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Abstract

retroviruses and ALS.

Neurodegeneration, HIV

Background: Emerging evidence suggests retroviruses play a role in the pathophysiology of amyotrophic lateral
sclerosis (ALS). Specifically, activation of ancient viral genes embedded in the human genome is theorized to lead
to motor neuron degeneration. We explore whether connections exist between ALS and retroviruses through
protein interaction networks (PIN) and pathway analysis, and consider the potential roles in drug target discovery.
Protein database and pathway/network analytical software including Ingenuity Pathway BioProfiler, STRING, and
CytoScape were utilized to identify overlapping protein interaction networks and extract core cluster (s) of

Results: Topological and statistical analysis of the ALS-PIN and retrovirus-PIN identified a shared, essential protein
network and a core cluster with significant connections with both networks. The identified core cluster has three
interleukin molecules IL10, Il-6 and IL-1B, a central apoptosis regulator TP53, and several major transcription
regulators including MAPKT, ANXAS5, SQSTM1, SREBF2, and FADD. Pathway enrichment analysis showed that this
core cluster is associated with the glucocorticoid receptor singling and neuroinflammation signaling pathways. For
confirmation purposes, we applied the same methodology to the West Nile and Polio virus, which demonstrated
trivial connectivity with ALS, supporting the unique connection between ALS and retroviruses.

Conclusions: Bioinformatics analysis provides evidence to support pathological links between ALS and retroviral
activation. The neuroinflammation and apoptotic regulation pathways are specifically implicated. The continuation
and further analysis of large scale genome studies may prove useful in exploring genes important in retroviral
activation and ALS, which may help discover new drug targets.
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Background

Amyotrophic lateral sclerosis (ALS) is a progressive neu-
rodegenerative disorder affecting motor neurons of the
brain and spinal cord. To date, approximately 10-15% of
ALS cases have been found to have a genetic basis, and
causal mutations have been identified in ~70% of familial
cases and ~10% of sporadic cases [1, 2]. Causal genes
affect diverse mechanisms including protein homeostasis,
RNA binding, and cytoskeletal structure [3]. Recently,
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whole genome and exome sequencing are being applied in
large cohorts of ALS patients as pathological causes are
discovered at faster pace, not only in coding regions, but
also in non-coding regions beyond the currently known
C9orf72 repeat expansions [4, 5].

A pathogenic connection between ALS and retrovi-
ruses was first suggested by reports of HIV cases
presenting either with definitive ALS or ALS-like dis-
ease, [6-9] along with the multiple findings that antiviral
therapies have been shown to improve some patients
ALS-like symptoms [10-12]. In addition, reverse tran-
scriptase, the enzyme utilized by retroviruses, is detected
in a significantly higher percent of patients with sporadic
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ALS over healthy controls [13, 14]. ALS autopsy studies
have revealed that human endogenous retrovirus K
(HERV-K) expression is significantly elevated in brain
tissues of ALS patients [15]. Furthermore, activation of
HERV-K genes is noted to kill healthy human neurons
grown in cell cultures [16]. Human endogenous retro-
virus (HERV) within intergenic regions comprises ~8%
of human genome but remains dormant by means of
evolutionary selection and is not expressed in healthy
persons [17]. Under certain pathological circumstances,
endogenous retroviral sequences can become active and
expressed [18].

The current hypothesis is that retroviral involvement
in ALS could potentially manifest through two routes:
exogenous infection by retrovirus akin to human im-
munodeficiency virus-1 (HIV-1) or endogenous activa-
tion of a human endogenous retroviral sequences in the
central nervous system such as HERV-K [9]. These two
routes may eventually be merged into one overarching
mechanism as it is possible exogenous infection could
lead to the activation of endogenous retroviral genes em-
bedded in the human genome [19]. More evidence is
emerging to suggest a shared pathogenesis between ALS
and retroviral activation, and the potential for identifying
new drug targets for ALS can be explored through inves-
tigating retroviral associated pathways.

