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RÉSUMÉ 

Dynamiques du transcriptome et du protéome au cours du vieillissement 
dans le cortex frontal de souris 

Par Inès Khatir 

Programmes de Biochimie 

Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention du diplôme 
de maitre ès sciences (M.Sc.) en Biochimie, Faculté de médecine et des sciences de la santé, Université 
de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

Le vieillissement se caractérise par l'accumulation de changements physiologiques au fil du temps qui 
conduisent à une diminution des fonctions cellulaires et tissulaires. Le cerveau est l'un des organes qui 
vieillit le plus rapidement et son vieillissement est le premier facteur de risque de nombreuses maladies 
neurodégénératives. Le cortex frontal (CF) est une couche cellulaire responsable de nombreuses fonctions 
cognitives, telle que la planification, la mémoire et la décision logique. Au niveau cellulaire, le 
vieillissement du CF modifie de nombreux composants cellulaires tels que le niveau d'ARNm et de 
protéines. Le but de cette recherche est d’étudier la dynamique du transcriptome (ARNm) et du protéome 
(protéines) au cours du vieillissement dans le CF de souris. Notre hypothèse est qu'au cours du 
vieillissement, il existe deux groupes de gènes qui présentent des types de dérégulation différents : i) une 
dérégulation transcriptionnelle, avec une modification du niveau d'ARNm corrélée à celle des protéines, 
et ii) une dérégulation post-transcriptionnelle où la dynamique de l'ARN ne se reflète pas dans les niveaux 
de protéines. L’objectif est de tester quel(s) types de dérégulation existe lors du vieillissement du CF. 
Des tissus de CF de souris ont été prélevés sur des souris âgées de 6 et 24 mois. Le séquençage de l'ARN 
a été réalisé pour établir le profilage de l'expression génique et évaluer les différences transcriptomiques 
dans le CF vieillissant. Nous observons une augmentation de l’expression de gènes (n= 399) liés aux 
fonctions immunitaires et une diminution de l’expression de gènes (n=27) liés aux fonctions neuronales. 
Par spectrométrie de masse, nous avons aussi caractérisé les changements d’abondance de protéines au 
cours du vieillissement. Nous n’avons pas été capables de confirmer l’enrichissement de protéines aux 
fonctions immunitaires probablement car la présence de ces cellules est minoritaire dans le tissu et leur 
détection plus difficile. Cette dérégulation transcriptionnelle qui semble affectée les cellules immunitaires 
reste donc à valider par d’autres méthodologies mais suggère qu’elle serait peut-être a l’origine de la 
neuro-inflammation liée au vieillissement dans le cerveau. Cependant, nous avons identifié et quantifié 
par une méthode quantitative de nombreuses protéines donc l’abondance change dans le CF vieillissant. 
Nous montrons que les ARNs codants pour ces protéines restent stables au cours du vieillissement, 
suggérant qu’une dérégulation post-transcriptionnelle est bien mise en place au cours du vieillissement 
dans le CF. Cette perte de protéostasie touche de nombreuses protéines aux fonctions neuronales dont 
l’abondance anormale pourrait être à l’origine du déclin cognitif lié au vieillissement du cerveau. 
En conclusions, l’utilisation croisée de deux techniques -omiques a mis en évidence deux types de 
dérégulation qui pourraient être la cible de nouvelles stratégies thérapeutiques en ciblant soit les ARNs ou 
soit les protéines affectés dans le CF lors du vieillissement. 

Mots clés : vieillissement, cerveau, cortex frontal, transcriptomique, protéomique.  
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SUMMARY 

Transcriptomic and proteomic dynamics during aging in the mouse frontal cortex 

By Inès Khatir 

Biochemistry Program 

Thesis presented at the Faculty of medicine and health sciences for the obtention of Master degree 
diploma maitre ès sciences (M.Sc.)] in Biochemistry, Faculty of medicine and health sciences, 

Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

Aging is characterized by the accumulation of physiological changes over time that lead to a decline in 
cell and tissue function. The brain is one of the organs that ages the fastest and its aging is the first risk 
factor for many neurodegenerative diseases. The frontal cortex (FC) is a cell layer responsible for many 
cognitive functions, such as planning, memory, and logical decision-making. At the cellular level, FC 
aging alters many cellular components such as mRNA and protein levels. The aim of this research is to 
study the dynamics of transcriptome (mRNA) and proteome (proteins) during aging in mouse FC. Our 
hypothesis is that during aging, there are two groups of genes that show different types of dysregulation: 
i) transcriptional dysregulation, with a modification of the level of mRNA correlated with that of proteins, 
and ii) post -transcriptional where RNA dynamics are not reflected in protein levels. The objective is to 
test which type(s) of dysregulation exist during the aging of the FC. 
Mouse FC tissues were collected from 6- and 24-month-old mice. RNA sequencing was performed to 
establish gene expression profiling and assess transcriptomic differences in aging FC. We observed an 
increase in the expression of genes (n=399) related to immune functions and a decrease in the expression 
of genes (n=27) related to neuronal functions. By mass spectrometry, we have also characterized the 
changes in protein abundance during aging. We were not able to confirm the enrichment of proteins with 
immune functions, probably because the presence of these cells is a minority in the tissue and their 
detection is more difficult. Therefore, this transcriptional dysregulation, which seems to affect immune 
cells, remains to be validated by other methodologies, but suggests that it may be at the origin of the 
neuroinflammation linked to aging in the brain. However, we identified and quantified many proteins 
whose abundance changes in aging CF. We showed that the RNAs coding for these proteins remain stable 
during aging, suggesting that a post-transcriptional dysregulation is well established during aging in FC. 
This loss of proteostasis affects many proteins with neuronal functions, the abnormal abundance of which 
could be the cause of cognitive decline linked to brain aging. 
In conclusion, the cross-use of two -omics techniques has highlighted two types of dysregulation that 
could be the target of new therapeutic strategies by targeting either the RNAs or the proteins affected in 
the FC during aging. 

Keywords: aging, brain, frontal cortex, transcriptomics, proteomics.
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1. INTRODUCTION 

1.1 Aging 

1.1.1 Aging population and Geroscience 

 

 Today, people aged 60 years and over represent 12% of the global population (1 billion) 

and this population will continuously increase to an estimation of 22% (2.1 billion) by 2050 

according to the World Health Organization (WHO). In the last 20 years, global life expectancy at 

birth has increased: from 67.2 years in 2000 to 73.5 years in 2019 (GBD 2019 Demographics 

Collaborators, 2020). However, it has been shown that life years expectancy gains are 

accompanied by the same increase of healthy life years. In Canada between 1995 and 2015, life 

expectancy for men went from 74 to 79 years old (+5 years) whereas healthy life expectancy at 

birth went from 65 to 69 years old (+4 years)(Bushnik, 2018). This implies that these additional 

years aren’t enjoyable in the sense that they are spent in poor health due to a decline in both 

physical and mental health (Ageing and Health, n.d.). Interestingly, older individuals do not have 

similar physical and mental declines since some people in their 80s have the mental capacities 

similar to people in their 30s and 40s. Therefore, the Geroscience has become a blooming field of 

research seeking to understand the genetic, molecular, and cellular bases of aging. It is important 

to identify the major drivers of common chronic conditions in older people. The Geroscience 

hypothesis posits that therapeutically addressing aging physiology directly will prevent the onset 

or mitigate the severity of multiple chronic diseases. One important goal in Geroscience is to 

understand aging at molecular level to potentially identify pharmaceutical targets that can maintain 

a good health during aging. 

 

1.1.2 Cellular aging  

 

 Age-related physiological changes occur in all organisms. Aging represents the 

accumulation of both biological and physiological changes over time, which, unfortunately leads 

to a decrease of cellular and tissue functions and later-on, death. This loss of function is a slow 

process that happens over time since the body will compensate through other pathways, putting 

the body in over-drive. Therefore, aging of the body at the cellular level is the primary risk factor 
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for developing major human chronic diseases such as cancer, diabetes, cardiovascular disorders, 

and neurodegenerative diseases (Gilbert & Gilbert, 2000). Cells, which are the building blocks of 

tissues, experiences change with aging. The aging cells will go through stress and other cellular 

damage with time, leading to loss of function and resulting in either the senescence or apoptosis 

of the cell. Senescence is a permanent cell state in which the cell cannot divide any longer, and 

physiological processes are altered. The accumulation of senescent cells during aging has 

disastrous effects on the surrounding tissues since inflammatory factors such as cytokines (IL-6, 

IL-1B, IL-8 for example), growth factors and proteases are produced and hence alter its functions 

(Coppé et al., 2008). This Senescence-Associated Secretory Phenotype (SASP) creates an 

immunosuppressive environment that becomes pro-inflammatory for the tissues (Ito et al., 2017). 

Because of their SASP and post-mitotic status, senescent cells contribute to the progression of the 

aging phenotype and aging-associated diseases along with cancer (Wyld et al., 2020).  

  

1.1.3 Hallmarks of aging 

 

 Cellular aging is characterized by strong changes in some specific biochemical processes. 

These hallmarks of aging are conserved across evolution (Lemoine, 2021). All organisms, even 

non-senescent and unicellular ones, have to deal with at least one mechanism of aging. Lopez-Otin 

et al. have characterized during aging nine hallmarks organized into three main categories (López-

Otín et al., 2013) : the primary hallmarks which cause damages, the antagonistic hallmarks in 

response to damage, and the integrative hallmarks which correspond to the culprits of the aging 

phenotypes. 

 

 The four main primary hallmarks of aging are the genomic instability, telomere attrition, 

epigenetic alterations, and a loss of proteostasis (Figure 1). These hallmarks highlight how aging 

affects the cell on different molecular regulatory layers: DNA, RNA and proteins. The antagonistic 

and integrative hallmarks include deregulated nutrient sensing, mitochondrial malfunction, altered 

intracellular communication, cellular senescence, stem cell exhaustion and global altered 

intercellular communication.  
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Figure 1: Model representing the hallmarks of aging. 
I) represents the four main primary hallmarks of aging. II) is the antagonistic hallmarks 
responsible for damage responses and III) is the integrative hallmarks that give a cellular 
phenotype.  
 
Each hallmark is defined to fulfil the following criteria: (1) it manifests during normal aging;          

(2) its aggravation accelerates aging; and (3) its amelioration retards the normal aging process 

(López-Otín et al., 2013). However, not all the hallmarks meet the last criterion even if restricted 

to just one aspect of aging. Interventions ameliorating aging are not yet developed for all 

hallmarks. The interconnection between all aging hallmarks also implies that amelioration of one 

specific hallmark could positively affect others.  

 

1.1.3.1 Genomic instability  

 

 Our DNA integrity is constantly threatened by exogenous agents, such as ultraviolet (UV) 

and radiations, viruses, chemical reagents, but also endogenous damaging events during 

replication, spontaneous hydrolytic reactions, and reactive oxygen species (ROS) (Hoeijmakers, 

2009). Other forms of DNA damage, such as chromosomal aneuploidies and copy-number 
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variations have also been found associated with aging (Faggioli et al., 2012; Forsberg et al., 2012). 

To minimize these lesions, organisms have evolved a complex network of DNA repair 

mechanisms that can collectively address the damages inflicted to DNA (Lord & Ashworth, 2012). 

These repairs mechanisms are vital for the organisms, as highlighted in some premature aging 

diseases. In Werner syndrome and Bloom Syndrome, mutations causing the loss of function of 

their respective protein WRN and BLM - both coding for members of the RecQ family, an helicase 

involved in repair of DNA damage -, result in increased DNA damage accumulation that causes 

the onset of cancer and premature aging symptoms (Bernstein et al., 2010). During physiological 

aging, these protective and repair mechanisms fail to protect the integrity of our DNA and genetic 

damages tend to accumulate (Moskalev et al., 2013). 

 

1.1.3.2 Telomere attrition  

 

 Telomeres are the end part of each chromosome. They consist in repetitive nucleotide 

sequences and specialized nucleoprotein complexes. Their primary role is to protect the DNA from 

exonucleases that could mistake them as double strand DNA breaks. DNA damage at telomeres 

causes a persistent type of damage leading to deleterious cellular effects such as senescence and/or 

apoptosis (Fumagalli et al., 2012), (Hewitt et al., 2012). Traditional DNA polymerases are not 

capable of replicating telomeres, so it is the role of the telomerase. However, most mammalian 

somatic cells do not express telomerase, leading to the progressive and cumulative loss of 

telomere-protective sequences from chromosome ends each time the cell undergoes replication. 

