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ABSTRACT

As of 2022, one-third of US adults experience metabolic diseases. Current therapies
treat symptoms but do not address disruptions in signaling pathways of the liver that
lead to the development of metabolic diseases. It is now recognized that many genes
involved in metabolic disease pathways atre alternatively spliced. This research aims to
identify real alternative splicing events at genes that can serve as therapeutic targets.
Alternative splicing is a critical process by which exons within pre-mRNA are either in-
cluded or removed to generate diverse mRINAs and proteins. Transcriptomic data from
the livers of both male and female mice under several different conditions—fed versus
fasted, wildtype, and a7HMZ mice were analyzed for splicing events using an RNA-
seq program, DEXSeq. a7HMZ mice express an alternative form of the transcription
factor HNF4a, a critical liver and metabolism regulator. Current RNA-seq programs
cannot distinguish alternative splicing from other activity occurring at the gene locus, so
manual curation is necessary. Using a curation criterion, I manually analyzed 177 genes
identified by the program for alternative splicing events. My analysis identified splicing
events at mitochondrial genes usually expressed during fasting conditions and genes
whose loss-of-function is implicated in obesity, hyperglycemia, and hypertension. Future
research will analyze the mechanistic roles of these mitochondtial genes in various met-
abolic disease models.
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INTRODUCTION

Millions of people across the world today suffer from
debilitating metabolic diseases. According to the NIH, as

of 2022, 1 in 3 US adults meet the criteria for metabolic
syndrome (Metabolic Syndrome, NHLBI, NIH.), which
includes a cluster of biological factors characterized by
abdominal obesity, dyslipidemia, hypertension, and type 2
diabetes (Moore, 2017). With a predicted further increase

in the incidence of metabolic syndrome, more people are

at risk for developing more serious chronic conditions and
comorbidities, making it urgent to understand metabolic
disease pathways and identify improvements for current
interventions. While current treatments and medications for
these diseases have saved lives by treating symptoms, future
therapies must address the metabolic dysregulation that
occurs when tightly controlled signaling pathways in the liver

go awry and lead to disease.

Recent studies have now recognized that much of the
dysregulation involved in metabolic disease pathways result
from alternatively spliced (AS) genes; thus, identifying these
is critical to elucidating disease mechanisms (Baralle et al.,
2017). We utilize the bioinformatics programs, DEXSeq and
DESeq2, to analyze RNA-seq data from the livers of male
and female mice under different conditions: fed versus fasted
states; wildtype (WT) versus HNF4a7 HMZ. The THMZ
mice express an isoform of the transcription factor HNF4a,
a critical liver and metabolism regulator, that has been found
to be upregulated in liver cancer, in the livers of mice fed
high-fat diets, and in alcoholic livers (Fekry et al., 2018;
Argemi et al, 2019). RNA-seq programs called 177 genes

as loci of alternative splicing events. My research aims to
manually verify the programs’ identification of 177 alternative
splicing events and identify those involved in metabolic
disease pathways to screen for potential therapeutic targets

for metabolic diseases.

Signaling Pathways and the Liver
Studying alternative splicing in the liver is important for
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understanding metabolic disease because the liver plays a
critical role in regulating metabolism. The liver maintains
metabolic homeostasis during fed and fasted states by
employing tightly controlled signaling pathways (Kalra et

al., 2017). During a prolonged fast, a drop in blood sugar
decreases the need for insulin. A decrease in insulin increases
glucagon and catecholamines, which activate AMP-activated
protein kinase (AMPK), and in turn activates the nuclear
receptor peroxisome proliferator-activated receptor alpha
(PPAR«) (Pawlak et al., 2013). As shown in Figure 1, PPAR«
subsequently increases the expression of genes involved in
gluconeogenesis and glycogenolysis, processes to maintain
glucose levels in the blood for vital organs such as the

brain. As fasting continues, the liver also increases fatty acid
oxidation, the process to produce ketone bodies for use as an
alternative fuel source for the brain and other tissues (Cahill
et al., 2000). If gluconeogenesis or ketogenesis is disrupted,
it can lead to the onset of metabolic conditions such as

hypoglycemia or ketoacidosis (Shimano, 2001).