Advancement of bioinformatics tools and maturing
protein databases now make it feasible to evaluate the
shared pathogenesis of ALS and retroviruses using pro-
tein network analysis approaches [20]. Because proteins
exert their functions through interacting with other
proteins, computational topological analysis of the pro-
tein network can expedite the identification of essential
proteins and may provide the knowledge of biological
information that cannot be easily obtained through la-
boratory experiments, especially for complex diseases
like ALS. Herein, we investigated the connections be-
tween ALS and retrovirus through protein interaction
networks and their associated functional pathways to
elucidate the potential pathogenesis connections. Also
explored is the possibility of identifying potential drug
targets from computerized analyses.

Methods

Obtain relevant protein lists using Ingenuity Pathway
Analysis Database

We utilized a curated database containing over 6 million
findings extracted from scientific publications and public
databases, Ingenuity Pathway Analysis (IPA, Qiagen), to
obtain two comprehensive lists of proteins implicated in
either the ALS or retroviral activation and replication
(lists available upon request). These two lists included
associated proteins identified through a variety of differ-
ent scientific methods, including hereditary, genome-
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wide analysis, animal, and various cell culture functional
studies. IPA Annotation, a function within IPA, provides
detailed information of the expressed proteins and en-
dogenous biochemical compounds that have been associ-
ated with “ALS” or “retrovirus”. We also cross-referenced
the Human Genome Mutation Database to ensure that all
proteins linked to ALS pathogenesis were included.

Obtain protein interaction and connection scores

The ALS and retrovirus protein lists generated from IPA
were imported into STRING (V.10, string-db.org) [21],
an open-source bioinformatics analysis tool for obtaining
protein connection scores. STRING uses a score com-
biner algorithm to determine probability of protein
connectedness or relation. The generated combination
scores were further rescaled into the confidence range
from 0.0 to 1.0, connecting all the scores. Default String
confidence scores <0.400 indicate low confidence,
0.400-0.700 indicate medium confidence, and >0.700
indicates high confidence. STRING allows users to filter
out protein interactions based on these scores. To create
a relatively stringent yet comprehensive set of interac-
tions, we applied medium confidence protein-protein
interactions (STRING scores >0.400) as a cut-off filter.
The interaction scores and relationships of two sets of
proteins (ALS set and Retrovirus set) were then ex-
tracted as a text-delimited file (lists available upon
request).

Protein sub-interaction or overlapping network
identification and annotation

The protein interaction files from String were imported
into the open-source software Cytoscape 3.6 [22] for pro-
tein interaction network (PIN) construction, visualization,
and network analysis. Cytoscape 3.6 allows users to
visualize protein connections and perform topological and
statistical analysis, also identify significantly overlapping
core protein clusters, or sub-networks, of the two larger
PINs. Cytoscape CentiScape, a Cystoscope plug-in func-
tion, evaluates the topological properties of the PINs by
measuring a series of network parameters, including de-
gree centrality, closeness, and betweenness. In protein
networks, the term “degree” indicates the number of edges
that a node has, thus the higher the degree, more connec-
tions this node has. Betweenness measures how close a
node is to all other nodes in the protein network. The
topological parameter indicates the relevance of a node
(protein) as a functionally connecting link in a biological
network. Nodes with a high degree (hub genes) represent
proteins with higher relevance in connecting regulatory
molecules, suggesting important biological function. For
example, networks whose surrounding topologies resem-
bling a star have centralization close to 1, whereas com-
pletely decentralized networks are characterized by having
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centralization close to 0. Node centrality in both networks
was investigated by evaluating “node degree”.

