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Abstract

Transcriptomic Changes in Fontan Surgery Sheep Models and a Novel miRNA-mRNA

Interaction Analysis

By: Evan Yang

Patients with congenital heart defects require a series of three surgeries known
as Fontan surgery. While it is lifesaving, both cardiac and system complications can
arise because multiple open-heart surgeries are needed. The underlying mechanisms
and causes of these complications are not understood.

Extracellular vesicles are miniscule vesicles secreted by cells, and they play an
important role in cell-to-cell communication. Circulating RNA in blood and in
extracellular vesicles have been shown to have biological significance, such as
mediating biological processes. Transcriptomics, or the study of RNA molecules, can
reveal the causative role of RNA molecules and identify potential biomarkers for these
complications.

To further understand single ventricular flow, researchers at Nationwide
Children’s Hospital have been working to establish a sheep model of Fontan palliation,
as the sheep’s cardiovascular system strongly mimics a human'’s cardiovascular
system. Here, they have successfully established a single ventricular flow in a pair of
cloned sheep, Justin and Julian. Justin is the sheep that underwent Fontan surgery, and
Julian serves as a control model.

To investigate the impact of Fontan surgery, this thesis will investigate the

transcriptomic changes in serum and extracellular vesicles within Justin and Julian.



Serum samples have been taken from preoperative and postoperative time points. From
these serum samples, extracellular vesicles were isolated. Both serum and extracellular
vesicle samples underwent RNA sequencing.

Three bioinformatic pipelines have been established that analyze mRNA profiles
and miRNA profiles. The first MRNA pipeline analyzes clustering and differential gene
expression within RNA data. The second miRNA pipeline analyzes clustering and
differential gene expression within miRNA data. The third miRNA-mRNA correlation
analysis uses a Pearson correlation to correlate miRNA and mRNA expression levels.

The mRNA bioinformatic pipeline uncovered transcriptomic changes in response
to Fontan surgery. The miRNA bioinformatic pipeline demonstrated the potential of
integrating predicted miRNA data for new clustering patterns. The miRNA-mRNA
pipeline proposes a novel method to discover miRNA and mRNA interactions within
serum. MiRNAs play an inhibitory role in mRNA expression. The miRNA-mRNA pipeline
offers a high-throughput way to investigate the mRNA targets of miRNAs in any

biological system, with an applicability towards extracellular vesicles.
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1. Abstract

Patients with congenital heart defects require a series of three surgeries known
as Fontan palliation. After Fontan surgery, single ventricular circulation is established.
While Fontan surgery is lifesaving, many complications, including both cardiac and
systemic side effects, can arise within these pediatric patients because multiple
open-heart surgeries need to be conducted. While the altered hemodynamics of this
newly established blood flow is thought to contribute to these complications, the
underlying mechanisms and causes of these complications are not understood.

Extracellular vesicles are miniscule vesicles secreted by cells, and they play an
important role in cell-to-cell communication. Circulating RNA in blood and in
extracellular vesicles have been shown to have biological significance, such as
mediating biological processes. Transcriptomics, or the study of RNA molecules, can
reveal the causative role of RNA molecules and identify potential biomarkers for these
complications.

To further understand single ventricular flow, researchers at Nationwide
Children’s Hospital have been working to establish a sheep model of Fontan palliation,
as the sheep’s cardiovascular system strongly mimics a human’s cardiovascular
system. Here, they have successfully established a single ventricular flow in a pair of
cloned sheep, Justin and Julian. Justin is the sheep that underwent Fontan surgery, and
Julian serves as a control model.

To investigate the impact of Fontan surgery, this thesis will investigate the
transcriptomic changes in serum and extracellular vesicles within Justin and Julian.

Serum samples have been taken from preoperative and postoperative (1 week, 1



month, 2 months) time points. From these serum samples, extracellular vesicles were
isolated. Both serum and extracellular vesicle samples underwent RNA sequencing.

Three bioinformatic pipelines have been established that analyze total RNA
profiles and miRNA profiles. The first total RNA pipeline analyzes clustering and
differential gene expression within RNA data. The second miRNA pipeline analyzes
clustering and differential gene expression within miRNA data. The third miRNA-mRNA
correlation analysis uses a Pearson correlation to correlate miRNA and mRNA
expression levels.

