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ABSTRACT

Frailty describes individuals with increased susceptibility to adverse health outcomes. The frailty
index (FI) quantifies frailty by measuring deficit accumulation. This project aimed to
characterize the molecular signature of frailty in the mouse kidney to (a) identify biomarkers for
frailty and (b) investigate the impacts of frailty on kidney metabolism. Age-matched female mice
with high and low FI scores were selected for RNA sequencing (RNA-Seq). Seven metabolic
genes were differentially expressed upon comparing high FI to low FI mice, these included:
Ugt1a9/10, Cyp4al2a/b, Akricl8, Pla2gi2b, and Hdc. Quantitative polymerase chain reaction
(qPCR) was used to measure expression of these genes in mice with a gradient of FI scores.
Finally, metabolic gene expression was examined in mice treated with the angiotensin-
converting-enzyme (ACE) inhibitor, enalapril, which has been shown to attenuate FI scores.
These data suggest that renal xenobiotic and endobiotic metabolism may be altered by frailty, but
further work is necessary.
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CHAPTER 1 INTRODUCTION

1.1 General Overview

Frailty is an emerging public health crisis in Canada. More than 1.6 million Canadians are frail
today, and this number is expected to increase to over two million in the next 10 years !. Frail
individuals are more susceptible to adverse health outcomes, including falls, dementia, disability,
and death 2>, Furthermore, frailty increases the likelihood of hospitalization, placement in
nursing homes, and an overall decline in quality of life . The implications of frailty for frail
individuals, their families, and the health care system necessitate a better understanding of this

syndrome.

Frailty is thought to manifest via a complex interplay of various mechanisms, including
declining proteostasis, hormone dysregulation, deteriorating metabolism, inflammation,
deoxyribonucleic acid (DNA) damage, and cellular senescence °. Furthermore, environmental
exposures can exacerbate the development of frailty °. Although frailty is an increasingly
important area of research, it is a difficult concept to study since it arises from a combination of

mechanisms that are still unclear.

There is no gold-standard method for quantifying frailty °. Two main approaches for
measuring frailty exist, but these measurements mainly rely on observational variables %1,
Thus, there is a need for validated frailty biomarkers. Molecular markers could enable earlier
detection of frailty and may elucidate the causes of frailty originating at the cellular level 2.
Several biomarker candidates for frailty have been proposed, but none have been validated for

use in clinical settings '3.

Frailty is characterized by a decreased physiological reserve across multiple organ
systems 4. However, an organ-specific approach may be useful in the study of frailty as it could
reveal the molecular manifestation related to declining organ function. Moreover, understanding
the effects of frailty in individual organs could permit the development of interventions to

prevent organ deterioration and/or restore organ function '°. Kidney function is particularly



16-18

susceptible to age- and frailty-related decline . Despite this, the molecular mechanisms of

frailty in the kidney have yet to be uncovered.

The main aim of this thesis is to associate transcriptional differences in the kidney with
frailty. Broader goals include elucidating mechanisms in the kidney related to the pathogenesis of

frailty and the proposition of frailty biomarkers.

1.2 Defining frailty, its implications for the health system, and

current knowledge

Our understanding and definitions of frailty have changed over the past two decades, but
the term is generally used to describe individuals with increased vulnerability to adverse health
outcomes . Frailty can explain the disconnect between chronological and biological age in
which frail individuals appear weaker than their age-matched counterparts 2°. Frail individuals
are more vulnerable to acute stressors and may experience a disproportionate change in health
status in response to a minor infection, minor illness, or new drug 4. Broadly speaking, this
vulnerability results from impaired homeostatic mechanisms and functional decline across

multiple physiological systems, which weaken the adaptive capacity of an individual '+2!,

Frailty presents challenges for public health and health policies. As our population ages,
the study of frailty and its recognition in clinical environments becomes increasingly important
22, Although frailty exists outside of the geriatric population, it is a common syndrome among
older adults and understanding its causes and consequences is critical for managing the health
needs of this growing group. Many studies attempt to understand the implications of frailty on
the healthcare system and how healthcare can be better adapted to care for frail individuals with

complex multi-system problems 2.

Given the detrimental effects of frailty on the healthcare system, there is also significant
interest in identifying strategies to treat and manage frailty. The research in this area is broad,
with a 2019 review of primary care interventions for frailty categorizing interventions into the

following groups: physical exercise, health education, nutrition supplementation, home visits,



hormone supplementation, and counselling ?*. To date, there is no standard treatment option for
frailty. Indeed, exercise regimens appear to be consistently successful, but it has yet to be
determined which intervention is most effective 22. Pharmacological interventions have also been
considered for treating frailty. For example, the use of angiotensin-converting enzyme (ACE)
inhibitors, commonly used to treat hypertension, have been used in observational studies and
randomized control trials as potential interventions for reducing frailty #2°. ACE inhibitors have
been shown to delay the loss of muscle strength in elderly women with hypertension 3.
Additionally, the ACE inhibitor perindopril was shown to improve exercise capacity in elderly
people with functional impairment 6. More recently, Keller et al. found that chronic treatment
with enalapril, an ACE inhibitor, was able to reduce frailty in C57BL/6 mice ?’. Overall, the
development of frailty interventions is expected to become increasingly important as frailty

becomes more prevalent.

Despite the field of frailty growing steadily for the past 20 years, determining the most
appropriate way to define and measure frailty remains an active area in frailty research 2830,
Studying frailty requires a measure that considers social, psychological, cognitive, and physical
health domains 3!. Therefore, much research has been dedicated to developing and refining
multidimensional assessments that can capture these aspects of frailty 3234, Preclinical frailty

models have more recently been developed and will enable more extensive frailty research .

A large portion of research has been devoted to understanding what might predict the
development of frailty. It is well-established that old age greatly increases the chances of
becoming frail 4. However, frailty has also been associated with various chronic diseases in
younger people and people with non-age-related diseases 3. In the literature, frailty is often
assessed in patients with liver disease, cardiovascular disease, chronic kidney disease,
neurodegenerative disorders, cancer, and diabetes, among many others 3"-#2, In addition to
disease and old age, there are various psychological, social, environmental, and lifestyle factors
which can influence the development of frailty 44, The identification of risk factors for frailty is

an area of research that continues to grow.



Another substantial area in frailty research aims to elucidate its biological mechanisms.
There is no one cause of frailty, but attempts have been made to uncover some of the molecular
underpinnings. Examples of mechanisms implicated in frailty are inflammation, DNA damage,
decreased metabolism, hormone dysregulation, altered protein production, epigenetic alterations,
and impaired stem cell regeneration °. Some studies look at the molecular manifestation of frailty
specific to certain organs such as the brain, heart, and skeletal muscle #*-°°, The study of
molecular mechanisms is likely to be even more popular with the progression of omics
platforms, which permit studies of how frailty impacts the genome, epigenome, transcriptome,

proteome, and metabolome.

1.3 Frailty versus aging

Aging and frailty are concepts often used interchangeably in descriptions of deteriorating
health and decreased resilience. Both frailty and aging are described as functional impairments
and can be used to predict mortality. However, while the likelihood of becoming frail increases

with chronological age, the two are not the same 4.

Aging is a process characterized by progressive impairment in the functioning of cells,
tissues, and organs, which eventually leads to death °!. Aging involves the accumulation of
deleterious changes which can occur as a result of development, genetic defects, environmental
exposures, and disease °!. Deterioration of molecular structures and cellular pathways reduces

52, Impairments in

functional capacity, impairing homeostatic and homodynamic abilities
biological mechanisms, including apoptosis, senescence, and inflammation, can also contribute to
the aging process 2. Aging is most often measured chronologically, in which one’s chronological
age refers to the amount of time passed. Chronological age can be used to give an estimate of the

number of age-related changes that may have accumulated and predict life expectancy °'.

Frailty is a state of accelerated aging in which an individual faces increased vulnerability
to stressors and poor health outcomes compared to individuals of the same chronological age .
Frailty is commonly discussed in the context of aging, given that it is common in older adults.

However, frailty can occur in younger individuals, particularly those with chronic health



conditions, such as human immunodeficiency virus, cancer, and cardiovascular disease (CVD) 3.
Frailty is, therefore, not an inevitable consequence of chronological aging but rather a syndrome

that may occur throughout the aging process.

While chronological age can, in some instances, be used as a proxy measure of an
individual’s health status, the onset and rate at which aging progresses are highly varied between
people, even with the same degree of exposure . Frailty considers this heterogeneity amongst
individuals of the same age. Additionally, unlike chronological age, the concept of frailty is
dynamic because an individual can transition in and out of a frail state. Frailty is, therefore, a more
functional measurement than chronological age and may be a better estimation of resilience. To
conclude, frailty is indicative of biological age rather than chronological age, giving a more

meaningful measure of one’s health status.

1.4 Measuring frailty

Although numerous definitions and assessments for frailty exist, two models are most
commonly used to operationalize frailty 4. The first is the Frailty Phenotype (FP), from Fried
and colleagues, in which frailty is viewed as a clinical syndrome defined by specific phenotypic
presentations. For this model, five criteria are assessed: unintentional weight loss, weakness, low
energy, slowness, and low physical activity . Using this measure, individuals who score well
across all categories are considered “robust”. Individuals who score poorly in 1 or 2 categories

are termed “prefrail”, and individuals scoring poorly in 3 or more categories are said to be “frail”

10

The second model is the Frailty Index (FI), from Rockwood and colleagues, which looks
at frailty as a non-specific and multifactorial state characterized by the accumulation of various
health deficits 33, Health-related deficits can include signs, symptoms, laboratory abnormalities
(e.g. urea and creatinine), and functional impairments '!. The FI is calculated as a ratio of the
number of deficits present to the total number of deficits considered >*. The individual variables
measured must cover a range of systems. Typically, variables are coded so that 0 indicates the

absence of a deficit, 1 indicates presence, and 0.5 represents an intermediate state 4. Once all



variables are summed, they can be divided by the total number of deficits being assessed to yield

an FI where a value closer to 1 is very frail and a value close to 0 is non-frail.

The FI requires a more comprehensive clinical assessment compared to the FP in order to
evaluate all the deficits >°. However, the FI is a continuous measure, whereas the FP is discrete.
Therefore, the FI can more precisely identify individuals of varying degrees of frailty and
discriminate between those with moderate and severe frailty 4. To maintain the continuous
measure of the FI while minimizing patient participation, Howlett et al. investigated a
modification of the FI, called the FI-lab, which would incorporate blood tests and routine
physical assessments !2. The FI-lab successfully identifies older adults with an increased risk of
death, a conclusion that warranted further research regarding appropriate biomarkers for routine
blood tests '2. Blodgett et al. showed that an FI-lab constructed of only laboratory test values,
pulse pressure, and blood pressure could predict increased mortality risk *¢. In this study, the FI-
lab enabled the identification of frailty using subclinical health deficits as opposed to those that
are clinically visible. The laboratory markers used for the FI-lab included measures such as
albumin, bicarbonate, blood urea nitrogen, C-reactive protein (CRP), and creatinine. This FI-lab
was proposed as a method to detect frailty earlier by using signs of aging at a cellular level >°. As
the field of frailty biomarker discovery grows, more markers could be used in combination for a
biomarker-based FI. Table 1.1 contrasts the frailty measures discussed, identifying the

advantages and disadvantages of each.



Table 1.1. Contrasting frailty measures

How Frailty is
Frailty Measure Key Advantage Key Disadvantage
Quantified
Frailty Phenotype =~ Assessment of 5 criteria Ease of use Discrete measure
(FP)
Frailty Index (FI) Ratio of health deficit Continuous measure Requires
accumulation comprehensive
assessment
Laboratory- Ratio of health deficit Continuous measure Lack of validated

marker Frailty =~ accumulation using mainly ~ requiring minimal

Index (FI-Lab) laboratory markers patient participant

biomarkers for

frailty




1.5 Preclinical models of frailty

Frailty is frequently assessed as an outcome or prognostic measure of a disease or chronic
condition in human populations. However, preclinical models provide the opportunity to
investigate the mechanisms and potential interventions for frailty more extensively. The mouse is
a commonly used model in aging research. Advantages of the mouse model include its short
lifespan and the fact that they share genetic, metabolic, and physiologic similarities with humans
37, Additionally, rat and canine models for frailty have been developed *°. As with humans,

preclinical models also employ the FI and FP approaches.

The FP approach has been applied to wild-type C57BL/6 male mice in which grip
strength, walking speed, physical activity, and endurance were assessed *%. The same FP measure
was used in Fisher 344 rats by Miller et al. >. The FP assessment in dogs was developed by Hua
et al. in which canines were assessed across five criteria: muscular weakness, exhaustion, activity
levels, nutrition, and mobility . Genetically modified C57BL/6-based homozygous interleukin-
10 (IL-10) knockout mice (IL-10""'™) have been used as a model to study frailty ¢'. These mice
had an age-associated increase in the pro-inflammatory cytokine interleukin-6 (IL-6) and age-
associated changes in gene expression related to mitochondrial function and apoptosis 3!,
Although frailty was not assessed in these mice, the IL-10""'™ mice developed weakness, weight
loss, low activity, muscle changes, and inflammation characteristic of the FP 3>6!, Generally, the

FP approach in preclinical models is predominantly a physical measure of frailty and fails to

consider other multi-system variables such as body composition and ocular deficits 3°.

The FI approach has also been applied to animal models. The FI was initially used in
C57BL/6 mice in which 31-items derived from four groups (basic metabolic status, activity
levels, hemodynamic measures, and body composition) were used to assess deficit accumulation
62, A simplified 8-item index was also created, but the few variables assessed were only related to
physical frailty ®2. The clinical FI measured 31 items from the musculoskeletal, integumentary,
vestibulocochlear/auditory, ocular/nasal, digestive/urogenital, and respiratory systems, in
addition to signs of discomfort in C57BL/6 mice %. The clinical FI was also used in Fisher 344

rats, measuring 27 items across nine categories **. Finally, a variation of the human FI-lab was



created by Kane et al., which measured common laboratory markers in C57BL/6 mice . An
advantage of the FI approach versus the FP is that the whole body is considered to obtain a

multi-system measure of frailty 3°.

Sex differences in frailty are evident in human populations; although females have higher
frailty scores, they tend to live longer 3°. However, in preclinical frailty models, sex-differences
are less clear. Limited studies have found no difference between sexes 626, Generally, studies
using the FI assessment in mice have found that females are frailer than males 27:6367,
Additionally, female mice were frailer than males in a study using the FP approach 8. Yet,
Herrera et al. concluded that FI scores were higher in male mice than female mice, and a study
using the FI-lab in mice showed that males were frailer than females 5%, Sex differences could
depend on animal strain and the frailty approach used, but there is evidence to suggest that sex

differences do exist in preclinical models of frailty 3>-7°,

1.6 Biomarkers for frailty

Biomarkers are biological characteristics which can be objectively measured to give
some insight into the physiological state of an organism ’!. Measurement of biomarkers can be
valuable for detecting the presence or severity of a disease. Identifying and detecting biomarkers
that reflect frailty-associated molecular changes could allow for early recognition of frailty
before clinically detectable signs emerge. Fluctuations in the levels of such molecular markers
may allow us to predict severity and implement appropriate interventions throughout the
progression of frailty. A panel of biomarkers, used like the FI-lab, could facilitate the diagnosis

of frailty.

Reliable biomarkers for frailty have yet to be validated for use in clinical practice, but
there are some candidates that have been associated with various frailty measures !3. These
molecules can be broadly grouped into inflammatory, immune, endocrine, oxidative stress,
epigenetic, and genetic markers '>73. Additionally, a group of common markers that can be

assessed during blood collection have been associated with frailty ’2. The following paragraphs



give an overview of biomarkers that appear in the literature frequently but are not an exhaustive

list of all biomarkers that have been studied in relation to frailty.

Inflammatory markers have been the most extensively studied biomarkers since
inflammation has been implicated as a potential mechanism of frailty 2. Generally, chronic
inflammation is characterized by increased pro-inflammatory cytokines such as CRP, tumour
necrosis factor-o. (TNF-a), and interleukin-6 (IL-6) 3. CRP is made in the liver and released by

macrophages and T-cells. Predominantly, increased CRP has been associated with frailty 74-7°,

TNF-a, mainly produced by activated macrophages, is found to be increased with frailty +7°.
Likewise, IL-6 is also said to be elevated with frailty 7+7>"7. While CRP, TNF-a, and IL-6 appear
to increase with frailty, associations were less clear in longitudinal studies, which warrants
further research 72. The immune system is vulnerable to dysfunction in response to stressors such
as acute illness, infections, and inflammation. With the inability to properly regulate immune
function, an individual would be particularly susceptible to adverse health outcomes and could
be considered frail 7. It is, therefore, unsurprising that immune biomarkers related to frailty have
been identified. Increased white blood cell count, neutrophil count, monocyte count, and
neopterin levels have been related to higher frailty 7+77-%°, Conversely, increased lymphocyte

count and increased albumin were associated with lower levels of frailty 747581,

In addition to common immune and inflammatory markers, markers related to hormones
and oxidative stress have been studied. Dysregulation of the endocrine system is expected in frail
individuals as homeostasis becomes impaired and the risk of frailty increases 7°. Low vitamin D
levels have been shown to increase the incidence of frailty 7. Low testosterone in males is said
to be associated with higher frailty 822, On the other hand, increased estradiol is associated with
frailty in women 84, Hormones related to glucose and insulin dynamics have also been measured.
Adiponectin, involved in the regulation of glucose, and leptin, a hormone involved in hunger
regulation, are both increased with frailty -3¢, Growth hormones such as insulin-like growth
factor 1 are involved in the maintenance of skeletal muscle, bone mass, and strength 7.
Unsurprisingly, frailty is more prevalent among people with lower levels of IGF-17%%,

Dysregulation of thyroid hormones can lead to weight loss and fatigue 7°. Reduction in free

triiodothyronine has been associated with frailty ®. Additionally, frailty incidence has been
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associated with the accumulation of oxidative damage, which leads to physiologic dysregulation
1089 Tsoprostanes are compounds formed from the peroxidation of fatty acids. The isoprostanes
malondialdehyde and 4-hydroxynonenal were found to be increased with frailty °°-°2. Thiols are
antioxidants integral to preventing and protecting cells from oxidative stress. Total thiol levels
were reduced with frailty . Glutathione (GSH) is one thiol which plays a large role in
detoxification reactions. Oxidation of GSH to oxidized glutathione (GSSG) reflects a state of
oxidative stress and affects cell survival. Although there was no change to GSH levels, GSSG
was found to decline with frailty; thus, the GHS/GSSG ratio increased with frailty *2. Protein
carbonylation and derivatives of reactive oxygen metabolites are other markers for oxidative
stress and were found to increase with frailty *>%4. Likewise, 8-hydroxy-2’-deoxyguanosine,

which signifies oxidative damage to DNA, showed a positive association with frailty °°.

Genetic and epigenetic studies are becoming more popular, and indeed the relationship
between frailty and various genomic alterations is an emerging body of work. Single nucleotide
polymorphisms (SNPs) are variants at a single position in DNA. SNPs of genes such as CRP,
transcobalamin-2, interleukin-12 , and interleukin-18 (IL-18) have been associated with an
increased risk of developing frailty *>-%8, Telomeres are repetitive nucleotide sequences that
“cap” the internal regions of chromosomes. The association between telomere length and frailty
is heavily debated. Some studies have found a relationship between frailty and the length of
leukocyte telomeres, while others did not find any association 7°°-193, Tn addition to genetic
biomarkers, epigenetic markers, which involve changes to DNA that modify gene expression,
have also been investigated. A global decrease in DNA methylation and methylation of CpG
islands with high GC content has been observed with frailty '°+15, One marker of DNA damage
is phosphorylation at the C-terminal of the variant core histone, H2A histone family member X

(H2AX) 1%, Increased phosphorylation of H2AX was seen with frailty 1%,

Finally, there are common markers for frailty that can be measured via standard blood
tests. Tissue plasminogen activator, fibrinogen, D-dimer, and factor VIII are involved in blood
coagulation and thrombosis 72, In general, an increase in all three markers was seen with frailty,
although increased fibrinogen was not observed longitudinally 3!:197-19°_ Creatinine, a breakdown

product of creatine and an indicator of low muscle mass, was decreased with frailty !%°. Total
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cholesterol and low-density lipoprotein cholesterol levels were also reduced in frailty 2.
Lipoprotein phospholipase A> (Lp-PLA>) and cystatin C can be quantified in the bloodstream;
the former is often used to assess cardiovascular risk, and the latter serves as a marker of kidney
function. Both Lp-PLA; and cystatin C were found to increase with frailty °%!%°. The protein
klotho, a receptor for fibroblast growth factor-23, has been well-studied in relation to aging.
Klotho has been shown to decrease with age, and high levels of klotho in blood plasma were

associated with a lower risk of frailty %111,

Overall, there are several biomarker candidates for frailty related to a wide range of
physiological systems and mechanisms. While promising, none of the biomarkers detailed above
are universally recognized. The lack of biomarker validation can be attributed to several

challenges and limitations.

1.7 Limitations to biomarker discovery

A common limitation of biomarker studies is a failure to match for variables such as sex,
diet, lifestyle, and activity ''2. Furthermore, there has been inadequate ethnic and regional
representation as most studies have been conducted throughout Europe and the Americas !'3.
Another major limitation in frailty biomarker discovery is that many are considered markers of
aging 2°. Therefore, fluctuations of some markers related to frailty could be associated with age,
independent of the presence of frailty. Similarly, biomarker discovery for frailty is limited by a
lack of specificity. For instance, IL-6 is a promising candidate. However, it is linked to
inflammation and can be increased by various pathologic conditions, including autoimmune and
inflammatory disorders. Therefore, it is not necessarily specific to frailty 14!, There is also a
lack of consistency in sample collection and preparation, assessment tools, and omics
technologies 2. Frailty research is challenged by the lack of a universal definition and standard
measure. In the literature, several biomarkers have been studied using the FP rather than the FI or

vice versa. These factors limit the applicability of the biomarkers discovered to date ''2,

Future studies should be more extensive and longitudinal to allow for follow-up and

increase biomarkers’ reliability !'2. Biases should be minimized by grouping and matching based
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on demographic factors ''2. Integrating data from multiple omics methods (E.g. proteomics and
metabolomics) could further increase the reliability of biomarkers !''2. Ideally, a successful
biomarker or panel of biomarkers would be able to predict and distinguish the progression of frailty
(prefrail from frail, or from low FI from moderate FI) and would be associated with clinical
outcomes of frailty such as disability, quality of life, and mortality 2°. Since frailty biomarkers are
often associated with other comorbidities a panel of frailty biomarkers will likely be used to
address the issue of specificity 2°-72. In the longer term, biomarkers need to be trialled in a clinical
setting to determine their reliability and diagnostic ability outside of the original populations '3,
More research will be required to determine the accuracy, specificity, and sensitivity of such

biomarkers 12,

Another focus of future work should be mechanistic studies aimed at identifying the key
pathways dysregulated with frailty 6. Most of the existing literature has examined blood-based
biomarkers for frailty. While these are convenient and non-invasive measures for clinical use, they
do not necessarily clarify the molecular basis of frailty. A potential route for prospective studies
would be to investigate the molecular manifestation of frailty in individual organ systems, allowing
for additional mechanistic insight and highlighting specific altered pathways. This may be an
opportunity to discover novel biomarkers for frailty where the components (proteins and
metabolites) of dysregulated pathways could be correlated with frailty and measured in peripheral

fluids, such as blood or urine, for diagnostic purposes.

1.8 Pathogenesis of frailty in organs and systems

Although frailty is often said to involve multi-system dysregulation and multi-organ
dysfunction, little is known about how frailty manifests in physiological systems or impacts organ
structure and function. The immune and musculoskeletal systems are perhaps two of the best
studied systems regarding the pathogenesis of frailty, while the heart and brain are extensively
studied organs. However, this is not to say that the mechanisms have been fully uncovered. While
understanding the manifestation of frailty on individual organs and systems would be
advantageous, it is challenging to study the effects of frailty in organs and systems independently,

given that frailty involves a complex interplay of various systems.
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One of the main topics in frailty research regarding the immune system is the concept of
inflammaging. Briefly, inflammaging is characterized by immune dysregulation and a chronic pro-
inflammatory state !'7. Inflammaging has been proposed as a marker of accelerated aging, and
frailty is said to be a risk factor !'8, In this sense, one of the major impacts of frailty on the immune

system seems to be a pathological upregulation of pro-inflammatory markers.

In terms of the musculoskeletal system, sarcopenia is frequently considered the physical
manifestation of frailty 3°. Sarcopenia is a syndrome in which an individual experiences loss of
muscle mass and strength 3°. Cesari et al. found that frailty was associated with lower muscle
density and muscle mass as well as higher fat mass #°. This study hypothesized that frailty-related
differences in body composition were driven by an underlying chronic inflammatory status 4.
However, the associations were unchanged when adjusting for IL-6, CRP, and TNF-a
concentrations *°. Therefore, frailty appears to manifest in the musculoskeletal system through
changes in body composition, but these changes seem to occur independent of systemic

inflammation #°.

Structural and functional abnormalities appear to be a part of the manifestation of frailty in
the brain. Kant et al. found that frailty is associated with cortical brain infarcts and reduced total
brain volume and grey matter volume #’. Another study observed that frail individuals have
reduced functional connectivity between posterior regions of the parietal cortex and portions of
the frontoparietal regions #°. Thus, brain connectivity alterations are thought to contribute to the

pathogenesis of frailty in the brain #°.

There are various frailty-related structural and functional changes in the heart. For
example, sinoatrial node function was impaired with frailty due to electrical remodelling, including
changes to electrical conduction and action potential morphology *. Fibrosis in the sinoatrial node
was also associated with frailty in a mouse model of aging **. A mouse model assessing the impact
of frailty on ventricular structure and function showed that cardiac hypertrophy and contractile

dysfunction increase with age and are graded by frailty 4.
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The pathogenesis of frailty in a select group of systems and organs has been summarized.
However, there is limited literature classifying the basis of frailty elsewhere. The kidney is an
underrepresented organ in this field of frailty research. This is concerning given that it is a vital

organ with several excretory and regulatory roles necessary to sustain life.

1.9 Kidney anatomy and function

1.9.1 Basic kidney anatomy

The kidney is a highly vascular organ which carries out several roles crucial for maintaining
homeostasis ''. The nephrons are the functional units of the kidney. Each kidney contains
approximately 1 million nephrons ', The microscopic structure of the nephron is complex but
can be split into two parts, the glomerulus and the tubule system '°. The glomerulus is a cluster of
capillaries supplied by the afferent arteriole and ending with the efferent arteriole. It is surrounded
by the cup-like Bowman’s capsule, which leads to a segmented tubule system. Adjacent to the
Bowman’s capsule is the proximal convoluted tubule, which leads to the loop of Henle. The loop
of Henle has ascending and descending limbs which flow to the distal convoluted tubule and end
with the collecting tube and collecting duct ''°. The kidney has an outer layer, the cortex, and an
inner layer, the medulla ''°. The collecting ducts of nephrons collectively open in the renal pelvis,

part of the medulla 2. Figure 1.1 depicts the basic anatomy of the kidney '*°.
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Figure 1.1. Basic anatomy of the kidney.
This figure was adapted from Moinuddin & Dhanda '*°. A. Coronal section of the right kidney.
B. Section of a kidney showing the position of nephrons.
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1.9.2 General kidney function

Renal function can be classified into five major groups: controlling fluid volume,
maintaining acid-base balance, preserving electrolyte homeostasis, eliminating waste products,

and acting as an endocrine organ '?!

. The structure of the kidney permits these functions.

Maintenance of the volume and composition of extracellular fluids by the kidney is achieved by
glomerular filtration. This filtration occurs across the capillaries of the glomerulus. The glomerular
filtration barrier is composed of fenestrated endothelial cells, a basement membrane, and highly
differentiated epithelial cells known as podocytes '2°. Water, small solutes, and low-molecular-
weight proteins permeate the barrier and become the filtrate. In the tubules of the nephron, the
filtrate is modified as fluids, ions, and molecules are reabsorbed and eliminated, influencing the
composition of the urine '?°, Urine excretion can also be altered in response to various hormones,
such as antidiuretic hormone !?2. Elimination of waste products can also occur throughout this

process as organic molecules and drug metabolites can be secreted via transporters in the proximal

tubule 129,

1.9.3 Common measures of kidney function

Glomerular filtration rate (GFR) and albuminuria are two methods of assessing renal

function 12

. The best measure of kidney function is the GFR. Inulin is a substance used to directly
measure GFR and is considered the gold-standard '?*. However, establishing the true GFR is
impractical in clinical environments because it is time-consuming and relies on expensive

exogenous markers, like inulin '2#

. Instead, an estimated glomerular filtration rate (¢GFR) can be
determined to diagnose and monitor patients with chronic kidney disease (CKD). The eGFR relies
on blood-based markers to approximate the kidney’s filtering ability '?°. eGFR can be measured
indirectly using endogenous markers such as blood urea nitrogen (BUN), serum creatinine, and

serum cystatin C.

