining search engines such as Google
Scholar might retrieve more or different studies regarding the usage of certain drugs in SCI but in our
experience PubMed is more reliable with regards to peer-reviewed research-based studies and in our
experience, retrieves fewer false-positives. A deeper text-mining was then performed using all drug
synonyms, chemical names and commercial names to ensure a full, in-depth retrieval of literature.
Drug synonyms were retrieved using the PubChem REST web-service APIs. The risk for the retrieval
of false positive articles was high in this search due to the extensive variety of drug synonyms stored
in the PubChem database. To avoid the retrieval of false positives, the results of the deep text mining
were overlaid with the “drug name only” results and differences in article numbers between the two
datasets were inspected manually and false positives eliminated. URL addresses for all online database
queries (PubChem, HGNC, EPMC, UniProt) are output in the console at runtime. The user can verify
database query parameters by navigating to these URLs manually. Please not that although every
effort was made to minimise retrieval of false-positive associations via text-mining, users must ensure
a stringent manual search of target molecules.

Author Contributions: A.D. conceived this work, designed experiments, analysed data, prepared figures and
wrote the manuscript; J.T. designed experiments (text-mining), analysed data, prepared figures and wrote the
manuscript; E.J.B. supervised part of this work and edited the manuscript.

Acknowledgments: This work was funded by the RoseTrees Trust (M276 and A1384) to Athanasios Didangelos
and Elizabeth J. Bradbury; EU 7th framework program (PrimeXS 0220) to Athanasios Didangelos; the Medical
Research Council (MRC; SNCF G1002055) to Elizabeth J. Bradbury); MRC and EU funded MR/R005532/1
ERA-NET NEURON to Elizabeth J. Bradbury and Athanasios Didangelos. Athanasios Didangelos was funded by
the London Law Trust and King’s College London.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

SCI Spinal cord injury
LC-MS/MS Liquid-chromatography and tandem mass-spectrometry

References

1. Cregg, J.M.; DePaul, M.A.; Filous, A.R.; Lang, B.T.; Tran, A.; Silver, J. Functional regeneration beyond the
glial scar. Exp. Neurol. 2014, 253, 197–207. [CrossRef] [PubMed]

2. Ramer, L.M.; Ramer, M.S.; Bradbury, E.J. Restoring function after spinal cord injury: Towards clinical
translation of experimental strategies. Lancet Neurol. 2014, 13, 1241–1256. [CrossRef]

3. Fitch, M.T.; Silver, J. CNS injury, glial scars and inflammation: Inhibitory extracellular matrices and
regeneration failure. Exp. Neurol. 2008, 209, 294–301. [CrossRef] [PubMed]

4. Fawcett, J.W.; Schwab, M.E.; Montani, L.; Brazda, N.; Muller, H.W. Defeating inhibition of regeneration by
scar and myelin components. Handb. Clin. Neurol. 2012, 109, 503–522. [PubMed]

http://dx.doi.org/10.1016/j.expneurol.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24424280
http://dx.doi.org/10.1016/S1474-4422(14)70144-9
http://dx.doi.org/10.1016/j.expneurol.2007.05.014
http://www.ncbi.nlm.nih.gov/pubmed/17617407
http://www.ncbi.nlm.nih.gov/pubmed/23098733


Int. J. Mol. Sci. 2018, 19, 1461 16 of 19

5. Hellal, F.; Hurtado, A.; Ruschel, J.; Flynn, K.C.; Laskowski, C.J.; Umlauf, M.; Kapitein, L.C.; Strikis, D.;
Lemmon, V.; Bixby, J.; et al. Microtubule stabilization reduces scarring and causes axon regeneration after
spinal cord injury. Science 2011, 331, 928–931. [CrossRef] [PubMed]

6. Ruschel, J.; Hellal, F.; Flynn, K.C.; Dupraz, S.; Elliott, D.A.; Tedeschi, A.; Bates, M.; Sliwinski, C.; Brook, G.;
Dobrindt, K.; et al. Axonal regeneration. Systemic administration of epothilone B promotes axon regeneration
after spinal cord injury. Science 2015, 348, 347–352. [CrossRef] [PubMed]

