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Claiming a doctorate of philosophy 

 While science essentially addresses how, philosophy does why. Thus, the degree shall come 

with contemplation about why after figuring out how, which distinguishes one from a technical expert. 

In this dissertation, I propose meanings inferred from mechanisms to meet the criteria. Now it is in the 

reader’s hands whether it does or not. 
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1. Abstract 

 Cellular senescence and mitochondrial dysfunction are regarded as pillars of aging and age-

related diseases such as cancer. As a result, there have been great efforts to understand the role of the 

two phenomena in such pathological settings. However, the exact relationship between the two is not 

fully understood due in part to conflicting results. A thorough understanding of their relationship 

warrants revealing greater therapeutic targets in age-related diseases. Here, I report mitochondrial 

states with their accurate quantity in a senescent cell. Mitochondria were found to be bioenergetically 

hypoactive in senescent cells demonstrated by lower membrane potential, lower superoxide level, and 

lower respiration compared to proliferating cells. However, a profound increase of mitochondrial 

volume in a senescent cell led to enhanced outputs of the bioenergetic parameters on a cellular base. 

This largely resolves the paradoxical states of mitochondria in senescent cells and agrees with their 

age-related dysfunctions. In subsequent analyses combined with time-resolved quantitative proteomics 

and metabolomics, it was found that metabolic rewiring is the main signature amongst all 

mitochondrial pathways in senescent cells. In detail, branched-chain amino acid catabolism was 

increased while one carbon-folate metabolism was rapidly blocked upon the induction of cellular 

senescence. Such rewired mitochondrial metabolisms orchestrated a synthesis of non-essential amino 

acids, nucleotides, and translation of mitochondrial RNAs in senescent cells. Besides, a mitochondrial 

orphan gene OCIAD2 was identified as a pan-senescence marker. The inner mitochondrial membrane 

protein OCIAD2 regulated the formation of perinuclear mitochondrial clumps in senescent cells. 

Moreover, bulk RNA-seq analyses discovered its potential crosstalk with TGF-β signaling in senescent 

cells. However, OCIAD2 neither regulated respiration and superoxide generation, nor oxidation of 

glucose, glutamine, and fatty acids in mitochondria of senescent cells. Thus, the function of OCIAD2 

remains to be determined other than those. These data collectively demonstrate the mitochondrial 

plasticity in senescent cells and warrant future investigation into their regulatory roles in senescent 

cells. 
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2. Introduction 

 

2.1 Cellular senescence (CS) 

 

2.1.1 Discovery 

 Although it is now accepted as a fact that non-transformed somatic cells are not capable of 

indefinite proliferation in vitro, it was regarded as the very opposite in the early 20th century. Alexis 

Carrel, a heart surgeon who won the Nobel prize, and his successor Albert Ebeling claimed that they 

succeeded in culturing minced heart tissues from chick embryos for over 20 years in vitro. This was 

even longer than the lifespan of the chicken. Through inductive reasoning, they concluded that cells 

taken out of the organism are essentially immortal and there is a certain in vivo regulation to limit the 

lifespan of cells in the body (1, 2). Despite the resistance from the other contemporary scientists, it 

somehow became a tenet of the era that cells are immortal on the dish. It was not until Leonard Hayflick 

discovered cellular senescence (CS) assisted by Paul Moorhead that the cellular immortality in vitro 

was deemed an artifact. In 1961, Leonard Hayflick reported that 25 different somatic fibroblast strains 

derived from different organs of human fetuses were explanted and cultured on the dish. Contrary to 

the expectation, all fibroblast strains stopped doubling after a certain period in culture while remaining 

viable and metabolically active by producing acid (lactate) (3). This was regardless of the culture 

conditions as cells with late passages stopped proliferating earlier than those with early passages under 

the same culture conditions—and this was also true to the frozen-thawed fibroblasts, which pointed to 

the existence of an intracellular clock that a cell somehow remembers (4). In those studies, he applied 

the word senescence which was exclusively used then to indicate organismal aging to describe the 

phenomenon of the permanent growth arrest state of the cells. It was based on his conjecture that it 

might reflect the aging process in the organism and thereby it would be a cellular counterpart to the 

organismal aging. Another conjecture of his was that the CS is an anti-tumor mechanism to prevent 

immortalization and hence neoplastic transformation, which took several decades thereafter to be 

proved to be true. 

 

2.1.2 Cause and type 

 The original CS discovered by Hayflick was named replicative senescence (RS). In the 1990s, 

multiple lines of evidence showed that telomere attrition is the cause of the RS (5-7), indicating the 

telomere length is the intracellular clock for a cell division conjectured by Hayflick. In parallel, it was 

found that oncogenic signaling could induce the CS (8), regardless of telomere length (9) in agreement 

with the hypothesis that the CS is a barrier to tumorigenesis (10). This type of senescence has been 
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named oncogene-induced senescence (OIS). Apart from the RS and the OIS which occur exclusively 

in non-transformed cells, a variety of cellular stresses when given at sublethal doses have been found 

to be able to evoke the CS in malignant cells as well as diploid cells, termed stress-induced senescence 

(SIS) (11). The SIS-evoking stimuli encompass genetic, epigenetic, oxidative, and metabolic stresses. 

