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Chapter I : Introduction



1.1 Hutchinson-Gilford Progeria Syndrome (HGPS)

1.1.1 Laminopathies

Laminopathies are genetic diseases caused by mutations in genes encoding for proteins
in the nuclear lamina or nuclear envelope. Laminopathies may result in various phenotypes,
from muscular dystrophy to neuropathy to premature aging syndromes (Schreiber & Kennedy,
2013). Nuclear lamins have been under intense study for everything that is related to the
nucleus, including changes in the nuclear structure, organization, and functional changes. The
nuclear lamina is composed of lamin A/C and B. Lamin A/C is encoded by the A-type lamin
gene, LMNA, and lamin B is encoded by the B-type lamin genes, LMNB1 and LMNB2.
Intriguingly, it has been found that at least 15 unique diseases have been attributed to the LMNA
gene. This number is greater than diseases attributed to any other single human gene (Worman,
2012). There are distinctions in the inherent properties between A-type lamins and B-type
lamins. The difference in the isoelectric points makes it such that B-type lamins stay associated
with the nuclear envelope throughout development and differentiation as opposed to A-type
lamins, which become soluble during mitosis and are only expressed in terminally
differentiated cells (T. Dechat et al., 2000; Thomas Dechat et al., 2008). The expression
patterns also differ as well, where B-type lamins are expressed in almost all cell types, A-type
lamins are most notably not expressed in neurons and glia due to a brain specific micro RNA
(miRNA) Mir-9. (Jung et al., 2012). There are various mutations within the LMNA gene that
contributes to different unique laminopathies (Figure 1-1). The most prevalent laminopathy,
Emery Dreifuss Muscular Dystrophy (EDMD), has mutations all throughout the LMNA gene

that may contribute to the disease. However, diseases such as HGPS, mandibuloacral dysplasia



familial lipodystrophy, and Dunnigan type familial lipodystrophy, have mutation in LMNA
gene near the C-terminus, suggesting the importance of lamin A post-translational modification

involving farnesylation (Navarro et al., 2004; Schreiber & Kennedy, 2013). There are other

Protein Key: LMMA Mutations:
= Globular domain [ AD-Emery Dreifuss Muscular Dystrophy (EDMD)
=1 Ap-Limb Girdle Muscular Dystrophy (LGMD1B)
E Rad-like domain B AD-Dilated Cardiomyopathy (DCM)
= mMandibuloacral Dysplasia Familial Lipodystrophy
= Glabular domain specific to Lamin A — AD-Dunnigan type Familial Lipodystrophy
[ cCharcot-Marie-Tooth Disorder Type 2 (CMT2)
D Globular domain specific to Lamin C =0 Hutchinsen-Gilford Progeria (HGPS)

[ Atypical Wemer Syndrome
3" Untranslated

Figure 1-1 Location of mutation for various laminopathies in LMNA

Mutations resulting in diseases affecting striated muscle are evenly distributed throughout the
LMNA gene. Other types of laminopathies, such as mandibuloacral dysplasia familial lipodystrophy,
Dunnigan type familial lipodystrophy, and Hutchinson-Gilford Progeria Syndrome are clustered in

the C-terminal globular domain.

Adapted from Burke & Stewart, 2006

lamin-associated genes that may contribute to various laminopathies, such as SYNE1 being

cause for EDMD, dilated cardiomyopathy and spinocerebellar ataxia type 8, ZMPSTE24



causing mandibuloacral dysplasia and restrictive dermopathy, and LEMD3 being attributed for
bone-related diseases. Some characteristics of laminopathies are abnormal cell signaling
pathways, impaired nuclear function, and altered structural dynamics. However, the exact

disease mechanisms and biological roles on dysfunctions of nuclear activity remain vague.

1.1.2 Mechanism of classical HGPS

Normal sequence
/ \ of LMNA
A/\ /\AA G608G(GGC>GGT)
/\/ M \ G608S(GGC>AGC)
=

glllglltlalla E T Consensus splice
G donor sequence

clleglltllal alalc Normal sequence
of LMNA

G| |G|T||G|] G|G G608G(GGC>GGT)

G| |G|T||G G| C G608S(GGC>AGC)

Normal splice

Exén 11 /] 12 3 UTR

Mutant splice



Figure 1-4 Classical HGPS single point mutation in LMNA exon 11

Single point mutation in exon 11 of LMNA at position 1824 from C to T is known to be the
cause of classical HGPS. The point mutation activates cryptic splice site upstream, which leads
to deletion of 150 nucleotides (50 amino acids). Usage of this cryptic splice site produces

mutant protein called progerin.

Adapted from Eriksson et. al., 2003

HGPS is a rare, autosomal dominant lethal disorder characterized by premature aging. HGPS
patients have clinical features mimicking those of normal aging, such as alopecia, loss of
subcutaneous fat, short stature, prominent scalp vein, osteoporosis, and severe atherosclerosis
(Merideth et al., 2008). Children with HGPS have normal intellectual development but will
eventually develop severe atherosclerosis and die of strokes at an average age of 14.6 years
(Gordon et al., 2018). Classic cases of HGPS are often attributable to a de novo mutation
(C1824T, or, in rare cases, G1822A) in the exon 11 of the LMNA gene, which activates a cryptic
splice site (Eriksson et al., 2003) (Figure 1-2). When this site is used, the subsequent 150
nucleotides of exon 11 are removed by splicing, resulting in an internal deletion of 50 amino
acids from the encoded protein. As mentioned, LMNA encodes two A-type lamins: lamin A,
which includes 12 exons, and lamin C, which uses an alternative 3’ terminus after exon 10.
After lamin A is translated, the precursor protein prelamin A undergoes several post-
translational modification steps (Figure 1-3), including farnesylation of the CAAX tail at the
C-terminus, where the isoprenyl group attaches to the cystine of the CAAX motif and removes
the terminal AAX amino acids from the CAAX tail, methylation of the exposed cystine by
ICMT, and upstream cleavage of the C-terminus by ZMPSTE24 at its recognition site
(RSYLLG motif) (Young et al., 2006). ZMPSTE24 is a metalloprotease that plays important
roles in post-translational modification of prelamin A by being involved in both deletion of the

AAX amino acids and removal of the terminal 15 amino acids at the end of the post-
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translational modification steps (Mallampalli et al., 2005). In the case of HGPS, the removal
of the farnesyl tail at the end of the post-translational modification step is disturbed. The 50
amino acids missing from progerin include the recognition site for ZMPSTE24, progerin

retains the C-terminus of lamin A, including a farnesyl tail that is highly hydrophobic and

Normal Prelamin A Processing Hutchinson-Gilford Progeria Syndrome
50-amino acid deletion
(*=RSYLLGw=)
RSYLLG »===CaaX CaaX
Farnesylation (FTase) l ik Farnesylation (FTase) l
|
RSYLLG ww=CaaX CaaX
C-terminal cleavage C-terminal cleavage
(Likely RCE1 and L (Likely RCE1 and l Lok
ZMPSTE24) ZMPSTE24) i
RSYLLGwweC C »
9_'. '9+
Methylation (ICMT) l Methylation (ICMT) i
M M
= RSYLLG ww C-0CH3 C-0ocH3
Prelamin A (74 kDa) Mutant Farnesylated Prelamin A (67 kDa)
Upstream cleavage l Ubaireun dlasvecs (Progerin)
(ZMPSTE24) . 9
RSY <
Mature Lamin A (72 kDa) <
\Q

Q,
<,
%

Figure 1-5 Prelamin A post-translational modification in normal and HGPS patients

Prelamin A must undergo post-translational modifications (PTMs) to become fully mature lamin A.
The PTMs is initiated by farnesylation of the cystine of terminal CAAX motif. The terminal tripeptide
is clipped off by RCET or ZMPSTE24. Isoprenylcysteine carboxyl methyltransferase (ICMT) methylates
the exposed cystine. To complete the PTM, ZMPSTE24 removes the last 15 tail domain residues,
which includes the farnesyl tail. The last step of the PTM, removal of the terminal 15 tail domain

residue, is no longer possible in HGPS and thus permanently farnesylated.

Adapted from Young et. al., 2006

disrupts the protein’s function (Gruenbaum et al., 2005). Thus, in HGPS, the prelamin A is
permanently farnesylated and produces a mutant protein, progerin. Progerin interferes with

wildtype lamin A protein function in a dominant negative manner, causing nuclear



abnormalities, genomic instability, mitochondrial dysfunction, and altered redox homeostasis
(Gordon et al., 2007, 2012).

The inherent problem with the mutation associated with HGPS is that the C1824T
(G608G) mutation causes alteration in the splicing pattern. The C1824T mutation activates a
nearby upstream cryptic splicing donor site. The usage of this cryptic splice site then causes
the aforementioned 150 nucleotide deletion in exon 11 and the 150 nucleotide deletion leads to
production of progerin due to the lack of ZMPSTE24 cleavage site. Understanding the
mechanism of splicing may help us understand the mechanism behind progerin production in

different settings.

1.2 Splicing

1.2.1 Function of splicing and alternative splicing

The central dogma of molecular biology states that the DNA undergoes transcription
steps to produce RNA. This is the initial form of RNA, pre-mRNA, which is premature when
it is first transcribed from the DNA. The pre-mRNA must be processed in order for it to become

a mature version of RNA, which is the messenger RNA (mRNA). RNA splicing is a major step
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Figure 1-8 Transcription and splicing

From a gene’s DNA template, the initial RNA (pre-mRNA) is made during a process called
transcription. The pre-mRNA must be processed with a step called splicing to remove the non-
coding sequences called introns (colored teal), followed by joining together the sequences to be

included in the final RNA product (exons, colored green) to form the mature mRNA.

Adapted from Ahern & Rajagopal, 2023

in this process. To understand the mechanism behind splicing, we must understand the structure
of a gene. A eukaryotic gene structure is largely subdivided into sequences known as exons,
and introns (Figure 1-4). In the process of splicing, the exons are joined together and thus
“splicing out” the noncoding sequences, introns, in order to create the mature mRNA.
Alternative splicing is the process by which multiple different mature mRNA are produced
from the same gene. This is possible because not every exon within a gene is utilized for
splicing and creation of mature mRNA. The exons are “mix and matched” to have many
different combinations. Up to 95% of human multi-exon genes go through alternative splicing
to encode for multiple different proteins (Jiang & Chen, 2021). This, in turn, allows the

alternative splicing to contribute to the majority of protein diversity.



1.2.2 Splicing mechanism

As described in the previously, RNA splicing is the process of removal of the
noncoding sequence of the gene and joining together the protein coding sequence of the gene
to create mature mRNA. The process of splicing is largely choreographed by the formation of
a machinery called “spliceosome”. The spliceosome is composed of small nuclear

ribonucleoproteins (snRNP)s U1, U2, U4, U5 and U6. These 5 snRNPs, along with other
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Figure 1-11 Pre-mRNA splicing by U2-type spliceosome

Schematic representation of the two-step mechanism of pre-mRNA splicing. Upstream and
downstream exons are represented as E1 and E2, respectively. Adenosine for branch site is denoted

by A.

Adapted from Will & Liihrmann, 2011

numerous non-snRNP proteins, notably the RNA binding proteins (RBPs), make up the U2-

dependent spliceosome.

Splicing is initiated by U1l snRNP identifying and binding to the 5’ss of the upstream
exon (E1), and U2 snRNA identifying and binding to the branch site (Figure 1-5). This is called
the prespliceosome or A complex. The prespliceosome then combines with the preassembled
machinery consisting of U4/U6 and U5 snRNPs. Through this process, the fully assembled
mature spliceosome complex is formed. The GU at the 5° end of the intron is cleaved and then
connected to the branch site adenine by transesterification reaction, in which a hydroxyl (OH)

group of the adenine attacks the bond of the guanine at the splice site. This forms a loop and is



called the “lariat”. After the formation of the lariat, U1 and U4 snRNPs are released. Afterward,
the 3’ss is cleaved as well, followed by the attaching of the E1 and E2 exons by
transesterification reaction. The intron lariat, along with the U2, U6 and U5 snRNPs are

released after this process.