7. Bartus, K.; James, N.D.; Didangelos, A.; Bosch, K.D.; Verhaagen, J.; Yanez-Munoz, R.J.; Rogers, J.H.;
Schneider, B.L.; Muir, E.M.; Bradbury, E.J. Large-scale chondroitin sulfate proteoglycan digestion with
chondroitinase gene therapy leads to reduced pathology and modulates macrophage phenotype following
spinal cord contusion injury. J. Neurosci. 2014, 34, 4822–4836. [CrossRef] [PubMed]

8. Bradbury, E.J.; Moon, L.D.; Popat, R.J.; King, V.R.; Bennett, G.S.; Patel, P.N.; Fawcett, J.W.; McMahon, S.B.
Chondroitinase ABC promotes functional recovery after spinal cord injury. Nature 2002, 416, 636–640.
[CrossRef] [PubMed]

9. Didangelos, A.; Iberl, M.; Vinsland, E.; Bartus, K.; Bradbury, E.J. Regulation of IL-10 by chondroitinase
ABC promotes a distinct immune response following spinal cord injury. J. Neurosci. 2014, 34, 16424–16432.
[CrossRef] [PubMed]

10. Didangelos, A.; Puglia, M.; Iberl, M.; Sanchez-Bellot, C.; Roschitzki, B.; Bradbury, E.J. High-throughput
proteomics reveal alarmins as amplifiers of tissue pathology and inflammation after spinal cord injury.
Sci. Rep. 2016, 6, 21607. [CrossRef] [PubMed]

11. Chamankhah, M.; Eftekharpour, E.; Karimi-Abdolrezaee, S.; Boutros, P.C.; San-Marina, S.; Fehlings, M.G.
Genome-wide gene expression profiling of stress response in a spinal cord clip compression injury model.
BMC Genom. 2013, 14, 583. [CrossRef] [PubMed]

12. Didangelos, A.; Yin, X.; Mandal, K.; Baumert, M.; Jahangiri, M.; Mayr, M. Proteomics characterization of
extracellular space components in the human aorta. Mol. Cell. Proteom. 2010, 9, 2048–2062. [CrossRef]
[PubMed]

13. Didangelos, A.; Yin, X.; Mandal, K.; Saje, A.; Smith, A.; Xu, Q.; Jahangiri, M.; Mayr, M. Extracellular
matrix composition and remodelling in human abdominal aortic aneurysms: A proteomics approach.
Mol. Cell. Proteom. 2011, 10. [CrossRef] [PubMed]

14. Arike, L.; Peil, L. Spectral counting label-free proteomics. Methods Mol. Biol. 2014, 1156, 213–222. [PubMed]
15. Koschutzki, D.; Schreiber, F. Centrality analysis methods for biological networks and their application to

gene regulatory networks. Gene Regul. Syst. Biol. 2008, 2, 193–201. [CrossRef]
16. Shree, T.; Olson, O.C.; Elie, B.T.; Kester, J.C.; Garfall, A.L.; Simpson, K.; Bell-McGuinn, K.M.; Zabor, E.C.;

Brogi, E.; Joyce, J.A. Macrophages and cathepsin proteases blunt chemotherapeutic response in breast cancer.
Genes Dev. 2011, 25, 2465–2479. [CrossRef] [PubMed]

17. Saher, G.; Brugger, B.; Lappe-Siefke, C.; Mobius, W.; Tozawa, R.; Wehr, M.C.; Wieland, F.; Ishibashi, S.;
Nave, K.A. High cholesterol level is essential for myelin membrane growth. Nat. Neurosci. 2005, 8, 468–475.
[CrossRef] [PubMed]

18. Goodrum, J.F. Cholesterol synthesis is down-regulated during regeneration of peripheral nerve. J. Neurochem.
1990, 54, 1709–1715. [CrossRef] [PubMed]

19. Griffith, M.; Griffith, O.L.; Coffman, A.C.; Weible, J.V.; McMichael, J.F.; Spies, N.C.; Koval, J.; Das, I.;
Callaway, M.B.; Eldred, J.M.; et al. DGIdb: Mining the druggable genome. Nat. Methods 2013, 10, 1209–1210.
[CrossRef] [PubMed]

20. Szklarczyk, D.; Santos, A.; von Mering, C.; Jensen, L.J.; Bork, P.; Kuhn, M. STITCH 5: Augmenting
protein-chemical interaction networks with tissue and affinity data. Nucleic Acids Res. 2016, 44, D380–D384.
[CrossRef] [PubMed]

21. Perretti, M.; D’Acquisto, F. Annexin A1 and glucocorticoids as effectors of the resolution of inflammation.
Nat. Rev. Immunol. 2009, 9, 62–70. [CrossRef] [PubMed]