Urea was the initial marker for kidney function after urea was found to accumulate in the
blood and decrease in the urine of those with diseased kidneys 2. Then, in the early 1900s, BUN

was introduced as a new measure 2. BUN is still used to date as a measure of kidney function,
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1125, While increased BUN can be indicative of poor kidney function,

but it is considered suboptima
its concentration can also be altered by extraneous factors, such as protein intake and
gastrointestinal bleeding 2. In the mid-1900s, serum creatinine was used preferentially over BUN,
and it continues to be a widely used assessment of kidney function '?°. Creatinine is formed at a
relatively constant rate, is freely filtered by the glomerulus, and is not reabsorbed. Although
secreted at variable rates, creatinine-based equations have been created to account for this variation
to estimate GFR. Serum cystatin C is a newer marker used to estimate GFR. It is like creatinine in
that it is produced at a consistent rate and is freely filtered. However, cystatin C may be more
reliable for determining the eGFR because its concentration appears to be regulated independently

127_Other protein markers of eGFR include p2-Microglobulin and -

of age, sex, and muscle mass
trace proteins which have similar advantages to cystatin C, though these markers require further

validation 1.

Another method of assessing and staging kidney disease is albuminuria. Albuminuria refers
to the abnormal presence of albumin in the urine due to kidney damage '23. Albuminuria is used to

assess kidney disease progression and has been associated with an increased risk of death 28,

In general, GFR is indicative of one of the most critical roles of the kidney: the ability to
filter blood. GFR is the most useful measure for measuring renal function and diagnosing kidney

diseases, but it is less informative in terms of metabolic impairments in the kidney '**,

1.10 The metabolic capacity of the kidney

Among the other physiological activities carried out by the kidneys, there is a notable
capacity for the metabolism of xenobiotics (including drugs and non-drug exogenous substances)

and endobiotics (endogenous substances).

The liver is universally regarded as the organ that contributes the most to the metabolism
of drugs and xenobiotics, while the kidneys are responsible for their elimination '?°. Clearance of
drugs via the kidneys occurs by a combination of glomerular filtration, tubular secretion,

reabsorption, and the actions of renal transporters '*°. The kidneys have long been recognized for
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their role in the elimination of drugs. Still, there is mounting evidence pointing to the existence of
renal drug-metabolizing enzymes, including cytochrome P450s (CYP450s) and uridine 5'-
diphospho-glucuronosyltransferases (UGTs) 3. CYP450s carry out oxidative metabolism, part of
phase I of biotransformation '2°. Renal glucuronidation is a major detoxification pathway. It is part
of phase II biotransformation and occurs by UGTs !%. Renal CYP450s and UGTs play a minor
role compared to major drug-metabolizing organs like the liver, but they are undoubtedly

significant to renal physiology and function 3.

Furthermore, renal CYP450s and UGTs play a role in endobiotic metabolism. Some
subfamilies of CYP450s are responsible for the hydroxylation of fatty acids *!. For example, renal
CYP450 enzymes convert arachidonic acid to hydroxyeicosatetraenoic acids (HETEs).
Subsequent glucuronidation of HETEs by UGTs modulates their biological activity and aids their
elimination from the kidney !3!. More research is needed to better understand the metabolic
potential of the kidney and the role of renal enzymes in the metabolism of endogenous substances,

drugs, and exogenous non-drug chemicals.

1.11 The impact of age on kidney function

Aging affects all organs in the body, but the kidney is particularly susceptible to age-
associated changes to structure and function, which may lead to renal pathologies. Changes to the
kidney throughout the lifespan can predispose the kidney to injury via altered hemodynamics,
oxidative stress, apoptosis, autophagy, inflammation, and decreased repair mechanisms 7. Age-
related micro-anatomical changes to the kidney include glomerulosclerosis, tubular atrophy,
interstitial fibrosis, and hardening of small arteries in the kidney, which injures nephrons
(nephrosclerosis) '*2. Several macro-anatomical changes to the kidney also occur with age. As
aging progresses, there is an associated decline in kidney cortical volume. As the number of
functional nephrons declines with age, there is a compensatory hypertrophic response from the
remaining nephrons 32, However, when hypertrophy of functional nephrons can no longer
compensate for the effects of nephrosclerosis, there is a loss of total kidney volume. This loss of
total volume becomes accelerated after approximately 50 years of age '*2. Additionally, kidney

parenchymal cysts become larger and more abundant with old age '*2. In general, because of
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structural and functional changes, the aged kidney is susceptible to podocyte injury, apoptosis,
altered reabsorption in the tubules, altered urinary concentration, changes to the production of
kidney-derived molecules and hormones, changes to the permeability of the glomeruli, and
decreased GFR !32. GFR is known to decrease with age, although the rate of decline has been

debated in the literature and is often dependent on the measure used 25133135,

There are several conditions that involve impairment of kidney function. However, two
major functional impairments are acute kidney injury (AKI) and CKD. AKI is defined as a sudden
loss in the excretory function of the kidney '3¢. AKI belongs to a broader spectrum of acute kidney
diseases and disorders (AKDs) '3, AKDs are characterized by a progressive deterioration in
kidney function or persistent kidney dysfunction and are associated with a loss of kidney cells and
nephrons 136, AKDs can therefore lead to CKD, which is defined by persistent structural
abnormalities, urine abnormalities, or impaired excretory function, suggesting a loss of functional
nephrons *7. A GFR of less than 60 mL/min/1.73 m? or albuminuria > 30 mg per 24 hours for
more than three months is used to diagnose CKD !38, There is a bidirectional relationship between
AKI and CKD where AKI can lead to the progression of CKD, and on the other hand, CKD is a
risk factor for the development of AKT %,

Old age is a significant risk factor for the development of CKD. Both men and women
experience decreased renal function with age, and CKD is a very common clinical problem in the
older population 0. Furthermore, the risk of AKI increases with age and is especially prevalent in
older adults 7. CKD, comorbid conditions (including diabetes mellitus, hypertension, heart failure,
and atherosclerosis), and medication use are common amongst the older population and contribute

to the risk of AKI V7.

As renal structure changes throughout the aging process and kidney function declines, there
is an impact on renal drug clearance. The number of functional glomeruli decreases, renal
permeability declines, nephrosclerosis increases, renal blood flow decreases, and tubular function
becomes impaired '#!. Therefore, the aging process can be expected to influence pharmacokinetics
141 As renal function deteriorates, the clearance of drugs and drug metabolites is decreased, thus

141

increasing drug plasma concentration and extending the drug’s half-life '*'. Therefore, older
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individuals are more susceptible to nephrotoxicity and adverse drug reactions (ADRs) 41142 Tn
fact, the frequency of ADRs is said to be between three to ten times greater in older people

compared to the younger population 42,

While the implications of age-related kidney dysfunction on drug clearance have been
well-characterized, it is not known how renal metabolism is altered with age. Activity and content
of CYP450 and UGT enzymes can decline with age, so alterations to the metabolism of both

endogenous and exogenous substances by the kidney could be expected 43144,

1.12 The impact of frailty on kidney function

The kidney has not been widely investigated in terms of frailty research. Typically, research
surrounding frailty and the kidney focuses on assessing frailty in populations with CKD. It has
been established that frailty is prevalent in kidney disease patients '8, Increased frailty prevalence
is associated with decreased GFR, so there is likely to be a link between CKD and frailty . In a
longitudinal study of older people, frailty status was associated with declining eGFR !,
Considering that GFR is the most important marker of kidney function, frailty undoubtedly causes
kidney dysfunction in some capacity. Although frailty-related impairments in renal function have
been observed, the mechanisms that contribute to the development of kidney dysfunction with
frailty have not been determined '®. Furthermore, it is unknown how frailty impacts metabolic

pathways in the kidney.

Although frailty is distinct from aging, age is highly associated with frailty. Therefore, age-
related changes in the kidney could provide some insight into how the kidney might deteriorate
with the progression of frailty. For instance, since drug clearance is reduced and susceptibility to
ADREs is increased as a result of age-related structural and functional changes, a similar effect
might be seen in frail individuals. Inhibition of renal CYP450s and UGTs might also be expected
with frailty, contributing to the dysfunction of xenobiotic and endobiotic metabolic pathways. To
speculate further, other manifestations of frailty in the kidney might predispose an individual to
hypertension, metabolic syndrome, or diabetes, for example, since the kidney is related to their

pathology and CKD is a risk factor for these conditions 43146, Adding to the complexity of frailty
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research is the bi-directional relationship between frailty and disease. Hypertension, metabolic
syndrome, diabetes, and other kidney dysfunction could be the result of pre-existing frailty, or the

existence of these conditions could cause the development of frailty.

In general, there are few studies targeting the basis of frailty in the kidney, and there are no
validated frailty biomarkers originating from kidney tissue. Further, there is a significant gap in

the literature assessing how frailty manifests in the kidney at a molecular level.

1.13 Rationale, hypothesis, and objectives

Age-related structural, functional, and metabolic changes in the kidney have been
identified. However, there is minimal literature looking at similar changes in relation to frailty.
Characterizing the molecular basis of frailty in the kidney will provide a mechanistic explanation
of how structural, functional, and metabolic dysfunction arises. Furthermore, the molecular aspect
will allow for the discovery of novel biomarkers, including transcripts, proteins, and metabolites,

that could be linked to the development of frailty in the kidney.

The use of molecular markers could allow for the detection of frailty prior to the observable
manifestations of frailty. Identifying a panel of biomarkers that can be measured in peripheral
fluids, such as blood or urine, could complement existing frailty tools for clinical use. Earlier
detection could lead to the prevention and/or reversal of frailty. While frailty more frequently
occurs in the geriatric population, young people can also be frail. A young person may not typically
be subjected to a frailty assessment, but with a simple and non-invasive measure, frailty could

more frequently be diagnosed in younger populations.

Mechanistic studies of frailty in the kidney would have implications for both clinical
practice and future research. Identifying the molecular signature of frailty in the kidney could
contribute to the practice of personalized medicine. With a better understanding of how renal
function is impacted by frailty, clinicians could be better informed for designing suitable treatment
plans. The consequences of frailty on metabolic processes in the kidney, such as drug metabolism,

could be evaluated and used to determine the most appropriate medication prescription and dosage.
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Research aiming to describe the mechanism of frailty in the kidney could promote further work

proposing healthy aging interventions and discovering novel drug targets.

Hypothesis

Biomarkers associated with frailty can be identified by examining the differential patterns

of gene expression in the kidneys of mice with varying degrees of frailty.

Objectives

1. Evaluate transcriptional differences in the kidneys of age-matched mice with low and

high FI via RNA-Seq.
2. Validate the expression of differentially expressed metabolic genes identified via RNA-

seq in the kidneys of age-matched mice with a range of low, intermediate, and high FI

using qPCR.

3. Evaluate whether enalapril-mediated reduction of FI is related to variability in the

expression of the differentially expressed metabolic genes related to frailty.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Model of study

The tissue used throughout this thesis was obtained from female C57BL/6J mice
provided by Dr. Howlett (Pharmacology, Dalhousie University). Mice had been allowed to age
over a period of study and were euthanized using pentobarbital sodium (200-300mg/kg ip) and
heparin (100 units) to inhibit blood coagulation. Organs (kidneys and livers) were harvested and
stored at -80 °C. Kidney tissue was collected in order to investigate the molecular basis of frailty

in this organ. Livers were collected to be used as control tissue.

Three cohorts of mice were used throughout this thesis. Two of the cohorts were
comprised of control/untreated mice that were allowed to age naturally without any intervention.
The other cohort was comprised of mice from a study in which enalapril treatment was used.

Conditions for the mice belonging to each of these three cohorts are described below.

Mice belonging to the control/untreated cohorts were group-housed in individually
vented caging systems (Allentown Inc; 21 °C; 35% humidity) and kept on a 12h light/dark cycle
in the Carlton Animal Care Facility at Dalhousie University. Mice had free access to food

(ProLab RMH 3000, Purina LabDiet, Aberfoyle, Ontario, Canada) and water in their cages.

Mice from the enalapril-treated cohort were aged for approximately nine months and then
started on the study 2’. Animals were kept in a 12h light/dark cycle with 1-5 mice per box. Mice
were permitted ad libitum access to food and water. Initially, animals were fed Prolab RMH3000
(LabDiet, MO). Once the experiment began, mice were given Standard Grain-Based Control
Rodent Diet with bacon-flavor (#F4059; Bio-Serve, Frenchtown, NJ) containing either enalapril

(280 mg/kg) or no drug. Food and drug intake was estimated twice per month.

For all cohorts, animal protocols were approved by the Dalhousie University Committee

on Laboratory Animals and studies were performed in accordance with the guidelines of the
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Canadian Council on Animal Care (CCAC, Ottawa, ON: Vol 1, 2nd edition, 1993; revised March
2017).

2.2 Frailty assessment

End-point FI values for each mouse were collected by an external investigator using the
Mouse Frailty Assessment Form® from Whitehead and colleagues . The 31-item index
evaluated deficits related to the integumentary, physical/musculoskeletal,
vestibulocochlear/auditory, ocular/nasal, digestive/urogenital, and respiratory systems, as well as
general discomfort. For each parameter, a “0” was assigned if a deficit was absent, a 0.5 was
assigned for a mild deficit, and a “1” was assigned for a severe deficit. In addition, body weight
and body surface temperatures were collected. For these variables, scores were given according
to how much the mouse’s weight and temperature varied from a reference mean. Reference
means were obtained from a within-group calculation of mean and standard deviation. If values
differed from the reference by less than +£1 standard deviation (SD), mice were given a 0 for that
variable. Values that differed between £1 SD and £2 SD were given 0.25, between £2 SD and £3
SD were given 0.5, between £3 SD and £4 SD were given 0.75. For values that differed by more
than + 4 SD, they received the maximum score of 1. After totalling the scores for all 31 deficits,
the FI was calculated by dividing the total by the number of deficits assessed. This generated an

FI value between 0 and 1, where a higher number was indicative of a frailer mouse.

2.3 Samples used

2.3.1 RNA-Seq cohort selection

A total of eight female mice from the Howlett Lab tissue bank were selected for an
exploratory ribonucleic acid sequencing (RNA-Seq) study based on their FI scores. If the
investigators who conducted the FI scoring noted any observable kidney growths or

abnormalities, those mice were not included in this study.

Boxplots were created to assess the distribution of the ages and FI scores of the mice used

(Figure 2.3.1). Boxplots show the minimum and maximum values as well as the upper and lower
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quartiles, in which 25% of values fall above or below, respectively. The median represents the
midpoint of the data. Whiskers represent the upper and lower 25% of values. The interquartile
range represents the middle 50% of values. Mice with extreme FI values were chosen, generating
two groups of four mice each (Figure 2.3.1 A). The mice in both groups were selected to be of

similar age to look at frailty decoupled from aging (Figure 2.3.1 B).

Mean values and standard deviations were also calculated to assess the centre and spread
of the extreme FI groups. The first was a low FI group which had an average FI of 0.22 + 0.01
and an average age of 25.90 = 1.01 months. The second group was comprised of high FI mice
with a mean FI of 0.46 = 0.04 and an age of 25.50 £ 0.64 months. The ages of mice in the entire
cohort ranged from 24.6 - 26.7 months. The average age of the whole cohort was 25.67 + 0.81

months.
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Figure 2.3.1. FI scores differ between high and low FI groups, but age is approximately the

same.
Boxplots indicating A. Individual FI values of eight mice are plotted according to their
respective FI group (low FI: n = 4, high FI: n =4). B. Ages (in months) of individual mice are
plotted. Mice have been divided according to their FI group.
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2.3.2 gPCR cohort selection

Kidney tissue from 16 female mice provided by Dr. Howlett was used for quantitative
polymerase chain reaction (QPCR) experiments. A continuum of FI values was used to observe
trends in gene expression as FI increased. The goal was to create a calibration curve in which

gene expression can be used to predict FI.

Nine new mice with intermediate FI values were selected and divided amongst three mid
FI groups, with three mice per group. Additionally, the high and low FI mice from the RNA-Seq
cohort were also included in the qPCR cohort, with the exception of one sample. This sample,
which belonged to the high FI group, had insufficient ribonucleic acid (RNA) remaining for
qPCR assays. New RNA from the same kidney was extracted, but the sample was eventually
excluded due to differences in sample preparation. Therefore, only seven of the eight RNA

samples from the RNA-Seq cohort were used for qPCR.

The entire qPCR cohort was comprised of n = 16 samples divided into a low FI group (n
= 4), three mid FI groups (n = 3 each), and a high FI group (n = 3). Descriptive statistics,
including mean and standard deviation, were determined for the groups. The average FI score of
the low FI group was 0.22 + 0.01 and the average age was 25.90 £ 1.01 months. Mid FI 1 had a
mean FI of 0.33 + 0.00 and a mean age of 25.20 + 0.24 months. The mean FI and age of Mid FI
2 were 0.37 £ 0.00 and 24.90 + 0.54 months, respectively. The average FI score for Mid FI 3 was
0.40 £ 0.00 while the average age was 25.40 £ 0.69. Finally, the average FI for the high group
was 0.47 + 0.04 and the average age was 25.60 = 0.73 months. Overall, the mean age of the
entire qPCR cohort was 25.44 £ 0.70 months.

As with the original RNA-Seq study, mice belonging to the qPCR cohort were
approximately the same age to control for the effect of chronological age. Boxplots were
generated to observe the distribution of FI values and ages (Figure 2.3.2). While the FI values
differed between the FI groups (Figure 2.3.2 A), the ages of mice in all FI groups were
approximately the same, ranging from 24.43 — 26.7 months (Figure 2.3.2 B).
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Figure 2.3.2. FI scores are different between groups, but age is approximately the same.
A. Individual FI values of 16 mice are plotted according to their respective FI group (low FI: n
=4, mid FI 1: n =3, mid FI 2: n=3, mid FI 3: n =3, high FI: n=3). B. Ages (in months) of
individual mice are plotted. Mice have been divided according to their FI group.
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2.3.3 Enalapril study

Kidney tissue from 11 female mice provided by Dr. Howlett was used for gPCR
experiments. These mice belonged to a previous trial which explored the potential for enalapril to
attenuate frailty 2’. The control group consisted of five mice, and the treated group had six. All
mice were considered middle-aged. Mice were allowed to age naturally for nine months, at
which point the experiment began, and they received enalapril over the course of four months.
Across four months of treatment, the mean enalapril dose was 29.7 = 1.7 mg/kg/day for females
27, The experimental design is depicted in Figure 2.3.3. Significant differences in average FI

scores between the control and drug group were assessed using a t-test.
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Figure 2.3.3. Enalapril study timeline in middle-aged female mice.

Timeline depicting the experimental design for the enalapril study from Keller et al. 2’. The final
FI assessment occurred after four months of enalapril treatment when the mice were 13 months
of age. At 13 months, the kidneys were harvested for further experimentation. FI = Frailty index.

Enalapril cohort

n =5 control and n = 6 treated mice Q@

Baseline FI Final FI
assessment and Assessment and
treatment begins organ harvest
0 months 10 months 12 months
| I |
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Created in BioRender.com bio
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2.3.4 Takemon et al. transcriptomics dataset

Takemon and colleagues produced transcriptomic data from mouse kidneys at six

months, 12 months, and 18 months of age 4

. Kidney tissue was obtained from 188 diversity
outbred (DO) mice, 93 females and 95 males '4. Expression of 22,259 genes was detected via
RNA-Seq using a 100-base pair (bp) single-end Illumina HiSeq 2500, and the raw data was made
publicly available 8. For the purposes of this thesis, data from the 93 female mice evaluated in
this study (33 mice at six months of age, 31 mice at 12 months of age, and 29 mice at 18 months
of age) were used to observe the transcriptional changes that occur in the aging kidney. Raw
messenger RNA (mRNA) counts were downloaded as a comma-separated value file to be used

for future analysis 43,

2.4 Tissue pulverization

Intact kidneys, which had been stored at -80°C, were weighed and then cryopulverized
using a mortar and pestle as described below. The mortar and pestle were chilled with liquid
nitrogen (LN32) prior to pulverization. An individual kidney was placed in the mortar with LN
and tapped gently with the pestle to create small pieces. These pieces were then ground into a
fine powder. LN; was replenished as necessary throughout the process to ensure tissue remained
frozen. The homogenized ground tissue was then transferred using a spatula to a 2 mL cryotube
which was chilled on dry ice. The powdered tissue was stored at -80 °C until used. The mortar,
pestle, and spatula were bleached, sprayed with RNaseZap™ RNase Decontamination Solution
(Thermo Fisher Scientific, Cat. No. AM9780), and then rinsed with distilled water between each

use.
2.5 Total RNA extraction
Two different RNA extraction protocols were carried out. A Zymo kit was used to isolate

RNA to be used for RNA-Seq. Subsequently, a Qiagen kit was used to extract RNA to be used
for qPCR assays. Both methods are described below.
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2.5.1 Zymo extraction

To isolate RNA using the Zymo Direct-zol™ RNA MiniPrep Plus kit (Cedarlane, Cat.
No. R2070), 40-50 mg of pulverized tissue was weighed and added to a nuclease-free two mL
centrifuge tube followed by the addition of 800 uL of QIAzol lysis reagent (Qiagen, Cat. No.
79306). The tissue was lysed using a combination of vortexing and mechanical disruption with a
mini pestle. Once the tissue was sufficiently lysed, the tubes were centrifuged (IEC Micromax) at
13,000 x g for one min. The supernatant was transferred to a new two mL centrifuge tube, and
the pellet was discarded. Then, 800 uL of anhydrous ethanol (Commercial Alcohols, Car. No.
POO6EAAN) was added to the tube and contents were mixed by pipetting up and down. The
mixture was transferred, 700 pL at a time, to the Zymo-Spin™ IIICG Column, which had been
placed in a fresh collection tube. The column was centrifuged between each transfer at 13,000 x
g for 30 sec, discarding the flow through. The column was washed by adding 400 pL of RNA
wash buffer and centrifuging at 13,000 x g for 30 sec. Treatment with DNase I (provided in the
kit) was completed by adding 5 pL of DNase to 75 pL of DNA Digestion Buffer and mixing. The
DNase I mixture was added to the column and incubated at room temperature for 15 min. Twice,
400 pL of Direct-zol™ RNA PreWash was added to the column and centrifuged at 13,000 x g for
30 sec, discarding the flow-through in between. A final wash was performed by adding 700 pL of
RNA Wash Buffer to the column and centrifuging at 13,000 x g for one min. Then, the column
was transferred to a new nuclease-free tube. To elute the RNA, 50 uL of DNase/RNase-Free
Water was added to the column and centrifuged at 13,000 x g for 30 sec.

2.5.2 Qiagen extraction

To isolate RNA using the RNeasy Mini kit (Qiagen, Cat. No.74104), 10-20 mg of
pulverized tissue was weighed and added to a nuclease-free two mL microcentrifuge tube.
Before proceeding with the manufacturer’s directions, ten pL of 2-mercaptoethanol (Millipore
Sigma, Cat. No. M7154) was added for every 1 mL of RNA lysis buffer, and four volumes of
anhydrous ethanol was added to the secondary RNA wash buffer. Additionally, anhydrous
ethanol was diluted to 70% using nuclease-free water (Thermo Fisher Scientific, Cat. No.

AMO9935). To begin, tissue was disrupted in 600 pL of RNA lysis buffer by pipetting up and
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down and homogenizing with a mini pestle. The lysate was centrifuged at 8,000 x g for five min.
For samples that were poorly lysed, an additional 200 pL of RNA lysis buffer was added, passed
through a 20-gauge syringe 15 times, and spun again at 8,000 x g for three min. The supernatant
was removed and added to a new two mL nuclease-free microcentrifuge tube. One volume of
70% ethanol was added to the lysate and was mixed by pipetting. The mixture was then
transferred in 700 pL portions to an RNeasy Mini spin column, which was placed in a collection
tube. The column was centrifuged at 8,000 x g for 15 sec, discarding the flow-through between
transfers. Then, 350 uL of RNA wash buffer was added to the column and centrifuged at 8,000 x
g for 15 sec, discarding the flow-through. Ten pL of DNase I was mixed with 70 pL of DNase
digestion buffer from the RNase-Free DNase set (Qiagen, Cat. No. 79254) and was centrifuged
briefly at 8,000 x g. The DNase I mixture was added to the column and left to incubate at room
temperature for 15 min. Next, 350 pL of RNA wash buffer was added to the column, and it was
centrifuged at 8,000 x g for 15 sec. Twice, 500 pL of secondary RNA wash buffer was added to
the column. The column was centrifuged at 8,000 x g for 15s after the first addition and for two
min after the second addition. The column was then placed in a new 2 mL collection tube and
was spun at 8,000 x g for one min to dry the membrane. To elute, the column was placed in a 1.5
mL collection tube, and 50 pL of RNase-free water was added. After waiting five min, the
column was spun at 8,000 x g for one min. The flow-through was removed and passed through

the column again by centrifuging for 8,000 x g for another minute.
2.5.3 Quantification of RNA concentration using NanoDrop

To quantify RNA concentration, one to two uL of eluted RNA was read on a NanoDrop
(Thermo Fisher Scientific, ND-1000) using DNase/RNase-free water as a blank. After obtaining
concentrations, 260/280 ratios, and 260/230 ratios, the RNA was stored at -80°C for future use.

2.6 RNA sequencing

2.6.1 Assessment of RNA concentration and quality using Bioanalyzer
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RNA concentration and quality were assessed on an Agilent 2100 Bioanalyzer. The RNA
6000 Pico Kit (Agilent, Cat. No. 5067-1513) was used according to the manufacturer’s
directions. Before use, the RNA ladder was heat denatured for two min at 70°C and then cooled
on ice. Ninety pL of RNase-free water was added to the vial and mixed by vortexing. Aliquots
were stored at -80 °C. To prepare the gel, 550 uL of RNA 6000 Pico gel matrix was placed in a
spin filter and spun in a centrifuge for ten min at 1500 x g. The gel was aliquoted in 65 L.
volumes and stored at 4 °C. Prior to running the Bioanalyzer, the ladder was thawed, kept on ice
and all reagents were allowed to equilibrate to room temperature for 30 min. To prepare for the
assay, the Bioanalyzer electrodes were cleaned by closing the lid over a chip containing 350 pL
of RNaseZap for one min and then 350 pL of RNase-free water for ten sec. The lid was opened
and left to dry for ten sec. To prepare the gel-dye matrix for use, the RNA 6000 Pico dye
concentrate was vortexed for ten sec and spun down. One pL of the dye concentrate was added
to a 65 pL aliquot of the filtered gel. The contents of the tube were vortexed to mix thoroughly.
Next, the tube was spun for ten minutes at 13,000 x g at room temperature. To load the gel-dye
mix, a new RNA chip was placed on the chip priming station. Nine pL of gel-dye mix was
pipetted into the bottom of the RNA chip. On the chip priming station, the plunger was
positioned at the 1 mL mark. The priming station was closed, and the plunger of the syringe was
depressed until it was held by the clip. After 30 sec, the plunger was released and moved back to
the 0.3 mL mark. After five sec, the plunger was slowly pulled to the 1 mL mark. The priming
station was opened, and nine pL of gel-dye matrix was pipetted in gel-dye wells. Nine pL of
RNA 6000 Pico conditioning solution and five uL of RNA 6000 Pico marker were added to wells
on the chip. One pL of RNA Pico ladder was loaded into the ladder well. Then, one pL of each
sample was added to the sample wells, and the chip was vortexed for one min at 2400 rpm (IKA
Basic Vortex Mixer). The chip was placed into the Bioanalyzer, the lid was closed, and the
“Eukaryote Total RNA Pico" assay was run. RNA integrity values (RIN) were determined by
calculating the 18S to 28S band ratio '*°. RIN values were used to assess RNA quality.

