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ABSTRACT: Myasthenia Gravis (MG) is a neuromuscular autoimmune disorder characterized by decreased muscle strength
caused by the antibodies targeting proteins on the neuromuscular junction. While many genes have been attributed to MG
susceptibility and pathogenesis, the disease’s complexity means current research on MG only adds to a provisional theory, leaving
its molecular basis still widely unexplored. This study aimed to perform a meta-analysis on 517 genes with functional associations
to MG through gene ontology and enrichment analysis. Results revealed enriched terms generally correlating to autoimmunity
and immune signaling pathways, focusing on cytokine signaling. Additional enriched terms of interest were related to Kaposi
sarcoma-associated herpesvirus, the spleen, and NF-kB. This analysis uncovers the role these enriched terms may play in the
condition’s development and discusses their possible implications for future MG research.
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B Introduction

Myasthenia Gravis (MG) is a rare neuromuscular auto-
immune disorder, typically affecting 150-250 per million
individuals globally, with approximately 8-10 new cases per
million each year." The disease is primarily characterized by
decreased muscle strength that worsens over frequent use,
with 15% of MG patients experiencing weakness isolated to
the extraocular muscles (small voluntary muscles controlling
the movement of the eyeball within the eye socket), causing
common symptoms such as the asymmetrical drooping of the
eyelid (ptosis) and double vision (diplopia). Although ocu-
lar muscle weakness is still frequent, the other 85% of MG
patients will experience a more generalized form of MG, find-
ing additional muscle weakness in reduced facial expression,
speech difficulties, or reduced neck movement.>* In 15-20%
of MG patients, respiratory muscle failure can occur, causing
airways to collapse in a life-threatening situation, referred to as
a myasthenic crisis.*

For most populations, MG follows a bimodal pattern of a
low peak of onset at 30 years of age and a high peak at 70-80
years of age, which can be used as approximate reference points
for categorization of early-onset (EOMG) or late-onset MG
(LOMG).®* However, the typical age of onset can vary greatly
by region, which is especially exemplified by a uniquely com-
mon development of Juvenile MG (up to 50% under 15 years
of age) in East Asian countries, such as China.® Furthermore,
the condition appears to correlate with sex, as males are more
likely to develop LOMG with a sex ratio of 3:2, and females
are significantly more likely to develop EOMG (3:1), which
can be attributed to preferential X chromosome inactivation.”
According to available data, the general prevalence of MG is
higher in modern times, likely due to the availability of newer
testing methods with increased sensitivity to detect MG bio-

markers rather than an actual increase in disease occurrence.’

Myasthenia Gravis has been proven to be greatly influenced
by genetic and epigenetic factors, as is supported by its concor-
dance of 35% in monozygotic twins and 5% in heterozygous
twins.® The disruption of normal molecular processes in MG
patients can be attributed to antibodies that target three main
proteins located on the neuromuscular junction: the acetyl-
choline receptor (AChR), muscle-specific kinase (MuSK),
and low-density lipoprotein receptor-related protein 4 (LRP4)
(Figure 1).” Anti-AChR antibodies are found in 80% of MG
patients and act as competitive inhibitors of the neurotrans-
mitter, acetylcholine, by binding to the AChR, blocking typical
ACh-ACHhR binding.'>" Through their attachments, they may
also increase AChR internalization and degradation, resulting
in the receptor losing complete functionality.® Although only
present in a minority of patients, anti-MuSK and anti-LRP4
antibodies cover binding sites and disrupt a signaling pathway
stimulated by a release of agrin from the motor neuron.” At
an unaffected neuromuscular junction, after the agrin binds to
LRP4 and MuSK amplifies a signal, the AChR begins to clus-
ter with the aid of rapsyn, which is essential for the efficient
reception of neurotransmitters."* Individuals with anti-MuSK
antibodies generally experience a more severe form of MG
than those with anti-AChR or anti-LRP4 antibodies alone."
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Figure 1: Schematic illustration of the autoantibodies disrupting efficient
ACh reception at the neuromuscular junction. It was created with Biorender.
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Given that MG is a multifactorial disorder, many studies have
uncovered various biomarkers and factors that may influence
the development of MG. Although not directly related to the
development of symptoms, as previously mentioned, antibod-
ies targeting Titin, Rapsyn, Agrin, Collagen Q, and Cortactin
all have associations with the condition and are viable genetic
markers.16 Cytokines such as IL-17A, IL-21, IL-10, IL-14,
IL-2, and IL-20 and increased kFLC (kappa-free light chain)
levels, all acting as various signaling molecules in the immune
system also possibly play a role in the mechanisms of the dis-
ease."®'” Epigenetic factors of MG include the dysregulation
of long non-coding RNAs (IncRNAs) such as XLOC_003810,
SNHG16, IFNG-AS1, and MALAT-1. Other epigenetic
factors include microRNAs (miRNAs) such as miR-150-5p,
miR-155, miR-146a-5p, miR-20b, miR-21-5p, miR-126, let-
7a-5p, and let-7f-5."® Studies have even begun to investigate
the role of environmental factors as well, including one study
that has uncovered a relationship between the dysbiosis of gut
bacteria and the imbalance of T helper 17 (Th17) cells and
regulatory T (Treg) cells that are present in individuals with
MG.?”