22. Nesathurai, S. Steroids and spinal cord injury: Revisiting the NASCIS 2 and NASCIS 3 trials. J. Trauma 1998,
45, 1088–1093. [CrossRef] [PubMed]

23. Sekhon, L.H.; Fehlings, M.G. Epidemiology, demographics and pathophysiology of acute spinal cord injury.
Spine 2001, 26, S2–S12. [CrossRef] [PubMed]

24. Elkabes, S.; Nicot, A.B. Sex steroids and neuroprotection in spinal cord injury: A review of preclinical
investigations. Exp. Neurol. 2014, 259, 28–37. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1201148
http://www.ncbi.nlm.nih.gov/pubmed/21273450
http://dx.doi.org/10.1126/science.aaa2958
http://www.ncbi.nlm.nih.gov/pubmed/25765066
http://dx.doi.org/10.1523/JNEUROSCI.4369-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24695702
http://dx.doi.org/10.1038/416636a
http://www.ncbi.nlm.nih.gov/pubmed/11948352
http://dx.doi.org/10.1523/JNEUROSCI.2927-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25471580
http://dx.doi.org/10.1038/srep21607
http://www.ncbi.nlm.nih.gov/pubmed/26899371
http://dx.doi.org/10.1186/1471-2164-14-583
http://www.ncbi.nlm.nih.gov/pubmed/23984903
http://dx.doi.org/10.1074/mcp.M110.001693
http://www.ncbi.nlm.nih.gov/pubmed/20551380
http://dx.doi.org/10.1074/mcp.M111.008128
http://www.ncbi.nlm.nih.gov/pubmed/21593211
http://www.ncbi.nlm.nih.gov/pubmed/24791991
http://dx.doi.org/10.4137/GRSB.S702
http://dx.doi.org/10.1101/gad.180331.111
http://www.ncbi.nlm.nih.gov/pubmed/22156207
http://dx.doi.org/10.1038/nn1426
http://www.ncbi.nlm.nih.gov/pubmed/15793579
http://dx.doi.org/10.1111/j.1471-4159.1990.tb01225.x
http://www.ncbi.nlm.nih.gov/pubmed/2324745
http://dx.doi.org/10.1038/nmeth.2689
http://www.ncbi.nlm.nih.gov/pubmed/24122041
http://dx.doi.org/10.1093/nar/gkv1277
http://www.ncbi.nlm.nih.gov/pubmed/26590256
http://dx.doi.org/10.1038/nri2470
http://www.ncbi.nlm.nih.gov/pubmed/19104500
http://dx.doi.org/10.1097/00005373-199812000-00021
http://www.ncbi.nlm.nih.gov/pubmed/9867054
http://dx.doi.org/10.1097/00007632-200112151-00002
http://www.ncbi.nlm.nih.gov/pubmed/11805601
http://dx.doi.org/10.1016/j.expneurol.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24440641


Int. J. Mol. Sci. 2018, 19, 1461 17 of 19

25. Banik, N.L.; Hogan, E.L.; Powers, J.M.; Smith, K.P. Proteolytic enzymes in experimental spinal cord injury.
J. Neurol. Sci. 1986, 73, 245–256. [CrossRef]

26. Guo, Y.; Liu, S.; Wang, P.; Zhang, H.; Wang, F.; Bing, L.; Gao, J.; Yang, J.; Hao, A. Granulocyte
colony-stimulating factor improves neuron survival in experimental spinal cord injury by regulating
nucleophosmin-1 expression. J. Neurosci. Res. 2014, 92, 751–760. [CrossRef] [PubMed]

27. Babic, I.; Nurmemmedov, E.; Yenugonda, V.M.; Juarez, T.; Nomura, N.; Pingle, S.C.; Glassy, M.C.; Kesari, S.
Pritumumab, the first therapeutic antibody for glioma patients. Hum. Antib. 2018, 26, 95–101. [CrossRef]
[PubMed]

28. Menet, V.; Prieto, M.; Privat, A.; Gimenez y Ribotta, M. Axonal plasticity and functional recovery after spinal
cord injury in mice deficient in both glial fibrillary acidic protein and vimentin genes. Proc. Natl. Acad.
Sci. USA 2003, 100, 8999–9004. [CrossRef] [PubMed]