It is important to know how and where the splicing machinery forms. How does the
splicing machinery know where the bona fide splice site is? One of the most important tasks
the spliceosome does is identifying the true splice site. The 50 bases into exonic and intronic
regions around the splice site is known to contain many cis-acting elements that help recruit or
deter splicing regulatory factors (X. H. F. Zhang et al., 2005), most notably splicing enhancers
and splicing silencers. Depending on their location, they are subcategorized into exon splicing
enhancers (ESE), intronic splicing enhancers (ISE), exonic splicing silencers (ESS) and
intronic splicing silencers (ISS). Another important factor in determining the splice site is that
there are a couple of ways that the spliceosome goes about identifying the splice site and be
assembled at the proper location. Does the spliceosome identify the splice site from the exonic
region? Or does it identify the splice site from the intronic region? The two modes of
identifying the splice site is called “exon definition” and “intron definition” (De Conti et al.,

2013). Whichever mode the spliceosome choses for splice site identification largely depends
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on the architecture of the gene. Specifically, the exonic-intronic lengths between the flanking

Intron definition model Exon definition model

Introns < 250 bp Introns > 250 bp

Figure 1-12 Two modes of splice site identification

There are two modes of splice site identification, which are intron definition model (depicted on the
left side) and the exon definition model (depicted on the right side). Intron definition model takes
place across an intron when the long exons are separated by short introns (< 250bp). Exon definition

model takes place across exons when they are separated by long introns (> 250bp).

Adapted from Conti et. al., 2013.

exons are important determinants for the mode selection. In higher eukaryotes, short exons are
separated by longer introns (> 250bp), whereas in lower eukaryotes, longer exons are separated
by shorter introns (< 250bp). This architectural difference makes different modes of splice site
identification more prevalent in one compared to other. When long exons are separated by short
intron, the spliceosome is more likely to assemble over the intron, hence utilizing the intron
definition mode. When exons are separated by long intron, the spliceosome is more likely to

assemble over the exon, utilizing the exon definition mode.

1.2.3 Non-canonical splicing

Aside from the conventional splicing, there are other types of non-canonical splicing
methods. Some of these include, cryptic splice sites, microexons, recursive splice sites, intron

retentions, exitrons, circular RNAs, chimeric RNAs and atypical splice sites (Sibley et al.,
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2016).

Cryptic splice sites are sites that are not normally used in the presence of consensus
site. Cryptic splice sites can be activated directly or by mutation of a competing site, often
times an authentic, consensus splice site. To assure splicing fidelity, there are exon definition
mechanisms such that unauthentic splice sites, such as cryptic splice sites, are not rampantly
utilized for splicing. The cause of HGPS is known to be a mutation within the gene LMNA at
position 1824 of exon 11, which has a single base substitution from cytosine to thymine
(Eriksson et al., 2003). This mutation activates a cryptic splice site upstream of the canonical
site, resulting in production of mutant protein called progerin. Cryptic splicing is of heavy

importance in studying HGPS and will be further discussed in future sections.

Microexons are defined as exons that are shorter than 30nt in length. Microexons are
particularly interesting because despite how short they are in size, they are “compensated” by
having additional enhancing signals for its utilization (Ustianenko et al., 2017). Interestingly,
microexons are flanked by intronic motifs that attract RBPs which acts as enhancers, and in
turn, promotes the inclusion of the exon. Notably, serine arginine repetitive matrix 4 (SRRM4),
RBFOX, and polypyrimidine tract-binding protein 1 (PTBP1) are among RBPs that are found
to be bound in the intronic regions flanking the micro exons. Utilization of microexons are
significantly impactful in the resulting protein that is being produced in that, the microexons

are often times central nodes in protein interaction networks.

Throughout the genome, there are many cases where there are extremely long introns
between two consecutive exons. These pre-mRNA are processed in a manner that the introns
are spliced in several differential, stepwise fashion. Within the long intron, there is a site that

is composed of the non-canonical 3’ splice site and 5’ splice site that constitutes what’s known
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as the recursive site (RS). This site often follows the motif YAG|NN, where Y is C or T and N
is any base. The RS divides the intron into two sections, the upstream intron, and the
downstream intron. The upstream intron is first spliced out, initialized at the 3’ splice site of
the RS (YAG). The removal of the upstream intron then leaves the two flanking exons with the
downstream intron in between. As the final step, the downstream intron is spliced out, and thus
the two flanking exons are joined together to become mature mRNA. RS gives valuable insight

into exon definition (Georgomanolis et al., 2016).

Intron retention is defined as when the intron between the two flanking exons are not
spliced out and thus included in the final product for the mature mRNA. For a long time, intron

retention was regarded as consequence of mis-splicing, most notable the inability to recognize

exon 1 exon 2
GT YAG|NN L 7:1c] —

o 1% splicing step
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Figure 1-13 Schematic of recursive splicing processing

Two consecutive exons are separated by a long intron which has the recursive site with the motif
YAG|NN. The GT of the 3' end of the upstream exon splices into the acceptor sequence, YAG, and
thus the upstream half of the long intron is spliced out first. The NN sequence now becomes the
new splice donor for the upstream exon. The downstream half of the long intron is spliced out,

followed by joining of the two exons together.

Adapted from Georgomanolis et. al., 2016

13



a nearby canonical splice site (J-L Wong et al., 2015). It is one of many types of alternative
splicing and in past studies, transcripts with intron retention were regarded as non-functional
because of their susceptibility to non-sense mediated decay (NMD). This phenomenon is more
often seen in transcripts with weaker 5’ and 3’ ss, combined with shorter intron lengths. The
introns that are being retained are also found to have higher GC content that the normal
counterparts. Recently, intron retention events are gaining attention to have integral role in
disease mechanisms. Specifically, in intron retention events, rather than the intron being
retained due to mis-splicing and triggering NMD pathway, many introns are being actively
retained in mature mRNAs. Exitrons are considered a form of intron retention. Exitrons, by
definition, are introns within exons that when retained, functions to have protein coding ability
(Staiger & Simpson, 2015). Exitrons are also found to have higher GC content than normal
introns, and thus may be less efficient to splice the exitrons, as it is with introns for intron

retention events.

Circular RNAs (circRNAs) are a unique class of RNA. They are defined as single-
stranded RNA molecules that are produced via a process called backsplicing. Backsplicing is
a process where the downstream 5’ ss is ligated with the upstream 3’ ss. This process then
encloses the RNA molecule to be in circular formation, leaving the 5’ ss and 3’ ss to be
indistinguishable. circRNAs have been found to be involved in microRNA (miRNA) inhibition,
epithelial-mesenchymal transition and tumorigenesis (Vo et al., 2019). circRNAs also have
some unique features, such as rearranging the order of genomic information, protection from

exonucleases and constraints on RNA folding (Lasda & Parker, 2014).

Chimeric RNAs are products of joining exons from two or more different gene loci
(Frenkel-Morgenstern et al., 2012). There are several methods in which chimeric RNAs are

produced in human, which are chromosomal rearrangement, trans-splicing of pre-mRNAs,
14



RNA transcription runoff, errors in other RNA transcription, and artifacts of RNA sequencing.
Proteins that result from chimeric RNAs have been mostly associated with cancer in the past.
However, recent findings suggest that chimeric RNAs are rather widely present in non-

cancerous cells (Z. Li et al., 2018).

1.3 Progerin expression in non-HGPS individuals

Intriguingly, progerin, which is the protein responsible for HGPS, has been found in
cells and tissues of non-HGPS normal individuals, although in very small amounts (Burtner &
Kennedy, 2010; K. Cao et al., 2007; McClintock et al., 2007; Olive et al., 2010; Scaffidi &
Misteli, 2006). Notably, it has been found that progerin can be and is produced by wild-type
cells undergoing cellular senescence induced by telomere damage in the form of a telomere
uncapping (Cao, Blair, Faddah, Kieckhaefer, et al., 2011). In another study, the impact of solar
ultraviolet radiation (UVR) was assessed to mimic the effect of natural aging seen in the skin
tissue (Lesiak et al., 2017). For this study, group of 30 healthy Caucasians was divided into two
groups, where 15 were elderly (mean age : 64.1 + 13.1 years), and the other 15 were young
adults (mean age : 24.1 £ 4.8 years). The subjects participated in a 6-day sun holiday, getting
approximately 5 hours of sun exposure daily. Skin samples before and after the sun-holiday
were taken from the subjects. The results showed that the expression of progerin was the
highest in the elderly group. Compared to that of young adults prior to and after the sun-holiday,
the progerin expression in elderly was significantly higher (p < 0.001 and p < 0.03). Between
young adults before and after sun-holiday, progerin was more abundant in samples post sun-
holiday (p = 0.001). Takeuchi et. al conducted a study to observe progerin expression under
conditions made by artificially induced UVR (Takeuchi & Riinger, 2013). Two types of UVR

were used; UVA, which has wavelengths between 315nm and 400nm, and UVB, which has
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wavelengths between 280nm and 315nm. Longwave UVA reaches deeper into the dermis than
the shortwave UVB, which in part reaches to the upper part of the dermis but does not fully
penetrate. They have excluded the use of UVC, which has the shortest range of wavelength,
because they seek to mimic the environment that an individual may accumulate during their
natural aging process and thus contributing to photoaging of the skin. From this study, they
uncovered that UVA, but not UVB, induced progerin expression in both neonatal and aged
cultured fibroblasts. The progerin induction was observed more in aged, cultured fibroblasts.
Combining the results from these studies, DNA damage is a common theme contributing to
progerin induction in non-HGPS normal individuals. It is known that DNA damage by UV
irradiation and telomere attrition are both prime examples of phenotypes of chronological aging.
It can be speculated that there is some trigger, such as DNA damage and telomere attrition,
which causes aberrant splicing in normal individuals, including the progerin cryptic splicing

through some unknown mechanism.

1.4 Genotype-Tissue Expression Data

The Genotype-Tissue Expression (GTEx) project was initiated by the GTEx
Consortium (Lonsdale et al., 2013) in 2013 to build a database to combat limitations observed
in genome-wide association studies (GWAS). From traditional GWAS, genomic loci
contributing to thousands of diseases were identified. However, the mechanistic explanation
for the disease susceptibility for the majority of the diseases remains unknown. The GTEx
aimed to bolster these types of analyses by putting heavy emphasis on expression quantitative

trait loci (eQTL). The proposed goals from the GTEx projects were:

1. To create a data resource to enable the systematic study of genetic variation and the
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regulation of gene expression in multiple reference human tissues.

2. To provide the scientific community with a biospecimen resource including tissues,

nucleic acids, and cell lines upon which to determine other molecular phenotypes.

3. To support and disseminate the results of a study of the ethical, legal, and social issues

related to donor recruitment and consent.

4. To support the development of novel statistical methods for the analysis of human

eQTLs, alone and in the context of other molecular phenotypes

5. To make data available to the research community as rapidly as possible.

6. To support the dissemination of knowledge, standards and protocols related to

biospecimen collection and analysis methods developed during the project.

