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ABSTRACT 

Cellular senescence is a state of permanent cell-cycle arrest that occurs following an 

extended period of proliferation in culture or in response to stress. This phenomenon is 

characterized by dramatic morphological changes and specific metabolic and gene expression 

variations. Several studies have proposed that the senescence response evolved as a fail-safe 

mechanism to protect cells from cancer. Additionally, senescent cells have been shown to 

accumulate with age suggesting that senescence may contribute to organismal aging. Stress

induced senescence occurs in response to DNA damage and has emerged as a potent cancer therapy 

where the tumor-suppressive potential of senescence could be used to aid in treating the disease. 

In the last couple of decades, considerable research efforts have been made towards understanding 

the protein machinery underlying senescence yet we still have a poor understanding of the role 

that lipids play in this phenomenon. 

The work presented in this dissertation focused on studying the role of lipids and 

membrane-related pathways in senescence. The lipid profiles of human proliferating and 

replicative senescent fibroblast cells were investigated via a liquid chromatography-mass 

spectrometry-based lipidomics approach. Our results show that triacylglycerols, neutral lipids, 

accumulate in human replicative senescent fibroblast cells. More specifically, triacylglycerol 

species that consist of long- and very long-chain fatty acids and contain at least one 

polyunsaturated fatty acyl chain accumulate during this process. 

Comparative transcriptomic analysis of proliferating and replicative senescent fibroblast 

cells indicates that the expression levels of lipid-regulating genes are also regulated during 

replicative senescence and suggests that CD36-mediated fatty acid uptake and diversion to 

xiii 



glycerolipid biosynthesis could be responsible for the accumulation of triacylglycerols. Given that 

oxidative stress is a hallmark of senescence, we hypothesize that by sequestering fatty acids as 

triacylglycerols, which are isolated within lipid droplets, the cell could potentially diminish 

membrane damage resulting from lipid peroxidation. Thus, we proposed a novel role for 

triacylglycerols in mammalian replicative senescence. 

Our comparative transcriptomic analysis also revealed that downregulated core senescence 

genes were primarily involved in cell cycle processes while upregulated core senescence gene 

enrichment indicated various lipid-related processes. CD36 was among the top upregulated genes 

during replicative senescence in two human fibroblast cells studied. We aimed to investigate how 

CD36 contribute to the senescence arrest and the changes we observed at the metabolite level. We 

found that overexpression of CD36 induces a senescence-like phenotype and, further, the media 

of CD36-overexpressing cells alone induced a senescence-like phenotype in proliferating cells. 

We hypothesize that CD36 is not only involved in fatty acid uptake, but also contributes to 

membrane remodeling which facilitate the release of senescence associated factors that may aid in 

initiating the senescence arrest in neighboring cells. 

Finally, first steps were taken to study the involvement of lipids in drug-induced 

senescence. Comparative lipidomics showed that ceramides accumulate while dihydroceramide 

levels were depleted. In addition, other sphingolipids showed significant alterations. Future work 

will investigate the regulation and function of different sphingolipids in drug-induced senescence. 

Overall, the findings outlined in this dissertation place lipids as central molecules during 

senescence. 

xiv 



Chapter 1: Lipids and their Roles 

1.1 Introduction 

Lipids form the membranes that protect all cells from their surrounding environment. This is 

also the case at subcellular level where lipids provide barriers between compartments, 1, 2 Generally 

defined as hydrophobic or amphipathic small molecules, 3, 4 the hydrophobic moiety of lipids tend 

to self-associate while the hydrophilic moiety tend to interact either with each other or with 

aqueous environments. These interactions result in the formation of membranes that define 

boundaries of cells and result in discrete organelles.1 As such, lipids are necessary for defining 

structure and function. 5-8 

Mammalian cells contain thousands of distinct lipid species. 3 This diversity ultimately reflects 

the various roles lipids have such as maintaining structural integrity, energy storage, and 

5signaling.2, , 8 Lipids are classified into eight categories: fatty acids, glycerolipids, phospholipids, 

sphingolipids, sterols, polyketides, saccharolipids, and prenol lipids.3, 4 This chapter will focus on 

the diversity and function of lipid classes that exist in mammalian cells (i.e. fatty acids, 

glycerolipids, phospholipids, sphingolipids, and sterols). 

Several studies have implicated lipids in complex cellular processes such as apoptosis9 and 

cellular senescence.10 Global lipidomics, the large-scale study and characterization of cellular 

lipids, their interactions with other molecules and their cellular functions in biological systems, 11 

emerged in the early 2000s and has evolved over the years as a result of advances in ionization 

technology and mass spectrometers.12 These advancements have facilitated lipid-centered studies 

in complex matrices and we now know that distinct lipids play pivotal roles in regulating a wide 

variety of processes, such as cell division, 13 immune response14 and inflammation.15 

1 

https://inflammation.15
https://spectrometers.12


In this chapter, the diversity in structure, function, and analytical tools to analyze these 

species will be discussed. 

1.2 Lipid Diversity 

Mammalian cells utilize a complex network of enzymes to synthesize, metabolize, and 

transport thousands of unique lipid species. 8 The large chemical diversity within the mammalian 

lipidome is achieved through multiple combinations of lipid backbones, such as glycerol, and 

aliphatic chains, for which length and saturation varies. The backbone could also be covalently 

linked to a number ofpolar head groups, such as phosphocholine and phosphoserine. This diversity 

ultimately reflects the numerous roles lipids have. 2, 5, 8 Figure 1. 1 below shows representative 

structures for major lipid categories in the mammalian lipidome. The chemical diversity of the 

mammalian lipidome is further discussed below using fatty acids, glycerolipids, phospholipids, 

and sphingolipids. 

Fatty acids, which are building blocks of more complex lipids and serve as a major source 

of energy, consist of a carboxylic acid and an aliphatic chain (Figure 1.1). Although fatty acids are 

structurally simple, they are a diverse group that contain distinct species defined at the molecular 

level based on the number and position of double bonds, chain length, and presence of functional 

groups, among others.1, 4, 16 Mammalian fatty acids typically contain an even number of carbon 

chain lengths (C) of 12-20, although very long chain fatty acids with C 2 22 also exist and this 

variation is tissue-specific.17 The major product of de nova fatty acid biosynthesis in mammalian 

cells is palmitic acid (C16:0). C16 and other downstream fatty acids may be saturated, mono- or 

poly-saturated. 18 -20 
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Figure 1.1: Representative structures of major mammalian lipid categories. Core structures are 

colored red, examples of head groups are colored in green, and fatty acyl chains are colored in 

blue. Chemical diversity within each lipid class is achieved by different combinations of head 

groups and fatty acyl chains, which may vary in length and/or number of double bonds, and in the 

case ofphospholipids, fatty acid linkage. Boxed portions ofthe structures represent building blocks 

that confer diversity. Adapted from Harayama et al.21 

20A number of elongases and desaturases aid in modifying fatty acid species. 18- , 22 To date, 

seven elongation of very long chain fatty acid (ELOVL 1-7) enzymes and four desaturases, fatty 

acid desaturase (FADS 1-3) and stearoyl-CoA desaturase (SCD), have been characterized.19 They 

exhibit tissue-specific gene expression and substrate specificity, which is not fully characterized 

20 22in mammalian cells. 6, , -27 Monounsaturated fatty acids have one carbon-carbon double bond, 
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which depending on the fatty acid species, occurs in specific positions on the chain. These double 

bonds tend to be cis, resulting in a kink in the chain and poor packing.1· 28 Polyunsaturated fatty 

acids (PUFAs) contain two or more carbon-carbon double bonds.18 · 19 

The mammalian fatty acid pool consists of fatty acids the cell synthesizes de nova as well 

as fatty acids taken from the diet. Generally, de nova fatty acid biosynthesis yields mainly saturated 

and monounsaturated fatty acids while some PUF As are taken from the diet. 29 Fatty acids may 

stay as free fatty acids in the cell or may be used as building blocks for the synthesis of more 

structurally complex lipid species following activation by acyl-CoA synthetases.16· 29 Figure 1.2 

below illustrates a simplified schematic of fatty acid biosynthesis and conversion. 

(/) 

"O ·u5 
·c::; Q) 
co £ Citrate ACLY Acetyl Ace Malonyl FASN Palmitic acid (C16:0)

f ~ 
5 3

CoA CoA E~~;'LI I FAsDc D~_ 
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Fatty acid diversity 

Linoleic acid (C18:2) Elongation w-6 fatty acids 
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Q) 
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a-Linoleic acid (C18:3) w-3 fatty acids 
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Figure 1.2: Fatty acid biosynthesis and conversion. De nova biosynthesis and fatty acid uptake 

( diet) contribute to the fatty acid pool. Mammalian cells may then modify and activate fatty acids 

and use them as building blocks for more complex lipid structures. Numerous elongases and 

desaturases are involved in modifying fatty acids. Abbreviations: ACC, acetyl-CoA carboxylase; 

ACLY, ATP citrate lyase; ELOVL, elongation of very long chain fatty acids; FADS, fatty acid 

desaturase; F ASN, fatty acid synthase; SCD, stearoyl-CoA desaturase. 
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Glycerolipids are composed of a glycerol backbone that is mono-, di-, or tri-substituted 

resulting in monoacylglycerol, diacylglycerol, and triacylglycerol, respectively (Figure 1.1 ).30 Due 

to their hydrophobicity, triacylglycerols are typically stored in lipid droplets, an endoplasmic 

reticulum-derived organelle that consists of a neutral core and a phospholipid monolayer.30, 31 

Triacylglycerols have been traditionally reported to serve as energy-storage molecules32 while 

diacylglycerols have been reported to act as signaling molecules33-35 in addition to serving as 

precursors to triacylglycerol and phospholipid biosynthesis.36 For example, binding of 

diacylglycerol to protein kinase C members, which regulate the cell cycle, results in their activation 

and subsequent translocation to the plasma membrane where it phosphorylates interacting 

proteins.34, 37 Figure 1.3 below is a simplified schematic of triacylglycerol biosynthesis. 

Phospholipids are derivatives ofsn-glycerol-3-phosphoric acid that contain one or two fatty 

acyl chains attached to the glycerol moiety and a polar head group (Figure 1.1). These species 

serve as key components of cellular membranes38 and have various roles in metabolism and 

signaling.29 Based on the nature of the polar head group, these species are subdivided into classes: 

phosphatidic acids, phosphatidylcholines, phosphatidylethanolamines, phosphatidylinositols, 

phosphatidylglycerols, phosphatidylserines, and cardiolipins. Phospholipid classes are further 

classified into subclasses depending on different linkages of the aliphatic chains (alkyl-linked or 

lZ-alkenyl linked), and number of aliphatic chains, which vary in chain length, degree of 

unsaturation and location of double bonds, connected to the sn-1, sn-2, or both hydroxyl groups of 

glycerol (Figure 1. 1). If only one of the hydroxyl groups is acylated, the resulting species is a 

lysophospholipid. 6, 39-42 
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Figure 1.3: Simplified schematic of triacylglycerol biosynthesis. The acylation of glycerol 3-

phosphate by GP AT yields lysophosphatidic acid which is then acylated by AGP AT to produce 

phosphatidic acid (PA). PA is hydrolyzed by PAP to form diacylglycerol. A final esterification 

step by DGAT 1 & 2 produces triacylglycerol. Abbreviations: AGPAT, 1-acyl-sn-glycerol-3-

phosphate acyltransferase; DGAT diacylglycerol acyltransferase 1 and 2; FA-CoA, fatty acyl 

coenzyme A; GPAT, sn-1-glycerol-3-phosphate acyltransferase; PAP, phosphatidic acid 

phosphatase. Adapted from Coleman et al. 30 

Phosphatidylcholine accounts for more than 50% of phospholipids in mammalian cells2 

and has a cylindrical molecular geometry while phosphatidylethanolamine, the second most 

abundant phospholipid, has a conical molecular geometry as a result of its smaller head group, 

which promotes membrane curvature.41 These species self-assemble into bilayers with the acyl 

chains interacting with each other while its polar head groups interact with the aqueous 

environment.1· 43 During apoptosis, clearance of apoptotic bodies is facilitated by the translocation 

of phosphatidylserine from the inner leaflet of the plasma membrane to the outer leaflet, where 
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they act as a signaling lipid to stimulate phagocytosis.44 These are just a few examples of the 

various roles phospholipids have in the cell. 

Sphingolipids, which have roles in signal transduction and cell recognition,45-49 consist of 

a sphingoid backbone that is amide-linked to a fatty acyl group and a head group at the primary 

hydroxyl group. The head groups range from hydrogen to more complex species, such as 

phosphocholine (Figure 1.1 ).1 The fatty acyl chain varies from 14-26 carbon atoms and degree of 

saturation as well as hydroxylation.16, 47 As illustrated in Figure 1 .4, the sphingoid backbone is 

synthesized de nova from serine and palmitoyl-CoA. Among the different variations possible, the 

most common sphingoid bases in mammalian cells are sphinganine and sphingosine, which differ 

by a double bond on carbon four (Figure 1.1 ).1 Ceramide, a central sphingolipid, serves as a 

precursor for the synthesis of more complex sphingolipids via attachment of different head groups 

at carbon one (Figure 1.4). For example, attachment of glucose or galactose results in 

glucosylceramide and galactosylceramide, respectively. 

As a result of their saturated or trans-unsaturated acyl residues, sphingolipids serve as 

structural components of membrane rafts, subdomains of the plasma membrane. 2 This is because 

their acyl residues can form taller, narrower cylinders with tighter packing as compared to 

phosphatidylcholines of the same tail length. 50 Sphingolipids can also regulate the function of 

transmembrane proteins. For example, a study found that C18 sphingomyelin is exclusively 

recognized by the transmembrane domain of the coat protein p24, and this interaction is important 

for vesicular trafficking.51 Ceramides have been reported to play pivotal roles in complex 

processes such as apoptosis and cellular senescence.1°, 45 In apoptosis, for instance, ceramides 

increase the permeability of the mitochondrial outer membrane which results in the release of 

cytochrome c, an important mediator of downstream activation of caspases.52 
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Figure 1.4: Simplified scheme of sphingolipid biosynthesis. The sphingoid backbone 1s 

synthesized de nova from the condensation of serme and palmitoyl-CoA resulting in 3-

ketosphinganine which is subsequently reduced to sphinganine followed by acetylation by 

ceramide synthases (1-6), which exert substrate specificity, resulting in dihydroceramide. The 

introduction of a trans double bond at carbon four yields ceramide, which serves as a precursor for 

the synthesis of more complex sphingolipids. Abbreviations: CerS, ceramide synthase; CGT, 

ceramide galactosyltransferase; ClPP, ceramide I-phosphate phosphatase; CK, ceramide kinase; 

GALC, ~-galactocerebrosidase; GCase, glucosyl ceramidase; GCS, glucosylceramide synthase; 

Smase, sphingomyelinase; SMS, sphingomyelin synthase. Imaged adapted from Bartke et al.53 
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Sterols, another important component ofmembranes, are both structurally and functionally 

diverse. Cholesterol, a key sterol in mammals, not only has roles in membrane stability, but also 

acts as a signaling molecule and as a precursor to steroid hormones. I , 7, 54 , 55 As shown in Figure 

1.5, cholesterol consists of four rings fused together, a hydrocarbon chain, and a hydroxyl group. 

As a result of the double bond between carbons 5 and 6, there is some rigidity to the tetracyclic 

ring structure while the hydrocarbon tail remains flexible. I , 2 Furthermore, the hydroxyl group on 

carbon 3 facilitates the molecule's orientation in the membrane. Together, these structural features 

promote cholesterol's interactions with other lipids. More specifically, the cyclic unit packs with 

tails of phospholipids while the hydroxyl group interacts with the head groups of phospholipids. 

Thus, cholesterol is essential for membrane stability. 

26 

25 

27 

HO 
4 6 

Figure 1.5: Structure of cholesterol with carbon number and ring lettering. 

1.3 Membrane Lipids are Important for Defining Structure and Function 

Cellular membranes provide barriers and facilitate compartmentalization of organelles.56 

Lipids are major components of the plasma membrane and subcellular membranes that result in 

distinct organelles.2 The nature of the head group and the hydrophobic chain affects membrane 

shape and curvature. For example, lipids with long and saturated fatty acyl chains make 

membranes thicker and less fluid as a result of the tight packing of their hydrophobic tails and 
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stronger lipid-lipid interactions. On the other hand, as a result of the kinks introduced by double 

bonds, lipids with unsaturated fatty acyl chains increase membrane fluidity (Figure 1.6).21 

Over the years, it has become increasingly evident that the lipid bilayer has a profound effect 

on membrane proteins. 57 Interactions with both the lipid bilayer and the aqueous environment aid 

membrane proteins in carrying their various activities, such as ion transport and signal 

transduction. 58 

Lipids may also be covalently attached to proteins as posttranslational modifications, which 

include myristoylation ( covalent attachment of C14:0 FA), palmitoylation ( covalent attachment of 

C16 fatty acid), and prenylation (covalent attachment of either famesyl or geranylgeranyl 

isoprenoid).58 -60 Thus, the most common types oflipids that are attached to proteins are fatty acids, 

isoprenoids, and glycosylphosphatidylinositol anchors. 61 Phosphatidylethanolaminylation 

(covalent attachment of phosphatidylethanolamine), however, has been reported in lA/1B-light 

chain 3 protein, which is involved in autophagy. 62 These posttranslational modifications regulate 

the protein's membrane affinity, localization and interaction with key effectors. 63 For example, the 

interaction between phosphatidylinositol-(3,4,5)-trisphosphate and pleckstrin homology domain 

of protein kinase B recruits the protein from the cytoplasm to the plasma membrane, which results 

in protein activation. 64 Another example include members of the Ras superfamily ofproteins, such 

as Rho, which require prenylation for localization to the cell membrane where they can interact 

with downstream effectors. 60 
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Figure 1.6: Plasma membrane fragment showing lipid head groups (blue spheres) and side chains 

(green lines). Hydrophobic chain length and degree of saturation affects membrane shape and 

curvature. For instance, unsaturation in fatty acyl chain increases membrane fluidity. For a sense 

of dimension, the membrane-associated protein Ras homolog family member A (RhoA), a key 

regulator of cytokinesis, and a neighboring phosphatidylinositol ( 4,5) bisphosphate, (Pl( 4,5)P2), 

molecule are shown to scale. Taken from Storck et al. 63 

1.4 Lipidomics 

Due to the large number and structural diversity, as well as concentration ranges, of lipids in 

mammalian cells, lipid analysis is challenging. As outlined above, distinct lipid species play highly 

specialized roles in cells. Lipidomics, the large-scale study and characterization ofcellular lipids, 11 

has been crucial in characterizing the specific lipids involved in these various complex cellular 

65processes. 
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Lipids have been traditionally analyzed via thin layer chromatography (TLC). While this 

method does not require advanced instrumentation and the solvent systems used are well 

established, TLC experiments do not provide the resolution and specificity required to identify 

distinct lipid species at the molecular level. 66• 
67 

Advances in ionization sources and mass spectrometers have paved the way for lipidomics. 67 

Although still challenging to analyze and characterize the lipidome at once,29 mass spectrometry 

(MS) based techniques allow for the separation and characterization of charged ionized analytes 

in the gas phase according to their mass-to-charge (m/z) ratio. 11 Additionally, structural 

information can be obtained by fragmenting the lipid ions via collision-induced dissociation. Thus, 

MS offers high sensitivity, selectivity and resolution, all of which are necessary for the successful 

characterization of lipid species at the metabolite level.4• 
16• 29 As such, MS-based techniques have 

become the analytical tool of choice for lipid analysis. 

Several MS-based methods have been developed in the last few decades. These include gas 

chromatography-mass spectrometry with electron ionization, matrix-assisted laser 

desorption/ionization time-of-flight (TOF), and electrospray ionization (ESI) MS, among others.29 

Each of these methods have their advantages and limitations, and have been successfully employed 

to study either the whole lipidome or specific classes oflipids.16 Soft-ionization techniques, which 

allow for the analysis of intact lipid molecules, 68 such as ESI, are the most commonly employed 

in lipidomics studies. 

ESI MS of lipids may be carried out in two different ways, shotgun or liquid-chromatography 

(LC)-based lipidomics. 68• 69 In shotgun lipidomics, lipids are analyzed without chromatographic 

separation prior to MS analysis, while LC-based lipidomics employ LC to separate the complex 

lipid mixture prior to MS analysis. 66• 
67 In LC-based lipidomics, researchers may employ normal 
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or reversed phase chromatography for separation. In normal phase, the lipids are separated on the 

basis of their head group polarities70 while in reversed phase the lipids are separated on the basis 

of their hydrophobic chain length and degree of unsaturation. 71 From an analytical point of view, 

it could be argued that LC-based lipidomics is more powerful as a result of chromatographic 

separation. This is especially true for the analysis of complex matrices.16 

Several MS analyzers have been developed and successfully employed in lipidomics 

studies.16 In the work described in this dissertation, we used a quadrupole-time-of-flight (QTOF) 

mass analyzer coupled to an ESI source. In ESI a strong electric field is applied to the sample in 

solution passing through a small capillary at low flow rate. Ions are formed by desolvation. 72 The 

QTOF mass analyzer consists of a quadrupole mass analyzer, a hexapole ( collision cell), and a 

reflecting TOF analyzer. The quadrupole selects precursor ions, which are then fragmented in the 

collision cell followed by detection by the TOF. 73 The ion signal corresponding to each m/z value 

is then provided by a multiple anode detector combined with a multichannel time-to-digital 

converter. 73 Main advantages of the QTOF include high resolution and mass accuracy,74 two 

components that are crucial for lipid detection at the metabolite level. 

Lipidomics analysis may then be carried out in a global or targeted matter. Global 

lipidomics, or untargeted lipidomics, refers to the comprehensive and untargeted analysis of either 

the entire or partial cellular lipidome. 12 , 75 This approach allows for the simultaneous identification 

and relative quantification of both known and unknown lipid species across multiple classes.16 

Targeted lipidomics, on the other hand, focuses on known lipids. Although both approaches are 

useful and necessary to comprehensively identify changes in the lipidome, targeted lipidomics is 

limited by the current knowledge on lipid diversity. Figure 1.7 is an illustration comparing targeted 

vs untargeted lipidomics. To aid in identifying lipid species, several software tools and databases 
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- -

have also been developed. This is important, not only to properly handle the large amounts ofdata 

that arise at various stages of acquisition and processing, but also for validation and sharing of 

knowledge. 76 Additionally, the increasing number of available standards has been crucial in 

confirming identified lipids. 
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Figure 1.7: Targeted vs. untargeted lipidomics. In targeted lipidomics, known lipid species are 

analyzed while in untargeted lipidomics the entire lipidome is scanned for lipid species that are 

changing. Adapted from Saghatelian et al. 75 
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1.5. Summary 

Lipids are essential biomolecules with roles in maintaining structural integrity, energy storage, 

signaling, and other complex cellular processes.16 Their chemical diversity reflects their various 

1 21 77roles in cellular processes. • • Several developments in mass spectrometers and ionization 

techniques over the last two decades have facilitated lipid-related analyses and subsequent 

understanding of the role of lipids in complex cellular processes. 29 

There are a number of unanswered questions regarding the role of lipids in cellular processes 

which include: how do distinct lipid species, such as bioactive sphingolipids, mediate cellular 

processes such as cellular senescence? Or how do lipids aid cells to communicate with each other? 