In contrast, during the fed state, the liver shifts its focus

to storing excess nutrients. Insulin levels increase, which
promotes glucose uptake and glycogen synthesis in the liver.
In individuals with insulin resistance, excess glucose and fatty
acids accumulate in the liver, leading to the development of
Non-Alcoholic Fatty Liver Disease (NAFLD), a condition
characterized by fat accumulation in the liver. The liver also
increases de novo lipogenesis to convert excess glucose into
triglycerides, which are stored in adipose tissue or exported
as very low-density lipoprotein (VLDL) particles (Cahill et
al., 2006). This process is regulated by several transcription
factors, including sterol regulatory element-binding protein
1c (SREBP-1c¢) and carbohydrate response element-binding
protein (ChREBP) (Shimano, 2001). Dysregulation of
these transcription factors (SREBP-1c and ChREBP)

can contribute to the development of metabolic diseases
(Shimano, 2001).
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Figure 1. Liver's Pathway Mechanism of Action in Fed and Fast-
ed states (modified from Preidis et al., 2017)

HNF4a and the Liver

Hepatocyte Nuclear Factor-a (HNF4a) is a highly conserved
transcription factor. It is expressed in the liver and recognized
as the master regulator of liver-specific genes as it is essential
for the proper functioning of the adult and fetal liver (Battle
et al., 20006.; Torres-Padilla et al., 2001). It is also expressed

in other tissues including the kidney, pancreas, stomach, and
intestine. The HNF4.A gene consists of two promoters,

P1 and P2, and along with alternative splicing processes,
produces multiple variants or isoforms of the HNF4a protein
(Ko et al., 2019). The two promoters are expressed under

different conditions and play distinct roles in different tissues.

When the P1 promoter is expressed, the HNF4al/a2
isoform of the protein is produced. When the P2 promoter
is expressed, it gives tise to the HNF4a7/a8 (Chellappa et
al.,, 2016) protein isoform. Under normal conditions, mice
engineered to produce only P1-driven HNF4a proteins and
mice producing only P2-driven HNF4a proteins appear
healthy. However, when subjected to treatments that cause
colitis or colon cancer, mice that produce only P2-HNF4a
proteins experienced more colitis and developed more
tumors than untreated mice due to increased expression

of pro-inflammatory factors (Chellappa et al., 2016). This
finding explains how the dysregulation of HNF4a in the liver

can cause defective glucose homeostasis, dyslipidemia, and
hepatic defects, many of which are observed in metabolic
diseases (Hayhurst et al., 2001).

Alternative Splicing

Alternative splicing is a very common occurrence in the
human genome. In fact, nearly 95% of genes with multiple
exons undergo alternative splicing (Bhadra et al., 2020). This
is the process by which 25,000 genes can produce 90,000+
proteins (E et al., 2013). As shown in Figure 2, introns

in pre-mRNA are spliced out and the remaining exons in
mRNA can be spliced together in different orders to produce
different proteins. Since alternative splicing is critical to
generating protein diversity, changes in splicing patterns
have led to abnormal gene expression. This abnormal

gene expression can later contribute to the pathogenesis

of metabolic diseases such as diabetes, obesity, and non-
alcoholic fatty liver disease (NAFLD) (Bhadra et al., 2020).
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Figure 2. Alternative Splicing Mechanism. Alternative Splicing is
a process by which exons within pre-mRNA are either included
or removed to generate differentially spliced mRNAs. Splicing
events generate diversity in protein products and can result in
pathogenic isoforms that contribute to metabolic disease.

In the liver, alternative splicing is key to regulating the
expression of HNF4a and other glucose and lipid
metabolism genes. Specifically, studies have shown that
changes in the splicing pattern of HNF4a can lead to
dysregulation in the expression of genes involved in lipid
metabolism, contributing to the development of NAFLD
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(Battle et al., 20006). Splicing of HNF4a can result in isoforms
with different transactivation activities, suggesting a role in
the regulation of liver-specific gene expression in metabolic

disease pathways (Briangon et al., 2000).