2.6.2 Quantification of RNA concentration using gel electrophoresis

Electrophoresis separation of RNA was performed by preparing a 1.2% agarose gel

using 1.2 g of UltraPure™ Agarose-1000 (Thermo Fisher Scientific, Cat. No. 16550100)
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dissolved in 100 mL of 1X Tris-acetate-ethylenediaminetetraacetic acid buffer (TAE buffer: Tris-
base, glacial acetic acid, EDTA). The melted agarose was poured into a gel tray with a comb in
place. Once the gel was prepared, four puL of RiboRuler High Range RNA Ladder (Thermo
Scientific, Cat. No. SM1821) was added. Four pL. of RNA sample was mixed with five pL of 2X
RNA Loading Dye Solution (Thermo Fisher Scientific, Cat. No. R0641) and one pL of ethidium
bromide. The samples were heat denatured for five min at 65 °C and then chilled on ice for five
min before loading. Electrophoresis was performed at 50 Volts for 60-90 min. The ChemiDoc™

XRS+ Imaging System (BioRad) was used for RNA visualization and imaging.

2.6.3 Ribosomal RNA depletion

Estimations of RNA concentration via NanoDrop, Bioanalyzer, and RNA gel
electrophoresis were used to determine how samples would be diluted prior to ribosomal RNA
(rRNA) depletion and library preparation. The ribosomal component of each RNA sample was
depleted using the NEBNext® rRNA Depletion Kit (New England BioLabs, Cat. No. E7405L)
following the manufacturer’s directions. Briefly, samples were diluted to 400 ng of RNA in 11
uL of nuclease-free water in a 200 pL thin-walled polymerase chain reaction (PCR) tube. The
RNA/probe hybridization reaction master mix containing two uL of NEBNext® v2 rRNA
Depletion Solution and two pL of NEBNext® Probe Hybridization Buffer per RNA sample was
assembled on ice in a 1.5 mL tube. Four pL of the master mix was dispensed into each tube of
RNA, mixed thoroughly by pipetting up and down, and spun in a mini centrifuge. The tubes
were placed in a thermal cycler (Applied Biosystems™, SimpliAmp™) with a heated lid set to
105 °C. The thermocycler program was as follows: 95 °C for 2 min, ramp down to 22 °C ata
rate of 0.1 °C/sec, and then hold at 22 °C for five min. After the program was complete, the tubes
were spun down and placed on ice. Next, the RNase H digestion reaction was prepared on ice.
The RNase H master mix contained two pL. of NEBNext® RNase H Reaction Buffer, two pL of
NEBNext ® Thermostable RNase H, and one pL of nuclease-free water per RNA sample. The
master mix was mixed thoroughly by pipetting, then spun down, and five uL was dispensed into
each RNA sample. The sample tubes were mixed, spun, and incubated in the thermocycler for 30

min at 50 °C with a heated lid set to 55 °C. After, the tubes were centrifuged and placed on ice.
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The samples were treated with DNase I again to eliminate any trace of DNA. For this, the
master mix containing five pL of DNase I Reaction Buffer, 2.5 pL of NEBNext® DNase I, and
22.5 puL of nuclease-free water per RNA sample was prepared on ice. After mixing and spinning,
30 pL of the DNase I master mix was added to each tube of RNA. The tubes were mixed by
pipetting, spun, and incubated in the thermocycler for 30 min at 37 °C with a heated lid set to 40
°C. The samples were then spun and placed on ice. Next, the RNA samples were purified using
NEBNext® RNA Sample Purification Beads. RNA samples were transferred to fresh 1.5 mL
tubes, and 90 pL of beads were added to each RNA sample, then samples were mixed by
pipetting. RNA samples were incubated on ice for 15 min to allow the RNA to bind to the beads.
Next, the tubes were placed on a magnetic rack, allowing the beads and supernatant to separate.
Once the solution became clear, the supernatant was carefully removed and discarded, ensuring
the beads were not disturbed. While the tubes were on the magnetic rack, 200 uL of 80% ethanol
prepared from anhydrous ethanol was added to each tube and incubated at room temperature for
30 sec, then the supernatant was removed and discarded. This wash was repeated once. Residual
ethanol was removed, and the beads were allowed to air dry for five min by leaving the tube lids
open, being sure to avoid over-drying the beads (ensuring they were glossy and dark brown).
Tubes were removed from the rack, and the RNA was eluted with seven pL of nuclease-free
water. This was accomplished by mixing and then incubating for two min at room temperature.
The tubes were transferred back to the magnetic rack and left for about two min until the solution
cleared. Five uL of supernatant containing the RNA was removed and transferred to a 200 uL
nuclease-free tube. Tubes were immediately placed on ice and stored at -80 °C until proceeding

with library preparation.

2.6.4 Library preparation

Library preparation of rRNA-depleted samples was completed using the NEBNext®
Ultra II Directional RNA Library Prep Kit for Illumina (New England BioLabs, Cat. No.
E7765S) according to the manufacturer’s directions. All reactions were carried out on ice unless
stated otherwise. Beginning with RNA fragmentation and priming, the master mix was prepared
by adding four pL of NEBNext® First Strand Synthesis Reaction Buffer, one pL of Random

Primers, and five pL of nuclease-free water per RNA sample to a 1.5 mL tube. The master mix
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was mixed thoroughly by pipetting, and five uL was dispensed into each rRNA-depleted sample.
The contents of each sample tube were mixed and then placed in the thermocycler at 94 °C for 8
min as per the directions for partially degraded RNA (RIN = 2 to 7). The priming master mix
was assembled by combining 8 pL of NEBNext® Strand Specificity Reagent and two pL of
NEBNext® First Strand Synthesis Enzyme Mix per sample in a 1.5 mL tube and mixing
thoroughly. Ten pL of the master mix was added to the primed RNA samples, pipetting to mix.
Samples were incubated in a thermocycler with a pre-heated lid (80 °C) for 10 min at 25 °C, 15
min at 42 °C, 15 min at 70 °C, and then held at 4 °C. The second strand synthesis master mix
was prepared by adding eight uL of NEBNext® Second Strand Synthesis Reaction Buffer with
Deoxyuridine Triphosphate Mix (included in the kit), four pL of NEBNext® Second Strand
Synthesis Enzyme Mix, and 48 pL of nuclease-free water per sample to a 1.5 mL tube and
mixing thoroughly. Sixty pL of the master mix was added to the first strand synthesis product.
Tubes were incubated for one hour at 16 °C without the heated lid. After incubation, RNA

samples were transferred to new 1.5 mL tubes.

The newly made complementary DNA (¢cDNA) was purified by adding 144 pL of
NEBNext® Sample Purification Beads to the samples. Tubes were vortexed and then incubated
for five min at room temperature. The tubes were spun briefly to collect the sample, then placed
on a magnetic rack to separate the beads from the supernatant. Once the solution cleared, the
supernatant was removed and discarded, leaving the cDNA bound to the beads. Eighty % ethanol
was prepared fresh from anhydrous ethanol, and 200 pL. was added to each tube and was left to
incubate for 30 sec at room temperature. The supernatant was discarded, and the wash step was
repeated. Beads were allowed to air dry for five min on the rack with the tube lid open. Next,
tubes were removed from the magnetic rack, and DNA was eluted by adding 53 pL of 0.1X Tris-
EDTA (TE) buffer (provided in the kit). Beads were vortexed, spun down at high speed, and
incubated for two min at room temperature. Tubes were placed back on the rack, allowing the
solution to clear. Fifty uL of the supernatant was removed and transferred to a new 200 uL.
nuclease-free tube. Purified cDNA was stored at -20 °C overnight before carrying out the end

prep reaction on the following day.
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The end prep reaction includes end repair and dA-tailing. End repair involves the
conversion of fragmented DNA to blunt-ended DNA with 5’ phosphates and 3’-hydroxyls. dA-
tailing prevents concatemer formation during the subsequent ligation steps by incorporating a
non-templated deoxyadenosine monophosphate on the 3 end of a blunt DNA fragment. The end
prep reaction master mix contained seven pL of NEBNext® Ultra II End Prep Reaction Buffer
and three uL of NEBNext® Ultra II End Prep Enzyme Mix per cDNA sample. The master mix
was mixed, and ten pL was dispensed into each sample. After mixing and spinning down,
samples were incubated in a thermocycler with the heated lid set to 80 °C. The program was run
for 30 min at 20 °C, and 30 min at 65 °C, and then the samples were held at 4 °C. Next, the
ligation reaction was carried out. For 400 ng input of RNA, the NEBNext® Adaptor was diluted
five-fold with the Adaptor Dilution Buffer. The ligation master mix was prepared by adding and
mixing 1 uL of NEBNext® Ligation Enhancer and 30 uL of NEBNext® Ultra II Ligation Master
Mix for each sample. Then, 2.5 pL of the diluted adaptor was added to the samples. This was
followed by the addition of 31 pL of the ligation master mix, and then the samples were mixed
thoroughly by pipetting. After spinning, the tubes were incubated in the thermocycler for 15 min
at 20 °C. Following this, three pL of the USER Enzyme was added. Then, tube contents were

mixed, and the tubes were incubated for 15 min at 37 °C with a heated lid set to 50 °C.

The ligation reaction was purified using NEBNext® Sample Purification Beads. First, the
ligation reactions were transferred to new 1.5 mL tubes. Then, 87 pL of beads were added to
each tube, vortexing the contents, and incubated at room temperature for ten min. Tubes were
spun and placed on the magnetic rack. After allowing the solution to clear for approximately five
min, the supernatant was collected and discarded. Next, 200 uL of 80% ethanol was added to
each tube and left to incubate for 30 sec at room temperature. The supernatant was removed and
discarded. This wash step was repeated a second time before removing all residual ethanol and
air drying the beads for five min. Tubes were removed from the magnetic rack, and DNA was
eluted using 17 pL of 0.1X TE. The tubes were vortexed and incubated for two min at room
temperature, then placed on the rack to allow the solution to clear. Without disturbing the bead

pellet, 15 puL of supernatant was transferred to a clean PCR tube.
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PCR enrichment was completed using NEBNext® Multiplex Oligos for [llumina® (New
England BioLabs, Cat. No. E7335S). Twenty-five pL of NEBNext® Ultra II Q5 Master Mix and
five uL of Universal PCR Primer/i5 Primer per sample were added to a 1.5 mL tube and mixed.
Thirty uL of the master mix and five uL of unique primer (Index (X) Primer/i7 Primer) was
added to each of the samples. Samples were placed in a thermocycler with a heated lid set to
105°C for PCR amplification. The program included one cycle at 98 °C for 30 sec, 11 cycles at
98 °C for 10 sec and 65 °C for 75 sec, one cycle at 65 °C for 5 min, and ended by holding at 4
°C. The PCR reaction was transferred to 1.5 mL tubes, and 45 pL of NEBNext® Sample
Purification Beads were added to each tube, vortexing to mix. Tubes were incubated for five min
at room temperature, spun, and then placed on the magnetic rack. The beads were allowed to
separate from the supernatant for five min; then the supernatant was removed and discarded
without disturbing the beads. While they were on the magnetic rack, 200 pL of 80% ethanol was
added to each tube and incubated at room temperature for 30 sec before discarding the
supernatant. This wash was repeated once. Residual ethanol was removed, and the beads were
allowed to air dry for five min by leaving the tube lids open, avoiding over-drying the beads.
Tubes were removed from the rack, and DNA was eluted with 23 pL of 0.1X TE; then, the
contents were mixed by pipetting, spun down, and incubated for two min at room temperature.
Next, tubes were transferred back to the magnetic rack and left for about two min until the
solution cleared. Twenty puL of supernatant containing the DNA library was removed and

transferred to a new PCR tube.

2.6.5 DNA library quality check using Bioanalyzer

DNA quality was assessed on an Agilent 2100 Bioanalyzer. The DNA 1000 Kit (Agilent,
Cat. No. 5067-1504) was used according to the manufacturer’s directions. Before the assay, the
Bioanalyzer electrodes were cleaned by closing the lid over a chip containing 350 pL of
deionized water for ten sec. The lid was opened and left to dry for ten sec. To prepare the gel-dye
matrix, the DNA dye concentrate, and DNA gel matrix were allowed to equilibrate to room
temperature. The dye concentrate was vortexed and spun down. Twenty-five pL of the dye
concentrate was added to a DNA gel matrix vial and vortexed. The gel-dye matrix was added to

the top of a spin filterer which was centrifuged for 15 min at room temperature at 2500 x g. A
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new DNA chip was placed on the chip priming station. Nine pL of gel-dye mix was pipetted into
the bottom of the DNA chip. The plunger on the chip priming station was positioned at the | mL
mark. Then, the chip priming station was closed, and the plunger of the syringe was depressed
until it was held by the clip. After 60 sec, the plunger was released and moved back to the 0.3 mL
mark. After five sec, the plunger was slowly pulled to the one mL mark. The priming station was
opened, and nine pL of gel-dye matrix was pipetted into the wells of the chip. Five uL of DNA
marker was added to the ladder well and to each of the 12 sample wells. One pL of DNA ladder
(supplied) was added to the ladder well, and one pL of the DNA library samples was added to
the sample wells. One pL of deionized water was added to the unused wells. The chip was
vortexed for 60 sec at 2400 rpm (IKA Basic Vortex Mixer). Finally, the chip was placed into the
Bioanalyzer, the lid was closed, and the “DNA 1000” assay was run. The electropherogram was

checked to verify a narrow distribution with a peak size of approximately 200 bp.

2.6.6 DNA library quality check using gPCR

The concentration of the DNA libraries was assessed via qPCR using the NEBNext®
Library Quant Kit for [llumina® (New England BioLabs, Cat. No. E7630S) according to the
manufacturer’s directions. Briefly, reagents were thawed and mixed. The NEBNext® Library
Quant Buffer Mix was prepared by adding 100 uL of Primer Mix to the 1.5 mL tube of Master
Mix. The 10X NEBNext® Library Quant Dilution Buffer was diluted 1:10 with nuclease-free
water (Thermo Fisher Scientific, Cat. No. AM9935) and was mixed by vortexing. An initial
1:1,000 dilution of each library sample was prepared by adding one pL of the sample to 999 pL
of 1X Dilution Buffer. Two serial dilutions were completed for each sample (1:10,000, 1:10,000)
using the 1:1,000 dilution. For the PCR reaction, four pL of the DNA standards (NEBNext®
Library Quant DNA Standards) or four pL of diluted library sample was added to 16 pL of
Master Mix (with primers). The DNA standards and library sample reactions were run in
triplicate. A no-template control was made with four pL of 1X dilution buffer and 16 pL of
Master Mix (with primers). Reactions were mixed by pipetting. The plate was sealed and
centrifuged at approximately 3000 x g for two min. The qPCR assay was run in a LightCycler
480 (Roche Diagnostics Canada) with the SYBR setting. The cycling conditions included an
initial denaturation cycle at 95 °C for 1 min, then 35 cycles at 95 °C for 15 sec and 63 °C for 45

41



sec. To analyze the data, concentrations of the six NEBNext® Library Quant DNA standards
were annotated. The concentrations of the diluted libraries (in triplicate) were obtained using the
standard curve generated by the DNA standards. The average concentration of the 1:10,000 and
1:100,000 triplicate dilutions was calculated. Concentrations were adjusted using the average
size of the DNA library and normalizing using the standard fragment size (399 bp). The
concentration of the undiluted library stock was determined by multiplying by the appropriate

dilution factor.

2.6.7 Sequencing and mapping

Libraries were sequenced on an Illumina Nextseq550 platform using a high-output flow
cell (Illumina, Cat. No. 20024907), yielding up to 60 million reads per sample. Unmapped reads
were received from the sequencing facility (National Research Council, Ottawa) in FASTQ
format. These raw sequence reads were mapped to the mm10 mouse genome using a splice-
aware algorithm, Spliced Transcripts Alignment to a Reference (STAR) '3°. The STAR
algorithm works by searching for Maximal Mappable Prefixes (MMPs), the longest sequences
that exactly match one or more locations of the reference genome !*°. Different parts of a read
are mapped in separate portions which are referred to as seeds '°!. Therefore, the first MMP is
seedl. Then, the unmapped portion of a read will then be considered, and the next longest
sequence in that read, which matches the genome (the next MMP), will be seed2. STAR stitches
together separate seeds to create a complete read. Seeds are stitched through a process of
clustering based on proximity and scoring based on the number of mismatches and gaps '>°.
Unlike other methods, STAR uses local alignment eliminating the need for a trimming step !>2.
When it is not able to find an exact sequence match, MMPs are extended. If extensions do not
provide a good alignment, poor-quality reads, and adaptor sequences are soft-clipped by STAR
152 The aligned Binary Alignment Map (BAM) files were exported from STAR, and then counts
were quantified by HTSeq using ENSEMBL GrCm39.109 gene coordinates 133154, HTSeq gives
a read count associated with a gene by reporting how many aligned reads overlap its exons >4, A

file containing raw counts was exported for further analysis.

2.7 RNA-Seq data analysis and statistics
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Raw mRNA counts from my RNA-Seq study and from Takemon et al. were analyzed
using RStudio Bioconductor packages and code written in-house !>, Briefly, the RNA-Seq data
files (containing raw counts and ENSEMBL gene identifiers) and the sample metadata files were
imported into RStudio. Counts per million (CPM) were obtained by dividing raw counts by the
sum of the library (total library size) and multiplying by 1 million. Genes were filtered by the
following criteria: (a) Only genes with at least 0.5 CPM in at least two of the samples were kept
for further analysis, and (b) only genes whose expression summed to be greater than or equal to
one when added across all samples were kept. Normalization factors were calculated and used
for the weighted trimmed mean of M-values (TMM). TMM trims off the most highly variable
genes and uses the normalization factor to adjust for library size 1°. CPM was then transformed

into Log> counts per million (Log2CPM).

2.7.1 Frailty analysis

Analysis of my data began with principal component analysis (PCA). PCA allows for the
visualization of sample similarity in two-dimensional space by reducing a large dataset to a
smaller one containing only the most important information. This is achieved by computing a
covariance matrix and determining the principal components (PCs) which represent directions of
the data which explain the most variance. Genes were sorted based on their variance, and the top
3000 most variable coding and non-coding genes from the kidney (Appendix A) were used for
PCA plots. Ninety-five % confidence ellipses were constructed around a group mean point and
were used to visually indicate the certainty with which a sample can be said to belong to its

respective FI group.

A list of all known mouse metabolic genes was retrieved from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and was converted to ENSEMBL identifiers 7. The
genes in the RNA-Seq data file were matched to the complete list of mouse metabolic genes.
From this point forward, analyses were completed using all metabolism-related genes, beginning
with another PCA. Then, a linear model was constructed according to the Linear Models for

158

Microarray and RNA-Seq Data (Limma) user guide "°°. The voom transformation was applied to
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the normalized and filtered counts based on the previously constructed design matrix. The design
matrix was specified for a single explanatory variable and excluded an intercept term !>
Following this, a differential expression analysis was carried out via the Limma pipeline . To
determine differentially expressed genes, a moderated t-statistic was used. This is like an
ordinary t-statistic, but it uses a Bayesian model to moderate the standard errors across genes by
taking the ratio of the log Fold-Change (Log2FC) to the standard error 8. P-values were
generated from the moderated t-statistic, and adjusted p-values were calculated using Benjamini
and Hochberg's false discovery rate (FDR) 6!, Volcano plots were created by plotting -logio of
the adjusted p-values against the Log>FC of the metabolic genes. Differentially expressed
metabolic genes (DEMGs) were determined using an arbitrary LogoFC cut-off of >2. A heatmap
was used to visualize changes in DEMG expression and relationships between the samples. Z-
score normalization was carried out on the Log> normalized read counts across samples for each
gene. Z-scores were computed for each row by subtracting the mean expression value and
dividing by the standard deviation. One minus Pearson correlation distance with average linkage
was used to compute distances between samples, and clustering was performed using Euclidean
distance with Ward’s linkage. Following this, the TMM-normalized Log>CPM of the DEMGs
was used to create boxplots showing gene expression according to FI group. Statistical
differences in gene expression between high and low FI groups were evaluated using a t-test. The
DEMGs were also used for Gene Ontology (GO) enrichment analysis. The gene list of interest
(containing the seven DEMGs) was mapped to the GO database to determine which GO terms
are significantly enriched in the gene list compared to the background genes. The background
genes used included all coding and non-coding genes that were identified in the mouse kidney
via RNA-Seq. A one-sided Fisher’s exact test was used to determine which GO attributes were
enriched. P-values, adjusted p-values, and g-values were reported. P-values were calculated

using a hypergeometric distribution:

pilee

i=0
Here, N represents the number of background genes, M is the number of genes annotated
to the gene set of interest, n is the number of genes in the list of interest, and k is the number of

genes from the list of interest that are annotated to the gene set. The FDR correction was applied
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to adjust p-values for multiple comparisons. The g-value is an analogue of the FDR known as the

positive false discovery rate (pFDR) 2, Q-values represent the rate of false positives.

2.7.2 Aging analysis

After filtering and normalizing the Takemon et al. data, analysis involved creating
boxplots in which gene expression, in LogoCPM, was plotted against age, in months. Statistical
differences in mean mRNA expression with age were determined using a one-way Analysis of
Variance (ANOVA). Since the sample sizes of each group were unequal, the Tukey-Kramer post-
hoc test was used. First, absolute mean differences were calculated between each pairwise
comparison. Next, a critical Q value (Q) was determined from a Studentized Range Distribution
according to the number of treatments and degrees of freedom. The critical range was determined

using the following calculation, which assumes the groups have equal variance:

MSGTTDT + MS@TTOT‘

n; nj

Critical range = Q >

MSerror is the mean square error, and n; and nj denote the sample size of each group.
Finally, the critical range was compared to the absolute mean differences. If the absolute mean
difference was greater than the critical range, it was concluded with 95% confidence that there

was a significant difference between the groups compared.

2.8 Quantitative polymerase chain reaction

2.8.1 Primers used in this study

Peptidylprolyl isomerase A (Ppia) and Hypoxanthine guanine phosphoribosyl transferase
(Hprt) were chosen as reference genes, given their stability in C57BL/6NCrSlc female mouse
gonads !9, Primer sequences for Hdc, Akricl8, Ugtla9, Ugtlal0, Cyp4al2a/b, Ppia, and Hprt
were publicly available on the OriGene website (Table 2.1) 194, Sequences for Pla2g12b were
obtained from a previously published study (Table 2.1) 9. Primers had approximately the same

melting temperature (~60 °C). Sequences were submitted to the National Center for
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Biotechnology Information (NCBI) Primer-BLAST database to ensure there were no unintended
targets 1%, Primers were purchased from Integrated DNA Technologies. Primers were
resuspended in an appropriate amount of molecular-grade water to make a 100 uM stock
solution. Tubes were vortexed and spun down. Ten pL of forward and 10 pL of reverse primer
stock were combined with 80 pL of molecular-grade water for a 10 uM solution containing both

the forward and reverse primers.
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Table 2.1. Primers used in this study

Gene Sequence Amplicon Source
size (bp)
Hdc For: 5>-GAGTACGCTGACTCCTTCACCT-3’ 142 OriGene
Rev: 5’- CAGAGTTGGCATGTCGGAGGTA-3’
Akrlcl8 For: 5’-CAGTGGATCTCTGTGACACATGG-3’ 149 OriGene
Rev: 5’- CTGGTTGCACACAGGCTTGTAC-3’
Pla2g12b For: 5’-GGTGTCGATATGGAAAGGCG-3’ 135 Ming et al.
Rev: 5’- AACACTTGGTCATTGCTGGG-3’ 165
Ugtla9 For: 5’>-TTGGTGGGATCAACTGCCTCCA-3’ 122 OriGene
Rev: 5’- CGGAATCTCTGAGACCATGGATC-3’
UgtlalO For: 5’>-GACAGACCTCTTTAGCCCAGTG-3’ 165 OriGene
Rev: 5’- CCAGAGGCGTTGACATAGGCTT-3’
Cyp4al2a/b For: 5’>-CAGAGTGTCCTCTAATGGCTGC-3’ 154 OriGene
Rev: 5’- GATGTCCAGGAAATCCAATCGCC-3’
Ppia For: 5’-CATACAGGTCCTGGCATCTTGTC-3’ 112 OriGene
Rev: 5- AGACCACATGCTTGCCATCCAG-3’
Hprt For: 5’-CTGGTGAAAAGGACCTCTCGAAG-3’ 146 OriGene

Rev: 5’-CCAGTTTCACTAATGACACAAACG-3’
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2.8.2 Genomic DNA removal

Genomic DNA (gDNA) contaminants were removed by treating RNA samples with the
RapidOut DNA Removal Kit (Thermo Fisher Scientific, Cat. No. K2981). Before proceeding
with the manufacturer’s directions, total RNA samples were diluted to 100 ng/puL with
molecular-grade water based on the concentrations obtained from the NanoDrop. Ina 1.5 mL
tube, 17 uL of RNA sample, 1 pL of DNase I, and 2 puL of 10X DNase buffer with magnesium
chloride were combined and vortexed. The samples were incubated for 30 min at 37 °C. DNase
Removal Reagent (provided) was vortexed until it was completely resuspended before adding 1
uL to each reaction. Tubes were left to incubate at room temperature for 2 min, mixing gently 2-
3 times. Tubes were centrifuged at 1000 x g for 1 min to pellet the DNase Removal Reagent. The

supernatant containing the cleaned RNA sample was transferred to a new PCR tube.

2.8.3 Reverse transcription

Total RNA was reverse transcribed using iScript Reverse Transcription Supermix for
reverse transcription polymerase chain reaction (BioRad, Cat. No. 1708841). To confirm that the
concentration of the RNA samples surpassed the lower limits of the kit (50 ng/uL), seven
samples were selected at random to read on the Nanodrop. Then, cDNA was generated as per the
manufacturer’s recommendations by adding 4 pL of iScript Reverse Transcriptase Supermix and
6 uL of molecular-grade water to 10 uL of RNA template. To generate a no-reverse transcriptase
control reaction, five RNA samples were randomly selected and combined with 4 uL of iScript
Reverse Transcription Supermix and 10 pL of molecular-grade water. The reaction mixes were
then incubated in a thermocycler for 5 min at 25 °C, 20 min at 46 °C, and 1 min at 95 °C. cDNA
sample concentration was measured using a NanoDrop, and samples were diluted with
molecular-grade water to 50 ng/uL accordingly. The amount of molecular-grade water added to
the cDNA samples was averaged to determine what volume to add to the no-reverse transcriptase

controls.

2.8.4 dPCR reaction
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For qPCR, the SensiFAST SYBR No-ROX Kit (FroggaBio, Cat. No. BIO-98005) was
used according to the manufacturer’s instructions. Reactions were carried out on 384-well PCR
microplates (Axygen, Cat. No. 321-73-071). First, master mixes of the appropriate volume for
the number of samples being tested were assembled. The master mixes contained the forward
and reverse primer solution for each gene which had been previously prepared. To an individual
well, 5 uL of SYBR, 0.8 uL of 10 uM forward and reverse primer mix, and 2.2 uL of molecular-
grade water were added. Eight uL of the master mix for each gene was dispensed, and then two
pL of the cDNA templates were added to the corresponding wells. Every plate had a positive
control (cDNA from tissue known to express the gene of interest), no-reverse transcriptase
control, and no-template control for each gene. All reactions were completed in triplicate. The
plate was covered in film and centrifuged (Beckman Coulter, Allegra 25R) at 2,000 x g for one
min. The reactions took place in a Roche LightCycler 480 (Roche Diagnostics Canada) with
polymerase activation at 95 °C for two min followed by 40 cycles of 95 °C for five sec, 60-65 °C

for 10 sec, and 72 °C for 10 sec. Fluorescence was measured at the end of each cycle.

2.8.5 Primer efficiencies

To assess primer binding, positive control tissue was used for primer efficiency
calculations. First, it was determined which organ expressed the genes of interest and reference
genes. Male mouse kidneys and livers were used since they have been shown to express these

167 Kidney tissue from male C57BL/6J mice was used as a positive control for Ppia,

genes
Ugtla9, Ugtlal0, and Cyp4al2a/b genes, while liver tissue from male C57BL/6J mice was used

for Hprt, Hdc, Akricl8, and Pla2gi2b.