Developments in tools that allow us to visualize lipids and their interactors in their cellular 

environment are crucial to move the field forward. Furthermore, the ability to analyze lipids at a 

multicellular system level will aid in the development of therapeutics for lipid-related diseases and 

pathologies. 
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Chapter 2: Cellular Senescence: Molecular Mechanisms, Phenotypes 

Associated with Senescence and its Role in Diseases 

2.1 Introduction 

Cellular senescence, permanent cell cycle arrest, is an important naturally occurrmg 

biological process with roles in cancer and aging. Senescence is a highly regulated process 

believed to have evolved to remove damaged cells. Several stresses, such as DNA damage, can 

initiate the senescence program. 78 Once senescent, these cells remain metabolically active for some 

time and eventually die. 79
, 80 As such, senescent cells can undergo changes at transcriptional and 

translational levels and can even potentially alter their environment by the release of bioactive 

molecules.81, 82 A combination of markers is typically required to characterize cellular senescence. 

These include growth arrest, an increase in cellular size and senescence associated ~-galactosidase 

(SA-~-galactosidase) activity, a flattened morphology, and activation of cell cycle arrest related 

proteins, such as p16 and p21. 82-84 

Various stimuli can initiate the senescence program. These include telomere shortening 

(replicative senescence), oxidative stress, overexpression of certain oncogenes ( oncogene-induced 

senescence), and DNA damage (genotoxic stress/therapy-induced senescence).85 Regardless of the 

senescence-inducing stimuli, the senescence arrest is initiated and maintained by p53/p21 and/or 

p 16/pRB pathways. 86 In this dissertation, the term "senescence" will be used to refer to all kinds 

of senescence while "replicative senescence" will be used to refer to the cessation of cell division 

due to replicative capacity of non-transformed cells. 

Not only is senescence considered to be a fail-safe mechanism that prevents the growth of 

damaged or potentially cancerous cells, in vivo evidence suggests that this process may contribute 

to other age-related pathologies.86 For instance, the removal of senescent cells significantly 
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delayed age-related loss of function in a mouse model.87 Senescence has also been linked to wound 

repair, inflammatory responses, and many other pathological processes where it may contribute or 

diminish the disease's effects.80 Given its therapeutic potential for cancer, chronic disorders, and 

aging, senescence has sparked considerable interest in the last couple of decades and several 

studies have defined the protein machinery underlying cellular senescence.88-91 

Similarly to proteins, lipids can have structural or signaling roles, 45, 49 yet the role of lipids 

in cellular senescence is poorly understood. Given the dramatic morphological changes and 

distinct secretory phenotype senescent cells display, lipids may indeed be central players during 

this process. This chapter discusses the regulation, phenotype, and potential roles senescent cells 

have in human diseases. Additionally, the established roles of lipids during senescence will be 

discussed. 

2.2 Molecular Mechanisms of Senescence 

Cellular senescence was first described by Hayflick and Moorehead as the gradual loss of 

DNA at the ends of chromosomes (telomeres) in normal human fibroblasts. 92 Telomeric DNA is 

lost after each round of DNA replication as a result of DNA polymerases elongating DNA in one 

direction.93 In tum, eroded telomeres create a persistent DNA damage response (DDR), which 

initiates and maintains the senescence growth arrest depending on the cell type and level of 

damage. This finite proliferative capacity in culture has since become a model system for studying 

replicative senescence. 

Over the years, several researchers have shed light on the various cellular senescence 

inducers, other than telomere shortening,94-97 These include oxidative and genotoxic stresses, DNA 

double strand breaks, and activation of oncogenic pathways either by overexpressing oncogenes 
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78 98 100or via the loss of tumor suppressor genes. , - Oncogene-induced senescence has been 

102 implicated as an important in vivo tumor suppressive mechanism101, while replicative 

senescence is considered an underlying cause of aging.86 , 103 Senescence inducing triggers engage 

various cellular signaling cascades but ultimately activate p53, p16INK4A, or both, depending on 

the stress level and cell type. Mutations in either pathway have been found in several human cancer 

cells indicating how critical they are in preventing cancer development. 104 

Normal cell cycle progression is regulated by cyclin dependent kinases (CDK) that bind to 

cyclins. CDK-cyclin complexes favor Gap 1 phase cell cycle progression by phosphorylating the 

retinoblastoma (RB) protein. During senescence, however, p53 activates p21, a CDK2-cyclin E 

complex inhibitor. Similarly to p21, activated pl6INK4A inhibits the CDK4-cyclin D and CDK6-

cyclin D complexes. These CDK-cyclin complex inhibitions ultimately inhibit phosphorylation of 

RB resulting in its activation. Activated RB in turn inhibits genes involved in cell cycle progression 

(Figure 2.l).82, 105-107 

It should be noted that the p 16INK4A -mediated activation of RB arrest cannot be reversed 

by p53, p21, pRB and/or p16INK4A depletion which suggests that it might regulate additional 

effectors of irreversible growth arrest. 104 Additionally, age-related increased p16INK4A levels in 

109 various tissues have been linked to diminished cell and tissue function.1°8, 
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Figure 2.1: The senescence arrest is established and maintained by two major tumor suppressor 

pathways, p53 and pl 6. During normal cell cycle division (left), cyclin-dependent kinases (CDK)

cyclin complexes phosphorylate retinoblastoma (RB) proteins, freeing transcription factors from 

their interactions with RB and thus promoting cell cycle progression. During senescence (right), 

activated p16 and p21 inhibit these CDK-cyclin complexes from phosphorylating RB. 

Hypophosphorylated RB represses genes involved in promoting cell proliferation. Image adapted 

from Childs et aI. 110 

2.3 Phenotypic Changes 

In addition to growth arrest, senescent cells have distinct phenotypic changes. This is 

especially important because growth arrest is not exclusive to the senescent state and can be 

observed during other processes such as quiescence.82 Various biomarkers have been identified 

and a combination of these changes is necessary to define the senescent state. It should be noted 

that not all senescent cells express all possible markers, which further highlights the importance 

of testing for various markers. Growth arrest is usually used as an indicator that the senescence 
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program has initiated. Genetic inactivation of p53 or p21 in cells with low or lack of p16INK4A 

expression could trigger a senescent cell to re-enter the cell cycle. 111 Otherwise, no other stimuli 

or modification has been reported to rescue senescent cells. 

Cellular morphology is another key feature of cellular senescence, especially in vitro. In 

general, senescent cells are larger and have a flattened morphology as compared to proliferating 

cells.92 Given the pathways responsible for activating and maintaining the senescent arrest, it is no 

surprise that increased expression of p16INK4A and p21 at the mRNA and protein levels are usually 

observed during senescence. As a result of an increase in lysosomal activity during senescence83 , 

112, senescent cells also have an increase in SA-~-galactosidase expression. SA-~-galactosidase 

activity can be visualized by histochemical staining in most senescent cells. 84 One of the 

limitations of this technique, however, is that over confluence could yield false positive results in 

culture. 

Senescence-associated heterochromatic foci, alterations of the chromatin that result in 

silencing of proliferation-promoting genes, is another commonly used marker. The formation of 

these highly dense heterochromatic bodies has been reported to be cell-line dependent. 113 DNA 

damage-induced senescent cells display DNA segments with chromatin alterations reinforcing 

senescence, or "DNA-SCARS", which have been proposed to be involved in maintaining the p53-

dependent growth arrest and inflammatory cytokine secretion as a result of activated DDR proteins 

such as the mediator protein ataxia-telangiectasia mutated114 and dysfunctional telomeres.115 

Several independent researchers have shown that senescence is accompanied by 

widespread gene expression changes,90 some of which are specific to the type of senescence and 

some of which are common among different types of senescence.116 For instance, gene expression 

profiling of oncogene-induced senescence and replicative senescence and their subsequent 
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comparison revealed that several proliferation-promoting genes were commonly downregulated 

while several genes involved in the release of the senescence-associated secretory phenotype 

(SASP) were commonly upregulated. On the other hand, many differences were also identified, 

which is not surprising given that the senescence arrest was initiated by different triggers.116 

Finally, senescent cells have a distinct secretory phenotype known as the SASP which entails the 

secretion of numerous cytokines, growth factors, and proteases, among others (Figure 2.2). This 

is of great interest as SASP involves extensive membrane remodeling. 

Causes of cellular senescence Phenotypic changes: 
Telomere shortening Cell cycle arrest 

DNA damage Altered morphology 
Oxidative stress ,t, SA- !3-gal, p16, p21, p53 and hypophosphorylated RB 

Oncogene activation Senescence associated secretory phenotype 
Culture stress Senescence-associated heterochromatic foci 

Cytotoxic drugs Changes in transcription and translation 

• Interleukins 
+Cytokine

• - • Proteases -... .• • Growth factors -• •...-••...·· Figure 2.2: Causes and phenotypic changes of cellular senescence. As illustrated above, several 

stressors, such as oxidative stress, can initiate the senescence program. Key senescence 

characteristics include growth arrest, an increase in size, a flattened morphology, abundant 

lysosomes expressing ~-galactosidase, and high levels of secreted factors such as cytokines and 

interleukins. Image adapted from Sharpless et al. 117 
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2.4. Senescence Associated Secretory Phenotype (SASP) 

Although arrested, senescent cells are metabolically active and can influence neighboring 

cells via the SASP. The SASP consists of inflammatory cytokines, growth factors, proteases, 

chemokines, and cytoplasmic DNA.85, 118 The SASP is highly complex and its components are 

cell-type and senescence-inducing stimulus dependent. For instance, overexpressing the pRB 

regulator p16INK4Ainduces senescence growth arrest but does not induce the SASP,85, 119 while p53 

inactivation results in enhanced SASP release. 120 

The SASP is activated as a result of persistent DDR (genotoxic stress) rather than 

proliferative arrest91 , 120 , 121 and thus distinct from the pathways that regulate senescence. In fact, 

depletion of DDR proteins suppresses SASP release.91 It should be noted that although the DDR 

is activated immediately after damage, the SASP takes several days to develop120 which suggests 

that the DDR is not sufficient for SASP activation. Although the specific SASP factors released 

can vary based on the cell line and pathway of senescence induction, there are conserved SASP 

factors, such as the chemokine growth-regulated protein alpha, 119 across multiple cell lines and 

98 119senescence inducing stimulus which have been observed both in vitro and in vivo. 85 , , 

In addition to interleukin 6 and 8, the SASP contains several other proteins known to 

stimulate inflammation. 120 Chronic inflammation, which entails persistently high levels of pro

inflammatory factors, has been implicated in the initiation and/or progression of several aged

related diseases including diabetes, Alzheimer's, cancer, and others (Figure 2.3). 122 -126 

Additionally, several reports suggest that chronic inflammation may contribute to normal aging as 

well. For instance, the constant high levels of pro-inflammatory factors may eventually result in 

the functional decline of the adaptive immune system, which diminishes the body's ability to 

respond to new antigens. 127 These pro-inflammatory factors have also been reported to affect tissue 
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microenvironment accelerating the aging process. 105 

Proliferating 

@---------• 

Bone and joint 
Cardiovasculardiseases -------. 

.----- diseases 

Pulmonary Metabolic 
diseases disorders 

NeurologicalI 
diseasesAutoimmune 

diseases 

Figure 2.3: The SASP has been implicated in many human diseases. Senescent cells release 

numerous factors which include pro-inflammatory cytokines that have been implicated in various 

diseases. Image adapted from Freund et al. 126 

2.5 Cellular Senescence in Aging and Other Diseases 

Although believed to have evolved as a tumor suppressive mechanism, senescence has 

been implicated in various diseases, including aging. This may seem contradictory given that the 

risk ofdeveloping cancer increases with aging. Yet several studies have reported the accumulation 

of senescent cells with age in vivo, 105, 128 which suggests that senescence may contribute to age

related pathologies. Additionally, senescent cells have been found at sites of age-related 

pathologies such as atherosclerosis and osteoarthritis.123, 124, 128 The SASP has also been linked to 

several age-related diseases and may contribute to aging by disrupting tissue microenvironment. 

Overall, these findings suggest that although the senescence program might prevent cancer on one 
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hand, on the other it may promote inflammation and the development of age-related diseases over 

time.82, 97 

110 129 131 In addition to its implications in aging, the SASP has also been linked to cancer. , -

For instance, SASP factors were detected after chemotherapy in human patients.85 , 120 Senescent 

cells have also been reported to promote the proliferation of malignant epithelial cells both in vitro 

and in vivo possibly through its SASP.132, 133 However, in some cases, the SASP has also been 

reported to stimulate the immune system to remove senescent cells, local tissue repair and wound 

89 124 134healing.87, , , -138 The SASP also aids in maintaining growth arrest. Given its complex roles, 

the SASP is an important aspect of cellular senescence that may be exploited for therapeutic 

techniques. 

2.6 Lipids in Senescence 

Given the dramatic morphological changes and secretory phenotype associated with 

senescence, certain lipids have been shown to play a role in senescence.46 For instance, ceramide, 

a central sphingolipid, has been implicated as an intracellular mediator of senescence.10 This 

concept was first introduced when high levels of ceramide were measured in high passage human 

fibroblasts. 1 °Furthermore, addition of exogenous C6-ceramide induced a senescence phenotype as 

measured by growth arrest and an increase in SA-~-galactosidase expression.139 The mechanism 

by which ceramide mediates senescence is not completely understood, but several studies have 

47 49 identified ceramide as a pro-apoptotic agent reinforcing its role as a signaling molecule.45, , 

In addition, ceramide transfer protein deficiency results in increased levels of 

hexosylceramide species in response to the accumulation of ceramides at the endoplasmic 

reticulum, where they are synthesized. However, ceramide transfer protein deficiency eventually 
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results in cellular senescence as observed by morphological changes and increased SA-~

galactosidase expression.140 Increased levels of ceramides have also been reported to inhibit 

phospholipase D, which blocks diacylglycerol synthesis, an important signaling molecule 

necessary for protein kinase C activation and translocation, which is essential for triggering cell 

division.34 

Sphingolipids are not the only family that has been shown to play a role in senescence. 

Phosphatidylcholine (18:0/20:4), a phospholipid, was observed to accumulate during replicative 

senescence m human fibroblast cells, probably as a result of increased cell surface during 

senescence.141 During leaf senescence, triacylglycerols have been reported to significantly 

accumulate. Interestingly, the fatty acid composition of the triacylglycerols that changed varied 

significantly where the dominant fatty acyl chains incorporated into triacylglycerols included 

polyunsaturated fatty acyl chains such as linoleic acid (C18:3).142 Additionally, during therapy

induced senescence in cancer cells, glycolipid biosynthesis was reported to be activated. The 

authors hypothesized that this was a result of increased cellular oxidative stress. 143 

Changes in fatty acid biosynthesis and their subsequent modifications have been associated 

with senescence and organismal aging.122• 144 Additionally, a study in healthy individuals reported 

that plasma fatty acids increase with normal aging. 145 Specifically, they found that long-lived 

individuals' fatty acid composition contained a higher ratio ofmonounsaturated to polyunsaturated 

fatty acid. The authors proposed that this fatty acid profile may influence lifespan by reducing 

oxidative stress and damage.145 Maeda et al. reported that the fatty acid composition of cellular 

membranes is altered in senescent fibroblast cells. More specifically, the levels of fatty acid 

synthase and stearoyl-CoA desaturase-1 were lower in senescent cells when compared to 

proliferating cells. This in tum resulted in a reduction in the formation of monounsaturated fatty 
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acids that ultimately affected the structure and function of organelles.27 Upon fasting, C. elegans 

have been reported to induce a lipase that yields enriched levels of ro-6 polyunsaturated fatty acids. 

Further investigation revealed that the enrichment of these species activates autophagy and 

ultimately increases life span.146 

Although these studies provided important associations between lipids and cellular 

senescence, lipid species, especially at the metabolite level, involved in senescence and how they 

mediate the senescence arrest are currently still not comprehensively identified or understood. The 

work presented in this thesis is aimed to bridge this gap. 

2.7 Research Aims 

Cellular senescence is a naturally occurring biological process believed to have evolved as 

a tumor suppressive mechanism. Over the last couple of decades, researchers have elucidated the 

molecular mechanisms underlying senescence and its potential role in several diseases, including 

cancer and aged-related pathologies. Although arrested, senescent cells are metabolically active 

and undergo widespread morphological and transcriptional changes, which include a distinct 

secretory phenotype known as the SASP. The SASP have been reported as having detrimental and 

beneficial effects in multiple pathologies (Figure 2.3). Given its role in human diseases, 

understanding cellular senescence at a fundamental level may aid in developing new therapeutic 

strategies aimed at cancer and age-related pathologies where the beneficial effects of the 

senescence phenotype may be exploited. 

Given the morphological changes, secretory phenotype, and the previous findings on the 

role of lipids in this process, we aimed to identify lipids that play a role in cellular senescence. To 

study the role of lipids and lipid-related transformations during cellular senescence, we 
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investigated the lipid regulation during replicative and therapy induced senescence. Chapters 3 and 

4 focus on replicative senescence studies, where we developed a tissue culture model system using 

two different cell lines derived from two different tissues and grew the cells until they naturally 

reached senescence. Given that these cells were maintained in culture for several months, and 

previous reports suggest there are widespread gene expression changes during senescence, we 

integrated lipidomics and transcriptomics to gain insights into how the lipidome was changing as 

the cells senesced (Figure 2.4A). We identified a key lipid related pathway that may be involved 

in diminishing oxidative stress as well as mediating the SASP during senescence. 

In Chapter 5, to investigate the involvement of lipids in therapy-induced senescence, we 

induced senescence in a colon cancer cell line using doxorubicin (Figure 2.48). We found major 

differences in lipid regulation during replicative and therapy-induced senescence. Based on the 

lipidomics analysis, sphingolipids are affected the most during therapy-induced senescence. 

Overall, our results provide novel information on how distinct lipid species may contribute to the 

senescence arrest. 
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A).-------------. 
Model system to study replicative senescence 

■ Tissue culture model using primary fibroblasts 
■ BJ: foreskin fibroblast 
■ MRC-5: lung fibroblast 

Transcriptomics 

B) 
Lipidomics 

1--=...=.::=---- 3 day 
recovery 

Figure 2.4: Model system to study cellular senescence. (A) To investigate changes in the lipidome 

during replicative senescence, we established a tissue culture model system using two cell lines 

and allowed the cells to naturally senesce. We then integrated lipidomics and transcriptomics to 

study how lipids change during this process. (B) To investigate changes in the lipidome during 

therapy-induced senescence, we induced senescence in colon cancer cells using doxorubicin. We 

then carried out targeted and untargeted lipidomics to assess how lipids change during this process. 
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Chapter 3: Lipid Regulation is Central to Replicative Senescence 

Adapted from: Mal. Biosyst. 2017 Feb 28;13(3):498-509. DOI: 10.1039/c6mb00842a. 

Reproduced by permission of The Royal Society of Chemistry. 

http://pubs.rsc.org/ en/ content/ articlepdf/201 7 /mb/ c6mb0084 2a 

Adapted from: Biochemistry. 2018 Jan 9;57(1):22-29. DOI: 10.1021/acs.biochem.7b00862. 

Reproduced by permission of Biochemistry. 

https://pubs. acs. org/ doi/ 10.1021 / acs. biochem. 7b00862 

3.1 Introduction 

As outlined in Chapter 2, cellular senescence is an intricately regulated process that has 

• 86implications in aging and cancer.82 As such, a better understanding of this process at a 

fundamental level is key for the effective detection and treatment of cancer and age-related 

105pathologies.80, 86• Senescence, the cessation of cell division, is accompanied by several 

membrane-related changes such as an increase in size, a flattened morphology and the secretion 

of several active biomolecules. 82• 85• 92 In addition, studies have linked specific lipid species and 

10• 122 145changes within lipid families to senescence. • -147 These studies were introduced in Chapter 

2, section 2.6. 

In this study, we aimed to understand how distinct lipid species may contribute to 

replicative senescence. To do this, we developed a tissue culture model using two fibroblast cell 

lines and allowed these cells to reach the senescence state naturally. We then carried out liquid 

chromatography mass spectrometry (LC-MS) based global lipid profiling to identify the significant 

lipid species differentially regulated as human fibroblasts senesce. Our results show that there is a 
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specific accumulation ofpolyunsaturated triacylglycerols in replicative senescent fibroblasts. This 

accumulation, which is not cell-line or tissue specific, can be generalized to replicative 

senescence.148 Further studies indicate that fatty acid uptake may be responsible for the observed 

lipid changes. Finally, based on our results, we proposed a novel role for triacylglycerols where 

these species might aid in diminishing oxidative damage under increased levels of oxidative stress 

during replicative senescence. 

3.2 A Tissue Culture Model System to Study Replicative Senescence 

To analyze changes in the lipidome during replicative senescence, we cultured human 

foreskin (BJ) and lung fibroblast (MRC-5) cells until they naturally reached the senescence state. 

Specifically, we obtained fibroblast cells at very young population doublings (for BJ cells PD= 2 

and for MRC-5 cells PD= 24) and cultured them continuously under standard conditions while 

monitoring their growth rate and senescence markers. This allowed us to model the process of 

replicative senescence in a tissue culture system. 

As described in Chapter 2, section 2.3, in addition to growth arrest, the senescence state is 

accompanied by several morphological changes, which include an increase in size, senescence 

associated ~-galactosidase (SA-~-galactosidase) activity, and/or p16 and p21.93 Thus, to confirm 

the senescence state, we used growth arrest as an initial indicator of cellular senescence. More 

specifically, we calculated the population doubling (PD), the total number of times the cells in the 

population have doubled,92 at each subcultivation (see 3.7.4 below). When we noted the cells 

stopped dividing, we cultured them for an additional 1-2 weeks and tested for senescence markers 

(Figure 3.1). 
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Figure 3.1. Growth curve and characterization of senescence in BJ and MRC-5 cells. (A) BJ and 

MRC-5 cells were maintained in culture until they naturally reached their proliferative capacity. 

Y-axis represents the cumulative population doubling. X-axis represents the days cells were 

maintained in culture. Three independent sets were collected for each cell line. Blue= MRC-5, red 

= BJ. (B) Representative images of early PD and senescent BJ cells. Microtubules were visualized 

by tubulin staining and actin by phalloidin staining (scale bar= 10 µm). (C) SA-~-galactosidase 

activity in early PD and senescent BJ and MRC-5 cells. Assay was carried out in three independent 

experiments, n 2: 200 cells for each group (t-test, p value :S 0.001 ). (D) Representative western blot 

showing p21 levels in early PD and senescent BJ cells. p21 intensities were normalized based on 

a-tubulin. BJO, BJ old; BN, BJ young; MO, MRC-5 old; MY, MRC-5 young; PD, population 

doubling; SA-~-galactosidase, senescence associated ~-galactosidase. Reproduced by permission 

of The Royal Society of Chemistry. Mal. Biosyst. 2017 Feb 28;13(3):498-509. 
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Figure 3.lA is a growth curve of the three independent sets we collected for each cell line 

used. As shown in Figure 3. lA, we noted a decrease in growth rate around population doubling 25 

and complete cessation of cell division around population doubling 40 for BJ cells. For MRC-5 

cells, we noted a decrease in growth rate around population doubling 60 and growth arrest around 

population doubling 70. Given that growth arrest is not exclusive to senescence, we also tested for 

changes in morphology and other senescence-associated biomarkers.89 , 92, 103 Figure 3. lB shows 

representative images of proliferating and senescent BJ cells. As shown, there are significant 

changes in the cellular morphology between early population doubling and senescent cells, such 

as the traditionally reported increase in size.92, 93 We then assessed SA-~-galactosidase activity and 

p21 levels (Figures 3.lC-D) (see 3.7.8 and 3.7.9 below). Concordant with previous reports, 78, 83 

we found that the proportion of SA-~-galactosidase positive cells is IO-fold higher in senescent 

cells as compared to early PD cells in both BJ and MRC-5. Along these lines, we found that p21 

levels increased 50% in senescent BJ cells. We did not detect a difference in the expression or 

protein levels of p21 or p16 in MRC-5 cells. However, growth arrest and increased SA-~

galactosidase confirmed the senescence state. Given that p21 is also activated during apoptosis149, 

we also tested for levels of cleaved poly (ADP-ribose) polymerase (P ARP), an apoptosis marker, 

and did not detect cleaved P ARP in BJ and MRC-5 cell lines. 