Multiple Cytoscape plug-in functions analyze bio-
logical functional enrichment to assess degree import-
ance of each protein (node) within the PIN. One of the
Cytoscape applications, Molecular Complex Detection
(MCODE), was applied to detect densely connected
regions that may represent molecular complexes, i.e. im-
portant protein subnetworks or clusters. MCODE ex-
tracts the dense regions around a protein of interest and
provides a level of functional annotation above simple-
associations using multiple connectivity algorithms. The
MCODE algorithm operates in three stages, vertex
weighting, complex prediction and post processing to fil-
ter or add proteins in the resulting complexes by means
of certain connectivity criteria [23]. Since subunits of a
molecular complex generally serve function in the same
biological process, relevant clusters can be annotated to
understand what molecular pathway are central to the
protein network. Another Cytoscape application, ClueGo
[24] along with Ingenuity pathway analysis were used to
perform biological pathway enrichment analysis for the
core cluster identified by MCODE. ClueGO integrates
Gene Ontology (GO) terms as well as KEGG/BioCarta
pathways and creates a functionally organized pathway
term network. ClueGo is one of the most commonly
used applications in Cytoscape for biological interpret-
ation and visualizing functionally grouped proteins.

Results

The overall workflow of our study is shown in Fig. 1.
The computerized process involves the following steps:
1) Retrieve associated proteins from IPA; 2) Obtain pro-
tein connection scores in STRING; 3) Import protein
connection score files and construct protein interaction
networks in CytoScape 3.6; 4) Conduct network topo-
logical and statistical analysis using multiple CytoScape
3.6 Plug-in tools; and 5) Identify existing overlapping
protein core cluster (s) that are shared by both networks,
6) perform functional pathway analysis.

Protein interaction networks of ALS and retrovirus have
more than expected connections

We constructed two extended PINs in Cytoscape 3.6 to
explore the connection between ALS and retroviral acti-
vation and the potential association to ALS etiology
(Fig. 2). All interactions in the networks are unweighted
and undirected, and duplicated edges and self-loops
were removed. In both networks, each node represents a
protein while edges represent the interactions between
proteins. The ALS PIN includes 273 nodes and 1878
edges while the retroviral protein interaction network in-
cludes 242 nodes and 2385 edges. The two networks
were merged in CytoScape to form a joined network,
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Fig. 1 Bioinformatics Study Design

with cyan color representing nodes within ALS PIN and
pink color representing nodes within retrovirus PIN. If a
node exists in both networks, its color will become blue.
The nodes that are highly connected to both networks
will appear larger. The analysis results demonstrated that
these two networks have statistical significance of pro-
tein association, i.e. significantly more interactions com-
paring to same number of randomly selected protein
interactions (PPI enrichment p-value:8.83e-16).

A shared sub-network is identified between the ALS and
retrovirus PINs

Next, we applied Cytoscape’s network analysis algorithm
“intersect” to extract subnetworks that are shared in
both ALS and retroviral protein networks, in other
words, this is to identify the nodes that are not only
highly connected (indication of functional importance
and relevance), but also showing similar relevance and
importance for both networks. The high-degree nodes
(proteins) presented in the shared sub-networks of ALS
and retrovirus could provide directions for exploring
drug targets. The intersected (overlapping) networks
were obtained and extracted as an independent new net-
work in Cytoscape. A distinct overlapping protein inter-
action network of ALS and retroviral expression/
activation network (PPI enrichment p-value:1.02e-4),
consisting of 12 nodes and 26 edges, emerged (Fig. 3).
The fact that we were able to identify an overlapping
sub-network that showed highly connected edges to
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Fig. 2 Merge of ALS protein network (cyan colored nodes) and retrovirus protein network (rose colored nodes) with overlap nodes in both
networks (blue colored nodes). The size of nodes represents the degree and between-ness of nodes. The protein network topology and statistical
analysis by Cytoscape network analyzers showed the importance of the nodes in each network based on a series of topological parameters,
including the node centrality measure and node degree. The positions of nodes within this joined protein network are determined by
topological parameters derived from Cytoscape'’s algorithm for merging networks. The joined network is visualized based on the node degree
(represented by node size) and edge betweenness parameters (represented by location and sizes of edges). Values of edge betweenness were
mapped with the edge size: high values of this parameter correspond to a large edge size

PH1

ACADSE

Clustering coefficient: 0.460
Connected components: 2
Network diameter: 7

Shortest paths: 246514 (99%)
Network Centralization: 0.293
Avg. number of neighbors: 16.778
Number of self-loops: 0

both networks suggests that common pathways involved
in the pathogenesis of both disorders likely exist.