For the purposes of identifying genomic loci for common diseases and variants, GTEx provides
robust and diverse dataset for researchers to investigate. The GTEx includes data from 8,555
samples collected from 544 donors across 30 different tissue types (GTEx version 6). Although
the samples collected are from postmortem donors, the GTEx database serves as excellent
resource to conduct the study of progerin expression in non-HGPS normal individuals. GTEx
samples are collected and processed with a unified, standardized protocol developed by the
Cancer Human Biobank (caHUB) of the National Cancer Institute. When studying a rare
disease, often times it is difficult to obtain enough data to conduct research, especially for
bioinformatics analyses. Using standardized large data, such as GTEXx, will greatly increase the
probability of finding useful results, especially in the setting of comparative study that I will

conduct.
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1.5 Significance of the Research

The significance of my research comes from the fact that the toxic protein progerin is
found to be expressed in non-HGPS normal individuals. The amount of progerin in these
samples is small compared to progerin expression levels in normal individuals. However, one
may ask how these individuals have progerin expression, but are still unaftfected by HGPS or
phenotypes that are prevalent in HGPS patients. In previous studies (Cao, Blair, Faddah, & Al,
2011; Lesiak et al., 2017; Takeuchi & Riinger, 2013), it has been characterized that progerin
appears to be expressed in conditions that create an environment causing DNA damage.
Conditions such as cellular senescence, continuous sun exposure, and direct UV irradiation are
shown to induce progerin in individuals that do not have HGPS. So far, there has not been any
study trying to uncover the connection between the trigger that causes progerin expression and
the effects of progerin expression in normal individuals. From this research, we seek to
elucidate the relationship between the trigger, progerin expression, and the effects of progerin

expression in normal individuals.
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Chapter II : Exploration of progerin expression in normal individuals
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2.0 Introduction

Hutchinson-Gilford Progeria Syndrome (HGPS) is known to be caused by a single
point mutation in the LMNA gene, which leads to the production of the truncated prelamin A
mRNA, which then would produce the mutant form of the lamina A protein called progerin. As
described earlier, progerin is found to be expressed not only in HGPS patients, but also in non-
HGPS normal individuals as well (Cao et al., 2007; Lesiak et al., 2017; Olive et al., 2010;
Scaffidi & Misteli, 2006; Takeuchi & Riinger, 2013). The focus of this section is to explore and
characterize progerin expression in Genotype-Tissue Expression (GTEx) data. There are total
of 8,555 samples from over 30 different tissue types. Progerin expression will be measured in
the GTEx samples across major tissues that are affected in HGPS patients, and also explore

various biological processes that are associated with HGPS and also normal aging.
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2.1 Progerin is expressed in normal individuals

GTEx version 6 has 8,555 post-mortem samples across 30 different tissues. As a

prescreening measure to ask whether progerin is present in the GTEx samples, we took the
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Figure 2-1 Progerin quantification in GTEx v6 count data

Progerin expression categorization was made based on read per kilobase per million mapped reads
(RPKM) value on GTEx v6 count data. Zero progerin was defined as RPKM = 0, low progerin was
defined as 0 ~ 33.5 RPKM and high progerin was defined as RPKM > 33.5. Zero, low and high
progerin samples were indicated in each cell type as blue, green and red, respectively. The highest

percentage of high progerin samples was found in sun-exposed skin tissue.
Data generated by Dr. Kun Wang
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transcript count data to calculate the reads per kilobase per million mapped reads (RPKM)
value of progerin. The samples were separated by tissue types to account for tissue specificity.
The RPKM values showed that progerin transcript is present in some normal individuals.
Initially, samples were categorized into 3 groups based on progerin RPKM, which consists of
zero (0 RPKM), low (0 ~ 33.5 RPKM) and high (> 33.5 RPKM) (Figure 2-1). The “high” group
was defined according to the abundance of progerin transcript in fibroblast cells from a progeria
patient sample. Examining the abundance of high progerin expressing samples across different

tissues, samples from sun-exposed skin tissue had the largest proportion of high progerin
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Figure 2-2 Quantitative RT-PCR analysis of lamin A and progerin mRNA levels in GTEx samples

Quantitative RT-PCR analysis of lamin A and progerin mRNA levels in the RNA from wild type
fibroblasts (Fb168) and sun-exposed skin samples (D1, G1 and G2); n.s., no significant difference,
*P<0.5, **P < 0.01, ***P < 0.001, ****P < 0.0001). Normalized against GAPDH.

Data generated by Dr. Huijing Xue

samples. To further verify the presence of progerin transcript in the GTEx, we chose three sun-
exposed skin samples (Collaborator Participant ID 110F3 (D1), Y5VS5 (G1) and 13CF2 (G2))
that showed progerin expression and conducted quantitative RT-PCR analyses with progerin
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specific primers (Kan Cao, Blair, Faddah, & Al, 2011). As a control, we used a well-
characterized, normal human skin fibroblast line HGFDFN168 from the Progeria Research
Foundation, which is known to be progerin negative. Quantitative RT-PCR analyses revealed

that progerin is indeed expressed in sun-exposed skin samples, but at varying levels (Figure 2-

2).

To measure the progerin RNA levels more precisely, we used fraction progerin (FP),

derived from percent spliced in (PSI) quantification calculated with SUPPA2 (Trincado et al.,
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Figure 2-3 Quantifying progerin expression using fraction progerin (FP)

Progerin cryptic splice site usage was quantified using fraction progerin (FP) quantification on brain,
blood, adipose, heart, skin and muscle tissue samples. Fraction progerin was predominantly zero in
brain samples (negative control). Other tissues showed progerin expression followed a similar
pattern. Using this distribution, progerin expression categorization was made, where zero progerin
consisted of FP < 0.5%, low progerin consisted of FP value of 0.5% ~ 4% and high progerin consisted
of FP > 4%. The dotted lines indicate the cutoff FP for categorization of zero, low and high FP

samples.
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2018). Tissues show a consistent pattern of a modal FP of about 0.02, but the fraction of
samples with progerin expressing samples differs in brain tissue when compared to other tissue
types (Figure 2-3). Brain samples showed only a few samples with high FP; this may be related
to a brain-specific miRNA inhibiting both lamin A and progerin expression (Figure 2-3) (Jung
et al., 2012). The FP distribution (Figure 2-3) was used to divide the samples into zero (FP <
0.005;), low (FP = 0.005 ~ 0.04) and high (FP > 0.04) categories for later analyses and is
visually noted on Figure 2-3 with dotted lines. It is noteworthy that progerin levels in some
samples approach 10% of all LMNA transcripts that include exon 11. To give a context, FP
levels in fibroblast samples from HGPS patients ranged between 25% to 30%. While the
average FP is relatively low in GTEx samples, there are very few samples that do express some

moderate levels of progerin.

2.2 Progerin expression is correlated with shorter telomere lengths

To characterize the progerin-containing samples, we next explored the connection
between progerin expression, biological aging (the molecular phenotypes of aging), and

chronological aging (the actual age of the individual).
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Fraction progerin of skin, heart and adipose tissues were visualized in box plots based on their age.
The age bins were divided into 20-29, 30-39, 40-49, 50-59, 60-69, and 70-79. In all three tissue

types, relationship between age and FP could not be determined.
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Figure 2-4 Count of zero, low and high progerin individuals in each age categories

The distribution of number of each progerin categorized GTEx samples are shown for age bins 20-
29, 30-39, 40-49, 50-59, 60-69, and 70-79. The samples were taken from skin, heart, and adipose

tissues.

First, to investigate the age association in progerin-containing samples, we plotted the

25



distribution of FP grouped by age (Figure 2-5). The data was divided into age bins, in
increments of 10 (bins: 20-29, 30-39, 40-49, 50-59, 60-69, 70+), and was examined in skin,
heart, and adipose tissue samples. We found that the median values for FP were centered around
0.015,0.016 and 0.017 across all age categories for skin, heart, and adipose tissue, respectively.
The distribution also shows that progerin expression has no substantial correlation with
chronological age in these samples (Figure 2-4 and Figure 2-5). However, interestingly, there
appears to be a significant increase in FP (to about 0.33) in the 13 samples from adipose tissue
from the age 70+ cohort (p = 0.0344 for groups 20-69 vs. 70-79, and p = 0.0384 for groups 60-

69 vs. 70-79).

Next, we asked whether progerin expression associates with some molecular

signatures of aging. One such biomarker of aging is the shortening of telomeres (Kan Cao,
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Figure 2-6 Fraction progerin against relative telomere length in skin and skin — sun exposed

samples

Relative Telomere Length of skin and sun exposed skin samples from GTEx was plotted. Both skin
data show negative correlation between fraction progerin and relative telomere lengths, but the

relationship is more profound in sun exposed skin samples.
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Blair, Faddah, & Al, 2011; Grammatikakis et al., 2014). To test the correlation between

progerin expression and telomere lengths, we utilized the GTEx Relative Telomere Length
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Figure 2-7 Fraction progerin against relative telomere length in artery, muscle and stomach samples

Relative Telomere Length of artery, muscle, and stomach samples from GTEx was plotted. The relationship
between FP and RTL in muscle and stomach was close to none. However, there was a visible negative

correlation in arterial samples.

(RTL) data from Demanelis et al (Demanelis et al., 2020), in which RTLs in various GTEx
tissue samples were calculated by determining the telomeric repeats relative to a standard DNA
sample. The correlations between FP and RTL in artery, muscle, skin, and stomach samples
were examined (Figure 2-6, 2-7). A negative correlation (r = -0.13) between FP and RTL was
observed in skin tissue (Figure 2-6, left). Interestingly, the strength of correlation was strongest
in sun-exposed skin samples, with a correlation coefficient of r = -0.21 (Figure 2-6, right).
These results support that in these normal GTEx samples, progerin abundance is negatively
correlated with telomere lengths. When FP and RTL were examined in muscle and stomach
tissues, no relationships were observed for muscle and stomach (r = -0.01, r = 0.07,
respectively). However, negative correlation was observed for artery (r = -0.29). This may be

related to progerin expression being observed in cardiovascular aging, specifically in coronary

artery (Olive et al., 2010).
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Figure 2-8 Fraction progerin of zero, low, and high progerin for skin samples in other

tissues

Quantification of fraction progerin levels of samples with zero, low and high progerin
expression in skin tissue compared to heart, adipose and muscle tissue (t test, *: p < 0.05,

< 0.01).

We also examined the progerin expression patterns in different tissues from the donors
who have progerin expression in skin tissue. Fraction progerin of samples categorized based
on skin tissue levels was measured in heart, muscle, adipose tissue (Figure 2-8). Fraction
progerin is weakly but significantly correlated across different tissues (p < 0.05). This result
suggests that if progerin is expressed in one tissue, it is likely that progerin is also expressed in

other tissues from the same donor.
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2.3 Summary

Our initial characterization and investigation of progerin expression on GTEx data was
conducted. Progerin quantification was made using a more splicing-centric method called
fraction progerin, which measures the fraction of all LMNA isoforms that does not utilize the
full size exon 11. In this case, that turns out to be only progerin. Using FP, progerin
quantification was made in silico in brain, blood, adipose, heart, skin and muscle samples. The
FP distribution was used to create categorization to do downstream RNA-seq analyses (zero,
low and high FP samples). Progerin expression’s association with aging could not be
determined, possibly due to the low resolution of the data being in bins of 10 years. However,
negative correlation between FP and telomere length was observed in skin samples. The
negative correlation became stronger if we take the subset of the skin sample so that only sun-
exposed skin samples were examined. There was a negative correlation between FP and
telomere length in arterial samples, although less samples were available to do the correlation
analysis compared to skin. There were no correlation between FP and telomere length in
stomach and muscle. Lastly, we have uncovered that if progerin is expressed in one tissue, it is

likely that progerin is also expressed in other tissues when examining the same donor.
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Chapter III : RNA-seq analyses of GTEx data
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3.0 Introduction

In the previous section, categorizations of GTEx samples were made based on the
distribution of the FP observed in brain, blood, adipose, heart, skin, and muscle tissues. The
three categories were zero (FP < 0.005;), low (FP = 0.005 ~ 0.04) and high (FP > 0.04). In this
section, comparative study between the zero FP samples and high FP samples have been
conducted. The comparative study included differential expression analysis to identify
candidate transcripts that are differentially expressed between zero and high FP samples, gene
ontology analysis to identify commonly associated biological processes that the differentially
expressed transcripts are involved in, and gene set enrichment analysis to validate and
strengthen the outcome from the differential expression analysis and gene ontology analysis.
Based on the outcome of the aforementioned analyses, we have conducted transcriptome-wide

correlation analysis to assess the changed in splicing landscape.

3.1 Differential expression analysis (DEA)

With the previously-made categorization of the FP of the samples based on FP
distribution (Figure 2-3), a comparative study needed to be conducted to identify any
transcripts or biological functions that are associated with progerin expression. RNA-seq
analyses were performed to identify potential candidate transcripts. Specifically, we conducted
differential expression analyses contrasting zero-progerin samples with high-progerin samples

from skin and heart tissues. These tissues were selected because of the relatively large number
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of high-progerin samples (Figure 2-1, 2-3) and the prominence of phenotypes in those tissues
in HGPS patients (Eriksson et al., 2003; Hennekam, 2006). There are a total of 890 and 412

samples from skin and heart, respectively. As shown in the volcano plots (Figure 3-1), 10,698
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Figure 3-1 Volcano plot of differentially expressed transcripts in skin and heart samples

Volcano plot of differentially expressed transcripts in skin and heart tissues is being shown. The red
label corresponds to down-expressed transcripts and blue corresponds to up-expressed transcripts.