The telomere shortening is due to the lack of telomerase activity in somatic cells, telomeres 

shortening with each cellular division (Watson, 1972). Telomere exhaustion explains the limited 

proliferative capacity of some in vitro cultured cell types, what is called replicative senescence or 

Hayflick limit (Hayflick & Moorhead, 1961); (Olovnikov, 1996). Indeed, ectopic expression of 

telomerase is sufficient to confer immortality to cells without causing oncogenic transformation 

(Bodnar et al., 1998). Telomere shortening is observed in all eukaryotes during normal aging 

(Blasco, 2007) but each of them have different telomere length at start. Mice telomeres are usually 

5-10 times longer than human ones (Calado & Dumitriu, 2013). 
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1.1.3.3 Histones and epigenetic alterations 

 

 In almost all eukaryotes, the genomic DNA (gDNA) stored in the nucleus is wrapped 

around histones, a structure also called nucleosomes which allows DNA compaction. gDNA 

compaction is critical for gene expression, as the “open” chromatin, called euchromatin, will be 

accessible to the RNA polymerases complex for transcription, in opposition of the “closed” and 

inaccessible heterochromatin. One nucleosome is composed of a segment of DNA coiled around 

a histone core composed of two histones H2A, H2B, H3 and H4. The tails of the histones are not 

structured and are the site of several post-translation modifications (PTMs) such as methylation, 

acetylation, phosphorylation, SUMOylation and others less frequent modifications. All these 

modifications are called epigenetic as they affect chromatin condensation and thus gene expression 

without changing DNA sequence (Feng & Lou 2019, Ando et al. 2009 and Pilectic & Kunej 2016). 

For example, histones marks such as H3K9me3 (which corresponds to the tri-methylation on the 

Lysine 9 of the Histone 3) or H3K9me2 and H3K27me3 are associated with the formation of 

heterochromatin and gene repression. Conversely, some marks such as H3K4me1/2 and H3K27ac 

(acetylation on the Lysine 27 on Histone 3) are associated with open euchromatin and gene 

activation (Rosenfeld et al., 2009). The histone code predict the gene activity by the combination 

of histone modifications found at the promoter and/or enhancers of genes (Jenuwein & Allis, 

2001). During aging, we often observed an increase of the H4K16ac, H4K20me3 and H3K4me3 

marks (activation) and a decrease of H3K9me and H3K27me3 marks (repression) (Fraga & 

Esteller, 2007) (Han & Brunet, 2012). 

The cytosine and adenosine bases in the DNA can also be methylated. In mammals, DNA 

methylation is mostly on cytosine, exclusively on CpG dinucleotides. Around 75% of the CpG 

nucleotides in mammals are methylated. 60-70% of human genes have a CpG island in their 

promoter region while the rest lies in gene bodies, often serving as alternative promoters 

(Illingworth et al., 2010; Saxonov et al., 2006). When located in a gene promoter, DNA 

methylation typically represses gene expression. During aging, the level of global methylation 

increased. This characteristic enables the creation of some algorithms predicting the chronological 

age based on specific methylated DNA marks and demonstrated that different tissues differs in 

aging speed (Horvath, 2013; Horvath & Raj, 2018).  
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1.1.3.4 Loss of proteostasis  

 

 Aging is linked to impaired protein homeostasis also called proteostasis (Taylor & Dillin, 

2011). Unlike RNA absolute concentration, the absolute concentration of total proteins is 

important for biochemical reasons - protein diffusion speed and solubility, transport, rate of 

enzymatic activities (Dill et al., 2011) - and thus requires a tight control. Over 2,000 protein-coding 

genes, what represents around 8% of all protein coding genes in humans, are involved in protein 

quality control. The absolute protein level always stays within the physiological range of 2-4 

millions of proteins per cubic micron for every type of cell, in yeast, bacteria and mammalian 

organisms (Milo, 2013). Moreover, the folding state of proteins is vital for the cell. 

 

Proteostasis is maintained at the molecular level by different mechanisms that are in place 

to detect any changes or stresses. If stresses become chronic, the proteostasis is difficult to maintain 

and proteotoxicity can develop. With age, the ability to preserve proteostasis under normal and 

stress conditions is gradually compromised (Kaushik & Cuervo, 2015). The proteostasis network 

is composed of three key components: the protein synthesis apparatus, the protein folding system, 

and the two protein degradation systems (Figure 2). 

 

 Messenger RNAs (mRNAs) are translated into proteins with a complex machinery 

consisting of ribosomes (composed of ribosomal RNA and ribosomal proteins), transfer RNAs 

(tRNAs) and additional proteins for the initiation and elongation of the translation. During aging, 

we observe an overall decrease of protein synthesis. This decrease is due to the deregulation of the 

stoichiometry of translation components leading to decreased abundance and activity of ribosomes 

(Janssens et al., 2015) (Dhondt et al., 2017) and the possible sequestration of mRNAs in stress 

granules in which they cannot be translated (Anisimova et al., 2020). Interestingly, when protein 

synthesis is artificially decreased, the organism’s health span is prolonged in spite of aging. For 

example, mice treated with rapamycin, which inhibits mTOR a key modulator of protein synthesis, 

display prolonged health span (Sengupta et al., 2010), (Miller et al., 2014). Another focus of 

research on age-related protein synthesis is the translation fidelity, but different groups published 

contradictory results as it is still hard to infer the “real” rate of ribosome error from highly artificial 

models or with techniques (Rattan, 2010). 
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Figure 2: The proteostasis network and its alteration during aging.  
The protein network is composed of three parts: protein synthesis, protein folding and protein 
degradation. The ribosome will translate the mRNA sequence into a protein. During aging, the 
overall protein synthesis rate tends to decrease. Each protein is correctly folded in its native form 
but misfolding or aggregation of several proteins can occur. During aging, a decrease of native 
fold proteins and an increase in both misfolded and aggregated proteins are observed. Proteins 
are degraded by two different but complementary systems: the ubiquitin proteasome and the 
autophagolysosome. During aging, the activity of those two components decreases. 

 Protein functions are mostly dictated by their conformation and thus their correct folding. 

Besides spontaneous self-folding dictated by thermo-dynamic laws, the complex protein structures 

often require molecular chaperone proteins to help for their folding. Another major function of 

chaperones is to prevent the aggregation of newly synthesized peptides and proteins. It is notably 

the role of stress proteins or heat-shock proteins (Hartl, 1996; Balchin et al., 2016) since an 

increase of temperature will denaturate proteins that will then have a tendency to aggregate. During 

aging, a global decrease of chaperone level and activity was observed. The decline of chaperones’ 

activity can be explained by the general decrease of ATP availability in the cell (Frydman, 2001). 

Protein aggregation also increases with age (Chiti & Dobson, 2006). When chaperones’ activity 

failed to properly fold protein and when intact proteins reach the end of their lifetime, these 
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proteins are degraded in the cell. There are two mechanisms for the protein degradation: the 

ubiquitin proteasomal system (UPS) and the autophagolysosome (Hartl et al., 2011; Koga et al., 

2011). These two systems functions are inter-connected. During aging, a reduction of 

ubiquitination level and an increase of proteasome misassembly were observed leading to an 

overall decrease of the UPS activity. For the autophagolysosome, an increase of pH can lead to the 

lysosomal vesicle losing its acidity and efficiency as well as a reduced autophagy induction and 

autophagosome-lysosome fusion. Unfolded, misfolded and aggregated proteins that are not 

properly disposed contribute to the development of some age-related neuropathologies, such as 

Alzheimer’s disease (AD), Parkinson’s disease or Huntington’s disease. In AD, the b-amyloid 

plaques, characteristic of AD, are the consequence of unfolded peptide aggregation and are 

responsible for neuron toxicity and thus neuronal loss. One of the main cellular mechanisms to 

counteract the loss of proteostasis is the Unfolded Protein Response (UPR). The UPR pathway is 

also called the endoplasmic reticulum (ER) stress response as it first take place in the ER when a 

lot of proteins and peptides are misfolded. A signaling cascade acts on the three systems of 

proteostasis: decrease rate of translation, increase of chaperone activity, and increase of 

degradation (Senft & Ronai, 2015). 

 

These hallmarks of aging previously described happened in all the cell of the organism. However 

not all organs, tissues and cell types age at the same speed since they don’t encounter and counter 

damage the same way over time. In mice, studies of the transcriptomic of different tissues in bulk 

RNAseq have shown that most genes age with the same pattern of change in most tissues but they 

differ in amplitude and onset of expression depending on the organs (Schaum et al., 2020). 

Likewise, single-cell RNAseq analysis identified global aging genes in most cell types, but they 

also have identified cell-type specific aging genes (Zhang et al., 2021).  
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1.1.4 Brain aging and neurodegenerative diseases 

 

1.1.4.1 Brain aging 

 

 The brain is one of the organs that ages the fastest (Ibrayeva et al., 2021). In term of 

anatomy, the human brain is composed of the cerebrum, the cerebellum and the brainstem (Fig 

3.A). There are four ventricles inside the cerebrum. The thin layer of cells on the cerebrum surface 

is the cerebellar cortex, often known as the grey matter, because the neurons’ axons are not 

myelinated there. The cerebellar cortex is part of 4 lobes: frontal, parietal, temporal and occipital 

and is functionally divided in many areas (Fig 3.B), such as the frontal cortex responsible for logic 

and decisions, or the sensory and motor cortex responsible for sense of touch and motor activity 

of our limbs. The cerebral cortex is one of the most studied area of the brain. During aging, an 

increase of ventricular space and a reduced of the cerebral cortex area has been observed. The 

stiffness of the cortex is also increased during aging, indicating a change in extracellular matrix 

composition (Segel et al., 2019).  

A) Schematic representation of a midsagittal section of the brain. B) Functional anatomy of the 
different lobe (in bold) and some function zone of the brain.  
  

 The cortex is composed primarily of neurons, glial cells and microglial cells (immune 

cells). Senescent astrocytes and microglia are known to contribute to neurodegeneration (Bussian 

et al., 2018). Some studies suggested that neurodegeneration is accompanied by an increase in the 

SASP-expressing senescent cells of non-neuronal origin in the brain (Chinta et al 2015). It is 

already established that senescent immune cells can produced new factors that will impact the 

A B 

Figure 3. Functional anatomy of the human brain. 
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homeostasis of the tissue. In bone tissues, senescent immune cells (mostly macrophages and 

neutrophiles) secrete grancalcin, a protein that promotes adipogenesis and inhibits osteogenesis, 

which lead to osteoporosis, hence increasing bone fragility and risk of fracture (Li et al, Cell 

metabolism 2021). Grancalcin is directly involved with bone aging, as injections of that molecule 

in young mice lead to premature bone aging while its inhibition with antibodies delayed aging. A 

mouse model of premature senescent white blood cells showed systemic premature aging 

(Yousefzadeh et al., 2021). In the brain, aging is characterized by an increase of inflammation 

called neuroinflammaging. Inflammaging is defined as a persistent sterile (no infection and driven 

by endogenous signals) low-grade inflammation that occurs during aging (Franceschi et al., 2018). 

Inflammaging can modify the neuronal and glial interactions in the brain (Cerbai et al., 2012, Lana 

et al., 2014), and this mechanism is involved in brain aging but also in Alzheimer’s disease (AD) 

(Mercatelli et al., 2015). Therefore, during brain aging, two patterns are displayed: a chronic 

increase of the innate immune system activity (inflammaging) and an increase of 

immunosupressive cells activity of senescente immune cells (Salminem et al 2020).  

 

1.1.4.2 Neurodegenerative diseases 

 

We described the hallmarks of non-pathological aging, but several pathologies such as 

cerebrovascular diseases, namely ischemic strokes, and neurodegenerative diseases are linked with 

aging (Izzo et al., 2018; Yousufuddin & Young, 2019). Neurodegeneration is among the most 

prevalent of age-related diseases, which hints a link between brain aging-related changes and 

neurodegenerative diseases.  

 

Neurodegenerative diseases are caused by the progressive loss of structure and/or function 

of neurons that can lead to neuronal loss. Neurodegenerative diseases include Alzheimer’s disease 

(AD), Parkinson’s disease (PD), Huntington disease (HD), amyotrophic lateral sclerosis (ALS) 

spinal muscular atrophy (SMA) and dementia such as Frontotemporal lobar dementia (FTD) and 

mild cognitive impairment (MCI). It is currently estimated that 50 million people worldwide have 

neurodegenerative diseases, and that number will more than double by 2050 with up to 115 million 

people(Livingston et al., 2020). One of the primary risk factor for these neurodegenerative disease 

is age –except for SMA which has an early onset but the symptoms also worsen with age.  

https://en.wikipedia.org/wiki/Neuron
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When we investigate the etiology of neurodegenerative diseases through the lens of the nine aging 

hallmarks, a lot of parallels between the different diseases can be drawn.   