In summary, we established a tissue culture system to model replicative senescence in order 

to analyze how the lipidome changed during this process. Based on our results illustrated in Figure 

3.1, for our analyses we chose BJ cells at PD= 12 and PD= 43 as "early PD" and "senescent" BJ 

cells, respectively, and MRC-5 cells at PD = 32 and PD = 70 as "early PD" and "senescent" MRC-

5 cells, respectively. 
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3.3 Global Lipid Profiling Reveals Lipid Regulation at the Metabolite Level 

3.3.1 Sample Preparation and Data Collection 

Lipid-centered studies have employed LC-MS based lipidomics to investigate the levels of 

known lipid species in a targeted manner and/or quantify their levels using internal standards. 75, 

150, 151 This approach, however, is limited to the number of standards commercially available and, 

more importantly, to the number of lipid species of interest. While internal standards are still 

required for quantification purposes, untargeted lipidomics, which refers to the comprehensive and 

untargeted analysis of either the entire or partial cellular lipidome, 12, 75 allows for the identification 

of lipid species, including novel lipids. 

In order to investigate the regulation of lipids at the metabolite level during replicative 

senescence, we conducted an untargeted global lipidomics analysis between early PD (BJ PD = 

12, MRC-5 PD = 32) and senescent (BJ PD = 43, MRC-5 PD = 70) fibroblast cells. For each 

experimental setting, we collected 4-5 biological replicates and extracted their total lipid content 

using a modified Bligh-dyer method152 (Figure 3.2). Lipid extracts were normalized based on 

protein concentration to ensure comparable amounts were used for LC-MS analysis. 
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Isolate organic soluble lipids into CHCl3 layer by homogenizing thirty times 

Separate organic layer and dry completely 

Reconstitute in CHCl3 based on protein concentration and transfer to MS vials 

Figure 3.2: LC-MS sample preparation. Four-five biological replicates of each condition were 

collected. A chloroform extraction was carried out and total lipid content was normalized based 

on total protein concentration (see 3.7.6, 3.7.7 and 3.7.11 below). Abbreviations: CHCh, 

chloroform; MeOH, methanol; mL, milliliter; MS, mass spectrometry; PBS, phosphate-buffered 

saline. 

As illustrated in Figure 3.3 below for untargeted lipidomics workflow, lipid extracts were 

analyzed in both positive and negative ionization mode. Following LC-MS acquisition, feature 

extraction and chromatographic alignment across different datasets were carried out based on mlz, 

retention time, isotopic ratio and adducts. Since we were interested in identifying the significant 

species that changed the most during senescence, we carried out Student's t test analysis to 

compare the means between the two different experimental conditions ( early PD and senescent) 
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where a p value lower than 0.05 was considered statistically significant. We then compared the 

resulting lists across three independent profiling runs (in each mode) to identify the reproducible 

species that showed both significance and high levels of fold change (3 or higher) in their 

abundance. Reproducible species were further analyzed by LC-QTOF-MS/MS. 

1. Sample 
preparation -

ESI+ ESI-

P-value < 0.05, Fold Change .:3 ~~-
~ e ..acl Mass: 930.8'18'1 

Gv 

Figure 3.3: Workflow for LC-MS data collection and subsequent analysis. LC-MS data was 

collected in positive and negative ionization mode. Following feature extraction and 

chromatographic alignment, samples were then filtered and analyzed for statistical significance 

and fold change (see 3.7.12 and 3.7.13 below). Reproducible species were characterized by 

MS/MS analysis. Abbreviations: ESI, electrospray ionization; LC-MS, liquid-chromatography 

mass spectrometry; MS/MS, tandem mass spectrometry; PD, population doubling. 

Our workflow allowed us to identify species that significantly changed as the cells senesced 

in both cell lines. A fold change between the two experimental settings reflects either an 
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accumulation or depletion of a certain lipid. This lipid could then be further studied for its role in 

replicative senescence. 

To determine the reproducibility of the observed fold changes, we plotted the fold change 

of one profiling run vs. the fold change of a second profiling run for which samples were collected, 

normalized, and analyzed independently and several weeks apart (Figure 3.4). The fold changes 

obtained from these independent profiling experiments were in agreement with each other (R2 = 

0.9448), which supports the reproducibly of these changes as cells go into senescence. 
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Figure 3.4: Fold change 1 vs. fold change 2 in BJ samples. As illustrated by the Rsquared value, 

the fold changes from the two independent profiling sets highly correlated, indicating these 

changes are reproducible. Abbreviations: FC, fold change. 

3.3.2 Triacylglycerols Constitute the Majority of the Changes in Lipid Composition during 

Replicative Senescence 

141 142 145Based on previous literature findings10• 27• 34• • • and the observed morphological 

changes during senescence, we anticipated variations in membrane lipids as fibroblast senesced. 
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Our results indicate, however, that out of the thousands of distinct species in the mammalian 

lipidome, triacylglycerols (TA Gs) specifically accumulate in senescent BJ cells (Table 3 .1 ). TA Gs 

are members of the glycerolipid family and consist of a glycerol backbone esterified with three 

fatty acyl chains. Due to their hydrophobicity, TAGs are typically stored in lipid droplets, an 

endoplasmic-derived organelle that consists of a neutral core and a phospholipid monolayer,30, 

and get used up as energy sources when needed.32 Intriguingly, TAGs also constituted the majority 

of the changes in the lipidome as MRC-5 cells senesced. Out of 14 lipids identified via untargeted 

analysis, six were characterized as TAGs, four as cholesterol esters (CEs), three as 

phosphatidylcholines (PCs), and one as a sugar-modified ceramide (Table 3.2). Our analysis show 

that TAGs and PCs accumulate while CEs and the sugar-modified ceramide deplete as MRC-5 

cells senesce (Table 3.2). 
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Table 3.1. Results of Untargeted Lipidomics in BJ Fibroblasts. 

L· •da 
ipi 

Triacylglycerol (14:0, 16:0, 22:6) 
Triac 1 1 cerol (16:0, 16:1, 22:6) 
Triacylglycerol (18:1, 18:2, 18:3) 
Triac 1 1 cerol (18:1, 18:2, 18:2) 
Triacylglycerol (16:0, 18:1, 22:6) 
Triac 1 1 cerol 16:0, 18:1, 22:5 
Triacylglycerol (18:0, 18:1, 20:4) 
Triac 1 1 cerol 18:1, 20:5, 20:5 
Triacylglycerol (16:0, 20:4, 22:6) 
Triacylglycerol (16:0, 20:3, 22:6) 
Triacylglycerol (18:1, 18:1, 22:6) 

m/z
[M+NH4]+ 

Approx.
fa (min) 

Fold Changeh*** 

868.7367 66 3.79 
894.7565 66 3.78 
896.7595 66 3.98 
898.7716 67 3.48 
922.7721 66 3.53 
924.7894 67 3.75 
926.8216 67 3.54 
942.7587 66 4.21 
944.7586 66 3.92 
946.7717 66 3.75 
948.7874 67 3.33 

aTotal carbon number on the acyl chains and the degree ofunsaturation of the fatty acyl chains in 

the lipid species are listed, i.e. 16:0 corresponds to 16 carbons and 0 double bonds. hAverage fold 

changes of three independent profiling experiments are shown. Fold change was determined as 

[Abundancesenescent] / [AbundanceEarlyPD] for each lipid species. Abundance is the total ion count 

for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z) . ***p < 0.001. tR, retention 

time in minutes. Reproduced by permission ofThe Royal Society ofChemistry. Mal. Biosyst. 2017 

Feb 28;13(3):498-509. 
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Table 3.2. Results ofUntargeted Li12idomics in MRC-5 Fibroblasts. 

Lipida 

C16:0 cholesterol ester 
C18:3 cholesterol ester 
C18:1 cholesterol ester 
C26:5 cholesterol ester 

Phosphatidylcholine (17:0/20:4) 
Phos hatid lcholine 18:0/20:4 
Phosphatidylcholine (22:4, 24:1) 
Triac 1 1 cerol 14:0, 18:1, 20:4 
Triacylglycerol (18:0, 18:1, 20:4) 
Triac 1 1 cerol 18:0, 18:0, 20:4 
Triacylglycerol (18:0, 20:3, 22:5) 
Triac 1 1 cerol (18:1, 20:3, 22:3) 
Triac 1 1 cerol 18:0, 22:4, 22:5 
Trihexosylceramide (d18:1/16:0) 

m/z 

647.5732 
669.5656 
673.5897 
777.6581 
796.5968 
810.6016 
920.7126 
870.7565 
926.8193 
928.8356 
976.8335 
978.8519 
1002.8520 
1006.6686 

Adduct 
Approx. 
fa (min) 

Fold 
Changeh*** 

[M+Na]+ 67 D 
[M+Nal+ 66 D 
[M+Na]+ 67 0.24 
[M+Nal+ 68 0.28 
[M+H]+ 58 A 
M+H + 59 3.79 

[M+H]+ 62 A 
M+NH4 + 66 3.97 

[M+NH4]+ 67 4.30 
M+NH4 + 67 2.94 

[M+NH4l+ 67 4.45 
M+NH4 + 67 3.02 
M+NH4 + 67 A 

[M+NH4l+ 55 0.25 
aTotal carbon number on the acyl chains and the degree ofunsaturation of the fatty acyl chains in 

the lipid species are listed, i.e. 16:0 corresponds to 16 carbons and 0 double bonds. hAverage fold 

changes of three independent profiling experiments are shown. Fold change was determined as 

[Abundancesenescent] / [AbundanceEarlyPD] for each lipid species. Abundance is the total ion count 

for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z). ***p < 0.001. A, 

accumulation, lipid species not detected in proliferating cells; D, depletion, lipid species not 

detected in senescent cells. * * * p < 0.00 I. tR, retention time in minutes. 

We hypothesized that as a result of increases in the cell surface area during senescence, 

PCs levels accumulate in MRC-5 senescent cells. Interestingly, one of the PCs detected, PC 

(18:0/20:4), was previously reported to accumulate in human dermal fibroblast cells during 

replicative senescence.141 Along these lines, it is possible that CEs may be hydrolyzed as source 

ofcholesterol, an important membrane lipid, 1 to accommodate for the increased need ofcholesterol 

as the cells get larger, hence the observed depletion. Cholesterol's structural features promote its 

interactions with other lipids, such as PCs and sphingomyelins, and thus modulate membrane 
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fluidity.1 Finally, the levels of one sugar-modified ceramide were reduced as MRC-5 cells 

senesced (Table 3.2). We hypothesized that this sugar-modified ceramide is used as a source of 

ceramide, a central sphingolipid that has been implicated as an intracellular mediator of 

senescence.10 

Intrigued by the accumulation ofTAGs in senescent BJ and MRC-5 cells, we investigated 

the levels of the TAG species that accumulate as BJ cells senesced in MRC-5 cells in a targeted 

manner (Figure 3.5). We found that the TAGs detected in our global lipidomics analysis of BJ 

cells also accumulate during senescence in MRC-5 cells (Figure 3.5). This confirms that this 

accumulation is not cell-line and/or tissue specific. 
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Figure 3.5: Triacylglycerols accumulate during replicative senescence m MRC-5 cells. 

Abbreviation: TAG: triacylglycerol. Total carbon number on the acyl chains and the degree of 

unsaturation of the fatty acyl chains in the lipid species are listed. TAG species identified during 

our global lipidomics analysis in BJ cells were targeted in early PD and senescent MRC-5 cells. 

Five biological replicates were used for each experimental condition. Fold change was determined 

as [Abundancesenescent] / [AbundanceEarlyPD] for each TAG species. Abundance is the total ion 

counts for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z), which is used to 

assign the TAG species. MS/MS analysis was carried out to confirm TAG structures. (***p < 

0.001, **p < 0.01). Reproduced by permission of The Royal Society of Chemistry. Mal. Biosyst. 

2017 Feb 28;13(3):498-509. 
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Taken together, our untargeted analysis of BJ and MRC-5 cells revealed cell-line 

independent TAG accumulation. As listed above (Tables 3.1 and 3.2) TAG species that consist of 

long- and very long-chain fatty acids and contain at least PUF A chain accumulate during 

replicative senescence in both BJ and MRC-5 cells. This structural specificity shows that the lipid 

composition is regulated precisely during replicative senescence, suggesting PUF A-TAGs exhibit 

specific functions during this process. Thus, we focused further analysis on PUFA-TAG 

accumulation. 

TAGs have been reported to increase during natural senescence in Arabidopsis thaliana as 

a result of activated de nova biosynthesis.142 TAGs have also been reported to accumulate with 

age in yeast. 153, 154 However, these species had not been linked to mammalian senescence before. 

Traditionally considered as energy storage molecules, i.e. they get broken down for fatty acids,32 

very little is known about the structural or signaling roles TAGs play, especially in replicative 

senescence. Our results indicate that these species may have roles other than energy storage during 

replicative senescence. 

To corroborate the specific TAG accumulation we observed in senescent BJ cells, we 

stained senescent and proliferating BJ cells for the detection of intracellular lipid droplets by using 

nile red, which fluoresces in a lipid-rich enviromenent.155 As shown in Figure 3.6, we observed an 

accumulation of lipid droplets in senescent cells as compared to proliferating cells. This finding 

further supports the observed TAG accumulation. 
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Figure 3.6: Lipid droplets accumulate in senescent BJ cells. Lipid droplets were visualized by nile 

red staining of senescent and proliferating BJ cells. Top panel: senescent BJ cells. Bottom panel: 

proliferating BJ cells. From left to right: DAPI ( 4',6-diamidino-2-phenylindole) fluorescence, nile 

red fluorescence, and merged image. DAPI was used for nuclear staining while nile red was used 

for lipid droplet staining. As shown, accumulation of lipid droplets was observed during 

senescence in BJ cells. Scale bar = 10 µm. 

Given the observed TAG accumulation, we analyzed the percent recovery of a TAG 

(C57:0) species using BJ samples. We spiked samples with C57 TAG before lipid extraction and 

extracted young and old BJ samples (3 biological replicates each) as described below (see 3.7.11 

and 3.7.14 below). The samples were normalized based on protein concentrations (see 3.7.7 below) 

and analyzed using a matrix-matched calibration curve. The extraction efficiency of the spiked 

TAG was 75% and 73% for old and young BJ cells, respectively, indicating that the extraction was 

consistent for both sample sets. 
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3.3.3 Targeted Analysis of Different Lipid Families Confirms TAG Accumulation 

We next investigated the levels of other lipid families via targeted lipidomics in early PD 

versus senescent BJ cells. Specifically, we targeted representative members ofmajor lipid families, 

which included fatty acids, phospholipids, glycerolipids and sphingolipids ( discussed in Chapter 

1 ), using the same lipidomics data set used for untargeted lipidomics. As illustrated in the heatmap 

below (Figure 3.7), some sphingolipids, namely ceramides and sphingomyelins, accumulate while 

some phospholipids, such as PCs and phosphatidylinositols (Pis), were depleted during senescence 

in BJ cells. The levels of some fatty acids, diacylglycerols and CEs were also found to be depleted. 

Notably, TAGs showed the most profound accumulations, supporting the results from untargeted 

analysis. Overall, we did not detect any major trends within a lipid family except for TAGs. 
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Figure 3.7: Targeted analysis ofrepresentative members of major lipid families during replicative 

senescence in BJ cells. Abbreviations: CE: cholesterol ester; Cer: ceramide; Chol: cholesterol; 

DAG: diacylglycerol; DiHCer: dihydroceramide; FA: fatty acid; FC: fold change; MAG: 

monoacylglycerol; PA: phosphatidic acid; PC: phosphatidylcholine; PE: 

phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine; Sphl: sphingolipid; 

TAG: triacylglycerol. Relative abundances were calculated with respect to averaged abundances 

within lipid families. Total carbon number on the acyl chains and the degree ofunsaturation of the 

fatty acyl chains in the lipid species are listed, i.e. 38:4 corresponds to 38 carbons and 4 double 

bonds. Fold change was determined as [Abundancesenescent] / [AbundanceEarlyPD] for each lipid 

species. Abundance is the total ion count for a given ion. Each ion corresponds to a mass-to-charge 

ratio (m/z). ***p < 0.001, **p < 0.01 , *p < 0.05. Table with fold change, m/z, retention time, and 

p value provided in Appendix A, Table 1. Reproduced by permission of The Royal Society of 

Chemistry. Mal. Biosyst. 2017 Feb 28;13(3):498-509. 
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3.3.4 Ceramides and Dihydroceramides are Excreted to the Extracellular Matrix 

The role of lipids in the mammalian lipidome is complex and diverse. Previous reports 

have implicated ceramides as potential mediators of cellular senescence. IO, 46 With this in mind, 

and also the knowledge that senescent cells have a distinct secretory phenotype, we carried out 

targeted lipidomics in the media harvested from early PD and senescent cells. Specifically, we 

compared the levels of ceramides and dihydroceramides in the media collected from early PD vs. 

senescent cells. As shown in Tables 3.3 and 3.4, we detected significant (p < 0.05) elevated levels 

of several ceramides in media obtained from senescent BJ and MRC-5 cells. Dihydroceramide 

levels were also slightly elevated in the media of senescent MRC-5 cells. These results suggest 

that ceramides and dihydroceramides are excreted to the extracellular matrix and could act as 

intercellular signaling molecules during this process. Signal-to-noise ratios for Cl 7:0 ceramide in 

positive and negative ionization mode are provided in Appendix A, Table 2. 

Table 3.3. Targeted Analysis of Ceramides and Dihydroceramides Released into the Culture 
Media in BJ Cells. 

LiJ!id m/z iR FCa LiJ!id m/z iR FCa LiJ!id m/z iR FCa 

C14:0 508.4735 61 2.1 * C18:0 564.5361 65 1.6 C24:0 648.6300 68 1.2 
Cer C16:0 536.5048 63 1.8** C22:0 620.5987 67 1.0 C24:1 646.6144 67 1.5 

C16:1 534.4892 62 1.8*** C22:1 618.5831 66 1.3 
DiHCer C22:0 622.6144 68 0.76 

a Fold change was determined as [Abundancesenescent] / [AbundanceEarlyPD] for each lipid species. 

Total carbon number on the acyl chains and the degree of unsaturation of the fatty acyl chains in 

the lipid species are listed, i.e. 16:0 corresponds to 16 carbons and 0 double bonds. Abundance is 

the total ion count for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z). 

Abbreviations: Cer: ceramide; DiHCer: dihydroceramide; FC: fold change; tR: retention time. ***p 

< 0.001, **p < 0.01, *p < 0.05. 
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Table 3.4. Targeted Analysis of Ceramides and Dihydroceramides Released into the Culture 
Media in MRC-5 Cells. 

LiJ!id m/z iR FC LiJ!id m/z iR FC LiJ!id m/z iR FC 

Cer 
C14:0 508.4735 61 2.10 C16:1 534.4892 62 A*** C22:0 620.5987 68 1.27 

C16:0 536.5048 63 1.79 C20:0 592.5669 67 1.20 C24:1 646.6144 68 1.47 

DiHCer 
C16:0 
C18:0 

538.5199 
566.5512 

64 

66 

1.33•• 

1.26** 
C20:0 
C22:0 

594.5825 
622.6144 

67 
68 

1.18 
1.27 

a Fold changes in senescent vs. early PD cells are shown. Total carbon number on the acyl chains 

and the degree of unsaturation of the fatty acyl chains in the lipid species are listed, i.e. 16:0 

corresponds to 16 carbons and 0 double bonds. Fold change was determined as [ Abundancesenescent] 

/ [AbundanceEariyPD] for each lipid species. Abundance is the total ion count for a given ion. Each 

ion corresponds to a mass-to-charge ratio (m/z). A, accumulation, lipid species not detected in 

proliferating cells; Cer: ceramide; DiHCer: dihydroceramide; FC: fold change; tR: retention time. 

***p < 0.001, **p < 0.01. 

3.4 TAG Accumulation: A Result of Activated Uptake 

Given the TAG accumulation during senescence in both BJ and MRC-5 cells, we aimed to 

investigate the biochemical mechanism responsible for the observed changes. Three possible 

biochemical pathways can result in the accumulation of TAGs: activated de nova, deactivated 

lipolysis, and increased fatty acid uptake followed by their subsequent activation by acyl-CoA 

synthetases156 and incorporation into TAGs. We initially investigated the expression and activity 

of enzymes involved in the synthesis of TAGs. 32• 36 In the final step in TAG biosynthesis, acyl

CoA: diacylglycerol acyltransferase 1 and 2 (DGAT 1 & 2), endoplasmic reticulum-membrane 

enzymes, use a fatty acyl-CoA and diacylglycerol molecules as substrates to form TAG. 30 

Furthermore, although TAG biosynthesis is believed to occur mostly at the endoplasmic 

reticulum, 32 studies have reported that DGAT2 may localize to the surface of lipid droplets. 157 We 

investigated the expression and enzymatic activity of DGAT and found no difference between 
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proliferating and senescent BJ and MRC-5 cells (Figures 3.8A and 3.8D), indicating activated 

TAG biosynthesis is not responsible for the observed TAG accumulation. 

We then investigated the breakdown of TAGs. More specifically, we compared the 

enzymatic activity of adipose-tissue triglyceride lipase (ATGL), an enzyme that hydrolyzes TAG 

to 2,3- or l,3-diacylglycerol,158 between proliferating and senescent fibroblasts. As shown in 

Figure 3.8B, we found no difference in ATGL activity between proliferating and senescent BJ 

cells. The levels of the product species monitored to quantify enzymatic activity were very low in 

MRC-5 cells and thus unreliable. We also found no difference in ATGL mRNA expression 

between proliferating and senescent fibroblast cells (Figure 3.8D), indicating deactivated TAG 

breakdown is not responsible for the observed TAG accumulation. 

Finally, to assess uptake in BJ cells, we investigated the levels of proteins involved in fatty 

acid uptake at the mRNA level and found that CD36 molecule (CD36), a receptor that has been 

shown to assist in fatty acid uptake,159 showed a 16-fold increase in senescent BJ cells (discussed 

in Chapter 4). To further confirm this, we used a fatty acid uptake inhibitor, sulfo-N

hydroxysuccinimidyl (NHS) ester of oleate (SSO), and compared how it affected uptake of an 

exogenous fatty acid in proliferating vs. senescent BJ cells. More specifically, we supplemented 

the growth medium with an exogenous fatty acid, Cl 7:0-CoA, and measured the levels ofpossible 

TAG species that formed, i.e. TAG (17:0, 17:0, 17:0) or TAG (17:0, 18:0, 18:1), in proliferating 

and senescent cells. As shown in Figure 3.8C, SSO treatment did not inhibit TAG accumulation 
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in proliferating cells but resulted in a decrease in targeted TAG levels in senescent BJ cells, further 

supporting fatty acid uptake could be responsible for the TAG accumulation. 
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Figure 3.8: Investigating the biochemical pathways responsible for the observed TAG 

accumulation. (A) Acyl-CoA: diacylglycerol acyltransferase (DGAT) activity in BJ and MRC-5 

cells. No significant enzymatic activity was detected between proliferating and senescent BJ and 

MRC-5 cells. (B) Adipose-tissue triglyceride lipase (ATGL) activity in BJ cells. No significant 

enzymatic activity was detected between proliferating and senescent BJ. (C) Fatty acid uptake 

inhibition results in lower TAG levels in senescent BJ cells as compared to proliferating BJ cells. 