Of note, the current regimen of anti-cancer therapy by ionizing radiation (IR) and chemotherapeutic 

agents is largely overlapped with the SIS-evoking stimuli due to the vulnerability of cancer cells to 

such stresses. Later, it was more specifically coined as therapy-induced senescence (TIS) in the context 

of anti-cancer therapy (12). The TIS essentially takes place not only in the therapeutic target cells, that 

is cancer cells, but also in the non-targeted stromal cells because virtually all cells in the body will be 

exposed to the chemotherapeutic agents administered by intravenous injection. Similar to the 

generality of the TIS, the CS could occur in a diverse type of cells such as adipocytes, hepatocytes, 

melanocytes, keratinocytes, and endothelial cells as well as fibroblasts. However, the CS is categorized 

by its triggering stimulus, not by the type of cell in which the CS occurs. Besides, it was suggested 

recently that post-mitotic cells such as neurons can be senescent (13), although one needs to be careful 

to distinguish the senescence from senescent-like phenotypes. 

 

2.1.3 Regulation 

 The CS is defined as a permanent arrest of the cell cycle. The irreversibility of the growth arrest 

stemmed from the fact that no physiological stimuli discovered yet can make senescent cells re-enter 

the active cell cycle (14), although genetic manipulations can reverse it (15-17). As inferred from the 

definition, the essential regulation of CS largely lies in two major cyclin-dependent kinase regulators, 

the p21 and p16INK4A which ultimately converge upon dephosphorylation of the Rb protein to disenable 

the G1-S progression (18). On one hand, upon the CS-promoting genotoxic stimuli, DNA damage 

sensor ATM or ATR kinases halt the cell cycle by stabilizing tumor suppressor p53 and subsequently 

activate the transcription of CDKN1A which encodes p21 protein. On the other hand, some other CS-

triggering stimuli such as epigenetic stress seem to act on the derepression of p16INK4A linked with the 

senescence-associated heterochromatin foci (SAHF) caused by a chromatin reorganization (19, 20). 

Once the cell cycle is arrested at G1 either through p21 or p16INK4A, or even both, several other 

signaling pathways are engaged to stabilize the arrested state. For example, cellular reactive oxygen 

species (ROS) mainly generated from mitochondria potentiates the arrested state (21, 22). Another 

example is a reduction of the nuclear lamina gene LMNB1 by transcriptional repression in concert 

with autophagic degradation, which triggers alteration of chromatin structures and thereby large-scale 

gene expression changes (23-25). Such a dramatic remodeling of genome and epigenome is thought to 

potentiate the senescent states, called ‘deep’ senescence (18).  
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It is noteworthy that cancer cells can still become senescent under genotoxic stimuli. Cancer is 

generated from somatic mutations of tumor suppressors such as p53 which is the very gene that drives 

the CS. That is, although multiple types of cancer have a loss-of-function mutation of p53, they are 

still responding to genotoxic stimuli to activate the DDR and reach the senescent state. A in vivo study 

demonstrated that post-translational modifications (PTMs) of p53 by acetylation dictate the 

tumorigenic outcomes by regulating the cell fate between the cell-cycle arrest, apoptosis, and 

senescence (26). These data implicate that there is a mechanistic distinction in p53 by the PTMs to 

modulate the senescence response. It also indicates the tumorigenic loss-of-function of p53 is not 

related to its ability to relay the DDR signaling to induce the CS. 

 

2.1.4 Senescence-associated Secretory Phenotype (SASP) 

 Senescent cells secrete a panoply of bioactive molecules termed as senescence-associated 

secretory phenotype (SASP) (27). Arguably, the SASP is the most critical factor to understand the 

biology of the CS for two reasons. First, it can explain its pleiotropic effects on the cell, tissue, and 

organismal level. Second, it is the unique character of senescent cells distinct from quiescent or 

terminally differentiated post-mitotic cells. The main comprising factors of the SASP have been 

identified as immunomodulatory cytokines and chemokines, extracellular matrix (ECM) modifiers, 

and growth factors (27, 28). By virtue of the SASP, senescent cells communicate with their 

neighboring cells in a paracrine manner as well as potentiate their own senescent phenotypes through 

autocrine mechanisms (29). As such, they exert the pleiotropic effects. One of the most crucial effects 

is that the cytokines and chemokines of the SASP promote inflammation in the microenvironment of 

senescent cells. These include interleukins (IL1, IL6, CXCL8), MCPs (monocyte chemoattractant 

proteins), MIPs (macrophage inflammatory proteins), and GM-CSF (granulocyte/macrophage colony-

stimulating factor) (14). Other effects of the senescent cells on their microenvironment include 

stimulation of the neighboring cell proliferation via GROs (growth-regulated oncogenes) (30) and 

amphiregulin (31), angiogenesis by VEGF (32), and importantly bystander senescence via TGF-b 

signaling (33). The SASP can also induce epithelial-to-mesenchymal transition (EMT) in its recipient 

cells (34). Such pleiotropic effects of senescent cells are even more complex by the heterogeneity of 

the SASP dictated by the type of a cell, a trigger, and the duration of being senescent (28).  

Nevertheless, several core pathways regulate the SASP largely regardless of the cell type or 

trigger. One is the DNA-damage response (DDR) pathway mediated by ATM and CHK2, upstream 

regulators of p53 (35). However, the role of p53 in the SASP is not linear. p53 is essential for the 

development of the SASP but once it is established, p53 puts a brake on it to prevent its uncontrolled 
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expression (27, 35). Thus, it appears that p53 regulates the robustness and strength of the SASP through 

an inhibitory feedback mechanism. In addition, an engagement of the DDR pathway turned out to be 

necessary for the SASP since there is no or little development of the SASP if the CS is established by 

ectopic overexpression of p21 or p16INK4A (36). Another positive regulator is nuclear factor κB (NF-

κB). Once the NF-κB signaling is activated by IL1A, it stimulates the transcription of several pro-

inflammatory SASP factors including IL6 and CXCL8 (37, 38). Another transcription factor CEBPB 

(CCAAT/enhancer-binding protein b) also similarly regulates the SASP to NF-κB (37, 39, 40). 