As for results, the mRNA bioinformatic pipeline uncovered transcriptomic
changes in response to Fontan surgery. The miRNA bioinformatic pipeline
demonstrated the potential of integrating predicted miRNA data for new clustering
patterns. The miRNA-mRNA bioinformatic pipeline is a newly developed methodology to
discover miRNA and mRNA interactions within serum. MiRNAs play a large regulatory
and inhibitory role in mMRNA expression. The third miRNA-mRNA pipeline offers a
high-throughput way to investigate the mRNA targets of miRNAs in any biological

system, with an applicability towards extracellular vesicles.

2. Introduction

Hypoplastic Left Heart Syndrome is a congenital heart disease that affects
roughly 1 in 5,000 newborns in the United States. Patients with Hypoplastic Left Heart
Syndrome possess an underdeveloped left ventricle. The left ventricle is responsible for
maintaining systemic circulation and pumping blood throughout the body. Babies born

with Hypoplastic Left Heart Syndrome must rely on the right ventricle to sustain



circulation, resulting in poor systemic circulation. Without intervention, Hypoplastic Left
Heart Syndrome is invariably fatal. The two available surgical interventions are heart
transplants or a three-step palliative surgery known as Fontan surgery.

To address congenital heart defects such as Hypoplastic Left Heart Syndrome,
pediatric patients undergo a series of three heart surgeries called the Norwood
procedure, Glenn Surgery, and Fontan surgery. These three procedures, culminating in
Fontan surgery, remain the ultimate therapeutic option for pediatric patients with
congenital heart diseases. The end goal of these surgeries is to establish a single
ventricular blood flow within the patient. However, because of the altered
hemodynamics, both cardiac and systemic complications can arise after Fontan surgery.
Cardiac complications include ventricular dysfunction, arrhythmia, exercise intolerance,
cyanosis, and elevated pulmonary vascular resistance (Mazza et al., 2021). Systemic
complications include renal complications, plastic bronchitis, protein-losing enteropathy,
and Fontan Association Liver Disease (Mazza et al., 2021). These complications lower
the prognosis for Fontan patients. Moreover, due to the developing nature of the
pediatric patient’s cardiovascular system, this surgery can lead to developmental
complications. As a result, identifying biomarkers and understanding drivers behind
these complications are of high clinical significance. Through the early detection of
complications through biomarkers, timely intervention and treatment can improve

clinical outcomes for Fontan patients.



Extracellular Vesicles and Serum

Serum and extracellular vesicles (EVs) contain various proteins, nucleic acids,
and biomolecules that are both informative to and causative of different biological
processes. Extracellular vesicles are a heterogenous group of nanosized vesicles
secreted by all cell types found in all biofluids. EVs play a key role in cell-to-cell
communication and contain molecular cargo such as proteins and nucleic acids.

The molecular content in both serum and EVs provide valuable information about
the physiological state of an organism. For example, miRNAs have been a topic of
interest for their role in regulating mRNA synthesis and expression (Neudecker et al.,
2016). The cargo of EVs is reflective of the physiological state of their cell of origin, and
the content of EVs can have therapeutic effects. Within the heart, nucleic acids in
CPC-EVs possess both pro-angiogenic and pro-migratory properties (Hoffman et al.,
2023). Because of the therapeutic and predictive power of RNA in both serum and EVs,

the transcriptome serves as a valuable pool of information for clinical medicine.

Computational Theory of miRNA-mRNA Correlation Analysis

Originally, this pipeline was developed with the idea of correlating extracellular
vesicle miRNA to mRNAs from specific tissues or cells. MiRNAs in extracellular vesicles
are delivered to target cells or tissues. Inside the target, these miRNAs perform various
silencing or inhibitory functions, oftentimes downregulating the expression of mMRNA. By
collecting miRNA expression data in extracellular vesicles and mRNA expression data
in target tissues or cells, this correlation analysis offers a high throughput way of

identifying the mRNA targets of the miRNA content from EVs. The goal is to help



understand potential mMiIRNA-mRNA interactions in understudied animals, such as
sheep or dogs.

Extracellular vesicles are known to carry miRNA content, and these EVs deliver
their molecular cargo to specific tissues or cells. However, due to a lack of
tissue-specific transcriptomic data, this pipeline was developed using serum
transcriptomic data.