RNA extracted from the positive control tissues was diluted to 100 ng/uL using
molecular-grade water. gDNA was removed, and the clean RNA concentration was determined
on a NanoDrop. Reverse transcriptase and no-reverse transcriptase reactions were carried out for
both tissues as previously described. cDNA concentration was measured on a NanoDrop before
diluting the samples to 500 ng/uL using molecular-grade water. A 1:10 serial dilution was
performed to give 500, 50, 5, 0.5, and 0.05 ng/uL of cDNA. Each dilution, a no-reverse

transcriptase control, and no template control for every gene was plated in triplicate and read in a
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LightCycler with the same program as above. Raw quantification cycle values (Cqs) from each
triplicate were averaged. If Cq values were inconsistent and/or close to 35, the point was
eliminated and not used in the subsequent slope calculations. Logio values were calculated for
each dilution where 500 ng/uL can be considered first value and be treated as “1”. The “slope”
function in Microsoft Excel was used to compute the slope of the regression between the Logio
values and the average Cqgs. Primer efficiency was calculated using the following formula:
Efficiency (%) = (107%/Slore — 1) x 100
Primer efficiency is expressed as a percentage, where 90-110% efficiency is generally

considered acceptable '8,

2.8.6 gPCR data analysis and statistics

Raw Cq values from all experiments were averaged, discarding any deviating values, to
generate a single Cq value for each gene of interest and reference gene. Delta Cq (ACq) values
were calculated by subtracting the Cq of the gene of interest from the mean Cq of the two
reference genes. The mean number of mRNA molecules present for the gene of interest relative
to the reference genes was determined by transforming the ACq values using the formula 249,
The transformed values were representative of the relative mRNA abundance for each treatment
group. The data were presented as a fold-change relative to mRNA abundance for low FI
samples, which were considered the reference group. A Log: transformation was applied to fold-

change data, generating LogoFC values.

When statistical significance between two FI groups was assessed, a t-test was used.
Statistical differences between more than two FI groups were evaluated using an ANOVA, and
post-hoc analysis was completed using the Tukey-Kramer method.

2.9 DNA gel electrophoresis

2.9.1 Agarose gel electrophoresis for gPCR product quantification
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Electrophoresis of DNA was performed by preparing a 1.5% agarose gel using 1.5 g of
Froggarose (FroggaBio, Cat. No A87-500G) dissolved in 100 mL of 0.5X TAE buffer. Five
uL of Invitrogen™ SYBR™ Safe DNA Gel Stain (Thermo Scientific, Cat. No. S33102) was
added to the melted agarose before pouring into a gel tray with a comb in place. Once the gel
was prepared, three puL of 1Kb plus DNA Ladder (FroggaBio, Cat. No. DM015-R500) was
loaded. To test the products of the qPCR reactions, sample triplicates were mixed together for a
total of 30 puL. Five pL of 6X loading dye (New England BioLabs, Cat. No. B7024S) was added
before loading 10 pL of the mixture into each well. Samples were subjected to electrophoresis
at 100 Volts for 30 min. The G:Box Imaging System (Syngene) was used for DNA visualization

and imaging.

2.9.2 Quantification of gPCR product in Image]

DNA bands were quantified in ImageJ by modifying a protocol typically used for the
quantification of Western Blots '%°. First, the picture of the DNA gel was transformed to
greyscale. In ImagelJ, the measurement criteria were specified by selecting only “Grey Mean
Value”. The gel image was imported into ImageJ, and a region of interest was defined by
drawing a rectangular frame over the largest band. Once the frame was properly sized, the
selection was named with the gene of interest and saved. Bands representing the reference genes
were also selected so they could be used as a loading control. For each gene, measurements were
taken beginning, with the first lane and using the region of interest for that band in all other
lanes. Additionally, a background measurement was taken by placing the frame somewhere
around the band where there were no stains on the image. Measurements for each gene were
recorded and exported into a spreadsheet in Microsoft Excel. Once all measurements were
collected, the pixel density was inverted by calculating 255 — X, where X is the value collected
from ImagelJ. Next, the net value was calculated by subtracting the inverted background from the
inverted band/loading control value. Once the net bands and loading controls were computed, the
ratio of the net band over the net loading control (reference gene) was calculated. The final
values were a relative quantification expressed as a ratio of the net band to net loading control.
The values for each sample were averaged to produce a mean value for the low and high FI

groups. A fold-change value was obtained by dividing the mean of the high FI group by the mean
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of the low FI reference group. Fold-change values were generated to compare results to qPCR.

Statistical differences between gel and qPCR results were evaluated using a t-test.

52



CHAPTER 3 RESULTS

Chapter three has been broken down into five sections that assess the objectives proposed
in this thesis. In the first section, I optimized RNA extraction techniques to be used for
subsequent experiments, including RNA-Seq and qPCR. The second section outlines the results
of an exploratory RNA-Seq study and proposes differentially expressed metabolic genes
(DEMGs), which may be associated with a high clinical FI (Objective 1). In the third section, I
show that the differentially expressed genes identified are unique to frailty and do not fluctuate
with age. Section four includes qPCR results in which differential metabolic gene expression is
validated in groups of mice with extreme and intermediate FI values (Objective 2). Finally,
section five aims to quantify frailty-related metabolic genes in mice treated with enalapril

(Objective 3).

3.1 RNA extraction standardization

The overall goal of this project was to identify genes that could be associated with the
clinical FI in a mouse model. To measure gene expression, total RNA was extracted from mouse
kidney tissue and used for molecular techniques. To optimize RNA extractions, several isolation
procedures were investigated using different kits, various starting tissue amounts and protocol
adjustments. Nanodrop measurements were used to assess RNA yield. Nanodrop 260/280 and
260/230 ratios were also used as they are indicators of RNA purity. Protein and phenol
contaminants can cause abnormal shifts in the 280 nm wavelength region. An optimal 260/280
ratio is ~2.0 17°, Abnormalities in the 230 nm region usually indicate regent contamination. An

optimal 260/230 ratio ranges from 2.0-2.2 179,

The results of the various RNA extractions are summarised in 7able 3.1. The first kit used
was the Zymo Direct-zol™ RNA MiniPrep Plus kit. I began by using 12 mg, 26 mg, and 40 mg
of kidney tissue. The RNA yield was 0.47, 0.19, and 0.97 ng/mg of tissue, respectively (Table
3.1). The 260/280 and 260/230 ratios from the extractions indicated contamination with proteins
and/or reagents. While performing these extractions, I noted that lysing kidney tissue was

challenging due to its fibrotic composition, likely reducing the RNA yield. A subsequent
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extraction with 20 mg of tissue was completed, ensuring that the kidney was lysed sufficiently
prior to loading the column by using a mini pestle. This extraction was more successful than the
previous, with 260/230 and 260/280 ratios closer to the optimal ranges. Additionally, 8.31 ng of
RNA was produced per mg of tissue (Table 3.1). To further improve RNA yield, an additional
proteinase K step was added to the Zymo kit protocol. Proteinase K is a reagent used to
inactivate nucleases that degrade RNA and digest unwanted proteins that contaminate nucleic
acid preparations. Unexpectedly, proteinase K digestion reduced the RNA yield to 4.00 ng of
RNA per mg of tissue. Still, excess tissue clogging the spin column was thought to decrease the
RNA yield and contaminate the sample. Alternatively, to reduce tissue buildup in the column, an
additional centrifugation step was performed after the tissue lysis, prior to loading the sample in
the spin column. Adding a centrifugation step produced better results than Proteinase K (Table
3.1). The 260/280 and 260/230 ratios from this isolation were near the optimal values, and the
RNA yield increased to 11.24 ng per mg of tissue (Table 3.1). Ultimately, the Zymo kit with an
additional centrifugation step was used to prepare RNA samples for RNA-Seq.

An alternative RNA extraction kit from Qiagen, the RNeasy Mini, was also investigated.
RNA was extracted from 10 mg and 19 mg of kidney tissue, yielding 21.31 and 14.37 ng/mg of
RNA, respectively. Furthermore, the 260/280 and 260/230 ratios were close to the accepted
values, indicating that there was no substantial contamination (Table 3.1). Therefore, using the
Qiagen kit as per the manufacturer’s instructions was deemed acceptable and was used to prepare

RNA samples for qPCR experiments.
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Table 3.1. Variables considered when selecting an RNA extraction protocol

Starting RNA Extraction Total RNA RNA/Tissue 260/280 260/230
Tissue Method Concentration ratio
(ng/uL) (ng/mg)

12mg  Zymo Direct-zol™ RNA 5.59 0.47 1.40 2.23
MiniPrep Plus

26 mg  Zymo Direct-zol™ RNA 4.82 0.19 1.32 1.24
MiniPrep Plus

40 mg  Zymo Direct-zol™ RNA 38.70 0.97 1.42 1.16
MiniPrep Plus

20mg  Zymo Direct-zol™ RNA 166.22 8.31 2.04 2.11
MiniPrep Plus (using mini
pestle)

20mg  Zymo Direct-zol™ RNA 79.95 4.00 2.02 2.16
MiniPrep Plus (adding
digestion with Proteinase
K)

20mg  Zymo Direct-zol™ RNA 224 .85 11.24 2.00 2.19
MiniPrep Plus (additional
centrifugation)

10mg  Qiagen RNeasy Mini 213.05 21.31 2.12 2.27

19mg  Qiagen RNeasy Mini 272.94 14.37 2.08 2.21
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3.2 High versus low FI comparison via RNA-Seq

3.2.1 Selection of RNA samples for sequencing

Two RNA extractions were performed using kidneys from each of the eight mice in the
RNA-Seq cohort. To determine which preparation would be used for sequencing, RNA sample
quality and concentration were considered. RNA quality was assessed via Bioanalyzer by
generating a RIN for each sample. The RIN gives an estimate of RNA degradation and is
calculated based on the ratio of 28S:18S rRNA %, This generated a value ranging from 1-10,
where a lower value indicates a more highly degraded RNA sample '*°. Typically, samples
should have a RIN of about 7-8 to be used for sequencing !7!. However, none of the RNA
extractions from any of my samples yielded a RIN within this range (Table 3.2.1). RIN
calculations rely on rRNA indicators which have a low correlation with RNA integrity 7.
Furthermore, the RIN is not a direct measure of mRNA, which is the genetic material used to

construct sequencing libraries !73. Therefore, I proceeded with sample selection based on RNA

concertation without considering the RIN.

RNA concentration was assessed via Nanodrop and Bioanalyzer reading(s). When
Nanodrop and Bioanalyzer concentrations varied greatly for some samples, an RNA agarose gel
was used to quantify the concentration of RNA by comparing band intensity to an RNA standard
ladder. For example, RNA preparation 1 and 2 of sample 111-1 had inconsistent concentration
readings (Table 3.2.1). Since there was disagreement between the Bioanalyzer and Nanodrop in
the first preparation (111-1 (1)), it was subjected to RNA agarose gel separation. Using the RNA
gel, the sample concentration was estimated to be ~ 200 pg/uL. Therefore, 111-1 (1) was chosen
for sequencing. The same approach was used for selecting samples F429 (2), 110 (2) and 103 (2).
The first preparation of sample 111-8 had a consistent concentration across the Bioanalyzer and
Nanodrop with an average of 256.60 pg/uL, which was deemed high enough to use for
sequencing. The Bioanalyzer and Nanodrop concentration readings for sample 115 (1) were
relatively high, averaging 433.59 ng/uL. Therefore, despite the variation in readings between the
individual methods (Nanodrop: 398.35 ng/uL and Bioanalyzer: 468.82 ng/uL), the lower
concentration of 398.35 ng/uL was assumed. Samples OF2 (1) and F82620 (1) both had

56



consistent concentration estimations from the Bioanalyzer and Nanodrop. OF2 (1) was more than
250 ng/uL, and F82620 (1) was more than 150 ng/uL, so these samples were selected for
sequencing. Overall, the RNA concentrations of the samples selected for RNA-seq ranged from

75 ng/uL to 398.35 ng/uL (Table 3.2.1).

The RNA samples selected for RNA-Seq had low RINs, so cDNA library construction
was completed according to guidelines for partially degraded RNA (RIN = 2-7). When a quality
check was performed for the DNA libraries, the Bioanalyzer report showed that the size of the
majority of the DNA in each sample was > 200 bp (Appendix B). The Illumina NextSeq550
sequencing system allows for read lengths of up to 2 x 75 bp when using a high-output flow cell.
Given that the sequencer does not read very long fragments, the quality of the DNA libraries was

deemed acceptable for RNA-Seq.
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Table 3.2.1. RNA-Seq sample quality and concentration

Sample Nanodrop Bioanalyzer Bioanalyzer Gel Concentration
(Extraction #) concentration concentration(s) RIN (ng/uL)
(ng/pl) (ng/pl)
111-1 (1)* 270.54 453.86 3.10 200
111-1 (2) 187.76 61.98/12.08 4/5.50
111-8 (1)* 258.64 254.56 NA
111-8 (2) 164.39 48.86/13.98 2.40/2.30
OF2 (1)* 289.40 280.78 NA
OF2 (2) 75.44 25.69/8.92 3.10/2.60
F429 (1) 161.84 184.67 NA
F429 (2)* 218.42 42.84 2.70 75
115 (1)* 398.35 468.82 2.30
115 (2) 401.72 37.09 2.30
110 (1) 174.13 151.97 5.60
110 (2)* 254.47 11.30 NA 125
103 (1) 188.56 479.16 2.70
103 (2)* 376.40 26.39 2.70 125
F82620 (1)* 174.51 165.57 NA
F82620 (2) 84.69 10.07 3.40

“Indicates RNA samples selected for RNA-Seq
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3.2.2 Principal component analysis

After mapping raw sequence reads and filtering low-count genes, 20,034 coding and non-
coding genes from the kidney tissue were identified by RNA-Seq. Gene counts were normalized,
at which point PCA was used to simplify the complex dataset computing PCs that account for the
greatest variation in the data. PCA scores plots show the clustering of samples based on their

similarity.

I identified the top 3000 most variable gene transcripts from the kidney (Appendix A). To
visualize the clustering of high FI and low FI mice, emphasizing maximal variation in gene
expression, I created scores plots with the top 3000 genes. In doing so, 76.6% of the cumulative
variance was explained by the first three PCs. Thus, looking at PCs one through three would
reduce the dimensionality of my RNA-Seq data and enable me to plot the relationship between
my samples in a 2-dimensional space. PCs 1, 2, and 3 explained 51.5%, 13.2%, and 11.9% of the
variance, respectively. Frailty information was projected on the plot to visualize the grouping of
high (red) and low (blue) FI samples. Visualizing PC1 and PC2 created groups in which 95%
confidence ellipses of high and low FI samples overlapped considerably (Figure 3.2.1 A).
However, plotting PC2 and PC3 produced groups of high and low FI samples in which the
ellipses overlapped less, and FI groups could be distinguished across PC3 (Figure 3.2.1 B).
Therefore, genes highly associated with the third PC could potentially be associated with frailty.

Having looked at the entire transcriptome, I was interested in further investigating
metabolic changes that occurred in the kidneys of mice with high FIs. To determine if metabolic
genes could explain a greater proportion of variance, I calculated principal components using
only genes related to metabolism. All 1,447 metabolic genes identified were used to carry out
PCA. Cumulatively, 80.6% of the variance was explained by PCs one, two, and three. These PCs
were used to generate scores plots. Grouping of samples according to FI was observed across the
first two dimensions. PC1 and PC2 accounted for 55.9% and 14.8% of the variation, respectively
(Figure 3.2.2 A). The third PC only explained 9.9% of the variance. Plotting the second and third
PCs resulted in overlapping 95% confidence ellipses and close proximity of samples belonging

to the opposing FI group (Figure 3.2.2 B). Based on the better differentiation of FI groups across
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dimensions 1 and 2 (Figure 3.2.2 A), frailty was more likely to be related to genes associated

with PC1 and PC2.
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Figure 3.2.1. The total transcriptomes of high and low FI mice are fundamentally different.
Total RNA from eight mouse kidneys was sequenced. The RNA-Seq samples were projected into
2-dimensional space based on the top 3000 most variable genes extracted from the total kidney
transcriptomics dataset using PCA. A. PC2 vs PC1 scores plot. PC1 explains 51.5% variance,
and PC2 explains 13.2%. There is some overlap of high FI (red dots) and low FI (blue dots)
samples. This is highlighted by the superimposed 95% confidence ellipses. B. PC3 vs PC2 scores
plot. 13.2% of explained by PC2 while 11.9% is explained by PC3. There is minimal overlap of
95% confidence ellipses, and high FI (red dots) and low FI (blue dots) samples are grouped
together.
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Figure 3.2.2. The metabolic transcriptomes of high and low FI mice are fundamentally
different.

Total RNA from eight mouse kidneys was used for RNA-Seq. The samples were projected into a
plane based on the expression of 1,447 kidney metabolic genes using PCA. A. PC2 vs PC1
scores plot. PC1 explains 55.9% variance, and PC2 explains 14.8%. There is little overlap
between high FI (red dots) and low FI (blue dots) samples. The superimposed 95% confidence
ellipses highlight the distinction between FI groups. B. PC3 vs PC2 scores plot. 14.8% of
explained by PC2 while 9.9% is explained by PC3. There is considerable overlap of 95%
confidence ellipses. High FI (red dots) and low FI (blue dots) samples are not clearly grouped.
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3.2.3 Differential expression analysis

After conducting PCA, I determined that the first three PCs calculated for the metabolic
genes explained a greater proportion of variance between the high FI and low FI samples than
the first three PCs calculated for the entire transcriptome (80.6% versus 76.6%). Therefore,
further analyses were carried out with only the 1,447 genes that were identified as being involved
in metabolism. First, a differential expression analysis was carried out to quantify and highlight
significant changes in gene expression between the high FI and low FI groups. This was
accomplished by conducting a moderated t-test, obtaining a p-value, and adjusting for false
discovery. A volcano plot was created to identify the differentially expressed genes. The volcano
plot appeared atypical because the -logio of the FDR-adjusted p-value for all genes was close to
zero (Figure 3.2.3 A). The adjusted p-values indicated a lack of statistical significance in the
expression of metabolic genes between the high and low FI groups, although many genes met the
arbitrary |[Log2FC]| cut-off of > 1 (Figure 3.2.3 A). Fold change alone can be used for the
identification of differentially expressed genes; it is calculated relative to a control (in this case,
low FI) and can sometimes provide a more biologically meaningful interpretation !74. Therefore,
a more stringent cut-off of [Log2FC| > 2 was set to identify a small panel of genes that differed
more greatly in their expression in the high FI mice compared to the low FI mice. Using this cut-
off, seven DEMGs were identified. These DEMGs were four times up or downregulated in high
FI compared to low (Figure 3.2.3 B, Table 3.2.2). Furthermore, all seven DEMGs belonged to
the subset of 3000 genes from the entire transcriptome that were said to be the most variable

(Appendix A).

The seven DEMGs identified include uridine 5'-diphosphate (UDP)
glucuronosyltransferase 1 family, polypeptide A9 (Ugtla9), UDP glycosyltransferase 1 family,
polypeptide A10 (Ugtlal0), cytochrome P450, family 4, subfamily a, polypeptide 12a
(Cyp4al2a), and cytochrome P450, family 4, subfamily a, polypeptide 12b (Cyp4al2b), histidine
decarboxylase (Hdc), aldo-keto reductase family 1, member C18 (4krici8), and phospholipase
Az, group XIIB (Pla2g12b) (Table 3.2.4).
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I created a heatmap to visualize the expression of the DEMGs across high and low FI
samples (Figure 3.2.4). Expression patterns indicated that Hdc, Akricl8, Ugtlia9, Ugtlal(, and
Pla2g12b are downregulated in the high FI group compared to the low FI group, whereas
Cyp4al2a and Cyp4al2b are upregulated. These patterns are relatively consistent for each gene

across the various samples within each FI group (Figure 3.2.4).

To verify these trends in gene expression, I plotted logz counts per million (Log2CPM) of
each gene for individual samples according to their FI group using the filtered and normalized
counts data from RNA-Seq (Figure 3.2.5). Statistical significance in expression differences
between the high and low FI groups was assessed using a t-test. Ugt/a9 and Ugtlal() were both
significantly downregulated in the high FI group (Figure 3.2.5 A-B). The average expression of
Ugtla9 was -2.02 £ 0.622 Log>CPM in the high FI group versus 0.59 £+ 0.44 Log>CPM in the
low FI group. The high FI group had an average of 0.70 + 1.48 Log2CPM for Ugtlal0 compared
to 3.53 £ 1.08 Log2CPM for the low FI group. Similarly, Hdc, Pla2g12b, and Akricl8 were also
significantly downregulated in the frailer group (Figure 3.2.5 E-G). The mean expression of Hdc
was 7.14 + 0.86 LogoCPM in the high group versus 9.15 £ 0.35 LogoCPM in the low group.
Expression of Pla2gi2b was -2.46 + 0.93 Log>CPM in the high group, while the low FI group
was averaged at -0.26 £ 1.03 Log2CPM. The average expression of Akrlcl8 was 3.15 £ 1.55
Log>CPM for the high FI group and 5.68 £ 0.70 LogoCPM for the low FI group. However, the
expression of both cytochrome genes was increased in the high FI group. Cyp4al2a was
significantly upregulated, with 2.34 + 0.26 Log>CPM being the average expression of the high
group and 0.33 £ 0.72 LogoCPM the average of the low group (Figure 3.2.6 C). The mean
expression of Cyp4al2b was also significantly higher in the high FI group (2.79 £ 0.12) than in
the low FI group (0.31 + 0.78, Figure 3.2.5 D). High FI mice showed Hdc, Akricl8, Ugtla9,
Ugtlal0, and Pla2g12b downregulation, whereas Cyp4al2a and Cyp4al2b were upregulated.
Taking these data together, there were significant differences in the expression of seven

metabolic genes between very frail and a less frail mice.
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Figure 3.2.3. Seven metabolic genes are differentially expressed after applying and fold-
change cut-off.

Volcano plots in which log: fold change (Log2FC) quantifies how much expression of each gene
has changed in the high FI group relative to the low FI group. The y-axis is the -logio of the False
Discovery Rate (FDR)-adjusted p-value (-Logio P adj) that was obtained via the moderated t-test
and corrected for multiple testing. Individual metabolic genes are represented by dots. A. Grey
dots indicate genes that are not significantly differentially expressed (p < 0.05) and did not meet
the set |[LogoFC| cut-off of > 1. Red dots indicate genes that are not significant (p < 0.05) but
have a |[LogoFC| of > 1. B. A more stringent |[Log>FC| cut-off of > 2 has been applied. Grey dots
indicate genes that are not significant (p < 0.05) and do not meet the set LogoFC cut-off. Red
dots with labelled gene names indicate non-significant genes with a [Log2FC| > 2.
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Table 3.2.2. Differential expression report

Average

Adjusted P-
Gene Log:FC Expression t P-Value
Value

(Log2CPM)
Cyp4al2b -2.529589 1.5228398 -4.570247  0.0005714427  0.6061950
Ugtla9 2.934064 -0.8632502 4318760  0.0008378645  0.6061950
Cyp4al2a -2.064811 1.3031535 -3.096998  0.0059336080  0.9999998
UgtlalO 3.052852 2.0838066 2.498864  0.0165464973  0.9999998
Hdc 2.039145 8.1436027 2.369284  0.0201865494  0.9999998
Pla2g12b 2.694692 -1.6276266 2.134420  0.0303649874  0.9999998
Akrlcl8 2 463428 4.4078491 2.126876  0.0305275506  0.9999998

t: outcome of the moderated t-test.
P-value: p-value from moderated t-test.

Adjusted p-value: false discovery rate (FDR) adjusted p-value.
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Figure 3.2.4. Top-most differentially expressed metabolic genes.

Heatmap of the most differentially expressed genes (defined as Log2FC| > 2) in the high FI
versus low FI comparison across eight samples from RNA-Seq. Each column corresponds to a
sample, and each row corresponds to a specific gene. A z-score normalization was performed on
the log> normalized read counts across samples for each gene. Z-scores were computed for each
row by subtracting the mean expression value and dividing by the standard deviation. The z-
score was used to plot the heatmap (blue = downregulated, red = upregulated).
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Figure 3.2.5. Metabolic genes are differentially expressed in FI groups.

Expression of metabolic genes shown as Log2CPM. Individual mice are plotted and grouped
according to FI. Unpaired t-tests have been carried out, comparing the mean expression in high
and low FI groups. A. Expression of uridine 5'-diphospho-glucuronosyltransferase 1 family,
polypeptide A9 (Ugtia9). ***p <=0.001. B. Uridine 5'-diphospho-glucuronosyltransferase 1
family, polypeptide A10 (Ugtlal0) expression. *p <= 0.05. C. Expression of cytochrome P450,
family 4, subfamily a, polypeptide 12a (Cyp4al2a). **p <= 0.01. D. Expression of cytochrome
P450, family 4, subfamily a, polypeptide 12b (Cyp4al2b). **p <=0.01. E. Histidine
decarboxylase (Hdc) expression. *p <= 0.05. F. Phospholipase Az, group XIIB (Pla2gi2b)
expression. *p <= 0.05. G. Expression of aldo-keto reductase family 1, member C18 (4kriciS§).
*p <=0.05.
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3.2.4 Functional analysis

To elucidate the biological significance of the expression levels of metabolic genes
observed in high FI mice, I conducted a GO enrichment analysis. A GO enrichment analysis can
be used to determine whether a set of functional attributes (molecular function, biological
processes, or cellular components) are enriched in relation to an overall population of genes with
respect to a particular gene set of interest. I used the seven DEMGs identified via RNA-Seq as
the gene set of interest, referencing the entire kidney transcriptome as a set of background genes
(14, 929 genes). Having defined these parameters, I used a GO analysis to identify which
biological processes may be over-represented in the gene set of interest (my DEMGs), as these

pathways would be considered “enriched”.

The top 15 most enriched biological processes with the results of the statistical test
applied are shown in 7able 3.2.3. Cyp4al2a and Cyp4al2b were significantly enriched in the
omega-hydrolase P450 pathway, lauric acid metabolism, medium chain fatty acid metabolism,
linoleic acid metabolism, icosanoid biosynthesis, and arachidonic acid metabolic processes.
Therefore, these pathways may be altered by changes in the expression of Cyp4al2a and
Cyp4al2b and could be impacted by frailty. Additionally, the cytochrome genes and Akricl8
were significantly enriched in unsaturated fatty acid metabolism, icosanoid metabolism, and
olefinic compound metabolism. Akricl8 alone was implicated in progesterone and C21 steroid
hormone catabolism. Cellular glucuronidation, uronic acid metabolism, and glucuronate
metabolic processes were significantly enriched by Ugtla9 and Ugtlal(. Lastly, Hdc was
significantly enriched in histamine biosynthesis. Overall, these 15 metabolic pathways may be
altered by a high degree of frailty as they were significantly enriched by the altered expression of
the DEMGs identified from RNA-Seq. The top three enriched biological processes with the
highest gene count (Figure 3.2.6) are interesting because dysregulation of such pathways could

affect lipid metabolism in the kidney.
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Table 3.2.3. Summary of Gene Ontology enrichment analysis

GO Gene Adjusted
BgRatio Gene ID p-value q Value
Description  Ratio p-value
Omega-
hydroxylase ~ 2/7  5/14929 (éypi"g‘g 1.883328¢-06 0'00%5675 3.716265¢-05
P450 pathway ped
Lauric acid
metabolic ~ 2/7  6/14929 (éypi‘c’lg‘;/ 2.824361e-06 0'00%5675 3.716265¢-05
process P
Unsaturated Cypdalla/
fatty acid 37 914909  Cwpdal2b/  7786667¢:06  0.00026138 o oon oo
metabolic Ahrlels 83
process ¢
Icosanoid Cyp4al2a/
metabolic ~ 3/7  98/14920  Cypdal2b/  9-419399e-06 0'00%236138 6.196973¢-05
process Akricl8
Olefinic Cyp4alla/
compour}d 37 108/14929 Cyp4al2b/ 1.261802¢-05  0.00027127 6.431461¢-05
metabolic Ahr1els 90
process ¢
Cellular Ugtla9/ 1.466373e-05  0.00027127
glucuronidation 27 13/14929 Ugtlal0 %0 6.431461¢-05
uronic acid Uotla9/ i
metabolic 2/7  18/14929 Ugﬂ 10 2.873136¢-05 0'002355435 8.400983¢-05
process gtid
Glucuronate Uotla9/
metabolic 27 18/14929 Ugﬂ 10 2.873136¢-05 0'002355435 8.400983¢-05
process gtia
Medium-chain Comdal2a/
fatty acid ypsalia 2.873136e-05  0.00035435
metabolic 271814929 Y 8.400983¢-05
process
Linoleic acid Cypdalla/
metabolic 217 19714929 0 321043505 000035635 g 4g8513¢ 05
process ped
Icosanoid Cvpdal2a/
biosynthetic  2/7  42/14929 Cyp alah 1.608195¢-04 0'002692281 3.847356¢-04
process yprd
Arachidonic Cypdalla/
acid metabolic ~ 2/7  45/14929 Cyp Jal2b 1.847904¢-04 0'0011760931 4.052422¢-04
process P
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GO Gene Adjusted

BgRatio Gene ID p-value q Value
Description  Ratio p-value
Histamine 4.688861e-04  0.00346975
biosynthetic 1/7 1/14929 Hdc ) e ) 68 8.226071e-04
process
Progesterone
catabolic 1/7 1/14929 Akricl8 4.688861c-04 0'00'?;6975 8.226071e-04
process
C21-steroid
hormone /7 1/14929 Akricl8 4.688861c-04  0.00346975 ¢ »15071¢-04
catabolic 68
process

Gene Ratio: Ratio of genes of interest that are annotated in a GO biological process.
BgRatio: Ratio of all genes that are annotated in a GO biological process.