The cutoff value for log2 fold change was 1.5, and the cutoff value for -log10 p-value was 5.

and 8,393 transcripts were up-expressed in progerin-expressing samples from skin and heart,

respectively; while 9,807 and 8,313 transcripts were down-expressed in skin and heart,

respectively.
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3.2 Gene ontology (GO) and Gene set enrichment analysis (GSEA)

Next, the sets of differentially expressed transcripts in skin and heart samples were
compared (Figure 3-2). There were 2,764 commonly positively correlated transcripts and 2,778
commonly negatively correlated transcripts between skin and heart samples. Gene ontology
(GO) analyses of these common transcripts revealed that the top 1,000 commonly down-
expressed transcripts obtained from the ranking of p-values concentrated in GO terms highly
related to splicing (p < 1078) (Figure 3-3). Splicing GO terms were also associated with 55
and 50 genes encoding transcripts differentially expressed in skin and heart samples,
respectively. The GO analyses in each individual tissue also showed splicing GO terms ranked

high with significant p-values.

Progerin correlated Progerin anti-correlated

SKIN UP
10698

SKIN DOWN
9807

Figure 3-2 Venn diagram of correlated and anti-correlated differentially expressed transcripts in

skin and heart tissues

Overlap of differentially expressed transcripts in skin and heart tissues are being shown for both up
and down-expressed transcripts. 2,764 transcripts were up-expressed, and 2,778 transcripts were

down-expressed in both skin and heart tissues.
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Figure 3-3 Gene ontology analysis of the overlapped correlated and anti-correlated transcripts

Gene ontology analysis was made on overlapping down-expressed transcripts in skin and heart
tissues. Biological processes related to splicing GO terms are being shown. Terms such as RNA

splicing, RNA splicing via transesterification reaction and mRNA splicing via spliccosome are shown

We further confirmed our finding from the GO analysis by conducting gene set
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enrichment analysis (GSEA) (Korotkevich et al., 2021). GSEA was done on skin data,
considering all the transcripts from both up and down-regulated sets. GSEA of the biological
process (BP) of the skin data revealed that mRNA processing is the top enriched term (NES =
3.70, p.adj = 3.3e-69) (Figure 3-4). Zooming in specifically the splicing-related terms within

the mRNA processing, the result indicates that RNA splicing (NES = 3.67, p.adj = 5.1e-62),

Pathway Gene ranks NES pval padj
GOBP_MRNA_PROCESSING b T 3.70 4.6e-73 3.3e-69
GOBP_REGULATION_OF MRNA_METABOLIC_PROCESS b - 362 2.2e-51 9.9e-49
GOBP_COVALENT_CHROMATIN_MODIFICATION —_— e o 369 5.5e-59 5.8e-56
GOBP_REGULATION_OF_GELLULAR_AMIDE_METABOLIC_PROCESS e o 3.61 4.2e-57 3.1e-54
GOBP_RNA_CATABOLIC_PROCESS S—— = e 361 1.2e-58 1.1e-55
GOBP_PROTEASOMAL_PROTEIN_CATABOLIC_PROCESS e 357 6.8e-62 1.0e-58
GOBP_TRANSLATIONAL_INITIATION b © o 353 1.4e-35 1.0e-33
GOBP_NEGATIVE_REGULATION_OF CELL_CYCLE —— - e ey 353 456-65 8.26-62
GOBP_PEPTIDYL_LYSINE_MODIFICATION — 352 2.0e-48 5.2e-46
GOBP_REGULATION_OF_CELL_CYCLE_PHASE_TRANSITION —_— - T 3.51 1.2e-55 6.7e-53

0 10000 20000 30000 40000

Figure 3-4 Gene set enrichment analysis of the altered expressed transcripts in skin sample

Gene set enrichment analysis (GSEA) was done on differentially expressed transcripts in skin samples.
Top ranked biological processes were shown in the figure. mRNA processing term is ranked the

highest (NES = 3.70, p.adj = 3.3e-69).

RNA splicing via transesterification reactions (NES = 3.57, p.adj = 6.3e-48), and regulation of
RNA splicing (NES = 3.41, p.adj = 9.5e-26) are the top 3 terms with a high significance level
(Figure 3-5). The results from GSEA align with the GO analysis, suggesting that transcripts

from multiple splicing-related genes are differentially expressed.

35



Some of the high contributing genes (leading edge) were PRMTS, RBMS5, SRSF2 and
SRSF7, all of which are known to be involved in major splicing pathways. We found that a
transcript from protein arginine methyltransferase 5 (PRMTS5), which is a well-known splicing
regulator and transcriptional cofactor (Bezzi et al., 2013; Hamard et al., 2018; Sanchez et al.,

2010; Tan et al., 2019), is significantly down-expressed with progerin expression (FDR < 0.05)

Pathway Gene ranks NES pval padj
GOBP_RNA_SPLICING — 3.67 2.1e-65 5.1e-62
GOBP_RNA_SPLICING_VIA_TRANSESTERIFICATION_REACTIONS e 3.57 1.6e-50 6.3e-48
GOBP_REGULATION_OF_RNA_SPLICING e 3.41 2.6e-27 9.5e-26
GOBP_REGULATION_OF_MRNA_SPLICING_VIA_SPLICEOSOME b 3.18 4.6e-19 8.9e-18
GOBP_ALTERNATIVE_MRNA_SPLICING_VIA_SPLICEOSOME o 2.92 4.2e-13 4.6e-12
_REGULATION_OF_ALTERNATIVE_MRNA_SPLICING_VIA_SPLICEOSOME o 2.69 1.2e-09 9.0e-09
GOBP_NEGATIVE_REGULATION_OF_RNA_SPLICING b 2.61 2.9e-08 1.8e-07
GOBP_POSITIVE_REGULATION_OF_RNA_SPLICING h 2.44 1.0e-06 5.3e-06
OBP_POSITIVE_REGULATION_OF_MRNA_SPLICING_VIA_SPLICEOSOME " 2.35 1.2e-05 5.1e-05
BP_NEGATIVE_REGULATION_OF_MRNA_SPLICING_VIA_SPLICEOSOME b 2.31 2.8e-05 1.1e-04

(IJ 10(‘)00 20600 SO(I)OD 40[‘)00

Leading Edges for RNA splicing terms :

PRMTS, PRMT7, PRMT9, RBM4B, RBM5, RBM6, RBM7/, SRSF2, SRSF11,
SRSF10, SRSF7, HNRNPs

Figure 3-5 Subset of gene set enrichment analysis, consisting of splicing related terms

Gene set enrichment analysis revealed mRNA processing term to be highest ranked with NES =
3.70, p.adj = 3.3e-69. Within the mRNA processing term, RNA splicing related terms were ranked
significantly high, with RNA splicing to be at top with NES = 3.67, p.adj = 5.1e-62 and RNA splicing
via transesterification reactions with NES = 3.57, p.adj = 6.3e-48.

in both skin and heart samples. Preliminary correlation analysis shows that in all GTEx samples,

gene-level PRMTS expression is negatively correlated with progerin expression (Figure 3-6).
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Transcript Gene log FC P-Value
ENST00000361789.2 | MT-CYB -1.985 ~0
ENST00000387347.2 | MT-RNR2 -1.315 ~0
ENST00000361390.2 | MT-ND1 -1.406 4.323E-266
ENST00000557443.1 |  PRMT5 -5.638 3.184E-75
ENST00000535326.1 | PRPF19 -7.070 1.377E-35

Figure 3-6 Notable differentially expressed transcript.

Along with mitochondrial transcripts, ENSTO0000557443.1, a transcript of key splicing regulator
PRMTS5, is significantly down expressed. ENST00000535326.1, a transcript of pre-mRNA processing
factor PRPF19, is also significantly down expressed. Significance is noted by the log fold change (log
FC) and the p-value.

The results combined hint towards a potential alteration in splicing patterns when progerin is

being expressed.

In addition, multiple transcripts from mitochondrial genes, including cytochrome b
(MT-CYB), 16S RNA (MT-RNR2) and NADH-ubiquinone oxidoreductase chain 1 (MT-ND1)
are significantly down-regulated in high-progerin samples (FDR <0.01, Figure 3-7). This result

implies that samples high in progerin typically have low levels of mitochondrial activities,
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Figure 3-7 Preliminary correlation analysis of progerin expression against FP in PRMT5 and
PRPF19

Pearson correlation plot of PRMT5 transcript ENST00000557443.1 and PRPF19 transcript
ENST00000535326.1 against fraction progerin levels on all samples show a clear downward trend

of PRMT5 as FP level increases.

which is consistent with previous studies (Xiong et al., 2016).

3.3 Transcriptome-wide correlation analysis

We observed both positive and negative correlations between progerin expression and
isoforms from some genes, suggesting a widespread mis-regulation of splicing in progerin-
containing samples. To characterize how progerin expression is correlated with the expression
pattern of all known transcripts, we conducted transcriptome-wide correlation analyses in skin
samples. Here, all samples and all transcripts were used for the analyses. Many transcripts that
were highly correlated and anticorrelated with progerin expression (Pearson’sr> 0.6 and r < -
0.6). Remarkably, among the 200 transcripts with the greatest absolute value of r, we found 84
genes with both correlated and anticorrelated transcripts, suggesting widespread switches in
alternative splicing correlated with progerin expression (Figure 3-8, 3-9). For example, RPL4

transcripts RPL4-006 and RPL4-018 (r = 0.63, r=-0.53) and SLC25A6 transcripts SLC25A6-
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Transcript Gene r Transcript Gene r
ENST00000369299.3 LMNA 1 ENST00000546120.1 UBC -0.5
ENST00000561775.1 RPL4 0.63 ENST00000540828.2 PTMS -0.5
ENST00000484026.1 SLC25A6 0.62 ENST00000476216.1 NDUFA10 -0.5
ENST00000270792.5 SH3BGRL3 0.61 ENST00000469673.1 DRG1 -0.5
ENST00000393564.2 G6PD 0.59 ENST00000462885.1 RPL18AP3 -0.5
ENST00000489915.1 RPLBP27 0.58 ENST00000396861.1 GAPDH -0.51
ENST00000571732.1 YWHAE 0.57 ENST00000250498.4 DAD1 -0.51
ENST00000473620.1 PPDPF 0.57 ENST00000578038.1 MYL12A -0.52
ENST00000568562.1 ATP6VOC 0.56 ENST00000576965.1 RNF167 -0.52
ENST00000547387.1 | RP11-386G11.10 | 0.55 ENST00000552893.1 | RP11-386G11.10 | -0.52
ENST00000217652.3 MYL12A 0.54 ENST00000533308.1 COMMD9 -0.52
ENST00000407537.1 COMT 0.52 ENST00000565723.1 RPL4 -0.53
ENST00000392168.2 TCP1 0.52 ENST00000393562.2 G6PD -0.53
ENST00000261443.5 CSDE1 0.52 ENST00000370179.3 PPDPF -0.53
ENST00000536647.1 GNAI2 0.51 ENST00000524204.1 NPM1 -0.56
ENST00000398603.1 GSTP1 0.51 ENST00000583065.1 RPLBP27 -0.58
ENST00000340687.6 SERPING1 0.51 ENST00000466227.2 YWHAE -0.58
ENST00000331457.4 DRG1 0.51 ENST00000493597.1 RNF187 -0.59
ENST00000394214.3 RPL18AP3 0.5 ENST00000381401.5 SLC25A6 -0.61
ENST00000357865.2 STMN1 0.5 ENST00000319041.6 SH3BGRL3 -0.61

Figure 3-8 Pearson transcriptome-wide correlation analysis with correlation coefficients

Table of the Pearson correlation analysis of GTEx skin samples. The correlation analyzed between

fraction progerin and fraction of all factors in the transcriptome.