29. Luo, Y.; Xie, X.; Luo, D.; Wang, Y.; Gao, Y. The role of halofuginone in fibrosis: More to be explored?
J. Leukoc. Biol. 2017, 102, 1333–1345. [CrossRef] [PubMed]

30. Jalil, J.E.; Doering, C.W.; Janicki, J.S.; Pick, R.; Shroff, S.G.; Weber, K.T. Fibrillar collagen and myocardial
stiffness in the intact hypertrophied rat left ventricle. Circ. Res. 1989, 64, 1041–1050. [CrossRef] [PubMed]

31. Ciccarelli, R.; Ballerini, P.; Sabatino, G.; Rathbone, M.P.; D’Onofrio, M.; Caciagli, F.; Di Iorio, P. Involvement
of astrocytes in purine-mediated reparative processes in the brain. Int. J. Dev. Neurosci. 2001, 19, 395–414.
[CrossRef]

32. Kicska, G.A.; Long, L.; Horig, H.; Fairchild, C.; Tyler, P.C.; Furneaux, R.H.; Schramm, V.L.; Kaufman, H.L.
Immucillin H, a powerful transition-state analog inhibitor of purine nucleoside phosphorylase, selectively
inhibits human T lymphocytes. Proc. Natl. Acad. Sci. USA 2001, 98, 4593–4598. [CrossRef] [PubMed]

33. Miles, R.W.; Tyler, P.C.; Furneaux, R.H.; Bagdassarian, C.K.; Schramm, V.L. One-third-the-sites transition-state
inhibitors for purine nucleoside phosphorylase. Biochemistry 1998, 37, 8615–8621. [CrossRef] [PubMed]

34. Rathbone, M.; Pilutti, L.; Caciagli, F.; Jiang, S. Neurotrophic effects of extracellular guanosine.
Nucleosides Nucleotides Nucleic Acids 2008, 27, 666–672. [CrossRef] [PubMed]

35. Gong, B.; Radulovic, M.; Figueiredo-Pereira, M.E.; Cardozo, C. The Ubiquitin-Proteasome System: Potential
Therapeutic Targets for Alzheimer’s Disease and Spinal Cord Injury. Front. Mol. Neurosci. 2016, 9, 4.
[CrossRef] [PubMed]

36. Sharma, H.S.; Muresanu, D.F.; Lafuente, J.V.; Sjoquist, P.O.; Patnaik, R.; Sharma, A. Nanoparticles Exacerbate
Both Ubiquitin and Heat Shock Protein Expressions in Spinal Cord Injury: Neuroprotective Effects of the
Proteasome Inhibitor Carfilzomib and the Antioxidant Compound H-290/51. Mol. Neurobiol. 2015, 52,
882–898. [CrossRef] [PubMed]

37. Wang, X.; Arcuino, G.; Takano, T.; Lin, J.; Peng, W.G.; Wan, P.; Li, P.; Xu, Q.; Liu, Q.S.; Goldman, S.A.; et al.
P2X7 receptor inhibition improves recovery after spinal cord injury. Nat. Med. 2004, 10, 821–827. [CrossRef]
[PubMed]

38. Teng, Y.D.; Mocchetti, I.; Wrathall, J.R. Basic and acidic fibroblast growth factors protect spinal motor
neurones in vivo after experimental spinal cord injury. Eur. J. Neurosci. 1998, 10, 798–802. [CrossRef]
[PubMed]

39. Haque, A.; Ray, S.K.; Cox, A.; Banik, N.L. Neuron specific enolase: A promising therapeutic target in acute
spinal cord injury. Metab. Brain Dis. 2015, 31, 487–495. [CrossRef] [PubMed]

40. Lopez-Vales, R.; Redensek, A.; Skinner, T.A.; Rathore, K.I.; Ghasemlou, N.; Wojewodka, G.; DeSanctis, J.;
Radzioch, D.; David, S. Fenretinide promotes functional recovery and tissue protection after spinal cord
contusion injury in mice. J. Neurosci. 2010, 30, 3220–3226. [CrossRef] [PubMed]

41. Eftekharpour, E.; Nagakannan, P.; Iqbal, M.A.; Chen, Q.M. Mevalonate Cascade and Small Rho GTPase in
Spinal Cord Injury. Curr. Mol. Pharmacol. 2017, 10, 141–151. [PubMed]