METHODS

Young adult (16 to 20 weeks) male WT and HNF4a exon
swap mice (x7HMZ) (Briangon and Weiss, 2000) (see Figure
3) were fed a standard lab chow (LabDiet, #5001, St. Louis,
MO) and maintained in an SPF vivarium. Mice were fed or
fasted for 12 hours from 10:30 PM to 10:30 AM (lights off
at 7:30 PM, lights on at 7:30 AM) and euthanized by CO,
asphyxiation at 10:30 AM followed by tissue harvest. Their
livers were examined for changes in gene expression by
RNAseq using DESeq2 software and Illumina sequencing
(Deans et al., 2021). The RNAseq results were aligned to the
mouse genome (mm39) and analyzed for alternative splicing
using DexSeq software (Martinez-Lomelli, 2022). RNA-Seq
#1 is from WT and a7HMZ exon swap mice in a mixed 129/

Sv plus C57BL/6 background. RNA-Seq #2 is from WT
and a7HMZ exon swap mice backcrossed into C57BL6/N.
Liver samples from three mice per condition (triplicates)
were prepared in an identical fashion. Both sets of data were
analyzed in an identical fashion and compared for commonly
splicing transcripts. Care and treatment of the animals were
in strict accordance with guidelines from the Institutional
Animal Care and Use Committee at the University of
California, Riverside.

Statistical Modeling Software

DESeq2 uses a statistical model to accurately detect
differences in gene expression by considering the relationship
between the amount of gene expression and the variability

in the data. The differential expression analysis involves
comparing gene expression levels between two or more
samples and identifying genes that are significantly
upregulated or downregulated. DexSeq detects splicing
events that are differentially used between two or more
sample groups by modeling differences in read counts across

exons of a gene and identifying exons that have significantly
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Figure 3. HNF4a exon swap mice. Schematic of mouse HNFza gene in (A) WT and (B) ayHMZ mice showing the two promoters, P1
and P2, and the P1- and P2-driven HNF4a isoforms they express (bottom). DBD, DNA binding domain; LBD, ligand binding domain.
Exon 1D and Exon 1A encode Activation Function (AF-1) and distinguish the two isoforms.
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different usage between the samples being compared.
This software was used to identify isoform-level
changes in gene expression and understand how
alternative splicing events may be associated with

disease or other biological processes.

Exon-swap mice

HNF4 exon swap mice (a7HMZ) express an alternative
form of HNF4A that is not expressed in normal adult
liver (Braincon and Weiss, 2006). This isoform has
been identified as a major isoform upregulated in liver
cancet, in the livers of mice fed high-fat diets, and
alcoholic livers making it a relevant model to study
metabolic diseases (Fekry et al. 2018; Argemi et al,
2019). As shown in Figure 3, a7HMZ mice have the
exon 1A coding sequence deleted at the P1 promoter
and replaced by that of exon 1D using a plasmid
construct so that they are homozygous for exon 1D
and referred to as ‘«7HMZ-only’ mice (Chellappa at

al., 2016). This minimal intervention makes it so the
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mice do not have obvious phenotypic defects or lethal

defects as HNF4a was not completely knocked out.

Figure 4. Experimental Design. Gene expression in livers of male mice
on 12-hr fasts was analyzed by RNA-seq using DESeq2 software and

alternative splicing was analyzed using DexSeq. Alternative splicing 177

Fasting HNF4a7 HMZ mice and comparing them to

genes that were both alternatively spliced (DASGs) and alternatively
expressed (DEGs) in both data sets from male mice were manually

fasted WT HNF4a mice is important for understanding curated.

alternative splicing in metabolic disease because

fasting is a metabolic stressor that induces changes in gene
expression and splicing events in the liver. By comparing the
alternative splicing events in the livers of these two mouse
models under fasting conditions, we can identify splicing
events that are specifically involved in metabolic regulation

and may be dysregulated in metabolic diseases.

Following the generation of transcriptomic (RNAseq)
data from the livers of male mice under several different
conditions—fed versus fasted; wildtype (WT) versus
a7HMZ—the RNAseq data was analyzed for differential
expression (DESeq2) and splicing events (DEXSeq) (Figure
4). It was observed in RNA-Seq dataset #1 that the greatest

number of potential splice variants was between the WT and

a7THMZ mice that had been fasted for 12 hours (Martinez-
Lomelli, 2022). Therefore, in the two RNA-Seq datasets, we
compared the differentially expressed genes (DEGs) to the
alternatively spliced genes (DASGs) in 12h-fasted mice as well
as WT vs a7HMZ mice. RNA-Seq #1 identified 5,877 genes
(3782 DASG + 2095 DEG) with an overlap of 1,238 genes
classified as a DEG and DASG. RNA-Seq #2 identified
3,787 genes (2019 DASG + 1768 DEG) with an overlap of
586 genes classified as a DEG and DASG. We then looked
at the overlap between the two triplicate RNA-seq datasets
(1238 genes from RNA-seq #1 and 586 genes in RNA-seq
#2, n=0) to identify 177 DASGs found in both datasets to
increase the probability of identifying real splicing events.