Gene ID: List of gene symbols belonging to each GO biological process.

p-value: p-value calculated by hypergeometric distribution.

Adjusted p-value: false discovery rate (FDR) adjusted p-value.

q - value: positive false discovery rate (pFDR) analogue of the p-value.
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Figure 3.2.6. Potentially dysregulated biological processes in frailty.

Results of a Gene Ontology (GO) enrichment analysis. Fifteen biological processes that were
over-represented in a list of seven differentially expressed metabolic genes (DEMGs) have been
shown. GO biological process descriptions are shown on the y-axis. Gene count is shown on the
x-axis, representing the sum of genes belonging to each GO biological process. Bars are coloured
according to the false discovery rate (FDR)-adjusted p-value.
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3.3 Analysis of aging data

Based on my data, seven DEMGs appeared to be associated with frailty in a group of
age-matched female mice. I was interested in confirming that the expression of these genes did
not vary with age. To validate this, I used a publicly available transcriptomics dataset. Takemon
et al. completed RNA-Seq using kidney tissue from genetically diverse mice, generating gene
expression data for 93 female Diversity Outbred (DO) mice 6 months (n = 33), 12 months (n =
31), and 18 months (n = 29) of age '*".

I identified the seven DEMGs from the 19,492 genes in the Takemon et al. dataset
(Figure 3.3.1) and plotted their expression as a function of age. It was found that the expression
of Ugtla9, Ugtlal0, Cyp4al2a, Cyp4al2b, Hdc, and Akricl8 was stable across all age groups,
with no significant differences identified between 6, 12, and 18 months. However, the expression
of Pla2gl12b was significantly different at the 95% confidence level when comparing the 6
month group to 12 months and 18 months (Figure 3.3.1 F). Therefore, there is reason to believe
that six (Ugtla9, Ugtlal0, Cyp4al2a, Cyp4al2b, Hdc, and Akricl8) of my seven metabolic
DEMGs are associated with frailty independent of age in female mice. However, these results
must be interpreted with caution as the DEMGs were found in C57BL/6 mice and the aging data
was obtained from DO mice. Thus, the results could be impacted by differences between inbred
strains (C57BL/6) and outbred strains (DO), which are thought to have greater phenotypic
variability !7°. Differences in behaviour, immune function, anatomy, and organ function between
strains could limit the ability compare the expression of DEMGs identified in C57BL/6 mice to

the expression of those same genes in DO mice 7.
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Figure 3.3.1. Expression of six metabolic genes that are differentially expressed in frailty is
not altered with age.

Boxplots showing the expression of seven metabolic genes using gene counts obtained from a
publicly available dataset. Gene count is shown in Log2CPM. Individual mice are plotted and
grouped according to age (in months). One-way ANOVAs have been carried out, comparing the
mean expression of each gene across all three age groups. A. Expression of uridine 5'-diphospho-
glucuronosyltransferase 1 family, polypeptide A9 (Ugtla9). p = 0.46. B. Uridine 5'-diphospho-
glucuronosyltransferase 1 family, polypeptide A10 (Ugtlal0) expression. p = 0.55. C.
Expression of cytochrome P450, family 4, subfamily a, polypeptide 12a (Cyp4al2a). p =0.19.
D. Expression of cytochrome P450, family 4, subfamily a, polypeptide 12b (Cyp4ai2b). p =0.43.
E. Histidine decarboxylase (Hdc) expression. p = 0.73. F. Phospholipase A, group XIIB
(Pla2g12b) expression. *p <= 0.05, ***p <= 0.001. G. Expression of aldo-keto reductase family
1, member C18 (4krici8).p =0.55.
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3.4 Validation of differentially expressed genes with qPCR

Having identified seven genes of interest which may be associated with high FI in female
mice using RNA-Seq, I wanted to validate my findings using an orthogonal method (a different
method used to measure the same attributes). To do this, I completed a series of qPCR
experiments which aimed to measure the expression of the DEMGs (Ugtla9, Ugtlal0,
Cyp4al2a, Cyp4al2b, Hdc, Pla2gi2b, and Akrlcl8) in a novel group of mice. The exploratory
RNA-Seq study used mice with extremely high and low FI values, but qPCR involved new mice
with intermediate FI scores. I aimed to create a standard curve in which expression of the

DEMGs could be used to predict a mouse’s FI value.

3.4.1 Reference gene selection and primer efficiencies for gPCR

The seven metabolic DEMGs with a [LogoFC| 22 from RNA-Seq were considered genes
of interest for qPCR assays. Primers were designed to be specific Ugtla9, Ugtlal0, Hdc,
Pla2g12b, and Akricl8. However, the primers used for the cytochrome P450 genes (Cyp4al2a
and Cyp4al2b) were not specific for the individual isoforms; thus, they were measured together

as Cyp4al2a/b.

In addition to these genes, suitable reference genes needed to be selected for the gPCR
experiments. At the time of this study, there were no published papers discussing the stability of
reference genes in female mouse kidneys and/or appropriate reference genes for frailty research
in mice. Previous literature suggested that Ppia and Hprt expression was stable in developing
female mouse gonads. To determine if these genes would be a good choice, I visualized how
their expression changed using my RNA-Seq data to ensure they did not fluctuate with frailty
(Figure 3.4.1). Indeed, expression of both Ppia and Hprt was not significantly different between
FI groups. Furthermore, I used the aging RNA-Seq data from Takemon et al. to assess whether
their expression changed dramatically with age. The comparison of 6 month to 12 month and 12
month to 18 month-old female mice showed that Ppia and Hprt expression in the kidneys was
not significantly different (Figure 3.4.2). Ppia expression was also not significantly different

between 6 months and 18 months. However, the expression of Hprt was significantly different in
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the 6 month to 18 month comparison. Overall, Ppia and Hprt expression did not vary
significantly between mice that were 6 months apart in age (Figure 3.4.2). The mice used in the
qPCR cohort were no more than 2.3 months apart in age, so the effect of age was considered

negligible. Therefore, Ppia and Hprt were selected as reference genes for my study.

To determine the amplification efficiency of my primers, I constructed a standard curve.
Ideally, the Cq values of a 10-fold dilution should be 3.3 cycles apart, which would correspond
to 100% efficiency. In general, 90-110% efficiency is considered optimal 7S, Table 3.4 shows

that all primers for the genes of interest and reference genes fell within this range.

79



Figure 3.4.1. Reference genes expression is stable with frailty in mice.

Expression of reference genes shown as Log2 CPM. Individual mice are plotted and grouped
according to FI. Unpaired t-tests have been carried out, comparing the mean expression in high
and low FI groups. A. Expression of Peptidylprolyl isomerase A (Ppia). ns = not significant
p>0.05. B. Expression of Hypoxanthine guanine phosphoribosyl transferase (Hprt). ns = not
significant p>0.05.
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Figure 3.4.2. Reference gene expression does not fluctuate in mice within a 6 month age
range.

Expression of reference genes using gene counts obtained from a publicly available dataset.
Gene count is shown in Log2 CPM. Individual mice are plotted and grouped according to age (in
months). One-way ANOVAs have been carried out, comparing the mean expression of each gene
across all three age groups. A. Expression of Peptidylprolyl isomerase A (Ppia). p = 0.67. B.
Expression of Hypoxanthine guanine phosphoribosyl transferase (Hprt). *p <= 0.05, ns = not
significant p>0.05.
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Table 3.4. Primer efficiencies

Primer Efficiency (%)
Hdc 106.6
Akricl8 102.3
Pla2gi2b 103.5
Ugtla9 107.5
Ugtlal0 105.7
Cyp4al2a/b 105.4
Ppia 105.9

Hprt 97.1
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3.4.2 Quantification of frailty-related DEMG expression with gPCR

To verify the expression patterns of the DEMGs using qPCR, I plotted the Log2FC of
each gene for individual samples. First, I looked at gene expression in the same mice from RNA-
Seq, so boxplots were made using only the high and low FI mice (Figure 3.4.3). Fold-change was
calculated with respect to the low FI group. Significant differences in gene expression between

the two groups were determined using a t-test.

None of the DEMGs tested were significantly different in high FI mice compared to low FI mice
using qPCR data. However, the general trends appeared to be consistent with RNA-Seq for most
of the DEMGs (Figure 3.4.3). As with RNA-Seq, expression of Hdc, Pla2gi2b, and Akricl§ in
the high FI group was decreased compared to the low FI group (Figure 3.4.3 D-F). Also akin to
the RNA-Seq results, Cyp4al2a/b appeared to be upregulated in the high FI group relative to the
low FI group (Figure 3.4.3 C). However, unlike the RNA-Seq findings, trends in Ugt/a9 and
Ugtlal0 expression appeared to be reversed. Whereas the UGT genes were significantly
decreased in the high FI group relative to the low FI group in the RNA-Seq results (Figure 3.2.5
A-B), the qPCR trends suggested that Ugt/a9 and Ugtlal( are more highly expressed in the
high FI group when compared to the low FI group (Figure 3.4.3 A-B).

I was also interested in determining whether DEMG expression could be graded with an FI
score. Therefore, I evaluated the expression of these genes in low FI mice, three groups of mid FI
mice, and a group of high FI mice via qPCR. Significant expression differences between the five

groups were determined using a one-way ANOVA.

Aside from a significant difference in the expression of Ugt/a9 between the mid FI 2 and
high FI group, no other significant differences for any DEMG across any of the FI groups were
found (Figure 3.4.4). Therefore, rather than comparing means, I noted the general trends in gene
expression with increasing FI. For Hdc, Pla2g12b, and Akrilcl$, although the expression in the
high FI group was decreased compared to the low FI group, the mid FI groups were more
variable (Figure 3.4.4 D-F). For example, Hdc expression decreased gradually from low FI to

mid FI 1 and from mid FI 1 to mid FI 2. Yet, expression from mid FI 2 to mid FI 3 increased
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again before decreasing from mid FI 3 to high FI (Figure 3.4.4 D). Similar inconsistencies were
identified in the general trends of Pla2gi2b and Akricl8 (Figure 3.4.4 E-F). Although
Cyp4al2a/b expression was greater in the high FI group relative to the low, expression of these
genes did not increase gradually as FI increased. Rather, Cyp4al2a/b expression decreased from
low FI to mid FI 1, increased from mid FI 1 to mid FI 2, decreased from mid FI 2 to mid FI 3,
and increased from mid FI 3 to the high FI group (Figure 3.4.4 C). Interestingly, while Ugt/a9
and Ugtlal0 were found to be upregulated in high FI mice, their expression decreased gradually
from the low FI group to the mid FI 2 group and then increased from mid FI 2 to high FI (Figure
3.4.4 A-B).

In summary, there was apparent variability in gene expression amongst the samples in the
qPCR cohort. As expected, the expression patterns of Hdc, Pla2gi2b, Akricli8, and Cyp4al2a/b
identified by RNA-Seq were also observed via qPCR when comparing high to low FI groups.
Yet, the differences between the high and low FI groups were non-significant. In a continuum of
mid FIs, expression of Ugt/a9 and Ugtlal( appeared to decrease and then gradually increase

again as FI increased.

In general, there were no obvious trends when considering the mid FI groups. Perhaps the
most remarkable finding was that differential expression of Ugt/a9 and Ugt/al0 in the high and
low FI groups determined using qPCR showed the opposite trend as RNA-Seq (Figure 3.2.5,
Figure 3.4.3) .

To further investigate the discrepancy in Ugt/a9 and Ugtlal( expression, I ran a DNA
agarose gel to examine the intensity of the bands produced by the UGT gene qPCR products in
the high FI and low FI samples. Figure 3.4.5 shows that the agarose gel results mirror that of
qPCR, where no significant differences exist between the two quantification methods. Therefore,
I concluded complications in data acquisition via the Lightcycler likely do not explain this

disagreement.
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Figure 3.4.3. Expression of six metabolic genes in high and low FI mice.

Expression of metabolic genes determined via qPCR and shown in terms of log> fold-change
(Log2FC) relative to the low FI group. Individual mice are plotted and grouped according to FI
group. Unpaired t-tests have been carried out, comparing the mean expression in high and low FI
groups. ns = not significant p>0.05. A. Expression of uridine 5'-diphospho-
glucuronosyltransferase 1 family, polypeptide A9 (Ugt/a9). B. Uridine 5'-diphospho-
glucuronosyltransferase 1 family, polypeptide A10 (Ugtlal0) expression. C. Expression of
cytochrome P450, family 4, subfamily a, polypeptide 12a/b (Cyp4al2a/b). D. Histidine
decarboxylase (Hdc) expression. E. Phospholipase Az, group XIIB (Pla2g12b) expression. F.
Expression of aldo-keto reductase family 1, member C18 (4kricl$§).
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Figure 3.4.4. Expression of six metabolic genes across a gradient of FIs.

Expression of metabolic genes determined via qPCR and shown in terms of log> fold-change
(LogoFC) relative to the low FI group. Individual mice are plotted and are grouped according to
FI group. One-way ANOVAs have been carried out, comparing the mean expression of each
gene across all five FI groups. A. Expression of uridine 5'-diphospho-glucuronosyltransferase 1
family, polypeptide A9 (Ugtla9). *p <= 0.05. B. Uridine 5'-diphospho-glucuronosyltransferase 1
family, polypeptide A10 (Ugtlal0) expression. p = 0.14. C. Expression of cytochrome P450,
family 4, subfamily a, polypeptide 12a/b (Cyp4al2a/b). p =0.15. D. Histidine decarboxylase
(Hdc) expression. p = 0.15. E. Phospholipase A», group XIIB (Pla2gl2b) expression. p = 0.55. F.
Expression of aldo-keto reductase family 1, member C18 (4kricl8).p =0.15.
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Figure 3.4.5. No significant differences exist between two methods of quantifying Ugtla9
and Ugtlal0 qPCR products.

Boxplots comparing the quantification of qPCR products determined via two methods: DNA gel
(indicated by Gel) and qPCR instrument (indicated by qPCR). Low FI (left) and high FI samples
(right) are shown. Uridine 5'-diphospho-glucuronosyltransferase 1 family, polypeptide A9
(UgtlaY9) product (top) and Uridine 5'-diphospho-glucuronosyltransferase 1 family, polypeptide
A10 (Ugtlal0) product (bottom) were quantified by either method. Expression is given as log>
fold-change (Log2FC) relative to the low FI group. Unpaired t-tests have been carried out. ns =
not significant p>0.05.
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3.5 Measuring DEMGs in enalapril-treated mice using qPCR

3.5.1 Enalapril cohort

Enalapril, an angiotensin-converting enzyme (ACE) inhibitor, is a drug commonly used
to treat hypertension and has previously been shown to attenuate frailty 2’. A significant
reduction in FI scores was observed in middle-aged female mice treated with enalapril,
independent of the long-term effects on blood pressure 2. The mechanism by which enalapril
exerts its effects and reduces frailty in middle-aged female mice is unknown. I wanted to
investigate whether the renal DEMGs identified as being associated with frailty were altered by

treatment with enalapril.

To do this, I extracted RNA from the kidneys of mice which belonged to the cohort of
middle-aged females from the published study ?’. Mice were ~9 months old at the beginning of
enalapril treatment and were treated over the course of 4 months. The cohort I used for gPCR
was comprised of 11 mice in total. FI values for the enalapril-treated (n = 6) and control mice (n
=5) were collected in the previous study by another investigator and were used for this thesis.
Using FI data from Keller et al., I confirmed that there was a significant reduction in FI in the
treated group compared to the control group (Figure 3.5.1). The mean FI of the control group
was 0.23 + 0.03, while the average of the treated group was 0.16 + 0.02. Like the RNA-Seq and
qPCR cohorts above, mice belonging to the enalapril cohort were approximately the same age
(41.1 weeks). Therefore, changes in gene expression could be attributed to frailty, independent of

age.
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Figure 3.5.1. Enalapril-treated mice have significantly lower FI.
Individual FI scores of 11 mice from the enalapril cohort are plotted according to their respective

treatment group (Control: n = 5, Enalapril-treated: n = 6). Unpaired t-test. **p <= 0.01.
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3.5.2  Assessing whether frailty-DEMGs are altered by enalapril

To assess fluctuations in DEMG (Ugtla9, Ugtlal0, Cyp4al2a/b, Hdc, Pla2gi2b, and
Akrlcl8) expression resulting from enalapril treatment, qPCR was used, with Ppia and Hprt as
reference genes. The LogoFC for each gene was calculated, comparing gene expression in the
enalapril-treated group relative to the untreated control group (Figure 3.5.2). There was
considerable variability in Log>FC values for many of the genes. Notably, the average LogFC of
Cyp4al2a/b in the control group was -0.247, with a standard deviation of 0.966 (Figure 3.5.2 C).
Similarly, the average expression of Pla2g12b in the enalapril group was LogosFC =-1.02 + 1.05

(Figure 3.5.2 E). Therefore, it is difficult to make conclusions about these genes.

Expression of Ugtla9, Ugtlial0, Pla2gi2b, and Akricl8 (Figure 3.5.2 A-B, E-F) appears
to trend downwards with enalapril treatment, while Cyp4al2a/b and Hdc trend upwards (Figure
3.5.2 C-D). However, no significant differences were identified between the control and treated
groups for any of the genes. Overall, the DEMGs identified by RNA-seq in highly frail mice did
not appear to play a role in the mechanism by which enalapril reduces FI. Of note, the FIs of
mice in this cohort were 0.16 £ 0.02 for the enalapril group and 0.23 £+ 0.03 for the control
(Figure 3.5.1). In contrast, the RNA-Seq cohort in which the DEMGs were initially identified
had more extreme FIs (low FI group: 0.22 £ 0.012 and high FI group: 0.46 + 0.04) (Figure
3.2.1). The lack of significant results in the enalapril-treated groups could be due to less

prominent differences in the FI values of these mice compared to the cohort’s extreme FI groups

where the DEMGs were identified.
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Figure 3.5.2. Metabolic genes of interest are not involved in the mechanism that causes FI
reduction in enalapril-treated mice.

Expression of metabolic genes determined via qPCR and shown in terms of log> fold-change
(Log2FC). Individual mice are plotted and grouped according to treatment, either enalapril (n =
6) or untreated control (n = 5). Expression is relative to the untreated control group. Unpaired t-
tests have been carried out, comparing the mean expression of each gene between groups. ns =
not significant p > 0.05. A. Expression of uridine 5'-diphospho-glucuronosyltransferase 1 family,
polypeptide A9 (Ugtia9). B. Uridine 5'-diphospho-glucuronosyltransferase 1 family, polypeptide
A10 (Ugtlal0) expression. C. Expression of cytochrome P450, family 4, subfamily a,
polypeptide 12a/b (Cyp4al2a/b). D. Histidine decarboxylase (Hdc) expression. E. Phospholipase
Az, group XIIB (Pla2gl2b) expression. F. Expression of aldo-keto reductase family 1, member
C18 (4kricl$).
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CHAPTER 4 DISCUSSION

The molecular basis of frailty has yet to be uncovered in the literature. In particular, the
genes, proteins, and metabolites involved in the manifestation of frailty in the kidney have not
been established. I hypothesized that biomarkers associated with frailty could be identified by
examining the differential patterns of gene expression in the kidneys of mice with varying
degrees of frailty. To test this hypothesis, I conducted an exploratory study to identify genes in
the kidney that were differentially expressed with frailty. RNA-Seq was used to quantify
transcriptional differences in mice with high and low FIs. I identified seven DEMGs related to
frailty, independent of chronological age. I used qPCR to validate the expression of these genes
in groups of mice with low, mid, and high FI scores. Finally, I used qPCR to assess whether the
ACE inhibitor enalapril attenuates frailty by a mechanism related to the DEMGs associated with
frailty.

4.1 Frailty and metabolism

RNA-Seq allowed for the identification of coding and non-coding gene transcripts in the
female mouse kidney. Analysis of the total transcriptome distinguished high FI from low FI
mice. However, metabolic transcripts alone differentiated the two groups more effectively, as
evidenced by the greater proportion of variance explained by the first three PCs. Therefore, I
performed a differential expression analysis on the metabolic genes and found seven interesting
candidates, which I called DEMGs. Although these genes had an FDR value > 0.05, they were
four or more times up or downregulated in the high FI group compared to the low FI group
([LogoFC| = 2). The DEMGs identified were Ugtla9, Ugtlal0, Cyp4al2a, Cyp4al2b, Hdc,
Pla2gi2b, and Akricl8. When t-tests were conducted using the filtered and normalized
Log>CPM gene counts, Ugtla9, Ugtlal0, Hdc, Pla2gl2b, and Akrlcl8 were found to be
significantly downregulated in the high FI group compared to low FI. Conversely, Cyp4al2a and
Cyp4al2b were significantly upregulated in high FI versus low FI. Therefore, variations in these

DEMGs may be associated with frailty.

93



The seven DEMGs were used to conduct a functional analysis, generating a list of
biological processes potentially dysregulated with frailty. Notably, the omega-hydroxylase P450
pathway, glucuronate metabolic process, and arachidonic acid metabolic process were enriched
by the frailty-associated DEMGs. These metabolic pathways were supported by supplementary

research into the function of each individual gene.

When frailty and metabolism are discussed in the literature, this is often done in the
context of diabetes mellitus and muscle metabolism. For instance, one study found dysregulated
glucose metabolism to be related to frailty in older women 77, Another study associated frailty
with insulin resistance in obese individuals !78, Cardiometabolic disorders can include
cardiovascular disease, diabetes mellitus, and metabolic syndrome !7°. Tang et al. found that frail
individuals are at increased risk of developing cardiometabolic disorders, and frailty severity
increases with the occurrence of cardiometabolic disorders '*. Thus, there appears to be a
relationship between frailty and a metabolic phenotype that could contribute to diabetes. In terms
of muscle metabolism, frailty has been shown to exacerbate age-related alterations in protein
metabolism '8!, Frailty is associated with an increase in muscle protein catabolism and a decrease
in muscle mass '®!, Frailty and sarcopenia, which is a syndrome characterized by muscle loss, are
considered highly overlapping conditions 32, Aside from these more commonly studied
metabolic dysfunctions, frailty has been investigated, albeit minimally, in association with
energy metabolism. Dysregulated carnitine shuttle and vitamin E pathways were observed in frail

individuals, and it was concluded that lipid metabolism might deteriorate with frailty '*°.

While there is evidence of some association between frailty and metabolism, frailty is
often measured as an outcome of metabolic disorders and disease. This begs the question of
whether frailty predisposes an individual to dysregulated metabolism or whether dysregulated
metabolism is a contributor to the pathogenesis of frailty. This study raises the same question but
aims to fill a large gap in the literature by characterizing metabolism in the kidney and its link to

frailty.

4.2 Frailty DEMGs are independent of age and have not been

previously implicated in kidney diseases
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One challenge in identifying biomarkers for frailty is separating frailty from age. Frailty
and age are closely related concepts, and frailty tends to increase with age '*. However, I wanted
to identify a panel of potential biomarkers related to frailty independent of chronological age. To
achieve this, the low and high FI mice chosen for RNA-Seq were approximately the same age.
To confirm that fluctuations in the DEMGs were not related to age, I assessed their expression in
a publicly available kidney transcriptomics dataset. Takemon et al. measured gene expression in
the kidneys of aging DO mice at 6, 12, and 18 months of age '*’. I evaluated the expression of
the frailty DEMGs in the female mice from the Takemon et al. dataset. Pla2gl2b expression was
significantly different between 6 months and 12 months as well as 6 months to 18 months.
However, no difference was detected between 12 and 18 months. Interestingly, the expression of
Ugtla9, Ugtlal0, Cyp4al2a, Cyp4al2b, Hdc, and Akricl8 was not significantly different at any
age. These results suggest that most of the DEMGs identified here are associated with frailty but

not age.

Even though CKD and cancers of the kidney can contribute to frailty, an individual can
be frail in the absence of these diseases 3184, Therefore, I wanted to identify biomarkers specific
to frailty that could be used in the frail population more generally. Mice with observable damage
to the kidney or the presence of tumors were excluded from this study. Furthermore, the FI
measure did not include any direct measures of kidney function. To investigate whether my
biomarkers were previously implicated in other diseases, I compared the DEMGs found to

previously reported biomarkers for CKD and cancer in the literature.

CKD biomarkers can be categorized as markers of kidney function, tubulointerstitial
injury, glomerular injury, endothelial dysfunction, oxidative stress, inflammation, fibrosis,
cardiovascular dysfunction, and metabolic disorders '*°. Examples of these markers include
cystatin C, liver-type fatty acid-binding protein, nephrin, F2-isoprostanes, IL-18, transforming
growth factor beta 1, and apolipoprotein A-IV ¥, In terms of kidney cancers, aquaporin-1 and
adipophilin appear to be useful markers for those originating in the proximal tubule '8¢, Another
study attempted to identify metabolites in the urine of kidney cancer patients. Possible

biomarkers included quinolinate, 4-hydroxybenzoate, and gentisate, among others '*’. Plasma
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kisspeptin-10, urinary expression of microRNA 15a, serum prolyl hydroxylase domain-
containing protein 3, and plasma kidney injury molecule are a group of potential markers for
renal cell carcinoma '8, In any case, none of the biomarkers for CKD or kidney cancer that I

found in the literature appeared to overlap with the frailty DEMGs.

Although mice with observable abnormalities of the kidney were excluded from this
study, it is possible that the mice included could have unknowingly had diseased kidneys. The FI
measure does not directly relate to kidney function and rather reflects the functioning of multiple
systems. Thus, it is a promising measure for associating kidney markers with frailty rather than
with diseases specific to the kidney. None of the frailty DEMGs appear to be established

biomarkers for kidney diseases.

4.3 Metabolic genes are dysregulated in frail mice

4.3.1 Histidine decarboxylase (Hdc) is downregulated in frail mice

Hdc encodes the histidine decarboxylase protein (HDC), orthologous to HDC in humans,
which participates in the histamine biosynthetic and histidine catabolic processes '*°. Expression

of Hdc is high in the ovary and lung of adult mice '®’.

Histamine, the product of Hdc activity, has been implicated in allergic and non-allergic
inflammatory responses and is commonly induced during the late and chronic phases of
inflammation '°°, Renal histamine and Hdc have not been extensively investigated '°!. However,
histamine seems to play a part in both the physiological and pathological functions of the kidney
via the actions of its receptors, H1, H2, H3, and H4 '°!. There is some literature suggesting that
the role of histamine in the kidney is to modulate renal hemodynamics (by mediating renal blood

flow and vascular resistance) and to participate in urine formation 192-1%,

Neither Hdc nor histamine appear to have a documented association with frailty. In my
study, the RNA-Seq analysis, later validated by qPCR, showed that Hdc was downregulated in

kidneys from high FI mice compared to low FI mice. This was an unexpected finding given that
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frailty has been associated with a chronic pro-inflammatory state, and histamine is generally
produced during chronic inflammation. One might expect Hdc to be increased with frailty.
However, histamine could actually have a protective quality in the kidney. Noguchi et al. found
that plasma histamine levels are elevated in an angiotensin II, nephrectomy, and salt (ANS)
model of cardiac dysfunction %, Interestingly, when HDC was knocked out in the ANS model,
cardiac and kidney dysfunction increased '%°. In the same study, an H3 agonist was found to
ameliorate cardiorenal damage '°°. There is additional literature suggesting that agonists of the
H3 receptors may exert protective effects in the kidney and heart 1°7-19%, Therefore, the
downregulation of Hdc and its product, histamine, may have a more complex role in frailty that

warrants further studies.