Bar graphs represent fold change between SSO treated vs. untreated cells in proliferating and 

senescent BJ cells. (D) mRNA levels of DGATJ, DGAT2 and ATGL were measured and 

normalized based on the expression level of HRPTJ. No significant expression differences 

between proliferating and senescent populations were detected in BJ and MRC-5. Abbreviations: 

HPRTl, hypoxanthine phosphoribosyltransferase 1; ns, not significant; TAG, triacylglycerol. *p 

< 0.05. 
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To further investigate fatty acid uptake in BJ cells, we investigated enzymes involved in 

fatty acid modifications at the mRNA level. Free fatty acids are activated by acyl-CoA 

synthetases156 and subsequently modified and used for lipid biosynthesis. We compared the levels 

of elongases and desaturases in proliferating and senescent BJ cells. Fatty acyl elongases, also 

referred to as ELOVLs, regulate the rate of overall fatty acid elongation. Moreover, ELOVLs 

display differential substrate specificity. 20 Given the accumulation of TAGs that consist of long

and very long-chain fatty acids, we hypothesized that ELOVLs would be activated during 

replicative senescence. Indeed, ELOVL 1 and 6 were upregulated in senescent BJ cells as compared 

to proliferating BJ cells (Figure 3.9A). Elongases work alongside desaturases to generate long

and very-long chain polyunsaturated fatty acids.19 Thus, we compared the mRNA levels of fatty 

acid desaturases in proliferating and senescent cells and found that fatty acid desaturase 2 (FADS2) 

was significantly downregulated in senescent BJ cells while the levels of other desaturases 

investigated remained unchanged (Figure 3.9B). These results further support that the TAG 

accumulation we observed is a result of uptake, rather than activated lipid biosynthesis. Given the 

TAGs identified during our lipidomics analysis, which contained at least one PUF A chain, fatty 

acid uptake and subsequent incorporation into TAGs is the most likely mechanism by which these 

species accumulate. 
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Figure 3.9 Investigation of enzymes involved in fatty acid elongation and desaturation. mRNA 

levels of enzymes involved in fatty acid elongation and desaturation were measured and 

normalized based on the expression level of HRPT1. (A) Elongation of very long fatty acids 

(ELOVL) 1 and 6 were significantly upregulated in senescent BJ cells. ELOVL 5 showed no 

difference in expression as BJ cells senesced. (B) Fatty acid desaturase 2 (F ADS2) expression 

levels were significantly downregulated in senescent BJ cells. FADS] and stearoyl-CoA 

desaturase (SCDJ) expression levels did not change. Abbreviations: HPRTl, hypoxanthine 

phosphoribosyltransferase 1; ns, not significant. ***p < 0.001, **p < 0.01. 

3.5 TAG Accumulation may be Involved in Limiting Lipid-induced Toxicity under Oxidative 

Stress during Replicative Senescence 

160One of the hallmarks of senescence is increased levels of oxidative stress.96, -162 In our 

study, we found that PUFAs, which are prone to peroxidation, are incorporated into TAGs during 

replicative senescence. Given that lipid-induced toxicity under oxidative stress typically occurs 

with phospholipids, which are membrane associated, 2 and the increased levels of oxidative stress 
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during replicative senescence, we propose that by sequestering PUF As as TA Gs, which are 

isolated within lipid droplets, the cell could potentially diminish membrane damage resulting from 

lipid peroxidation (Figure 3.10). Indeed, by storing PUFAs as TAGs, these species become less 

accessible and therefore less prone to lipid peroxidation. 23 
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Figure 3.10: Potential role of PUF A-containing lipids under oxidative stress. Both de nova 

lipogenesis and FA uptake contribute to the cellular FA pool. F As are activated and can then be 

modified and/or used for the synthesis of downstream lipids. PUF As ( colored blue) can be used to 

synthesize membrane lipids (namely phospholipids), or glycerolipids such as TAGs, which are 

sequestered in lipid droplets. In the presence ofROS, PUFA-containing membrane lipids undergo 

lipid peroxidation and form lipid hydroperoxides ( example colored red), which change membrane 

permeability and induce membrane damage. Abbreviations: ACSLs, long chain acyl-coenzyme A 

synthetases; ATGL, adipose triglyceride lipase; DAG, diacylglycerol; DGAT 1 and DGAT 2, 

diacylglycerol acyltransferase 1 and 2, respectively; FA, fatty acid; PUF A, polyunsaturated fatty 

acid; ROS, reactive oxygen species; TAG, triacylglycerol. Reproduced with permission from 

Biochemistry, 2018, 57(1), 22-29. Copyright 2018 American Chemical Society. 
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3.6 Summary and Outlook 

Replicative senescence is accompanied by several membrane-related changes and a distinct 

secretory phenotype. Several lipid-centered studies have linked lipids to cellular senescence. In 

this study, we aimed to identify lipids involved in replicative senescence via an untargeted LC

MS-based global lipid profiling. To do this, we successfully established a tissue culture system 

using human fibroblast cells from two different tissue origins and cultured them until they naturally 

senesced. Our analysis allowed us to identify lipid species, at the metabolite level, that changed 

the most during this process. Specifically, we found that triacylglycerols, a group of neutral lipids, 

accumulate during replicative senescence in both cell lines studied. TAG accumulation had 

previously been reported during leaf142 and yeast153 senescence. However, to our knowledge, we 

were the first to report this specific accumulation in mammalian cells. Further investigation 

pointed to CD36-mediated fatty acid uptake as the biochemical pathway by which these TAG 

species accumulate. 

Senescence is accompanied by elevated levels of reactive oxygen species. Our lipidomics 

analysis indicate that TAG species composed of long- and very long-chain fatty acyl chains and 

containing at least one PUF A chain accumulate as BJ and MRC-5 cells senesce. Taken together, 

our results suggest that PUFA-TAGs are involved in limiting membrane damage induced toxicity. 

Studies in our laboratory are underway testing this hypothesis, including characterizing lipid 

droplets and investigating the functional consequences of perturbing TAG biosynthesis. 
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3.7 Methods and Materials 

3.7.1 Materials 

BJ (human foreskin fibroblasts) and MRC-5 (human lung fibroblasts) cell lines were 

purchased from the American Type Culture Collection. Minimum Essential Medium (MEM), 

Eagle's MEM, penicillin, L-glutamine, and trypsin were acquired from Coming. Fetal Bovine 

Serum (FBS), dimethyl sulfoxide (DMSO), glyceryl tritridecanoate (TAG C39:0), FITC-anti-a

tubulin ( a-tubulin), and TRITC-phalloidin were obtained from Sigma-Aldrich. ProLong Gold 

with DAPI was purchased from Invitrogen. The senescence-associated ~-galactosidase staining kit 

(# 9860) and anti-CDKNIA (p21) (mousemAb, 2946S, lot 10) antibody were purchased from Cell 

Signaling. LC-MS columns and guard cartridges were purchased from Phenomenex. Lipid 

standards were obtained from Avanti Polar Lipids. All solvents were LC-MS grade and purchased 

from EMD Millipore. 

3.7.2 Solutions and Buffers 

Unless otherwise noted, all solutions and buffers were prepared in nanopure and kept at 

room temperature. Concentrated (1 OX) phosphate-buffered saline (PBS), AB-Oil-Tween and AB

Dil TX were filtered using a 0.2 µm polyethersulfone membrane filter. 

Solution Recipe 
5% nonfat milk 5 g nonfat milk powder in 100 mL TBS-Tween 

10% ammonium persulfate (APS) 0.10 g APS in 1 mL nanopure water 
10% (w/v) sodium dodecyl sulfate (SDS) 10 g SDS in 100 mL nanopure water 

50 mL lOX TBS, 0.2% Triton X-100, 10 g bovine 
AB-Dil Tx serum albumin (BSA), and nanopure water added to 

a final volume of 500 mL. Stored at 4 °C 

AB-Dil Tween 
50 mL lOX TBS, 0.1% Tween, 0.1% NaN3, 10 g 

BSA, nanopure water added to a final volume of 500 
mL 

55 



Buffer Recipe 

l0X PBS 

1OX tris-buffered saline (TBS) 

lX TBS-Tween 

lX TBS-Triton X (TX) 

lOX SDS page separating buffer (running buffer) 

1OX transfer buffer 

Separating gel buffer for SDS-page (1.5 M Tris -
HCl) 

Stacking gel buffer for SDS-page (1 M Tris-HCl) 

lX lysis buffer 

Laemmli 2X (loading dye) 

Laemmli 5X (loading dye) 

3.7.3 Antibodies and Dyes 

Antibod 
p21 Wafl /Cipl 

Tubulin (DMla) 

Dye 
Actin 

a -Tubulin 
Nile red 

80 g NaCl, 2 g KCl, 14.4 g Na2HPQ4, 2.4 g KH2PO4 
in 1 L nanopure water and autoclaved. pH 

approximately 7.4 
24.2 g Tris base, 84 g NaCl in 1 L nanopure water. 

pH approximately 7.6 
100 mL of l0X TBS+ 10 mL of20% Tween (0.2% 
in final). Nanopure water added to a final volume of 

lL 
100 mL of l0X TBS+ 5 mL of 20% Triton X-100 
(0.1 % in final). Nanopure water added to a final 

volume of lL 
30 g Tris base, 144 g glycine and 10 g SDS in 1 L 

nanopure water. pH approximately 8.3 
30 g Tris base and 142 g glycine in 1 L nanopure 

water. For lX transfer buffer: 100 mL of lOX + 700 
mL nanopure water + 200 mL ACS grade methanol. 

Stored at 4 °C 
181.53 g Tris base in 1 L nanopure water. pH 

approximately 8.8 
121 g Tris base in 1 L nanopure water. pH 

approximately 6.8 
One protease inhibitor tablet in 10 mL ofM-PER 

Mammalian Protein Extraction Reagent. Store at -20 
oc 

100 mM Tris HCl, 4% SDS (w/v), 20% glycerol 
(v/v), 0.02% bromphenol blue, pH aooroximately 6.8 

250 mM Tris HCl, 10% SDS (w/v), 50% glycerol 
(v/v), 0.02% bromphenol blue, 10% 2-
mercaptoethanol pH approximately 6.8 

S ecies Dilution 
mouse 1:2000 
mouse 1:5000 

Dilution 
1: 1000 in lX PBS. 30 minutes at room temperature 

1: 1000 in AbDil-Tx. 1 hour at room temperature 
1 :2000 in PBS. 10 minutes at room temperature 
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3.7.4 Culturing Primary Fibroblasts 

BJ (foreskin fibroblast) and MRC-5 (lung fibroblast) cells were grown as monolayer 

cultures in Minimum Essential Medium (MEM) and Eagle's MEM supplemented with 1.5 g/L 

sodium bicarbonate, non-essential amino acids, and sodium pyruvate, respectively. MEM was 

supplemented with 2 mM L-glutamine. Growth medium for both cell lines was supplemented with 

10% (v/v) FBS and 1 % (v/v) Penicillin-Streptomycin. Cells were maintained at 37 °C and 5% CO2 

atmosphere under sterile conditions. BJ cells were split 1 :2 or 1 :4 while MRC-5 cells were split 

1:3 or 1:5 when they reached a confluency of approximately 80-90%. To subcultivate, growth 

medium was aspirated and the cells were washed with pre-warmed IX PBS before adding lmL of 

pre-warmed 0.05% Trypsin-EDTA solution, a protease that cleaves proteins binding cells to the 

culture dish. Cells were then incubated at 37 °C for 5-10 minutes. The detached cells were then 

resuspended in 5mL of growth medium and centrifuged at 200 ref, 25 °C for 2 minutes. The 

supernatant was then aspirated and the cell pellet was resuspended in appropriate volume ofgrowth 

medium and divided as desired into new culture flasks. The population doublings (PDs) were 

calculated at each split as log2 (D/Do), where D is the density of cells when harvesting and Do is 

the density ofcells when seeding. A hemocytometer was used to determine cell density. Cells were 

regularly checked under a light microscope for changes in morphology and to monitor confluency. 

3.7.5 Freezing Cells 

Cells were grown to confluency on 10cm dishes. After trypsinization, cells were 

resuspended in 5mL of growth medium, transferred to a 15mL falcon, and centrifuged at 200 ref, 

for 5 minutes at 4 °C. The supernatant was removed and the cell pellet was resuspended in freezing 

media which consisted of growth medium supplemented with 20% FBS and 5% DMSO. The 
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homogeneous mixture was then aliquoted into 1.5 mL cryogenic vials and stored at -80 °C. Cells 

were frozen at different population doublings. 

3.7.6 Pelleting Cells for Lipid Extraction or Protein Analysis 

Confluent cells were washed with pre-warmed IX PBS and trypsinized. Detached cells 

were then resuspended in 5 mL of growth medium, transferred to a 15mL falcon, and centrifuged 

at 200 ref, for 5 minutes at 4 °C. The supernatant was then aspirated and the cell pellet was washed 

with 5 mL IX PBS followed by centrifugation at 200 ref, for 5 minutes at 4 °C. The supernatant 

was aspirated and the cell pellets were store at -80 °C until needed. 

3.7.7 Total Protein Concentration Measurement and Subsequent Normalization 

Total protein concentration of cell lysates was determined using the Bradford assay by 

taking 20 µL of cell lysate and incubating it with 1 mL of Bradford solution for 10-15 minutes at 

room temperature. The mixture was vortexed for 5 seconds to ensure homogeneity before 

incubation. The protein concentration was determined by a photometric measurement at 595 nm. 

A calibration curve made with known concentrations of BSA was used as reference. For western 

blot analysis: The cell pellet was resuspended in 200-300 µL lysis buffer, transferred to a 1.5mL 

microcentrifuge tube and lysed by sonication (40%, 10 seconds x3, on ice). The lysate was then 

centrifuged for 15 minutes at 4 °C and 16,000 ref. Samples were normalized by boiling equal 

amounts ofprotein in either 2X or 5X loading dye at 95-100 °C for 4 minutes. For lipid extraction 

normalization: 30 µL lysis buffer was added to 30 µL of cell suspension in IX PBS. The mixture 

was resuspended, vortexed for 5 seconds and incubated on ice for 1 hour. The lysate was then 
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centrifuged for 15 minutes at 4 °C and 16,000 ref. Samples were normalized by resuspending in 

calculated volumes of chloroform based on total protein concentration. 

3.7.8 Western Blot Analysis 

About 2xl 06cells were pelleted and lysed with mammalian protein extraction reagent 

containing a protease inhibitor cocktail. Cellular debris was removed by centrifugation and the 

supernatant was used to measure protein concentration by Bradford Assay. Equal amounts of 

proteins were resolved by sodium dodecyl sulfate-polyacrylamide-gel electrophoresis and then 

transferred onto polyvinyl difluoride membranes using a wet transfer cell. Membranes were 

blocked in 5% non-fat dry milk in TBS-Tween (0.2% Tween in Tris-buffered saline) for 1 hour. 

Membranes were then washed four times (8 minutes each) in TBS-tween followed by incubation 

overnight at 4 °C with primary antibody. Antibodies were diluted in AbDil-tween according to 

manufacturer's instructions. Once the incubation with primary antibody was complete, membranes 

were washed four times (8 minutes each) in TBS-tween followed by incubation with horseradish 

peroxidase-conjugated anti-mouse or anti-rabbit secondary antibody diluted in 5% non-fat dry 

milk in TBS-tween for 1 hour at room temperature. Once the incubation with secondary antibody 

was complete, membranes were washed in TBS-tween four times (8 minutes each) and developed 

using the Super Signal West Pico kit according to manufacturer's guidelines. a-tubulin was used 

as a loading control. Band densities were quantified in Image J (version 1.48). 

3.7.9 Senescence-Associated P-Galactosidase (SA-p-galactosidase) Activity 

Approximately 4x104 cells were seeded in 24-well plates. After 24 hours of seeding, cells 

were washed with pre-warmed PBS. SA-~-galactosidase activity was assessed using the 
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senescence cells histochemical staining kit from Cell Signaling according to manufacturer's 

instructions. Briefly, cells were fixed using fixation buffer, which contained 20% formaldehyde, 

2% glutaraldehyde, 70.4 mM Na2HPQ4, 14.7 mM KH2PO4, 1.37 M NaCl, and 26.8 mM KCl for 

10-15 minutes. The cells were then incubated overnight at 3 7 °C in freshly prepared staining buffer 

[40mg mL-1 X-gal (5-bromo-4-chloro-3-indolyl ~-D-galactopyranoside), 400 mM K3Fe[CN]6, 

400 mM K4Fe[CN]6, and nanopure water]. The chromogenic substrate, X-gal, yields an insoluble 

blue compound when cleaved by ~-galactosidase. At the end of the incubation, cells were washed 

with PBS and observed under a light microscope in order to determine the number of SA-~

galactosidase positive cells (n = at least 200 per condition, in triplicates). 

3.7.10 Immunofluorescence and Image Acquisition 

Cells (8xl 04) were grown in monolayer on sterile coverslips in 24 well-plates. After 24 

hours of seeding, cells were gently washed with pre-warmed IX PBS and fixed using 4% 

paraformaldehyde in IX PBS for 20 minutes. Cells were then gently washed with IX PBS three 

times and subsequently incubated with 60-80 µL of tubulin diluted 1: 1000 in Abdil-TX for 1 hour 

while protected from direct light. Cells were then gently washed with TBS-TX three times and 

subsequently incubated for 30 minutes with 60-80 µL of TRITC-phalloidin (0.5 mg/ml) diluted 

1: 1000 in PBS. Coverslips were rinsed with PBS and mounted using Prolong Gold with DAPI. 

Slides were allowed to dry overnight while shielded from light. Images are representative of at 

least 15 images taken from two independent experiments. Images were acquired on a Leica 

(Wetzlar, Germany) DMI6000B inverted microscope equipped with a Leica-DFC3000G camera 

using the LAS AF software (Leica AF6000 Modular System, Leica Microsystems CMS GmbH). 

Images were acquired using an HC PL APO 63x/1.40 oil objective at room temperature. 
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Resolution at time of acquisition was 12 bits. Images were processed using the GIMP software 

(version 2.8.14). 

3.7.11 Lipid Extraction 

Lipid extraction procedure was adopted from previous protocols. 75, 163 Briefly, cells from 

two different experimental settings (early PD and senescent) were collected independently and 

pelleted down. Approximately 1.5x106 cells were used for each biological replicate. The pellets 

were resuspended in lmL IX PBS from which 30 µL were used to determine protein concentration 

for normalization purposes. A solution of 2: 1: 1 chloroform:methanol:cell suspension in IX PBS 

was prepared and homogenized 30 times using a glass dounce tissue grinder. The suspension was 

centrifuged at 500 ref, 4 °C for 10 minutes to separate the organic and aqueous layers. The 

chloroform layer ( ~ 2 mL) was carefully removed and transferred to a 1 dram glass vial. A known 

volume of the sample (~1.5 mL) was then transferred to a second 1 dram vial and dried under 

vacuum. The isolated lipids were resuspended in calculated amounts of chloroform based on total 

protein concentration. 

3.7.12 LC-MS Acquisition 

LC-MS analysis was performed using an Agilent 1260 HPLC and an Agilent 6530 Series 

Accurate-Mass Quadrupole Time-of-Flight mass analyzer. The LC method was adopted from 

Saghatelian et al. 2004. 75 In negative mode, a Gemini C18 reversed phase column (5 µm, 4.6 mm 

x 50 mm) and a C18 reversed phase guard cartridge were used for separation. Positive mode LC 

separation was achieved using a Luna CS reversed phase column (5 µm, 4.6 mm x 50 mm) and a 

CS reversed phase guard cartridge. Mobile phase A consisted of a 95:5 water:methanol while 
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mobile phase B consisted of a 60:35 :5 2-propanol:methanol:water mixture. To improve ionization, 

0.1 % (v/v) formic acid and ammonium formate were added to both A and Bin positive mode while 

0.1 % (v/v) ammonium hydroxide was added to both A and B in negative mode. The flow rate was 

0.1 mL/min for the first 5 minutes followed by a change to 0.5 mL/min for the remainder of the 

gradient. The gradient started at 5 minutes with 0% B to 100% B over 60 minutes. Starting at 65 

minutes an isocratic gradient was applied at 100% B for 7 minutes. Equilibration of the column 

followed with 0% B for 8 minutes. An electrospray ionization source was used with a capillary 

voltage of 3500 V and fragmentor voltage of 175 V. Data was collected using an m/z range of 50-

1700. To estimate background levels ofdetected lipids, and to clean the instrument prior to sample 

injection, two chloroform blanks at the beginning of each run were used. Tandem mass 

spectrometry data was collected using the following collisional energies: 15, 35, 55, 75, and 95 eV 

for each m/z. 

3.7.13 Data Analysis for Untargeted and Targeted Lipidomics 

For untargeted lipidomics, 4-5 biological replicates of each of the two experimental 

settings, early PD and senescent, were used in positive and negative electrospray mode. Raw data 

obtained from LC-MS analysis was imported into Agilent MassHunter Profinder (version B.06.00) 

where unique features were extracted and peak alignment was carried out based on m/z, retention 

time, isotopic ratio and adduct. Data from Profinder was imported into Agilent's Mass Profiler 

Professional (version B12.6.1) where species were filtered based upon the frequency with which 

they appeared in each sample in the experiment. Statistical significance was determined using the 

student's t-test and all features with p 2: 0.05 were eliminated and the fold changes of the remaining 

species were subsequently calculated. Fold change was determined as [Abundancesenescent] / 
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[AbundanceEarlyPD] for each species. We then identified the species that were reproducible in three 

independent profiling experiments with an average fold change greater than or equal to three. We 

manually interrogated the resulting species and re-integrated their abundances when necessary. 

Subsequently, fold change and p-value were recalculated. MS/MS analysis was then performed on 

significant species that were overlapping across three independent experiments. In order to identify 

candidate lipids, fragments observed were searched in METLIN. Known lipid standards, or lipids 

belonging to the same lipid families, were purchased for the candidate lipids in order to confirm 

MS/MS fragmentation patterns. Targeted data analysis was performed using the Agilent 

MassHunter Qualitative Analysis software (version B.06.00). The corresponding m/z's for each 

ion was extracted and the peak area for each ion was manually integrated. Fold change was 

determined as [Abundancesenescent] / [AbundanceEarlyPD] for each species. MS/MS analysis was 

carried out to confirm structures as described above. Targeted analysis was carried out in one of 

the three profiling experiments where n = 5 for each of the conditions. 

3.7.14 Extraction Efficiency 

Total lipid content from young and old BJ pellets was extracted as described above; 

however, the chloroform was spiked with 0.2 µM C57 TAG before lipid extraction. The samples 

were normalized by total protein concentration with the lowest one being resuspended in a volume 

of unspiked chloroform that was 10 times lower than the initial volume. As such, the final 

theoretical C57 TAG concentration was 2 µM. The samples were ran alongside a matrix-matched 

calibration curve. Abundances of the spiked species were then calculated using the equation from 

the matrix-matched curve. The matrix-matched curve was prepared by spiking different amounts 

of the C57 TAG into matrix. 
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3.7.15 Measurement of DGAT Activity 

Cells were seeded in 6-well plates (8xl 05). After 24 hours of seeding, cells were washed 

with pre-warmed lX PBS and subsequently incubated in media buffer which consisted of growth 

medium supplemented with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

containing 0.2% fatty acid-free bovine serum albumin (FAF-BSA) at 37 °C for 1 hour. While 

incubating the cells with the media buffer, the heptadecanoyl coenzyme A (17:0 FA-CoA)-BSA 

complex was prepared by sonicating the mixture for 1 hour at 3 7 °C. Media buffer was then 

aspirated and the cells were washed once with pre-warmed lX PBS followed by the addition of 

the FA-CoA-BSA complex and 1,2-Dimyristoyl-sn-glycerol (DAG 14:0/14:0) substrates. Cells 

were incubated with the substrates for 3 hours at 37 °C. Final FA-CoA concentration= 25 µM, 

final DAG substrate concentration = 100 µM, final acetone = 1 %, final ethanol = 0.5%, and final 

BSA = 0.2%. Once the incubation period was complete, cells were pelleted down and lipids were 

extracted as described above. The formation of the product, TAG (14:0, 14:0, 17:0) was confirmed 

by LC-MS/MS. 