MCOD Identify a core cluster within shared sub-network

In order to closely examine densely interconnected core
cluster within the overlapping sub-network that may
represent complexes playing essential role in both PINSs,
we applied Cytoscape MCOD (Molecular Complex
Detection) algorithm to identify the densely connected
MCOD Clusters (Fig. 3) [23]. MCOD Clusters represent
closely connected protein complexes that often share
same functional pathways. The MCOD algorithm utilizes
a directed mode that allows fine-tuning of clusters of
interest and allows examination of cluster interconnec-
tivity relevant for protein networks. We identified a
MCOD Cluster within the overlapping ALS and retro-
viral protein networks with MCOD score of 6.333. The

MCOD Score is defined as the product of complex sub-
graph density and number of nodes (proteins) in the
complex subgraph, and a score of >=6 indicates 90%
predictive accuracy [23]. Proteins (nodes) of this core
cluster include three major interleukins IL10, 1l-6 and
IL-1B and central apoptosis regulators TP53, MAPKI,
ANXAS5, SQSTM1, SREBF2, FADD (Fig. 3a). The highly
connected proteins within the core cluster appeared to
be essential elements in overlapping protein network of
viral activation and ALS. The overlapping sub-network
also included PRNP, PVALB and ADRA2A, but none of
them had enough edges connected to other nodes to
qualify them in the core cluster.

Biological pathway and gene ontology analysis
Ingenuity Pathway Analysis (Qiagen) and the Cytoscape
plug-in Clue-Go were utilized to identify associated
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Fig. 3 a A MCODE Cluster within shared subnetwork of ALS protein network and retrovirus protein network. The nodes (proteins) that are yellow
are retained in the MCODE Cluster after analysis, based on their parameters, including Connectivity, Degree and Centrality. The table outlines the
degree, neighborhood connectivity and closeness centrality values of the MCODE Cluster Nodes. The neighborhood connectivity of a node is
defined as the average connectivity of all neighbors. The closeness centrality is a number between 0 and 1 and measures how fast information
spreads from a given node to other nodes in the network. The rose colored nodes are within shared subnetwork but excluded from the MCOD
Cluster. b. Clue-Go analysis identifies KEGG pathways and biological processes linked to the essential proteins in the Core Cluster. c. IPA pathway
analysis identifies canonical pathways linked to the Core Cluster proteins

biological functional pathways. The Clue-Go enrichment
analysis identified significantly enriched biological func-
tion processes and IPA identified canonical signaling
cascades that are associated with the identified nodes
from the core cluster. ClueGo showed this core cluster
networks is significantly associated with a number of
Biological Process, including regulation of interleukin
production, neuron apoptosis process, and interferon
gamma production (Fig. 3b). IPA linked three relevant
canonical pathways to the core cluster, induction of
apoptosis by HIV, glucocorticoid receptor signaling, and
neuroinflammation signaling pathway (Fig. 3c).