First of all, for the primary hallmarks, DNA damages and neurodegeneration are linked. Indeed, 

in AD a faulty DNA repair promoted more DNA damages. Also, the mtDNA also have a higher 

rate of mutations in  AD/PD/ALS (Lin & Beal, 2006). Defective telomere maintenance in AD : 

the patient have shorter telomere than people of the same age (Hochstrasser et al., 2012). The 

postmortem analysis of hippocampus from early stage AD also revealed increased 

hyperphosphorylation level of histone H3 and deacetylation of H4 (Esposito and Cheri 2019). In 

sporadic ALS, increase of 5mc and 5hmc in neurons of the spinal cord (Figueroa-Romero et al., 

2012). The aggregation of misfolded peptides or proteins is characteristic of AD, PD and HD.  

For the secondary, the antagonistic hallmarks there are also links with neurodegenerative diseases.. 

mitochondrial dysfunction The mitophagy via the PARKIN/PINK pathway in ALS/AD (with the 

AB aggregate) and PD. Also it has been shown that mitophagy signals increase inflammation 

(Fang et al 2019). In neurodegenerative diseases, usually one or several metabolic pathways are 

impaired, indicative of a nutrient sensing dysregulation.  

Finally for the two integrative hallmarks, also evidences. In AD, the oligomerized AB seemed to 

trigger neuronal progenitor cells (NPCs) senescence (He et al 2013).The adult neurogenesis is 

reduced in PD. Cellular senescence ; senescent-like neurons (Jurk et al 2012) For altered 

intracellular communication, the recent discovery of disease-associated microglia (DAM, which 

is a subset of resident macrophages in the brain that are found at sites of neurodegeneration suggest 

some immune cells might play a protective role (Deczkowska et al., 2018).  

1.2 mRNA-Protein correlation 

 

 As highlighted above, aging is a natural but complex process coordinated at all levels of 

the cell. With recent technological advances, many high throughput studies are trying to decipher 

aging at different molecular levels. Indeed aging is characterized by alteration of all its molecular 

levels ; RNA with epigenetic alteration and protein with the loss of proteostasis.  
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1.2.1 Biology dogma  

 

 The central biology dogma links DNA, mRNA and protein. DNA is transcribed into mRNA 

which is the template to produce a protein. Although the nucleotides of the DNA/mRNA sequences 

and the amino acid content are almost perfectly related (minus mRNA edition), the actual number 

of copies of each molecule is not. In a cell, for a given locus, the concentration ranges between 1 

and 10,000 molecules of mRNA and 1 to 100,000 proteins. In bacteria cells, there is on average 

1,000 times more proteins than mRNA molecules. This ratio is increased in yeast with 5,000 times 

more proteins than mRNAs (Milo et al., 2010), and in mammalian cells over 10,000 times for 

example in the mouse liver (Azimifar et al., 2014). Having less mRNA molecules than proteins 

implies that it is easier to slightly change the abundance of the first molecule (mRNAs) to have an 

impact on the latter (proteins) (McManus et al., 2015). The mRNA level is mostly important for 

newly synthesized proteins since their initial concentration is minimal whereas changes at the 

protein level are needed for preexisting proteins with basic cellular functions (Jovanovic et al., 

2015).  

1.2.2 RNA-protein correlation 

 
 In the early 2000s, many groups have studied the mRNA-protein correlation in search of a 

universal truth (Gygy et al 1999). When discussing correlation, we need to be careful because there 

are two types of correlation: intragenic and intergenic. The RNA-protein intragenic correlation 

defines the RNA/protein ratio for a same gene across different conditions (time points, individuals, 

environment) whereas intergenic correlation relates to the global RNA/protein ratio for a multitude 

of genes (Vogel & Marcotte, 2012).  

 

 Focusing on some genes at different conditions (intragenic) has revealed to what extent the 

variation of mRNA is resulting in respective protein concentration change while looking at several 

genes for a same condition (intergenic) showed to what extent the hierarchical number of mRNAs 

is reflected into their proteins. This correlation can change during stress (Liu et al 2016). There are 

no studies yet that focused on the mRNA/protein relationship during aging. 
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1.2.3 Levels of regulation  

 

 Even though higher concentration of mRNA molecules has more chances to be transcribed 

into many more proteins, there are several mechanisms of regulation in place modulating the level 

of protein expression: the translation rate, the rate of degradation but also the protein synthesis 

delay and transport if for example the protein is excreted  (McManus et al., 2015).  Translation rate 

is primarily modulated by the mRNA sequence itself i.e. codon composition, upstream Open 

Reading Frames (uORFs) (Wethmar, 2014) and the presence of internal ribosome entry sites 

(IRES)  (Locker et al., 2011). Codon composition is important since some cells or organisms have 

preferential tRNAs for certain amino acids. The translation rate can also be modulated by the 

availability / competition of the ribosomes, and the binding of different molecules to the mRNA 

such as micro-RNA or long noncoding RNA (lncRNA). LncRNA can modulate mRNA 

translation; for example, the TINCR protein binds its target mRNA and recruits STAU-1 which 

increases translation (Kretz et al., 2013) whereas lincRNA-p21 inhibits their target mRNA 

translation (Yoon et al., 2012).  MicroRNAs usually inhibit mRNA translation by inducing their 

degradation (Bushati & Cohen, 2007; Lai et al., 2019). The mRNA sequence can be modified post 

transcriptionally through mRNA edition (mostly A > I) that is important for the correct maturation 

of many genes in the brain (Mass et al., 2006). It was shown that only specific mRNAs edition is 

affected between young and old brain cortex in human (Nicholas et al., 2011). The overall 

translation rate of mRNA decreases throughout aging as the translation machinery becomes less 

efficient. The rate of degradation during aging also decreases as each component (the UPS and the 

autophagolysome) and their crosstalk become less efficient. 

1.2.4 mRNA-protein correlation during steady state vs dynamic phase  

 

 In the last decade, many studies have shown a strong relationship between the level of 

mRNA and their respective proteins. In steady state and transitional state (when the transcription 

delay is taken into account), mRNA levels primarily explain protein levels (Li et al 2015) as their 

respective average remains stable over time (at least over several hours) even when cells undergo 

long-term dynamic processes such as proliferation (Hisieh et al.,2012) or differentiation 

(Kristensen et al., 2013).   
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For short-term adaptation, during highly dynamic phase, post transcriptional processes are 

more important than initial levels of mRNA, as regulation of transcript levels alone would be too 

slow. Increased translation of already existing transcripts and increased protein degradation 

through the UPS pathway are faster and more economic. A lot of transcription factors work on a 

“translation-on-demand” system (Beyer et al., 2004). The Gcn4 gene is the perfect example, where 

the transcript is constitutively expressed under normal condition, but the translation is blocked. 

The translation is activated upon amino acid starvation thus assuring a fast response to the change 

in the environment (Hinnebusch & Natarajan, 2002). There is a poor mRNA-protein correlation 

during stress (Lackner et al., 2012). Stress is also known to cause significant change in translation 

rate and protein misfolding (Cheng et al. 2016). 

 

1.2.5 Techniques to monitor the transcriptome and proteome 
 

 The extensive analysis of the transcriptome started to emerge with the generalization of 

RNA-sequencing (RNA-seq) techniques. Nowadays RNA-Seq allows to quantify accurately 

mRNA levels. A known quantity of mRNA can be spiked-in to obtain absolute concentration data. 

Quantification includes the number of reads aligned to the organism genome which allows to 

calculate either the CPM (Counts Per Million) or the RPKM (reads per kilobase per million). CPM 

are the number of reads scale on the total number of reads while RPKM take into account the 

sequencing depth and the gene length (a longer gene will have more reads than a smaller gene. 

 

 The analysis of the proteome is now mainly investigated by tandem mass spectrometry 

(MS/MS) and is further validated by immune-based techniques (WB and ELISA). The most basic 

mass spectrometry method is the bottom-up Data-Dependent Acquisition (DDA)MS/MS, which 

assures a good overview of the protein landscape. Bottom-up means that the proteins are digested 

into peptides usually by enzymatic digestion. These peptides are ionized before entering the mass 

spectrometer. The weight (m) and charge (z) of the peptides are measured. In DDA MS/MS, the 

most intense ions precursors are selected and further fragmented for the second MS scan, creating 

a spectrum of the different fragment ions. The different experimental spectrum can be then 

informatically matched with the inferred spectrum of a specific peptide sequence. This allows a 
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good overall peptide detection but between samples, since only the most intense ion at a specific 

time are further fragmented and scanned, it can miss some peptides of interest.  

 

 For more targeted MS technics, there are other modes of acquisition in bottom-up MS/MS: 

the Data independent Acquisition mode (DIA). On the contrary of DDA, in DIA only the 

precursors ions of a specific and targeted m/z are fragmented for the second MS  scan. To obtain 

the information of m/z of the peptides of interest, we can rely on previous DDA experiments or 

theoretical m/z data bases based on the peptide sequences. Several targeted methods were 

developed along the advancement of the hardware of the mass spectrometers: first SRM (Single 

Reaction Monitoring) then MRM (Multiple Reaction Monitoring) then PRM (Parallel Reaction 

Monitoring). We will use DDA methods and PRM in our study.   

 

 The translation rate can be monitored using the Ribosome Profiling, also called Ribo-seq. 

It consists in sequencing the short fragments of mRNAs that are protected by the ribosome from 

nucleases during the translation. The overall density of ribosomes on a transcript reflects the rate 

of translation even though the speed of elongation has to be taken into account. Moreover, some 

ribosomes stalling (pausing) can lead to Ribosome-Control-Quality (RQC) and then degradation 

of the transcript and no translation into proteins (Inada et al 2017). Ribo-seq data usually correlates 

more with proteomics output than RNA-seq data (Liu et al., 2017). 

  

 Transcriptomic analyses have shown that there is an up-regulation of gene expression 

related to stress and immune response and a down-regulation of expression for genes related to 

synapse, neurotransmission and calcium signaling in the human cortex during aging (Gonzalez 

Velasco et al., 2020; Bonham et al., 2019).  Moreover, single-cell RNA-seq (scRNA-seq) analyses 

have specifically showed expression change for cell adhesion and axonal guidance genes in the 

human microglia (Galatro et al., 2017). Proteomics analysis of the aging cortex showed that the 

main changes are for proteins involved in mitochondrial functions, oxidative stress ROS, synapses, 

ribosome, cytoskeletal integrity, transcriptional regulation, and GTPase functions in of both aging 

cortices of human and mouse (Li et al., 2020, Wingo et al., 2019).  
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2. PROBLEM AND HYPOTHESIS 
 

 Aging affects all the organs of an individual but at a different speed. Brain is one of the 

organs that ages the fastest and its aging is the first risk factor of many neurodegenerative diseases. 

Brain cortex is a cellular layer responsible for many cognitive functions, with the frontal cortex 

being dedicated to planning and logical decision, and impaired during aging. The frontal cortex is 

also one of the region affected by neurodegeneration in neuropathological diseases. 

 

 Aging at the cellular level alters many cell components. It affects mRNA level 

(transcriptomic changes through epigenetic alterations) and protein level (loss of proteostasis). 

These changes can create a cellular stress that can take many forms. For example, oxidative stress 

with reactive oxygen species (ROS) can damage many cell components and induce DNA Damage 

Response. Increased level of unfolded proteins in the ER is a stress that will elicit the Unfolded 

Protein Response (UPR) pathway. This ER stress is a major contributor to chronic inflammation. 

As aging can be viewed as a chronic stress affecting transcription (epigenetics alteration) and 

translation (loss of proteostasis), it is interesting to compare the transcriptome and proteome in the 

frontal cortex during aging in order to identify which, and at what extent, specific genes are altered. 

Our hypothesis is that during aging, there are two groups of genes that exhibit different types of 

deregulation (Figure 4) as described by (Liu et al 2016): 

• the first group mainly relies on transcriptional deregulation, with change of mRNA level 

correlating with that of proteins. 

• the second group depends on a translational deregulation where RNA dynamic is not 

reflected into protein levels because of post transcriptional mechanisms.          