3.7.16 Measurement of TAG Hydrolysis 

TAG hydrolysis was assayed as previously described.164 Briefly, cells were lysed (lysis 

buffer: 0.25 M sucrose, 1 mM EDTA, 0.1 mM 2-mercaptoethanol, supplemented with protease 

inhibitor, pH approximately 7) by sonication (10 seconds with an output power of40%, on ice x3). 

Cell lysates were then centrifuged at 1000 ref, 4 °C for 10 minutes. While centrifuging, 0.32 mM 

TAG (13 :0/13:0/13:0), 55 µM 1,2-dioleoyl-sn-glycero-3-phosphocholine, and 11 µM 1,2-

ditetradecanoyl-sn-glycero-3-phosphoethanolamine were combined in a glass vial and evaporated 

to dryness. Potassium phosphate buffer (KPB) was then added to the lipid mixture which was 
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subsequently sonicated for 30 seconds with an output power of20%, on ice three times. F AF-BSA 

was added to the lipid mixture in KPB to a final concentration of 5%. Next, 100 µL of cell lysate 

was mixed with 100 µL of the lipid mixture and incubated for 1 hour in a water bath at 3 7 °C. 

Note, control cells did not receive substrate, TAG (13:0/13:0/13:0) but otherwise received 

everything else. After incubation at 37 °C for 1 hour, the reaction was quenched by adding 4 mL 

of PBS-methanol-chloroform (1: 1 :2, v/v/v). The lipids were then extracted by vortexing for 30 

seconds followed by 30 seconds on ice, x3. The samples were then centrifuged at 500 ref for 10 

minutes at 4 °C. The chloroform layer was carefully removed and dried under vacuum. The 

breakdown of the substrate was analyzed by LC-MS/MS. 

3.7.17. SSO Treatment and Fatty Acid Uptake 

Approximately 750K cells were seeded in 6-well plates. After 24 hours of seeding, 

complete growth medium was removed, cells were washed with IX PBS and fresh serum-free 

growth medium was added. The cells were starved for 1 hour, during which time the heptadecanoyl 

coenzyme A (17:0 FA-CoA)-BSA complex was prepared by sonicating the mixture for 1 hour at 

37 °C. Next, 200 µM SSO or DMSO (for control wells) were added to cells for 30 minutes. 

Treatment media was then aspirated and the cells were washed with IX PBS followed by the 

addition of the FA-CoA-BSA complex in media buffer (serum-free growth medium supplemented 

with 25 mM HEPES). Cells were incubated with the FA-CoA-BSA complex for 1 hour at 37 °C, 

5% CO2. Final F A-CoA concentration = 40 µM, final DMSO = 1 %, and final BSA = 0.2%. Once 

the incubation period was complete, cells were pelleted down and lipids were extracted as 

described above. The formation of TAG products which contained a Cl 7:0 fatty acyl chain was 

monitored by LC-MS and confirmed by LC-MS/MS. 
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3.7.18 Droplet Digital Polymerase Chain Reaction (ddPCR) 

Total RNA was extracted from fibroblast cells as described above. RNA quality and yield 

was assessed by Thermo's Nanodrop-1000 spectrophotometer. Complimentary DNA was obtained 

by reverse transcription using the iScript cDNA Synthesis kit following manufacturer's 

instructions. Reaction mixtures were prepared by combining the ddPCR Supermix, primers and 

probes and DNA sample according to Bio-Rad's protocol for the Droplet Digital PCR: QX200 

System. Water-in-oil emulsion droplets were generated using a BioRad Automated Droplet 

Generator and transferred to 96-well plates, which were heat-sealed using foil sheets. Target genes 

and reference gene, Hypoxanthine phosphoribosyltransferase 1 (Table 3.5), were amplified in 

parallel by thermal cycling the droplet emulsions as follows: 95 °C for 10 minutes (Taq DNA 

polymerase activation), 40 cycles of 94 °C for 30 seconds ( denaturation), 56 °C for 60 seconds 

(annealing and extension) with a final IO-minute inactivation step at 98 °C. The fluorescence of 

each thermal cycled droplet was measured using the QX200 droplet reader. Data was analyzed 

using Bio-Rad's QuantaSoft software after threshold setting on fluorescence of negative controls. 

Table 3.5 Primers Used to Measure mRNA Expression 

Gene Description Forward Primer Reverse Primer Exon 
location 

ATGL Adipose Triglyceride Lipase GTGTCAGACGGCGAGAATG GAATGAGCAGAGGCCTTGAG 2 

DGATJ Diacylglycerol O-Acyltransferase 1 TCTTCCCTGCAGAGGCA CACACCATCCTCTTCCTCAA 7-8 
DGAT2 Diacylglycerol O-Acyltransferase 2 GTGGTACAGGTCGATGTCTTG GCCCCATGCATCTTCCAT 7-8 

ELOVLJ Elongation OfVery Long Chain CCATACATCCAGATGAGGTGAA AGCACATGACAGCCATTCAG 8-9 
Fatty Acids 1 

ELOVL5 Elongation OfVery Long Chain CCTTGAAATAGGTACTAAGTGATGC CTCCTTCTACATCCGCCTCT 1-2 
Fatty Acids 5 

ELOVL6 Elongation OfVery Long Chain ACACCATATAAGCACCAGTTCG GCACCTAATGAATAAACGAGCAA 2-3 
Fatty Acids 6 

FADSJ Fatty Acid Desaturase 1 TGTCCACTGAACCAGTCATTG GATGAACCATATTCCCATGCAC 9-10 

FADS2 Fatty Acid Desaturase 2 CGTAGAAAGGGATGTAGGTGATG CCCATGTATTTCCAGTACCAGA 7-8 

HPRTJ 
Hypoxanthine 

phosphoribosyltransferase 1 GTATTCATTATAGTCAAGGGCATATCC AGATGGTCAAGGTCGCAAG 6-8 

SCDI Stearoyl-CoA Desaturase 1 GGAATTATGAGGATCAGCATGTG CTCTTTCTGATCATTGCCAACAC 3-4 
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3.7.19 Identification of Species from Untargeted and Targeted Lipidomics via LC-QTOF

MS/MS 

Tandem MS was employed to characterized lipid species that were detected during our targeted 

and untargeted lipidomics analysis. Below are representative fragmentation patterns used to 

identify lipid species. These were confirmed by standards. Fragments for m/z 944.7586, 313.2747, 

and 577.5196 were assigned based on fragments reported in J. Am. Soc. Mass. Spectrom. 2005 

Sep;16(9):1498-1509. Fragments for m/z 500.2777, 524.2988, 599.3196,673.4808, 744.5543, and 

809.5180 were generated using the LIPID MAPS "Product ion calculation tool for 

glycerophospholipids (negative IOn mode)" tool 

(http://www.lipidmaps.org/tools/structuredrawing/GP_p _ form.php). 

0 0 

o~o 
~6 

0 

Chemical Formula: C51H102N05+ 
Exact Mass: 944.7702 

0 OH 
o~o 

Chemical Formula: C45H6104+ 

Exact Mass: 671.5034 

OH 
yo 

~o 
0 
Chemical Formula: C41 H6704+ 

Exact Mass: 623.5034 

+ 
OH 

0~ 

~o 
Chemical Formula: C39H5704+ 0 

Exact Mass: 599.5034 

Chemical Formula: C23H3103+ 

Exact Mass: 361.2737 

Chemical Formula: C16H31 o+ Chemical Formula: C22H31 o+ 
Exact Mass: 239.2369 Exact Mass: 311.2369 

Figure 3.11: According to this hypothetical fragmentation pattern m/z = 944.7586, [M+NH4]+, 

was identified as triacylglycerol (16:0, 20:4, 22:6) (m/ztheoretical = 944.7702). 
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O~OH 

OHChemical Formula: C19H38O4 
Exact Mass: 330.2770 

0 

Chemical Formula: C19H37O3+ 
Exact Mass: 313.2737 

Chemical Formula: C16H31 O+ 
Exact Mass: 239.2369 

Figure 3.12: According to this hypothetical fragmentation pattern m/z = 313.2743, [M+H-H2O]+, 

was identified as C16:0 monoacylglycerol (m/ztheoretical = 313.2747). 

Chemical Formula: C27H46O 
Exact Mass: 386.3549 

+ + 
+ 

Chemical Formula: C27H45+ Chemical Formula: C19H29+ Chemical Formula: C17H25+ 
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+ 

Chemical Formula: C15H23+ Chemical Formula: C15H21 + Chemical Formula: C10H15+ 

Exact Mass: 215.1794 Exact Mass: 201 .1638 Exact Mass: 135.1168 

Figure 3.13: According to this hypothetical fragmentation pattern m/z = 369.3521, [M+H-H2O]+, 

was identified as cholesterol (m/ztheoretical = 369.3516). 
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Exact Mass: 237.2213 

Figure 3.14: According to this hypothetical fragmentation pattern m/z = 494.3247, [M+HJ+, was 

identified as C16:1 lysophosphatidylcholine (m/ztheoretical = 494.3241). 
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Chemical Formula: C25H44N07P 
Exact Mass: 501.2855 
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HO H -
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0 0 
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Exact Mass: 303.2330 Exact Mass: 78.9591 

Chemical Formula : H20 4P· Chemical Formula : C2H7N04P

Exact Mass: 96.9696 Exact Mass: 140.0118 

Figure 3.15: According to this hypothetical fragmentation pattern m/z = 500.2777, [M-H]", was 

identified as C20:4 lysophosphatidylethanolamine (m/ztheoretical = 500.2783). 
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Exact Mass: 283.2643 Exact Mass: 152.9958 Exact Mass: 78.9591 

Figure 3.16: According to this hypothetical fragmentation pattern m/z = 524.2988, [M-H]", was 

identified as C18:0 lysophosphatidylserine (m/ztheoretical = 524.2994). 
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Chemical Formula: C33H62No-
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Figure 3.17: According to this hypothetical fragmentation pattern m/z = 536.5048, [M-Hl, was 

identified as C16:0 ceramide (m/ztheoretical = 536.5048). 
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Chemical Formula: C16H29O+ Chemical Formula: C18H35o+ 
Exact Mass: 237.2213 Exact Mass: 267.2682 

Figure 3.18: According to this hypothetical fragmentation pattern m/z = 577.5196, [M+H-H2O]+, 

was identified as diacylglycerol (16:1/18:0) (m/ztheoretical = 577.5190). 
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Figure 3.19: According to this hypothetical fragmentation pattern m/z = 599.3196, [M-Hl, was 

identified as C18:0 lysophosphatidylinositol (m/ztheoretical = 599.3202). 
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Figure 3.20: According to this hypothetical fragmentation pattern m/z = 673.4808, [M-Hl, was 

identified as phosphatidic acid (16:0/18:1) (m/ztheoretical = 673.4814). 
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Figure 3.21: According to this hypothetical fragmentation pattern m/z = 698.5492, [M-Hl, was 

identified as C16:0 hexosylceramide (m/ztheoretical = 698.5576). 
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Figure 3.22: According to this hypothetical fragmentation pattern m/z = 744.5543, [M-Hl, was 

identified as phosphatidylethanolamine (18:1/18:0) (m/ztheoretical = 744.5549). 
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Figure 3.23: According to this hypothetical fragmentation pattern m/z = 760.5856, [M+HJ+, was 

identified as phosphatidylcholine (16:0/18:1) (m/ztheoretical = 760.5851). 
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Figure 3.24: According to this hypothetical fragmentation pattern m/z = 809.5180, [M-Hl, was 

identified as phosphatidylinositol (16:0/16:0) (m/ztheoretical = 809.5186). 
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Chapter 4: Comparative Transcriptomics Points to CD36 as a Potential 

Mediator of Membrane Remodeling during Replicative Senescence 

This work was carried out in collaboration with Dr. Omer Gokcumen, Dr. Marie Saitou, and Yen 

Lung Lin at SUNY Buffalo, Department of Biological Sciences. 

Adapted from: Mol Biosyst. 2017 Feb 28;13(3):498-509. DOI: 10.1039/c6mb00842a. 

Reproduced by permission of The Royal Society of Chemistry. 

http://pubs.rsc.org/ en/ content/ articlepdf/201 7 /mb/ c6mb0084 2a 

Adapted from: Mol Omics. 2018 Jul 5. DOI: 10.1039/c8mo00099a. 

Reproduced by permission of The Royal Society of Chemistry. 

https://pubs.rsc. org/ en/ content/ articlelanding/2018/mo/ c8mo00099a 

4.1 Introduction 

As described in Chapter 3, section 3.2, we successfully established a tissue culture system 

that models replicative senescence in order to identify lipid species involved in this process. Given 

that the cells were maintained in culture for an extended period of time (Figure 3.lA) and that 

several studies have reported genome-wide expression changes, 82, 93 we carried out transcriptomic 

analysis to gain a more global insight into how lipids are regulated during this complex process. 

Our analysis revealed that lipid-related genes change more significantly than other protein-coding 

genes. This might indicate that lipids play an important role in cellular senescence. Furthermore, 

functional characterization of the differentiated genes between early population and senescent 
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fibroblasts revealed that lipid metabolism genes were upregulated as cells senesced while cell

cycle related genes were downregulated. Finally, CD36, a receptor that has been shown to mediate 

fatty acid uptake,159 was found to be among the most upregulated lipid-related genes during 

replicative senescence in both BJ and MRC-5 cell lines. Investigation of biochemical pathways 

responsible for the observed TAG accumulation (discussed in Chapter 3) point to CD36-mediated 

fatty acid and diversion to glycerolipid biosynthesis as the potential mechanism. CD36 

overexpression in young MRC-5 cells resulted in a senescence-like phenotype. Altogether these 

findings suggest that CD36 may contribute to membrane remodeling, which in turn results in 

changes in the lipidome and plausibly mediate the SASP release and ultimately initiates the 

148senescence program. 

4.2 Comparative Transcriptomics 

In cells, all of the genetic information is stored in genes as DNA. This information is then 

transcribed into RNA, which may then be translated into proteins.165 Thus, examining the 

transcriptome could provide information about the regulation of biological activities within cells 

and ultimately provide insight into disease development and progression.166 RNA sequencing 

(RNA-seq) is a relatively new high-throughput technique that allows researchers to study the 

expression levels of genes and elucidate functional pathways and regulations in biological 

processes.167 

To study how the lipidome changes during replicative senescence, we cultured fibroblast 

cells from two different tissues (BJ: foreskin fibroblast and MRC-5: lung fibroblast) until they 

naturally reached the senescent state (discussed in Chapter 3). We then carried out targeted and 

untargeted lipidomics to elucidate how lipids changed during this process at the metabolite level. 
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However, maintaining cells in culture could result in many changes. Additionally, several studies 

have previously reported genome-wide changes in expression as cells senesce. 78 Thus, we wanted 

to investigate how lipid-related genes change and, more importantly, how these changes 

progressed over time (i.e. gradual increase, or decrease, over time, or a sudden population level 

change closer to the senescence arrest). This information could in turn provide insight into the 

gene expression changes responsible for the metabolite changes we detected via lipidomics. As 

such, we collected cells at three population doublings (PD) in triplicates: early (PD= 15 and 31 

for BJ and MRC-5), mid-population (PD = 31 and 46 for BJ and MRC-5), and old population (PD 

= 42 and 67 for BJ and MRC-5). RNA-seq experiments were carried out by Genewiz. We then 

conducted RNA-seq analysis to compare the changes in the transcriptome in a pairwise manner. 

Initially, to test correlation among the samples, we comparatively analyzed the 

transcriptome profiles, without any a priori input, of each population for both cell lines using 

principal component analysis and hierarchical clustering. The results revealed significant distinct 

groupings ofboth cell-type and population-doubling stages (Figures 4. lA and 4. lB). Collectively, 

this analysis showed that our RNA-seq dataset provided specific cell-type and population-doubling 

expression profiles. 
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Figure 4.1: Principal component analysis and hierarchical clustering of each population for both 

cell lines without any a priori clustering. (A) Principal component analysis of all genes detected 

in the different populations collected from MRC-5 and BJ cells. Colors indicate cell line ( orange 

= BJ, blue = MRC-5) and letters indicate population doubling ("O" = old, "M" = mid-population, 

and "Y" = young). (B) Clustering dendrogram of the transcriptome in the different populations 

collected from MRC-5 and BJ cells. Abbreviations: BM: BJ mid-population; BO: BJ old; BY: BJ 

young; MM: MRC-5 mid-population; MO: MRC-5 old; MY: MRC-5 young; PCl, principal 

component 1; PC2, principal component 2. Reproduced by permission of The Royal Society of 

Chemistry. Mal Omics. 2018 Jul 5. DOI: 10.1039/c8mo00099a. 

4.3 Transcripts Involved in Lipid-related Pathways Change Significantly during Replicative 

Senescence in BJ Cells 

To investigate whether lipid-related genes play a significant role in replicative senescence, 

we first compiled a list of genes in 12 lipid biosynthesis and metabolism pathways as defined in 

the KEGG database (Table 4.1). More specifically, we analyzed all the genes reported in the 12 
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pathways listed in Table 4.1 and calculated the number of genes within each pathway that were 

differentially expressed. 

Table 4.1. Lipid-related Pathways From KEGG. 

Pathwaya # of genes differentially expressed 
Alpha linolenic acid metabolism 25 

Arachidonic acid metabolism 62 
Ether lipid metabolism 45 
Fatty acid biosynthesis 13 
Fatty acid degradation 44 
Fatty acid elongation 25 

Glycerolipid metabolism 59 
Glycerophospholipid metabolism 95 

Linoleic acid metabolism 29 
Sphingolipid metabolism 4 7 

Steroid biosynthesis 20 
Unsaturated fatty acid biosynthesis 23 

aTwelve lipid metabolism pathways were selected from KEGG. The number of genes that were 

differentially expressed between early PD and senescent BJ cells are provided. Reproduced by 

permission of The Royal Society of Chemistry. Mal. Biosyst. 2017 Feb 28;13(3):498-509. 

We then compared these genes to the rest of the transcriptome to elucidate the significance 

of transcriptional difference between early PD and senescent BJ cells. More specifically, the genes 

obtained from the lipid biosynthesis and metabolism pathways (Table 4.1) were defined as the 

"lipid-related genes" while other protein-coding genes were defined as "All" and their expressional 

differences as the cells senesced were compared. Our analysis showed that the expression level 

differences between early PD and senescent cells were more significant for genes within lipid

related pathways as compared to those of other protein-coding genes ("All") (Figure 4.2A). This, 

in tum, strongly suggests that lipid regulating genes have critical roles during replicative 

senescence. 
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Further analysis showed that lipid pathways were affected differently during senescence 

(Figure 4.28). For instance, the expression levels of fatty acid biosynthesis genes did not change 

between early PD and senescent BJ cells. This could imply that de nova fatty acid biosynthesis 

was not affected by the senescence program. However, expression levels of genes involved in fatty 

acid diversity functions, such as fatty acid elongation, were significantly changed between early 

PD and senescent cells. Additionally, the expression levels of genes involved in glycerolipid, 

sphingolipid, and phospholipid metabolism were significantly upregulated as cells senesced, 

which support the changes we observed at the metabolite level via our lipidomics analysis 

( discussed in Chapter 3). Collectively, our results indicate that lipid pathways are tightly regulated 

at the RNA level during replicative senescence, including pathway-specific regulations. 
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Figure 4.2: Lipid metabolism genes changed significantly during replicative senescence. (A) 

Comparison of lipid-related genes to the rest of the transcriptome. The x-axis of the cumulative 

fraction plot shows the false discovery rate (FDR) for differential expression with values closer to 

0 indicating genes with more significant expression differences between early PD and senescent 

BJ cells. The y-axis shows the cumulative fraction of genes with p-values smaller or equal to the 

corresponding x-axis value. The cyan line represents the "lipid-related genes" while the red line 

represents all other protein-coding genes ("All"). (B) Replicative senescence is accompanied by 

pathway-specific regulation of lipid-related genes. The logp value as calculated by Fisher's exact 

test is shown on the x-axis. The ratio of genes within pathways that showed significant expression 

differences during replicative senescence are shown on the y-axis. The horizontal red dotted line 

indicates the point where 30% of the genes in each pathway showed significant expression level 

differences between early PD and senescent BJ cells. The vertical red dotted line indicates the 

pathways where significantly more than expected number of genes showed significant expression 

level differences during replicative senescence (p < 0.01) (Table 4.1). Reproduced by permission 

of The Royal Society of Chemistry. Mal. Biosyst. 2017 Feb 28;13(3):498-509. 
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4.4. Core Senescence Genes 

4.4.1 Correlation Among Significantly Regulated Transcripts 

In order to identify the genes involved in replicative senescence, independent of cell line, 

the gene expression levels between young, mid-population, and old population doublings from the 

two cell lines used to study replicative senescence were compared. More specifically, we first took 

genes that were differentially regulated and categorized them based on their regulation ( either up 

or down) between "young", "mid-population" and "old" populations in both BJ and MRC-5 cell 

lines. We then compared the resulting lists across cell lines, i.e. genes that were upregulated in 

"young" BJ cells were compared to genes that were upregulated in "young" MRC-5 cells. This 

allowed us to identify the overlapping significantly differentiated genes. These genes could then 

be considered to have roles in replicative senescence since they were differentially regulated in 

two cell lines from two different tissues. 

Based on this analysis, thousands of transcripts that showed significant changes during 

replicative senescence in both cell lines were identified. Figure 4.3A below shows the number of 

genes that were found to be upregulated in "young" populations as compared to "old" populations. 

As shown, 1836 genes were significantly upregulated in young MRC-5 cells and 839 genes were 

significantly upregulated in young BJ cells while 841 genes were commonly upregulated in both 

BJ and MRC-5 cells. Figure 4.3B shows the number of genes that were upregulated in "old" 

populations as compared to "young" populations. As listed, 1991 genes were significantly 

upregulated in old MRC-5 cells and 698 genes were significantly upregulated in old BJ cells while 

900 genes were upregulated both in old BJ and MRC-5 cells. The shared up or down-regulated 

genes are defined as the "core senescence genes" (Figure 4.3). 
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Additional analysis similar to the ones conducted in Figure 4. lA revealed that a 

significantly higher proportion of genes showed expression changes in the same trend (i.e., up or 

down-regulated) over population doubling in both cell lines (shared genes) as compared to random 

expectations from all the protein-coding genes (data not shown). Thus, these shared genes could 

potentially have roles in replicative senescence. 

Young> Old Young< Old 
A MRC-5 BJ B -5 BJ~-•-..;:::.._ 

1836 841 698 

Figure 4.3: Core senescence genes. Venn diagram of genes that showed significant (p < 0.0001) 

expression fold change between young and old in BJ and MRC-5 cells as well as in both cell lines. 

As listed, out of the thousands of genes analyzed, 841 genes were commonly upregulated in 

"young" populations as compared to "old" populations in both cell lines while 900 genes were 

commonly upregulated in "old" populations as compared to "young" populations in both cell lines. 