However, the regulation of the SASP does not only lie in the transcriptional layer. For instance, p38 

MAPK signaling could enhance the transcriptional activity of NF-κB and thereby increases the SASP 

expression (41). In addition, it has been shown that mTOR signaling can regulate the SASP, at least in 

part, by promoting a translation of IL1A and MK2 mRNAs which are the positive regulators of the 

SASP (42, 43).  

Another important aspect of the SASP is that it develops only after the incipient cell cycle 

arrest is established. The temporal dynamics is important to distinguish the SASP from any other stress 

responses that elicit SASP-like cytokines (44). It also hints that the SASP can be temporally segregated 

from the growth arrest of senescent cells. Indeed, many studies demonstrated that the SASP can be 

uncoupled from the growth arrest state of senescent cells. For example, p53 inactivation in senescent 

cells resumes the cell cycle but the SASP remains active (15, 27, 35). Another example is the oxygen 

tension playing between the growth arrest and the SASP. The physiologic oxygen tension present in 

mammalian tissues varies between 2–10% but it never reaches the atmospheric level (20%) (45). 

Several studies demonstrated that oxygen tension selectively affects the SASP upon the establishment 

of the CS by multiple means (46, 47). Particularly, the AMPK-mediated mTOR suppression was found 

to be one of the mechanistic links between oxygen tension and the SASP (47). Finally, the TGF-b 

signaling together with NOTCH signaling was shown to regulate the temporal dynamics of the SASP 

during its development (48, 49).  
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2.1.5 Pathophysiological role of senescent cells 

 While the CS is a cell-autonomous mechanism, the SASP is a non-cell-autonomous mechanism 

that exerts a myriad of effects on organismal pathophysiology. That is, the temporality and 

heterogeneity of the SASP yield the versatile outcomes of the CS. This is the key notion to 

comprehending the seemingly paradoxical roles of senescent cells in organismal health. For example, 

the CS is a barrier to tumorigenesis but the chronic SASP has pro-tumorigenic effects (50). Moreover, 

the SASP has been implicated in seemingly incongruent biological processes, ranging from aging and 

cancer to wound healing, tissue repair, and embryonic development. This is in which the SASP kinetics 

plays a key role to produce such versatile outcomes of senescent cells. Below are the concrete examples 

that senescent cells contribute to the pathophysiology of the organism through the SASP. 

 One of the biological processes related to acute CS is wound healing and tissue repair. Upon 

the skin wound, fibroblasts are activated to myofibroblasts and secrete fibers to close the wound. It 

was found that the activated myofibroblasts subsequently undergo senescence to restrict excessive 

fibrosis at the site of injury (51). In addition, the senescent cells at the site of cutaneous wound secrete 

platelet-derived growth factor AA (PDGF-AA) to accelerate the wound closure (52). A similar case 

was observed in liver injury (53). When there is a fibrotic insult in the liver, hepatic stellate cells (HSCs) 

become activated to repair the damage and then subsequently senescent, followed by elimination by 

natural killer (NK) cells to complete the tissue repair. However, when the HSCs are genetically made 
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not to senesce upon the induction of liver fibrosis, the liver becomes excessively fibrotic. These 

findings demonstrate the beneficial role of senescence in maintaining tissue homeostasis and provide 

the evolutionary justification of the CS. 

 Another example of acute senescence is that it appears and disappears during the development 

of mammalian embryos to regulate angiogenesis in the uterine and remodel the tissues such as 

mesonephros, endolymphatic sac, neural roof plate, and apical ectodermal ridge (54-56). These results 

expand the biological meaning of the CS from the stress response to the programmed morphological 

process. 

 Contrary to the spatiotemporally regulated CS, aging-related CS augmented throughout life is 

thought to be a stochastic and uncontrolled process (18). The reason for the accumulation of senescent 

cells along the organismal aging is not clear yet. Two possible scenarios were conceived: an increased 

generation and a decreased elimination of senescent cells, or both. On one hand, the generation of 

senescent cells seems to be correlated with the cumulative exposure to the CS-evoking stresses 

throughout the life of the organism (57). On the other hand, the removal of senescent cells appears to 

be decreased in late periods of life presumably due to the malfunction of the immune system (18), 

based on the findings of immune clearance of senescent cells in cancer and fibrosis (53, 58, 59). In any 

case, the aging-related CS entails the switch from transient to persistent SASP which causes age-

related tissue dysfunctions. In particular, the lingering pro-inflammatory SASP factors would create 

tissue with chronic inflammation, characterized by infiltration of immune cells. Chronic inflammation 

is one of the common causes of age-related diseases and thus the persistent SASP is very likely to be 

attributed to age-related diseases including cancer (18, 60). In support of this idea, it was shown that 

when senescent cells were cleared from a progeroid mouse model as well as naturally aged mice, the 

median lifespan and healthspan were significantly increased together with reduced inflammatory 

phenotypes such as arthritis and cataracts (61, 62). Having started from these phenomenal landmark 

studies, an ample amount of evidence indicated that clearance of senescent cells ameliorates numerous 

age-related disease phenotypes including pulmonary fibrosis, osteoarthritis, hepatic steatosis, 

cardiovascular disease, frailty, and neurodegeneration (63). 