Figure 4: Schema of the two types of deregulation during aging.  
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3. MATERIAL AND METHODS 

3.1 Material 

3.1.1 Mice 

 

Male C57BL/6J mice were purchased from the Réseau Québécois de Recherche sur le 

Vieillissement (RQRV, Québec City, Canada). We were able to obtain for this project 6-month-, 

12-month-, 18-month- and 24-month-old mice, which respectively correspond to humans of 25, 

45, 55 and 75 of age (Figure 5). All mice received a standard diet i.e., NIH-31 modified open 

formula mouse/ rat sterilized diet (Teklad 2019, Harlan Laboratories, USA) and were kept on a 

12:12 day light cycle at 22-23°C with access to a small house and tissues for nesting. Adequate 

measures were taken to minimize pain and discomfort. Animal care and handling was performed 

in accordance with the Animal Care Committee of Université Laval (CPAUL) and the guidelines 

of the Canadian Council on Animal Care and the Université Laval institutional policy.  

 

3.1.2 Dissection 
 

The weight of each mouse was taken before euthanasia. Mice were placed under anesthesia 

(isoflurane) and then a cervical dislocation was performed. The brain was first removed from the 

cranial cavity, washed in Phosphate-buffer-saline (PBS) and then submerged in a petri dish. Left 

   

                       

                      

Figure 5: Age equivalency between C57BL/6J mouse and human 
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and right Frontal Cortex (FC) were microdissected. Each FC was collected in Eppendorf tubes  

(1.5 ml) on frozen dry ice and then conserved at -80°C until further analysis. If a mice presented 

visible tumors in any major organs (for example the liver), they were discarded from the study.  
 

3.1.3 Powder crush 

 

Each frozen sample of Frontal Cortex was crushed and powdered using the BioSqueezer Snap 

Freeze Press system (Biospec, Bartlesvilles, USA), to allow homogenization and equal 

fractionation for both transcriptomic and proteomic studies. Equipment was previously cooled 

using dry ice. The subsequent powder was then fractionated and stored at -80°C in multiple 

eppendorf tubes, according of usage for RNA or protein extraction. 

3.2 Methods  

3.2.1 RNA-related techniques  

3.2.1.1 RNA extraction 

 

To isolate total RNA from the tissue powder, we used a hybrid technique combining the TRIzol 

reagent protocol (Invitrogen, ThermoFisher Scientific, Waltham, USA) and the Quick-RNA™ 

Miniprep Kit (Zymo Research, Irvine, USA). First, a portion of FC powder was homogenized in 

500µL of cold TRIzol. Then 500µL of Chloroform: Isoamyl alcool 24:1 (Sigma Aldrich, Saint 

Louis, USA) was added, the samples were vortexed for 20 seconds and incubated 2 min at room 

temperature. The samples were then centrifuged at 10,000g for 18 min at 4°C. The aqueous phase, 

that contains the RNA, was transferred in a new Eppendorf tube. An equal volume of ethanol 100% 

was added. This solution was then loaded into a Zymo-Spin™ IIICG Column from the Quick-

RNA™ Miniprep Kit (Zymo Research, Irvine, USA) and the final steps were conducted according 

to the manufacturer’s protocol. The RNA concentration in ng/µL was determined using a 

Nanodrop system (Thermofisher). 
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3.2.1.2 RNA-Seq 

 

RNA-seq libraries were prepared using NEBNext® single cell/low input RNA library 

preparation Kit (New England Biolabs, Massachusetts, United States). Library preparation was 

initiated with 10ng of total RNA. RNA along with all the other reagents were thawed on ice.  

The cDNA synthesis step uses reverse transcriptase to synthetize complementary DNA 

(cDNA) from our RNA samples. Primer annealing for the first strand synthesis was accomplished 

by adding 7µL of total RNA and mixing it with 1 µL of NEBNext Single Cell RT Primer Mix. 

Solution was mixed gently by pipetting up and down and centrifuged briefly. The mix was then 

incubated at 70ºC for 5 minutes in a thermocycler with the lid heated at 105ºC. The reaction was 

hold at 4ºC until the next step. Reverse transcription was performed by adding 5µL of NEBNext 

single Cell RT Buffer, 1µL of NEBNext Template Switch Oligo, 2µL of NEBNext Single Cell RT 

Enzyme Mix and finally 3µL of nuclease-free water to the primer-annealed-RNA reaction. 

Samples were homogenized by pipetting up and down and then centrifuged briefly. Next, samples 

were incubated in a thermocycler for the following cycle: 90 min at 42ºC, 10 min at 70ºC, hold at 

4ºC. The next step is to amplify the number of cDNA copies using Polymerase-Chain-Reaction 

(PCR) technique. In this study, cDNAs were amplified by adding 50µL of NEBNext Single Cell 

cDNA PCR Master Mix, 2µL of NEBNext Single Cell cDNA PCR Primer, 5µL of NEBNext Cell 

Lysis Buffer(10X) and 27.5µL of nuclease-free water. Samples were then homogenized and 

incubated in a thermocycler following the following program:  

 
Table 1: PCR program for DNA sample amplification 

Cycle step Temperature Time Cycles 

Initial Denaturation 98ºC 45seconds 1x 

Denaturation 98ºC 10seconds 

9x Annealing 62ºC 15seconds 

Extension 72 ºC 3minutes 

Final Extension 65 ºC 5minutes 1x 

Hold 4 ºC Infinite  

 

Next, cleanup of amplified cDNA was done using Solid Phase Reversible Immobilization (SPRI) 

beads. In details, 72µL AMPure Dynabeads (0.9X) (ThermoFisher, USA) were added to the cDNA 
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samples and thoroughly homogenized. The samples were then incubated at room temperature for 

10 minutes and moved onto the magnetic rack for 5 minutes. Supernatant was then removed and 

200µL of fresh 80% ethanol was added to the tubes for 30 seconds and before to be removed. This 

step was repeated 2 times for a total of 3 washes. Beads were dried for 5 minutes and DNA samples 

were eluted from the beads by adding 33µL of of Tris-EDTA buffer 1X. After 2 minutes of 

incubation at room temperature, samples were put back on the magnetic stand for 5 minutes and 

30µL of each sample were transfered to PCR tubes. The next step was to specifically amplify each 

sample with an index primer to create a unique identifiable library for each sample. To do so, we 

added to the 23 µL of Adaptor-ligated DNA, 25µL of 2X fusion high fidelity master mix, 1 µL of 

index primer with a unique bar code (TruSeq primers, Illumina), and 1µL of multiplex primer for 

a total reaction volume of 50 uL. The PCR program used for this amplification is described as 

followed: 

 

Table 2: PCR program used for library amplification 
Cycles Temperature Time 

1x 98ºC 00:01:00 min 

2x 

98ºC 00:00:10 secs 

58 ºC 00:00:15 secs 

55 ºC 00:00:30 secs 

72 ºC 00:00:30 secs 

17x 

98 ºC 00:00:30 secs 

65 ºC 00:00:30 secs 

72 ºC 00:00:30 secs 

1x 72 ºC 00:07:00 min 

Stored 4 ºC ∞ _ 
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Each library was then purified using the MinElute PCR Purification Kit (Qiagen) following the 

manufacturer’s instructions. In brief, 250µL of PB buffer was applied with the amplified DNA 

into a Minelute column, using the MinElute PCR Purification Kit (Germantown, USA) and 

centrifuged at 11,000xg for 1 minute at room temperature. After, 750µL of PE buffer were added 

onto the column and placed back into the centrifuge for 1 minute. Flow-through was discarded and 

column was dried in centrifuge for 1 minute. DNA was eluted with 22µL of water. DNA was then 

quantified using Qubit. Library was then run in a 2% agarose gel using electrophoresis at 100 V. 

The DNA between 300 and 700 base pairs was then cut and purified using the Qiagen Gel 

Extraction Kit. In details, the excised gel fragment was submerged in a 50°C bath with 6 volumes 

of QiaGen Buffer to liquify the gel. Once liquified, a volume of isopropanol was added and the 

mixture was then put on a QiaGen Column, centrifuged and washed. Finally, the DNA library was 

eluted in 20 µL with DNase-free water and quantify using the Qubit system. Library sequencing 

was performed at the RNomics platform at the Pavillon de Recherche Appliquée sur le Cancer 

(PRAC), at the Health Campus of the Université de Sherbrooke, QC, Canada. Single-End 

sequencing was performed on all the samples with a 75bp sequencing depth on a NextSeq machine. 

 

3.2.1.3 Data analysis  

 

For the RNA-seq data analysis the FastQC toolkit (version 0.11.8) was used. This tool kit had the 

default parameters to filter the low-quality reads. Trimming the reads was achieved by using 

TrimGalore (version 0.6.4) which was set to pair reads with the default parameters. N was set to 5 and 

end clips were set to 3. Reads were mapped to the mouse genome (GRCm38, GENCODE vM23, 

primary assembly) with the use of STAR software (version 2.7.3a) which had, as well, the default 

parameters, with the exemption for the maximal number of multi mapping locations which were set to 

10 and SAM primary flag was set to all best scores. Ordering the outputs was achieved by genomic 

coordinates. The evaluation of gene expression (CPM) was done by FeatureCounts from the SubRead 

package (version 2.0.0). Exons were set as features and grouped by gene. Statistical Analysis was 

performed using R (version 3.5.3) by using the edgeR package (version 3.24.3) and using python as 

well (version 3.7.3). Significant change in gene expression (FDR of 1%) was done by a decision tree-

based-recursive-binary-split-algorithm which was built using scikit-learn package (version 0.23.1) in 

python. Python was used to generate all graphs. 
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3.2.1.4 Quantitative PCR  

 

 Total RNA (500ng) was used to generate cDNA using the Biorad iscript RT supermix RT-

qPCR kit following the manufacturer's instructions (Biorad Laboratories, Canada). The expression 

of different target genes was validated by quantitative PCR (qPCR), using the Azur Cielo 3™ 

system (Azure Biosystems, Dublin, USA). The specific primers used for the amplification of the 

tested genes were obtained from Thermo Fisher Scientific (Table 4) The reactions were performed 

with the PerfeCta SYBR Green SuperMix (QuantaBio, Beverly, USA) as recommended by the 

manufacturer. Real-time PCR was performed with a hot start step 95°C for 2 min followed by 40 

cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 30 s using PerfeCTa SYBR green supermix 

reaction mix (VWR, USA) Analysis of the amplification and melting curves was performed using 

Azur Cielo software (Azure Biosystems, Dublin, USA). The relative expression of the genes was 

normalized by that of GAPDH and RPLP0.  

 

Table 3: Primers used for RT-qPCR 
Name of primers Sequence of primers 

mGAPDH F GGAGAAGGCCGGGGCCCACTTG 

mGAPDH R CAATGCCAAAGTTGTCATGGATGACC 

mRPLP0 F CTGAGATTCGGGATATGCTGTTGGCC 

mRPLP0 R CGGGTCCTAGACCAGTGTTCTGAG 

mCYP26B1 F CCAATTCCATTGGCGACATCCACCG 

mCYP26B1 R GGC AGG TAG CTC TCA AGT GCC TC 

mSERPINA9B F CACGTGGGTCTCCAAACAGACTGAAG 

mSERPINA9B R CAT CAT CTG CAC TGG CCT TTT CTC ATC 

LILBR4 F GACCTCATGATCTCAGAAACCAAGGAC 

mLILBR4 R GTT CTC AGA TTG TGT GTT CTT CAC AGA AGC 

mKLF10 F CTCCAGCAAGCTTCGGAGGGGAAA 

mKLF10 R GGG GCT GTA AGG TGG CGT TAA ACA 
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3.2.2 Protein-related techniques  

3.2.2.1 Protein extraction and quantification 

 

 Two mg of FC powder tissue were resuspended in white Laemmli 1X (62,5 mM TRIS pH 

6.8, 10% v:v glycerol, 2% v:v SDS) and boiled 5 min at 95. Then the samples were sonicated by 

burst of 5 sec at 12% amplitude then 10 sec on ice, for a total of 5 times. Absolute protein 

quantification was performed by Bicinchoninic acid assay (BCA), using the Pierce™ BCA Protein 

Assay Kit according to the manufacturer’s parameters. Briefly, 1µl of protein sample was mixed 

with 9µl of water whereas for the standard curve, 5µl of Bovine Serum Albumine (BSA) of 

different concentration ranged from 0 to 2µg/µL, were mixed with 1µl of Laemmli 1X and 4µl of 

water. For each sample, we added 98µl of BCA Reagent A and 2µl of BCA Reagent B and then 

let it incubate for 30 min in the dark at room temperature. The absorbance was read at 562 nm 

using a spectrophotometer. The absolute quantification was calculated using the BSA standard 

curve and the y = ax +b formula.  