003 and SLC25A6-001 (r = 0.62, r = -0.61, respectively), illustrate this pattern of reciprocal

correlations (Figure 3-10). In many cases, these are simple differences an alternative splicing
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event; in the case of SLC25A6, exon 2 is retained in the isoform SLC25A6-003 but skipped in

SLC25A6-001 (Figure 3-10). This was the case for many of the top-ranked genes found from

Transcript name Gene name r Transcripttype
ENST00000561775.1 0.63 Retained intron
RPL4
ENST00000565723.1 -0.53 IncRNA
ENST00000484026.1 0.62 IncRNA
SLC25A6
ENST00000381401.5 -0.61 Protein coding (primary)
ENSTO00000270792.5 0.61 Protein coding (primary)
SH3BGRL3
ENST00000319041.6 -0.61 Protein coding
ENST00000393564.2 0.59 Protein coding
G6PD
ENSTO00000393562.2 -0.53 Protein coding (primary)
ENSTO00000489915.1 0.58 Transcribed processed pseudogene
RPLEP27
ENST00000583065.1 -0.58 IncRNA
ENST00000571732.1 0.57 Protein coding
YWHAE
ENSTO00000466227.2 -0.58 Nonsense mediated decay
ENST00000473620.1 0.57 IncRNA
PPDPF
ENSTO00000370179.3 -0.53 Protein coding (primary)
ENST00000547387.1 0.55 Antisense
RP11-386G11.10
ENST00000552893.1 -0.52 Antisense
ENST00000217652.3 0.54 Protein coding (primary)
MYL12A
ENSTO00000578038.1 -0.52 IncRNA
ENST00000261443.5 0.52 Protein coding
CSDEA1
ENST00000339438.6 -0.45 Protein coding

Figure 3-9 Genes with multiple top ranked transcripts from Pearson’s correlation analysis that

are correlated and anti-correlated to progerin expression

Table of top ranked genes with isoforms that are positively and negatively correlated with respect
to fraction progerin levels. It is interesting to note that there are many genes with one isoform being
strongly correlated to progerin expression and another isoform that is strongly negatively correlated

to progerin expression.

the correlation analysis. The examples PRMTS, and PRPF19, two genes whose transcripts
40



ranked highly in our differential expression analysis, are illustrated in Figure 3-11. These
widespread isoform switches suggest a program of alternative splicing for which progerin may

serve as a marker.
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Figure 3-10 Correlation plot of FP vs expression levels of RPL4 and SLS24A6

Pearson correlation plot of RPL4 and SLC25A6, which were the genes with top ranked isoforms that
are correlated and anticorrelated with increasing progerin expression. The plot shows clear upward
and downward trends with respect to progerin at significant levels (r = 0.63, r = -0.53 for RPL4 and

r=0.62, r = -0.61 for SLC25A6).
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Figure 3-11 Correlation plot of FP vs expression levels of PRMT5 and PRPF19

Pearson correlation plot for PRMT5 and PRPF19 are also shown (r = 0.28, r = -0.38 for PRMT5 and
r = 0.34, r = -0.37 for PRPF19). Isoform exon-intron structure for RPL4 (cor:RPL4-006 vs anti-
cor:RPL4-018), SLC25A6 (cor:SLC25A6-003 vs anti-cor:SLC25A6-001), PRMT5-010 (cor:PRMT5-010 vs
PRMT5-006), and PRPF19 (cor:PRPF19-001 vs anti-cor:PRPF19-007) are illustrated.



3.4 Summary

In this section, we have examined the differences of zero FP samples and the high FP
samples, in the context that the samples were derived from non-HGPS normal individuals. The
differential expression analyses were conducted on skin and heart samples. Skin and heart
tissues were selected because of HGPS’s most prominent phenotypes are observed in skin and
heart. The differential expression analyses revealed that many mitochondrial transcripts were
differentially expressed. Also, many transcripts from splicing related genes were differentially
expressed as well. To see what the commonly affected transcripts and the biological
implications of it are, the overlaps of differentially expressed transcripts between skin and heart
(both correlated and anti-correlated to FP) were taken to conduct gene ontology analysis. Many
splicing related terms were significantly enriched, especially in the anti-correlated category.
Additional analysis was done in the form of gene set enrichment analysis. The gene set
enrichment analysis revealed that mRNA processing is the top ranked term which is enriched
for the differentially expressed transcripts. We took the splicing subset of the mRNA processing
term and observed that RNA splicing and RNA splicing via transesterification reaction were
top tanked terms that would also be among the top terms if they were transposed to the superset
of the gene set enrichment analysis. To see the if there are any changes in the splicing landscape,
transcriptome-wide correlation analysis was done, where we observed the correlation between
FP and all available transcripts in the transcriptome. We found that there were numerous genes
that had one of its isoforms to be high correlated with FP, while another isoform being highly
negatively correlated, simultaneously. This showed that there are switches in the splicing

pattern as FP levels increase.
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Chapter IV : Mechanistic correlations to splicing events altered by progerin expression
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4.0 Introduction

We have obtained a list of genes, and transcript isoforms from those genes that have
demonstrated the switch in expression levels as FP levels increased. In this section, the
mechanistic correlates to the progerin expression will be examined. There are various factors
that affect splicing, ranging from the 5’ splice site sequence to cis and trans factors that recruit
splicing factors. To search for the mechanism, initial screening for differential motif enrichment
was made around the 5’ss. It is crucial what type of splicing events and distinguish what type
of splice sites were examined. Two types of alternative splicing events were of interests:
Skipping exon and alternative 5’ splice site events. Skipping exon was chosen because it is the
most widely observed alternative splicing events. Alternative 5 splice site event was chosen
because the mechanism in which the progerin is produced (cryptic site activation) is inherently
an alternative 5’ splice site event. We also were looking to identify other factors that could
contribute to the changes in the splicing activity, such as GC content and exonic/intronic length.
Overall, we made efforts to shed light on the mechanistic correlation seen in the switches in

splicing pattern observed when progerin levels increased.
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4.1 Motif analyses

To explore the mechanism behind the shift in isoforms, we used a splicing-centric
quantification, percent spliced in (PSI), which is the fraction of transcripts with the longer of
two products of alternative splicing. The PSI value for splicing events in GTEx samples was
calculated from transcript abundances using SUPPA2, and events that are correlated or anti-
correlated with progerin were identified and ranked by their Pearson’s correlation coefficient
(r). We focused specifically on skipped exon (SE) and alternative 5’ (A5) events. Skipped exon
events allow us to observe differential exon usage of one specific exon and are the most
common form of alternative splicing. Alternative 5’ events were of interest because progerin
cryptic splice site usage falls into this category, and we focused on 5’ splice sites for the same

reason. We separately investigated eight types of 5° splice site sequences, according to whether

el

Skipping Exon (SE) ]

e2

el

Alternative 5’ (A5)

e

Figure 4-1 Schematic and nomenclature of the sites analyzed for skipping exon (SE) and

alternative 5’ (A5) splicing events

The schema and nomenclature of which sites were examined is illustrated. e1 and e2 sites for
skipping exon and alternative 5" splicing events were examined. e1 refers to the alternatively spliced

site, and e2 refers to the site that el is alternative to.
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the event was of the SE or A5 type; whether the 5° splice site is upstream, denoted as el, or

downstream (e2); and whether the PSI values were correlated or anti-correlated.

As a preliminary screening, For each of the eight types of the splicing sites, we looked
for enriched motifs using the Multiple EM for Motif Elicitation (MEME) suite (Bailey et al.,
2009). MEME suite includes 4 different types of motif analyses: motif discovery, motif-motif
database searching, motif-sequence database searching and assignment of function. For the
purposes of preliminary motif searching, Discriminative Regular Expression Motif Elicitation
(DREME) was used to identify short, ungapped motifs that are relatively enriched in the
identified GTEx sequences compared to the background reference sequences, and thus
obtaining the differentially enriched motifs in 5’ss of splicing events that are altered by progerin
cryptic splicing (Bailey, 2011). To prepare for motif searching, the rank of the splicing events
that are associated with progerin expression was sorted based on Pearson’s correlation
coefficient calculated from PSI values. With the new ranked list, the sequence around the 5’ss
were obtained (-20bp to +20bp). Sequence around all splicing events labeled A5 or SE were
obtained to be used as background sequences. Using DREME, differentially enriched motifs

around 5’ss in events associated with progerin expression were searched.

For SE events, we identified 259 and 356 events whose PSI levels are correlated and
anti-correlated with progerin cryptic splicing event (threshold r > 0.3), respectively. For A5
events, we identified 94 and 82 events whose PSI levels are correlated and anti-correlated with
progerin cryptic splicing event (threshold r > 0.3), respectively. The background sequences
were selected by identifying all the alternative splicing events that are labeled as SE or A5
(37,395 and 14,109 sequences, respectively) and were also separated by el and e2 sites. For
the AS and SE events identified to have r > 0.3, sequences 20 base pairs around the 5’ splice

site were obtained and further analyzed for differentially enriched motifs compared to the
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background sequences using the MEME suite. Top-ranked differentially enriched motifs were

obtained at el and e2 sites for SE and AS events (Figure 4-2, 4-3, 4-4, 4-5). We observed that
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Figure 4-2 DREME differential motif enrichment analysis (Skipping exon, correlated)

Differential motif enrichment analysis was done for correlated skipping exon events at e1 splice site

(left) and e2 splice site (right).

the CAG motif was consistently ranked as one of the top differentially enriched motifs,
regardless of the splicing type (SE/AS) or the splice site (el/e2). This was an interesting
outcome, as we expected a motif to be differentially enriched specific to either el or e2. To
confirm that the result is not due to the disparity in the number of sequences used for our
identified events against the background, we conducted the bootstrap analysis to repeat the
same differential motif enrichment analyses on a randomly selected smaller subset of sequences
100 times. The results confirmed that the CAG motif is consistently ranked high to be
differentially enriched. The distribution of the CAG motif across -40bp to +40bp around the
5’ss was then analyzed. For events that were identified to be correlated or anti-correlated to
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progerin splicing event and the background sequences, we observed that the CAG motif was
the most abundant at the -3 position from the consensus GT motif of the 5’ss (Figure 4-7). The

distribution of CAG motif occurrence across the bootstrapped sequences at the -3 position for
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Figure 4-3 DREME differential motif enrichment analysis (Skipping exon, anti-correlated)

Differential motif enrichment analysis was done for anti-correlated skipping exon events at e1 splice

site (left) and e2 splice site (right).

both background and our identified sequences were examined (Figure 4-7). Remarkably, the
CAG motif distributions were significantly altered between the background and the sequences
at the e2 site. Especially in the case of A5 sequences, there is a sharp decrease of the CAG
motif occurrence, where we observed around 3% and 7% decrease of CAG motif for AS
correlated and anti-correlated events. For SE events, there is around 1% decrease in CAG motif
occurrence in the anti-correlated events. It was interesting to see that the CAG motif occurrence

for the background sequences to be roughly identical between the el site and e2 site, suggesting
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that progerin cryptic splicing is correlated with the reduction of representation CAG motif at
the e2 site in the events whose PSI levels are correlated or anti-correlated to progerin splicing

event. The correlation was far stronger for AS events.
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Figure 4-4 DREME differential motif enrichment analysis (Alternative 5’, correlated)

Differential motif enrichment analysis was done for correlated alternative 5’ splicing events at e

splice site (left) and e2 splice site (right).
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Figure 4-6 DREME differential motif enrichment analysis (Alternative 5’, anti-correlated)

Differential motif enrichment analysis was done for anti-correlated alternative 5 splicing events at

el splice site (left) and e2 splice site (right).
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Figure 4-5 Highly conserved tri-nucleotide sequences around 5’ss

The nucleotide sequence (from -3 to +7 position) MAG|GTRAGTA is the consensus 5'ss sequence
for homo sapiens. Tri-nucleotides abundance for CAG and AAG at -3, AAG and GAG at +3, AGT at

+4, and GTA for +5 were examined.