Amongst MG biomarkers, the genetic factors that have
been most extensively researched are the genes themselves.
Unlike most autoimmune diseases, familial autoimmunity of
MG is rare. Still, in a study that investigated a unique case of
an Italian-American family with four affected siblings, it was
found that sequence variants in the ENOX1 gene play a role
in the development of EOMG.?® As expected of autoimmune
disorders, other genetic studies have highlighted the human
leukocyte antigen (HLA) locus as a possible key contributor
to MG susceptibility. In contrast, genome-wide association
studies (GWAS) have found numerous additional genes that
possibly have associations with MG, including TNIP1 and
PTPN22.>"?* However, even amidst all comprehensive stud-
ies, the disease’s complexity means this research only adds to a
provisional theory, leaving its genetic and molecular basis still
widely unexplored.?® Therefore, this meta-analysis seeks to in-
vestigate the relationship between the genes and the functional
associations to MG to gain a more holistic understanding of
the disease’s development.

B Methods

A list of genes with associations to MG was first curated
through the compilation of seven independent gene sets from
Harmonizome** (https://maayanlab.cloud/Harmonizome/), a
collection of processed datasets from over 70 primary online
resources that are organized based on the functional associa-
tions between genes/proteins and their attributes.** Among all
datasets, various methods were employed to obtain MG-relat-
ed genes, including genome-wide association studies (GWAS),
text-mining, and the manual curation of lists from the relevant
scientific literature. Categorized through Harmonizome by
their relative functional associations, no individual gene set ex-
ceeded 300 total genes, and a final list of 517 unique genes was
produced for analysis (Table 1).

Table 1: Shows various MG datasets, their sources, and gene numbers. This
study used unique genes obtained from this dataset to analyze.
Resource

Dataset Name No. of genes | URL

CTD Gene-Disease
Associations

Comparative 46 http:
Toxicogenamics Database

_set/Mya

- TD+Gene-Di

DISEASES Text-mining DISEASES 188 _set/mya
Gene-Disease Association DI ES+Text- -Diseas
Evidence Scores e+Assocation+Evidence+Scores

GWASdb SNP-Disease GWASdb 91 _set/mya
Association Di

GAD Gene-Disease Genetic Association 23 _set/mya
Associations Database D+Gene-Di

GWAS Catalog GWAS Catalog 2

SNP-Phenotype Associations +Catalog+SNP-Phenotype+Associations

HUGE Navigator HuGE Navigator 45 _set/Mya
Gene-Phenotype Associations 0 X VP
ssociations