 

3.2.2.2 Mass spectrometry  

 

3.2.2.2.1 Sample preparation for mass spectrometry 

 

 Reduction, Alkylation of Proteins —All buffers used in this stage were prepared with MS-

grade water. The protein reduction step was carried out by incubating the protein in Laemmli with 

10 mM DTT (Thermo Fisher Scientific, Waltham, USA) for 30 min at 60 °C. The alkylation of 

the proteins was carried out by adding 15 mM iodoacetamide (Sigma Aldrich, Saint Louis, USA) 

for 30 min at room temperature away from light.  

 

In order to increase the depth of discovery, the proteins were separated by size on a SDS-

PAGE gel. 20µg of proteins were loaded onto a 4-20% PROTEAN® TGX™ Precast Protein Gels 

(Biorad, Hercules). The gel was stained with Invitrogen™ SimplyBlue™ SafeStain (Thermo 

Fisher Scientific, Waltham, USA) according to the manufacturer’s instructions. The gel was then 

cut in 4 fractions ranging from 250-75kDa, 75-37 kDa, 37-20 kDa, and 20-10kDa. Each fraction 
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was diced into 1mm cubes and then the gel pieces were destained. All incubation steps were 

performed at 30°C at 800 RPM in a thermoshaker. The pieces were first washed in MS-grade H20 

for 30min. Then we added the same volume of CH3CN for a final concentration of 50% v:v 

CH3CN:H20, incubated for 15min. The supernatant was removed, and the pieces were 

resuspended in 20mM NH4CO3 for 15 min. Then the supernatant was removed and the pieces 

were resuspended in 50% v:v CH3CN, 10Mm NH4CO3 for 15 min. The last two steps were 

repeated until no trace of blue was visible in the gel pieces. The proteins were digested by adding 

1 µg Pierce MS-grade trypsin (Thermo Fisher Scientific, Waltham) diluted in 20mM NH4CO3 

and incubated overnight at 37 °C.  

 

 Peptide retrieval — The following incubation steps were all performed at 30°C at 850RPM 

in a thermoshaker. An equal volume of CH3CN (equivalent to that of the trypsin NH4CO3) was 

added onto the gel pieces and incubated 30min. The supernatant containing the peptides was 

transferred into a low-bind Eppendorf™ microcentrifuge tubes. An equal volume of 1% (v:v) 

Formic Acid (FA) (Thermo Fisher Scientific, Waltham, USA) was added to the gel pieces and the 

sample incubated for 20 min. This second supernatant was transferred in the same tube with the 

first supernatant. The steps of adding FA and transferring the supernatant was repeated once. Then 

we added 150µL of CH3CN and let it incubate for 15min. Again, the supernatant, containing the 

last peptides, is transferred to the tube. These samples were thereafter concentrated by a centrifugal 

evaporator at 65 °C until complete drying (4-6 h), and resuspended in 30µl of 0.1% trifluoroacetic 

acid (TFA) buffer (Sigma-Aldrich, Saint-Louis, USA). Purification and Desalting of the Peptides 

on C18 Columns — The peptides were purified with ZipTip 10-l micropipette tips containing a 

C18 column (EMD Millipore, Burlington, USA). The ZipTip was first moistened by suctioning 

10 ul of 100% ACN solution three times, then equilibrated by suctioning 10 ul of 0.1% TFA buffer 

three times. Each peptide sample was passed on the balanced ZipTip by 10 succeeding up-and-

downs of 10 ul of the sample. This step was performed three times to pass the entire sample on the 

column. The ZipTip was then washed with 10 l of 0.1% TFA buffer three times.  
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3.2.2.2.2 LC-MS/MS DDA  

 

Trypsin-digested peptides were separated using a Dionex Ultimate 3000 Binary RSLCnano 

for High Performance Liquid Chromatography (HPLC). 1.5 µg of peptides per fraction were 

loaded onto an OrbiTrap mass spectrometer. With a constant flow of 4 µl/min the samples were 

loaded and separated onto a nanoHPLC system (Dionex Ultimate 3000) with a trap column 

(Acclaim PepMap100 C18 nano column, 0.3 mm id x 5 mm, Dionex Cormporation, Sunnyvale, 

CA). Peptides were then eluted off towards an analytical column heated to 40°C (PepMap C18 

column (75 µm x 50cm)) with a linear gradient of 5-45% of solvent B (80% acetonitrile with 0.1% 

formic acid) over a 4h gradient at a constant flow of 450 nl/min. Peptides were analyzed using an 

OrbiTrap QExactive (Thermo Fischer Scientific) using an EasySpray source at a voltage of 2.0kV 

and the temperature of the column set to 40°C. Acquisition of the full scan MS survey spectra (m/z 

350-1600) in profile mode was performed in the orbitrap at a resolution of 70,000 using 1,000,000 

ions. The ten most intense peptide ions from the preview scan in the Orbitrap were fragmented by 

collision-induced dissociation (normalized collision energy 35% and resolution of 17,500) after 

the accumulation of 50,000 ions with maximum filling times of 250 ms for the full scans and 60 

ms for the MS/MS scans. All unassigned charge states as well as species with single, seven or 

eight charge for precursor ion were rejected. A dynamic exclusion list was set to 500 entries with 

a retention time of 40 s (10 ppm mass window). Data acquisition was done using Xcalibur version. 

 

3.2.2.2.3 Data analysis of DDA Mass spectrometry 

 

 Data analysis was performed using MaxQuant software (1.6.17). For statistical analysis 

Prostar software package (Prostar 1.22.6; DAPAR 1.22.4) was used with the following settings. 

Potential contaminants as well as reverse sequences identified were removed and only proteins 

with at least two unique peptides detected in all replicates of at least one condition were kept. 

Partially observed values (POV) were imputed using SLSA (Structured Least Square Adaptative) 

regression-based imputation method while values missing in the entire condition (MEC) using 

DetQuantile with a low deterministic value. Hypothesis testing was performed using Limma test. 

Peak list files were searched from the Openprot mouse proteome (openprot.org).  
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3.2.2.2.4 PRM  

  

 Protein quantification was performed using label-free PRM method. For quantification on 

an OrbiTrap mass spectrometer, the 3 fractions containing the peptides of interest were pooled in 

equal concentration and were loaded and separated onto a nanoHPLC system (Dionex Ultimate 

3000) with a constant flow of 4 µl/min onto a trap column (Acclaim PepMap100 C18 nano column, 

0.3 mm id x 5 mm, Dionex Cormporation, Sunnyvale, CA). Peptides were then eluted off towards 

an analytical column heated to 40°C (PepMap C18 column (75 µm x 50cm)) with a linear gradient 

of 5-45% of solvent B (80% acetonitrile with 0.1% formic acid) over a 4-h gradient at a constant 

flow of 450 nl/min. Eluted peptides were analyzed on an OrbiTrap QExactive (Thermo Fischer 

Scientific) using an EasySpray source at a voltage of 2.0kV. Acquisition of the MS/MS spectra 

(m/z 350-1600) was performed in the Orbitrap. An inclusion list containing the m/z values 

corresponding to the monoisotopic form of the selected peptides was generated. The collision 

energy was set at 28% at 140 000 for 1 000 000 ions with maximum filling times of 250 ms with 

an insulation width of 0.6. Data acquisition was done using Xcalibur version. Identification and 

quantification of peptides was performed on Skyline software (21.1.0.146). The relative amount 

of proteins was calculated using peptide peak areas extracted from retention time points for all 

fragment ions (if possible the 3-5 most abundant ions were chosen for quantification for each 

peptide) and normalized against peptides of endogenous proteins whose abundance did not change 

in the samples. Normalized values were then used to calculate ratios between the two experimental 

groups (24-month/6-month) and values of technical replicates were used for data visualization. 

 

3.2.2.3 Immunoblotting  

 

 The proteins were resuspended in 1x Laemmli (62.5 mM Tris pH 6.8, 25% v/v glycerol, 

2% m/v SDS, 0.01% m/v bromophenol blue, 10% v/v 1M DDT) then the samples were boiled for 

5 minutes at 100°C in order to denature the proteins. The amount of protein per microliter was 

quantified using BCA protein assay kit following manufacturers protocol (ThermoFisher 

Scientific, USA). 20 μg of each sample were then analyzed on a 10% SDS-PAGE gel in 1x running 

buffer at 100V for around 1h30. Proteins were transferred on a nitrocellulose membrane 

(Whatman, Dassel, Germany) with 1× Tris-glycine buffer at 100 V for 1 h. Membranes were 
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stained with Ponceau S in order to verify the quality of the proteins and transfer efficacy. The 

membranes were blocked with 5% m/v powdered milk dissolved in 1X PBS-T for 30 minutes. 

They were then washed 3 times for 5 minutes each in PBS-T with agitation at room temperature. 

Membranes were incubated with rotation overnight at 4°C with antibody (Table 5). They were 

then washed 3 times for 5 minutes in 1X PBS-T at room temperature with agitation. Membranes 

were incubated for 1 hour at room temperature with the horseradish peroxidase (HRP)-conjugated 

secondary antibody (Table 6). After this incubation, the membranes were washed again 3 times 

for 5 minutes with 1X PBS-T. Enhanced 32 chemiluminescence (ECL) from Biorad, Canada, was 

used to visualize the results with iBright machine.  

 

Table 4: Antibodies used for western blot 
Antibody Company Cat n° Dilution Expected Size Secondary Antibody 

Anti-Actin Sigma Aldrich A5441 1:20000 45kDa HRP-conjugated anti-mouse 

Anti-GAP43 Abclonal A19055 1:1000 48kDa HRP-conjugated anti-mouse 
 

 

Table 5: Secondary antibodies and dilution. 
Secondary Antibody Company Cat n° Dilution 

Mouse Biorad 170-6516 1:5000 

Rabbit Biorad 170-6515 1:5000 

 

3.2.2.4 Immuno HistoFluorescence (IF) 

 

 Whole brains from 6- and 24-month-old mice were dissected and put in a plastic cassette, 

submerged in paraformaldehyde (PFA) 4% for 16h at 4°C. Then, several washes of fresh Ethanol 

70% were performed 3 x 5 min followed by incubating in ethanol 70% for 12h at 4°C. The fixed 

brains were sent to the Histology Platform of the PRAC (Sherbrooke, Canada), to be embedded in 

parafilm and cut in a 4µm coronal cross-section. The first step for IF is deparaffination. We 

incubated the slide for 25 minutes at 60°C and then washed with xylene (2 x 5 minutes). The 

second step is the rehydration. The slide was washed 2 times with EtOH 100% for 2 minutes: 

Then, slides were washed 2 times with EtOH 95% proceeded with one wash with EtOH 70% for 

1 minute. The slide was then washed with water for 1 minute. The third step is antigen retrieval. 
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The slides were transferred into the beaker of boiling sodium citrate 10 min and then incubated for 

20 minutes. The slides were then wash 2 times with washing buffer (PBS 1X + 0,1% Triton). The 

fourth step is for permeabilization and blocking. We added the blocking solution (PBS 1X + 0,1% 

Triton + 5% (v/v) serum of mouse/goat/rabbit) on the slides and incubated at room temperature (1 

hour minimum) in closed humidified chamber The primary antibody was then added to a final 

volume of 100l and incubated overnight at 4°C. The next day, we added the slides were washed 

4 times for 4 minutes with washing buffer (PBS 1X + 0,1% Triton) and a fresh secondary antibody 

solution (dilution 1:500) was added for 1 hour minimum in dark at room temperature. The slide 

was then washed with water for 5 minutes. The final step is the mounting reagent and staining. We 

added a drop of ProLong Glass Antifade Mountant (DAPI, Thermofisher) on the center-left of the 

tissue an let it stand for 1 hour. All slides were then analyzed on the Nanozoomer system. 

 

Table 6: Antibody used for IF 
Antibody Company Cat n° Dilution 

Anti-GAP43 Abclonal A19055 1:50 

Alexa Fluor 488 anti-rabbit Invitrogen A-11017 1 :500 

 

  



 

 

39 

39 

4. RESULTS 

4.1 Animal characteristics  

 

4.1.1 Body weight 

 
In this study, C57BL/6J male mice of two age groups were used and weighted before euthanasia. 

Male mice of 6-month-old had an average weight of 34.65g ± 3.73 (n=42), and male mice of 24-

month-old weighted 33.95g ± 4.44 (n=40) (Figure 5). The difference between the two-age groups 

was not significant with a student test (p<0,43) but we observed higher amount of adipose tissue 

and decreased muscle mass when dissecting the 24-month-old mice, which are characteristic in 

aging. Interestingly, for the female mice, we observed an increase (p<10^-5) of weight going from 

an average weight of 22.87g ± 1.37 (n=19) at 6 months to an average weight of 26.73g ± 3.24 

(n=19) at 24 months.  