To examine whether the effect seen in the CAG motif at the -3 position is part of;a



larger phenomenon, we have expanded the search to other known motifs around the 5’ splice

site. We examined the -3, +3, +4 and +5 positions around the 5’ss. Motif percentage distribution
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Figure 4-7 CAG tri-nucleotide representation at -3 position from 5’ss

CAG motif distribution at the -3 position from the bootstrapped runs are shown. The distribution
was compared between the background and the events that were identified as either correlated or
anti-correlated with progerin cryptic splicing event. Significant reduction in CAG motif
representation is observed at the e2 site for SE progerin anti-correlated events, A5 progerin

correlated events, and A5 progerin anti-correlated events.
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for CAG and AAG at -3, AAG and GAG at +3, AGT at +4, and GTA for +5 was measured for
both el and e2 sites. Several shifts in motif abundance were observed. The most significant of
these were underrepresentation of CAG at position -3 at the e2 site, overrepresentation of AAG
at -3 at the el sites with correlated PSI values, and underrepresentation of GAG at +3 at el

sites with correlated PSI values.

4.2 GC content and exon/intron length analysis

To further investigate signatures that are associated with the alterations in the splicing
landscape, we examined the GC content in the exons and the introns that are involved in
alternative splicing events correlated or anti-correlated with progerin. In previous studies, it
has been found that different splicing patterns are associated with differences in GC content
(Amit et al., 2012; J. Zhang et al., 2011). For each correlated or anti-correlated A5 event
identified in the transcriptome-wide correlation analysis, we examined GC content in four
regions (Figure 4-8 : the upstream exon to el, the region between the two alternative splice
sites, the intron between e2 and the downstream exon and the intron el and the downstream

exon) for the top 10, top 20 and top 50 events most highly correlated events. With these

site

' e'l e2

Figure 4-8 Schematic of the division of the exon and intron

The exon and intron were divided such that there are 4 different areas for investigations : First area
marks the start of the upstream exon up to the alternative splice site (el site), second area marks
the alternative splice site (el site) to the end up the upstream exon (e2 site), and third area marks
the intron between the upstream and downstream exon. We have analyzed an additional area for

the resulting intron that would be made if the e1 site used for splicing.
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categorizations, also including background A5 events, we have quantified GC content for each
regions, at 3 tiers of sample divisions (Figure 4-9). A5 events that are anti-correlated with

respect to progerin expression have significantly reduced GC content within the introns.

We have also investigated the lengths of the respective areas. The length distribution
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Figure 4-9 GC content comparison between background and the top 10, 20 and 50 ranked (by

Pearson’s correlation coefficient) A5 events

The distribution of GC content for intronic regions for anti-correlated A5 events show that GC content is
reduced in the identified events compared to background (e2 background vs top 10 : p.val = 0.0068, e2
background vs top 20 : p.val = 3.4e-05, e1 background vs top 10 : p.val = 0.0051, e1 background vs top
20 : p.val = 2.5e-05, e1 background vs top 50 : p.val = 0.043).

in the tiered events were compared against the length distribution for the background set
(Figure 4-10). The distance between alternative sites in anti-correlated events was significantly
shorter than that of the background events (85 bp vs. 52 bp, p.val =4.17e-04; vs. 42 bp, 3.72e-

06; and vs. 44 bp, 7.76e-18 for background against top 10, top 20, and top 50, respectively).
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Figure 4-10 Distribution of length between e1 site and e2 site for background and the top 10,

20 and 50 ranked (by Pearson’s correlation coefficient) A5 events

The distribution of length (in bp) for area between e1 and e2 for anti-correlated events reveal that

area for the identified events are significantly shorter than that of the background.

4.3 Summary

Results from the previous section identified list of genes that had one of its isoforms

being highly correlated, while another isoform to be highly negatively correlated. We have
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made efforts to uncover the mechanistic correlation to this phenomenon. Initial differential
motif enrichment analyses were made to identify candidate tri-nucleotide motif around the 5’
splice site that is differentially enriched in the events identified compared to the background
reference sequences. The differential motif enrichment analysis revealed that the CAG motif
around the 5’ splice site is significantly differentially enriched. Examining the consensus 5’
splice site sequence for human, the CAG motif at the -3 position is crucial for the splice site to
be competitive. We examined the CAG motif abundance at the -3 positions for el and e2 sites
for skipping exon event and alternative 5’ splice site events and uncovered that the CAG motif
at -3 position is significantly differentially enriched. Especially for the alternative 5” splicing
events, the CAG motif was significantly reduced compared to the background. The GC content
and exonic/intronic length analyses revealed that the GC content is significantly lower in the
intronic region, and that the el to e2 site length is significantly shorter in the events associated

with progerin expression compared to the background reference sequences.
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Chapter V : Summary, discussion, and future directions
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5.1 Research summary

This research endeavor was first inspired by previous research work investigating
phenotypes of chronological aging, specifically DNA damage induced either by natural means
(sun exposure), cellular senescence, or artificial means (UV irradiation) (Kan Cao, Blair,
Faddah, Kieckhaefer, et al., 2011; Lesiak et al., 2017; Takeuchi & Riinger, 2013). Also, a
preliminary screening of the GTEx data revealed that GTEx samples, which are from non-
HGPS normal individuals, had small amounts of progerin expression. The highest levels of
progerin expression were seen in sun-exposed skin samples (Figure 2-1). The preliminary
GTEXx screening was done using reads per kilobase of transcript, per million mapped reads
(RPKM) values. RPKM quantification is not the preferred method for comparative analyses
cross samples (sample-to-sample comparisons). Using a splice-site based quantification
method, Percent Spliced In (PSI), the fraction of LMNA isoforms that does not utilized the full
size exon 11 was calculated. This, in our case, is left with only progerin and is named fraction
progerin (FP). Using the FP quantification method, it was uncovered that progerin is indeed
expressed in samples from 5 different tissue types (excluding brain) (Figure 2-3). After
examining the distribution of progerin expression in 5 different tissues, categorization was
made so that there would be labeled samples zero, low and high progerin. Progerin expression
was compared with other metrics to observe any correlations between the two factors. One
interesting observation was that progerin had weak to no apparent correlation with age (Figure
2-4). We observed that FP had negative correlation with telomere length in skin samples. The
effect was observed at a greater strength when we subset sun-exposed samples from total skin

samples (Figure 2-6).

With the categorization previously made from the FP distribution, differential

expression analyses were conducted to identify transcripts differentially expressed between
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high-progerin and zero-progerin samples. DEA revealed many mitochondrial transcripts to be
differentially expressed in skin and heart tissue. Mitochondrial dysfunction is one of many
well-known phenotypes of HGPS (Rivera-Torres et al., 2013; Xiong et al., 2016). Progerin
expression in non-HGPS normal individuals also seems to mimic the mitochondrial phenotype.
Aside from mitochondrial transcripts, many transcripts from splicing related genes were
differentially expressed as well, such as PRMTS5 and PRPF19. Deeper investigation on the
overlapping correlated and anti-correlated transcripts between skin and heart tissue samples
was done in the form of gene ontology (GO) and gene set enrichment analysis (GSEA). GO
and GSEA revealed that the transcripts that are commonly associated with progerin expression
in skin and heart tissues are involved in various mRNA splicing regulations (Figure 3-3, 3-4,
3-5). This gave us a strong idea that splicing landscape may be altered when progerin is
expressed in non-HGPS normal individuals. As a preliminary screening, FP against PRMTS5
and PRPF19 transcripts were examined. It was shown that with respect to FP levels, the PRMT5
and PRPF19 transcripts were negatively correlated, with correlation coefficients of r = -0.38

and r = -0.37, respectively.

A transcriptome-wide correlation analysis was conducted, with FP against all available
annotated transcripts in the transcriptome in GENCODE version 19 (Harrow et al., 2012). The
initial finding was very promising, seeing multiple transcripts that are either positively or
negatively correlated, with high Pearson’s correlation coefficients. Closer investigation of the
results revealed that there were many genes that had multiple isoforms being highly correlated
or anti-correlated with respect to FP, and also strikingly that while one isoform is strongly
positively correlated, another isoform was strongly negatively correlated to FP. Examples from
RPL4 and SLC25A6 show clear positive expression trend for one isoform when FP levels

increase and clear negative expression trend for the other isoform when FP levels increase
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(Figure 3-10). The two splicing related genes identified from DEA, PRMTS5 and PRPF19, also
showed clear positive and negative trend by two different isoforms (Figure 3-11). This confirms

that splicing changes are correlated with FP levels in non-HGPS normal individuals.

I sought to elucidate the mechanistic explanation for such a widespread change in the
splicing landscape. Motifs around the splice sites affect the splicing efficiency the most. To
search for potential candidate motifs in top ranked splicing events, DREME was used to search
for differentially enriched motif around the 5’ss of top ranked splicing events based on the
correlation analyses done against FP. It was found that CAG motif at -3 position of the 5’ss
seemed to be the most consistent and significantly differentially enriched motif (Figure 4-2, 4-
3, 4-4, 4-5). Next, we observed the distribution of CAG motif representation at -3 position for
both el splice site and e2 splice site. CAG motif representation for A5 events at e2 sites
specifically were shown to be significantly less represented compared to that of in the
background sequences (Figure 4-7). Lastly, other factors that may contribute to splice pattern
changes were examined. GC content and exonic/intronic length divided at 4 different points
were examined. The results revealed that GC content for intronic regions, both el to
downstream exon and e2 to downstream exon, showed significantly reduced GC content
compared to background. Exonic area between the el and e2 sites were shown to be

significantly reduced for A5 evens that are anti-correlated with respect to FP.

We have characterized progerin expression in non-HGPS normal individuals by using
GTEx database, establish differential expression of transcripts from splicing related genes in
samples expressing high FP, observe widespread splicing pattern changes in splicing events
when progerin is being expressed and explore the mechanistic explanations that could

contribute to this phenomenon.
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Combining together the findings from my research, a working model has been devised
to explain what may be occurring when progerin is being expressed in non-HGPS normal
individuals (Figure 5-1). We believe that there is some sort of a trigger, most likely factors
derived from DNA damaging agent such as telomere attrition, DNA damaging reagent or UV
irradiation, which leads to alteration of the splicing landscape. When this alteration occurs, it
affects skipping exon and alternative 5’ splicing events the most. Included within this alteration

Trigger

(e.g. Telomere attrition, DNA damage, other factors)

¥

Alteration of splicing

Alternative splicing
.

el

skipping Exon (SE) ] Including
L E— Progerin cryptic splicing
---------- T T

el _— ~—
v 0 B e

e2

LMNA exon 11 splicing

Retained Intron (RI)

Figure 5-1 Working model

The figure illustrates the working model for the research done on progerin expression and its

association with changes in the splicing landscape.

of A5 events is what we observe in LMNA cryptic splicing event. The cryptic splice site it

utilized and produces progerin in small amounts.
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5.2 Discussion

Progerin expression in normal individuals has been characterized in several previous
studies. We observed that small amounts of RNA that could encode progerin are found in many
GTEx samples, from all tissues (Figure 2-2, 2-3). Interestingly, use of the progerin cryptic
splice site appears to activate some of the rarer isoforms, implying the correlation with the

activation of other cryptic splicing events (Figure 5-2). Since HGPS is a premature aging
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Figure 5-2 Plot of individual splicing events based on their PSI observed in zero progerin

samples vs high progerin expressing samples

disease, we expected chronological age to play a role in progerin expression in normal
individuals. However, we did not identify a significant association between the use of the
progerin cryptic site and chronological age. However, we did find that progerin expression is
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correlated with telomere shortening, a major molecular phenotype of aging (Grammatikakis et
al., 2014), especially in sun-exposed skin samples. Among the top-ranked differentially
expressed transcripts, we observed a number of mitochondrial transcripts that are down-
expressed in the zero to high progerin sample contrast (Figure 3-1), which suggests progerin is
correlated with depletion of mitochondria. Mitochondrial defects are staple phenotypes of
HGPS (Mei Xiong et al., 2017; Rivera-Torres et al., 2013; Xiong et al., 2016), and remarkably

this effect is also seen in non-HGPS individuals with progerin expression.