Circulating nucleic acid in the blood can have various biological origins. Nucleic
acids can be released from passive processes, such as cell death or apoptosis, or
active processes, such as secretion of nucleic acids from cells (Suraj et al., 2017).
Serum miRNA can be transported to target cells, such as through vesicles or Argonaute
proteins (O'Brien et al., 2018). In these target cells, miRNA can interact with an
RNA-Induced Silencing Complex to silence genes (Pratt and MacRae,2009). As a
result, serum miRNA and mRNA levels have the potential to be informative about the
inhibitory mRNA targets of miRNAs.

However, with the advent of high-throughput RNA-sequencing, the abundance of
information and data can pose challenges. Due to the time-consuming nature of
computational analysis, much of this information and data will not be utilized, as the
data may contain other nucleic acids and debris that are not of interest. As a result, the
aim of this pipeline is to offer a high-throughput method to utilize abundant miRNA and
mMRNA transcriptomic data to identify potential miRNA-mRNA interactions.

Firstly, our methodology uses normalized miRNA and mRNA data matrices. For

dimensionality reduction, the mRNA matrix is then cross-referenced with the mRNA



differential gene expression analysis. The matrix is subsetted to mMRNAs with an
adjusted p-value of less than 0.1, indicating the gene was likely differentially expressed.

Next, these mRNAs are correlated with known miRNAs using a Pearson
correlation. A Pearson correlation assumes a linear relationship. Because regulatory
miRNAs can only influence mRNA production in one cell, | am assuming that each
miRNA would have a linear, set effect on the amount of mMRNA it is able to silence or
degrade.

Afterwards, the p-values of each correlation will be calculated. To adjust for
multiple hypothesis testing, an FDR/Benjamini-Hochberg correction will be applied
(Benjamini et al., 1995). In theory, this methodology should offer a way to correlate
miRNA and mRNA levels and to identify miRNA-mRNA interactions in a high-throughput

way.

Sheep Models of Fontan Surgery

To understand the causes of postoperative complications and to identify
biomarkers for early detection, the Davis Lab is conducting two concurrent studies. One
study is investigating the transcriptome of pediatric patients who have undergone
Fontan. The other study investigates the transcriptome in sheep models of Fontan
surgery. Both studies have advantages and disadvantages to their methodology. The
study on human patients translates directly into clinical medicine, and the human
genome and transcriptome is extensively studied. However, it is limited in several ways,

in which the sheep Fontan model can address. For example, collecting samples at set



time points and detailing postoperative complications is more difficult in human patients
than within animal models.

Animal models have various benefits that studying human patients lack, such as
being able to take more samples across a wide variety of time scales. Furthermore,
because animal models are always near the laboratory, it is easier to detail
complications and collect clinical measurements.

In 2019, surgical experimentation demonstrated the feasibility of a sheep model
of single ventricular circulation (Van Puyvelde et al., 2019). Additionally, collaborators at
Nationwide Children’s Hospital have been working on developing a sheep model of
single-ventricle circulation. The cardiac anatomy of a sheep is similar to the cardiac
anatomy of humans, and the rate of development of sheep allows for sheep to serve as
a viable animal model. Furthermore, the technical difficulties of Fontan surgery prevents
this model from being established in smaller animal models, such as mice or rodents.

This thesis aims to develop and document methods to analyze and use
transcriptomic data from these ovine animal models. Furthermore, it aims to present a
high-throughput method to computationally identify potential mMRNA targets of miRNAs
in any biological system. Through the development of these computational methods, a
deeper understanding of the transcriptome within any animal model can be gained.
Understanding the genes and RNA involved in Fontan surgery can provide new
therapeutic targets to relieve side effects, identify biomarkers for early intervention, and

offer real-time monitoring of patients.



3. Materials and Methods

Experimental Procedures

Study Design

A pair of cloned sheep were created at Nationwide Children’s Hospital by
collaborators. One cloned sheep, named Justin, underwent single stage Fontan surgery.
The other cloned sheep, named Julian, served as a control.

Serum samples were extracted from the pair of cloned sheep before undergoing
Fontan surgery. After Justin underwent Fontan surgery, serum samples were collected
at identical timepoints from both sheep. The time points were 1 week before surgery, 1
week after surgery, 1 month after surgery, and 2 months after surgery. These serum
samples were frozen and sent to the Davis Lab.