Associations between ALS, HIV, Polio and West Nile virus
protein interaction networks

As evidence has shown associations between HIV and
ALS, we applied the same analytical approach to gener-
ate a PIN for HIV. The HIV protein network contains
1084 of nodes and 15,715 edges, after merging with ALS

PIN, two highly connected, statistically significant over-
lapping cluster emerged from the combined PIN. One of
them shared similar nodes found from the ALS-
retrovirus cluster such as IL6, IL1B, 1110, MAPKI,
ANXAS5; the second overlapping core cluster is com-
posed of all GABA receptors, forming a highly con-
nected sub-network themselves (Fig. 4a-b). Because of
the potential connections of motor neuron disease with
Poliovirus and West Nile virus, we also investigated
whether there is any significant overlapping network (s)
existing between Poliovirus, West Nile virus and ALS
networks, but no overlapping networks were found be-
tween these networks (Fig. 4c-d). These results under-
score the wunique connections between ALS and
retrovirus/HIV protein networks.

Conclusions
In this study, we provide bioinformatics evidence to sup-
port a disease pathogenesis connection of ALS and
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Fig. 4 a-b Two core clusters are identified from ALS-HIV merged PINs. Cluster-1 also contains three interleukins, IL6, 110 and II-1B. Cluster-2
composed of all GABA signaling receptors. ¢. ALS-Poliovirus merged PINs, there is only one shared protein, DRD2, but there is no overlapping
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retroviral activation/replication. We performed topo-
logical and statistical analysis of protein networks and
uncovered a core protein cluster shared between protein
networks of ALS and retrovirus. We explored the canon-
ical pathways and biological processes that are associated
with the proteins in the core cluster and investigated
whether the shared protein core cluster of ALS and
retrovirus networks could suggest useful directions for
exploring rational drug targets. ALS is a devastating neu-
rodegenerative disease, but currently there is no effective
treatment. Currently, there are a number of treatments
available for retroviral related disorders such as HIV,
searching potential drug targets may help identify exist-
ing anti-viral drugs that can potentially be repurposed to
treat ALS patients, or direct future drug developments.
The presence of a shared protein core cluster strongly
suggests the existence of overlapping molecular path-
ways. The identified cluster contained three major cyto-
kines from the interleukin family (IL1B, IL6, and IL10),
and six critical regulators of cytokines and cell apoptosis
signaling (SQSTM1, TP53, MAPK1, ANXA5, SREBF2,

and FADD). SQSTM1 is one of the ALS causal genes
and an autophagic receptor that recognizes and transfers
ubiquitinated proteins for autophagic degradation. It is
interesting that cytokines of the interleukin family
emerged from protein networks with the highest node-
degrees and prominent connections to both ALS and
retroviral PINs. Interleukins are key players of pro-
inflammatory and anti-inflammatory homeostasis. They
are vital for retrovirus-related disease mechanisms and
neuroinflammation. Interestingly, immune response has
been suggested to play an important role in both neuro-
protection and neurotoxicity [25, 26].

ALS pathogenesis involves impairments of divergent
cellular functions, including protein aggregation, RNA
processing, protein ubiquitination, glutamate toxicity,
mitochondrial dysfunction, and axonal transport [3].
However, the exact mechanism of how these divergent
biological processes eventually converge into motor
neuron degeneration has not been defined. Our protein
network analysis supports that neuroinflammation may
be the converging disease mechanisms for ALS, or plays
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critical roles impacting the progression rate of ALS, if
not the cause of the disease [27]. Previous studies have
shown increased levels of circulating cytokines in ALS
cases. ALS pathology studies have also shown morpho-
logical evidence of microglial activation [28, 29] .

Proinflammatory cytokine IL-6’s immunoreactivity has
been found significantly upregulated in frontal cortex of
ALS cases [30]. Another proinflammatory cytokines IL-
1B produces structural damage to neurons and causes
neuronal dysfunction by acting on glutamate-mediated
excitatory postsynaptic currents [31, 32]. Increased num-
bers of astrocytes and activated microglia have also been
observed in the anterior horn of the spinal cord and
pyramidal tracts of ALS cases. On the other hand, IL-10,
an anti-inflammatory cytokine, decreases secretion of
pro-inflammatory cytokines such as IL-6, and controls
differentiation and proliferation of macrophages, T cells,
and B cells. Thus, IL-10 may protect against excessive
immune responses and tissue damage, keeping pro-
inflammatory events under control [33]. The timing and
anatomical localization of immune responses will be im-
portant in understanding how the immune response
functions in disease pathogenesis, as cytokine signaling
likely triggers different pathways depending on different
disease stages. Interestingly, a recent study also linked
Superoxide Dismutase 1 (SOD1), the first identified ALS
causal gene, to inflammatory mechanism. The expres-
sion of mutant SOD1 in astrocytes and microglia con-
tributes to disease progression in ALS through IL10, as
IL-10 controls early microglial phenotypes and disease
onset in ALS caused by misfolded SOD1 [34].