These shared up or down-regulated genes are defined as the "core senescence genes". (A) Shows 

the number of genes that were upregulated in "young" while (B) shows the number of genes that 

were upregulated in "old". Reproduced by permission of The Royal Society of Chemistry. Mal 

Omics. 2018 Jul 5. DOI: 10.1039/c8mo00099a. 

4.4.2 Genes Involved in Lipid Metabolism Upregulated during Replicative Senescence 

Given that we wanted to identify changes in lipid-related genes that may provide insight 

into how these biomolecules contribute to the senescence arrest, we focused on the species that 

significantly changed in both cell lines studied (Figure 4.3, core senescence genes). First, we 
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analyzed whether the changes in gene expression were a result ofa gradual increased, or decreased, 

over time, or if there was a sudden population level change in gene expression at a later stage. To 

test this, we categorized the pattern of observed expression changes. This, in tum, allowed us to 

discriminate among transcripts that increased ( or decreased) over time, those that increased ( or 

decreased) early (i.e., from young to mid-population) or late (i.e., from mid-population to old), and 

transcripts that exhibited a variable trend over time (i.e., significantly increased early but decreased 

in later time points). To visualize these categories, we plotted normalized gene expression for 

genes that showed significant differences between any two populations in BJ cells ( shown as a 

heatmap in Figure 4.4). As illustrated by the stacked column chart in Figure 4.4, a majority of the 

observed changes occurred in the later stage (from mid-population to old) independent of the cell 

line. Thus, as the cells are about to senesce, there are significant changes in their lipidome at the 

RNA level which indicates that lipids may be involved in initiating and potentially mediating this 

process. 
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Figure 4.4: Expression change in the different populations collected from MRC-5 and BJ cells. 

The heatmap shows relative gene expression of three representative genes ( three rows) at each 

population doubling stage for each of the eight expression change categories (i.e. decrease from 

"young" to "mid-population" followed by no change from "mid-population" to "old" population) 

in BJ cells. Red: higher expression, blue: lower expression. Arrows indicate significant 

upregulation, downregulation, or no significant change of gene expression between populations 

( top right of heatmap). The bar graph represents the observed gene number in each of the eight 

expression pattern categories: genes observed in BJ cells (yellow), MRC-5 cells (blue), and both 

cell lines (dark green). Abbreviations: M, mid-population; 0, old; Y, young. Reproduced by 

permission of The Royal Society of Chemistry. Mal Omics. 2018 Jul 5. DOI: 

10.1039/c8mo00099a. 
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• • 

To investigate the functional categories of genes associated with replicative senescence, 

gene ontology (GO) analysis was conducted on the core senescence genes.168-170 Interestingly, 

genes downregulated were primarily involved in cell-cycle processes while genes upregulated 

were involved in lipid-related processes such as "vesicle-mediated transport" (Figure 4.5, Tables 

4.2 and 4.3). 
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Figure 4.5: GO analysis of genes up- /down- regulated during replicative senescence. Each circle 

indicates an enriched GO category. X-axis shows -log q value (p-value corrected for multiple 

correction) of enrichment. Y-axis shows the fold-change of the protein-coding genes where 

positive values showed enrichments and negative values indicate depletion. Ontological categories 

are color-coded where red= biological process, green= cellular component, and blue = molecular 

function. Reproduced by permission of The Royal Society of Chemistry. Mal Omics. 2018 Jul 5. 

DOI: 10.1039/c8mo00099a. 
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Table 4.2. Top 10 Shared Upregulated Genes in BJ and MRC-5 Cells. "GeneID" and "Gene name" 

columns indicate the ENSEMBL ID and common names for each gene, respectively. Log2 fold 

change (FC) and multiple hypotheses corrected p-value ("Adj p value") for the expression changes 

from early PD to senescence in BJ and MRC-5 cells are also provided. FC was determined as 

"gene expression in senescent cells" / "gene expression in Early PD" for each gene. Reproduced 

by permission of The Royal Society of Chemistry. Mal Omics. 2018 Jul 5. DOI: 

10.1039/c8mo00099a. 

GeneID Gene name 
Log2 FC 

in BJ 
Adj.p 

value BJ 
Log2 FC 

inMRC-5 
Adj.p 

value BJ 

ENSG00000 163898.5 Lipase H 4.40 4.44E-l37 3.93 7.36E-42 

ENSG00000 135218.13 CD36 molecule 4.04 5.76E-l50 3.36 l .26E-4I 

SLIT And NTRK 
ENSG00000 184564.8 Like Family 5.30 7.66E-l69 2.04 l.86E-2I 

Member6 

ENSG00000l 18971.3 Cyclin D2 3.22 2.66E-l59 4.09 0.00E+00 

ENSG00000 I 05784.11 
RUN Domain 
Containing 3B 

4.25 l .09E-65 2.84 7.62E-l9 

ATP Binding 
ENSG00000085563. l 0 Cassette Subfamily 3.53 5.78E-35 3.13 2.7IE-66 

B Member I 

ENSG0000009242 l . l 2 Semaphorin 6A 2.52 6.2IE-9I 4.00 4.I0E-267 

ENSG00000 143140.6 
Gap Junction 

Protein Alpha 5 
3.56 2.32E-77 2.70 4.93E-09 

Relaxin/Insulin Like 
ENSG00000l 71509.11 Family Peptide 4.24 l.08E-l49 1.90 7.69E-05 

Receptor I 

ENSG00000 167772. 7 Angiopoietin Like 4 2.78 4.07E-32 3.34 3.65E-l75 
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Table 4.3. Top 10 Shared Downregulated Genes in BJ and MRC-5 Cells. "GeneID" and 

"Gene/Gene name" columns indicate the ENSEMBL ID and common names for each gene, 

respectively. Log2 fold change (FC) and multiple hypotheses corrected p-value ("Adj p value") for 

the expression changes from early PD to senescence in BJ and MRC-5 cells are also provided. 

Fold change was determined as "gene expression in senescent cells" / "gene expression in Early 

PD" for each gene. Reproduced by permission of The Royal Society of Chemistry. Mal 

Omics. 2018 Jul 5. DOI: 10.1039/c8mo00099a. 

Log2 
GeneID Gene name FC in 

BJ 

Adj.p 
value BJ 

Log2 FC 
inMRC-5 

Adj.p 
value BJ 

Receptor Tyrosine 
ENSG00000 169071 .10 Kinase Like Orphan -4.03 l .56E-66 -5 .59 2.05E-1l5 

Receptor 2 
ENSG00000l 76887.5 SRY-Box II -5 .53 6.92E-l20 -2.44 2.20E-l86 

ENSG00000 I 963 74.5 
Histone Cluster I H2B 

Familv Member M 
-2.74 l.72E-45 -4.48 l .22E-l03 

ENSG00000081803.l l 
Calcium Dependent 

Secretion Activator 2 
-2.95 5.36E-22 -4.15 3.84E-26 

ENSG00000 169594.8 Basonuclin I -2.48 l.60E-l 7 -4.60 5.65E-32 

ENSG00000l24693.2 
Histone Cluster I H3 

Family Member B 
-2.74 2.68E-63 -4.33 6.27E-l66 

ENSG00000 197153.3 
Histone Cluster I H3 

Family Member J 
-2.54 9.52E-30 -4.36 7.43E-69 

ENSG00000l98374.3 
Histone Cluster I H2A 

Family Member L 
-2.50 l.l lE-44 -4.38 l.l lE-104 

ENSG00000256018.1 
Histone Cluster I H3 

Family Member G 
-2.64 4.62E-37 -4.20 2.l6E-7I 

ENSG00000 I 08001 .9 Early B Cell Factor 3 -2.80 3.07E-26 -3 .98 l .52E-53 

Combined, our analysis indicates that lipid regulation is a central process during replicative 

senescence. This is supported by previous literature where lipids where reported to have functional 

roles in this process and by our findings where we observed accumulations of triacylglycerols. 10, 

148 Interestingly, the two most upregulated genes as both BJ and MRC-5 cells senesced are directly 

related to lipid metabolism. These are lipase member H (LIPH), a lipase that hydrolyzes 

phosphatidic acid,171 and CD36 molecule (CD36), a receptor that has been shown to assist in fatty 

acid uptake172· 173 (Table 4.2). 
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4.5 CD36 Overexpression Results in Senescence Phenotype 

As listed in Table 4.2, LIPH (fold change= 17.3 in MRC-5 cells and 19.4 in BJ cells) and 

CD36 (fold change= 13.7 in MRC-5 cells and 16.3 in BJ cells) were the top two upregulated genes 

core senescence genes. Given this, we aimed to investigate how these enzymes contribute to the 

senescence arrest and the changes we observed at the metabolite level. There are a few mechanisms 

by which their role in senescence could be explored. Since small molecule inhibitors for these 

proteins are not well developed, these mechanisms include knockdown of their levels in senescent 

cells and overexpression of their levels in proliferating cells. We decided to explore the effect of 

their overexpression on senescence phenotype. If the lipid species that change are involved in 

initiating or maintaining the senescence arrest, and LIPH and/or CD36 have direct relationships 

with these species, overexpressing them in proliferating cells could result in premature senescence. 

Our further characterizations that focused on the role of LIPH via overexpression did not yield 

viable cells (i.e. overexpression ofLIPH resulted in significant toxicity). We therefore focused on 

CD36. 

We used transient transfection to overexpress FusionRed-CD36 in proliferating MRC-5 

cells using Lipofectamine. The cell number, lipid:DNA ratio, and time of incubation with lipid

DNA complex was optimized for MRC-5 cells. We then characterized the level of transfection 

efficiency by counting positive cells. We obtained ~ 10% transfection efficiency as illustrated in 

Figure 4.6. 
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Control +Fusion Red-CD36 

Figure 4.6: Live MRC-5 cells tile scan. Representative images of live control and CD36 

transfected young MRC-5 cells. As illustrated by the transient expression of FusionRed-CD36 

( excitation wavelength = 580 run), the transfection efficiency of young MRC-5 cells was ~10%. 

The tile scan was collected by adjoining single images. Scale bar = 100 µm. Reproduced by 

permission of The Royal Society of Chemistry. Mal Omics. 2018 Jul 5. DOI: 

10.1039/c8mo00099a. 

Figure 4. 7 A below shows representative images offixed control and CD36-overexpressing 

young MRC-5 cells. As illustrated, the morphology changes drastically with CD36-

overexpression. More specifically, CD36-overexpressing cells were larger as compared to control 

cells, which is one of the features of senescent cells. Although we obtained low transfection 

efficiency ( ~10%, Figure 4.6), we decided to test whether CD36-overexpressing cells were indeed 

senescent by measuring SA-~-galactosidase activity. Indeed, CD36 overexpression resulted in a 

significant and profound increase in SA-~-galactosidase activity (Figure 4. 7B-C). More 
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specifically, although only a small portion ofthe population was positive for CD36-overexpression 

( ~ 10%), over 90% of the population were positive for SA-~-galactosidase activity. These results 

indicate that CD36 upregulation not only mediates senescence in cells where it is overexpressed, 

but leads to initiation of senescence in the cell population as a whole. Specifically, CD36 activity 

may be linked to the SASP. 

The SASP is one of the hallmarks of cellular senescence and has been implicated in age

related pathologies and cancer.85 Composed of several active biomolecules, including 

inflammatory factors, the SASP is complex and has been reported to have both beneficial and 

134 136 137adverse effects.1°5, , , Studies have suggested that senescence is indeed associated with 

increased extracellular vesicle release containing different proteins and oligonucleotides.118 Thus, 

the SASP could contribute to the way senescent cells communicate with their surrounding tissue. 

Collectively, our results suggest that CD36 activation could be implicated in the SASP by inducing 

changes in the lipid composition which in tum facilitate membrane remodeling. We hypothesize 

that CD36 activation facilitate SASP and vesicle release which further induces a senescence-like 

phenotype regardless of the overexpression status of CD36. This is further supported by the 

accumulation of phosphatidylcholines we observed as MRC-5 cells senesced (Chapter 3, section 

3.3). 

To test this hypothesis, we overexpressed CD36 in proliferating MRC-5 cells and, at the 

end of treatment, added fresh growth medium to the cells and harvested this growth medium after 

2 days (shown as "Ml" in Figure 4.7D). Fresh growth medium was then added once more to cells, 

allowed to incubate for an additional 2 days, and subsequently harvested (shown as "M2" in Figure 

4.7D). We then incubated proliferating cells with Ml and M2, and measured SA-~-galactosidase 

activity. This resulted in a significant increase in SA-~-galactosidase activity in about 50% of the 
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population (Figure 4. 7D), strongly supporting that as cells develop a senescence-like phenotype 

upon CD36 overexpression, they also gain the ability to induce a similar senescence phenotype in 

neighboring cells, most likely via the SASP. Combined, our findings suggest that CD36 

overexpression results in senescence in the cells where it is overexpressed, and that the media of 

these cells can initiate a senescence-like phenotype in the cell population as a whole. Although 

further studies are needed to fully understand how CD36 mediates senescence, we hypothesize 

that CD36 overexpression might be linked to senescence-inducing SASP formation. 
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Figure 4. 7: CD36 overexpression results in senescence-like phenotype. (A) Representative images 

of control and CD36-overexpressing young MRC-5 cells. CD36 averexpression was visualized 

via the FusionRed tag (scale bar= 10 µm). (B-C) Measurement of SA-~-galactosidase activity in 

control and CD36 overexpressing MRC-5 cells. A significant increase of SA-~-galactosidase 

positive cells was observed during CD36 overexpression for which representative images are 

shown (scale bar= 100 µm for control and center CD36 image, and 20 µm for furthest to the right 

CD36 image). Data shown as means± standard deviation,*** p < 0.001. (D) Measurement of SA

~-galactosidase activity in young MRC-5 cells treated with conditioned media. "C" represents cells 

in standard growth medium, "C _ M" represents cells in medium from control wells during 

transfection, "M1" represents cells in medium harvested from CD 3 6 overexpressing cells 48 hours 

after transfection, and "M2" represents cells in medium harvested from CD36 overexpressing cells 

96 hours after transfection. An increase in SA-~-galactosidase positive cells was observed. 

Reproduced by permission of The Royal Society of Chemistry. Mal Omics. 2018 Jul 5. DOI: 

10.1039/c8mo00099a. 
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4.6 Summary and Outlook 

To gain a more global view as to how lipids are changing during replicative senescence, 

and to also account for changes occurring as a result of maintaining the cells in culture for several 

months, we carried out comparative transcriptomic analysis to supplement our lipidomics analysis. 

Through this analysis, we found that lipid-related gene expression level differences were more 

significant than other protein-coding gene expression level differences between early PD and 

senescent cells. Additional characterization showed that genes downregulated were primarily 

involved in cell-cycle processes while genes upregulated were involved in lipid-related processes. 

Finally, the top two upregulated core senescence genes were LIPH and CD36, both of which have 

direct roles in lipid metabolism. These results strongly indicate that lipid-related pathways are 

central to replicative senescence. 

CD36 has been implicated in various cellular processes, including long chain fatty acid 

binding and facilitating lipid transport into the cell.174 There are different views on the involvement 

of CD36 in fatty acid metabolism, such as single/multiple fatty acid binding sites or enhancement 

of fatty acid metabolism175 · 176 Given its involvement in fatty acid uptake and ultimately providing 

cells with energy through lipid ~-oxidation, it is no surprise that CD36 has been linked to various 

processes, including cancer and senescence.1 77 For instance, CD36 knockdown resulted in almost 

the complete inhibition of metastasis in immunodeficient mouse models of human oral cancer, 

with no side effects. Furthermore, inhibition of CD36 also resulted in diminished metastasis in 

human melanoma- and breast cancer-derived tumors. 178 CD36 has also been reported to play a role 

in macrophage clearance of apoptotic cells in vivo. More specifically, CD36 interactions with 

membrane associated oxidized phosphatidylserine and, to a lesser extent, oxidized 

phosphatidylcholine may aid in this process.1 79 CD36 also aids in the recognition of endogenous 
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ligands, including acting as a co-receptor for diacylglycerol recognition.180 Additionally, CD36 

has been reported to have roles in innate immunity and uptake of pathogens such as malaria.181 

In our study, CD36 overexpression induced a senescence-like phenotype in proliferating 

MRC-5 cells, which strongly supports CD36's role in this process. Furthermore, investigation into 

the biochemical pathways responsible for the TAG accumulation observed in BJ and MRC-5 cells 

as they senesced suggest that CD36-mediated fatty acid uptake and diversion to glycerolipid 

biosynthesis is responsible for these changes. Combined, our results indicate that CD36 activation 

induces lipid-related changes that may affect membrane structures and ultimately facilitate the 

release of SASP factors that initiate the senescence program in neighboring cells (Figure 4.8). 

Several questions remain regarding the role ofCD36 in cellular senescence, however. For instance, 

which SASP factors are released during CD36-induced senescence and how are these SASP factors 

initiating senescence in neighboring cells? How does the membrane changes induced by CD36 

affect other critical cellular processes? Work over the next few years by our lab will aim to provide 

insights into these questions. 
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Figure 4.8: CD36 potentially mediates cellular senescence. CD36 was detected as one of the most 

upregulated lipid-related genes in both BJ and MRC-5 senescent cells. CD36 overexpression in 

proliferating MRC-5 cells induced a senescence-like phenotype, which indicates CD36 may 

mediate senescence. Reproduced by permission of The Royal Society of Chemistry. Mal 

Omics. 2018 Jul 5. DOI: 10.1039/c8mo00099a. 
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4.7 Methods and Materials 

4.7.1 Materials 

BJ (human foreskin fibroblasts) and MRC-5 (human lung fibroblasts) cell lines were 

purchased from the American Type Culture Collection. Minimum Essential Medium (MEM), 

Eagle's MEM, penicillin, L-glutamine, and trypsin were acquired from Coming. Fetal Bovine 

Serum (FBS) and glyceryl tritridecanoate (TAG C39:0) were purchased from Sigma-Aldrich. 

FusionRed-CD36-C10 plasmid (#56104) was obtained from Addgene (deposited by the Davidson 

lab).182 LIPH (GFP-tagged) (# RG209020) was purchased from OriGene. Lipofectamine 3000 and 

ProLong Gold with DAPI were purchased from Invitrogen. The senescence-associated ~

galactosidase staining kit(# 9860) was purchased from Cell Signaling. Anti-CDKN2A (p16) (# 

ab 108349) was purchased from Abeam. Reagents and buffers needed for RNA extraction were 

obtained from Qiagen. Plasmids were extracted using the Omega Bio-Tek E.Z.N.A. FastFilter 

Plasmid Midi Kit (#D6905-03). XLlO-Gold Ultracompetent Cells were purchased from Agilent 

Technologies(# 100315). NZY broth was acquired from Teknova Inc. LB broth and granulated 

agar were purchased from BD Biosciences. LC-MS columns and guard cartridges were purchased 

from Phenomenex. Lipid standards were obtained from A vanti Polar Lipids. All solvents were LC

MS grade and purchased from EMD Millipore. 

4.7.2 Isolation of Total RNA and Preparation of Transcriptomics Data 

Approximately 2.0 x 106 cells were harvested at ''young" (BJ= PD 15, MRC-5 = PD 31), 

"mid-population" (BJ= PD 31, MRC-5 = PD 46), and "old" (BJ= PD 44, MRC-5 = PD 67) stages 

and their total RNA extracted using the RNeasy Mini kit (Qiagen) according to manufacturer's 

instructions. An on-column DNase digestion using Qiagen RNase-Free DNase was carried out for 
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RNA purification. RNA quality and yield were assessed by a Nanodrop-1000 spectrophotometer 

(Thermo). Concentrations ranged from 50-609 ng/µL. Illumina Sequencing (150bp paired-end, 

~SOM/reads per sample) was performed by the New York Genome Center 

(http://www.nygenome.org/) using three biological replicates per condition for each cell line. The 

datasets were then analyzed using Kallisto183 and R package DESeq2.184 

4.7.3 Filtering Pipeline to Obtain Replicative Senescence Associated Genes 

Of the 57,445 genes detected, including protein-coding genes, pseudogenes, antisense 

RNAs and long non-coding RNAs, genes whose expression significantly differed between young 

and old for BJ and MRC-5 cells were extracted. Statistical significance was defined asp < 0.001, 

the adjusted value for multi hypotheses tests using DeSeq2 package. 

4.7.4 Clustering Analysis 

Clustering analysis was conducted by calculating Spearman' s correlation ofall the reported 

57,445 genes between each combination of the 18 samples (BJ and MRC-5 at young, mid

population, and old in triplicates) without any a priori clustering. 

4.7.5 Functional Characterization of Senescence Related Genes via Gene Ontology (GO) 

Enrichment Analysis in BJ Cells 

To understand the functional aspect of senescence-related genes, an online tool, GOrilla, 

was employed to perform GO enrichment analysis and check whether senescence-affected genes 

were more commonly associated with certain biological processes than expected. Specifically, the 

genes with strong statistical support (FDR < 0.01) of their expressional difference between early 
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PD and senescent BJ cells was defined as the senescence-related genes (target set) and compared 

to the protein-coding genes in the rest of the transcriptome dataset provided by DESeq2 

(background set) to find the GO terms with significantly enriched proportions of senescence

related genes. The significance of enrichment was corrected for multiple testing using the 

Benjamini and Hochberg method and yielded an FDR-adjusted q-value. The GO terms with q

value < 0.05 were considered significantly enriched. Full GO annotation of all the genes can be 

found in http://geneontology.org/ gene-associations/ goa _ human. gaf. gz. 

4.7.6 Tests for Involvement of Lipid Metabolic Pathway Genes in Cellular Senescence 

Two independent tests were performed to check the involvement oflipid metabolism genes 

in cellular senescence. The first was to directly compare lipid metabolism genes and the rest of the 

transcriptome for their significance of transcriptional difference between early PD and senescent 

BJ cells. The genes involved in twelve KEGG lipid biosynthesis and metabolism pathways were 

defined as the "lipid-related genes" (Table 4.1 ). A Mann-Whitney U test was applied to see 

whether the false discovery rate (FDR) of the lipid metabolism genes were significantly lower than 

those of the rest of the transcriptome. To test whether there was an enrichment of senescence

related genes in lipid metabolic pathways, the proportion of genes significantly up-regulated 

( expression level higher in senescent BJ cells and FDR < 0.1) and down-regulated ( expression 

level lower in senescent BJ cells and FDR < 0.1) in senescent BJ cells was calculated, and 

compared to the proportion ofup- and down-regulated genes of the rest of the transcriptome. The 

significance of the enrichment was determined using Fisher's exact test. A lipid-related pathway 

was considered as significantly enriched when the p-value was lower than 0.05. The odds ratio of 
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being a metabolism and senescence-related gene at the same time was also calculated to see the 

odds of detecting a senescence-related gene involved in a particular lipid metabolic pathway. 

4.7.7 Cell Culture and Transfection Conditions 

BJ cells were cultured in MEM while MRC-5 cells were cultured in Eagle's MEM 

supplemented with 1.5 g/L sodium bicarbonate, non-essential amino acids, and sodium pyruvate. 

Growth medium was also supplemented with 2 mM L-glutamine, 10% (v/v) FBS and 1 % (v/v) 

penicillin-streptomycin. They were grown as monolayer culture at 37 °C and 5% CO2 atmosphere 

under sterile conditions. Cells were routinely checked for mycoplasma contamination. The 

cumulative population doubling was calculated at each splitting using the formula log2 (D/Do), 

where D is the density of cells during harvesting and Do is the density of cells at seeding. 