42. Abate, M.; Laezza, C.; Pisanti, S.; Torelli, G.; Seneca, V.; Catapano, G.; Montella, F.; Ranieri, R.; Notarnicola, M.;
Gazzerro, P.; et al. Deregulated expression and activity of Farnesyl Diphosphate Synthase (FDPS) in
Glioblastoma. Sci. Rep. 2017, 7, 14123. [CrossRef] [PubMed]

43. Nance, P.W.; Schryvers, O.; Leslie, W.; Ludwig, S.; Krahn, J.; Uebelhart, D. Intravenous pamidronate
attenuates bone density loss after acute spinal cord injury. Arch. Phys. Med. Rehabil. 1999, 80, 243–251.
[CrossRef]

44. Beigneux, A.P.; Kosinski, C.; Gavino, B.; Horton, J.D.; Skarnes, W.C.; Young, S.G. ATP-citrate lyase deficiency
in the mouse. J. Biol. Chem. 2004, 279, 9557–9564. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0022-510X(86)90149-8
http://dx.doi.org/10.1002/jnr.23362
http://www.ncbi.nlm.nih.gov/pubmed/24829950
http://dx.doi.org/10.3233/HAB-170326
http://www.ncbi.nlm.nih.gov/pubmed/29036806
http://dx.doi.org/10.1073/pnas.1533187100
http://www.ncbi.nlm.nih.gov/pubmed/12861073
http://dx.doi.org/10.1189/jlb.3RU0417-148RR
http://www.ncbi.nlm.nih.gov/pubmed/28986385
http://dx.doi.org/10.1161/01.RES.64.6.1041
http://www.ncbi.nlm.nih.gov/pubmed/2524288
http://dx.doi.org/10.1016/S0736-5748(00)00084-8
http://dx.doi.org/10.1073/pnas.071050798
http://www.ncbi.nlm.nih.gov/pubmed/11287638
http://dx.doi.org/10.1021/bi980658d
http://www.ncbi.nlm.nih.gov/pubmed/9628722
http://dx.doi.org/10.1080/15257770802143913
http://www.ncbi.nlm.nih.gov/pubmed/18600524
http://dx.doi.org/10.3389/fnmol.2016.00004
http://www.ncbi.nlm.nih.gov/pubmed/26858599
http://dx.doi.org/10.1007/s12035-015-9297-9
http://www.ncbi.nlm.nih.gov/pubmed/26126513
http://dx.doi.org/10.1038/nm1082
http://www.ncbi.nlm.nih.gov/pubmed/15258577
http://dx.doi.org/10.1046/j.1460-9568.1998.00100.x
http://www.ncbi.nlm.nih.gov/pubmed/9749747
http://dx.doi.org/10.1007/s11011-016-9801-6
http://www.ncbi.nlm.nih.gov/pubmed/26847611
http://dx.doi.org/10.1523/JNEUROSCI.5770-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20203181
http://www.ncbi.nlm.nih.gov/pubmed/26758952
http://dx.doi.org/10.1038/s41598-017-14495-6
http://www.ncbi.nlm.nih.gov/pubmed/29075041
http://dx.doi.org/10.1016/S0003-9993(99)90133-8
http://dx.doi.org/10.1074/jbc.M310512200
http://www.ncbi.nlm.nih.gov/pubmed/14662765


Int. J. Mol. Sci. 2018, 19, 1461 18 of 19

45. Krishnan, M.L.; Wang, Z.; Silver, M.; Boardman, J.P.; Ball, G.; Counsell, S.J.; Walley, A.J.; Montana, G.;
Edwards, A.D. Possible relationship between common genetic variation and white matter development in
a pilot study of preterm infants. Brain Behav. 2016, 6, e00434. [CrossRef] [PubMed]

46. Chu, Y.; Parada, I.; Prince, D.A. Temporal and topographic alterations in expression of the alpha3 isoform of
Na+, K(+)-ATPase in the rat freeze lesion model of microgyria and epileptogenesis. Neuroscience 2009, 162,
339–348. [CrossRef] [PubMed]

47. de Carvalho Aguiar, P.; Sweadner, K.J.; Penniston, J.T.; Zaremba, J.; Liu, L.; Caton, M.; Linazasoro, G.;
Borg, M.; Tijssen, M.A.; Bressman, S.B.; et al. Mutations in the Na+/K+-ATPase alpha3 gene ATP1A3 are
associated with rapid-onset dystonia parkinsonism. Neuron 2004, 43, 169–175. [CrossRef] [PubMed]