UNDERGRADUATE RESEARCH JOURNAL | 39




Identification of Alternatively Spliced Genes in Metabolic

Disease Pathways

RESULTS

Manvual Curation Criteria

Between the two RNA-seq datasets we generated, 177 genes
were called alternatively spliced (DASGs). These were then
manually curated using the following inclusion and exclusion
criteria to identify genes with real alternative splicing events.
The genes were visualized for consistency by comparing the
gene body to normalized exon counts from DEXSeq using
UCSC Genome Browser (provides a visual representation of
the gene body, including genes of interest, regulatory regions,
and other important features to explore gene expression and
modifications). Genes that were marked by the program as
loci where differential expression occurred were included if
they fell under the following inclusion criteria and disqualified

if they fell under the following exclusion criteria:

Inclusion Criteria:

1. Differential number of reads mapped to alternatively
spliced exons in a7HMZ and WT

2. Alternatively spliced exons were called consistently across

both datasets
3. Alternatively spliced exon has >100 normalized reads
Exclusion Criteria:

1. One genotype being consistently higher than the other

across all exons
2. Values of biological triplicates vary widely
3. Small difference in normalized counts between genotypes
4. Expression levels <100 normalized reads

5. Putative alternatively spliced exon overlaps with another

gene
6. Reads not mapping to known exon

7. Reads into introns
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One example of a gene analyzed using these criteria is shown
on the next page (Figure 5). DNA-directed RNA polymerase
1T subunit Rbp4 is a gene that met the negative criteria of one
genotype being consistently higher than the other, suggesting

differential expression but not alternative splicing.

The results of my study concluded that all 177 genes
analyzed fell into the following disqualifying categories:

small differences in splice levels (<100); putative alternatively
spliced exon overlaps with another gene; RNA-seq reads
that did not map to known exons; and RNA-Seq reads

went through into introns of highly expressed genes. Out

of 177 DASGs, there were only 16 genes that were not
disqualified by the negative criteria but did not meet all

the inclusion criteria to label it a splicing target (Pafah2,
Ywhae, Rpl28, 1tih3, Fau, Bbox1, Hpd, Gstk1, Acaalb,
mtarc2, Ndufb10, Qprt, C8g, Ugt2b36, Cyp3all, Serpinale).
Although the results of my research demonstrated no gene
fully satisfied the positive criteria to count as a significant
alternative splicing event, these genes may still play a role in
liver dysregulation and metabolic disease pathways that the
criteria do not account for. In the fasted mice, my results also
identify numerous genes related to mitochondrial function as
potential splice sites. These mitochondrial genes are known
to be expressed during fasting conditions and when these
genes undergo loss-of-function, people can develop obesity,

hyperglycemia, and hypertension.

DISCUSSION

DexSeq called over 3000 differentially spliced and expressed
genes. Having two comparative data sets was helpful as

it allowed for narrowing down to 177 DASGs by finding
common genes in the two datasets. However, manual curation
of these DASGs showed it may not be worth following up
with wet bench testing. Of these, 16 genes did not fall into
the negative criteria and could be followed up with alternate
RNAseq programs to analyze the gene locus for any other

forms of differential usage. Livers were harvested at the same




Identification of Alternatively Spliced Genes in Metabolic

Disease Pathways

38,110,000 38,115,000
GENCODE VM32 (2 items filtered
Rbp4 B =
Ropd = 1

RNA-seq a7HMZ male fasted

RNA-seq WT

male faste

L
i

RNA-seq WT

male fasted

1778

RNA-seq a7 male fed

[+}

RNA-seq WT

male fed

RS ARRRRSRRRHNTE | |
N SRR | |

RNA-seq a7HMZ male fed

BNA-seq

WT male fed

ENSMUSG00000030432 +HVZ F1030 WT_F 1030

1000 —

g | | |

2 m ‘ ] i ]