DisGeNET Gene-Disease
Associations

DisGeNET 299 http: _set/Mya
sthenia+Gravis/DisGeNET+Gene-Disease+Associatio
ns

To perform this analysis, 517 genes were inputted into
Enrichr (https://maayanlab.cloud/Enrichr/), a web-based
application containing 35 common gene-set libraries that pro-
vide a wide variety of visualizations for gene set enrichment
analysis (GSEA).” The utilization of GSEA uncovers pat-
terns of common biological functions, chromosomal locations,
and regulations in the gene lists of multiple independent stud-
ies, highlighting top enriched terms correlated to the genes
from many published studies.”® The gene-set libraries in this
analysis were found under the “Ontologies” and “Pathways”
categories. One particularly notable resource used is the Gene
Ontology Consortium (GO), an evolving yet standardized
set of vocabulary containing over 40,000 terms.?” The three
web-based ontologies currently available revealed significant
terms in the M G-associated gene list belonging to one of three
categories: the overall biological goal to which the genes con-
tribute (biological process), the specific biochemical activities
carried out by the gene products (molecular function), and the
locations in the cell where the gene products are active (cellular
component).*®

Additional software to Enrichr used on the same 517 genes
during this analysis was Metascape (https://metascape.org/
gp/index.html#/main/stepl), a comprehensive web-based
portal centered on functional enrichment, gene annotation,
interactome analysis, and membership search.”” Analysis
through Metascape provided an alternative perspective of the
MGe-associated genes by displaying how the genes and their
gene products interact. These genes were entered under “ex-
press analysis” isolated to Homo sapien genes. Drawing from a
list of databases including Reactome, Kegg, Mouse Genome
Informatics (MGI) Mammalian Phenotype, STRING, Bi-
0Grid, OmniPath, InWeb_IM, and PaGenBase, the produced
visualizations collected from both Enrichr and Metascape are
discussed in the Results section of this study.

B Results

MG-associated genes are enriched in the cytokine signal-
ing pathway:

Using Enrichr, the genes were first analyzed through GO to
identify the most enriched terms relating to molecular function
(MF), biological process (BP), and cellular component (CC).
The GO analysis for biological processes generally revealed
enriched terms relating to the cytokine signaling pathway and
activity (Figure 2A). Other enriched terms correlate with reg
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ulating additional signaling pathways involved in the immune
response. These are similar to the top enriched terms displayed
in the GO analysis for molecular function with general re-
sults related to cytokine signaling and chemokines, which are
subsets of chemokine molecules involved in the migration of
white blood cells (Figure 2B). Enriched terms that differen-
tiated from those found in the previous analysis (biological
function) were related to cell proliferation and Major Histo-
compatibility Complex (MHC) Class II molecules, which are
essential for the adaptive immune response and self-recogni-
tion. It should be noted that although potentially presenting
itself as a term of interest, it does not have a clear connection to
the immune system. “Growth Factor Activity” is significantly
less enriched than the top enriched terms, as is supported by
the term’s higher p-value.

Ontology of genes associated with MG
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Figure 2: Gene ontology of 517 genes associated with MG. Bar graph of
ten most enriched terms for Biological Process (A), Molecular Function
(B), and Cellular Component (C). The GO terms are sorted by p-value. The
top enriched terms found are most associated with cytokine signaling and
production.

The ten most enriched terms from the GO analysis for cel-
lular components relate to the MHC Protein Complex and
Vesicle Transport (Figure 2C). The terms pertaining to vesicle
transport would logically support BP and MF results that dis-
played the top term relating to cytokine signaling, as cytokine
signaling often relies upon vesicles for transportation inside
and out of the cell.>® However, as the second most enriched
term and with no explicit correlation to the common theme of
autoimmunity present in other enriched terms, the “lumenal
side of the endoplasmic reticulum”should be noted as a unique
term for further investigations (Figure 2C).

Next, the MG-associated genes were analyzed through
phenotype ontologies to investigate the potential outcomes
of the disease’s development. The Mouse Genome Infor-
matics (MGI) Mammalian Phenotype ontology provided an
additional point of reference that could be used to compare
gene-phenotype relationships in those of humans to those
of animal models, specifically mice. Alternatively, the human
phenotype ontology analysis provided results that were more
exclusive to phenotypes observed in humans, making enriched
terms more compatible with phenotypes expected from MG
patients.