Transfections were performed using Lipofectamine 3000 according to the manufacturer's 

instructions. Briefly, 0.30 x 106 cells were seeded in 6-well plates in medium supplemented with 

10% (v/v) FBS. After 24 hours, DNA-lipid complex was added to the cells. The transient 

expression of Fusion Red protein or TurboGFP was detected using a Leica DMI6000B inverted 

microscope equipped with a Leica-DFC3000G camera using the LAS AF software at an excitation 

wavelength of 580 nm for CD36 and 480 nm for LIPH 24, 48, and 72 hours after transfection. 

After transfection, cells were used for imaging or stained for SA-~-galactosidase activity. 

4.7.8. Plasmid Extraction 

LIPH plasmid was transformed into XL-10 ultracompetent cells for plasmid DNA 

replication following Agilent Technologies instructions and grown in 10 mm x 20 mm petri dishes 

overnight at 37 °C using the appropriate antibiotics. CD36 plasmid was received as a bacterial stab 
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and grown in 10 mm x 20 mm petri dishes overnight at 3 7 °C using the appropriate antibiotics. 

Single colonies were then picked and grown overnight in 50 mL culture using standard procedures. 

Cells were then pelleted by ultracentrifugation at 4 °C. Plasmid DNA was isolated using the 

E.Z.N.A.® FastFilter Plasmid Midi Kit (OMEGA Bio-Tek) following the manufacturer's 

instructions. Plasmid DNA concentration and integrity was measured using Thermo's nanodrop-

1000 spectrophotometer. Plasmid DNA was then aliquotted into sterile microcentrifuge tubes and 

stored at -80 °C until use. 

4.7.9 Senescence-associated p-galactosidase (SA-p-galactosidase) Activity 

Approximately 5.0 x 104 cells were seeded in 24-well plates or 0.30 x 106 cells were plated 

in 35 mm glass bottom dishes. Growth medium was supplemented with 10% (v/v) FBS. After 24 

hours of seeding, cells were transfected using Lipofectamine 3000 according to the manufacturer' s 

instructions. At end of transfection, cells were washed with pre-warmed IX PBS. SA-~

galactosidase activity was assessed using the Senescence-associated ~-galactosidase staining kit 

(Cell Signaling) according to manufacturer's instructions. Briefly, cells were fixed using fixation 

buffer for 10 minutes. The cells were then incubated overnight at 3 7 °C in freshly prepared ~

galactosidase staining solution which had a final pH of 6.0. At the end of the incubation, cells were 

washed with IX PBS and observed under a light microscope in order to determine the number of 

SA-~-galactosidase positive cells (n = 4 for each condition). For control wells, 0.25 x 104 cells 

were plated 48 hours before staining for ~-galactosidase, treated with Lipofectamine reagent for 

24 hours and then stained for ~-galactosidase. The assay was carried out in three independent 

experiments where total n 2: 150 cells for each group. 

104 



4.7.10 Media Add-back 

Young MRC-5 cells were transfected as described above. After 72 hours of transfection, 

media containing DNA-lipid complex was removed, cells were washed with PBS and 

supplemented with complete growth medium. The cells were then incubated at 37 °C and 5% CO2 

atmosphere under sterile conditions for 48 hours. At the end of incubation, conditioned medium 

from control and CD36 transfected cells was collected and stored at 4 °C. The procedure was 

repeated a second time to collect conditioned medium 96 hours after transfection. Approximately 

5.0 x 104 young MRC-5 cells were seeded in 24-well plates. Twenty-four hours after seeding, a 

PBS wash was carried out and conditioned medium was added to the corresponding wells. Cells 

were maintained in conditioned medium for 48 hours and assessed for ~-galactosidase activity as 

described above. 

4.7.11 Image Acquisition and Processing 

Cells (5.0 x 104/coverslip) were plated on sterile coverslips in 24-well plates or in 35 mm 

glass bottom dishes (0.30 x 106/dish) for live cell imaging or to stain for ~-galactosidase. After 24 

hours of seeding cells were transfected using Lipofectamine 3000 according to the manufacturer's 

instructions. At end of transfection, cells grown on coverslips were washed with pre-warmed PBS 

and fixed in 3.7% formaldehyde for 20 minutes. Coverslips were then gently rinsed with PBS (x3) 

and subsequently mounted using ProLong Gold with DAPI Anti-fade reagent. Live cell and ~

galactosidase images were acquired on a LSM710 confocal microscope (Carl Zeiss, Oberkochen, 

Germany). Image analysis was performed using the Fiji/ImageJ software version 2.0.0- rc-

49/1.51a. Images are representative of images taken from at least two independent experiments. 
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Chapter 5: Investigating Changes in the Lipidome during Therapy-induced 

Senescence in Human Colon Cancer Cells 

5.1 Introduction 

During cellular senescence cells stop dividing yet remain metabolically active and secrete 

many factors, including cytokines.82 Different stressors may give rise to different types of 

senescence, including replicative senescence in normal cells (telomere shortening),92 oncogene

induced senescence in normal and cancer cells (aberrant oncogene signaling),1°6 and therapy

induced senescence in cancer cells (anticancer compounds or radiation DNA damage).185 The 

senescence arrest is a complex process and its initiation depends on the source and intensity of 

stress stimuli and cell line. 

Many studies suggest that senescence evolved as a fail-safe mechanism against cancer by 

preventing or delaying tumorigenesis.1°5 As such, senescence presents a therapeutic strategy to 

target cancer. With developments and improvements in tools used to carry chemical biology 

research, we are learning more about this complex process. More specifically, although capable of 

inducing arrest of cancerous cells, the SASP of senescent cells can potentially alter the 

microenviroment.85 For instance, through the SASP, senescent cells have been reported to promote 

the proliferation of malignant epithelial cells both in vitro and in vivo.132• 133 However, in some 

cases, the SASP has also been reported to stimulate the immune system to remove senescent cells 

and aid in wound repair.87, 89,124, 134-138 

Given the complex roles the SASP plays during therapy-induced senescence (TIS), and 

that lipids have signaling roles, we aimed to investigate how the lipidome of TIS-cells differ from 

control cells. To do this, we induced senescence in a human colon cancer cell line, HCT-116, using 
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a common anti-cancer compound, doxorubicin (DOX). DOX belongs to the family of 

anthracyclines and has been used for a variety of cancers, including breast cancer.186 Several 

mechanisms of action have been proposed for DOX, including DNA intercalation,187 inhibition of 

topoisomerase 11,186 and production of reactive oxygen species.188 DOX can intercalate into the 

DNA when the strands are separated, and stabilize the DNA-topoisomerase complex, which 

ultimately prevents replication.187, 189 The quinone moiety in DOX may also undergo a one

electron reduction to semi-quinone and subsequently back to quinone yielding reactive oxygen 

species.188 In our study, we found that DOX treatment resulted in significant changes in 

sphingolipid metabolism, including a non-canonical group: deoxysphingolipids. In this chapter, 

DOX treatment, characterization of senescence, lipidomics results and chemical tools to study the 

observed changes will be discussed. 

5.2 Inducing Senescence Arrest with Doxorubicin 

One of the hallmarks of cancer cells is their ability to overcome cellular senescence.190 

Thus, reactivation of senescence pathways through genetic or pharmacological approaches could 

be exploited as therapeutic strategies against cancer.19 °For instance, overexpression of C-RAF in 

mutant B-RAF melanoma cells triggers oncogene-induced senescence.191 The use of 

chemotherapeutics and small molecules may trigger TIS. For example, exposure ofHCT-116 cells 

to DOX at low dose induces a senescence growth arrest. 192 Furthermore, knockout of p53 or p21 

reduces the effect of TIS, indicating that p53 and p21 are important regulators of TIS in cancer 

cells. 193 

To induce senescence in a human colon cancer cell line, HCT-116, we first tested a range 

of DOX concentrations, exposure time, and recovery time and assessed senescence levels by 
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measuring SA-~-galactosidase activity. SA-~-galactosidase activity is an established marker for 

detection of senescent cells in vitro84 as a result of senescent cells having a higher lysosomal ~

galactosidase enzymatic activity as compared to non-senescent cells. 83 We started by testing 24 

and 48 hour exposure to DOX at 50, 100, 200, 300, and 400 nM and found that 200 nM and higher 

induced apoptosis, as assessed by PARP and cellular morphology observed under the light 

microscope. We also tested collecting the cells immediately after treatment or at the end of a 

recovery period. For the recovery period, we removed the treatment media, carried out a PBS 

wash, added fresh growth medium and allowed the cells to recover for 1, 2, 3, 4, 6, or 10 days. For 

the longer recovery periods, medium was changed every 2-3 days. We also tested chronic addition 

of DOX every 24 hours for 4 days followed by 1- or 3-day recovery. Based on the SA-~

galactosidase activity results and cellular morphology observed under the microscope, we found 

that 50 nM DOX for 24 hours followed by a 3-day recovery was sufficient to induce senescence 

in colon cancer cells (Figures IA and lB). As shown in Figure lB, this treatment condition resulted 

in about 90% of the cell population testing positive for SA-~-galactosidase activity. 

Given that senescence and apoptosis are interconnected,194 and that DOX can induce 

both,195 we tested for apoptosis by measuring cleaved PARP (Figure IC). We also wanted to 

further confirm the senescence arrest by measuring p21 protein levels, which is involved in 

establishing and maintaining senescence.193 As shown, in Figure 1C, we detected low levels of 

cleaved PARP levels, which were comparable to those of the control cells. We also detected 

activated p21, which confirmed the senescence arrest. Finally, we compared the morphology of 

control and DOX-treated HCT-116 cells and found that concordant with previous reports, DOX-
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induced senescence resulted in an increase in size. Given these results, we carried out lipidomics 

analysis using 50 nM DOX for 24 hours followed by 3-day recovery. 
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Figure 5.1: Characterization of DOX-induced senescence in HCT-116 cells. (A) 50 nM DOX 

(structure shown) for 24 hours followed by a 3-day recovery resulted in senescence in colon cancer 

cells. (B) SA-~-galactosidase activity in control and DOX-treated HCT-116 cells. A significant 

increase in SA-~-galactosidase positive cells was observed during DOX-induced senescence 

( ~90% ). Assay was carried out in three independent experiments, n 2: 200 cells for each group (t

test, p value :'.S 0.001). (C) Representative western blot showing cleaved PARP, p21 and tubulin 

levels in control and DOX-treated HCT-116 cells. Tubulin was used as a loading control. 

5.3 Significant Changes in Sphingolipids during Doxorubicin-induced Senescence 

For details on lipid extraction, normalization and data collection, please see Chapter 3, 

sections 3.3 and 3.7. 

In order to investigate the regulation oflipids at the metabolite level during DOX-induced 

senescence, we conducted targeted and untargeted lipidomics analysis between control and DOX

treated HCT-116 cells. For each experimental condition, we collected 5 biological replicates and 
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extracted their total lipid content using a modified Bligh-dyer method.152 Total lipid content was 

normalized based on protein concentration to ensure comparable amounts were used for LC-MS 

analysis. 

We initially investigated the levels of representative lipid families via targeted lipidomics 

in control vs DOX-treated HCT-116 cells. Specifically, we targeted representative members of 

major lipid families, which included fatty acids, phospholipids, glycerolipids and sphingolipids 

(see Chapter 1). We were particularly interested in triacylglycerols, which we found to constitute 

the majority of changes during replicative senescence (discussed in Chapter 3). As illustrated in 

the heatmap in Figure 5.2, some of the shorter chain, saturated triacylglycerols slightly accumulate 

with DOX treatment. Otherwise, the majority of the triacylglycerols targeted remained unchanged. 

Interestingly, DOX treatment resulted in diminished monoacylglycerol levels. Fatty acids and 

phosphatidylcholines remained unchanged while phosphatidylethanolamine and 

phosphatidylserine levels increased and a couple of phosphatidylinositols slightly accumulated. 

Notably, sphingolipids showed the most profound changes, with ceramides and some sugar 

modified ceramides accumulating while dihydroceramide levels were depleted. 
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Figure 5.2: Targeted analysis of representative members of major lipid families during DOX

induced senescence in HCT-116 cells. Abbreviations: Cer: ceramide; Chol: cholesterol; DAG: 

diacylglycerol; DiHCer: dihydroceramide; DOX: doxorubicin-treated cells; FA: fatty acid; FC: 

fold change; HexCer: hexosylceramide; MAG: monoacylglycerol; PA: phosphatidic acid; PC: 

phosphatidylcholine; PE: phosphatidylethanolamine; PG: phosphatidylglycerol; PI: 

phosphatidylinositol; PS: phosphatidylserine; Sphl: sphingolipid; SM: sphingomyelin; TAG: 

triacylglycerol. Relative abundances were calculated with respect to averaged abundances within 

lipid families. Total carbon number on the acyl chains and the degree of unsaturation of the fatty 

acyl chains in the lipid species are listed, i.e. 38:4 corresponds to 38 carbons and 4 double bonds. 

Fold change was determined as [Abundanceoox-treated] / [Abundancecontrol] for each lipid species. 

Abundance is the total ion count for a given ion. Each ion corresponds to a mass-to-charge ratio 

(m/z). ***p < 0.001, **p < 0.01, *p < 0.05. 
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Based on previous literature, it was not surprising to find changes in sphingolipids.196 We 

then aimed to identify reproducible lipid species that showed both significance and high levels of 

fold change (2 or higher) in their abundance in an untargeted manner, and thus we carried out 

untargeted lipidomics. Overall, our untargeted analysis resulted in 50 species that showed both 

high fold change and significance. Out of the 50 species, only 25 have been identified so far (Table 

5.1 ). Surprisingly, we identified phosphatidylthreonines and deoxysphingolipids, which were 

depleted with treatment. 

As discussed in Chapter 1, phospholipids are the major lipid component of biological 

membranes. 6 Phosphatidylserine, in particular, is a minor component of plasma phospholipids.2, 41 

However, traditionally, phosphatidylserine is the only L-amino acid-containing phospholipid.41, 43 

The identification of phosphatidylthreonine was first reported in eggs in 1957 by Rhodes et al.197, 

then in 1958 Igarashi et al. 198 in fish, and then in 1978 Mark-Malchoff et al. 199 found these species 

in hamster fibroblasts. In 1998, a study by Mitoma et al. 200 found these species in hippocampal 

neurons grown under reduced serine conditions, and the authors hypothesized that the synthesis of 

phosphatidylthreonine is catalyzed by a base-exchange enzyme involved in phosphatidylserine 

synthesis. That is, the polar head group of existing phospholipids is replaced by serine, or in this 

case, threonine. They also hypothesized that the cells synthesized these species because the 

intracellular levels of L-serine were insufficient for the synthesis of phosphatidylserine given the 

reduced serine growth conditions. 200 In 2011, Omori et al. 201 identified these species in porcine 

and rat brain. Thus, understanding the role ofphosphatidylthreonines in cellular senescence might 

provide some novel insights into how cells react to stress. 
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Similarly to our targeted results, we also found that dihydroceramide levels were depleted 

while ceramides accumulated with DOX treatment. Surprisingly, we also identified a group of 

non-canonical sphingolipids: deoxysphingolipids. 202• 

Table 5.1. Results ofUntargeted Li2idomics of Control vs. DOX-treated Colon Cancer Cells. 
Approx.

Lipid m/z Adduct Avg.FC*** 
iR (min) 

1-O-Hexadecyl-sn-glycerol 315.2900 [M-Hl 53 D 
1-O-Octadecyl-sn-glycerol 341.3062 {M-Hl 54 D 

C14:0 deoxydihydroceramide 494.4936 [M-Hl 63 D 
C15:0 deoxyceramide 506.4940 [M-Hl 64 0.36 

Lysophosphatidylcholine (0-18:1) 508.3729 [M+Hr 47 0.36 
C15:0 deoxydihydroceramide 508.5111 [M-Hl 64 D 

C16:0 deoxyceramide 520.5I05 {M-Hl 63 0.41 
C16:0 deoxydihydroceramide 522.5272 [M-Hl 65 0.30 

C18:1 lysophosphatidylthreonine 536.2994 [M-Hl 30 D 
C18:0 lysophosphatidylthreonine 538.3146 [M-Hl 32 D 

C20:0 dihydroceramide 594.5832 [M-Hl 67 0.25 
C22:0 deoxydihydroceramide 606.6215 [M-Hl 68 0.31 

C23:0 deoxyceramide 618.6209 [M-Hl 68 0.36 
C23:0 deoxydihydroceramide 620.6354 [M-Hl 69 0.32 

C24:1 deoxyceramide 630.6202 [M-Hl 68 0.40 
C24:0 deoxydihydroceramide 634.6530 [M-Hl 70 0.26 
C25:0 deoxydihydroceramide 648.6664 [M-Hl 71 D 

C24:0 dihydroceramide 650.6405 [M-Hl 66 0.25 
C26:0 deoxydihydroceramide 662.6835 {M-Hl 72 0.25 

C26:0 ceramide 676.6617 [M-Hl 70 3.31 
C26:0 dihydroceramide 680.6986 [M+Hr 64 0.30 

Phosphatidylthreonine (16:1/18:1) 772.5144 [M-Hl 42 0.26 
Phosphatidylthreonine (16:0/18:1) 774.5307 [M-Hl 44 0.32 
Phosphatidylthreonine (18:0/18:1) 802.5604 {M-Hl 46 0.25 
Phos~hatidl'.lthreonine {20:1/18:1} 828.5761 [M-HZ- 47 0.12 

aAverage fold changes of two independent profiling experiment are shown. Fold change was 

determined as [Abundanceoox-treated] / [Abundancecontrol] for each lipid species. Total carbon 

number on the acyl chains and the degree ofunsaturation of the fatty acyl chains in the lipid species 

are listed, i.e. 16:0 corresponds to 16 carbons and Odouble bonds. Abundance is the total ion count 

for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z). A, accumulation, lipid 

species that were not detected in control cells; D, depletion, lipid species that were not detected in 

DOX-treated cells; FC, fold change. ***p < 0.001. tR,retention time in minutes. 
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As illustrated in Figure 5.3, dihydroceramides are synthesized de nova starting with the 

conjugation ofL-serine, a non-essential amino acid,203 and palmitoyl-CoA, a reaction catalyzed by 

serine palmitoyl transferase (SPT).204 Through a series of enzymatic reactions, sphinganine is 

converted to ceramide, a key sphingolipid with various roles in cellular processes77
, 

163, 205 and a 

precursor for the synthesis of more complex sphingolipids, 49 such as sphingomyelin, an important 

membrane lipid. 2, 63 Atypical deoxysphingolipids are synthesized de nova when SPT uses a non

canonical substrate, such as alanine, in the first step of the sphingolipid synthesis yielding 1-deoxy

sphinganine. 206 1-deoxy-sphinganine then undergoes the same sequence of classical de nova 

ceramide synthesis ultimately resulting in 1-deoxyceramide. The missing I-hydroxyl group in 

deoxysphingolipids prevents their incorporation to complex sphingolipids. 207 

Mammalian SPT consists of heterotrimeric 1sozymes that share a serme 

palmitoyltransferase, long chain base subunit 1 (SPTLCl) combined with either SPTLC2 or 

SPTLC3.208 The active site resides in the SPTLC2/SPTLC3 subunit. Serine and palmitoyl-CoA 

are the preferred substrates, but several studies have reported that the enzyme may also metabolize 

other substrates, such as other acyl-CoAs (C12-Cl 8), and other amino acids, such as alanine and 

glycine. 209 The use of alanine results in deoxysphingolipids while the use of glycine results in 

deoxymethylsphingolipids. Researchers have hypothesized that since the side chains of alanine 

and glycine are smaller than the hydroxymethyl group of serine, these amino acids could fit the 

same binding pocket. However, the hydroxyl group on serine has been reported to increase 

interaction between serine and the enzyme. 206 

114 



Serine 
0 Palmitoyl-CoA 0 

O 1 2 3 

+ ~ SCoA+ 
SPT

HoyoH Lo 2 FC 

NH2 2 4 6 8 

I I 

NH2 OH CerS 1-6 Relative Abundance FC 

~ j 
CerS1 C18 

Dihydroceramide OH ee,s2e20-c2s 1-deoxydIhydroceramIde ?H l
CerS3 C22-C26 ~ 

. OH g:: g~~C20 

~ NH CerS6C14-C16 ~ NH lillt~~.__,~l 
j O' DEGS ./ j O - = 

Relative Abundance FC t Ceramide _ ?H " ~ ~ 1-cleoxyceramide ~ yH l lc : I Relative Abundance FC 
24 1 

~ Complex ~ C23:0 

■■- - ' OH ~ sphlngollpids -..M.... ' c10,o 
~ NH ~ ~ NH c1s:o=='---,,---, 

■ 11 eontm oox 
0 0 ~ / 

J·' OH OH 
OH 0 

~ cJi~OH _ I Ho_, 
NH OH ~ o-P"o 

~ NH 

Sphingomyelin 0 

Relative Abundance FC 

Figure 5.3: Sphingolipid and deoxysphingolipid de nova biosynthesis. The first step is the 

condensation of amino acid with saturated fatty acid palmitate, a reaction catalyzed by serine 

palmitoyl transferase (SPT). The resulting product, 3-ketosphinganine, is then reduced to 

sphinganine, or deoxysphinganine, and subsequently acylated by ceramide synthase (CerSl-6), 

yielding dihydroceramide or deoxydihydroceramide. Dihydroceramide desaturase (DEGS) 

catalyzes the dehydrogenation of dihydroceramide and deoxydihydroceramide resulting in 

ceramide, a key intermediate of the sphingolipid pathway, or deoxyceramide. Ceramide can then 

be utilized for the synthesis of more complex sphingolipids. C14:0 ceramide is shown as a 

representative ceramide species. For heatmap: relative abundances were calculated with respect to 

averaged abundances within lipid families. Total carbon number on the acyl chains and the degree 

of unsaturation of the fatty acyl chains in the lipid species are listed. Fold change was determined 

as [Abundanceoox-treated] / [ Abundancecontroi] for each lipid species. Abundance is the total ion 

count for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z) . Abbreviations: DOX: 

doxorubicin-treated cells.; FC: fold change. 
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Low levels of deoxysphingolipids are typically present in plasma of healthy individuals.208 

These species, however, have been found at high levels in genetic disorders, such as 

hereditary sensory and autonomic neuropathy type 1 (HSANl).210 More specifically, studies have 

found that HSANl patients have mutations that induce a shift in the substrate specificity of SPT, 

resulting in the formation of deoxysphingolipids, which are then believed to drive the disease.210 

The levels of deoxysphingolipids were effectively suppressed in an HSANl mouse model by 

feeding the mouse serine enriched food. This in tum resulted in diminished neurological 

symptoms, suggesting that the formation of these species is modulated by the availability of serine 

211and alanine.209• High levels of deoxysphingolipids have also been reported early on in the 

plasma of diabetic patients.203• 
212 Additionally, these molecules have been explored as anticancer 

agents given their ability to induce cytotoxicity in cancer cells.207 These are only a few examples 

where deoxysphingolipids have been implicated in different diseases. Understanding these species 

better might provide new therapeutic tools targeting these diseases. 