Almost all ALS patients (>90%) have an accumulation
of protein and protein-RNA aggregates in the autopsy
spinal cord and brain no matter the specific cause of the
disease [35]. These aggregates are toxic to cells and usu-
ally formed by proteins encoded by TAR-DNA binding
protein TARDBP (TDP-43). Although TARDBP is not
one of proteins in the shared core cluster, it is critical in
processing IL-6 and IL-10 at the nuclear site for cytokine
RNA production within IL6 and I1110’s splicing activating
compartment, suggesting TDP43 pathogenesis could
converge into neuroinflammation pathway [36].

In silico protein network analysis has been gaining at-
tention in drug discovery through identifying the poten-
tial drug targets. The drug discovery process usually
starts with discovering essential proteins (drug targets).
The proteins in the ALS-retrovirus PIN core cluster can
be putative drug targets for experimental validation by
cell culture, animal testing and eventually clinical trials
in patients. Interestingly, IL-6 has already been selected
as the target and a phase 2 randomized, placebo con-
trolled trial of Tocilizumab (targeting IL-6) in ALS pa-
tients is currently in data analysis stage. It is rational to
consider this approach can be applied in other diseases.

Page 7 of 8

Abbreviations

ALS: Amyotrophic lateral sclerosis; HERV: Human endogenous retrovirus; HIV-
1: Human immunodeficiency virus-1; MCODE: Molecular complex detection;
PIN: Protein interaction network; SOD1: Cu/Zn superoxide dismutase 1

Acknowledgements
Not applicable.

About this supplement

This article has been published as part of BMC Bioinformatics Volume 20
Supplement 24, 2019: The International Conference on Intelligent Biology and
Medicine (ICIBM) 2019. The full contents of the supplement are available
online at https://bmcbioinformatics.biomedcentral.com/articles/supplements/
volume-20-supplement-24.

Authors’ contributions

JPK, ZS, and NPS designed the research. JPK performed the research and
wrote the manuscript. JPK, ZS, and NPS improved the draft. All authors read
and approved the final manuscript.

Funding
Publication costs are funded by “Mayo Foundation for Medical Education
and Research”.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1Depar‘[mem of Neurology, Mayo Clinic, 200 First St. SW, Rochester, MN
55905, USA. 2Department of Health Science Research, Division of Biomedical
Statistics and Informatics, Mayo Clinic, 200 First St. SW, Rochester, MN 55905,
USA.

Published: 20 December 2019

References

1. Volk AE, Weishaupt JH, Andersen PM, Ludolph AC, Kubisch C. Current
knowledge and recent insights into the genetic basis of amyotrophic lateral
sclerosis. Med Genet. 2018;30(2):252-8.

2. Renton AE, Chio A, Traynor BJ. State of play in amyotrophic lateral sclerosis
genetics. Nat Neurosci. 2014;17(1):17-23.

3. Brown RH Jr, Al-Chalabi A. Amyotrophic lateral sclerosis. N Engl J Med. 2017;
377(16):1602.

4. van Rheenen W, Shatunov A, Dekker AM, McLaughlin RL, Diekstra FP, Pulit
SL, van der Spek RA, Vosa U, de Jong S, Robinson MR, et al. Genome-wide
association analyses identify new risk variants and the genetic architecture
of amyotrophic lateral sclerosis. Nat Genet. 2016;48(9):1043-8.