The most enriched terms from the mammalian phenotype
ontology revealed terms relating to abnormal immune response
processes and susceptibility to infection, excluding premature

death (Figure 3A). Once again, the enriched term with the
lowest p-value, cytokine secretion, is correlated with cytokine
activity. One particularly notable result is that both increased
and decreased interferon-gamma signaling are present in the
list of the ten most enriched terms from the analysis, given
the contrasting nature of both terms. Furthermore, the Human
Phenotype Ontology analysis revealed enriched terms related
to symptoms of various autoimmune conditions and fatigue
(Figure 3B). Abnormality of the neuromuscular junction and
fatigue are directly related to the development of the disease.
Still, it should be noted that all other enriched terms are not
symptoms of the disease. The term “autosomal recessive inher-
itance” is also intriguing, given that MG is not heritable.

Mouse and Human phenotypes of genes associated with MG
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Figure 3: Mouse and Human phenotype ontology of genes associated
with MG. Bar graph of ten most enriched terms from MGI_Mammalian_
Phenotype_Level_4_2021 (A) and Human_Phenotype_Ontology (B) gene
set libraries. The GO terms are sorted by p-value. The top enriched terms
found are most associated with immune system irregularities.

Contribution of additional immune signaling pathways in
Myasthenia Gravis:

The genes were also investigated using two pathway analy-
sis gene sets available through Enrichr: Reactome_2022 and
Kegg 2021. The Reactome analysis revealed top enriched
terms correlated with cytokine, interferon, and interleukin
signaling, with the most enriched term being cytokine sig-
naling in the immune system (Figure 4A). Additionally, the
KEGG (Kyoto Encyclopedia of Genes and Genomes) anal-
ysis revealed enriched terms related to conditions originating
from immune responses and pathogen infection, with the top
enriched term being cytokine-cytokine receptor interaction
(Figure 4B). These terms reflect the common theme of cy-
tokine signaling and autoimmune dysfunction present in the
enriched terms of other analysis ontologies. One point of dif-
ferentiation between the two results lies in their variability, as
the p-values of the three most enriched terms in the Reac-
tome set are significantly lower when compared to all other
terms. Different terms seem to have much closer p-values in
the KEGG analysis, where various terms are much closer in
distance to the top three most enriched terms.

Pathway Analysis of genes associated with MG
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Figure 4: Pathway analysis of genes associated with MG. Manhattan
plot of enriched terms from Reactome_2022 (A) and Kegg_2021_Human
(B) gene sets. The top enriched terms found are most associated with
autoimmune conditions and cytokine signaling.
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The genes were then inputted into a pathway and pro-
cess enrichment analysis through Metascape that utilized a
combination of ontology sources: KEGG Pathway, GO Bi-
ological Processes, Reactome Gene Sets, Canonical Pathways,
CORUM, WikiPathways, and PANTHER Pathway. Sig-
nificantly enriched terms were grouped into clusters, and the
top 20 clusters were displayed in a color-coded cluster net-
work, highlighting the relationships between the genes. The
top three enriched genes, as scored by p-value, were Cytokine
Signaling in the Immune System, Allograft rejection, and
the positive regulation of cytokine production, with 24.12%,
10.51%, and 18.29% of genes of the list that were found un-
der the given ontology term, respectively. With the thickness
of the lines representing the strength of the relationship be-
tween the clusters, these results would appear to align with
the cluster network, as gene nodes correlating to the top three
most enriched terms were found to be in the center of the
diagram, demonstrating the key role that they may play in af-
fecting multiple of the mechanisms listed (Figure SA). Except
for a singular gene node under the term “JAK-STAT signaling
pathway” and a group of nodes correlating with the adaptive
immune response, the overall lack of clearly isolated node
groups indicates an interconnectedness amongst multiple fac-
tors contributing to the development of MG.

