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ABSTRACT: It’s predicted that in 2023, there will be 19,710 new cases and 13,270 deaths due to ovarian cancer in the United
States. Ovarian cancer (OV) is the leading cause of death among gynecological cancers and the 5th leading cause of death among
all cancers in women in the United States. Early diagnosis provides the best solution to increase the survivability of ovarian cancer
(OV), and genomic markers are proving to be the key to early diagnosis. Insight into some of the genomic contributors to ovarian
cancer, specifically abnormal alternative splicing factors has surfaced recently. It is unknown which abnormal alternative splicing
factors associated with ovarian cancer could help increase early diagnosis. I used the Alternative Splicing for Cancer Molecular
Classification (AS-CMC) interface and Metascape to conduct a bioinformatic analysis of alternative splice events and the affected
genes in ovarian cancer. The expression (gene expression) and custom analysis results show that most genes affected by AS events
in OV encode proteins involved in cytoskeleton alteration/organization. The results from this research will help to discover
biomarkers in ovarian cancer patients and contribute to early diagnosis and research on targeted therapy for OV.
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B Introduction

Owvarian Cancer:

It is predicted that in 2023 there will be 19,710 new cases
and 13,270 deaths due to ovarian cancer in the United States.!
Ovarian cancer (OV) is the leading cause of death among gy-
necological cancers and the 5th leading cause of death among
all cancers in women in the United States.! Abdominal swell-
ing, urinary symptoms, pelvic pressure, shortness of breath, etc.,
characterize it. However, these symptoms are not consistent
across all OV patients. They tend to manifest in later stages:
Stages 3 or 4.2 OV at Stages 3 and 4 is much harder to cure and
survive than OV at Stages 1 or 2; therefore, finding a way to
diagnose patients at these earlier stages would benefit surviv-
ability. Moreover, these symptoms are general and nonspecific
which can cause them to be missed initially, further pushing
the time of diagnosis. Screening for ovarian cancer typically
includes radiographic imaging C'T, transvaginal and abdominal
ultrasound, and MRI.? Such screening is not done during an-
nual gynecological check-ups; therefore, this method does not
establish an early diagnosis. As a result of all of these barriers to
early diagnosis of OV the abundance of deaths due to ovarian
cancer stems from late-stage diagnoses.® Therefore, the early
diagnosis of ovarian cancer could have a significant effect in
increasing the survival rate of ovarian cancer patients.

Abnormal Alternative Splicing Factors in Ovarian Cancer:

Recently, there has been insight into some genomic factors
of ovarian cancer specifically abnormal alternative splicing fac-
tors.* To elaborate, RNA splicing was first discovered to extract
sequences from pre-mRINA and combine the leftover sequenc-
es.” When there is a deviation from this standard sequence
splicing it is described as alternative splicing. Alternative splic-
ing creates protein diversity when mRNA is being expressed

from a genome.® Moreover, one of its more interesting func-
tions is encoding protein variants that control cell development.
Therefore, when alternative splicing events experience altered
expression, it can lead to cancer.” Studies have outlined various
protein-coding genes that undergo abnormal alternative splic-
ing in patients with ovarian cancer such as TP53, TP73, and
HMGA2.%? Furthermore, 10% of AS events specific to breast
and/or ovarian cancer were found to be involved in cancer cell
survival from a screen of selected splice variants.'” Although
studies have shown that alternative splicing may contribute
to cancer, the analysis of alternative splicing in ovarian can-
cer has yet to be explored in vast detail. Further research must
be conducted to truly analyze the specific alternative splicing
factors and the genes they influence in ovarian cancer patients.
Based on previous studies the most common alternative splic-
ing factor type that frequents patients who develop ovarian
cancer is exon skip, and the genes affected are almost always
protein-coding or tumor-related. Many genes that experience
AS events in ovarian cancer patients have protein functions re-
lated to cellular processes/signaling, specifically actin filament/
cytoskeleton alterations. This paper will further elaborate on
these findings. The results from this research will help to dis-
cover biomarkers in ovarian cancer patients and contribute to
increased early diagnosis of OV and research on targeted ther-

apy for OV.