4.3.2 Aldo-keto reductase family 1, member C18 (Akr1icl8) is

downregulated in frail mice

In mice, Akrlcl8 encodes aldo-keto reductase family 1, member C18 (AKR1C18) '*°.
The AKRI1C18 protein possesses 20-alpha-hydroxysteroid dehydrogenase (20a-HSD) activity
which is relevant for parturition and progesterone catabolism 2%°, The aldo-keto reductase (AKR)
family catalyzes progesterone to 20a-hydroxy-4-pregnen-3-one, an inactive metabolite 2%,
Akrlcl8 expression is particularly high in the adult adrenal glands and ovaries but also in the
kidneys of mice 167201

family 1 members C1 to 4 (AKR1C1, AKR1C2, AKR1C3, AKR1C4) in humans 2°!,

. The mouse AKR1C18 protein is most similar to aldo-keto reductase

In humans, endogenous substrates of AKR1C1-C4 enzymes are steroids and
prostaglandins 22, AKR1C1 has 20a-HSD activity, while AKR1C2 has 3a-hydroxysteroid
dehydrogenase type 3 activity, and has been implicated in the transportation of bile acids 203-2%,
AKRI1C3 catalyzes the prostaglandins H> to PGF2a and D; to 9a,11B-PGF2a. Additionally,
AKRI1C3 has 17B-hydroxysteroid dehydrogenase activity, which allows for the conversion of

estrone to estradiol and androstanedione to testosterone 200:207

. Frailty has been previously
associated with decreased testosterone in males and increased estradiol in females 82734, It is
interesting that AKR1C18, the mouse ortholog of human AKR1C3, was found to be

downregulated with frailty in mice. Decreased AKR1C18 activity could suggest that the
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production of estradiol and testosterone from their respective precursors is impaired. Reduced
testosterone with frailty aligns with previous studies in humans, but decreased estradiol does not
82-84 Finally, AKR1C4 has 30-hydroxysteroid dehydrogenase type 1 activity 2°. In addition to
their hydroxysteroid dehydrogenase activity, the family of AKR enzymes is known for their
ability to reduce carbonyl-containing compounds, contributing to the metabolism of exogenous
substrates 202208, AKRs participate in phase I of drug metabolism by functionalizing carbonyl
groups, enabling phase II reactions 2%°. Several drugs are known to be metabolized by the

AKRI1C isoforms 202,

AKRs have been extensively studied in association with a variety of cancers in human
populations. Imbalances in the production and inactivation of steroids have been implicated in
the development of hormonally dependent breast, prostate, endometrial, and ovarian cancers
210211 Tndeed, alterations in human 4KR1CI-AKR1C4 expression seem to play a role in the

development of these cancers 212215,

While a link between AKR1Cs and cancer has been established, a literature search of
AKRs and frailty does not yield any results. My RNA-seq and qPCR validation show AkriciS§ is
downregulated in frailty. In frail mice, decreased Akricl8 may confer impairments in the ability
to transform drugs into their functionalized metabolites. Given the role of AKRs in the
conversion of exogenous and endogenous compounds, a link between frailty, Akricl8

expression, and metabolism should be further explored.

4.3.3 Phospholipase A, group XIIB (Pla2g12b) is downregulated in frail

mice

Pla2g12b encodes the phospholipase A2, group XIIB protein (PLA2G12B), orthologous

to human PLA2G12B *'°. This gene is largely expressed in the adult placenta, small intestine, and

167

large intestine, among other tissues in mice '°’. Broadly, phospholipase A (PLA>) enzymes are

involved in the homeostasis of cellular membranes, lipid digestion, host defense, and the

217

production of lipid mediators ='’. PLAxs possess the ability to catalyze substrate phospholipids,

producing lysophospholipids and fatty acids, such as arachidonic acid (AA) and oleic acid '8,
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However, the Pla2g12b isoform has a mutation at its active site which suggests it is catalytically

inactive 2!7. Instead, it is thought to act as a ligand for receptors that have yet to be identified 2!”.

A study involving knockout mice showed that the accumulation of triglycerides,
cholesterol, and fatty acids in the livers of Pla2g12b™ animals led to the development of severe
hepatosteatosis 2!°. Furthermore, mice with mutations in Pla2g12b experienced reductions in
serum levels of total cholesterol, non-high-density lipoprotein (HDL) cholesterol, and
triglyceride levels 22°. The mutation also caused lipid accumulation in the liver 2. Thus,
Pla2gi2b seems to have some role in lipid metabolism despite its catalytic inactivity. In fact, a
recent study used biochemical, genetic, and imaging techniques to better characterize the
function of Pla2g12b in model systems, including mice, zebrafish, and larvae 26, Pla2gl2b was
shown to interact with apolipoprotein-B, microsomal triglyceride transfer protein, calcium, and
the endoplasmic reticulum membrane 2!6. Others have shown that Pla2g]2b is a master regulator
of lipids between luminal lipid droplets and triglycereide-rich lipoproteins, and alterations to

Pla2g12b expression resulted in a reduction of serum lipoproteins 2!%-221:222,

Lp-PLA>s contribute to lipid metabolism in the blood, thereby regulating vascular
inflammation 2°. Notably, elevated Lp-PLA; levels have been associated with increased frailty
odds and slower gait speed *°. Perhaps there is an interesting link between genes encoding

members of the PLA; superfamily, such as Pla2gi2b and frailty.

My RNA-Seq and subsequent qPCR validation showed Pla2g2b to be downregulated
with frailty, which was unexpected given previous literature suggesting Lp-PLA; is increased
with frailty. However, the Pla2g2b isoform in mice likely has an alternative function compared
to other genes encoding PLA»s considering its mutation. Pla2g2b has been implicated in lipid
metabolism, and there is evidence to support that in Pla2g12b knockouts or mutant models,
lipids accumulate in the liver 2122, Therefore, it could be interesting to explore the impact of
downregulated Pla2gi2b and dysregulated lipid metabolism on renal function. Lipid
accumulation in the renal parenchyma can damage the tubules and glomerulus 2?4, Additionally,
structural and functional changes to podocytes, proximal tubule cells, and mesangial cells can be

brought about by the accumulation of fats in the kidney, thus affecting nephron function 224223, If
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Pla2g12b is downregulated with frailty, it is possible that kidney function could deteriorate due
to lipid accumulation and subsequent structural damage. Still, additional research is needed to
verify this and better understand the relationship between the phospholipase Az group XIIB

genes, their proteins, and frailty.

4.3.4 Cytochrome P450, family 4, subfamily a, polypeptide 12a and 12b
(Cyp4alla and Cyp4al2b) are upregulated in frail mice

The Cyp4al2a gene encodes cytochrome P450, family 4, subfamily a, polypeptide 12a
(CYP4A12A), and the Cyp4al2b gene encodes cytochrome P450, family 4, subfamily a,
polypeptide 12b (CYP4A12B) 22°. These genes have biased expression in the embryonic liver

167

and adult genital fat pad of mice '°’. Previous studies have shown that the expression of Cyp4al?2

genes is specific to males and is androgen-related, with Cyp4al2 isoforms being expressed at

226:228 The cohort used here was

very low or undetectable levels in the female mouse kidney
comprised of females only and unexpectedly showed overexpression of both renal Cyp4al2a and
Cyp4al2b in high FI mice. Interestingly, testosterone treatment has been shown to increase
Cyp4al2 RNA expression in the kidneys of female mice ??’. Since Cyp4al2 expression is
androgen-sensitive, varying blood testosterone levels across different mouse strains provide one
possible explanation for the discrepancy in these findings 22¢22°, Expression of the Cyp4al4
gene, another member of the Cyp4a family, was found to be dependent on age and decreased in

the male mouse kidney upon reaching sexual maturity 228

. In a similar fashion, Cyp4ai2s could
also be age-dependent, which could be another explanation for low or undetectable levels in

female mouse kidneys.

CYP4A12A and CYP4A12B belong to a large family of CYP450 enzymes. They
participate in the metabolism of endogenous substances, including vitamins and fatty acids, and
also have the ability to metabolize xenobiotics to detoxified products or reactive intermediates
230 The Cyp4al2a and Cyp4al2b genes are orthologous to human CYP4A411 and CYP4A22,
which encode the CYP4A11 and CYP4A22 proteins, respectively 231232, The Cyp4a subfamily
encodes CYP450s with omega-hydroxylase activity 2*°. This activity enables the catalysis of
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endogenous fatty acids, such as AA, to 19- and 20-hydroxyeicosatetraenoic acids (19- and 20-
HETE) 2*3. Of the CYP4A proteins, CYP4A12s exhibit the greatest capacity for producing 20-
HETE 226228, However, of CYP4A12A and CYP4A12B, the former is the predominant 20-HETE
synthase 24233, The equivalent human CYP isoforms mainly responsible for renal 20-HETE
synthesis are CYP4A11 and CYP4F2 23223¢, In addition to their endobiotic metabolism abilities,
the CYP450 enzymes are well-known for their role in phase I of biotransformation where they
metabolize drugs via oxidation reactions 237, It is important to note that the role of renal
CYP450s is less significant compared to that of hepatic CYP450s, which can be attributed to the

lower organ weight and microsome yield of the kidney '31-238,

Expression of CYP4A enzymes was found to be upregulated in a variety of human cancer
tumour samples 23°. Furthermore, it has been speculated that altered expression of renal CYP4As
could be related to hypertension due to its involvement in AA metabolism 240242, Twenty-HETE,
the product of CYP4A11 activity in humans and CYP4A12A activity in mice, has been widely
studied with regard to its conflicting anti-/pro-hypertensive roles. On one hand, 20-HETE
regulates the reabsorption of sodium into the tubules of the kidney 2. By inhibiting sodium
reabsorption and promoting natriuresis, 20-HETE can have anti-hypertensive properties 4. A
variant of the human CYP4A11 isoform has been linked with hypertension in humans. This
variant conferred reduced 20-HETE synthase activity and was associated with hypertension,
highlighting the anti-hypertensive properties of 20-HETE 232, On the other hand, 20-HETE
regulates vascular tone and is a potent vasoconstrictor 24424, This increase in vascular resistance
leads to the development of hypertension 246, Although the hypertensive effects are debated,
more often than not in the literature, elevated 20-HETE is implicated in the pathogenesis of
hypertension 2*7. Additionally, 20-HETE has been implicated in the pathogenesis of stroke, cystic

renal disease, CKD, and diabetes mellitus, among other diseases 247-2°!,

Given that the Cyp4al2a and Cyp4al2b genes were identified as being upregulated in
frail mice, further exploration into their roles in metabolism is needed. Research surrounding
renal CYP450s is lacking 13!, In particular, there is limited information about xenobiotic
substrates of renal CYP450s '3!. Therefore, it is unknown exactly how alterations in the

expression of renal Cyp4a genes will affect drug metabolism. Furthermore, there has been no
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evidence yet to support a link between either Cyp4al2a or Cyp4al2b and frailty, nor is there a
documented relationship between CYP4A411 and frailty in humans. Nevertheless, it has been
established that the proteins encoded by these genes are involved in endobiotic metabolism and
contribute to the production of 20-HETE. Ultimately, impaired hydroxylase activity caused by
altered Cyp4a expression could alter xenobiotic and endobiotic metabolic pathways in the

kidney, necessitating a further understanding of renal CYP4A dysfunction in relation to frailty.

4.3.5 UDP glycosyltransferase 1 family, polypeptide A9 and A10 (Ugtl1a9

and Ugtlal0) are downregulated in frail mice

In mice, the Ugtla9 gene encodes Uridine 5'-diphospho-glucuronosyltransferase (UDP) 1
family, polypeptide A9 (UGT1A9), while the Ugtlal0 gene encodes UDP glycosyltransferase 1
family, polypeptide A10 (UGT1A10) 2°2. Ugtla9 and Ugtlal0 are typically expressed in the
adult mouse kidney and liver ', The protein products of Ugt/a9 and Ugtlal0 belong to the
UGT superfamily. UGT enzymes are involved in glucuronidation reactions in which compounds
are detoxified through conjugation to glucuronic acid 23°. Endogenous substrates of UGTs
include steroids, bilirubin, testosterone, and estradiol 2°3. Additionally, UGTs have xenobiotic

substrates such as drugs and flavonoids 2>3.

The Ugtla9 and Ugtlal( genes do not appear to be previously studied with respect to
frailty. However, human orthologs have been examined in the context of cancer. Mouse UGT1A9
has 80% homology with human UGT1A9, while mouse UGT1A10 has 77-78% homology with
UGT1A9 in humans 2°*2%, Downregulated expression of UGT149 mRNA has been observed in
human renal cell carcinoma tissue 2°¢. Another study found that in humans, renal drug
metabolism by UGTs was diminished in neoplastic kidneys compared to normal tissues 2. This
reduced capacity for glucuronidation observed in kidney tumor samples coincided with a

257, Given these findings, reduced

reduction in UGT1A9 mRNA and protein expression
expression of the UGT1A49 gene and its protein appears to be a recurring pattern in cancers of the

kidney.
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UGT enzymes have been studied in terms of their role in phase II of drug

258

biotransformation and in detoxification reactions “°. These enzymes conjugate UDP-glucuronic

acid to endo- and xeno-biotics to increase their water solubility and aid their elimination via bile

258 Localization of UGT1A9 in the kidneys appears to provide a detoxification

or urine
mechanism. This limits the exposure and response to drugs acting in the kidney, thereby reducing
the chances of damage by nephrotoxic compounds '*°. In humans, the UGT149 isoform,
encoding the UGT1A9 protein, is abundantly expressed in the kidney and has been recognized
for its role in the glucuronidation of drugs, arachidonic acid, prostaglandins, and leukotrienes '*!.
Furthermore, UGT1A9 plays a substantial role in endobiotic metabolism. UGT1A9 is a
contributor to the metabolism of 20-HETE, the product of AA catabolism 2>°. In fact,
glucuronidation by UGT1A9 is thought to be the main pathway for the inactivation and excretion
of 20-HETE via the urine 23%%6°, Overall, UGTSs terminate the biological actions of exogenous

substances and serve as a clearance pathway for various compounds 26!,

The RNA-Seq results from the present study suggest that downregulation of Ugt/a9 and
Ugtlal0 expression occurred with frailty. Therefore, high FI mice could experience decreased
glucuronidation, impairments to detoxification, and reduced clearance of endogenous and
endogenous compounds. However, qPCR showed that Ugt/a9 and Ugtlal( expression was
upregulated with frailty. Variations in UGT expression would be interesting to study given the
potential for frailty-related deteriorations in xenobiotic and endobiotic metabolism. However,
expression of the UGT genes in frail mice requires further research considering the inability to

validate my findings in the present study.

4.4 DEMGSs do not explain enalapril-mediated attenuation of frailty

Keller et al. investigated the protective effects of the ACE inhibitor enalapril and its
ability to mitigate the age-dependent increase in frailty 7. In this study, middle-aged (9 month
old) female mice were treated with enalapril over the course of four months 7. Significant
reductions in FI scores were observed in this group after three months of treatment and at four
months when the treatment concluded 7. The authors hypothesized that the effects of enalapril

on pro-inflammatory and anti-inflammatory cytokines might provide a mechanistic explanation
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for how enalapril reduces frailty 2. Yet, enalapril did not significantly alter inflammatory

cytokines at this early age, suggesting there is an alternative mechanism 27,

I was interested in determining whether the frailty-associated DEMGs could be related to
the attenuation of frailty by enalapril. I theorized that enalapril-treated mice achieved a lower FI
by means of the same DEMGs that were up or downregulated in the high versus low FI
comparison. To answer this question, I measured DEMG expression in middle-aged female
control and enalapril-treated mice. If the enalapril mechanism was related to the frailty DEMGs,
I would have expected to observe a significant difference in the expression of those genes in the
treated compared to the untreated mice. This would suggest that a lower FI could be achieved by
restoring DEMG expression levels. However, no significant differences in the DEMGs between
control and enalapril-treated mice were observed. It was concluded that in middle-aged female

mice, enalapril likely does not attenuate frailty by a mechanism related to the frailty DEMGs.

One possible explanation for the lack of significant differences in DEMG expression
between the enalapril and control group was that the middle-aged mice were not very frail. At the
end of treatment, the average FI of the control mice used in the enalapril cohort was 0.23 +0.03
while the average FI for the treated mice was 0.16 + 0.02. Ultimately, the FI scores of the
middle-aged females from the enalapril cohort were not very high. Rather, their scores were
comparable to the low FI group from the RNA-Seq cohort. Since the DEMGs were initially
obtained from a study which compared very old mice with high FI scores (0.46 £ 0.04) to those
with low FI scores (0.22 + 0.012), significant differences in those genes might not be expected in
a cohort of mice where all of the FI scores are relatively low. It is possible that significant
differences in DEMG expression might not occur until frailty progresses further. Therefore,
enalapril-treatment may only appear to restore DEMG expression once the mice become frail

enough for the genes to be differentially expressed.

I have associated four of the frailty DEMGs with AA metabolism and the production of
the 20-HETE metabolite. Frailty appears to be related to dysfunctions in the production and
elimination of 20-HETE due to the up or downregulation of Cyp4al2a, Cyp4al2b, Ugtla9, and
Ugtlal(. Moreover, 20-HETE has been implicated in the development of hypertension 247.
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Fortuitously, the ACE inhibitor enalapril attenuates frailty and is commonly used to treat
hypertension. However, in the initial study from Keller et al., enalapril was found to attenuate
frailty in middle-aged and older female mice independent of effects on blood pressure 2’. At both
six weeks and 4 months of treatment, there were no significant differences in systolic or diastolic

blood pressure readings between or within the control and enalapril-treated groups 27

Although differences in blood pressure readings were not observed with enalapril
treatment, measuring differences in 20-HETE levels in control and treated groups might be of
interest. In fact, 20-HETE has been said to activate ACE expression 2%, Furthermore, 20-HETE
production in outer medullary microsomes was previously quantified after treatment with the
ACE inhibitors captopril and enalapril 22, Captopril increased 20-HETE production by 100%,
while enalapril caused a 143% increase 22, Perhaps the molecular mechanism of enalapril could
manifest via a marker such as 20-HETE. Levels of 20-HETE, a product of AA metabolism
related to Cyp4al2a, Cyp4al2b, Ugtla9, and Ugtlal(, could be associated with enalapril-
mediated reduction of frailty scores. Furthermore, quantification of 20-HETE could indicate
whether enalapril causes changes in cardiovascular function related to the attenuation of frailty.
This would be an interesting outcome since Keller et al. did not observe measurable differences

in blood pressure with enalapril treatment 27,

4.5 Limitations of this study

After identifying seven genes which were differentially expressed in the high versus low
FI groups via RNA-Seq, [ aimed to measure their expression in a more extensive range of Fls
using qPCR. The goal was to create a calibration curve in which the proposed frailty-associated
DEMGs could be graded by FI, allowing for the prediction of a mouse’s FI according to their
expression. Based on qPCR assays, the expression of Hdc, Pla2g12b, and Akricl8 did appear to
gradually decrease with FI, which was concordant with the RNA-Seq. However, these trends
were not statistically significant and were not necessarily consistent with increasing FI.
Expression of Cyp4al2a/b in the intermediate FI groups was unclear and did not appear to
follow an upward or downward trend. Yet, qPCR did validate the expression patterns of Hdc,

Pla2gi2b, Akricl8, and Cyp4al2s that were seen with RNA-Seq when comparing high FI to
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low FI. Because the expression of the DEMGs with a range of low, intermediate, and high FIs
did not produce significant or consistent trends, these genes may not be ideal biomarkers for
discriminating gradual changes in FI and may be limited for use in distinguishing extreme high

and low FI scores.

There were also two limitations to using the qPCR result to quantify the expression of
Ugtla9 and Ugtlal( expression. First, the patterns exhibited by these genes were interesting
because their expression seemed to decrease from low FI to mid FI but then increased gradually
from mid FI to high FI. Therefore, Ugt genes would not be reliable for the detection of a range of
FI values. Secondly, the expression of Ugt/a9 and Ugtlal0 in the high FI and low FI groups
displayed an opposite trend between methods. The RNA-Seq results showed Ugt downregulation
in high FI, whereas qPCR showed upregulation with high FI. In a study comparing differential
gene expression correlations from RNA-Seq and qPCR, 80-85% of genes were found to be
concordant between the two methods 2. However, 1.8% of the 13,045 genes considered were
called “severely non-concordant” because their fold-changes differed substantially between
gqPCR and RNA-Seq 2%. Perhaps this could contribute to the discrepancies in my data. qPCR
relies on a number of factors for a successful assay. These include but are not limited to: accurate
quantification of the gene amplicon, selection of appropriate reference genes, and design of
primers that are specific for a target gene. Technical issues with quantifying the amplicon were
ruled out after conducting a DNA agarose gel which confirmed no differences between qPCR
and the gel method. Reference gene selection was carried out based on the stable expression of
both Ppia and Hprt with increasing age and frailty. Primer sequences were input into the NCBI
Primer-BLAST tool to ensure there was no off-target binding. Nevertheless, it is possible that
with several Ugt isoforms, non-specific binding could have occurred and led to the
overestimation of Ugt expression via qPCR %, In my RNA-Seq data, eight isoforms belonging
to the Ugtla family were identified (Ugtlal, Ugtla2, Ugtla5, Ugtlab6a, Ugtla6b, Ugtla7c,
Ugtla9, and Ugtlal0). Since these transcripts were quantified in the kidney samples, it is
possible that non-specific binding with the Ugt/a9 and Ugtlal0 qPCR primers could have
occurred. Further confirmation of Ugt gene expression could be evaluated via protein
quantification methods. However, for the purpose of this thesis, I accepted the RNA-Seq results

over qPCR because RNA-Seq evaluates individual gene expression relative to the entire
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transcriptome, does not rely on primers, and is capable of identifying alternatively spliced

1soforms.

Considering the documented sex differences in mouse models of frailty, this study was

27.63.65.67.69.70 Therefore, the findings are limited to

conducted using exclusively female mice
females, and they may not be reproducible in male mice. Studies of the molecular basis of frailty
in male mice are needed to alleviate this limitation and allow for translation to both sexes in the

human population.

An additional limitation was the fact that this study only looked for frailty biomarkers in
a single strain of inbred mice, C57BL/6J. The mouse FI was validated for use in C57BL/6J mice
8, These mice are commonly used in aging research because of the availability of phenotypic
and genotypic information . However, C57BL/6J mice have a relatively long lifespan
compared to other short lived strains such as DBA/2J and BALB/cJ %62%4, Mice with reduced
lifespans could show different features of aging compared to mice with longer lifespans 26°.
Interestingly, Kane et al. found that age- and diet-matched male DBA/2J mice had higher FI
scores than C57BL/6J mice, suggesting strain differences ®. Thus, the frailty-associated DEMGs
identified in this study may not necessarily be generalizable to other mouse strains with shorter

lifespans.

Another limitation of this study was that it included only a single omics measure. RNA-
Seq was used to profile the transcriptome, consisting of all coding and non-coding RNA
molecules. Protein-coding metabolic genes were identified as being differentially expressed, and
a number of hypotheses about the metabolic aspects of frailty were formed based on the
assumption that mRNA expression directly correlates with protein abundance. However, mRNA
does not solely dictate protein levels. Rather, protein abundance is largely determined by
translational and post-translational events 26, Takemon et al. found that with age, mRNA cannot
be used to reliably predict the direction of change of a protein 47, In part, this could be due to a

loss of proteostasis that transpires with age 47

. Proteostasis is characterized by protein
aggregation, protein unfolding, oxidative damage, post-translational modifications, and

alterations in the rate of protein turnover 2¢7. Similar to age, proteostasis is a hallmark of frailty °.
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This study was further limited by not having access to blood pressure or 20-HETE
measurements from the high and low FI mice used. Even without protein levels data, speculation
regarding altered endobiotic metabolism could have been substantiated with these measurements,

which might have provided a link to hypertension.

4.6 A model of altered metabolism in the kidneys of frail mice

4.6.1 Endobiotic metabolism

One of the pathways identified in the GO enrichment analysis was the metabolism of the
endogenous molecule AA. AA is a component of membrane phospholipids 268, AA can be
mobilized from the cell membrane by PLA: and phospholipase C during times of cellular stress,
generating free AA 268, AA can be metabolized into several different products via three pathways

268 Prostaglandins and thromboxanes can be produced by the cyclooxygenase pathway 2%, The

268

lipoxygenase pathway creates leukotrienes and lipoxins “°°. Finally, AA can be metabolized via

the CYP450 pathway to generate epoxyeicosatrienoic acids (EETs) or HETEs (Figure 4.1) 268,

In my study, the Cyp4al2a gene encoding a CYP450 enzyme was found to be
upregulated in the kidneys of mice with high FI. Cyp4ai2b was also shown to be overexpressed
in the frail mouse kidney, but CYP4A12A has a greater ability to metabolize AA to 20-HETE via
its omega-hydroxylase activity 2*+2*, Therefore, increased expression of Cyp4al2a in frail mice
could increase the catabolism of AA, leading to increased production of the 20-HETE

metabolite.

Renal UGTs can metabolize CYP450-derived metabolites from AA catabolism 3!,
UGT1ADO9 plays a key role in the detoxification process and is part of the primary pathway by
which 20-HETE is eliminated 2°°. UGT1A9 produces the glucuronidated form of the AA
metabolite, 20-HETE glucuronide, which is eliminated via the urine in this form (Figure 4.1) 2%°.

My RNA-Seq results showed that Ugt/a9 and Ugtlal(0 were downregulated in high FI mice. If
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the downregulation of these genes led to reduced expression of the UGT1A9 enzyme, 20-HETE

might not be cleared as effectively in frail mice.

In very frail mice, overexpression of Cyp4al2a could increase the production of 20-
HETE from free AA. Simultaneously, the downregulation of Ugt/a9 and Ugtlal0 could lead to
less effective detoxification. Taken together, an accumulation of 20-HETE in the kidney could be
associated with frailty (Figure 4.1). Twenty-HETE has been shown to increase vascular tone and
vasoconstriction, potentially leading to hypertension 24424, Furthermore, 20-HETE is involved
in the regulation of blood flow to various organs, such as the brain and kidney 2%. Considering
the aforementioned alterations in gene expression, accumulation of 20-HETE could be associated
with frailty in mice. This also provides a potential link between frailty and hypertension,
although this is not to say that one causes the other. Rather, the accumulation of 20-HETE and
the development of hypertension could contribute to the pathogenesis of frailty by increasing the

risk of end-organ damage or comorbid conditions 27071,

4.6.2 Xenobiotic metabolism

The metabolism of drugs is primarily carried out by the liver, whereas the kidney is
responsible for their excretion 2*7, Hydrophilic drugs are more easily excreted via the kidneys
than hydrophobic drugs. Biotransformation reactions take place, generally in the liver, to
increase the hydrophilicity of hydrophobic drugs prior to their elimination 2*’. Biotransformation
can be divided into phase I and phase II metabolism, though both phases do not always occur
sequentially. Molecules can directly enter phase II metabolism without the occurrence of phase I
and can be excreted after phase I without the occurrence of phase IT 237, Phase I metabolism
entails the oxidation, reduction, or hydrolysis of a drug or exogenous molecule (Figure 4.1) 2%7.
These modifications create or reveal polar functional groups to create a functionalized metabolite
237, During phase II metabolism, polar groups are conjugated to molecules to generate water-

soluble metabolites (Figure 4.1) 7. Drug metabolites can be renally excreted, though bile is

another significant method of elimination 7.
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In my study, renal Cyp4al2a and Cyp4al2b were significantly overexpressed in the
kidneys of frail mice. Assuming CYP4A 12 abundance is upregulated as a result of increased
mRNA expression, CYP450 enzyme activity in the kidney could increase. Hepatic CYP450
enzymes are mainly responsible for phase I metabolism 2*’. Nevertheless, if renal CYP4A12
activity were to contribute to phase I reactions, biotransformation may occur more rapidly. This
could increase the functionalization of drug metabolites to aid their elimination 22, However,

bioactivation could increase the production of and exposure to toxic drug metabolites 272,

The RNA-Seq data showed 4kricl8 expression is downregulated in frail mice. AKR
enzymes also play a part in phase I drug metabolism as they carry out nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent reduction of carbonyl groups (Figure 4.1) 2%, This
process functionalizes the carbonyl group and allows for phase II conjugation reactions to aid
drug elimination 2%°, AKRs detoxify aldehyde and ketone substrates since they form alcohols,
which are less reactive products. However, reduced chemical reactivity does not necessarily
mean reduced biological activity 2°2. Sometimes, the products of AKR reduction reactions can be
bioactivated, forming reactive molecules 22, In this sense, AKR enzymes can contribute to both
the detoxification and bioactivation of drugs. Hence, reduced Akrlc18 expression and resulting

downregulation of AKR1C18 in frail mice may alter phase I of the biotransformation process.