 Particularly in cancer, mounting evidence suggests that senescent cells promote malignancies. 

For example, co-injection of senescent fibroblasts with epithelial tumor cells significantly increased 

the tumor size through the SASP (64, 65). Senescent cells also induce EMT of their neighboring tumor 

cells by the SASP (34, 66). Other examples are derived from studies of the TIS. When cancers are 

treated with chemotherapeutic agents (e.g., doxorubicin) in mouse models of lymphoma and prostate 

cancer, the SASP secreted in the tumor microenvironment confers the therapy resistance to the very 

agent (67, 68), but interestingly not to another one (69).  
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 The fact that the acute CS is beneficial while the chronic one is detrimental to the organismal 

health puts its role as a good example of antagonistic pleiotropy explained by an evolutionary theory 

of aging (14). That is, the organism is evolved to ensure the survival of early periods of life—more 

precisely, reproductive periods—at the expense of the debility of its late periods (70). Thus, the 

outstanding question lies in dissecting the beneficial and detrimental aspects of the CS via a thorough 

understanding of the regulatory mechanism and thereby finding a way to selectively modulate its bad 

outcomes, which has garnered a lot of attention and been developed as a concept of senotherapy (71). 
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2.2 Mitochondria 

 

2.2.1 Mitochondrial dynamics and quality control 

 The textbook description of mitochondria used to be tubular and static. With the advent of 

time-lapse imaging techniques, however, it turned out that mitochondria are highly dynamic with a 

continuous fusion and fission. Such a dynamic morphology of mitochondria is often regarded in the 

thought frame “form follows function” quoted from the penetrating principle of industrial design and 

architecture in the 20th century (72). In this vein, extensive efforts were made to ascribe their 

morphology to the corresponding cellular outcomes. For example, mitochondria are fragmented as a 

result of excessive nutrients, cell death, and impaired oxidative phosphorylation (OXPHOS), whereas 

hyperfusion of mitochondria is due, in part, to nutrient starvation and increased OXPHOS (73). Not 

only metabolism but also the regulation of apoptosis, Ca2+, and reactive oxygen species (ROS) levels 

are directly related to mitochondrial morphology. Although fixed images of tubulated and fragmented 

mitochondria are linked to distinct cellular phenotypes, the balance and dynamics—timely fusion and 

fission—are critical parameters of cellular fitness (74). One of the compelling hypotheses is that the 

dynamics ensures quality control by mixing and dividing the information in each mitochondrion and 

thereby complementing and diluting any present anomaly (75). In addition, the fragmented 

mitochondria are prone to be degraded by autophagy (76), which also promotes quality control (77). 

In light of this, the molecular regulators of morphological dynamics of mitochondria have been studied 

in detail. Below are several examples of the key regulators. 

 Mitofusins are dynamin-like GTPases that mediate the fusion of the outer membrane of 

mitochondria (OMM). There are two mitofusins in mammals, MFN1 and MFN2. These form homo- 

and heterodimers at the OMM and enable the fusion by GTP hydrolysis activity. The deletion of either 

one of them blocks the mitochondrial fusion in cultured cells to yield fragmented mitochondria. Of 

note, the same deletion leads to embryonic lethality in a mouse, demonstrating the essentiality of 

mitochondrial fusion in embryonic development (78). In some adult tissues, the function of each 

mitofusin seems to be redundant but in other tissues such as neurons and the heart, each of them has a 

distinct role which suggests a tissue specificity (73, 79, 80). The critical mechanism of mitofusins 

regulation is PTM. In particular, ubiquitylation by E3 ubiquitin ligase MARCHF5 plays a crucial role 

in proteasome-mediated degradation of mitofusins (81).  

 Optic atrophy 1 (OPA1) is another dynamin-like GTPase that orchestrates the fusion of the 

inner membrane of mitochondria (IMM). OPA1 has multiple forms resulting from alternative splicing 

and proteolytic cleavage. The alternative splicing yields long forms (L-OPA1) and proteolysis of those 

long forms by proteases OMA1 and YME1L1 gives rise to short forms (S-OPA1) (82). When L-OPA1 
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anchored at the IMM is cleaved by OMA1 and/or YME1L1, the soluble product S-OPA1 is released 

to the intermembrane space (IMS) of mitochondria (83). An excessive accumulation of S-OPA1 in the 

IMS results in mitochondrial fragmentation while L-OPA1 is sufficient for mitochondrial fusion. 

Therefore, the proteolysis of L-OPA1 by the two proteases is a critical regulator of fusion and fission 

balance. It is also imperative that OPA1 deletion in mice is embryonic lethal while haploinsufficiency 

phenocopies the optic neuropathy in humans such as slow-onset retinal degeneration, and a gradual 

loss of vision (73). This evidence links the mitochondrial fusion/fission balance to the pathology of 

tissues. 

 Dynamin-related protein 1 (DRP1) is responsible for the fission of the OMM. Unlike MFNs or 

OPA1, DRP1 resides in cytosol. When there is a cue for mitochondrial fission, DRP1 is translocated 

to a fission site in the OMM regulated by DRP1 receptors and recruitment factors such as FIS1, MFF, 

MiD49, and MiD51 (84). There it oligomerizes into ring-like structures coordinated by the actin 

cytoskeleton and endoplasmic reticulum (ER) (85), followed by GTP hydrolysis which results in the 

DRP1 conformation change, and membrane constriction and scission (86). As a result, DRP1 loss-of-

function yields hypertubulated mitochondria in multiple organisms like yeast, worms, and mammals 

(73). Like other fusion regulators, the regulation of the DRP1 mainly lies on the PTM including 

phosphorylation, ubiquitylation, and SUMOylation (87). Moreover, the whole-body deletion of the 

DRP1 causes embryonic lethality in mice (88), demonstrating the essentiality of mitochondrial 

dynamics in the viability of the organism.  