B Methods

To perform an analysis of the alternative splicing factors in
ovarian cancer a list of genes implicated in AS in ovarian cancer
was created from the Alternative Splicing for Cancer Molec-
ular Classification (AS-CMC) interface (https://www.pmrc.
re.kr/ASCMC/)."" AS-CMC is a data interface that allows
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researchers to explore AS events from The Cancer Genomics
Atlas (TCGA). AS-CMC permits users to curate a list of AS
events from a single cancer type and pan-cancer lists for rele-
vant AS events. I used the Single Cancer AS service to explore
the AS events implicated in OV cancer patients specifically.
It was decided that performing an analysis on this list of
genes would be important to understand why these specif-
ic alternative splicing events in these genes were influencing
ovarian cancer. Furthermore, this will provide insight into how
such events serve as biomarkers for early diagnosis and target-
ed treatment. Subsequently, all 215 genes from the AS-CMC
interface under ovarian cancer AS events were imported into
Metascape (http://metascape.org) under express and custom
analysis for Homo-sapiens genes.’> Of the 215 genes from
AS-CMC, Metascape found 173 Homo-sapien. The 173

genes used in the analysis can be found in Table 1.

Table 1: 173 OV Genes from AS"CMC.

The genes were
protein function, molecular function, subcellular location,
development of diseases, RNA tissue category, and normal
and cancer protein expression using custom analysis. Gene

analyzed for gene summary, description,

summary, description, and function were used to analyze
the genes’ functions and areas of impact. Normal and cancer
protein expression was used to explore the difference in ex-
pression between cancerous and non-cancerous tissues. Lastly,
the development of diseases was used to analyze which dis-
ease areas these genes impacted along with which tissues as
shown through RNA tissue categories. The complete list of
characteristics used for custom analysis can be found in Table
2. Metascape executes express analysis using CAME analysis,
an automated analysis with 4 parts: ID conversion, gene an-
notation, membership search, and enrichment analysis.'? This
information is then expressed in graphs and tables, which will
be discussed in this research’s “Results” section.

Table 2: Custom Analysis Characteristics.

Gene Symbol

Type of Gene

Description

Gene Summary

Protein Functions (ChatGPT)

Biological Process (GO)

Molecular Function (GO)

Kinase Class (UniProt)

Protein Function (Protein Atlas)

Subcellular Location (Protein Atlas)

Developmental Disorders (DDG2P)

Drug (DrugBank)

Disease and gene associations

(DisGeNET)

Disease & Drugs (ChatGPT)

Tissue Specificity (TIGER)

RNA Tissue Category (Protein Atlas)

Protein Expression Normal (Protein
Atlas)

Protein Expression Cancer (Protein
Atlas)

Canonical Pathways

Hallmark Gene Sets
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B Result and Discussion

All but gene HHLAS3 (a regulatory element) from the list
were found to be protein-coding via the table curated by cus-
tom analysis through Metascape. The express analysis of the
genes affected by AS events in OV cancer also explored dis-
eases associated with OV cancer. According to the graph, the
most common diseases associated with these genes are Stra-
bismus, Short metatarsal, and Platyspondyly.

Genes’enriched terms and their functional roles:

The 173 genes affected by AS events in OV patients were
also analyzed for enriched terms by their functional roles. The
over-represented biological units (enriched terms) with the
highest p-value in Figure 1 include the Actin filament-based
process, diseases of signal transduction by growth factor recep-
tors and second messengers, and positive regulation of protein
localization. The corresponding gene counts of these top 3
enriched biological processes are 23, 16, and 15. Ultimately,
the analysis that Figure 1 provides uncovered that actin fila-
ment-based process, diseases of signal transduction by growth
factor receptors and second messengers, and positive regula-
tion of protein localization are the enriched terms of the most
relevance regarding their correlation with OV. However, fur-
ther inquiry into these enriched terms is needed to uncover
how they may help early diagnosis of OV and targeted therapy
for OV.