 
 
Figure 6: Weight distribution of the mice. 
A) The graph represents the weight of each mouse before euthanasia after 12 hours fasting (n=19 
for each age). The pale green represents the 6-month male weight, dark green represents the 24-
month male weight while the pale stripped green represents the female weight, and the dark 
stripped green is the 24month old female weight. B) The graph represents the wet weight of a 
complete brain after dissection of 6- and 24-month female (n=6 for each age)  
 

A B 
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4.1.2 Anatomical characteristics of the brain 
 

Before investigating the changes due to aging at the mRNA and protein levels, we first investigate 

the anatomical changes of the brain, especially the frontal cortex (FC) area. Brains from 6-month- 

and 24-month-old mice were extracted (n=5; 3 males and 2 females) and then fixed in 

Paraformaldehyde (PFA) 4% before to be send to the institutional histology platform. Brain slides 

were then stained with Hematoxylin and Eosin. We then measured the thickness of the cortex but 

also its total area in each age group. As the cortex thickness varies according to its position (the 

top layer is thicker than the side one), we measured the cortex thickness of 2 groups: « top » portion 

represented in orange and « bottom », represented in blue on the Figure 6A. We found that the 

overall cortex area is slightly higher in 24-month-old mice compared to the 6-month-old mice 

(Figure 6B) but interestingly the thickness of the top layer of the cortex area was significantly 

thicker (on average 1,42 mm) in 24-month-old mice compared to 6-month-old mice (average of 

1,24mm) (Figure 6C). There was no significant difference for the bottom side layer of the cortex. 

Figure 7: Brain anatomical characteristics during aging.  
Coronal cuts of 4µm of whole mouse brain of 6-month-old (light green) and 24-month-old (dark 
green) were stained with HE. A) Overview of the different parameters measured. The orange area 
represents the « top » part of the cortex while the blue one represents the « bottom ». B) Total area 
of the cortex area. C) Cortical thickness of the top and bottom part of the cortex (**: P<0,01). 
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4.1.3 Total RNA and protein concentration between young and old FC. 

 

The FC was dissected, frozen on dry ice and subsequently crushed into powder for 

homogenization, which allowed us to work on both transcriptomic and proteomic analyses from 

the same sample.  

 

In average, total RNAs and proteins were extracted from 50 mg of FC tissue powder for the 6- and 

24-month-old samples (n=6 for each age group). The RNA concentration was assessed with the 

Nanodrop. The 6-month-old FC had an average concentration of 157 ng ± 20,9 of RNAs per mg 

of tissue whereas the 24-month-old FC had an average protein concentration of 76.2 ng ± 26 per 

mg of tissue (Figure 7A). The A260/280 ratio by spectroscopy was on average 1,94 ± 0,04 for 6-

month-old and 1,90 ± 0,09 for 24-month-old. The difference of A260/280 between the two age 

group was not found significant. It shows that the RNA quantity is significantly decreases in the 

FC during aging. The protein quantity per amount of tissue was assessed by Bicinchoninic acid 

(BCA) assay. The 6-month-old FC had an average concentration of 101,8 µg ± 23,5 of proteins 

per mg of tissue whereas the 24-month-old FC had an average protein concentration of 118,9µg ± 

30,9 per mg of tissue (Figure 7B). It suggests that the protein quantity slightly increases in the FC 

during aging, however this increase was not found significant with a Student-test (p-value = 0,306). 

 
Figure 8: RNA and protein concentration of young and old frontal cortex (FC).  
A) RNA quantification by Nanodrop on 6- and 24-month-old FC (n=6 for each age group). B) 
Protein quantification by BCA on 6- and 24-month-old FC (n=6 for each age). (**: P<0,01) 
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As stated in the objectives, we hypothesized that there are 2 distinct gene groups that are 

deregulated during aging: a gene group with their expression deregulated at the transcriptional 

level (gene group #1) and a gene group with the expression deregulated at the post-transcriptional 

level (gene group #2). 

 

In order to determine which genes are regulated at the RNA level, we performed a transcriptome 

analysis on the FC tissue. We first extracted the total RNA from the powder of 6 and 24-month-

old FC (n=3 per age group) with TRIzol, followed by a Quick-RNA Miniprep Kit (Zymo 

Research) on-column RNA recovery. 10ng of total RNA were used to prepare the libraries with 

the NEBNext® single cell/low input RNA library preparation Kit (New England Biolabs). 

Libraries were sequenced and processed as described in the Material and Methods section. The 

first analysis performed was a Principal component analysis (PCA) (Figure 8). 

Figure 9: Principal component analysis (PCA) for the gene expression of 6- and 24-month-old FC 
mice.  
The 6-month-old FC samples are in red (n=3) and the 24-month-old FC samples in blue (n=3). 
The cross represents the centroid for each sample set. 
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In the PCA, we observed that the 6-month-old FC samples (in red) were really close together on 

the graph; indicating that the gene expression of these 3 samples was very similar. The gene 

expression of the 24-month-old samples was distinct from that of the 6-month-old samples as 

suggested by the average position of the expression (cross) compared with the x-axis which 

represents the first principal component responsible for 80% of the variance. We also noted that 

the gene expression within the 24-month-old group was more variable as suggested by the position 

of each sample regarding the y-axis. However, this second principal component is responsible for 

5% of the total variance. In summary, the 6- and 24-month-old FC samples harbored a distinct 

global gene expression signature. 

We then have analyzed each individual gene and their differential expression between 6 and 24 

months of age and represented them in a volcano plot (Figure 9). 

 
Figure 10: Differential gene expression between 6- and 24-month-old FC.  
This volcano plot represents all the genes considered for the analysis and plot by the p-value of 
the fold expression change between 6 and 24 months. Red and blue respectively indicate up or 
down regulated genes for an FDR at 1%. The genes with a stable expression during aging are 
represented in grey. 
 
Our analysis showed that 1,586 genes are differentially expressed with a False Discovery Rate 

(FDR) at 1% and p-value inferior to 10^-3. Among those Differentially Expressed Genes (DEG), 
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the majority of these genes were upregulated during aging (red dots), with a fold change that can 

go up to 7 times more (Figure 9). Few of these differentially expressed genes were downregulated 

during aging (blue dots) however some of them only have a 3-time reduction of their expression 

during aging.  

4.2 Study of the gene group #1 
 

Among the significantly up- and down-regulated DEGs, we selected those at a stringent FDR of 

0,1%. The expression pattern of these genes at 6 and 24 months was represented in a heatmap 

scaled with the z-score. With those parameters, we found that 426 genes were differentially 

expressed. Among them, the majority were upregulated (n = 399) while 27 genes were 

downregulated (Figure 10). The fold change for up-regulated genes is higher than that of down-

regulated genes (Table 7). 

Figure 11: Gene clustering heatmap showing significant differential expression between 6- and 
24-month-old FC.  
Each vertical line represents a sample. Each horizontal line represents one gene. Red and blue 
respectively indicate higher and lower gene expression. Results were obtained from n=3 for each 
age group. Values are based on row-z score, which is the log (2) CPM normalized. This analysis 
was done using a decision tree-based-recursive-binary-split-algorithm. 
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Table 7: Top 20 of genes differentially expressed between 6- and 24-month-old FC. 
Gene name 6-month-old 24-month-old Fold difference 

Igkv4-55 -3,87 1,19 5,05 

Igkc -1,80 3,03 4,83 

Gm44049 -4,05 -1,20 2,85 

Ccl8 -2,24 0,56 2,80 

Smok2b -3,53 -0,79 2,75 

Themis -2,22 0,50 2,72 

Vmn1r236 -3,72 -1,03 2,69 

Ighv1-53 -3,86 -1,24 2,62 

Kcnv2 -3,61 -1,03 2,58 

Ccr4 -3,72 -1,45 2,27 

Gm41414 -0,23 -2,47 -2,24 

Cyp26b1 2,87 1,09 -1,78 

Klf10 8,05 6,67 -1,38 

Gadd45a 3,80 2,58 -1,22 

Ptpro 4,38 3,28 -1,11 

Kcng1 4,70 3,66 -1,05 

Jun 6,47 5,53 -0,94 

Tenm1 5,56 4,63 -0,93 

Sstr2 5,04 4,18 -0,86 

Ptchd1 4,34 3,57 -0,77 

Negr1 8,28 7,52 -0,76 

 

We then performed a Gene Ontology (GO) analysis to identify in which specific pathways or 

functions those genes were involved (Figure 11). Using the Enrichr database, we found that the 

up-regulated genes were involved in regulation of apoptotic cell clearance (P<0,0001), regulation 

of natural killer cell cytotoxicity (P<0,007), T-helper cell differentiation (P<0,012) and regulation 

of B cell activation (P<0,014). Those categories are part of the immune response, mostly the innate 

one (Butler, 2004). For the 27 down-regulated genes, we found that they were mostly involved in 

the serotonin transport and uptake (P<3.10^-5), norepinephrine transport (P<4.10^-5), dopamine 

transport (P<6.10^-5), and neurotransmitter uptake(P<8.10^-5). Those categories are mainly 

linked with neuronal functions.  
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Figure 12: Gene Ontology analysis of differentially expressed genes between 6- and 24-month-old 
FC.  
Genes that are up-regulated (A) or down-regulated (B) have been analyzed in the Enrichr online 
tool (E. Y. Chen et al., 2013), specifically with the Biological Process 2021 pathway database. The 
bars are sorted by p-value ranking, the highest p-value being at the top. 
 
We then validated the RNA-Seq results by quantitative PCR (qPCR). We selected 2 up-regulated 

genes (Serpina9b and Lilbr4) and 2 down-regulated genes (Klf10 and Cyp26b1). We integrated 

intermediate age groups (12 and 18 months) in our analysis to determine the expression kinetics 

of these genes during aging. Our results confirmed the differentially expression of all the genes 

(Figure 12) however it is observed that the fold change of gene expression is higher by qPCR than 

RNA-seq. For example, Klf10 exhibited by RNA-seq an average CPM count of 8.05 at 6 months 

vs 6,67 at 24 months (17% decrease), while by qPCR the RNA was decreased by more than 50% 

during aging. The samples of intermediate age groups (12 and 18 months) informed us on the 

kinetics of expression. For all the genes tested, the changes observed between 6 and 24 months 

were rather gradual than abrupt, at the exception of Lilbr4 gene (Figure 12). 
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Figure 13: Expression of candidate genes in the aging FC using quantitative PCR. 
Graphs in blue represent down-regulated genes (Klf10, Cyp26b1) while red graphs represent up-
regulated genes (Serpina9b, Lilbr4). Gene expression at 6 months (n=4), 12-months (n=3), 18-
months (n=5) and 24-month (n=8) was normalized to that of RPLP0.  
 
To confirm these results, we performed an RNA-seq analysis of 18-month-old FC and compared 

the CPM count with that of the 6- and 24-month-old FCs for all our DEGs. We observed that 68% 

of the DEGs indeed exhibited a gradual change of expression during aging rather than an abrupt 

change (Figure 13).  

 

Figure 14: DEGs exhibited mostly gradual changes during aging.  
A) Percentage of DEGs exhibiting either an abrupt or gradual deregulation between 6-, 18- and 
24-month old FC. The change of CPM was considered "abrupt" if the fold difference between 6- 
and 18- or 18- and 24-month-old was superior or equal to 2. B-C) Example of gradual (B) and 
abrupt (C) changes. 
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The next step was to validate these RNA-related results at protein level. We performed a mass 

spectrometry (MS) analysis using a bottom-up MS technique, also known as « shotgun » in Data-

Dependent-Acquisition (DDA) mode. In brief, the sample preparation consists in first weighting 

and sonicating a fraction of FC in white Laemmli. After a BCA quantification, the cysteine proteins 

were alkylated with β-indolylacetic acid (IAA) and reduced with DTT. 20mg of total protein were 

run on a SDS-PAGE for fractionation by size into 4 parts. The gel is then cut and trypsin is added 

for an overnight in-gel dilution of the proteins. The peptides are then retrieved, and the samples 

cleaned up before injection within the QExactive Mass spectrometer. We used two samples of 6-

month-old FC and two samples of 24-month-old FC. These samples were collected from the same 

mice used for the RNA-seq analysis. In total, we were able to identify 1,707 proteins. The total 

number of different proteins identified per sample range from 687 to 1,174 (Figure 14A). The 

comparison of the proteome indicated an overlap of 824 identified proteins between the 2 ages. 