Following processing, triplicates EV samples and singular serum samples were

collected from each timepoint.

Serum Total RNA Extraction

From the serum samples, RNA was isolated and extracted using a Norgen Biotek
Plasma/Serum RNA Purification kit. The RNA samples were then frozen in a -80
degrees Celsius freezer. The frozen samples were sent off to the Non Human Primate

Genomics Core for total RNA sequencing.

EV Isolation and Serum Extraction
From the serum samples, extracellular vesicles were isolated via column

chromatography using IZON gEVORIGINAL Gen 2 column kit. These extracellular



vesicles were quantified using Nanosight, where round vesicles were qualitatively
observed and the size of the vesicles was plotted.

After Nanosight quantification, RNA from the extracellular vesicles was isolated
using Norgen Biotek Exosomal RNA Isolation kit. The RNA samples were frozen in the
-80 degree Celsius refrigerator. The frozen samples were sent off to the Non Human

Primate Genomics Core for total RNA sequencing.

Computational Procedures

mRNA Workflow
mRNA Data Alignment using STAR

FASTQ files from RNA sequencing were received from the Non Human Primate
Genomics Core. First, fastqc was used to conduct quality control on the FASTQ files.
Next, the FASTQ files were trimmed using trim-galore.

To extract ovine mMRNA data, the sheep reference genome “Genome assembly
Oar_v4.0” along with GTF annotation files were downloaded from the NCBI database
(National Center for Biotechnology Information, n.d.). Using this data, the sheep
reference genome was indexed using STAR (Dobin et al., 2013). The FASTQ files were

then aligned and quantified using STAR to extract ovine mRNA counts.

mRNA Principal Component Analysis
Principal component analysis is a statistical method that is used for data
visualization and dimensionality reduction. The raw mRNA read count data from the

triplicate EV samples were summed. The summed EV mRNA counts were merged with



the serum mRNA counts. To filter lowly expressed genes, genes with less than 50%
expression rate in all samples were filtered out. Furthermore, the genes were further
filtered using a filterByExpr function within the edgeR package (rdrr.io, n.d.). A principal
component analysis was conducted on this data <Everything_12_13PC1_vs_PC2.tiff>
using R.

The serum and EV mRNA raw read count datasets were then separated.
Removal of genes with a less than 50% expression rate along with filtering through
filterByExpr were conducted for both the separated serum and EV datasets (rdrr.io,
n.d.). Principal component analysis was conducted on both datasets

<EV_12 13PC1_vs_ PC2.tiff> and <Serum_12_ 13PC1_vs_PC2.tiff> using R.

mRNA Heat Maps

Heat maps are a data visualization tool used to depict gene expression levels
across a wide variety of experimental conditions. The summed EV and serum datasets
were combined. Lowly expressed genes were filtered out using a 50% expression rate
benchmark and through the filterByExpr function. The remaining genes were normalized
using the TMM approach. A hierarchical clustering approach was used to cluster
samples and genes with similar expression patterns together. To identify clusters, the
Euclidean distance was used. The variance of the genes across samples were
calculated. The 50 genes with the most variance were selected and plotted in a heat

map using R <Everything_Top50_12_13.pdf>.



mRNA Differential Gene Expression Analysis using limma/voom with dream

A differential gene expression analysis was conducted using the limma/voom
workflow combined with the differential expression for repeated measures (dream)
approach in R to identify differentially expressed mRNAs.

Limma, or linear models for microarray and RNA-seq data, utilizes a linear model
to fit RNA sequencing data. The assumption of homoscedasticity is central to linear
models. Homoscedasticity is a property of a dataset where the variance of the
dependent variable is consistent or comparable across different values or conditions of
the independent variable. However, RNA sequencing data is heteroscedastic, where
the variance changes depending on the experimental condition.

As a result, the voom package, also known as mean-variance modeling at the
observational level, within the limma/voom workflow helps transform the data. The voom
package utilizes a log counts per million transformation to stabilize the variance across
conditions. This makes RNA sequencing data more homoscedastic, enabling linear
models to be fit. Finally, the dream package applies various statistical corrections to
increase the power and reduce false positives in repeated-measure experiments.