GO:0030029: actin filament-based process
R-HSA-5663202: Diseases of signal transduction by growth factor receptors and second messengers
60:190382: positive regulation of protein localization
R-HSA-6802952: Signaling by BRAF and RAF1 fusions.
R-HSA-194315: Signaling by Rho GTPases
GO:0051493: regulation of cytoskeleton organization
hsa04520: Adherens junction
R-HSA-4086398: Ca2+ pathway
G0:0022604: regulation of cell morphogenesis
G0:1904778: positive regulation of protein localization to cell cortex
G0:0010256: endomembrane system organization
G0:0031032: actomyosin structure organization
GO:0051650: establishment of vesicle localization
GO:0061061: muscle structure development
60:0030097: hemopoiesis
R-HSA-1474244: Extracellular matrix organization
G0:0046777: protein autophosphorylation
GO:0040008: regulation of growth
GO:0032103: positive regulation of response to external stimulus
regulation of ps

2 4 6 8 10 12
-10g10(P)

Figure 1: Bar graph of enriched terms across input gene lists, colored by
p-values created using Metascape. The bar graph shows that the enriched
terms with the highest p-values are actin filament-based process, diseases of
signal transduction by growth factor receptors and second messengers, and
positive regulation of protein localization.

Actin filament-based process pathway in OV:

The actin filament-based process pathway in OV is differ-
ent than in regular tissue. Expanding cell mobility depends on
reorganizing the actin cytoskeleton; this mobility is needed
for OV to metastasize. In OV proteolytically active plasma
membrane protrusions, or invadopodia, increase cancer cells'
ability to enter vasculature.” The diversity of actin organi-
zation in migrating cancer cells is due to these various actin
filament structures.”® Therefore, the actin filament-based pro-
cess pathway is important for ovarian cancer cells to develop
and metastasize.

Diseases of signal transduction by growth factor receptors and
second messengers pathway in OV:

In some cancers, including OV, a 3-member Raf kinase
family is part of a signal transduction pathway that transmits
growth factor-mediated proliferative signals, B-Raf being one
of these kinases.™ Depletion of B-Raf due to mutations leads
to altered cell proliferation and cell survival in these cancers.™
This information points to the explanation that AS events that

affect genes that code for proteins are involved in the diseases
of signal transduction by growth factor receptors and the sec-
ond messenger pathway, which play a role in OV. This occurs
because the mutations of these genes prevent ovarian cancer
cells from experiencing cell death.

Network of the genes’ enriched terms:

This was done after the genes were graphed to show a
network of the enriched terms. This can be used to see the
connection between the different enriched terms, the genes,
and the function of the proteins they code for. Figure 2 depicts
the connections between the different enriched terms found
in the gene list. They are grouped by Cluster ID, which is col-
or-coded to represent various functions/pathways most often
affected by these mutations, which are listed in the key to the
right of the graph. The different-sized nodes are used to repre-
sent the number of mutations affecting that function/pathway
and the connections between them represent similar protein
functions. This is why there are abundant connections between
nodes of the same color, as these genes all code for similar
proteins, and therefore, the function of these proteins is also
subsequently related. This can be seen in the green cluster ID
representing positive regulation of protein localization; there
are numerous connections between the green nodes, but the
connection begins to dwindle amongst other cluster IDs. By
analyzing Figure 2, one can discover which proteins are coded
for by the genes of most relevance regarding OV and classified
by their function. This will help uncover which genes are of
interest for targeted therapy and increase early diagnosis.

/M Diseases ofsignal ransducton by growth facorrece

M positive regulation of protein localization
W Signaling by BRAF and RAF1 fusions
[ Signaling by Rho GTPases
z,/ regulation of cytoskeleton organization
PARSY M Adherens junction
_\ Ca2+ pathway
\/ W regulation of cell morphogenesis
positive regulation of protein localization to cell corte)
endomembrane system organization
actomyosin structure organization
M establishment of vesicle localization
muscle structure development
hemopoiesis
Extracellular matrix organization
protein autophosphorylation
regulation of growth
M positive regulation of response to external stimulus
regulation of peptidyl-tyrosine phosphorylation

Figure 2: Network of enriched terms: colored by cluster ID, where nodes
that share the same cluster-ID, are typically close to each other created using
Metascape. The most prominent connections are between the actin filament-
based process (red cluster ID), regulation of cytoskeleton organization (yellow
cluster ID), and Signaling by Rho GTPases (orange cluster ID) enriched

terms.