(Figure 14A). Among these 1,707 proteins, 390 showed an increase in unique peptide number 

(22%) while 229 exhibited a decrease in unique peptide number (13%) during aging. (Figure 14B). 

The top 50 of proteins with differential abundance in unique peptides are recapitulated in the Table 

8. 

Figure 15: DDA Mass Spectrometry results.  
A) Number of proteins identified per sample in 6- (left panel) and 24-month-old (middle panel) 
FC. The right panel represents the overlap between the proteins identified in the 6- and 24-month-
old FC. B) Distribution of the change in unique peptides observed in 6- and 24-month-old FC. C) 
Overlap of genes identified as differentially expressed by RNA-seq at FDR 0.1% vs differentially 
abundant by DDA MS/MS. On the right, the list of the 12 genes (11 down- and 1 up-regulated) 
commonly identified by both techniques. 
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Table 8: Top 50 of proteins with unique peptides differently abundant during aging. 
Genes are organized by alphabetic order. 

 6-month-old 6-month-old 24-month-old 24-month-old 

Gene name Sample #1 Sample #2 Sample #1 Sample #2 

Aldh2 0 0 9 4 

Aldoc 4 3 30 27 

Apoa1 4 2 0 1 

Apoe 2 2 0 1 

App 1 2 0 2 

Arhgdia 4 7 3 2 

Atp2b2 6 20 6 17 

Atp5o 11 13 5 7 

Cadm2 0 0 5 5 

Camk2b 0 0 12 11 

Cap2 1 2 3 15 

Cfl2 2 2 0 1 

Cldn11 1 1 2 5 

Cntn1 5 12 12 18 

Ctbp1 1 0 5 5 

Ddah1 1 3 17 11 

Dnm1 17 208 66 79 

Dpysl2 40 41 86 73 

Dpysl2 40 41 86 73 

Eef1a2 5 3 20 22 

Gapdh 31 41 64 59 

Glul 3 5 16 12 

Got2 39 17 47 31 

Gpm6a 4 8 18 18 

Gria2 1 3 1 10 

Hspa8 22 41 98 68 

Kcna1 0 0 2 1 

Krt2 24 23 14 10 
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Mapk1 0 2 10 8 

Ndufb10 3 11 3 2 

Ndufs2 1 0 13 21 

Phb 4 9 1 3 

Phb2 10 14 9 3 

phtf2 1 1 0 0 

Ppp1cc 2 1 0 1 

Prkacb 0 0 1 3 

Prkcb 0 1 2 10 

Prrt2 1 0 5 5 

Psat1 0 0 4 5 

Psmd11 0 0 2 4 

Rab11a 17 19 12 5 

Scai 0 0 2 4 

Sh3gl2 3 3 32 12 

Slc25a4 51 62 38 59 

Snap25 41 42 27 22 

Syn2 13 18 58 55 

Tomm70a 1 1 5 7 

Tubb2b 0 0 87 146 

Tubb4a 110 104 108 138 

Vdac1 33 29 28 21 

 

We compared the identity of the genes in both RNA-seq and DDA MS/MS analyses. 

Unfortunately, we were only able to identify few genes (12) that are differentially expressed at 

RNA level (RNA-seq) and that exhibit a difference in abundance of unique peptides at protein 

level (DDA MS/MS) (Figure 14C). Among these 12 genes, the majority was downregulated 

during aging (n=11) and appeared to be related to neuronal functions. We previously observed that 

the DEGs were mainly coding for genes with functions in immune response (Figure 11). However, 

this cell population is in minority in the FC and hence might not be detectable by shot gun MS as 

discussed in the Discussion & Perspectives section. 
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4.3 Study of the gene group #2 

 

The gene group #1 exhibited a deregulation at the transcriptional level, and we were next interested 

in genes with a deregulation at the post-transcriptional level (gene group #2). By definition, this 

gene group should display a stable expression at RNA level but exhibit differential abundance in 

protein level during aging. We first analyzed the results of the DDA MS/MS results, more 

specifically genes in the Table 8, and investigated the RNA expression level in the RNA-seq. For 

the majority, those genes exhibiting strong abundance in unique peptides had stable mRNA 

expression, as illustrated by the gene Aldoc, Snap25 and GAP-43 in the Figure 15. This confirmed 

that the genes were regulated at a post-translational level. For Aldoc, the number of unique 

peptides increased during aging, whereas its mRNA level remains stable. For Snap25, the level of 

unique peptides decreased while the mRNA level was stable during aging.  

 

 
Figure 16: Examples of genes from the group #2.  
Aldoc, Snap25 and GAP-43 mRNA level quantified by RNA seq (z-score) (left column) and by DDA 
MS/MS (number of unique peptides per sample). 
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To validate these findings, we decided to use a more robust technique to quantify the protein 

abundance: a targeted mass spectrometry experiment with Parallel Reaction Monitoring (PRM). 

Unlike Data Dependent Acquisition (DDA) mode, targeted methods such as PRM are in a Data-

Independent Acquisition mode (DIA). In DDA when the precursors ions enter the mass 

spectrometry first chamber, only the most intense ions are subjected to fragmentation and the 

second m/z analysis. For our shotgun DDA run, for every MS1 scan, 10 spectrums were generated. 

On the opposite in PRM, we are looking for specific precursors’ ions during all MS1 scan. The 

sampling of the precursors ions is stochastic, and it is the most intense at a given period. This 

allows a good snapshot of the proteome of the samples. However, DDA methods fall shorts for 

comparison of samples, since it can’t detect consistently across all the samples. Targeted 

proteomics techniques, such as PRM can overcome that problem by systematically looking for 

specific precursors’ ions. We chose PRM over SRM and MRM, as having the full MS/MS scan 

allows us to be confident on the peptide identification. 
 

PRM requires to decide upstream which protein and unique peptide of interest to target. The 

physical properties of the QExactives and the trade-off between number of proteins and accuracy 

limited us to a list of around 20 proteins, with two quantotypic peptides per protein (i.e unique 

peptide that reflects the stoichiometry of the protein). We used their m/z ratio, known from the 

prior DDA MS/MS.  In order to select them, we picked the most promising results of the DDA 

shotgun in term of change for unique peptide number but also peptides that passed the quality 

criteria for PRM. As we used label-free quantification, we also selected two housekeeping proteins 

for normalization (Atp5b, Got 2). The same peptide preparations used for the shotgun run were re-

injected into the mass spectrometer with this time a precursors’ list containing the m/z of 42 

peptides to allow their systematic detection (Table 9). 
 

Table 9: Selected peptides for PRM analysis 
Gene Peptide sequence m/z charge state retention time 
Aldh2 GYFIQPTVFGDVK 735,88 2+ 8464,1 
Aldh2 YGLAAAVFTK 520,79 2+ 6045,2 
Apoa1 VAPLGAELQESAR 670,86 2+ 4884,8 
Apoa1 SNPTLNEYHTR 444,55 3+ 1328,1 
Apoe LGPLVEQGR 485,27 2+ 2303,2 
Apoe TANLGAGAAQPLRDR 504,27 3+ 3095,3 
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App THTHIVIPYR 412,90 3+ 2845,6 
App VESLEQEAANER 687,83 2+ 3678,6 

Atp2b2 GIIDSTHTEQR 419,55 3+ 2145,4 
Atp2b2 NVFDGIFR 484,25 2+ 7882,2 
Atp5b IGLFGGAGVGK 488,29 2+ 6290,2 
Atp5b VVDLLAPYAK 544,82 2+ 7307,6 
Atp5o LGNTQGIISAFSTIMSVHR 683,36 3+ 8294,1 
Atp5o LVRPPVQVYGIEGR 528,31 3+ 5435,7 
Cadm2 DGAELPDPDR 542,75 2+ 3507,4 
Cadm2 GKPLPEPVLWTK 455,60 3+ 5175,3 
Cap2 SALFAQLNQGEAITK 795,93 2+ 6710,7 
Cap2 VEYQEDRNDLVISETELK 727,36 3+ 5763,9 
Cntn1 DGEYVVEVR 533,27 2+ 3556,5 
Cntn1 GPPGPPGGLR 452,75 2+ 2980,0 
Glul ATSASSHLNK 529,27 2+ 1830,1 
Glul LTGFHETSNINDFSAGVANR 717,35 3+ 5769,9 
Got2 ASAELALGENNEVLK 779,41 2+ 5847,2 
Got2 VGASFLQR 439,25 2+ 4295,1 

Ndufb10 PDSWDKDVYPEPPSR 596,61 3+ 3499,7 
Ndufb10 TPAPSPQTSLPNPITYLTK 1013,55 2+ 9237,9 
Ndufs2 AVTNMTLNFGPQHPAAHGVLR 562,54 4+ 4192,5 
Ndufs2 LLNIQPPPR 524,32 2+ 5219,7 
phtf2 QVLVTVMK 459,28 2+ 5875,9 
Prkcb IYIQAHIDR 376,88 3+ 2989,5 
Prkcb LTDFNFLMVLGK 699,38 2+ 11666,8 
Prrt2 NSLQQGDVDGAQR 694,33 2+ 1519,3 
Prrt2 QEPASKPDVNR 612,30 2+ 1324,4 

Psmd11 TGQAAELGGLLK 579,33 2+ 5633,3 
Psmd11 YVRPFLNSISK 441,92 3+ 4118,2 

Rap1gds1 DLASAQLVQILHR 488,62 3+ 6796,0 
Rap1gds1 DQEVLLQTGR 579,81 2+ 3447,4 

Scai HILELASILDVR 460,27 3+ 8878,7 
Tomm70a AAAFEQLQK 503,27 2+ 3516,8 
Tomm70a FALAQAQK 438,75 2+ 1955,3 

Vim KVESLQEEIAFLK 511,96 3+ 6998,8 
Vim QDVDNASLAR 536,26 2+ 4081,6 



 

 

54 

54 

The PRM-MS/MS results confirmed that some selected peptides showed an increase of peptide 

intensity ratio (Aldh2, Aldoc, Ctbp1, Mapk1, Psmd11, tomm70a) while others exhibited a decrease 

of peptide intensity ratio (Apoa1, Apoe, App, Atp2b2, Cadm2, Cap2, Cntn1, Ndufb10, Phf2, Prkcb, 

Prrt2) (Figure 16).  

 

Each horizontal line represents one peptide. Each gene selected was studied through one or two 
quantotypic peptides. Green and red respectively indicate high and low expression. Values were 
based on the ratio of the area below the curve for 6- and 24-month-old FC samples, compared to 
that of the two Atp5b and Got2 peptides.  
 

Figure 17: Heatmap of the peptide quantification by PRM- MS/MS. 
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Another way to represent the data is to graph the area relative to the internal standard as sometimes, 

we obtain various levels of confidence with the PRM method that confirm the Label Free 

Quantitation (LFQ) from the shotgun analysis. When represented by a graph rather than a heatmap, 

we were only able to statistically confirm a decrease for the peptides Apoe, Atp2b2, Apoa1, Prrt2, 

and an increase for Syn2 (Figure 17). Indeed, with label-free PRM (i.e without any synthetic 

peptide nor protein spiked), only change of fold >2 can be monitored and explain why not all 

peptides can be statistically validated (Rauniyar, 2015).  
 

 
Figure 18: Peptide quantification by PRM LC MS/MS.  
 

Area of each peptide normalized by that of Got2. Grey points are 6-month-old and black points 
are 24-month-old FC samples. Some samples were re-injected one more time. ns= non-significant. 
*=P<0,1; **=P<0,01; ****=P<0,0001. 
 
However, in order to validate the DDA MS/MS and PRM findings, we selected one candidate from 

gene group #2 and investigated its regulation during aging using the techniques of western-blot 

and ImmunoHistoFluorescence (IHF). We selected Gap-43; a protein involved in neurogenesis. 

We first performed a protein expression analysis by western-blot on whole FC samples and 

observed that the Gap-43 protein was significantly increased in the aging FC (Figure 18A) as 

suggested by the DDA MS/MS results (Figure 15). We next carried out a IHF on coronal brain 

slices from 6- and 24-month-old mice, using an antibody against Gap-43. We observed that the 

expression of Gap-43 was significantly higher in the aged cortex compared to the young cortex 

(Figure 18B). All these results confirmed that Gap-43 is a gene belonging to the group #2. The 

gene expression is stable at RNA level during aging but there are some mechanisms of 

dysregulation at the post-transcriptional level that led to the protein increase in the aging FC. 
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Figure 19: Analysis of Gap-43 protein expression in the FC.  
A) Western Blot of Gap-43 on whole FC samples of 6 and 24-month-old mice. Actine was used as 
loading control. On the right, graph of the quantification of the western-blot signal. B) IHF with 
double staining with DAPI (top 2 images, in blue) and against GAP-43 (middle and zoomed bottom 
images, in green).