 

2.2.2 Bioenergetics: from discovery to assessment 

 Mitochondria are a powerhouse of a cell—probably the most consumed cliché when describing 

the role of mitochondria. Cells breathe through mitochondria and generate an energy currency of a cell, 

ATP. Contrary to such a cliché, it has long stood out as a matter of debate on how mitochondria 

synthesize ATP (89). The main problem was that the number of ATP molecules generated per glucose 

or oxygen molecule is not stoichiometric; it is a variable number and never an integer (90). This was 

a profound issue not only because there is no such thing as 2.5 ATP but also if it is not stoichiometric, 

it is not chemistry. However, biology does not violate any law of physics or chemistry. This led 

researchers for a long time to search for a high-energy chemical intermediate that acts as an energy 

transferer from glucose oxidation down to ATP synthesis (89). Instead, in the same year of the 

discovery of the CS, Peter Mitchell ingeniously proposed the concept of chemiosmosis to resolve the 

apparent violation (91). The chemiosmosis theory explains the non-stoichiometric nature by a gradient 

of protons across the membrane. Electron transport chain (ETC) complexes embedded in the IMM 

transport electrons provided by NADH and FADH2 which are generated by oxidizing nutrients. The 
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electrons flow through the ETC to oxygen molecules to generate water molecules. The serial transport 

of high-energy electrons along the ETC complexes is coupled with their proton pumping activity 

across the IMM to generate the proton gradient, which is the foundation of mitochondrial membrane 

potential (MMP). The accumulated protons at the IMS then flow back into the matrix through ATP 

synthase and rotate the stalk of the enzyme. The rotation results in its conformational change and 

catalyzes the ATP synthesis (92). The essence of the way it works is that it makes a gradient by 

continuous pumping. The gradient is not stoichiometric. It is an analog as a varying amplitude. Thus, 

mitochondria are the converter of the digital number of nutrient molecules to the decimal number of 

ATP molecules through the analogous mechanism. This is a fundamental process virtually taking place 

in any living organism equipped with mitochondria.  

The ETC in mammalian cells is comprised of 4 different complexes (CI, CII, CIII, CIV). 

Together with the ATP synthase as a final step processor of the electron transport (which is CV), they 

are called the OXPHOS complex. Each OXPHOS complex has subunits, except CII, that are encoded 

from nuclear DNA and mitochondrial DNA (mtDNA). This dual origin necessitates the coordinated 

expression of the subunits from the two genomes and the regulation of their proper assembly to ensure 

functional ATP synthesis (93). When assessing the functionality of the OXPHOS, the ATP level seems 

to be a direct readout. However, ATP is not only used as an energy currency but also as a building 

block of DNA, introducing confounding results from multi-step regulations after its synthesis. Rather, 

oxygen consumption rate (OCR) would be closer to the genuine parameter of the OXPHOS function. 

With the advent of technology to monitor the OCR in a real-time manner, the mitochondrial 

bioenergetics in cells can be profiled by sequentially adding pharmacological modulators of the 

OXPHOS (94, 95). The modulators generally include rotenone (CI inhibitor), antimycin A (CIII 

inhibitor), oligomycin (CV inhibitor), and FCCP (protonophore). The obtained profile upon the 

addition of the OXPHOS modulators commonly includes basal respiration, maximal respiration, and 

spare respiratory capacity, ATP-linked respiration and proton leak, OXPHOS coupling efficiency, and 

non-mitochondrial OCR. These are important parameters to assess the (dys)functionality of the 

mitochondria. For example, the protonophore FCCP dissipates the proton gradient by carrying the 

protons into the matrix. This results in a maximal flow of electrons through the ETC complexes since 

the chemiosmotic inhibition is removed. The maximal respiration indicates substrate availability, given 

that the ETC is intact. Thus, the spare respiratory capacity would be a parameter of the metabolic 

flexibility of a cell. Also, the ATP-linked respiration measured by oligomycin is a direct readout of the 

OXPHOS function. The remaining OCR then comes from the proton leakage into the matrix without 

involving the CV to synthesize the ATP. From these two parameters, the OXPHOS coupling efficiency 

can be calculated. It reflects the integrity of the ETC complexes. Finally, the non-mitochondrial OCR 
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is thought to be a result of the ROS outside of the mitochondria or the activity of oxygenase and oxidase 

in the cytosol (94, 95).  

 

 

2.2.3 Branched-chain amino acid (BCAA) metabolism 

 Throughout a life of a cell, it faces diverse situations with cues to grow and divide. In order to 

proliferate, it needs to metabolize available nutrients to generate required macromolecules such as 

nucleotides and lipids for a newly divided cell (96). In particular, the metabolism of a eukaryotic cell 

is generally characterized by compartmentalization between fermenting cytosol and respiring 

mitochondria (97) which provides a cell not only ATP but also key substrates for cellular anabolism 

through oxidation of given nutrients. Arguably, this enabled a eukaryotic cell to dramatically expand 

its metabolic repertoire to support sophisticated and diverse cellular processes. This notion is supported 

by a pleiotropic role of mitochondrial metabolism in a proliferating cell as extensively documented in 

the literature for the past few decades in addition to their classical view as a cellular powerhouse to 

generate ATP (98).  