%] : H {

=2 \ i H ]

c —— ] H |

g ‘ ;

w -, {

1 { e——

F T T T T T T T T T T T T 1
E0)1 EO02 EOX E0)¢ EO0S E00S EO07 EOO8 E009 EOI0 EO1 EO12 EOI3 EOM4

- — == M

5 — i { i

8 m 3 {

2 3 H

N = {

T 4 —

13 —_ H

E : i

=] — 3 |

b4 1 5 :

— —_—

T T T T T T T T T T T T 1
E002 E0X3 EO004 E005 EO005 E007 EO008 EO009 EO10 EON1 EO12 EOI3 EON4

r
E001
. N A

Exon usage

Normalized counts

/ / / //
/\l [ | 1 ]
479874 47118 ATHEIE1 470605 47IGB48 4704002 4794335 47O4ST9 47O4E22 4795055 [-]j] H
4795873 4TOB117  4TOBIG0 4795604 4795347 4T9T091  4TU7TIBE 4797578 ATOTRR1 4798055

HMZ WT

ENSMUSG00000030432.13 +

g8 § BE

=)
L

T T T T T T T T T T T T 1
E001 EOXR2 EOO3 EOD4 EOD5 EO005 EOD7 EOd3 EO)@ EO10 EO11 EO12 EO013 EO14

5000 1 —
3000 —— —
2000 R
1000 =" i — —
e i
100 i
- i . —  S—
10 - e = < —
~ T T T T T T T | T T T T 1

E001 EO2 EOX3 EOD4 EOD5 EO05 EO07 EOD8 EO@ EO10 EO11 EO12 EO013 EO014
/ / / . p

Figure 5. Example of a gene that falls within the exclusion criteria. Expression levels are displayed in UCSC Genome Browser (top)
by red and blue bars of male a7 and WT mice in fasted conditions (RNA-Seq #1, 2). Gene body (top) has noticeably fewer exons than
shown by Dexseq maps (bottom), making mapping challenging; Red circled exons: called alternatively spliced across both datasets
by DexSeq. Expression levels are <100 normalized counts, falling under the significance cutoff.
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time of day following the same fasting regime, so differences by which new diet interventions address metabolic disease
in the two DexSeqg-generated maps for the two RNAseq and liver health to inform preventative nutrition changes or
datasets may be a result of the background or strains of drug therapies.

the mice in the two datasets as well as any RINAseq noise.

Different sequencing protocols were used in the two RNAseq ACKNOWLEDGEMENTS

datasets: 75-bp single-end versus 150-bp paired-end which
could account for some of that difference. Current RNAseq  Special thanks to Dr. Frances M. Sladek and members of the

programs do not account for all the different variables Sladek Lab for helping guide me through the experimental
that could go into making an accurate alternative splicing design and analysis. This research was supported by the UC
call. DexSeq was selected for this purpose because it gave Riverside Undergraduate Education Chancellor’s Research
the greatest number of calls, but future research could use Fellowship. Their expertise, insights, and hard work have been
alternate programs to analyze gene targets more accurately. instrumental in the successful completion of this project.

While alighing the DexSeq-labeled exons to exons on the
gene body in UCSC Genome Browser, there were differences
in the number of exons identified and the orientation of

the gene. This made aligning these exons difficult. This was
exacerbated by exon maps in DexSeq not coinciding with

the orientation of the gene in UCSC Genome Browser.

The program called many mitochondrial genes usually
expressed during fasting conditions and implicated in obesity,
hyperglycemia, and hypertension. With this research, we were
able to support a role for alternative splicing in metabolic
disease that should be followed up with wet-lab testing,
Further research could be conducted to analyze the roles

of those mitochondrial genes in similar metabolic disease

models.

Additionally, with intermittent fasting being a recommended
intervention to improve liver health in patients with metabolic
disease, studying the role of the liver master regulator,
HNTF4A and its isoforms with transcriptomics data from
mice as done in our study can clarify essential molecular and
cellular mechanisms that regulate liver metabolism during
fasting and feeding (Bolotin et al., 2019; Lu et al., 2016).
Previous studies have shown intermittent fasting alters
HNF4a activity (Hatchwell et al., 2020). Thus, studying
subsequent gene expression changes using exon-swap mice

and RNAseq data could clarify the gene expression pathways
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