Some studies have shed light on their biophysical properties. For instance, given that they 

are missing the hydroxyl group at Cl, deoxysphingolipids are more hydrophobic than typical 

sphingolipids making these species less miscible within the sphingomyelin bilayer. Additionally, 

deoxysphingolipids display a low tendency to self-organize in bilayers. This in tum could have a 

profound impact on membrane integrity. 207 

5.4. Towards Studying the Role of Deoxysphingolipids in TIS 

The Atilla lab has been interested in sphingolipid synthesis and metabolism and thus we 

have compiled different experimental designs to study these species in mammalian cells. Our 

untargeted lipidomics show that during DOX-treatment, dihydroceramide levels are depleted. This 
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could be because these species are being used as precursors for the synthesis of ceramides, which 

accumulate (Figure 5.3). Ceramide, in tum, could be synthesized de nova or accumulate via 

activated breakdown of more complex sphingolipids. To test the mechanism responsible for 

ceramide accumulation, we measured mRNA levels of enzymes involved in ceramide de nova 

biosynthesis. It should be noted that CerSl, 3, and 4 had very low expression level, thus the results 

are not shown. From this analysis, we found that delta 4-desaturase, sphingolipid 1 (DEGS 1) and 

ceramide synthase 5 (CerS5) are activated during DOX treatment (Figures 5.4A and 5.48), 

indicating that ceramide de nova biosynthesis is activated to some extent. We also tested 

sphingomyelinase activity, the enzyme responsible for hydrolyzing sphingomyelin into ceramide 

and phosphocholine,204 and found that there is no difference between control and DOX-treated 

HCT-116 cells. Overall, ceramides accumulate at least in part due to activated de nova 

biosynthesis. 
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Figure 5.4: Investigation ofde nova sphingolipid biosynthesis. mRNA levels of enzymes involved 

in de nova sphingolipid biosynthesis were measured and normalized based on the expression level 

of HRPT1. (A) DEGS 1 and CerS5 were significantly upregulated with DOX treatment. (B) 

DEGS 1 protein levels were also upregulated with DOX treatment as indicated by western blot 

analysis. Abbreviations: CerS2: ceramide synthase 2; CerS5, ceramide synthase 5; CerS6, 

ceramide synthase 6; DEGSJ: delta 4-desaturase, sphingolipid 1; HPRTl, hypoxanthine 

phosphoribosyltransferase 1; SPTLC2: serine palmitoyltransferase long chain base unit 2. ***p < 

0.001, **p < 0.01. 

Given that SPT uses alanine as a substrate to synthesize deoxysphinganine, we tested the 

effect of alanine add-back in combination with DOX treatment in HCT-116 cells. More 

specifically, we pre-treated cells with alanine for either 0.5, 1, or 2 hours at a concentration similar 

to the serine concentration in the growth medium. We then carried out the DOX treatment as we 

did for lipidomics in the presence of alanine. At the end of treatment, fresh growth medium 

supplemented with alanine was added to the cells. Co-treatment with alanine resulted in a 

significant reduction in SA-~-galactosidase positive cells as compared to cells treated with 50 nM 
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DOX, suggesting alanine add-back induced a rescue from the senescence arrest (Figure 5.5). Our 

next step is to characterize the effect of alanine add-back on the sphingolipid pools. 
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Figure 5.5: Alanine add-back results in decreased number in SA-~-galactosidase positive cells. 

The stars signify significance ofalanine pre-treated cells in comparison to DOX-only treated cells. 

Bars represent averaged SA-~-galactosidase activity from three independent experiments. n > 150 

cells. ***p < 0.001, **p < 0.01, *p < 0.05. 

Given the results shown in Figure 5.4, the changes in sphingolipids can be further 

investigated by knocking down SPTLC2 and DEGSJ. Although no change was detected at the 

mRNA level in SPTLC2, this enzyme's activity could partially be responsible for the changes we 

observed, especially in deoxysphingolipids. Additionally, DEGSl inhibition should result in 

reduced levels of ceramides and increased dihydroceramide levels. Ceramide is known to mediate 
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senescence,53 , 139 so by reducing its levels, we might be able to rescue the cells from the senescence 

arrest. As such, I have developed SPTLC2-knockdown and DEGSJ-knockdown cells, treated them 

with DOX and collected them for future analysis. Their depletion and subsequent analysis might 

provide insight into the sphingolipid changes we observed and how these species are involved in 

TIS. 

5.5 Summary and Outlook 

Cancer cells evade cellular senescence and apoptosis.194 Over the years, researchers have 

developed novel tools to target cancer, including TIS, where the senescence arrest is re-established 

in cancer cells. 185 One of the commonly used compounds to induce TIS is DOX. 187 In this study, 

we aimed to study the lipidome ofTIS by using DOX in a human colon cancer cell line. Our results 

indicate that sphingolipids constitute the major lipids affected by this treatment. More specifically, 

ceramides accumulate while dihydroceramides and a group of noncanonical sphingolipids, 

deoxysphingolipids, are depleted. Biochemical investigations indicate that ceramide 

accumulation, and thus the dihydroceramide depletion, is partly a result of activated de nova 

biosynthesis. Further characterizations are needed to elucidate the biochemical pathways 

responsible for the observed changes in deoxysphingolipids and their role in senescence. 

Based on the results of untargeted lipidomics, we propose that the balance between 

ceramide and dihydroceramides could be important in senescence. This imbalance will also affect 

downstream sphingolipid products as deoxysphingolipids are not converted to downstream 

sphingolipids. 

In order to test the effect of the balance, alanine add-back experiments were carried out in 

senescence, which resulted in a decrease in SA-~-galactosidase positive cells. As discussed, the 
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synthesis of deoxysphingolipids is modulated by the availability of serine and alanine. 209 , 211 Based 

on these results, it is possible that DOX treatment might affect the overall amino acid pool. The 

mechanistic target of rapamycin complex 1 (mTORCl), which promotes cell growth, is regulated 

by amino acids. 213 Additionally, several reports have suggested that the lysosomal membrane is 

the major site for mTORCl activation.214 More specifically, in response to amino acid availability, 

mTORCl relocates to the lysosomal membrane where it is activated.214 During senescence, there 

is an increase in lysosomal mass. 11 2 Thus, it is possible that during DOX treatment, not only is the 

amino acid pool affected, several downstream effects are also, such as the activation of mTORCl. 

Further studies, such as amino acid analysis, are needed to understand the relationship between 

DOX-induced senescence and amino acid regulation. 

Overall, our findings shed light on the complex regulation of sphingolipids during TIS. 

This in tum, could provide insights that may aid in the development, and potentially the 

identification, of efficient senescence-inducing compounds and other targeted approaches. 
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5.6 Methods and Materials 

For details on buffers and solutions used, freezing cells, pelleting cells for lipid extraction 

and/or western blot analysis, total protein concentration measurement and subsequent 

normalization, western blot analysis, lipid extraction, LC-MS acquisition, data analysis for 

untargeted and targeted lipidomics, identification of traditional lipid species via LC-QTOF

MS/MS, and droplet digital polymerase chain reaction analysis, please see Chapter 3, section 7. 

For total RNA extraction, please see Chapter 4, section 7. 

5.6.1 Materials 

HCT-116 (human colorectal carcinoma) cells were purchased from the American Type 

Culture Collection. Dulbecco's Modification of Eagle's Medium (DMEM), penicillin, and trypsin 

were acquired from Coming. Fetal Bovine Serum (FBS), dimethyl sulfoxide (DMSO), and a

tubulin antibody were obtained from Sigma-Aldrich. The senescence-associated ~-galactosidase 

staining kit, anti-CDKNIA (p21) antibody, and Poly ADP ribose polymerase (PARP) antibody 

were purchased from Cell Signaling. LC-MS columns and guard cartridges were purchased from 

Phenomenex. Lipid standards were obtained from Avanti Polar Lipids. All solvents were LC-MS 

grade and purchased from EMD Millipore. 

5.6.2 Cell Culture and Treatment 

HCT-116 cells were grown at 37 °C and 5% CO2 atmosphere. HCT-116 cells were cultured 

in DMEM supplemented with 10% FBS and 1 % penicillin. For treatment, approximately 1 x 106 

cells were plated per 10 cm2 cell culture dish, maintained in culture medium, and treated 24 hours 

after seeding. To induce senescence, HCT-116 cells were treated with 50 nM Doxorubicin for 24 
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hours. For control cells, approximately 0.6 x 106 cells were plated per 10 cm2 cell culture dish, 

maintained in culture medium, and treated with 0.1 % DMSO 24 hours after seeding. After 24 

hours, treatment media was removed and fresh growth medium was added to the cells. Cells were 

then allowed to recover for 72 hours and subsequently collected for analysis. 

5.6.3 Measurement of aSMase and nSMase Activity 

Assays were adapted from previous protocols.163 Control and DOX-treated cells were 

collected and lysed by sonication (10 seconds on, 10 seconds off x 3, 40% output) in buffer 

supplemented with EDTA-free protease inhibitor and phosphatase inhibitor cocktail. Neutral 

buffer (25 mM Tris [pH 7.5], 12 mM MgC12) and acidic buffer (100 mM NaAc [pH 5.0], 0.1 % 

Triton X-100) were used in nSMase and aSMase assays, respectively. For each assay, 100 mg of 

protein were mixed with lipid standards and the mixture was incubated at 3 7 °C for 3 hours. 

Reactions were quenched by methanol. Afterward, the samples were centrifuged, dried under 

vacuum, and resuspended in 100 µL of methanol. The generation of C16:0-d31 ceramide was 

monitored by LC-MS analysis in negative ionization mode ([M-H], m/z = 567.6994). Reactions 

were carried out in a minimum of triplicates. C16:0-d31 sphingomyelin final= 50 µM. Samples 

were also spiked with 1 µM Cl 7 ceramide to account for instrument variability. 

5.6.4 Senescence-Associated P-Galactosidase (SA-p-galactosidase) Activity 

Approximately 1Ox103 cells were seeded in 24-well plates. After 24 hours of seeding, cells 

were washed with pre-warmed PBS. SA-~-galactosidase activity was assessed using the 

senescence cells histochemical staining kit from Cell Signaling according to manufacturer's 

instructions. Briefly, cells were fixed using fixation buffer for 10-15 minutes. The cells were then 
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incubated overnight at 37 °C in freshly prepared staining buffer [40mg mL-1 X-gal (5-bromo-4-

chloro-3-indolyl ~-D-galactopyranoside), 400 mM K3Fe[CN]6, 400 mM K4Fe[CN]6, and nanopure 

water]. At the end of the incubation, cells were washed with PBS and observed under a light 

microscope in order to determine the number of SA-~-galactosidase positive cells (n = at least 200 

per condition, in triplicates). 

Table 5.2 Primers Used to Measure mRNA Expression 

Gene Description 

CERSJ Ceramide Synthase 1 

CERS2 Ceramide Synthase 2 

CERS3 Ceramide Synthase 3 

CERS4 Ceramide Synthase 4 

CERS5 Ceramide Synthase 5 

CERS6 Ceramide Synthase 6 

Delta 4-Desaturase,
DEGSJ Sphingolipid 1 

Hypoxanthine
HPRTJ phosphoribosyltransferase 1 

SPTLC2 serine palmitoyltransferase 2 

Forward Primer 

GCCTTCCACAACCTCCTG 

CACTGCGTTCATCTTCTACCA 

ACATCAAAGCCAAGTCTAAATAACAG 

CATCGCTGGGTCTGCTG 

CCGATTATCTCCCAACTCTCAA 

TGACTCCGTAGGTAAATACATAAAGG 

TGTAGTGAGGGAGGTTGTCAT 

GTATTCATTATAGTCAAGGGCATATCC 

GAAATCCAACCACAACGACAC 

Table 5.3 Antibodies Used for Western Blot Analysis 

Antibody Species Dilution 

p21Wafl/Cipl mouse 1:2000 

PARP rabbit 1:2000 

Tubulin (DMla) mouse 1:5000 

Reverse Primer 

AACTGGGTAACAAGCAGAGTC 

GCTCTATCCTGCCTTCTTTGG 

GGCTATATGACTTATGGGAGGTT 

AGGCAAGTGAAGCCCAAC 

GCCAATTATGCCAAGTATCAGC 

CAATCAGGAGAAGCCAAGCA 

TTACTCATATTATGGGCCTCTGAA 

AGATGGTCAAGGTCGCAAG 

AATGAAGACTCTCCAGTAGTGC 

Exon 
location 

6b-6b 

10-11 

8-9 

4-5 

8-9 

3-4 

2-3 

6-8 

10-11 

124 



Chapter 6: Conclusions and Discussions 

6.1 Summary of Findings 

Lipids are essential biomolecules with roles in maintaining structural integrity, energy 

storage, and signaling.16 In this study, we aimed to understand how lipids are involved in cellular 

senescence, a naturally occurring biological process in which cells stop dividing yet remain 

metabolically active.86 Additionally, senescent cells undergo dramatic morphological changes and 

have an active secretory phenotype which has been implicated in diseases such as aging and 

cancer.86 To study replicative senescence, we established a tissue culture model system using two 

types of human fibroblast cells from different tissues and allowed the cells to naturally senesce. 

We then carried out targeted and untargeted lipidomics and found that triacylglycerols, neutral 

lipids, showed the most profound accumulations in both cell lines. Biochemical pathway 

investigations led us to identify activated CD36-mediated fatty acid uptake as the mechanism 

responsible for the lipid changes we observed.148 Overall, our lipidomics analysis indicate that 

lipids are tightly regulated during replicative senescence. 

Comparative transcriptomics analysis further supports this hypothesis. We compared the 

transcriptome of proliferating and replicative senescent human fibroblast cells and found that 

changes in lipid-related pathways between the two experimental conditions ( early PD vs. 

senescent) are more significant than those of other protein-coding genes. In an effort to identify 

core replicative senescence genes, we compared the transcriptome of proliferating and senescent 

cells within each cell line and then compared the significantly changing genes across cell lines. 

This allowed us to single out the genes involved in replicative senescence independent of cell line. 

Through this analysis we found that downregulated genes were primarily involved in cell-cycle 
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processes while upregulated genes were involved in lipid-related processes. We then categorized 

these genes and found that CD36 was among the top two upregulated genes during replicative 

senescence in both cell lines. 

To study how CD36 contributes to replicative senescence and ultimately the metabolite 

changes we observed via our lipidomics analysis, we overexpressed CD36 in proliferating 

fibroblast cells and tested for senescence markers. Interestingly, although the transfection 

efficiency in these cells was low ( ~ 10% of the population were positive for CD36-

overexpresssion), we found that ~90% of the population tested positive for SA-~-galactosidase 

activity. These findings suggest that CD36 upregulation not only mediates senescence but also 

leads to initiation of senescence in neighboring cells possibly via the SASP. The SASP consists of 

various bioactive molecules, including cytokines and inflammatory factors. 81 To test this 

hypothesis, we overexpressed CD36 in proliferating cells, harvested the media from these cells 

and added it to proliferating cells. This resulted in ~50% of the population testing positive for SA

~-galactosidase activity. Given these results, we hypothesized that CD36 is not only involved in 

fatty acid uptake, but also aids in the release of SASP factors that may in tum initiate senescence 

in neighboring cells. 

Finally, the use of anticancer agents to induce senescence has become a standard 

therapeutic strategy against cancer.215 Several studies have reported that the SASP, the factors of 

which varies depending on cell line and stress stimuli, 78 could have both detrimental and beneficial 

effects during TIS.85 · 216 Given this, and that lipids have signaling roles,53 we aimed to investigate 

how the lipidome of TIS-cells differ from control cells. To do this, we induced senescence in a 

human colon cancer cell line using an established anticancer agent, DOX, and carried out targeted 

and untargeted lipidomics. Our analysis indicates that during DOX-induced senescence there are 
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significant changes in sphingolipids. Overall our results highlight that distinct lipid species are 

involved during senescence, implying that these species could be targeted for senescence-related 

disease therapy. 

Overall, the work presented in this thesis: 

1) Places lipids as central molecules in senescence. 

2) Provides links between changes in lipid composition and oxidative stress. 

3) Establishes a novel lipid-related pathway that affect senescence, likely through SASP. 
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Appendix A 

Table 1. Targeted Analysis of Representative Members of Major Lipid Families during 

Replicative Senescence in BJ Cells. 

Lipid 
famil 

Lipid m/z tR FC Lipid m/z tR FC Lipid m/z tR FC 

C14:0 227.2011 30 1.1 C20:0 311 .2950 39 1.2 C22:5 329.2481 34 0.75** 

FA 
C16:0 
C16:1 

255 .2324 33 
253 .2168 31 

1.1 
0.83 

C20:1 
C20:3 

309.2794 37 0.59** 
305.2481 34 0.69* 

C22:6 
C24:0 

327.2324 33 1.2 
367.3576 44 0.84*** 

C18:0 283 .2637 36 1.2 C20:4 303.2324 33 0.97 C24:1 365.3420 41 0.50 

C18:1 281.2481 34 0.63* C20:5 301.2168 32 1.3* 

C18:2 279.2324 32 0.69 C22:4 331.2637 35 0.47*** 
C32:0 647.4652 40 0.66** C34:2 671.4652 39 0.67* C38:4 723.4965 41 1.1 

PA C32:1 645.4495 38 0.62* C36:1 701.5115 43 1.0 
C34:1 673.4808 40 0.67** C36:2 699.4965 41 0.72* 
LPE 

C18:0 
480.3090 38 1.4* C36:1 744.5543 53 0.69*** C38:4 766.5387 52 1.2·· 

PE LPE 
C20:4 

500.2777 35 1.8 C36:2 742.5387 51 0.97 C38:5 764.5230 50 1.3* 

C34:1 716.5230 50 0.88 C36:4 738.5074 50 1.1 

LPC 
C16:0 

496.3403 44 1.8* C34:0 762.6013 58 0.84*** C40:6 834.6013 58 0.54*** 

LPC 
C16:1 

494.3247 42 1.9 C34:1 760.5856 57 1.1 •• C42:2 870.6952 61 0.40•·· 

LPC 
C18:0 

524.3716 47 1.5** C34:3 756.5543 56 0.81 ••• C42:3 868.6795 61 0.36*** 

LPC 
C18:1 

522.3560 45 1.6* C34:4 754.5387 56 0.62*** C42:4 866.6639 60 0.56*** 

LPC 
C18:2 

520.3403 43 2.1 * C36:1 788.6169 59 1.2··· C42:5 864.6482 59 0.62*** 

PC 
LPC 

C20:3 
546.3560 47 1.7** C36:2 786.6013 58 1.0 C44:1 900.7421 63 0.33*** 

LPC 
C20:4 

544.3403 43 1.4 C36:3 784.5856 57 1.0 C44:2 898. 7265 62 0.25*** 

LPC 
C26:1 

634.4812 54 0.41 •· C38:2 814.6326 59 0.61 *** C44:3 896.7108 62 0.23*** 

C28:2 674.4761 48 1.2· C38:3 812.6169 59 1.3*** C44:4 894.6952 62 1.1 
C30:0 706.5387 55 0.64*** C38:4 810.601358 2.1··· C44:5 892.6795 60 0.44••· 
C30:1 704.5230 55 0.68** C38:5 808.5856 57 1.1 •• C44:6 890.6639 60 0.22··· 
C32:1 732.5543 56 1.0 C40:1 844.6795 61 0.66** C46:4 922.7265 63 0.41 •·· 
C32:2 730.5387 55 0. 79••· C40:2 842.6795 60 0.54*** C46:5 920. 7108 62 0.46*** 
C32:3 728.5230 55 0.45*** C40:5 836.6169 59 0.76*** 
LPI 

C18:0 
599.3196 36 0.80 C36:1 863 .5650 50 1.20·· C38:5 883 .5337 47 0.12··· 

PI 

LPI 
C20:4 
C32:0 

619.2883 33 0.73 

809.5180 47 2.0··· 

C36:2 

C36:3 

861.5493 48 0.69*** 

859.5337 47 o.n ··· 
C40:4 

C40:5 

913 .5806 50 0.66*** 

911.5650 49 0.80·· 
C32:1 807.5024 46 0.98 C36:4 857.5180 47 0.89 C40:6 909.5493 47 0.57*** 
C34:1 835 .5337 48 1.29••· C38:3 887.5650 49 1.2 
C34:2 833 .5180 46 0.68*** C38:4 885 .5493 49 1.2· 
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LPS 
524.2988 31 0.92 C34:2 758.4972 39 0.57*** C38:1 816.5755 45 1.7*** 

C18:0 
1.3•••PS C32:0 734.4972 40 0.20··· C36:1 788.5442 43 C38:4 810.5285 42 2.8*** 

C32:1 732.4816 39 0.49*** C36:2 786.5285 42 1.1 
C34:1 760.5129 41 0.86 C36:4 782.4972 40 1.2·· 
C16:0 313.2743 47 1.0 C18:1 357.3005 48 0.88 C20:4 379.2848 48 0.74** 

MAG 
C18:0 359.3161 50 1.1 C18:3 353.2692 47 0.89 
C32:0 551.5039 60 0.47*** C34:3 573.4883 65 1.0 C36:4 599.5039 65 1.0 
C32:1 549.4883 59 0.34*** C36:0 607.5665 62 0.90 C38:4 627.5352 59 1.5 

DAG C34:1 577.5196 60 0.34*** C36:1 605.5509 60 1.3 
C34:2 575.5039 66 0.42*** C36:3 601.5199 66 0.73 ** 

C48:0 824.7707 67 1.4* C54:2 904.8330 67 2.8*** C56:8 920.7707 66 2.9** 
CS0:1 850.7864 67 2.1 ••• C54:3 902.8177 67 2.2··· C56:10 916.7394 65 5.6*** 

TAG CS0:2 848.7707 66 2.0··· C54:4 900.8020 67 3.o··· 

C52:2 876.8020 67 2.3*** C56:2 932.8646 68 1.9*** 

Chol Chol 369.3521 54 1.0 

CE C16:0 647.5743 62 0.96 C16:1 645.5558 61 0.62*** C18:1 673.5928 67 0.40*** 

DiHCer
Cer C14:0 508.4735 60 1.1 538.5205 62 0.36*** SM C24:0 815.7001 60 2.2··· 

C16:0 
HexCer

Cer C16:0 536.5048 62 1. 7*** 698.5492 61 0.59** SM C24:1 813.6844 60 1.5*** 
C16:0 

Cer C16:1 534.4892 61 1 .8*** SM C14:0 675.5436 54 0.89 SM C26:1 841.7157 61 1.0 
Sphl 

DiHSM
Cer C22:0 620.5987 66 1. 7*** SM C16:0 703.5749 55 1.4*** 677.5592 54 0.77** 

C14:0 
DiHSM1.3•••Cer C24:0 648.6295 67 1.5** SM C16:1 701.5592 54 705.5749 56 1.4*** 
C16:0 

Cer C24:1 646.6144 67 1.9*** SM C22:0 787.6688 60 2.6*** 

Abbreviations: CE: cholesterol ester; Cer: ceramide; Chol: cholesterol; DAG: diacylglycerol; 

DiHCer: dihydroceramide; DiHSM: dihydrosphingomyelin; FA: fatty acid; FC: fold change; 

HexCer: hexosylceramide; MAG: monoacylglycerol; PA: phosphatidic acid; PE: 

phosphatidylethanolamine; PC: phosphatidylcholine; PI: phosphatidylinositol; PS: 

phosphatidylserine; SM: sphingomyelin; Sphl: sphingolipid; TAG: triacylglycerol; tR: retention 

time. Total carbon number on the acyl chains and the degree ofunsaturation of the fatty acyl chains 

in the lipid species are listed, i.e. 38:4 corresponds to 38 carbons and 4 double bonds. Fold change 

was determined as [Abundancesenescent] / [AbundanceEarlyPD] for each lipid species. Abundance is 

the total ion count for a given ion. Each ion corresponds to a mass-to-charge ratio (m/z). ***p < 

0.001, **p < 0.01, *p < 0.05. tR,retention time in minutes. 
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Table 2. Signal-to-noise Ratio of Cl 7 Ceramide. 
Lipid m/z Adduct tR(min) Signala (S) Noise (N) SIN 

534.5245 [M+H-H20J+- 58 2.4 X 105 1.3 X 104 18.5
C17 ceramide 

550.5205 [M-HI 65 3.6 X 105 1.4 X 104 26 
aFive nanomoles of a Cl 7 ceramide standard were injected and analyzed in both positive and 

negative ionization mode. Mass-to-charge ratio (m/z). tR, retention time in minutes. 
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