48. Besse, A.; Wu, P.; Bruni, F.; Donti, T.; Graham, B.H.; Craigen, W.J.; McFarland, R.; Moretti, P.; Lalani, S.;
Scott, K.L.; et al. The GABA transaminase, ABAT, is essential for mitochondrial nucleoside metabolism.
Cell Metab. 2015, 21, 417–427. [CrossRef] [PubMed]

49. Sauer, S.W.; Kolker, S.; Hoffmann, G.F.; Ten Brink, H.J.; Jakobs, C.; Gibson, K.M.; Okun, J.G. Enzymatic and
metabolic evidence for a region specific mitochondrial dysfunction in brains of murine succinic semialdehyde
dehydrogenase deficiency (Aldh5a1−/− mice). Neurochem. Int. 2007, 50, 653–659. [CrossRef] [PubMed]

50. Drewes, A.M.; Andreasen, A.; Poulsen, L.H. Valproate for treatment of chronic central pain after spinal cord
injury. A double-blind cross-over study. Paraplegia 1994, 32, 565–569. [CrossRef] [PubMed]

51. Liberzon, A.; Birger, C.; Thorvaldsdottir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures
Database (MSigDB) hallmark gene set collection. Cell Syst. 2016, 1, 417–425. [CrossRef] [PubMed]

52. Durbin, J.E.; Hackenmiller, R.; Simon, M.C.; Levy, D.E. Targeted disruption of the mouse Stat1 gene results
in compromised innate immunity to viral disease. Cell 1996, 84, 443–450. [CrossRef]

53. Meraz, M.A.; White, J.M.; Sheehan, K.C.; Bach, E.A.; Rodig, S.J.; Dighe, A.S.; Kaplan, D.H.; Riley, J.K.;
Greenlund, A.C.; Campbell, D.; et al. Targeted disruption of the Stat1 gene in mice reveals unexpected
physiologic specificity in the JAK-STAT signaling pathway. Cell 1996, 84, 431–442. [CrossRef]

54. Profyris, C.; Cheema, S.S.; Zang, D.; Azari, M.F.; Boyle, K.; Petratos, S. Degenerative and regenerative
mechanisms governing spinal cord injury. Neurobiol. Dis. 2004, 15, 415–436. [CrossRef] [PubMed]

55. Wu, Y.; Yang, L.; Mei, X.; Yu, Y. Selective inhibition of STAT1 reduces spinal cord injury in mice. Neurosci. Lett.
2014, 580, 7–11. [CrossRef] [PubMed]

56. James, N.D.; Bartus, K.; Grist, J.; Bennett, D.L.; McMahon, S.B.; Bradbury, E.J. Conduction failure following
spinal cord injury: Functional and anatomical changes from acute to chronic stages. J. Neurosci. 2011, 31,
18543–18555. [CrossRef] [PubMed]

57. Mills, C.D.; Hains, B.C.; Johnson, K.M.; Hulsebosch, C.E. Strain and model differences in behavioral outcomes
after spinal cord injury in rat. J. Neurotrauma 2001, 18, 743–756. [CrossRef] [PubMed]

58. Kjell, J.; Olson, L. Rat models of spinal cord injury: From pathology to potential therapies. Dis. Model. Mech.
2016, 9, 1125–1137. [CrossRef] [PubMed]

59. Cheriyan, T.; Ryan, D.J.; Weinreb, J.H.; Cheriyan, J.; Paul, J.C.; Lafage, V.; Kirsch, T.; Errico, T.J. Spinal cord
injury models: A review. Spinal Cord 2014, 52, 588–595. [CrossRef] [PubMed]

60. Sharif-Alhoseini, M.; Khormali, M.; Rezaei, M.; Safdarian, M.; Hajighadery, A.; Khalatbari, M.M.;
Meknatkhah, S.; Rezvan, M.; Chalangari, M.; Derakhshan, P.; et al. Animal models of spinal cord injury:
A systematic review. Spinal Cord 2017, 55, 714–721. [CrossRef] [PubMed]

61. Pinzon, A.; Marcillo, A.; Pabon, D.; Bramlett, H.M.; Bunge, M.B.; Dietrich, W.D. A re-assessment of
erythropoietin as a neuroprotective agent following rat spinal cord compression or contusion injury.
Exp. Neurol. 2008, 213, 129–136. [CrossRef] [PubMed]