5. Nguyen HP, Van Broeckhoven C, van der Zee J. ALS genes in the genomic
era and their implications for FTD. Trends Genet. 2018;34(6):404-23.

6. Verma A, Berger JR. ALS syndrome in patients with HIV-1 infection. J Neurol
Sci. 2006,240(1-2):59-64.

7. Lyons J, Venna N, Cho TA. Atypical nervous system manifestations of HIV.
Semin Neurol. 2011;31(3):254-65.

8. Farhadian S, Patel P, Spudich S. Neurological complications of HIV infection.
Curr Infect Dis Rep. 2017;19(12):50.

9. Alfahad T, Nath A. Retroviruses and amyotrophic lateral sclerosis. Antivir Res.
2013;99(2):180-7.

10.  Moulignier A, Moulonguet A, Pialoux G, Rozenbaum W. Reversible ALS-like
disorder in HIV infection. Neurology. 2001;57(6):995-1001.


https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-20-supplement-24
https://bmcbioinformatics.biomedcentral.com/articles/supplements/volume-20-supplement-24

Klein et al. BMC Bioinformatics 2019, 20(Suppl 24):680

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

MacGowan DJ, Scelsa SN, Waldron M. An ALS-like syndrome with new HIV
infection and complete response to antiretroviral therapy. Neurology. 2001;
57(6):1094-7.

Bowen LN, Tyagi R, Li W, Alfahad T, Smith B, Wright M, Singer EJ, Nath A.
HIV-associated motor neuron disease: HERV-K activation and response to
antiretroviral therapy. Neurology. 2016,87(17):1756-62.

McCormick AL, Brown RH Jr, Cudkowicz ME, Al-Chalabi A, Garson JA.
Quantification of reverse transcriptase in ALS and elimination of a novel
retroviral candidate. Neurology. 2008;70(4):278-83.

Steele AJ, Al-Chalabi A, Ferrante K, Cudkowicz ME, Brown RH Jr, Garson JA.
Detection of serum reverse transcriptase activity in patients with ALS and
unaffected blood relatives. Neurology. 2005;64(3):454-8.

Douville R, Liu J, Rothstein J, Nath A. Identification of active loci of a human
endogenous retrovirus in neurons of patients with amyotrophic lateral
sclerosis. Ann Neurol. 2011,69(1):141-51.

Li W, Lee MH, Henderson L, Tyagi R, Bachani M, Steiner J, Campanac E,
Hoffman DA, von Geldern G, Johnson K; et al. Human endogenous retrovirus-K
contributes to motor neuron disease. Sci Trans| Med. 2015;7(307):307ra153.
Flockerzi A, Ruggieri A, Frank O, Sauter M, Maldener E, Kopper B, Wullich B,
Seifarth W, Muller-Lantzsch N, Leib-Mosch C, et al. Expression patterns of
transcribed human endogenous retrovirus HERV-K (HML-2) loci in human tissues
and the need for a HERV Transcriptome project. BMC Genomics. 2008,9:354.
Griffiths DJ. Endogenous retroviruses in the human genome sequence.
Genome Biol. 2001;2(6):1017 REVIEWS.

Brinzevich D, Young GR, Sebra R, Ayllon J, Maio SM, Deikus G, Chen BK,
Fernandez-Sesma A, Simon V, Mulder LC. HIV-1 interacts with human
endogenous retrovirus K (HML-2) envelopes derived from human primary
lymphocytes. J Virol. 2014;88(11):6213-23.