Combined Pathway and Process Analysis of genes associated with MG

W Cytokine Signaling in Immune system
W Alogratt rejection
W positive regulation of cytokine production
W leukocyte activation
W adaptive immune response
Inflammatory bowel disease
W Extrafolicular and follicular B cell activation by SARS
response to molecule of bacterial origin
W regulation of production of molecular mediator of immune response
positive regulation of response to external stimulus
Lipid and atherosclerosis
regulation of tumor necrosis factor superfamily cytokine production
M immune response-regulating signaling pathway
T cel activation SARS CoV 2
Network map of SARS CoV 2 signaling pathwiay
negative regulation of immune system process
Interleukin-4 and Interieukin-13 signaling
positive regulation of protein phosphorylation
W regulation of leukocyte differentiation
JAK-STAT signaling pathway

Figure 5: Combined Pathway and Process Analysis of MG-associated
genes. Networks of enriched terms colored by cluster ID (A), where nodes
that share the same cluster ID are typically close to each other, or colored
by p-value (B), where terms containing more genes tend to have a more
significant p-value. Almost all nodes appear to be significantly enriched.

The most unusual aspect of the pathway network may be the
p-values associated with each node depicted in the network.
Despite being found under differing cluster IDs, the major-
ity of nodes are significantly enriched, having p-values less
than 10-20, as indicated by their dark red color (Figure 5B).
This would seem to reveal the relevance of the many different
signaling pathways and immune response cells in MG, con-
firming the complexity of its genetic origins.

To understand the protein-protein interaction (PPI) nature

of MG genes, STRING, BioGrid, OmniPath, and InWeb_IM

databases were used for the analysis. Only physical interac-
tions between the proteins were included. A network was
created showing densely connected network components, as
identified by the Molecular Complex Detection (MCODE)
algorithm (Figure 6). The pathway and process enrichment
analysis applied revealed MCODE components correlating to
cytokine signaling, muscle development, antigen processing,
G-protein signaling, interleukin signaling, growth factors, and
other signaling pathways. The MCODE components with
the highest statistical significance were related to cytokine
signaling (MCODE_1), antigen processing (MCODE_3),
and ligand-binding signaling pathways (MCODE_4), which
are related to cytokine signaling, antigen processing, and li-
gand-binding signaling pathways, respectively (Table 2). This
can be illustrated by their uniquely compact appearance as
a network on the diagram (Figure 6). While still reflecting
similarities in past results, three new enriched terms with sta-
tistical significance (1og10(P) values less than -20) that have
been provided as a description of the MCODE components
include Kaposi sarcoma-associated herpesvirus infection, G
alpha (i) signaling events, and GPCR ligand binding.

Protein-protein Interaction Analysis
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Figure 6: Protein-protein interaction networks of MG-associated genes.
Networks are arranged into separate, densely connected MCODE network
components.

Table 2 shows the results of the top three highest-scoring
terms by p-value after pathway and process enrichment anal-
ysis is applied to each MCODE component. The MCODE
clusters that were most enriched related to cytokine signaling
and various other signaling pathways.

Table 2: Shows the results of the top three highest-scoring terms by p-value
after pathway and process enrichment analysis is applied to each MCODE

component.

Color [MCODE G0 Desciption 10g10(P)
MCODE_1__|R-HSA-1280215_[Cytokine Signaling in Immune system -3
MCODE_1__ |GO:0071345 | cellular response to cytokine stimulus 311
MCODE_1__|hsa05167 Kaposi sarcoma-associated herpesvirus infection 283
MCODE_ 2 _|hsa05020 Prion disease 64
MCODE_ 2 |GO:0007517 | muscle organ 6.1
MCODE 2 |GO:0061061 | muscle structure development 6
MCODE_3 _ |GO:0048002 __|antigen processing and presentation of peptide antigen 367
MCODE_3 _|hsa05330 Allograt rejection 352
MCODE 3 [GO:0002478 _|antigen and of peptide antigen 346
MCODE_4 _|R-HSA-418594 |G alpha (i) signalling events 439
MCODE_4 _|R-HSA-375276 | Peptide ligand-binding receptors 416
MCODE 4 |R-HSA-500792 |GPCR ligand binding 401
MCODE_5 _|R-HSA-977606 _|Regulation of Complement cascade 148
MCODE 5 |GO:0002252 __|immune effector process 146
MCODE 5 |R-HSA-174577 _|Activation of C3 and C5 143
MCODE 6 |R-HSA-6783783 |Interleukin-10 signaling 285
MCODE 6 _|WP5095 Overview of y and profibrotic mediators 239
MCODE 6 |R-HSA-6785807 |Interieukin-4 and Interleukin-13 signaling 212
MCODE_7 _|R-HSA-211897 | Cytochrome P450 - arranged by substrate type 134