62. Geremia, N.M.; Hryciw, T.; Bao, F.; Streijger, F.; Okon, E.; Lee, J.H.T.; Weaver, L.C.; Dekaban, G.A.; Kwon, B.K.;
Brown, A. The effectiveness of the anti-CD11d treatment is reduced in rat models of spinal cord injury that
produce significant levels of intraspinal hemorrhage. Exp. Neurol. 2017, 295, 125–134. [CrossRef] [PubMed]

63. Kjell, J.; Sandor, K.; Josephson, A.; Svensson, C.I.; Abrams, M.B. Rat substrains differ in the magnitude of
spontaneous locomotor recovery and in the development of mechanical hypersensitivity after experimental
spinal cord injury. J. Neurotrauma 2013, 30, 1805–1811. [CrossRef] [PubMed]

64. Popovich, P.G.; Wei, P.; Stokes, B.T. Cellular inflammatory response after spinal cord injury in
Sprague-Dawley and Lewis rats. J. Comp. Neurol. 1997, 377, 443–464. [CrossRef]

65. Schmitt, C.; Miranpuri, G.S.; Dhodda, V.K.; Isaacson, J.; Vemuganti, R.; Resnick, D.K. Changes in spinal cord
injury-induced gene expression in rat are strain-dependent. Spine J. 2006, 6, 113–119. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/brb3.434
http://www.ncbi.nlm.nih.gov/pubmed/27110435
http://dx.doi.org/10.1016/j.neuroscience.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19362129
http://dx.doi.org/10.1016/j.neuron.2004.06.028
http://www.ncbi.nlm.nih.gov/pubmed/15260953
http://dx.doi.org/10.1016/j.cmet.2015.02.008
http://www.ncbi.nlm.nih.gov/pubmed/25738457
http://dx.doi.org/10.1016/j.neuint.2006.12.009
http://www.ncbi.nlm.nih.gov/pubmed/17303287
http://dx.doi.org/10.1038/sc.1994.89
http://www.ncbi.nlm.nih.gov/pubmed/7970862
http://dx.doi.org/10.1016/j.cels.2015.12.004
http://www.ncbi.nlm.nih.gov/pubmed/26771021
http://dx.doi.org/10.1016/S0092-8674(00)81289-1
http://dx.doi.org/10.1016/S0092-8674(00)81288-X
http://dx.doi.org/10.1016/j.nbd.2003.11.015
http://www.ncbi.nlm.nih.gov/pubmed/15056450
http://dx.doi.org/10.1016/j.neulet.2013.11.055
http://www.ncbi.nlm.nih.gov/pubmed/24321405
http://dx.doi.org/10.1523/JNEUROSCI.4306-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22171053
http://dx.doi.org/10.1089/089771501316919111
http://www.ncbi.nlm.nih.gov/pubmed/11526981
http://dx.doi.org/10.1242/dmm.025833
http://www.ncbi.nlm.nih.gov/pubmed/27736748
http://dx.doi.org/10.1038/sc.2014.91
http://www.ncbi.nlm.nih.gov/pubmed/24912546
http://dx.doi.org/10.1038/sc.2016.187
http://www.ncbi.nlm.nih.gov/pubmed/28117332
http://dx.doi.org/10.1016/j.expneurol.2008.05.018
http://www.ncbi.nlm.nih.gov/pubmed/18625498
http://dx.doi.org/10.1016/j.expneurol.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28587875
http://dx.doi.org/10.1089/neu.2013.2998
http://www.ncbi.nlm.nih.gov/pubmed/23879467
http://dx.doi.org/10.1002/(SICI)1096-9861(19970120)377:3&lt;443::AID-CNE10&gt;3.0.CO;2-S
http://dx.doi.org/10.1016/j.spinee.2005.05.379
http://www.ncbi.nlm.nih.gov/pubmed/16517380


Int. J. Mol. Sci. 2018, 19, 1461 19 of 19

66. Bantia, S.; Ananth, S.L.; Parker, C.D.; Horn, L.L.; Upshaw, R. Mechanism of inhibition of T-acute
lymphoblastic leukemia cells by PNP inhibitor–BCX-1777. Int. Immunopharmacol. 2003, 3, 879–887. [CrossRef]

67. Somech, R.; Lev, A.; Grisaru-Soen, G.; Shiran, S.I.; Simon, A.J.; Grunebaum, E. Purine nucleoside
phosphorylase deficiency presenting as severe combined immune deficiency. Immunol. Res. 2013, 56,
150–154. [CrossRef] [PubMed]