Ruffner H, Bauer A, Bouwmeester T. Human protein-protein interaction networks
and the value for drug discovery. Drug Discov Today. 2007;12(17-18):709-16.
Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J,
Simonovic M, Roth A, Santos A, Tsafou KP, et al. STRING v10: protein-protein
interaction networks, integrated over the tree of life. Nucleic Acids Res.
2015;43(Database issue):D447-52.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. Cytoscape: a software environment for integrated
models of biomolecular interaction networks. Genome Res. 2003;13(11):2498-504.
Bader GD, Hogue CW. An automated method for finding molecular
complexes in large protein interaction networks. BMC Bioinform. 2003:4:2.
Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,
Fridman WH, Pages F, Trajanoski Z, Galon J. ClueGO: a Cytoscape plug-in to
decipher functionally grouped gene ontology and pathway annotation
networks. Bioinformatics. 2009;25(8):1091-3.

Appel SH, Beers DR, Henkel JS. T cell-microglial dialogue in Parkinson's
disease and amyotrophic lateral sclerosis: are we listening? Trends Immunol.
2010;31(1):7-17.

Lehnardt S. Innate immunity and neuroinflammation in the CNS: the role of
microglia in toll-like receptor-mediated neuronal injury. Glia. 2010,58(3):253-63.
Appel SH, Zhao W, Beers DR, Henkel JS. The microglial-motoneuron
dialogue in ALS. Acta Myol. 2011;30(1):4-8.

Engelhardt JI, Tajti J, Appel SH. Lymphocytic infiltrates in the spinal cord in
amyotrophic lateral sclerosis. Arch Neurol. 1993;50(1):30-6.

McGeer PL, McGeer EG. Inflammatory processes in amyotrophic lateral
sclerosis. Muscle Nerve. 2002;26(4):459-70.

Heneka MT, Kummer MP, Latz E. Innate immune activation in
neurodegenerative disease. Nat Rev Immunol. 2014;14(7):463-77.

Rossi S, Motta C, Studer V, Macchiarulo G, Volpe E, Barbieri F, Ruocco G,
Buttari F, Finardi A, Mancino R, et al. Interleukin-1beta causes excitotoxic
neurodegeneration and multiple sclerosis disease progression by activating
the apoptotic protein p53. Mol Neurodegener. 2014,9:56.

Song C, Zhang Y, Dong Y. Acute and subacute IL-Tbeta administrations
differentially modulate neuroimmune and neurotrophic systems: possible
implications for neuroprotection and neurodegeneration. J
Neuroinflammation. 2013:10:59.

Fregnan F, Muratori L, Simoes AR, Giacobini-Robecchi MG, Raimondo S. Role
of inflammatory cytokines in peripheral nerve injury. Neural Regen Res.
2012;7(29):2259-66.

Gravel M, Beland LC, Soucy G, Abdelhamid E, Rahimian R, Gravel C, Kriz J. IL-
10 controls early microglial phenotypes and disease onset in ALS caused by
Misfolded superoxide dismutase 1. J Neurosci. 2016;36(3):1031-48.

35.

36.

Page 8 of 8

Scotter EL, Chen HJ, Shaw CE. TDP-43 Proteinopathy and ALS: insights into
disease mechanisms and therapeutic targets. Neurotherapeutics. 2015;12(2):
352-63.

Lee S, Lee TA, Lee E, Kang S, Park A, Kim SW, Park HJ, Yoon JH, Ha SJ, Park T,
et al. Identification of a subnuclear body involved in sequence-specific
cytokine RNA processing. Nat Commun. 2015;6:5791.

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

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Obtain relevant protein lists using Ingenuity Pathway Analysis Database
	Obtain protein interaction and connection scores
	Protein sub-interaction or overlapping network identification and annotation

	Results
	Protein interaction networks of ALS and retrovirus have more than expected connections
	A shared sub-network is identified between the ALS and retrovirus PINs
	MCOD Identify a core cluster within shared sub-network
	Biological pathway and gene ontology analysis
	Associations between ALS, HIV, Polio and West Nile virus protein interaction networks

	Conclusions
	Abbreviations
	Acknowledgements
	About this supplement
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