 Amongst other nutrients like glutamine and fatty acids, branched-chain amino acids (BCAAs) 

are metabolized nearly exclusively in the mitochondria. BCAAs (leucine, isoleucine, and valine) are 

essential amino acids (EAAs) in metazoans and hence they have to be supplied by dietary intake. 

BCAAs are imported into a cell via heterodimers of solute carriers SLC7A5/SLC3A2. They are 

copious components of animal proteins which comprise about 18% of total amino acids in most 

mammalian proteins (99). BCAAs are critical for protein functions as their branched R group (hence 

their name) is small and hydrophobic to ensure the proper structures of proteins (100, 101). Besides 

the role of protein constituents, BCAA—particularly leucine—can act as a signaling molecule. 

Leucine is an agonist of mTORC1 (mammalian target of rapamycin complex 1) (102) and hence 
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promotes cap-dependent mRNA translation (103). Leucine also activates insulin secretion in 

pancreatic islet cells (104). These findings put leucine as an evolutionary indicator of access to protein-

derived amino acids in mammals as it is the most abundant EAA and connects the two major anabolic 

processes (99). On contrary with leucine, not much is known about valine and isoleucine for their roles 

as signaling molecules. 

 The catabolism (oxidation) of each BCAA in a mammalian cell shares a similarity with each 

other. In the first reaction, all three BCAAs are transaminated by branched chain aminotransferases 

(BCATs) to yield branched chain α-ketoacids (BCKAs). There are two genes encoding BCATs; 

BCAT1 is localized in the cytosol and BCAT2 in the mitochondrial matrix. BCAT1 is expressed 

specifically in the human pancreas and brain whereas BCAT2 is rather ubiquitous except in the mouse 

liver (105-107). It was recently found that SLC25A44 imports a fraction of cytosolic BCAAs into 

mitochondria (108). By BCATs, the amino group of BCAAs is transferred to α-ketoglutarate (αKG) 

to make glutamate and BCKAs. The second step—and the rate-limiting step—is the oxidation of all 

BCKAs by a branched chain ketoacid dehydrogenase (BCKDH) complex. While BCATs act in bi-

direction, the BCKDH complex does in uni-direction toward oxidation. This irreversibility makes 

BCAAs essential in animals. BCKDH complex is comprised of three subunits, a decarboxylase 

tetramer encoded by BCKDHA and BCKDHB, a transacylase encoded by DBT, and a dehydrogenase 

encoded by DLD. As a result, the oxidation of BCKAs yields CO2 by the decarboxylation, NADH by 

the dehydrogenation, and corresponding branched-chain acyl-CoAs by the transacylation. Of these, 

the critical regulation lies in BCKDHA phosphorylation coordinated by BCKDH kinase (BCKDK) 

and phosphatase PPM1K (109, 110). The generated branched-chain acyl-CoAs are then either fully 

oxidized to acetyl-CoA/propionyl-CoA/succinyl-CoA to enter the TCA cycle or transformed to acyl-

carnitines. These metabolites, one or the others, can be used for lipogenesis in the cytosol and TCA 

cycle anaplerosis. For lipogenesis, the acyl-CoA molecules need to be exported via SLC25A20 from 

mitochondria in a form of acyl-carnitines (111) or via SLC25A1 as citrate (112) because CoA is a 

bulky and prosthetic moiety that makes its adducts unable to cross the mitochondrial membrane (99). 

The fate of BCAA carbons between the complete oxidation and the lipogenesis is largely 

tissue-specific and context-dependent. For example, muscle is the major tissue of their full oxidation 

to generate ATP (113) whereas adipose tissue breaks down the BCAAs as a metabolic sink to generate 

lipids and thereby maintain the blood BCAA level (108, 114). Besides the carbons, the nitrogen of 

BCAAs transferred to glutamate at the first catalytic step has multiple fates as well. The nitrogen then 

can be transferred from the glutamate to alanine, serine, proline, or aspartate. Especially the one 

transferred to the aspartate can ultimately be transferred to arginine through the urea cycle, uridine 

through dihydroorotate dehydrogenase (DHODH), or asparagine through asparagine synthase (ASNS). 
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Hence the nitrogen of BCAAs supports the synthesis of non-essential amino acids (NEAAs) and 

pyrimidines. Therefore, the catabolism of BCAA in the mitochondria collectively supplies the TCA 

cycle intermediates, the lipogenic acyl-CoAs, and the amino group for the synthesis of NEAAs and 

nucleotides in a tissue-specific manner, which affects the whole-body metabolism as well as the 

cellular metabolism (99). 