68. Hiraiwa, M. Cathepsin A/protective protein: An unusual lysosomal multifunctional protein. Cell. Mol.
Life Sci. 1999, 56, 894–907. [CrossRef] [PubMed]

69. Chen, J.; Wang, Z.; Mao, Y.; Zheng, Z.; Chen, Y.; Khor, S.; Shi, K.; He, Z.; Li, J.; Gong, F.; et al. Liraglutide
activates autophagy via GLP-1R to improve functional recovery after spinal cord injury. Oncotarget 2017, 8,
85949–85968. [CrossRef] [PubMed]

70. Calhan, O.Y.; Seyrantepe, V. Mice with Catalytically Inactive Cathepsin A Display Neurobehavioral
Alterations. Behav. Neurol. 2017, 2017, 4261873. [CrossRef] [PubMed]

71. Carecchio, M.; Zorzi, G.; Ragona, F.; Zibordi, F.; Nardocci, N. ATP1A3-related disorders: An update. Eur. J.
Paediatr. Neurol. 2018, 22, 257–263. [CrossRef] [PubMed]

72. Searle, B.C. Scaffold: A bioinformatic tool for validating MS/MS-based proteomic studies. Proteomics 2010,
10, 1265–1269. [CrossRef] [PubMed]

73. Saeed, A.I.; Bhagabati, N.K.; Braisted, J.C.; Liang, W.; Sharov, V.; Howe, E.A.; Li, J.; Thiagarajan, M.;
White, J.A.; Quackenbush, J. TM4 microarray software suite. Methods Enzymol. 2006, 411, 134–193. [PubMed]

74. Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.;
Santos, A.; Tsafou, K.P.; et al. STRING v10: Protein-protein interaction networks, integrated over the tree of
life. Nucleic Acids Res. 2015, 43, D447–D452. [CrossRef] [PubMed]

75. Smoot, M.E.; Ono, K.; Ruscheinski, J.; Wang, P.L.; Ideker, T. Cytoscape 2.8: New features for data integration
and network visualization. Bioinformatics 2010, 27, 431–432. [CrossRef] [PubMed]

© 2018 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/10.1016/S1567-5769(03)00076-6
http://dx.doi.org/10.1007/s12026-012-8380-9
http://www.ncbi.nlm.nih.gov/pubmed/23371835
http://dx.doi.org/10.1007/s000180050482
http://www.ncbi.nlm.nih.gov/pubmed/11212324
http://dx.doi.org/10.18632/oncotarget.20791
http://www.ncbi.nlm.nih.gov/pubmed/29156769
http://dx.doi.org/10.1155/2017/4261873
http://www.ncbi.nlm.nih.gov/pubmed/28133419
http://dx.doi.org/10.1016/j.ejpn.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29291920
http://dx.doi.org/10.1002/pmic.200900437
http://www.ncbi.nlm.nih.gov/pubmed/20077414
http://www.ncbi.nlm.nih.gov/pubmed/16939790
http://dx.doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/25352553
http://dx.doi.org/10.1093/bioinformatics/btq675
http://www.ncbi.nlm.nih.gov/pubmed/21149340
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Transcriptomics and Proteomics Analysis 7 Days and 8 Weeks after Rat SCI 
	Integration of Transcriptomics and Proteomics Datasets to Identify Persistently Differentially Regulated Molecules 
	40 Persistently Upregulated Proteins 
	48 Persistently Downregulated Proteins 

	Identification of Druggable Proteins in SCI 
	Upregulated Druggable Proteins with SCI Citations (Figure 2b,f) 
	Upregulated Druggable Proteins without SCI Citations (Figure 2c,g) 
	Downregulated Druggable Proteins with SCI Citations (Figure 2d,h) 
	Downregulated Druggable Proteins without SCI Citations (Figure 2e,i) 
	Transcription Factor Regulation of Persistently Differentially Regulated Proteins 


	Discussion 
	Materials and Methods 
	Rat Transcriptomics—Microarray Analysis of Rat SCI 
	Spinal Cord Injury Model in Rats for Proteomics Analysis 
	Shotgun LC-MS/MS Proteomics—Proteomics Analysis of Rat SCI 
	Computational and Bioinformatics Analysis of High-Throughput Data 
	Gene and Drug Java Text-Mining Tool 

	References