First, the data was split into serum and EV subsets. The datasets were
normalized using the trimmed mean of M-values (TMM) approach. Quality controls,
such as box plots and merged RNA density distributions, were conducted on the data.

The serum dataset was filtered using a 50% expression rate cutoff along with
filterByExpr (rdrr.io, n.d.). Using the limma/voom workflow, along with dream, a

differential gene expression analysis was conducted on the serum dataset.



The EV dataset was filtered using a 50% expression rate cutoff along with
filterByExpr. Using the limma/voom workflow, along with dream, a differential gene

expression analysis was conducted on the EV dataset.

miRNA Workflow
miRNA Data Alignment and Novel miRNA Prediction using miRDeep?2

FASTQ files from the RNA sequencing were received from the sequencing core.
First, fastqc was used to conduct quality control on the FASTQ files. Next, the FASTQ
files were trimmed using trim-galore. Then, a reference genome was built using bowtie
along with “Genome assembly Oar_v4.0”. A reference set of experimentally validated
miRNAs was downloaded from miRBase (Kozomara et al., 2019). The FASTQ files
were then aligned using the quantifier.pl function to extract miRNA counts from the
samples.

To extract putative miRNAs, the miRDeep2.pl function was used to
computationally predict novel miRNAs (Friedlander et al., 2012). Novel miRNAs with a
significant randfold p-value and a miRDeep2 score greater than 1 were selected. A
randfold p-value assesses the validity of an miRNA secondary structure through
comparison with randomly generated secondary structures. A miRDeep2 score
assesses the confidence that a predicted miRNA is a genuine miRNA, with a higher

score meaning higher confidence.



Principal Component Analysis with Mature and Predicted miRNA

The serum and EV mature miRNA data were combined. This dataset was filtered
using filterbyExpr and normalized using the TMM approach (rdrr.io, n.d.). Box plots and
merged RNA density distributions were conducted for quality control. A principal
component analysis was conducted on the data <Mature_SerumAndEV_12_15>.

The serum mature miRNA data filtered using filterbyExpr and normalized using
the TMM approach (rdrr.io, n.d.). Box plots and merged RNA density distributions were
conducted for quality control. A principal component analysis was conducted on the
data <Mature_Serum_12_15>.

The EV mature miRNA data was filtered using filterbyExpr and normalized using
the TMM approach (rdrr.io, n.d.). Box plots and merged RNA density distributions were
conducted for quality control. A principal component analysis was conducted on the
data <Mature_EV_12_ 15>,

Then, both serum and EV mature miRNA raw count datasets were combined
with serum and EV novel raw count miRNA datasets. The two EV and serum datasets
were filtered using filterbyExpr and normalized using the TMM approach. A principal
component analysis was conducted on both datasets to visualize how the data would
change, <MatureAndNovel_Serum_12_15PC1_vs_PC2.tiff> and

<MatureAndNovel EV_12 15PC1_vs_ PC2.tiff>.

miRNA Heat Maps
The mature miRNA data was filtered using filterbyExpr and normalized using the

TMM approach (rdrr.io, n.d.). The variance for each gene across samples was



calculated. A hierarchical clustering approach was used to cluster samples and genes
with similar expression patterns together. To identify clusters, the Euclidean distance
was used. The 44 remaining miRNAs were plotted using a heat map

<Mature_SerumAndEV_12_17.pdf>.

miRNA Differential Gene Expression Analysis using limma/voom along with dream

A differential gene expression analysis was conducted using the limma/voom
workflow combined with dream in R to identify differentially expressed mRNAs.

First, the data was split into serum and EV subsets because the expected read
counts for serum and EV data is different. Therefore, normalization should be
conducted separately. Quality controls, such as box plots and merged RNA density
distributions, were conducted on the data.

The serum dataset was filtered using filterByExpr (rdrr.io, n.d.). Using a
limma/voom workflow, along with dream, a differential gene expression analysis was
conducted on the serum dataset.

The EV dataset was filtered using filterByExpr (rdrr.io, n.d.). Using a limma/voom
workflow, along with dream, a differential gene expression analysis was conducted on

the EV dataset.



miRNA-mRNA Workflow

miRNA-mRNA Correlation Analysis

To get a better understanding of mMiRNA and mRNA interactions occurring within
the data, miRNA and mRNA serum data were integrated together. Because of the
higher read count of serum data, this interaction analysis will focus on the serum data.
First, the miRNA and mRNA data were both filtered using filterbyExpr separately (rdrr.io,
n.d.). A requirement of being expressed in half the samples was assigned to the mRNA
data to further filter the mRNA data. Then, to account for different library sizes, the
mMiRNA and mRNA datasets were normalized using a log counts-per-million
transformation.