 

 

 

2.2.4 One carbon-folate metabolism 

 One carbon (1C)-folate metabolism is another example of the critical pathway to support the 

biosynthesis of nucleotides and redox equivalents. Like the BCAAs, the folate is essential to be 

supplied by dietary intake in animals but not in bacteria or plants. The metabolic pathway is 

compartmentalized between the mitochondria and the cytosol with isozymes in each locale. Each 

isozyme works in parallel and a bidirectional manner, depending on the supply-to-demand ratio, and 

the cofactor redox balance (115). As a first step to utilizing the folate for a mammalian cell, it needs 

to be activated as a reduced form of tetrahydrofolate (THF) by dihydrofolate reductase (DHFR) in the 

cytosol. 1C unit then is supplied from serine to the THF catalyzed by serine hydroxymethyltransferases 

(SHMTs), which subsequently yields glycine and 5,10-methylene-THF. The 5,10-methylene-THF is 

critical to generating deoxythymidine nucleotides (dTxPs) from deoxyuridine monophosphate (dUMP) 

catalyzed by thymidylate synthase (TYMS) in cytosol. The subsequent reaction converts the 5,10-

methylene-THF to 10-formyl-THF which serves to synthesize purines in the cytosol, formylated 

methionine in the mitochondria, and NADPH in both.  
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All these products of the 1C-folate metabolism are highlighted in fundamental aspects of cell 

biology. For example, needless to say, the purines and the dTxPs are building blocks of DNA and 

RNA. Therefore, the metabolic demand for the 1C-folate pathway is particularly high in proliferating 

cells (116). In light of this, the folate activator DHFR was the first target among the anti-cancer 

chemotherapeutic targets (117). It is also important that the dTxPs in the mitochondria are critical for 

mtDNA homeostasis (118, 119). However, it is under debate whether dTxPs are synthesized in 

mitochondria by TYMS (115, 119). Another product of the 1C-folate pathway is mitochondrial formyl-

methionine (fMet). Like bacteria, the initiation of translation in the mitochondria requires the fMet and 

this enables the synthesis of the mtDNA-encoded OXPHOS subunits (120, 121). This is critical for 

cell survival such as in low glucose conditions by enabling a shift to an enhanced OXPHOS activity 

(122). In addition to the nucleotides and the fMet, the compartmentalized generation of NADPH in the 

cytosol and the mitochondria regulates oxidoreductive biochemical reactions in each compartment. 

For example, NADPH is necessary for cytosolic fatty acid synthesis, mitochondrial proline synthesis, 

and to reduce oxidized glutathione—GSSG to GSH—in both (123-125). The GSH/GSSG ratio is 

important to defend against oxidative damages such as lipid peroxidation (126). Lastly, the glycine 

produced from the catalysis of the serine can be used for the synthesis of heme, glutathione, purines, 

and creatine (127). Thus, the products of the 1C-folate metabolism would have different essentiality 

according to the cellular contexts such as fast proliferation or oxidative damage defense. 

 Of note, although the 1C-folate metabolism yields redundant metabolites between the cytosol 

and the mitochondria, a germline deletion of Shmt2, Mthfd1, or Mthfd1l but not Shmt1 in mice causes 

embryonic lethality (128-131). This argues that cytosolic serine catabolism is dispensable for the 

development of the mouse embryo. It was suggested that the majority of serine is catabolized in the 

mitochondria rather than cytosol to uncouple 1C metabolism from glycolysis because the two 

pathways compete for NAD (127). This indicates the presence of a cellular strategy for allocating 

redox cofactor budget in diverse processes. 
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2.3 Mitochondria and CS 

 The mitochondrial dysfunction and the CS are regarded as hallmarks of aging (132). Hence it 

is tempting to conjecture that there is a crosstalk between these two hallmarks. However, there is 

surprisingly not much evidence of how much of the mitochondrial dysfunction observed in aged tissues 

are derived from the senescent cells or vice versa. That is, it is not clear yet whether aging-related 

mitochondrial dysfunction is a cause or consequence of the CS found in the aged tissues. Thus, the 

scope of the introduction below is restricted to direct evidence of a relationship between mitochondrial 

features and senescent cells per se, regardless of the aging context. 

 Often, the mitochondrial role in the CS is categorized by the functional aspects of mitochondria. 

However, this somehow confuses the readers whether it is the cause or consequence of the CS. To 

circumvent this, it is written in two parts each with supporting evidence. On one hand, the downstream 

effector roles of mitochondria in the CS evoked by non-mitochondrial (nuclear) stimuli, which is an 

anterograde response from the nucleus to mitochondria. On the other hand, the upstream initiator roles 

of mitochondria in the CS induced by direct mitochondrial perturbations, a retrograde response from 

mitochondria to the nucleus (133). It is also important to distinguish whether the CS is a major outcome 

under the given stimuli, especially in vitro cell culture. Since the CS essentially shares the regulatory 

pathway with apoptosis, the CS-evoking stimuli can yield compounding results (134). Thus, the 

introduction is written with an emphasis on the effect size of the CS to be the major outcome of a given 

stimulus. 

 Lastly, the field is confounded with conflicting results regarding the mitochondrial status in 

senescent cells. It seems to be largely due to the complexity of the CS—the type of cells and stimuli, 

duration, and intensity, let alone the SASP. Also, the mitochondrial status in the same cell seems to be 

paradoxical (e.g., higher respiration with lower membrane potential). In the last part, a summary is 

provided in the table to overview all those factors at once. 

 

2.3.1 Mitochondria as an effector of CS: anterograde response 

 One of the early links between the mitochondrial effector role in the CS is derived from insights 

into oxygen tension. As now firmly established, the oxygen tension in tissues varies yet far from the 

ambient level (45). In 1977, it was found that culturing human diploid cells under 10% oxygen tension 

significantly extended the doubling potential of the cells (135). Two decades later was found that the 

replicative lifespan of the cells was even more extended—50% more compared to the ambient level—

when the cells were cultured under 3% O2 (136). In the same study, a simple treatment of a free radical 

scavenger was proven to extend the replicative lifespan of those cells cultured under the ambient 

oxygen tension. Subsequently, it was found that ROS accelerates the telomere attrition (137). Given 
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that the major source of cellular ROS is mitochondria, mitochondrial ROS (mtROS) was likely 

attributed to the observed replicative lifespan. However, it was not proven until the advent of 

technology to selectively scavenge the mtROS. The experimental evidence showed that MitoQ, the 

mtROS scavenger, extended the doubling potential by preventing accelerated telomere erosion (138). 