Phase II of biotransformation can be completed by glucuronidation, catalyzed by UGT
enzymes (Figure 4.1) 2*7. This process of converting lipophilic compounds results in the

production of a polar metabolite with increased hydrophilicity 26!

. This generally terminates the
biological effects of the parent drug compound and eases its elimination and clearance 2°!. In
other instances, the drug may be converted to a highly reactive metabolite with increased
pharmacological activity or toxicity 2¢!. Thus, fluctuations in the expression of UGTs could have
interesting implications for drug metabolism. Since the RNA-Seq results indicated that Ugt/a9
and Ugtlal0 expression is downregulated in high FI mice, the enzymatic activity of their
respective proteins may be reduced. Detrimental effects of this could include a reduced ability to

detoxify and clear drugs by glucuronidation with frailty.
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Overall, variable expression of genes encoding CYP450s, AKRs, and UGTs could have
several implications for the metabolism of endogenous and exogenous compounds in frail mice
(Figure 4.1). Metabolism of xenobiotics, including drugs, environmental pollutants, and plant
constituents, could be impaired with frailty 273. The therapeutic effect of a drug may be reduced
if CYP450 activity is increased because pharmacologically active compounds could be rendered
inactive more readily via oxidation reactions 2’4, Alternatively, chemically reactive metabolites
could be produced more readily by CYP450s, increasing the production of harmful compounds
274 Furthermore, enhanced CYP450 activity could cause an administered prodrug to be
converted to its active form at a faster rate, causing an enhanced therapeutic effect 274, Reduced
expression of enzymes with detoxification properties, such as AKRs and UGTs, could result in
the inability to clear drug metabolites and lengthen the exposure to potentially toxic compounds
202,261 Another possible consequence of decreased AKR activity could be a reduction in the
therapeutic effect of a prodrug since a pharmacologically active product could be formed at a
slower rate. Metabolism of endobiotics, particularly AA, may lead to the accumulation of 20-
HETE. Since 20-HETE has been associated with hypertension, there may be a relationship

between changes in blood pressure and frailty 247.

In general, these results need to be interpreted with caution as hepatic enzymes have a
significantly greater metabolic capacity, particularly with regard to the metabolism of drugs '3!.
Additionally, inferences regarding enzyme activity have been made based on gene expression.
More research is needed to understand the functionality of renal enzymes, their contribution to
biotransformation, and their role in AA metabolism before a definitive conclusion is made

regarding dysfunctional xenobiotic and endobiotic metabolism in frail mice.
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Figure 4.1. A model of altered endobiotic and xenobiotic metabolism in a frail mouse.

A. Arachidonic acid is mobilized from the plasma membrane and converted to 20-
Hydroxyeicosatetraenoic acid (20-HETE) by cytochrome P450. UDP-glucuronosyltransferases
conjugate glucuronic acid to 20-HETE to aid in elimination. However, increased Cyp4al2a and
decreased Ugtla9/10 expression in frail mice results in the accumulation of the unconjugated
form of 20-HETE. B. Drug metabolism can occur through phase I and/or phase II metabolism.
Phase I involves oxidation reactions carried out by cytochrome P450s or reduction reactions by
aldo-keto reductases to create a polar functionalized metabolite. Phase II involves conjugation
reactions, usually carried out by UDP-glucuronosyltransferases. Cyp4al2a/b expression is
upregulated while AkrIci8 and Ugtla9/10 expression is downregulated, leading to dysregulated
drug metabolism in the frail mouse.
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4.7 Implications of this study

4.7.1 Frailty biomarkers for clinical use

One of the main goals of this study was to identify novel biomarkers for frailty which
originate in the mouse kidney. The DEMGs identified were done so using kidney tissue. In order
to translate the results of this study to a clinical setting, the kidney-based biomarkers would need
to be related to markers which could be measured non-invasively, such as in the urine or blood.
To enable this, I associated the DEMGs with several dysregulated metabolic pathways, such as
AA metabolism. As an example, I identified 20-HETE as a key metabolite in the AA pathway,
which has the potential to accumulate in frail mice. Twenty-HETE can be measured in the urine
and, therefore could undergo further testing to assess its feasibility as a biomarker for frailty 27°.
Peripheral measurement of the vital components (Eg. enzymes and metabolites) of other
pathways which are dysregulated with frailty could allow for the identification of additional
frailty biomarkers. The broader implication of this work is that kidney-based biomarkers could

be added to a panel of other FI-associated biomarkers that, when measured, could enable the pre-

emptive detection of frailty prior to the emergence of observable health deficits.

4.7.2 Molecular basis of frailty

In addition to providing potential biomarkers for frailty, this study provides insights into
the molecular basis of frailty. Currently, mechanistic explanations for how frailty occurs are
lacking. Having elucidated metabolic pathways which may be altered with frailty, | have
revealed a potential contributing mechanism through which frailty manifests in the kidney. Of
course, it remains to be known whether frailty develops as a result of alterations to metabolic
pathways or if frailty causes metabolic dysfunction to occur. Regardless, dysfunctional pathways
have been identified, enabling target discovery for frailty interventions. Pharmacological
treatments or non-pharmacological interventions related to these pathways could be developed to
prevent frailty, promote healthy aging, or reverse the effects of frailty in the kidney and other

organs.
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4.7.3 Pharmacokinetic considerations

Since I proposed that drug metabolism may be altered in frailty, this research could have
interesting implications for pharmacokinetics. In general, frail individuals are susceptible to
ADRs 276, However, this study may provide new insights as to how exactly the kidney changes
with frailty, becoming less resilient and predisposing frail individuals to ADRs. Absorption,
distribution, metabolism, and excretion of drugs can be highly influenced by drug-metabolizing
enzymes. Altered CYP450s, AKRs, and UGTs could impact the ability of the kidney to
metabolize drugs and transform them into their active or inactive forms. Therefore,
pharmacokinetic considerations may need to be made for a frail individual where drug efficacy
could be altered, or exposure to toxic metabolites may be increased. For example, if a drug is
known to be metabolized by a renal CYP450 enzyme whose function is frailty-dependent, a
more optimal drug might be prescribed. Moreover, frailty-associated alterations to UGT
expression and activity could affect the ability of the kidney to clear drug metabolites from the
body. In this case, drug dosing might need to be adjusted to account for these changes. In
summary, this study might lead to further work that aims to elucidate the pharmacokinetic
impacts of frailty. This could allow for the personalization of medical treatment based on frailty
status and, ultimately, the reduction of ADRs in frail individuals. However, more research is
needed as renal enzymes may not contribute significantly to both phase I and II of drug

metabolism.

4.7.4 Polypharmacy

Dysfunctional drug metabolism may be a result of frailty itself, but it could also be
related to the prevalence of polypharmacy in the frail population. Indeed, my study suggests that
frailty is associated with molecular changes in the kidney that could lead to altered drug
metabolism. However, polypharmacy (the use of multiple medicines) is prevalent in frail older
people and can lead to altered metabolism and the occurrence of ADRs 276277, Related to my
study, multiple drugs are metabolized by the AKR1C, CYP4A, and UGT1A9 isoforms in
humans. Many drugs have been labelled as inducers or inhibitors of these enzymes, which

enhance or interfere with their activity and increase vulnerability to ADRs and drug-drug
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interactions 272278281 This further complicates pharmacokinetics in frail individuals because

polypharmacy can exacerbate the impairments in renal metabolism explored here.

4.8 Future directions

Further work pertaining to this study should aim to measure the 20-HETE metabolite in
urine as it is an attractive candidate biomarker for frailty. Measurements of this metabolite
should be obtained in mice with varying degrees of frailty to determine if it is a reliable marker

and if it is sensitive enough to be associated with graded changes in the FI.

Protein abundance data for each of the corresponding DEMGs should be acquired using
measures of protein expression such as Western blotting or proteomics. This would confirm the
expression trend for each protein in frail mice. My study was limited to only gene expression,
which does not necessarily correlate with protein expression. Furthermore, protein measurements
could confirm how UGTs are altered with frailty, as the RNA-Seq and qPCR results differed in
my study. Phosphoproteomics may be the most favourable method since it quantifies protein and

provides additional information about protein activity based on phosphorylation status.

Finally, future work looking to uncover the metabolic effects of frailty should focus on
the liver. The liver is another highly metabolic organ, especially given its large role in the
metabolism of drugs. This study was limited to the manifestation of frailty in the kidney, but
metabolic dysfunction related to frailty should also be assessed in the liver to get a sense of how
hepatic enzymes may be impacted in frail individuals. Undoubtedly, frailty-related changes in the
liver would also have important implications for endobiotic and xenobiotic metabolism.

Additionally, the liver could be used to propose additional biomarkers for the detection of frailty.
4.9 Concluding remarks
The prevalence of frailty continues to grow worldwide, especially with our aging

population. Pre-emptive detection of frailty might ease the strain on healthcare systems by

treating frailty sooner or potentially reversing its effects through various interventions. Currently,
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the main methods used to assess frailty are the FI and FP, which rely on mostly observable
variables. To allow for earlier identification of frail individuals, techniques that rely mainly on
laboratory test values, such as the FI-lab, have been developed. However, there are no

biomarkers for frailty that have been validated for use clinically.

Considering the lack of reliable biomarkers, I aimed to associate differentially expressed
genes in the kidney with the pre-existing clinical FI for mice. Using RNA-Seq, I evaluated
transcriptional differences in the kidneys of female mice with extremely low and high FI scores.
Seven frailty-associated DEMGs were identified (Ugtla9, Ugtlial0, Cyp4al2a, Cyp4al2b, Hdc,
Pla2gi12b, and Akricl8), and most of their expression trends in low and high FI mice were
validated with qPCR. Furthermore, expression of the majority of the DEMGs was found to be

associated with frailty, independent of chronological age.

Pharmacological interventions for frailty are an area of increasing interest. To provide a
potential mechanistic explanation for how the ACE inhibitor enalapril attenuates frailty in
middle-aged female mice, expression of the frailty DEMGs was measured in treated and
untreated mice. However, enalapril did not appear to exert its effects by a mechanism related to

these metabolic genes.

The DEMGs identified highlight dysregulated metabolic pathways in the kidneys of frail
mice. This study provides new information regarding the implications of frailty on xenobiotic
and endobiotic metabolism in the kidney. However, more work is needed to better characterize
the effects of frailty on specific metabolic enzymes. In the future, the quantification of proteins
and metabolites related to dysregulated metabolic pathways in the blood or urine could enable
non-invasive detection of frailty. Validation of these biomarkers for use in clinical settings would
allow for routine testing for frailty, including in younger people who can be afflicted by frailty as

well.
In closing, this thesis characterizes the molecular effects of frailty in the kidney and paves

the way for a broader understanding of this state. Ultimately, more research is necessary to

validate the DEMGs described here. My research contributes important insights that, in the long
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term, could help determine how we can better care for individuals with complex multi-system

problems to ease the global burden of frailty.
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APPENDIX A TOP 3000 MOST VARIABLE GENES

ENSMUSG00000064359
ENSMUSG00000093896
ENSMUSG00000058626
ENSMUSG00000095429
ENSMUSG00000066170
ENSMUSG00000096715
ENSMUSG00000068105
ENSMUSG00000024673
ENSMUSG00000030724
ENSMUSG00000014030
ENSMUSG00000040026
ENSMUSG00000098814
ENSMUSG00000029306
ENSMUSG00000096833
ENSMUSG00000018623
ENSMUSG00000047842
ENSMUSG00000096422
ENSMUSG00000104375
ENSMUSG00000076596
ENSMUSG00000032053
ENSMUSG00000095127
ENSMUSG00000076550
ENSMUSG00000076666
ENSMUSG00000063388
ENSMUSG00000094546
ENSMUSG00000009246
ENSMUSG00000096074
ENSMUSG00000022304
ENSMUSG00000048031
ENSMUSG00000003379
ENSMUSG00000105128
ENSMUSG00000094509
ENSMUSG00000030468
ENSMUSG00000103995
ENSMUSG00000094006
ENSMUSGO00000095771
ENSMUSG00000095204

ENSMUSG00000031428
ENSMUSG00000030156
ENSMUSG00000104887
ENSMUSG00000028195
ENSMUSG00000030562
ENSMUSG00000027513
ENSMUSG00000043613
ENSMUSG00000027792
ENSMUSG00000004707
ENSMUSG00000049580
ENSMUSG00000009356
ENSMUSG00000032487
ENSMUSG00000062727
ENSMUSG00000029380
ENSMUSG00000085017
ENSMUSG00000109877
ENSMUSGO00000069855
ENSMUSG00000031098
ENSMUSG00000050097
ENSMUSG00000051220
ENSMUSG00000109096
ENSMUSG00000024694
ENSMUSG00000052133
ENSMUSG00000068085
ENSMUSG00000028068
ENSMUSG00000040345
ENSMUSG00000049265
ENSMUSG00002076165
ENSMUSG00000049037
ENSMUSG00000119459
ENSMUSG00000015401
ENSMUSG00000085058
ENSMUSG00000107029
ENSMUSG00000026104
ENSMUSG00000039653
ENSMUSG00000034206
ENSMUSG00000119142
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ENSMUSG00000020808
ENSMUSG00000071203
ENSMUSG00000039092
ENSMUSG00000022667
ENSMUSG00000095891
ENSMUSG00000029659
ENSMUSG00000016179
ENSMUSG00000057110
ENSMUSG00000019929
ENSMUSG00000087141
ENSMUSG00000039339
ENSMUSG00000063683
ENSMUSG00000052271
ENSMUSG00000066512
ENSMUSG00000047511
ENSMUSG00000022186
ENSMUSG00000091028
ENSMUSG00000035274
ENSMUSG00000012889
ENSMUSG00000011008
ENSMUSG00000029162
ENSMUSG00000110221
ENSMUSG00000074639
ENSMUSG00000086174
ENSMUSG00000021898
ENSMUSG00000023243
ENSMUSG00000020275
ENSMUSG00000071177
ENSMUSG00000036896
ENSMUSG00000022025
ENSMUSG00000055421
ENSMUSG00000083392
ENSMUSG00000047143
ENSMUSG00000080823
ENSMUSG00000090555
ENSMUSG00000090939
ENSMUSG00000016206



ENSMUSG00000008193
ENSMUSG00000094433
ENSMUSG00000030577
ENSMUSG00000076532
ENSMUSG00000105096
ENSMUSG00000032484
ENSMUSG00000095335
ENSMUSG00000042474
ENSMUSG00000065968
ENSMUSG00000050635
ENSMUSG00000076587
ENSMUSG00000014686
ENSMUSG00000096767
ENSMUSGO00000076555
ENSMUSG00000027748
ENSMUSG00000031710
ENSMUSG00000001027
ENSMUSG00000086324
ENSMUSG00000105646
ENSMUSG00000040405
ENSMUSG00000105547
ENSMUSG00000086211
ENSMUSG00000104927
ENSMUSG00000004110
ENSMUSG00000096459
ENSMUSGO00000032758
ENSMUSG00000096020
ENSMUSG00000094088
ENSMUSG00000079222
ENSMUSG00000110682
ENSMUSG00000096410
ENSMUSG00000076612
ENSMUSG00000030592
ENSMUSG00000005364
ENSMUSG00000022416
ENSMUSG00000095642
ENSMUSG00000026011
ENSMUSG00000059994
ENSMUSG00000076731
ENSMUSG00000053469

ENSMUSG00000050014
ENSMUSG00000099375
ENSMUSG00000117465
ENSMUSG00000037466
ENSMUSG00000021614
ENSMUSG00000005410
ENSMUSG00000095304
ENSMUSG00000022385
ENSMUSG00000044229
ENSMUSG00000057191
ENSMUSG00000084796
ENSMUSG00000022947
ENSMUSG00000063730
ENSMUSG00000002033
ENSMUSG00000028262
ENSMUSG00000040258
ENSMUSG00000026068
ENSMUSG00000030867
ENSMUSG00000035365
ENSMUSG00000020264
ENSMUSG00000035910
ENSMUSG00000056531
ENSMUSG00000032532
ENSMUSGO00000113136
ENSMUSG00000097651
ENSMUSG00000052125
ENSMUSG00000026979
ENSMUSG00000049988
ENSMUSG00000035686
ENSMUSG00000044199
ENSMUSG00000006310
ENSMUSG00000042385
ENSMUSG00000025386
ENSMUSG00000026301
ENSMUSG00000013418
ENSMUSG00000032094
ENSMUSG00000080440
ENSMUSG00000065778
ENSMUSG00000001494
ENSMUSG00000026407
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ENSMUSG00000033777
ENSMUSG00000086564
ENSMUSG00000110141
ENSMUSG00000093580
ENSMUSG00000079263
ENSMUSG00000031298
ENSMUSG00000027347
ENSMUSG00000102235
ENSMUSG00000080768
ENSMUSG00000103931
ENSMUSG00000049588
ENSMUSG00000110720
ENSMUSG00000029260
ENSMUSG00000040613
ENSMUSG00000063268
ENSMUSG00000020062
ENSMUSG00000046245
ENSMUSG00000063193
ENSMUSG00000056145
ENSMUSG00000080538
ENSMUSG00000099875
ENSMUSG00000062859
ENSMUSG00000100774
ENSMUSG00000037443
ENSMUSG00000107760
ENSMUSG00000022221
ENSMUSG00000087364
ENSMUSG00000079491
ENSMUSG00000037010
ENSMUSG00000046598
ENSMUSG00000070690
ENSMUSG00000107092
ENSMUSG00000045094
ENSMUSG00000117023
ENSMUSG00000094915
ENSMUSG00000033767
ENSMUSG00000078122
ENSMUSGO00000015316
ENSMUSG00000047583
ENSMUSG00000082956



ENSMUSG00000085786
ENSMUSGO00000015314
ENSMUSG00000056978
ENSMUSG00000079794
ENSMUSG00000094335
ENSMUSG00000076605
ENSMUSG00000110439
ENSMUSG00000105606
ENSMUSG00000040592
ENSMUSG00000098021
ENSMUSG00000009350
ENSMUSG00000016529
ENSMUSG00000105906
ENSMUSG00000104713
ENSMUSG00000076606
ENSMUSG00000079192
ENSMUSG00000090165
ENSMUSG00000019982
ENSMUSG00000054072
ENSMUSG00002076091
ENSMUSG00000079190
ENSMUSG00000092618
ENSMUSG00000040809
ENSMUSG00000040627
ENSMUSG00000076562
ENSMUSG00000094694
ENSMUSG00000076569
ENSMUSG00000043243
ENSMUSG00000043773
ENSMUSG00000095079
ENSMUSG00000076580
ENSMUSG00000079362
ENSMUSG00000041202
ENSMUSG00000029417
ENSMUSG00000076522
ENSMUSG00000076695
ENSMUSG00000076578
ENSMUSG00000047798
ENSMUSG00000076672
ENSMUSG00000093894

ENSMUSG00000023393
ENSMUSG00000006398
ENSMUSG00000018983
ENSMUSG00000047976
ENSMUSG00000086891
ENSMUSG00000074771
ENSMUSG00000016942
ENSMUSG00000070691
ENSMUSG00000033177
ENSMUSG00000117988
ENSMUSG00000038550
ENSMUSG00000074968
ENSMUSG00000086040
ENSMUSG00000030218
ENSMUSG00000119563
ENSMUSG00000022805
ENSMUSG00000024481
ENSMUSG00000080365
ENSMUSG00000004552
ENSMUSG00000041449
ENSMUSG00000030945
ENSMUSG00000082260
ENSMUSGO00000051985
ENSMUSG00000028172
ENSMUSG00000109564
ENSMUSG00000083979
ENSMUSG00000025877
ENSMUSG00000027073
ENSMUSG00000061356
ENSMUSG00000117313
ENSMUSG00000022053
ENSMUSG00000037379
ENSMUSG00000018865
ENSMUSG00000045291
ENSMUSG00000105239
ENSMUSG00000072944
ENSMUSG00000118524
ENSMUSG00000031444
ENSMUSG00000112307
ENSMUSG00000105954
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ENSMUSG00000090186
ENSMUSG00000026726
ENSMUSG00000049152
ENSMUSG00000116639
ENSMUSG00000028356
ENSMUSG00000118026
ENSMUSG00000006462
ENSMUSG00000074183
ENSMUSG00000027330
ENSMUSG00000070298
ENSMUSG00000092528
ENSMUSG00000036905
ENSMUSG00000046593
ENSMUSG00000116999
ENSMUSG00000015850
ENSMUSG00000108753
ENSMUSG00000023120
ENSMUSG00000027496
ENSMUSG00000079563
ENSMUSG00000089995
ENSMUSG00000039246
ENSMUSG00000036353
ENSMUSG00000029868
ENSMUSG00000063796
ENSMUSG00000026676
ENSMUSG00000074006
ENSMUSG00000068086
ENSMUSG00000023073
ENSMUSG00000076928
ENSMUSG00000033987
ENSMUSG00000031700
ENSMUSG00000046093
ENSMUSG00000046805
ENSMUSG00000000567
ENSMUSG00000004105
ENSMUSG00000049758
ENSMUSG00000106634
ENSMUSG00000027533
ENSMUSG00000024617
ENSMUSG00000037108



ENSMUSG00000104452
ENSMUSG00000078680
ENSMUSG00000026822
ENSMUSG00000092021
ENSMUSG00000076556
ENSMUSG00000014453
ENSMUSG00000023078
ENSMUSG00000076939
ENSMUSG00000044453
ENSMUSG00000052477
ENSMUSG00000015854
ENSMUSG00000037922
ENSMUSG00000096883
ENSMUSG00000026390
ENSMUSG00000015437
ENSMUSG00000095700
ENSMUSG00000073628
ENSMUSG00000096577
ENSMUSG00000000248
ENSMUSG00000078922
ENSMUSG00000076617
ENSMUSG00000020279
ENSMUSG00000056071
ENSMUSG00000021214
ENSMUSG00000076934
ENSMUSG00000095007
ENSMUSG00000096100
ENSMUSG00000060807
ENSMUSG00000073631
ENSMUSG00000030263
ENSMUSG00000076549
ENSMUSG00000049608
ENSMUSG00000070530
ENSMUSGO00000111862
ENSMUSG00000076937
ENSMUSG00000073538
ENSMUSG00000076619
ENSMUSG00000093861
ENSMUSG00000095197
ENSMUSG00000037337

ENSMUSG00000040522
ENSMUSG00000091002
ENSMUSG00000052087
ENSMUSG00000026220
ENSMUSG00000043461
ENSMUSG00000114441
ENSMUSG00000077714
ENSMUSG00000085873
ENSMUSG00000040751
ENSMUSG00000030589
ENSMUSG00000042529
ENSMUSG00000069308
ENSMUSG00000066687
ENSMUSG00000026012
ENSMUSG00000073421
ENSMUSG00000069307
ENSMUSG00000025001
ENSMUSG00000032322
ENSMUSG00000037035
ENSMUSG00000040675
ENSMUSG00000030147
ENSMUSG00000069303
ENSMUSG00000097108
ENSMUSG00000018899
ENSMUSG00000047420
ENSMUSGO00000037725
ENSMUSG00000045102
ENSMUSG00000031382
ENSMUSG00000023262
ENSMUSG00000022901
ENSMUSG00000097993
ENSMUSG00000109913
ENSMUSG00000079553
ENSMUSG00000074489
ENSMUSG00000023274
ENSMUSG00000048498
ENSMUSG00000029195
ENSMUSG00000020051
ENSMUSG00000024866
ENSMUSG00000023505
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ENSMUSG00000020234
ENSMUSG00000112061
ENSMUSG00000074628
ENSMUSG00000036887
ENSMUSG00000005057
ENSMUSG00000102692
ENSMUSG00000018927
ENSMUSG00000103992
ENSMUSG00000042404
ENSMUSG00000031362
ENSMUSG00000026458
ENSMUSG00000104488
ENSMUSG00000027875
ENSMUSG00000032356
ENSMUSG00000040940
ENSMUSG00000092243
ENSMUSG00000099773
ENSMUSG00000021367
ENSMUSG00000026630
ENSMUSG00000022014
ENSMUSG00000034987
ENSMUSG00000045842
ENSMUSG00000027639
ENSMUSG00000069516
ENSMUSGO00000117117
ENSMUSG00000066491
ENSMUSG00000024899
ENSMUSG00000064109
ENSMUSG00000098934
ENSMUSG00000110218
ENSMUSG00000003882
ENSMUSG00000059430
ENSMUSGO00000113195
ENSMUSG00000018211
ENSMUSG00000090171
ENSMUSG00000116919
ENSMUSG00000094281
ENSMUSG00000110697
ENSMUSG00000105960
ENSMUSG00000073492



ENSMUSG00000067341
ENSMUSG00000020401
ENSMUSG00000038421
ENSMUSG00000030798
ENSMUSG00000050578
ENSMUSG00000058773
ENSMUSG00000098973
ENSMUSG00000028270
ENSMUSG00000079033
ENSMUSGO00000095351
ENSMUSG00000079543
ENSMUSG00000094689
ENSMUSG00000076563
ENSMUSG00000046591
ENSMUSG00000078853
ENSMUSGO00000095787
ENSMUSG00000026581
ENSMUSG00000108317
ENSMUSG00000104213
ENSMUSG00000034785
ENSMUSG00000094728
ENSMUSG00000025938
ENSMUSG00000024526
ENSMUSG00000047880
ENSMUSG00000005716
ENSMUSG00000095612
ENSMUSG00000032564
ENSMUSG00000114294
ENSMUSG00000068606
ENSMUSG00000074483
ENSMUSG00000078921
ENSMUSG00000076583
ENSMUSG00000026984
ENSMUSG00000090252
ENSMUSGO00000037548
ENSMUSG00000076608
ENSMUSG00000094872
ENSMUSG00000052013
ENSMUSG00000076508
ENSMUSG00000056054

ENSMUSG00000065714
ENSMUSG00000000628
ENSMUSG00000031613
ENSMUSG00000073980
ENSMUSG00000046402
ENSMUSG00000060509
ENSMUSG00000063632
ENSMUSG00000026602
ENSMUSG00000107134
ENSMUSG00000026167
ENSMUSG00000004371
ENSMUSG00000025479
ENSMUSG00000091898
ENSMUSG00000040747
ENSMUSG00000025422
ENSMUSG00000090338
ENSMUSG00000099762
ENSMUSG00000119476
ENSMUSG00000069270
ENSMUSG00000069305
ENSMUSG00000008845
ENSMUSG00000079507
ENSMUSG00000001506
ENSMUSG00000070392
ENSMUSG00000095547
ENSMUSG00000021123
ENSMUSG00000097053
ENSMUSG00000044254
ENSMUSG00000021176
ENSMUSGO00000119011
ENSMUSG00000030935
ENSMUSG00000064342
ENSMUSG00000097012
ENSMUSG00000024965
ENSMUSG00000038642
ENSMUSG00000036469
ENSMUSGO00000114457
ENSMUSG00000042029
ENSMUSG00000030074
ENSMUSG00000073411
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ENSMUSG00000097399
ENSMUSG00000090256
ENSMUSG00000069581
ENSMUSG00000022584
ENSMUSG00000111709
ENSMUSG00000112023
ENSMUSG00000029283
ENSMUSG00000117573
ENSMUSG00000015843
ENSMUSG00000033880
ENSMUSG00000109587
ENSMUSG00000050994
ENSMUSG00000029910
ENSMUSG00000025089
ENSMUSGO00000118384
ENSMUSG00000030270
ENSMUSG00000027797
ENSMUSG00000020167
ENSMUSG00000025429
ENSMUSG00000092674
ENSMUSG00000071658
ENSMUSG00000020684
ENSMUSG00000087319
ENSMUSG00000086596
ENSMUSG00000054717
ENSMUSG00000046207
ENSMUSG00000029608
ENSMUSG00000085412
ENSMUSG00000054013
ENSMUSG00000045009
ENSMUSG00000052572
ENSMUSG00000029304
ENSMUSG00000058022
ENSMUSG00000080777
ENSMUSG00000018381
ENSMUSG00000026365
ENSMUSG00000099241
ENSMUSG00000038738
ENSMUSG00000092837
ENSMUSG00000062296