Analysis of alternative 5' splice sites (the type of splicing observed in HGPS) reveals
that changes correlated with the use of the progerin site tend to involve close-spaced alternative
sites. While the mean distance between alternative sites in the A5 set described by is about 85
nucleotides., the 50 most strongly correlated switches are to a downstream site on average
about 30 nucleotides away (Figure 4-10). Furthermore, the 5' splice sites involved tend to have
a slightly different core consensus. The majority of consensus nucleotides at positions -3, +3,
+4 and +5 have distinct abundance compared to the background. Specifically, in the AG motif
at -2 and G motif at +5 positions, we have observed altered abundance in our identified events
compared to the background, and we saw a trend in their abundance as we loosened the r value
cutoff. In general, the core 5’ splice site of both correlated and anti-correlated events, shows
reduced conservation. We suspect that the altering of the representation of consensus motifs at
the -3, +3, +4 and +5 positions of both el and e2 sites is highly correlated to the unknown
mechanism which is involved in altering splicing patterns in multiple genes (Figure 5-1). And,
previous studies may hint that progerin expression and its correlation to altered consensus motif
representation at the 5’ss may be correlated to weaker splice site strength, and thus search for

a nearby splice site candidate, leading to alternative splicing.

In accordance with previous research (Amit et al., 2012; Tammer et al., 2022; J. Zhang
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et al., 2011), GC content also plays a role. We uncovered that while the GC content and the
length distributions were not significantly affected in events that are correlated with respect to
progerin expression, the anti-correlated events told a different story (Figure 4-9, 4-10). Here,
intron GC content is significantly reduced, especially between the two alternative sites, and the
distance between these sites is significantly shorter than that of the background (Figure 4-10).
We speculate that the switch to the downstream site (e2) is facilitated if the two sites are close

together and are not separated by GC-rich RNA.

While the mechanistic basis for these changes remain unknown, but there are some
suggestive associations. First, the most highly correlated changes in isoform abundance include
switches in factors known to be involved in alternative splicing, including PRMT5, SRSF9 and
PRPF19 (Figure 3-1). Furthermore, there is a correlation with telomeres, and telomere
shortening is known to lead to increased use of the progerin cryptic site (Kan Cao, Blair, Faddah,
Kieckhaefer, et al., 2011). It is also possible that these changes are associated with alterations

in nuclear architecture, which are known to result in altered splicing (Tammer et al., 2022).

On a macroscopic scale, telomeres attrition, as well as general DNA damage, have both
been connected to alternative splicing (Kan Cao, Blair, Faddah, Kieckhaefer, et al., 2011;
Paronetto et al., 2009; Shkreta & Chabot, 2015; Sprung et al., 2011). It is worth noting that
sunlight is accompanied by ultraviolet (UV) radiation and past studies have revealed that UV
radiation is highly correlated with DNA damage and aberrant splicing (Liu et al., 2005; Muioz
et al., 2009; Nicholls et al., 2004; Takeuchi & Riinger, 2013; H. Zhang et al., 2014). Telomere
attrition is also found to have a causative relationship with aberrant splicing, as well as the
production of progerin during senescence in human fibroblasts (Kan Cao, Blair, Faddah,
Kieckhaefer, et al., 2011). In our study, progerin levels in sun-exposed skin samples had the

highest amount of high progerin expressing samples. DNA damage by UV irradiation and
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telomere attrition are both prime examples of phenotypes of chronological aging. Combining
the past research with our own results, we suspect that there is some trigger, such as DNA
damage and telomere attrition, which causes aberrant splicing in normal individuals, including

the progerin cryptic splicing through some unknown mechanism.

We also found that if progerin is expressed in one tissue, it is more likely to be co-
expressed in other tissues. Together with the result from the motif analyses, it is suggestive that
cis-regulatory elements that affect the changes in splicing may affect equally in different tissues.
Although we observed widespread change in splicing paradigm, we have yet to determine any
kind of physical phenotype by having progerin expression in normal individuals. It could be
possible that there is a safe threshold for progerin expression, since the level of progerin
expression in normal individuals is nowhere close to the amount of expression seen in HGPS
patients. Other speculations can be made, such as potential progerin phenotype repressors
acting upon individuals with progerin expression, which can make the difference between
normal individual versus HGPS patients. However, differential expression analysis revealed
that many transcripts from mitochondrial genes are significantly anti-correlated in GTEx
samples. In HGPS patients, it is well-documented that multitude of mitochondrial dysfunctions
have been observed (Mei Xiong et al., 2017; Rivera-Torres et al., 2013; Xiong et al., 2016). It
is evident from previous studies that progerin induces DNA-damage signaling and repair
pathways, alongside with activation of p53 pathway that would trigger premature senescence
(Benson et al., 2010; Burtner & Kennedy, 2010; Kan Cao, Blair, Faddah, & Al, 2011;
McClintock et al., 2007). There is also a possibility that progerin expression feeds back into
the DNA-damage loop by creating more DNA-damage, making it a vicious cycle, in which the
effect must be explored further. It is possible that the progerin expression we see occurs in a

small number of cells that produce high levels of progerin and are on a path towards cell death.
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In any case we do not know what clinical phenotypes, if any, are associated with progerin

expression in normal individuals.

The function of progerin in normal individuals, if any, remains unclear, but from this study, we
have established a correlation between progerin, and molecular phenotype related to
chronological aging and alternative splicing. Progerin expression in normal individuals may
indeed be associated with aspects of the molecular phenotypes of HGPS patients at the cellular
level. However, in the absence of mutation, we speculate that there is some trigger that induce
progerin expression in normal individuals. We have uncovered basic differences between the
background versus the events that are altered in splicing patterns. However, further studies
must be done to establish a causative relationship between progerin expression, DNA-damage,
changes in splicing and the regulatory element that are responsible for the changes, and the

subsequent phenotypes that may not be readily visible in normal individuals.

5.3 Future directions

Throughout my research, I have used GTEx database as the sole source of expression
data for non-HGPS normal individuals. One of the ways that can greatly bolster the result of
my research and to validate my findings is to incorporate another large database that is on a
similar scale to the GTEx. The Cancer Genome Atlas (TCGA) (McLendon et al., 2008;
Weinstein et al., 2013) database contains clinical, biospecimen, molecular characterization, and
imaging data for samples from 11,000 patients over 33 different cancer types
(phs000178.v11.p8). While the condition may be different from that of non-HGPS normal
individuals, usage and incorporation of comparative study done on TCGA data may provide us
valuable insight. We may explore the progerin expression in environments that induces DNA

damage in a different setting compared to that of the previously explored methods, such as sun
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exposure, direct UV irradiation, and telomere attrition. The systemic differences between
cancer patients and non-cancer patients may give us unique understanding of potential progerin

expression in different settings of non-HGPS conditions.

Another path that can be explored more would be the upstream part of the working
model. The connection between the trigger and the splicing landscape change can be made
stronger. The study done on cellular senescence being the trigger for progerin induction is
robust (Kan Cao, Blair, Faddah, Kieckhaefer, et al., 2011). However, the study on natural
source of UV irradiation from sun exposure (Lesiak et al., 2017), and thus contribute to
phenotype for chronological aging, could be bolstered. New studies, consisting of both short
term and longitudinal, can be developed and conducted. Short term studies can be useful in
determining the acute effect of longwave UV irradiation in the form of UVA and partially UVB.
There has been only 1 study of such type, and as such, acquiring more subjects and providing
a stricter, more controlled method of delivering the DNA damage can help making connection
between UV irradiation via sunlight and progerin expression stronger. Longitudinal study will
provide insights on the much needed long term effects of environmental agents that may induce
DNA damage to individuals. The degree of exposure to DNA damaging agent, along with the
duration per instance and the duration of the study will provide valuable results to help make
causal claims on relationship between DNA damage and progerin expression in non-HGPS

normal individuals.

Lastly, it has been uncovered in previous study that progerin is expressed in small
amount of cells, rather than equally spread across a population of cells (Kan Cao, Blair, Faddah,
Kieckhaefer, et al., 2011). In this study, they have designed a double-colored progerin splicing
reporter construct, where cells expression progerin are indicated by both green (GFP) and red

signals (DsRed). This reporter construct combined with fluorescence-activated cell sorting
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(FACS) will allow us to identify the subpopulation of cells that has the cryptic splice site
activated in LMNA. Another study that can be conducts is the use of single-cell RNA-seq
(scRNA-seq) technique for identifying subpopulation of cells that express progerin. To assess
the effect of progerin expression more precisely, technique that can provide us higher resolution
results are crucial. Advantage of using scRNA-seq is getting high resolution cell-to-cell
analysis, capture the cellular heterogeneity within a tissue, as well as assessing expression
patterns based on cell type, subtypes and states. Studies including progerin induction proves to
be very difficult because of lack of proper control samples. Latest advances in technology have
shown that adenine base editing (ABE) can be extremely useful to creating isogenic control for
progerin expressing samples without the concern of having unintended off-target effects
(Koblan et al., 2021). Combining the method to generate isogenic controls, as well as
identifying subpopulations of cells that expresses progerin, a deeper understanding of

progerin’s role maybe elucidated.

69



Chapter VI : Materials and methods
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6.1 Genotype Tissue Expression data

Genotype Tissue Expression (GTEx) data was obtained from the GTEx consortium.
GTEXx version 6 raw transcript and gene count data downloaded in February 2018 were used in
this study (GTEx_Analysis v6 RNA-seq Flux1.6 transcript reads.txt.gz and
GTEx_Analysis v6 RNA-seq RNA-SeQCv1.1.8 gene reads.gct.gz). GTEx version 6
contains a total of 8,555 samples across 30 different tissues. Per GTEx consortium, the RNA-
seq data were collected using Illumina TruSeq library construction protocol. Alignment was
done using STAR v2.5.3a (Dobin et al., 2013) against human reference genome GRCh38/hg38
based on GENCODE version 19 annotation. Transcript level quantifications were done using

RSEM v1.3.0 (B. Li & Dewey, 2011).

6.2 Reads Per Kilobase per Million mapped reads (RPKM) calculation

RPKM is a normalization method to account for the total library size. RPKM values

were calculated using the following formula:

Xi

l;

RPKM; = m
(T03) (108)

where X; is the read count of gene i, [; is the length of gene i, and N is the total number of

mapped reads.

6.3 Sample categorization following percent spliced in quantification

Transcript count data from GTEx version 6 (Lonsdale et al., 2013) was used to
calculate percent spliced in (PSI) using SUPPA2 (Trincado et al., 2018). Subsequently, fraction

progerin (FP) was then calculated by subtracting progerin PSI from 1 to reflect progerin
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abundance relative to the abundance all LMNA isoforms that utilize exon 11. Human
GENCODE version 19 (hg38) (Harrow et al., 2012) was used as a reference transcriptome.
SUPPA2’s option -e¢ SE SS MX RI FL was used to calculate skipping exon, alternative 5°/3’
splice sites, mutually exclusive exons, retained intron, and alternative first/last exons,
respectively. IOE file was generated, as a part of the pipeline for SUPPA2, to quantify isoform
inclusion levels of all transcripts from GTEx samples. The fraction progerin distribution was
examined and used to divide the samples into zero (FP < 0.5%; progerin PSI > 99.5%), low

(FP 0.5% ~ 4%) and high (FP > 4%; PSI <96%) categories. NAs were treated as zeroes.