Afterwards, to isolate mMiRNA-mRNA interactions after the operation, the datasets
were filtered for only Justin’s post-operation data. A correlation matrix was generated
between the miRNA and mRNA data using a Pearson correlation. A Pearson correlation
measures the linear correlation between two sets of data.

The correlation matrix was cross-referenced with the differential gene expression
analysis within Justin’s serum data. The correlation matrix was subsetted to mRNAs
with an adjusted p-value of less than 0.1 according to the differential gene expression
analysis. The correlation matrix was subsetted to mature miRNAs and visualized.

To validate the findings, the p-values for the miRNA-mRNA correlations were
calculated. Afterwards, the p-values were corrected using a false discovery rate (FDR)
correction. An FDR/B-H correction is a statistical method that helps adjust and correct
p-values in high-throughput experiments (Benjamini et al., 1995). The resulting matrix of

p-values were visualized.



4. Results and Discussion

mMRNA Workflow Results

Unsupervised Analysis: Principal Component Analysis and Heat Maps

|}
50- A 80 A
n
-
x = Time ° i
5 o s |t . e
g A Seum o . o & w
8 g R g 4 oM
>‘|i Sheep H ] ®2M
g - ® Julian Z L} Sheep § Sheep
o e |8 1
-
-10 A
n A n
50 160 : N 1 “ 50
PCH1, VarExp: 33.1% PC1, VarExp: 23.8% PCA, VarExp: 23.2%
Justin and Julian, Serum and EV, Justin and Julian, EV, MRNA PCA Justin and Julian, Serum, mRNA PCA
mRNA PCA

Figure 1. Principal Component Analysis of mRNA Data for Justin and Julian
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Figure 2. Heat Map Clustering Analysis for serum and extracellular vesicle mRNA data

from Justin and Julian <Everything_Top50_12_13.pdf>.



Heat maps and principal component analysis were conducted for exploratory

analysis. Distinct clustering and separation of serum samples was observed in both

PCA and heat maps (Figure 1, Figure 2). Within the extracellular vesicles, clustering

was observed based on time points (Figure 1). However, the serum clustered closely

based on sheep of origin (Figure 1). The serum data clustered closely for Julian, who

did not undergo surgery. On the other hand, serum data for Justin, who underwent

surgery, did not cluster closely to Julian’s serum data. This demonstrates a change in

the mRNA transcriptome resulting from Fontan surgery.

Supervised Analysis: Differential Gene Expression Analysis
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Figure 3. Differential Gene Expression Analysis for serum and EV mRNA data from

Justin and Julian.



From this differential gene expression analysis, by comparing the serum mRNA
results, it is clear to see that Fontan surgery has an impact on the serum transcriptome.
Within Julian, there were minimal changes within the serum mRNA. On the other hand,
Justin saw vast changes within the serum mRNA. However, the results were not
significant, using the standard p-value of 0.05. This is likely because the time points
within the samples were extracted too close from the time of surgery. Within other sheep
models in the lab, many significant transcriptomic changes have occurred over longer
time scales, such as over 6 months to a year. Furthermore, a larger sample size might

yield more conclusive results.

miRNA Workflow Results

Unsupervised Analysis: Principal Component Analysis and Heat Maps
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Figure 5. Heat Map Clustering Analysis for serum and extracellular vesicle known

miRNA data from Justin and Julian <Mature_SerumAndEV_12_17.pdf>.

Heat maps and principal component analysis were conducted for exploratory
analysis. Distinct clustering and separation of serum and extracellular vesicle samples
was observed in both PCA and heat maps (Figure 4, Figure 5). Integration of predicted
miRNA data within the serum samples resulted in different clustering patterns (Figure 4,
Figure 5). This supports the idea that the integration of novel, predicted miRNAs can
alter results. Because the clustering patterns change drastically when novel, predicted

miRNAs are integrated into the analysis, this demonstrates the potential of



undiscovered miRNAs to influence downstream results. This influence of undiscovered

miRNAs would be the most prominent in understudied species where the miRNA

reference genome is not well documented or deeply understood.