[ |McopE_7  [GO:0070989  [oxidative 127

| |MCODE_7  |R-HSA-211945 |Phase | - Functionalization of compounds 123
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MCODE_8

M100
MCODE_8

G0:0071363
G0:0070848
G0:0007189
R-HSA-418555
G0:0007188

PID SHP2 PATHWAY 72
cellular response to growth factor stimulus 65
response to growth factor 6.4
adenylate cyclase-activating G protein-coupled receptor signaling pathway 93
G alpha (s) signalling events 91
adenylate cyclase-modulating G protein-coupled receptor signaling pathway 85

Additional enrichment analysis was carried out using Pa-
GenBase (A Pattern Gene Database for the Global and
Dynamic Understanding of Gene Function) to identify en-
riched terms correlated to tissue- or cell-specific pattern genes
within the list of MG-associated genes (Figure 7A). This on-
tology revealed top enriched terms related to the spleen, lung,
thymus, and bone marrow, with 11%, 7.8%, 4.7%, and 4.1% of
the genes, respectively. It should be noted that the top enriched
term, tissue-specific: spleen, is significantly more enriched
than all other terms (which can be seen by its red color), high-
lighting itself as a future point of interest.

Because transcription factors drive large gene expression
changes, an enrichment analysis was conducted to identi-
fy possible transcription factors associated with MG (Figure
7B). The most significantly enriched terms were all related to
the transcription factor, Nuclear factor-kappa B (NF-kB). It
should be mentioned, however, that these terms had higher
p-values than top enriched terms of previous analysis, and all
terms contained less than 6% of the genes found in the total
gene list inputted, which indicates that they may be less en-
riched.
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Figure 7: Summary of enrichment analysis in PaGenBase (A) and
Transcription Factor Targets (B). The top enriched terms found are most
associated with the spleen and transcription factor NF-kB.

® Discussion

With the complex genetic origins of Myasthenia Gravis,
this study sought to explore the key genes implicated in the
disorder’s development through a meta-analysis. The results
confirm immune system irregularities as key contributors to
MG development. With the most significantly enriched terms
amongst all datasets converging into cytokine signaling, al-
lograft rejection, susceptibility to infection, T cell activity, and
inflammation, the analysis might suggest that the body’s re-
duced ability to correctly distinguish between harmful foreign
invaders and normal proteins from the body characterizes a
major part of the condition’s pathogenesis. Indeed, some top
enriched terms have a direct link to the aforementioned com-
mon understanding of MG as described in the “Introduction”
section of this paper, including “Abnormality of the Neuromus-
cular Junction,” “Fatigable Weakness,” “Easy Fatigability,” “G
alpha (i) signaling events,” and “GPCR [(G protein-coupled
receptor)] ligand binding” (Figure 2B). Even when not directly
linked to the symptoms of MG, top enriched terms “vasculitis”
(inflammation of the joint), “arthralgia” (pain in a joint), and
“pulmonary infiltrates” (dense substances in the lung) can all

originate from diseases characterized by immunological dys-
function associated with Myasthenia Gravis (Figure 2B).*'3*
Therefore, there seems to be clear evidence supporting MG’s
classification as an autoimmune disorder.