Observation of different cluster networks:

Off to the right, the coral cluster ID representing the es-
tablishment of the vesicle localization enriched term is solely
connected to the off-white cluster ID representing the en-
domembrane system organization enriched term. This means
these two gene functions code for similar proteins that do not
connect to any other protein functions depicted. Another in-
teresting set of nodes is made up of enriched terms: signaling
by BRAF and RAF1 fusions (purple cluster ID), Diseases of
signal transduction by growth factor receptors and second
messengers (blue cluster ID), protein autophosphorylation
(light pink cluster ID), and CA?* pathway (pink cluster ID).
This shows that despite these 4 nodes representing different
gene functions they all have strong connections between their
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protein functions. The thicker lines connecting these 4 clusters
further symbolize the extent of the connection between these
nodes. This is also reflected in a couple of other sets of clusters
including the actin filament-based process (red cluster 1D),
regulation of cytoskeleton organization (yellow cluster 1D),
and Signaling by Rho GTPases (orange cluster ID) enriched
terms. However, these nodes are less connected than the for-
mer, which can be seen in the thinness of the connections. This
means the former nodes have the most significant connection
between their protein functions. These observations give us
insight into which connections and enriched terms may be
relevant when discussing biomarkers and genes for targeted
therapy for OV.

Analysis of cluster networks:

These results may explain why these 173 genes appear to
experience AS events in OV patients. One possible explana-
tion could be that the 4 nodes with the strongest connections,
signaling by BRAF and RAF1 fusions (purple cluster 1D),
Diseases of signal transduction by growth factor receptors and
second messengers (blue cluster ID), protein autophosphory-
lation (light pink cluster ID), and CA* pathway (pink cluster
ID), contain the set of genes that experience AS events which
influence OV. Another explanation is that the green cluster ID
represents positive regulation of protein localization with very
thick connections and contains the genes that, when experi-
encing abnormal AS events, serve as the primary cause for OV.
It could also be assumed that either the coral cluster ID repre-
senting the establishment of the vesicle localization enriched
term and the off-white cluster ID representing the endomem-
brane system organization enriched term is the sole cluster
IDs associated with OV or that the rest of the cluster IDs all
interact together to cause OV. Lastly, the actin filament-based
process (red cluster ID), regulation of cytoskeleton organi-
zation (yellow cluster ID), and Signaling by Rho GTPases
(orange cluster ID) enriched terms could be the explanation.
Looking into which enriched terms have the most genes will
uncover the enriched terms that are of most relevance to OV
and further the process of discovering the genes that can serve
as biomarkers and areas for targeted therapy for OV.

Network of enriched terms by p-value:

Figure 3 displays the same interactions except classified by
the p-value of each enrichment term. Here you can see that
the enriched terms with lower p-values are more closely gath-
ered together than the terms with high p-values. This explains
that these genes are most likely to influence OV, as genes are
abundant with these enriched terms. This supports the idea
that sets of nodes connected and close to each other inter-
act with one another to influence OV. Rather than one cluster
representing an enriched term being the source of genes that,
when experiencing AS events, contribute to OV. The actin
filament-based process seems to have the lowest p-value; yet
again, it is an influential enriched term regarding OV.
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Figure 3: Network of enriched terms: colored by p-value, where terms
containing more genes tend to have a more significant p-value created using
Metascape. Actin filament-based process is characterized as the term with the
lowest p-value and the most relevance.

Discussion:

The express and custom analysis results show that most
genes that are affected by AS events in OV code for proteins
associated with cellular processes and cellular signaling, specif-
ically actin filament/cytoskeleton alterations. In Figure 1, the
enriched terms with high p-values depict actin filament-based
process, diseases of signal transduction by growth factor recep-
tors and second messengers, and positive regulation of protein
localization. This means that the likelihood of significance of
these enriched terms is high. All three phenotypes are associat-
ed with actin filament/cytoskeleton alterations.