6.4 Bioinformatics analyses

Differential expression analyses were done using R (version 3.5.1 “Feather Spray”)
package limma (Smyth, 2005) (version 3.38.3). Limma is designed to analyze expression data
using linear models and it is specialized to find differentially expressed genes in the context of
multifactor designed experiments. The progerin expression categories were treated as different
conditions. The expression data were normalized using limma’s voom normalization. Voom
normalization transforms count data to log2-counts per million (logCPM). ImFit function was
used to calculate the linear fit for every transcript and determine the significance. Significant
transcripts were defined as having a p-value cutoff of p < 0.05. Gene ontology analysis of
transcripts that were identified as significantly differentially expressed was done using Enrichr
(Chen et al., 2013). Enrichr analysis provided GO terms for 4 different biological domains:
Biological processes (BP), cellular components (CC), molecular functions (MF) and KEGG
pathway. Gene set enrichment analysis (GSEA) was done using the FGSEA package from
Bioconductor (Korotkevich et al., 2021). The annotated gene set used was provided by

molecular signatures database (MSigDB) (Liberzon et al., 2011). C5 ontology gene set was
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used, where we obtained the biological process (BP) subset to do the GSEA analysis. Empirical
false discovery rate (FDR) was calculated with the bootstrap method. 40 samples from the
selected tissue samples were picked at random and differential expression analysis was done
on 20 samples versus 20 samples contrast. This process was repeated 100 times to calculate the
empirical FDR. Pearson’s pairwise correlation coefficient was used to measure the strength of
the correlation between samples. Motif analyses were done using Multiple Expectation
maximizations for Motif Elicitation (MEME) suite (Bailey et al., 2009) with the following
options: -objfun de (used for setting objective function as differential expression), -nmotifs 30
(stops after finding 30 motifs), -minw 3 (minimum length of the motif to be 3) and -maxw 5
(maximum length of the motif to be 5). Bootstrapping for the motif analysis was done by
subsetting 150 sequences in SE events, and 60 sequences in A5 events. As for background, we
subset 10,000 sequences for both SE and A5 events. With the sequence subsets, we conducted
the differential motif enrichment analyses 100 times. For GC content and length analysis, the
top 10, 20 and 50 events were selected based on the r-value obtained from transcriptome-wide

correlation analysis (Pearson’s correlation coefficient). Statistical tests were done using t-test.

6.5 Cell line used
The HGFDFN168 (Fib 168) and HGADFN167 (Fib 167) fibroblast lines were

obtained from the Progeria Research Foundation. HGFDFN168 is from the father of

HGADFN167, an HGPS patient.

6.6 qPCR analyses

Total RNA from fibroblasts was extracted with Trizol (Life Technologies, Carlsbad,
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California, United States) and purified using the RNeasy Mini kit (Qiagen, USA) according to
the manufacturer’s instructions. The RNA yield was determined using the NanoDrop 2000
spectrophotometer. RNA samples from sun-exposed skin were requested from GTEx. RNA
was converted to cDNA using iScript Select cDNA Synthesis kit (Bio-Rad, USA). Quantitative
RT-PCR was performed in triplicate using SYBR Green Supermix (Bio-Rad) on CFX96 real-

time system (C1000 Thermal Cycler; Bio-Rad). Primer sequences are:
lamin A forward: 5'-GCAACAAGTCCAATGAGGACCA-3',
lamin A reverse: 5'-CATGATG
CTGCAGTTCTGGGGGCTCTGGAT-3',
progerin forward: 5'-GCAACAAGTCCAATGAG
GACCA-3',

progerin reverse: 5'-CATGATGCTGCAGTTCTGGGGGCTCTGGAC-3',

B-actin forward: 5'-CTGGAACGGTGAAGGTGACA-3',

B-actin reverse: 5'-AAGGGACTTCCTGTAACAATGCA-3".
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7.1 Purpose and results

Over the course of conducting research on progerin expression in non-HGPS normal
individuals, many different approaches have been taken, as well as looking at the problem at
different angles. The appendix section is dedicated to shed light on some of the approaches that

were taken prior to or after some of the methods used in the previous sections. Different

approaches may or may not have yielded meaningful results, but nevertheless were important

for me to examine to find potential mechanisms or association with various factors that were

found to be associated with progerin expression. In this section, I will also describe my

contribution to a collaborative work with Dr. Xiaojing Mao on “Impaired LEF1 activation

accelerates iPSC-derived keratinocytes differentiation in Hutchinson-Gilford Progeria

Syndrome” (Mao et al., 2022).

Transcript Gene log FC P-Value
ENST00000556647.1 SRSF5 L4264 8.921E-24
ENST00000554929.1 SRSF5 -1.275 7.125E-08
ENST00000556436.1 SRSF5 -1.003 3.097E-04
ENST00000576585.1 PRPF8 -1.283 1.032E-34
ENST00000572723.1 PRPF8 -1.402 1.901E-27
ENST00000573681.1 PRPF8 -0.597 5.509E-12
ENST00000575116.1 PRPF8 -0.733 5.113E-11

Figure 7-1 Transcripts from splicing related genes that are differentially expressed.

Many transcripts from SRSF5 and PRPF8 were found to be significantly differentially expressed in

skin samples. SRSF5 promotes splice site usage, and PRPF8 encodes for protein that is a core

part of the U2 and the U12-dependent spliceosomes.

Figure 7-1 shows the table of differentially expressed transcripts from two prominent splicing

related genes, SRSF5 and PRPF8, gathered from initial screening of differential expression
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analysis. This is the results of differential expression analysis prior to correcting for multiple

testing.

Up Down
3000 4
2000 4
1000 4
0
Adipose'_Tissue Heart Skin Adipose_Tissue Heart Skin
Transcript Type Transcript Type
antisense . nonsense_mediated_decay . pseudogene . SNRNA unprocessed_pseudogene
. . IG_V_gene . processed_pseudogene retained_intron TR_V_gene . Mt_rRNA
transcript_types
PLIYP . lincRNA . processed_transcript . rRNA sense_intronic
. mMiRNA protein_coding . sense_overlapping SnoRNA

Figure 7-2 Transcript types of differentially expressed transcripts.

Transcript types of the identified differentially expressed transcripts in adipose, heart and skin were

observed.
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Figure 7-2 shows the proportions of different transcript types of the differentially expressed
transcripts in adipose, heart and skin tissues. Correlated and anti-correlated transcripts were
both examined. We expected to see anomalies in the composition of various transcript types,

however none were observed.

GOTERM_BP
5 10 15

~ o

mRNA splicing, via spliceosome

RNA splicing, via transesterification reactio
RNA splicing, via transesterification reactio
RNA splicing

regulation of RNA splicing

regulation of mRNA splicing, via spliceosome
alternative mRNA splicing, via spliceosome
negative regulation of RNA splicing
regulation of alternative mRNA splicing, via
negative regulation of mRNA splicing, via spl

GO Terms Genes

ISY1 PPWD1 HNRNPR DDX41 PRPF19 EFTUD2 MAGOH SNRPD3 RBM5 SRRM2 RBM17 AQR M

BNL1 TFIP11 PRPF4B GTF2F2 SFPQ DDX39A HNRNPUL1 HNRNPH1 PRPF3 SRSF2 PPIE SNRP

A1 SRSF4 HNRNPH3 SNRPF PABPC1 SRSF5 SNRPA SF1 SRSF9 DDX5 RBM8A SRSF1 U2AF1 P
RPF8 PABPN1 POLR2B PCBP2 DHX38 SF3B1 POLR2J SRSF10 SRSF11 HNRNPA3 CPSF1 FUS A
LYREF CWC15 HNRNPL PHF5A HNRNPD HNRNPC HNRNPA1L2

ISY1 PPWD1 HNRNPR DDX41 PRPF19 EFTUD2 MAGOH SNRPD3 RBM5 SRRM2 RBM17 AQR M

RNA splicing, via transesterification rea |[BNL1 TFIP11 PRPF4B GTF2F2 SFPQ DDX39A HNRNPUL1 HNRNPH1 PRPF3 SRSF2 PPIE SNRP

ctions with bulged adenosine as nucleo |A1 SRSF4 HNRNPH3 SNRPF PABPC1 SRSF5 SNRPA SF1 SRSF9 DDX5 RBM8A SRSF1 U2AF1 P
phile (GO:0000377) RPF8 PABPN1 POLR2B PCBP2 DHX38 SF3B1 POLR2J SRSF10 SRSF11 HNRNPA3 CPSF1 FUS A
LYREF CWC15 HNRNPL PHF5A HNRNPD HNRNPC HNRNPA1L2

mRNA splicing, via spliceosome (GO:0
000398)

Figure 7-3 Subset of gene ontology analysis (splicing related terms).

Collection of the splicing related GO terms are shown. For mRNA splicing, via spliceosome, and
RNA splicing, via transesterification reactions, the genes associated with the respective terms are

shown.

Subset (splicing related terms) of the gene ontology analysis was examined and shown in figure
7-3. The gene compositions for mRNA splicing via spliceosome and RNA splicing via
transesterification reactions are shown. Genes from this list were taken for further investigation

for alterations in expression pattern in their isoforms.
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Figure 7-4 Top ranked differentially expressed transcripts, after correcting for multiple testing.
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Many mitochondrial transcripts and transcripts from splicing related genes were found to be

significantly differentially expressed, after correcting for multiple testing.

Figure 7-4 shows results of differential expression analysis after correcting for multiple testing.
The transcripts denoted by the red box (MT-CO2, MT-CYB, MT-ND1, TXNL1, MT-RNR2,
PRMTS5 and PRPF19) were of particular interest, because of their relation to the mitochondria

or splicing function.

79



Progerin Zero -

Clusters
. 1
H:

3

Progerin Levels
©w = ~ (=] o =

-
=]

Progerin Low -

Progerin High -

Figure 7-5 Latent Dirichlet Allocation of GTEx skin samples

Latent Dirichlet Allocation (LDA) model was used to assess the differences in gene clusters for zero, low,

and high fraction progerin samples, as well as finding composition of driving genes for each of the clusters.

Latent Dirichlet Allocation model was used to further investigate the differences between the
3 categories of fraction progerin levels in the GTEx samples. From the LDA analysis, we were

not able to find significant compositional differences between zero, low and high fraction
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Correlated, r > 0.4 , sense, below threshold

Distribution of bases on A5 events at 5'SS

Correlated, r > 0.4 , sense, above threshold

1.00-

(=}

~

(5]
[

percentage
o
W
(=]
]

o

)

($)]
[

0.00-

Distribution of bases on A5 events at 5'SS

Figure 7-6 Representation of bases around the 5’ splice site for A5 events.
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Representation of the 4 bases around the 5’ splice site for A5 events were observed. This was done
for correlated, cutoff r-value of 0.4. Those above the threshold were compared to those that were

below the threshold.

Base composition around the 5’ splice site (from -4 to +7 positions) were examined. the
comparison was made between r> 0.4 vs r < 0.4. No visible differences were observed between

the two groups.
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Figure 7-7 Splice site strength analysis using MaxEnt (A5).

Splice site strength of the identified splicing events were observed, based on the various

Pearson'’s correlation coefficient cutoffs for A5 events.
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Figure 7-8 Splice site strength analysis using MaxEnt (SE).
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Splice site strength of the identified splicing events were observed, based on the various Pearson'’s

correlation coefficient cutoffs for SE events.
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Figure 7-9 Splice site strength analysis using MaxEnt (RI).

Splice site strength of the identified splicing events were observed, based on the various Pearson'’s

correlation coefficient cutoffs for Rl events.

Splice site strength analysis was done using MaxEnt methodology for A5, SE, and RI events
(Figure 7-6, 7-7, 7-8). For A5 and SE events, there were little to no noticeable difference
between the background (all) and the various cutoffs. However, there seems to be a preference

for progerin expression to be associated with splice sites of intron retention events at r > 0.5
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Figure 7-10 Intron length distribution for retained intron events.
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Intron lengths of the identified Rl splicing events were observed, based on the various Pearson’s

correlation coefficient cutoffs.

Figure 7-9 shows the intron length distribution for intron retention events. It appears that RI
events that are correlated to the progerin expression tend to have longer introns than the anti-
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correlated counterparts.

Putative LEF1 binding sites at K8/K18 locus
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Figure 7-11 Identification of LEF1 binding sites around KRT8 and KRT18 loci

In a collaborative work with Dr. Xiaojing Mao, LEF1 binding sites around KRT8 and KRT18 loci were

identified. The binding sites were assessed with various cell types.

I have collaborated with Dr. Xiaojing Mao on the study of “Impaired LEF1 activation
accelerates 1PSC-derived keratinocytes differentiation in Hutchinson-Gilford Progeria
Syndrome”, published in 2022. My contribution to the work is identifying the LEF1 binding
site around KRT8 and KRT18 loci. The loci were assessed using HEK293T and HUES64 cell

lines, and identified 7 different LEF1 binding sites.
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