While the data presented in this study generally attributes
MG with autoimmunity, it explicitly highlights terms relating
to the cytokine signalingpathway as the most significantly
enriched biological process. Uzawa et al. investigated the over-
all role these cytokines may play in MG and found that the
1L-17,1L-21,1L-10, BAFF, APRIL, IL-6, and IL-23 were all
generally up-regulated in samples of MG patients. This would
create a logical connection between these terms and MG, as all
of these up-regulated cytokines interact with a variety of T cells
that contribute to MG by promoting chronic inflammation
(Th17), autoantibody production (Tth), and an overstimulated
immune response (Treg) through their dysfunction.®® Addi-
tionally, while first appearing to have no explicit link to MG,
the lumenal side of the endoplasmic reticulum (ER) folds and
prepares proteins for the process of protein secretion through
vesicle transport, playing a similar role in cytokine secretion as
all other enriched cellular components (Figure 1C).** Through
their consistent appearance in enriched terms with the lowest
p-values in multiple forms of analysis, cytokines seem to pres-
ent themselves as an essential aspect of MG’s pathogenesis,
and further research investigating the IL loci may provide a
deeper understanding of the genetic origins underlying the
condition’s development.

The large number of statistically significant terms and the
lack of isolated nodes within the process and pathway anal-
ysis node network justify the consideration and possible
significance of other enriched terms as well (Figure 4). Kaposi
Sarcoma (KS) is a lymphoproliferative disorder correlated with
human herpesvirus 8 (HHV-8), resulting in purpuric lesions
on many different body parts. Interestingly, in a case study of
two MG patients who developed KS, it was found that the le-
sions only developed after taking prednisone and azathioprine,
two immunosuppressants used to treat MG.*” While this side
effect of KS from corticosteroid treatment is rare, and there
are very few cases where both conditions are developed, the
enriched term “Kaposi sarcoma-associated herpesvirus” (Table
2) prompts further investigation into the way MG increases
the susceptibility of conditions that develop from taking its
treatment.

The spleen is an essential organ of the immune system, as
it stores white blood cells needed for combating pathogens in
the body. Recent studies investigating the spleen’s role in MG
have typically highlighted methods of improving the condition
through replenishing spleen “gi,” the force flowing through
all living things, as defined by traditional Chinese medicine
(TCM).* However, in a 1985 case study of five MG patients
who underwent a splenectomy, it was found that three patients
saw significant improvement, and one patient saw moderate
improvement. The last patient saw no improvement in reduc-
ing muscle weakness.* Therefore, given the lack of modern
studies investigating this relationship beyond “qi” and its po-
tential applications for MG treatment, the top enriched term

“spleen” (Figure 6A) highlights the need for novel
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research in this vastly unexplored area that applies rigorous sci-
entific methodology to understand the relationship between
the spleen and MG in humans.

The top enriched terms relating to NF-«B (Figure 6B) would
again support a focus on autoimmunity, as the transcription
factor has been extensively researched for its effect on various
immune processes. However, an additional point of consider-
ation may lie in its further influence on cancer development, as
its activation can induce cell proliferation, suppression of an-
titumor immunity, invasion, and metastasis.** Thymoma and
MG have been associated with one another, as 30-50% of thy-
moma patients have MG, and 10-20% of MG patients have
thymoma. However, the exact mechanism linking the two is
still not fully understood.* Further examination of NF-kB in
MG may help uncover the causative factors behind this rela-
tionship and aid in developing medical interventions treating
those afflicted by both conditions.

One limitation of this study may be found in the analysis re-
sources themselves. Gene ontology, as a whole, has often been
criticized for its incomplete evaluation of the genome, as the
current set of annotations can be considered shallow or even
noisy when accounting for the lack of “NOT” annotations that
can clarify negative associations.*** However, although the
results provided by gene set ontology and enrichment analysis
cannot be used to reach definite conclusions of causation, the
top enriched terms produced from the various libraries still
potentially inspire further studies. Future research stemming
from this study should evaluate the possible significance of the
intriguing, enriched terms previously mentioned to shed light
on unknown autoimmune pathways and processes contribut-
ing to the complex nature of MG’s pathogenesis.
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