Furthermore, Figure 2 brings to light a different set of phe-
notypes with protein functions that are closely related and,
therefore, could contribute to OV: actin filament-based process
(red cluster ID), regulation of cytoskeleton organization (yel-
low cluster ID), and Signaling by Rho GTPases (orange cluster
ID). Figure 2 also brings insight into 4 other enriched terms:
signaling by BRAF and RAF1 fusions (purple cluster ID),
Diseases of signal transduction by growth factor receptors and
second messengers (blue cluster ID), protein autophosphory-
lation (light pink cluster ID), and CA** pathway (pink cluster
ID). As these clusters are densely connected and close to each
other, it is reasonable to consider the relevance of these genes
in their relationship to OV. Signaling by BRAF and RAF1
fusions pertains to activating downstream signaling.”® Protein
autophosphorylation and the CA* pathway are also related to
cellular signaling.'®

However, the 3 closely connected enriched terms found in
Figure 2 (actin filament-based process, regulation of cytoskele-
ton organization, and Signaling by Rho GTPases), contain the
lowest p-values in Figure 3, so it is more likely that those genes,
when affected by abnormal AS events influence OV. These 3
enriched terms are all involved with altering the cytoskeleton.
This discovery concludes that genes associated with chang-
ing the cytoskeleton can be biomarkers for targeted therapy
concerning OV. However, it remains to be seen why this con-
nection exists and whether other studies have similar findings
to cement this conclusion.

A study of 17 proteins involved in cytoskeleton modula-
tion and their role in ovarian cancer further supports these
findings. Ovarian carcinomas rapidly increase and the cell
spheroids produced by the primary tumor are very adhesive.!”
These mechanisms, cellular proliferation, and adhesion rely on
MT-dynamics (microtubules a key component of the cytoskel-
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eton influence) to manage spindle dynamics and transport of
adhesion molecules to the plasma membrane.”” Consequent-
ly, when genes that code for proteins with similar functions
experience abnormal alternative splicing events proper MT
dynamics could be interrupted. This can lead to improper
function and the formation of spindles during cell division
eventually leading to cancer."” Furthermore, microtubules play
a role in transporting proteins that promote cell adhesion.
Ovarian cancer is known to have highly adhesive spheroids,
so abnormal management of such proteins could further incite
ovarian cancer.

A study on the CD44 gene, its activation of RhoGTPase
signaling and cytoskeleton function, and its influence on tu-
mor progression further supports my analysis.”® RhoGTPase
signaling and cytoskeleton function encoding genes experi-
encing alternative splicing events were the most correlated to
ovarian cancer in my bioinformatic analysis. This study further
elaborates on this correlation specifically concluding that coor-
dinated HA-mediated CD44 activation of RhoPase signaling
and cytoskeleton could be an underlying mechanism of tumor
cell behaviors, including adhesion growth and survival.'® These
studies support the conclusion that when genes that code for
proteins involved in altering the cytoskeleton experience AS
events, OV closely follows.

Another study identified the expression of mitotic kinesin as
a biomarker for the outcome of ovarian cancer.” This was dis-
covered through an experiment that measured KIF14 mRNA,
a kinesin-encoding gene, in 122 ovarian cancer tumor samples.
KIF14’s control over cytokinesis leads to increased cell prolif-
eration and tumor growth.” This study further confirms the
link between genes that code for proteins that alter the cyto-
skeleton and OV and validates these genes as biomarkers for

OV and areas for targeted therapy for OV.

B Conclusion

The results of this analysis point to the explanation that the
expression of proteins involved in cytoskeleton alteration/orga-
nization may serve as biomarkers for ovarian cancer diagnosis
and as an area for targeted ovarian cancer therapy. Ovarian
cancer is an area of significant concern due to its high mor-
tality rate; these results serve as a specific jumping-off point
for further research to successfully uncover distinct biomarkers
for early diagnosis of OV and areas for targeted therapy for
OV to combat this issue. Only 173 genes that experienced AS
events in OV were used in this study; a wider range of genes
should be explored to exhaust other connections, possible bio-
markers, and targets. Clinical trials and experiments producing
new data are also needed to confirm and further investigate
the connection between these genes experiencing AS events

and OV.
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