Supervised Analysis: Differential Gene Expression Analysis

Julian EV miRNA: Pre-Op vs Post-Op Justin EV miRNA:Pre-Op vs Post-Op

15 HE 15

Julian Serum miRNA: Pre-Op vs Post-Op Justin Serum miRNA: Pre-Op vs Post-Op
1.5 - 15

Figure 6. Differential Gene Expression Analysis for known, validated miRNA data from

Justin and Julian.

This differential gene expression analysis compares the known, validated miRNA

levels within both Justin and Julian before and after surgery. The results are not

significant.

This lack of significance can be due to various factors. A small sample size might

explain why the analysis could not detect significant changes. This pipeline was

developed with only 2 pre-operative and 6 post-operative samples, a smaller sample



size for RNA-sequencing experiments. The recommendation for RNA sequencing
experimental design is at least 6 samples per condition (Schurch et al., 2016).
Furthermore, the ovine miRNAs are understudied compared to other animal
models. In the microRNA database miRBase, there are only 106 validated ovine
miRNAs (Kozomara et al., 2019). Comparatively, within miRBase, there are 1917
validated human miRNAs (Kozomara et al., 2019). For further reference, there are
currently 1234 validated mouse miRNAs (Kozomara et al., 2019). The relatively low
amount of ovine miRNAs could lead to an inability to detect transcriptomic changes

among unknown or unvalidated miRNAs.

mMiRNA-mRNA Correlation Workflow Results
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Figure 7. A correlation and p-value matrix of known miRNAs along with differentially
expressed genes, with correlations with an absolute value below 0.9 removed for

clearer visualization.
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Figure 8. A p-value matrix of known miRNAs along with differentially expressed genes.

From this correlation analysis, we can see that oar-miR-30d emerges as a strong
signal that is negatively correlated with many of the genes that were differentially
expressed in Justin (Figure 7). Furthermore, while the p-values for the correlations of
oar-miR-30d are not significant, it does present a lower column of p-values than the
other miRNAs (Figure 8). With a larger sample size, future studies within this direction

would hopefully increase the significance of this finding.



A literature review reveals that oar-miR-30d improves cardiac function and
decreases myocardial fibrosis (Li et al., 2021). Furthermore, many of the mRNAs
negatively correlated with miR-30d are associated with cardiac functions or diseases.
FAM210B is involved in erythroid, or red blood cell, differentiation (Stelzer et al., 2016).
F13A1 encodes a coagulation factor, which assists with clotting (Stelzer et al., 2016).
The MYL12A gene, which encodes the MRCL3 proteins, is associated with diseases of
the heart, or cardiomyopathies (Stelzer et al., 2016). The role of oar-miR-30d within the

cardiovascular system causes it to hold potential as a therapeutic agent.

5. Future Directions: miRNA/mRNA Correlation Analysis

The main issue with multiple hypothesis testing is that the likelihood of producing
a significant result purely by chance increases as more tests are conducted. Multiple
hypothesis testing results in an increased likelihood of committing a Type 1 error, or
identifying a false positive.

First, this was addressed by subsetting to purely genes that were differentially
expressed. This reduces the amount of hypotheses tested. Furthermore, an FDR
correction was applied.

However, another method of dimensionality reduction could be conducted
through a weighted gene co-expression network analysis. This reduces the
dimensionality of the mRNA data by identifying co-expressed gene networks, or genes

that have a similar expression pattern.



Furthermore, new methods of computationally discovering miRNA-mRNA
interactions have focused on computationally modeling the feasibility of these
interactions (Wong et al., 2020). However, these methods remain computationally
time-consuming and heavy. The integration of a correlational approach with a
computational modeling approach could provide value by focusing the modeling on
predicted interactions.

Transcriptomics allows us to understand what genes and nucleic acids are
involved in any biological process. It serves as a valuable tool, with the ability to identify
biomarkers, understand causal mechanisms, and provide real-time monitoring. Due to
significant decreases in the cost of transcriptomic sequencing, an abundance of
biological data has been generated. A high-throughput, unbiased, and untargeted
approach towards analyzing this transcriptomic data will discover a wealth of new

information.
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