5. DISCUSSION  
 

This study focused on understanding the correlation between transcriptomic and proteomic 

changes in the mouse FC during aging. Our hypothesis was that two types of dysregulation 

are in place in the aging FC. In this section, we will discuss point by point the important 

findings of this study.  

 

5.1 Morphological changes during aging  

 

The body weight before sacrifice showed that there are some sex-differences and that they 

override age-related difference. In the male, we did not observe a difference between 6- and 

24-month-old mouse weight whereas for female, their weight increased slightly with age. At 

all ages, female weighted on average lighter than male. This observation might be related to 

a age-related metabolism difference between males and females. 

 

Another morphological difference between young and old mouse brains was the cortical 

thickness. We found an increase of 18 mm for the cortical thickness between 6-month-old 

(124 mm on average) and 24-month-old (142 mm on average). But the overall surface of the 

cortex in mm² was similar. A previous study using MRI has shown a decrease of cortical 

grey matter between 3- and 24-month-old, along with an increase of ventricular space (Taylor 

et al., 2020.). Using brightfield picture of coronal cut paraffin-embedded brain to estimate 

cortical thickness is obviously not the most accurate technique, as well as being completely 

impossible to estimate ventricular volume, but the size differences seen here could also be 

attributed to a change in stiffness and elasticity of the brain parts. Indeed, during aging, 

changes in the extracellular matrix can increase the stiffness of the brain (Segel et al., 2019). 
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5.2 Changes in the concentration of fundamental molecules  

 

When quantifying the total amount of RNA per mg of tissue, we observed a dramatic 

decrease in the concentration during aging. This decrease could depend on abnormalities in 

mechanisms controlling RNA stability and degradation which are affected during aging. As 

ribosomal RNA makes up to 80-85% of total RNA so this decrease could also be a decrease 

in rRNA total quantity. It would be interesting to check this hypothesis with kit checking the 

specific ratio of rRNA. Surprisingly, for the protein concentration per mg of tissue, the 24-

month-old FC had a 17% increase of the total amount of proteins (101,8 µg vs 118,9 µg of 

protein per mg of tissue). It would be interesting to investigate the cellular density vs 

extracellular matrix to explain further those results. Indeed, during aging, changes in the 

extracellular matrix can increase the stiffness of the brain (Segel et al., 2019) 

 

5.3 Changes in the transcriptomic profile  

 

Doing a PCA on the RNA-seq demonstrated that we could easily discriminate the 6 samples 

by age group. Interestingly, the 6-month transcriptomic profiles looked more similar (points 

very closer on the graph) than the 24-month-old (one individual point was further yet still 

closer to the 2 other 24-month than the 6-month). This observation could mean that, even 

though mice have a similar genetic background being from the same strain, some epigenetic 

factors (stress, food, etc…) could induce specific and significant transcriptomic changes over 

time. For this study we casted aside mice that had visible tumors at the dissection (liver 

tumors for example). 

 

Our RNA-seq analysis revealed 426 DEGs between 6 and 24-month-old at a 0,1% FDR. 

Among these genes mostly differentially upregulated during cortex aging, we found that a 

significant number of genes were involved in the immune response. These findings confirm 

previous reports showing that immune response increase in aged cortex, sometime called 

inflammaging of the brain or neuroinflammaging  (Frenk & Houseley, 2018; Kandlur et al., 

2020; Popa-Wagner et al., 2013; Salat, 2011; Sharma et al., 2018). However, we were not 

able to detect these transcriptomic changes at the proteomic level. The low abundance of 
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immune cells in the FC could be the most logical explanation of the absence of detection of 

these proteins by mass spectrometry. However, the DDA MS/MS experiment gave us a total 

number of proteins lower than other studies in the field (1,707 compared to 4,000-7,000 in 

mouse or rat brain usually). The lysis buffer used (white Laemmli) might not be ideal. It 

would be interesting to try a similar experiment with other widely used buffer like urea 8M. 

We used in-gel digestion so that we could fractionate our sample by protein size into 4 

fractions. Fractionation simplifies the sample and increases the protein depth, but it is still 

true that each added step has a risk to lower the overall peptide yield at the end of the 

experiment. Since our protein depth was low, we need to be careful about drawing inaccurate 

conclusions, and we should rely more on the PRM methodology for further experiments or 

even try to validate the up-regulation of these candidate proteins by IHF or western-blot. 

Another option to obtain more solid conclusions could be to enrich our samples in this cell 

population.  

 

5.4 Limits of the omics techniques  

 

Even the absolute number of molecules per gene is higher for proteins that mRNAs, their 

respective -omics techniques do not harbor the same sensitivity. Within our current limits of 

detection in RNA-seq and MS, it is easier to detect mRNA than its respective protein.  Even 

though we have some potential problems with the MS, other studies have mentioned the same 

problem. For example, the study following the Gtex initiative also built a quantitative 

proteomic map of the human body and comparing to their RNA data. They reported plenty 

of low-abundance transcripts that were underdetected at the protein level, and even 16% of 

protein-coding genes with good RNA abundance (TPM>32) which were not detected at the 

protein level (Jiang et al., 2020). They hypothesized that underdetected proteins could be due 

to post-transcriptional regulation and/or limits of the mass spectrometry techniques. 

 

Here, studying the proteomic analysis of the FC showed that even many genes are stable at 

the mRNA level during aging, we can observe significant differences in their protein 

abundance level. This highlights a deregulation occurs at post translational or translational 

level during aging. It also shows how important it is to look past RNA-seq data to study gene 
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expression, especially for genes coding proteins responsible for the phenotypes. The analysis 

of proteomic data (shotgun mass spectrometry) only allowed us to identify 10 proteins from 

the 426 DEGs in RNA-seq. But interestingly, among these 10 proteins, nine were among the 

27 downregulated DEGs (involved in neuronal functions) and only one from the 399 

upregulated genes (involved in immune functions). This suggest that we could only detect 

peptides from proteins highly expressed in the tissue as the FC is mostly composed of neurons 

and glial cells, with few immune cells (from the blood capillaries).  

 

5.5 Aging deregulation and cell type specificity 

 

Together, these results suggested that genes upregulated in the FC during aging are involved 

in the immune response while the down-regulated genes are implicated in neuronal functions, 

indicating that two cell populations may be differentially affected in the FC during aging. To 

investigate this hypothesis, we looked at the overall expression of top up- and down-regulated 

target genes in the cortex and the immune cells (lymphocytes T) via the Human Protein Atlas 

Database and the Mouse Brain Proteome (both accessible at proteinatlas.org).  Some specific 

genes such as CCR4, which is increasing in our RNA data is specifically expressed by 

lymphocyte T whereas NEGR1, whose gene expression is decreasing during aging is 

specifically expressed in the FC and not by any immune cells. 

 

Interestingly, these two different cell populations (immune vs neuronal cells) are not 

regulated similarly during aging. The immune cells seem to be regulated at transcriptional 

level while neuronal cells exhibit age-dependent regulation at the post-transcriptional level. 

This difference could be explain by the fact that immune cells quickly respond to cell 

environment by activating signaling cascades that modulate gene transcription , whereas in 

post-mitotic neurons, a post translational regulation would be more efficient as the translation 

is located in the synaptic bud (Fernandez-Moyart et al., 2014). Moreover, for therapeutical 

applications, targeting the failing immune cells during aging with epigenetic inhibitors or 

activators factors will be an interesting strategy while focusing on modulating protein 

translation and degradation in neurons could help the treatment of neurodegenerative 

diseases.   
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To support our results and conclusions, one of the best methods would be to do single-cell 

RNA-seq (scRNA-seq) analyses to characterize whether there is any cell type specificity. 

Indeed, an increase of expression in bulk RNA-seq methods does not tell us if cells express 

more a gene, or if we have more cells in the tissue and hence more RNA expressed. With sc-

RNA-seq, we could be able to discriminate which population is involved during aging 

(immune cells, glial cells or neurons) and quantify the change of cellular activity. Single cell 

proteomics is currently less easy, but promising technologies are developed such as 

cytometry by time-of-flight mass spectrometry (CyTOF) (Mrdjen et al., 2018). Sc-omic 

techniques also necessitate specific analysis tool, as they have more “noisy” data 

(transcription bursting and drops in transcriptomic, cell-cycle variations, lower expression). 

Single cell analyses from tissues are useful to identify which subset(s) of cell population are 

the culprits of a phenotype.  

 

The up-regulation of genes implicated in the immune response could be directly linked to the 

increase of inflammation in the brain during aging whereas the decrease of gene expression 

of protein abundance for genes involved in neuronal functions could be responsible of the 

decline of cognitive and motor functions observed during aging. Interestingly, we do not 

observe the same impact of aging on other tissues. We also performed RNA-seq on their 

lateral choroid plexus collected from the same mice and found that 6 and 24-month of age, 

931 genes were upregulated and 731 downregulated, highlighting that in this tissue the 

number of up- and down-regulated genes is very similar at the difference of the cortex. 

 

5.6 Strengths and limitations of the study 

Strengths  

We used 6-month-old mice for our young age group, since in mice the brain is considered 

fully developed around 4-month-old. This is a difference with numerous studies that use 3-

month-old or younger mice as their young age group, which still have brains in development. 

For the old age group, we used 24-month-old mice. Aging studies typically use 18-month-

old mice as the lifespan of laboratory mice is around 2 years-old, what does not represent 

really aged animals. 
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We used two methods for our proteomics analyses, first a classic LC-MS/MS in DDA and 

then in PRM mode to quantify specific proteins. We also performed both transcriptomic and 

proteomic experiments with the same tissue collected from the same animal  as we powdered 

the frozen cortex before separating it in two for subsequent RNA and protein extractions. 

Some studies also do both transcriptomic and proteomics but often it is the brain as a whole 

organ rather than different anatomic and functional subpart like the FC.  

Limitations  

Our sample number is low and importantly we did perform the omics experiments only on 

male samples for budgetary reasons, however qPCR experiments for example were 

performed on male and female samples. Lifespan of females is higher than that of males in 

many species. Sex hormones are to be taken into account in aging. Indeed, women have a 

higher risk of Alzheimer's incidence than men (even after correcting for a longer life 

expectancy and therefore higher age). Herlits et al, 2003 suggest that estrogen administration 

could increase the dopaminergic response and protect against AD. But this cannot be 

considered a miracle solution because this same administration of estrogen increases the risk 

of cancer (Ng et al 2004). 

The RNA-seq was performed in a single end fashion. We performed a reads alignment to the 

genome and not the transcriptome. We discussed on gene expression globally but not 

transcript-specific. However, with alternative RNA splicing, even though the overall gene 

expression is stable between conditions, one isoform transcript can be actually dysregulated 

compared to others.  

For the LC-MS/MS we injected 2 samples per age group in duplicate which is a low number 

of replicate. Then for the PRM we re-injected some samples. Maybe the results were not 

statistically significant because of the low n (n=4-6) and/or since the differences were usually 

lower than 2 folds. We used label-free quantification with housekeeping gene for 

normalization since using synthetic peptides costs greatly and we wanted to study several 

proteins simultaneously. Infortunately a fraction of the candidates were validated by 

orthogonal methods.  
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5.7 Conclusions  

 

During aging, we observed an increase in the RNA expression of genes (n=399) related to 

immune functions and a decrease in the expression of genes (n=27) related to neuronal 

functions. By mass spectrometry, we were not able to confirm the enrichment of proteins 

with immune functions, probably because the presence of these cells is a minority in the 

tissue and their detection is difficult. Even these results need further validation, these 

preliminary results suggest that a transcriptional dysregulation might affect immune cells and 

could be at the origin of the neuroinflammation linked to brain aging. We have also identified 

and quantified many proteins whose abundance changes in aging CF. We showed that the 

RNAs coding for these proteins remain stable during aging, suggesting that a post-

transcriptional dysregulation is well established during aging in FC. This loss of proteostasis 

affects many proteins with neuronal functions, the abnormal abundance of which could be 

the cause of cognitive decline linked to brain aging. 

 

In conclusion, we highlighted a cell-type specificity concerning these deregulations in the 

aging FC. Our findings could open the avenues to  new therapeutic strategies targeting either 

the RNAs or the proteins affected in the FC during aging. 
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