ENSMUSG00000095450
ENSMUSG00000036198
ENSMUSG00000094075
ENSMUSG00000051596
ENSMUSG00000025432
ENSMUSG00000062007
ENSMUSG00000094087
ENSMUSGO00000051111
ENSMUSG00000006469
ENSMUSG00000076614
ENSMUSG00000071068
ENSMUSG00000079455
ENSMUSG00000072109
ENSMUSG00000116868
ENSMUSG00000030093
ENSMUSG00000076655
ENSMUSG00000044117
ENSMUSGO00000018168
ENSMUSG00000079808
ENSMUSG00000061100
ENSMUSG00000066677
ENSMUSG00000010142
ENSMUSG00000017002
ENSMUSG00000021457
ENSMUSG00000038379
ENSMUSG00000076609
ENSMUSG00000094918
ENSMUSG00000041538
ENSMUSG00000003484
ENSMUSGO00000076677
ENSMUSG00000044201
ENSMUSG00000021613
ENSMUSG00000095630
ENSMUSG00000079298
ENSMUSG00000076613
ENSMUSG00000076604
ENSMUSG00000096594
ENSMUSG00000031004
ENSMUSG00000032783
ENSMUSG00000095300

ENSMUSG00000039699
ENSMUSG00000018819
ENSMUSG00000024675
ENSMUSG00000037913
ENSMUSG00000081596
ENSMUSG00000034394
ENSMUSG00000033213
ENSMUSG00000064225
ENSMUSG00000024330
ENSMUSG00000064901
ENSMUSG00000045751
ENSMUSG00000068227
ENSMUSG00000074604
ENSMUSG00000055866
ENSMUSG00000090307
ENSMUSG00000022034
ENSMUSG00000052316
ENSMUSG00000038252
ENSMUSG00000024660
ENSMUSG00000021640
ENSMUSG00000031698
ENSMUSG00000073403
ENSMUSG00000040253
ENSMUSG00000057425
ENSMUSG00000029563
ENSMUSG00000042116
ENSMUSG00000069274
ENSMUSG00000038665
ENSMUSG00000036944
ENSMUSG00000057103
ENSMUSG00000085713
ENSMUSG00000030495
ENSMUSG00000080712
ENSMUSG00000026117
ENSMUSG00000026395
ENSMUSG00000109492
ENSMUSG00000030256
ENSMUSG00000096937
ENSMUSG00000029862
ENSMUSG00000048922
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ENSMUSG00000032661
ENSMUSG00000087232
ENSMUSG00000109684
ENSMUSGO00000117771
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ENSMUSG00000038179
ENSMUSG00000044250
ENSMUSG00000058488
ENSMUSG00000089652
ENSMUSG00000060441
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ENSMUSG00000114117
ENSMUSG00000032254
ENSMUSG00000058624
ENSMUSG00000090019
ENSMUSG00000099858
ENSMUSG00000062582
ENSMUSG00000077505
ENSMUSG00000045284
ENSMUSG00000001227
ENSMUSG00000079588
ENSMUSG00000035891
ENSMUSG00000097365
ENSMUSG00000066097
ENSMUSG00000069793
ENSMUSG00000022110
ENSMUSG00000005233
ENSMUSG00000030972
ENSMUSG00000041237
ENSMUSG00000034329
ENSMUSG00000081572
ENSMUSG00000022235
ENSMUSG00000058297
ENSMUSG00000021566
ENSMUSG00000029843
ENSMUSG00000089722
ENSMUSG00000055602
ENSMUSG00000041460
ENSMUSG00000078490
ENSMUSG00000070639
ENSMUSG00000062488
ENSMUSG00000035678
ENSMUSG00000023947
ENSMUSG00000021998
ENSMUSG00000030800
ENSMUSG00000062410
ENSMUSG00000091575
ENSMUSG00000029161
ENSMUSG00000114206
ENSMUSG00000063253
ENSMUSG00000116935



ENSMUSG00000040084
ENSMUSG00000074419
ENSMUSG00000030351
ENSMUSG00000028873
ENSMUSG00000111229
ENSMUSG00000061972
ENSMUSG00000069911
ENSMUSG00000052736
ENSMUSG00000030124
ENSMUSGO00000117228
ENSMUSG00000100199
ENSMUSG00000095217
ENSMUSG00000035273
ENSMUSG00000040136
ENSMUSG00000023903
ENSMUSG00000069720
ENSMUSG00000024164
ENSMUSG00000115200
ENSMUSG00000040328
ENSMUSG00000065637
ENSMUSG00000045322
ENSMUSG00000069273
ENSMUSGO00000015568
ENSMUSG00000104669
ENSMUSG00000046634
ENSMUSG00000089680
ENSMUSG00000034227
ENSMUSG00000064945
ENSMUSG00000032446
ENSMUSG00000110494
ENSMUSG00000112289
ENSMUSG00000089694
ENSMUSG00000036446
ENSMUSG00000026295
ENSMUSG00000079845
ENSMUSG00000039187
ENSMUSGO00000117575
ENSMUSG00000061906
ENSMUSG00000065822
ENSMUSG00000080917

ENSMUSG00000102142
ENSMUSGO00000032815
ENSMUSG00000022061
ENSMUSG00000072188
ENSMUSG00000020649
ENSMUSG00000066245
ENSMUSGO00000057751
ENSMUSG00000049723
ENSMUSG00000021943
ENSMUSG00000025197
ENSMUSG00000091243
ENSMUSG00000067714
ENSMUSGO00000116811
ENSMUSG00000024986
ENSMUSG00000005237
ENSMUSGO00000114277
ENSMUSG00000029561
ENSMUSG00000014602
ENSMUSG00000075289
ENSMUSG00000110018
ENSMUSG00000110123
ENSMUSG00002075346
ENSMUSG00000049971
ENSMUSG00000024990
ENSMUSG00000048424
ENSMUSG00000064451
ENSMUSG00000019577
ENSMUSG00000109799
ENSMUSG00000094530
ENSMUSG00000108763
ENSMUSG00000025020
ENSMUSG00000022696
ENSMUSG00000097413
ENSMUSG00000029591
ENSMUSG00000074063
ENSMUSG00000108288
ENSMUSG00000040424
ENSMUSG00000032348
ENSMUSG00000047586
ENSMUSG00000041219
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ENSMUSG00000035486
ENSMUSG00000026069
ENSMUSG00000040213
ENSMUSG00000109625
ENSMUSG00000030110
ENSMUSG00000027858
ENSMUSG00000052305
ENSMUSG00000045672
ENSMUSG00000046275
ENSMUSG00000102698
ENSMUSG00000048387
ENSMUSG00000022148
ENSMUSG00000020256
ENSMUSG00000026580
ENSMUSG00000026494
ENSMUSG00000068303
ENSMUSG00000026582
ENSMUSG00000046623
ENSMUSG00000030276
ENSMUSG00000116097
ENSMUSG00000067212
ENSMUSGO00000085785
ENSMUSG00000117604
ENSMUSG00000110758
ENSMUSG00000074218
ENSMUSG00000064280
ENSMUSG00000105698
ENSMUSG00000083854
ENSMUSG00000073752
ENSMUSG00000030966
ENSMUSG00000002204
ENSMUSG00000028864
ENSMUSG00000058248
ENSMUSG00000043008
ENSMUSG00000088252
ENSMUSG00000062432
ENSMUSG00000085913
ENSMUSG00000051435
ENSMUSG00000070692
ENSMUSG00000031971



ENSMUSG00000072596
ENSMUSG00000036777
ENSMUSG00000034041
ENSMUSG00000060550
ENSMUSG00000108968
ENSMUSG00000004709
ENSMUSG00000113502
ENSMUSG00000019122
ENSMUSG00000026452
ENSMUSG00000021416
ENSMUSG00000069372
ENSMUSG00000065176
ENSMUSG00000109792
ENSMUSG00000031725
ENSMUSG00000030854
ENSMUSG00000075122
ENSMUSG00000100210
ENSMUSG00000074634
ENSMUSG00000036902
ENSMUSG00000066952
ENSMUSG00000084390
ENSMUSG00000033952
ENSMUSG00000085109
ENSMUSG00000027199
ENSMUSG00000024032
ENSMUSG00000030528
ENSMUSG00000037202
ENSMUSG00000054293
ENSMUSG00000004612
ENSMUSG00000113079
ENSMUSG00000029811
ENSMUSG00000028602
ENSMUSG00000081058
ENSMUSG00000046699
ENSMUSG00000051262
ENSMUSG00000027896
ENSMUSGO00000082111
ENSMUSG00000024112
ENSMUSG00000059323
ENSMUSG00000099569

ENSMUSG00000047959
ENSMUSG00000082128
ENSMUSG00000036334
ENSMUSG00000020963
ENSMUSG00000103367
ENSMUSG00000031519
ENSMUSG00000057580
ENSMUSG00000024781
ENSMUSG00000065750
ENSMUSG00000116679
ENSMUSG00000040663
ENSMUSG00002075286
ENSMUSG00000043903
ENSMUSG00000022103
ENSMUSG00000020429
ENSMUSG00000059060
ENSMUSG00000109270
ENSMUSG00000068744
ENSMUSG00000080896
ENSMUSG00000087373
ENSMUSG00000086706
ENSMUSG00000095457
ENSMUSG00000024411
ENSMUSG00000040164
ENSMUSG00000039323
ENSMUSG00000005124
ENSMUSG00000038092
ENSMUSG00000043557
ENSMUSG00000042228
ENSMUSGO00000101751
ENSMUSG00000035031
ENSMUSG00000020609
ENSMUSG00000085203
ENSMUSG00000026475
ENSMUSG00000083160
ENSMUSG00000005470
ENSMUSG00000103720
ENSMUSG00000045994
ENSMUSG00000059498
ENSMUSG00000032690

141

ENSMUSG00000040412
ENSMUSG00000032186
ENSMUSG00000081723
ENSMUSG00000090215
ENSMUSG00000047911
ENSMUSG00000105553
ENSMUSG00000110279
ENSMUSG00000080810
ENSMUSG00000069456
ENSMUSG00000049892
ENSMUSG00000028362
ENSMUSG00000044938
ENSMUSG00000027313
ENSMUSG00000032554
ENSMUSG00000108487
ENSMUSG00000083863
ENSMUSG00000025075
ENSMUSG00000039384
ENSMUSG00000040752
ENSMUSG00000079505
ENSMUSGO00000001155
ENSMUSG00000046159
ENSMUSG00000027274
ENSMUSG00000015962
ENSMUSG00000022037
ENSMUSG00000027765
ENSMUSG00000010651
ENSMUSG00000074092
ENSMUSG00000108897
ENSMUSG00000090026
ENSMUSG00000101588
ENSMUSG00000032300
ENSMUSG00000068706
ENSMUSG00000081965
ENSMUSG00000028773
ENSMUSG00000039883
ENSMUSG00000100127
ENSMUSG00000029830
ENSMUSG00000027227
ENSMUSG00000081078



ENSMUSG00000016763
ENSMUSG00000098090
ENSMUSG00000045871
ENSMUSG00000052142
ENSMUSG00000025017
ENSMUSG00000047534
ENSMUSG00000003545
ENSMUSG00000073409
ENSMUSG00000036218
ENSMUSG00000017499
ENSMUSG00000087362
ENSMUSG00000050272
ENSMUSG00000008153
ENSMUSG00000052565
ENSMUSG00000022583
ENSMUSG00000102037
ENSMUSG00000085977
ENSMUSG00000081772
ENSMUSG00000097766
ENSMUSG00000082855
ENSMUSG00000051504
ENSMUSG00000067656
ENSMUSG00000037852
ENSMUSG00000080904
ENSMUSG00000034266
ENSMUSG00000092517
ENSMUSG00000015340
ENSMUSG00000036931
ENSMUSG00000024803
ENSMUSGO00000087819
ENSMUSG00000091813
ENSMUSG00000023968
ENSMUSG00000045573
ENSMUSG00000022504
ENSMUSG00000033316
ENSMUSG00000001281
ENSMUSGO00000032915
ENSMUSG00000047730
ENSMUSGO00000074715
ENSMUSG00000086320

ENSMUSG00000050944
ENSMUSG00000103065
ENSMUSG00000117621
ENSMUSGO00000071178
ENSMUSG00000021453
ENSMUSG00000104459
ENSMUSGO00000113637
ENSMUSG00000027398
ENSMUSG00000021720
ENSMUSG00000099848
ENSMUSGO00000035355
ENSMUSG00000027339
ENSMUSG00000065232
ENSMUSG00000083076
ENSMUSG00000036110
ENSMUSG00000029716
ENSMUSG00000037664
ENSMUSG00000024650
ENSMUSG00000020432
ENSMUSG00000112830
ENSMUSGO00000062515
ENSMUSG00000070368
ENSMUSG00000017830
ENSMUSGO00000114442
ENSMUSG00000041660
ENSMUSG00000049241
ENSMUSG00000060257
ENSMUSGO00000003555
ENSMUSG00000038128
ENSMUSG00000012819
ENSMUSG00000042436
ENSMUSG00000083822
ENSMUSGO00000112105
ENSMUSG00000085382
ENSMUSG00000118642
ENSMUSG00000084632
ENSMUSG00000002055
ENSMUSG00000025380
ENSMUSG00000034422
ENSMUSG00000045053
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ENSMUSG00000020877
ENSMUSG00000038267
ENSMUSG00000020988
ENSMUSG00000005514
ENSMUSG00000010797
ENSMUSG00000069733
ENSMUSG00000042306
ENSMUSG00000014905
ENSMUSG00000058620
ENSMUSG00000053137
ENSMUSGO00000058385
ENSMUSG00000039621
ENSMUSG00000061353
ENSMUSG00000037139
ENSMUSG00000095388
ENSMUSG00000057722
ENSMUSG00000038224
ENSMUSG00000061482
ENSMUSGO00000071311
ENSMUSG00000027762
ENSMUSG00000035459
ENSMUSGO00000117896
ENSMUSG00000002486
ENSMUSG00000060923
ENSMUSG00000102248
ENSMUSGO00000107215
ENSMUSG00000106990
ENSMUSG00000027510
ENSMUSG00000051235
ENSMUSG00000015981
ENSMUSG00000030865
ENSMUSG00000095143
ENSMUSG00000037921
ENSMUSG00000027737
ENSMUSG00000045004
ENSMUSG00000029656
ENSMUSG00000025420
ENSMUSG00000083193
ENSMUSG00000028295
ENSMUSG00000118607



ENSMUSG00000015396 ENSMUSG00000052861 ENSMUSG00000029923
ENSMUSG00000035683 ENSMUSG00000100666 ENSMUSG00000028838
ENSMUSG00000016283 ENSMUSG00000029605 ENSMUSG00000031845

143



APPENDIX B BIOANALYZER DNA 1000 REPORT

2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 1 of 17

Assay Class: DNA 1000

Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electrophoresis File Run Summary
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Sample 1

Sample 4

Sample 7

5 10 W s 1m0

Sample 10

3o oW W0 1w

Instrument Information:

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM

Instrument Name:  DE13805227 Firmware: C.01.069
Serial#: DE13805227 Type: G2939A
Assay Information:

Assay Origin Path:

Assay Class:
Version:
Assay Comments:

Chip Information:
Chip Lot #:
Reagent Kit Lot #:
Chip Comments:

Sample 2

Sample 5

Sample 8

Sample 11

C:\Program Files (x86)\Agilent\2100 bioanalyzer\2100
expert\assays\dsDNA\DNA 1000 Series ILxsy

DNA 1000
23
DNA Analysis 25 -1000 bp

© Copyright 2003-2009 Agilent Technologies, Inc.

Sample 3

Sample 6

Sample 9

130 Mo W I3

Sample 12

519 M0 10

2100 Expert (B.02.11.5I824)

® Copyright 2003 - 2021 Agilent, Inc.
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad Page 2 of 17

Assay Class: DNA 1000 Created: 2022-04-22 11:42:20 AM
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad Modified: 2022-04-29 11:45:36 AM

Electrophoresis File Run Summary (Chip Summary)

Sample Name Sample Comment Rest. Digest Status Observation Result Label Res
ult
Col
or
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Ladder

LS T T S T L R

Chip Lot # Reagent Kit Lot #

Chip Comments :

2100 Expert (B.02.11.5I824) @© Copyright 2003 - 2021 Agilent, Inc. Printed: 2022-04-29 11:57:51 AM
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 3 of 17

Assay Class: DNA 1000
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electrophoresis Assay Details

General Analysis Settings

Number of Available Sample and Ladder Wells (Max.) : 13
Minimum Visible Range [s] : 30

Maximum Visible Range [s] : 129

Start Analysis Time Range [s] : 30

End Analysis Time Range [s] : 128.95

Ladder Concentration [ng/pl] : 44

Uses Standard Area for Ladder Fragments
Lower Marker Concentration [ng/pl] : 4.2
Upper Marker Concentration [ng/pl] : 2.1

Used Upper Marker for Quantitation

Standard Curve Fit is Point to Point

Show Data Aligned to Lower and Upper Marker

Integrator Settings
Integration Start Time [s] : 30
Integration End Time [s] : 128.95
Slope Threshold : 0.5

Height Threshold [FU] : 20

Area Threshold : 0.1

Width Threshold [s] : 0.5
Baseline Plateau [s] : 0.5

Filter Settings

Filter Width [s] : 0.5
Polynomial Order : 4

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM

Ladder

Ladder Peak Size Area
1 15 25

2 25 26

3 50 34

4 100 41

5 150 45

6 200 52

7 300 63

8 400 76

9 500 83
10 700 88
11 850 86
12 1000 a0
13 1500 52
2100 Expert (B.02.11.51824) @© Copyright 2003 - 2021 Agilent, Inc. Printed: 2022-04-29 11:57:51 AM
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 4 of 17

Assay Class: DNA 1000
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electropherogram Summary

Sample 1
: NG ,
\ "ﬁ
w‘i >
5% e 10 mo B A S =)
Overall Results for sample 1 : Sample 1
Number of peaks found: 14 Area 1: 3,037.6
Peak table for sample 1 : Sample 1
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 258 14.75 86.5
3 265 2.28 13.1
4 270 3.39 19.0
5 276 431 23.6
6 284 2.76 14.7
7 291 13.40 69.9
8 321 4.35 20.6
9 333 11.65 53.0
10 378 1.18 4.7
11 383 5.92 23.4
12 429 6.52 23.0
13 539 0.54 1.5
14 558 132 3.6
15 613 0.20 0.5
16 4 1,500 2.10 2.1 Upper Marker

Region table for sample 1 : Sample 1

From [bp] To [bp] Area % of Total Average Size Size distribution in CV Conc.
[bp] [%] [ng/ul]
200 1,000 3,0376 99 343 29.0 73.50

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM

2100 Expert (B.02.11.5I824) @© Copyright 2003 - 2021 Agilent, Inc.

147

Printed: 2022-04-29 11:57:51 AM



2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 5 of 17

Assay Class:
Data Path:

Electropherogram Summary Continued ...

Overall Results for sample 2 : Sample 2
Number of peaks found: 19

Peak table for sample 2 : _Sample 2
Peak Size [bp] Conc. [ng/pl]
1 1 1 4.20

2 249 8.20

3 256 1.74

4 263 1.74

5 270 5.82

6 291 5.78

7 316 2.18

8 330 0.97

9 335 4.01

10 360 219

1 380 2.40

12 396 1.97

13 427 2.04

14 467 0.63

15 483 1.18

16 519 0.27

17 529 0.30

18 548 0.62

19 579 0.37

20 604 0.18

21 g 1,500 2.10

Region table for sample 2 : Sample 2

From [bp] To [bp] Area

200

DNA 1000

C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

0 w0 150 100 W00 500 mo 1500

1,000 2,4186 99 348

Sample 2

Area 1:

Molarity [nmol/I]

4242

49.8
10.3
10.0
326
30.1
10.5
4.5

% of Total Average Size

24186

Observations
Lower Marker

Upper Marker

Size distribution in CV Conc.

[%]

32.0

[ng/pl]
45.91

Col
or

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM

2100 Expert (B.02.11.5I824)
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 6 of 17

Assay Class: DNA 1000
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electropherogram Summary Continued ...

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM

Sample 3
» =
ol
s =
5 wo 1 R S 5 el =
Overall Results for sample 3 : Sample 3
Number of peaks found: 9 Area 1: 2,077.5
Peak table for sample 3 : _Sample 3
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 4 15 4.20 4242 Lower Marker
2 258 9.28 54.5
3 265 2.23 12.8
4 270 2.80 15.7
5 282 14.68 78.8
6 361 1.04 4.4
7 377 1.67 6.7
8 397 2.55 9.7
9 454 0.45 1.5
10 470 1.73 5.6
11 g 1,500 2.10 2.1 Upper Marker
Region table for sample 3 : Sample 3
From [bp] To [bp] Area %o of Total Average Size Size distribution in CV Conc. Col
[bp] [%o] [ng/ul] or
200 1,000 2,077.5 99 336 30.2 38.02 [ ]
2100 Expert (B.02.11.51824) @© Copyright 2003 - 2021 Agilent, Inc. Printed: 2022-04-29 11:57:51 AM
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad Page 7 of 17

Assay Class: DNA 1000 Created: 2022-04-22 11:42:20 AM
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad Modified: 2022-04-29 11:45:36 AM

Electropherogram Summary Continued ...

Sample 4
o
& -
A T n i e AT 9 el L]
Overall Results for sample 4 : Sample 4
Number of peaks found: 8 Area 1: 3,119.4
Peak table for sample 4 : _Sample 4
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 4 15 4.20 424.2 Lower Marker
2 251 31.54 190.2
3 286 9.71 51.5
4 314 9.60 46.3
5 358 2.65 11.2
6 379 5.90 23.6
7 455 0.62 21
8 479 0.31 1.0
9 493 0.77 2.4
10 » 1,500 210 21 Upper Marker
Region table for sample 4 : Sample 4
From [bp] To [bp] Area %o of Total Average Size Size distribution in CV Conc. Col
[bp] [%] [ng/pl] or
200 1,000 3,1194 98 312 27.8 61.31 [ ]
2100 Expert (B.02.11.51824) @© Copyright 2003 - 2021 Agilent, Inc. Printed: 2022-04-29 11:57:51 AM
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 8 of 17

Assay Class: DNA 1000
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electropherogram Summary Continued ...

Sample 5
W v W w0 s mo | 1m0 =)
Overall Results for sample 5 : Sample 5
Number of peaks found: 14 Area 1: 1,618.2
Peak table for sample 5 : _Sample 5
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
i§ 1 15 4.20 424.2 Lower Marker
2 265 6.29 36.0
3 270 1.59 8.9
4 276 1.55 8.5
5 286 4.43 23.5
6 315 2.00 9.6
7 333 2.62 12.0
8 357 0.57 2.4
9 362 0.97 4.1
10 381 2.84 11.3
11 434 0.64 2.2
12 460 0.26 0.8
13 473 0.19 0.6
14 484 0.20 0.6
15 498 0.20 0.6
16 4 1,500 2.10 2.1 Upper Marker
Region table for sample 5 : Sample 5
From [bp] To [bp] Area % of Total Average Size Size distribution in CV Conc.
[bp] [%] [ng/ul]
200 1,000 16182 98 339 29.4 26.41

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 9 of 17

Assay Class: DNA 1000

Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad
Electropherogram Summary Continued ...

Overall Results for sample 6 : Sample 6

Number of peaks found:

Peak table for sample 6 :
Peak Size [bp]
1 15
261
282
288
312
460
» 1,500

Nown bW e

Region table for sample 6 :
From [bp] To [bp] Area

200 1,000 2,956.6

Sample 6
T I
5 Area 1: 2,956.6
Sample 6
Conc. [ng/pl] Molarity [nmol/I] Observations
4.20 424.2 Lower Marker
25.48 148.0
2.42 13.0
9.08 47.7
21.35 103.5
1.51 5.0
2.10 21 Upper Marker
Sample 6
% of Total Average Size Size distribution in CV Conc.
[bp] [%] [ng/ul]
98 316 25.5 59.68

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM
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or

2100 Expert (B.02.11.5I824)
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 10 of 17

Assay Class: DNA 1000
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electropherogram Summary Continued ...

Sample 7
&
), A‘i‘
# Ed
P Rt R A o0 I

Overall Results for sample 7 : Sample 7
Number of peaks found: 4 Area 1: 4,0411
Peak table for sample 7 : _Sample 7
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 253 26.28 157.1
3 261 21.80 126.4
4 284 66.95 357.5
5 613 0.29 0.7
6 » 1,500 2.10 21 Upper Marker
7 2,741 0.00 0.0
8 2,870 0.00 0.0
9 3,012 0.00 0.0

Region table for sample 7 : Sample 7

Created: 2022-04-22 11:42:20 AM
Modified: 2022-04-29 11:45:36 AM

From [bp] To [bp] Area %o of Total Average Size Size distribution in CV Conc. Col
[bp] [%0] [ng/ui] or
200 1,000 4,041 92 326 30,0 108.45 [ 1]
2100 Expert (B.02.11.51824) @© Copyright 2003 - 2021 Agilent, Inc. Printed: 2022-04-29 11:57:51 AM
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2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Page 11 of 17

Assay Class: DNA 1000
Data Path: C:\...2100 expert_DNA 1000_DE13805227_2022-04-22_11-42-21 (1).xad

Electropherogram Summary Continued ...

Sample 8
KN
LA
oF
.
It 100 00 w0 0 i 1500 ¢
Overall Results for sample 8 : Sample 8
Number of peaks found: 12 Area 1: 24798
Peak table for sample 8 : _Sample 8
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 252 13.54 81.4
3 262 5.98 34.6
4 270 6.22 34.9
5 283 7.97 42.7
6 308 2.03 10.0
7 314 4.62 22.3
8 333 10.43 47.5
9 374 3.18 12.9
10 390 11.15 433
11 500 0.79 2.4
12 518 3.51 10.3
13 605 2.26 5.6
14 4 1,500 2.10 2.1 Upper Marker

Region table for sample 8 : Sample 8

From [bp] To [bp] Area % of Total Average Size Size distribution in CV Conc.
[bp] [%] [ng/ul]
200 1,000 2,479.8 97 361 34.0 72.45
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Electropherogram Summary Continued ...

Sample 9

5w R P o 1o I =4
Overall Results for sample 9 : Sample 9
Number of peaks found: 0 Area 1: 16.9
Peak table for sample 9 : _Sample 9
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 » 1,500 2.10 2.1 Upper Marker

Region table for sample 9 : Sample 9
From [bp] To [bp] Area % of Total Average Size Size distribution in CV  Conc. [ng/pl] Col

[bp] [%] or
200 1,000 169 54 520 37.9 0.47 [ |
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Electropherogram Summary Continued ...

Sample 10
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Overall Results for sample 10 : _Sample 10
Number of peaks found: 0 Area 1: 28
Peak table for sample 10 : Sample 10
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 » 1,500 2.10 2.1 Upper Marker

Region table for sample 10 : Sample 10
From [bp] To [bp] Area % of Total Average Size Size distribution in CV  Conc. [ng/pl] Col

[bp] [%] or
200 1,000 28 30 229 14.4 0.12 [ |
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Electropherogram Summary Continued ...

Sample 11
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Overall Results for sample 11 : Sample 11
Number of peaks found: 0 Area 1: 1.5
Peak table for sample 11 : Sample 11
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 » 1,500 2.10 2.1 Upper Marker

Region table for sample 11 : Sample 11
From [bp] To [bp] Area % of Total Average Size Size distribution in CV  Conc. [ng/pl] Col

[bp] [%] or
200 1000 15 17 641 26.1 0.03 [ |
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Electropherogram Summary Continued ...

Sample 12
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Overall Results for sample 12 : Sample 12
Number of peaks found: 0 Area 1: 0.0
Peak table for sample 12 : Sample 12
Peak Size [bp] Conc. [ng/pl] Molarity [nmol/I] Observations
1 ‘4 15 4.20 424.2 Lower Marker
2 » 1,500 2.10 2.1 Upper Marker

Region table for sample 12 : Sample 12
From [bp] To [bp] Area % of Total Average Size Size distribution in CV  Conc. [ng/pl] Col

[bp] [%] or
200 1,000 00 0 0 0.0 0.00 =
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