Moreover, a mild OXPHOS uncoupler reduced the mtROS and prolonged the replicative lifespan (139). 

This was also found to be true in vivo. Ercc1-/∆ mice with reduced expression of ERCC1-XPF 

endonuclease have impaired DNA repair capacity. This causes spontaneous DNA damage and the CS, 

leading to diverse phenotypes of premature aging (140). In this mouse model, a long-term 

administration of a mitochondria-targeted ROS scavenger delayed many premature aging symptoms 

with a concomitant reduction of senescent cells (141). These experiments established the role of 

mtROS in the CS. However, the mitochondrial scavengers never prevent the CS but simply delayed 

its manifestation. This demonstrates that mitochondrial ROS is an effector to accelerate the CS when 

combined with genotoxic stimuli. 

 When it comes to the mitochondrial morphology and dynamics in senescent cells, there is not 

much disagreement. Numerous studies reported that the abundance of mitochondria is significantly 

increased with hypertubulated and often, clumped morphology in nearly all types of observed 

senescent cells, regardless of the triggers (21, 22, 139, 142-151). To name a few, in the replicative 

senescent human umbilical vein endothelial cells (HUVEC), the mitochondria are elongated with 

decreased expression of fission factors DRP1 and FIS1 (145). Interestingly, not only fission but also 

fusion events were decreased to a similar degree, indicating an overall reduction of the dynamics (146). 

A time-course study of mitochondria directly confirmed its reduced dynamics during the development 

of IR-induced senescent fibroblasts (152). However, the IR-induced senescence has a complication 

since the IR also inflicts damage on the mtDNA (153). This makes it unable to rule out the causative 

role of mitochondria in such settings. Similar observations were obtained from senescent epithelial 

cells and fibroblasts evoked by cigarette smoke extract (CSE) (142, 143, 147). The reason for the 

increased mitochondrial mass is largely considered due to the impaired mitophagy together with 

altered autophagy in senescent cells (154, 155). Mitophagy is generally regulated by the PTEN-

induced kinase 1 (PINK1) and E3 ubiquitin ligase Parkin (PRKN) pathway (156). When mitophagy is 

activated, the PINK1 is stabilized and activates PRKN at the OMM. Then, PRKN ubiquitylates 

proteins at OMM, which facilitates the formation of autophagosomes. A study showed that cigarette 

smoking induces the CS significantly more in the PRKN whole-body knockout mouse lung (143). 

Another study showed that old mouse muscle stem cells displayed impaired mitophagy (155). Of note, 

it has been shown that mitochondrial turnover is reduced under the condition of impaired mitophagy, 

accompanied by a higher mtROS level and lower MMP. Thus, it is likely to be the accumulated ‘old’ 
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mitochondria in senescent cells that contribute to the senescent phenotypes (154). However, the 

dynamics per se does not appear to be a major contributor based on the effect size of the CS that it can 

yield (see 2.3.2 last paragraph). Also, it is not well understood how morphology can affect the function 

of mitochondria. 

 Lastly, mitochondrial metabolism has been shown to be a critical regulator of CS. The pyruvate 

dehydrogenase (PDH) complex converts pyruvate to acetyl-CoA in the mitochondrial matrix so that 

the glucose-driven carbons can be utilized through the TCA cycle. In the OIS fibroblasts by oncogenic 

BRAF, the PDH complex was found to be a rate-limiting factor (17). When the PDH complex was 

inhibited by multiple means, the cells reached senescence strikingly less under the oncogenic BRAF 

stimulus, which in turn licensed both melanoma development and maintenance. The activation of the 

PDH complex in the OIS resulted in a higher OCR accompanied by a higher cellular ROS level. 

Although quiescent cells also showed a higher flux of glucose carbon into the TCA cycle, it did not 

entail the elevated activity of the PDH complex. This suggests the OIS mechanism lies in the activity 

of the PDH complex per se, rather than the mitochondrial respiration. Of note, the PDH complex 

requires NAD as a cofactor. This raised the possibility of whether the NAD/NADH ratio could affect 

the OIS. Indeed, another subsequent study demonstrated that NAD/NADH ratio is a rheostat for the 

proinflammatory SASP expression in different types of CS (157). The OIS by oncogenic RAS, unlike 

the RS, elevated the expression of NAMPT, the rate-limiting enzyme of the NAD salvage pathway, 

through an HMGA1-mediated epigenetic mechanism. This resulted in an enhanced NAD/NADH ratio, 

accompanied by increased glycolysis and OCR. When NAD/NADH ratio is lowered by several means 

in the OIS, the proinflammatory SASP expression was markedly diminished. It turned out that 

lowering the NAD/NADH ratio hinders the enhancement of glycolysis and OCR, resulting in a higher 

ADP/ATP ratio in the OIS. Subsequently, AMPK-p53 signaling is activated which is known to 

suppress the SASP (27). Thus, the study suggests NAD/NADH ratio governs the strength of 

proinflammatory SASP, raising an alert to the NAD supplementation for anti-aging regimen (157). 

Given that mitochondrial CI is one of the major sources of NAD regeneration, this study implicates 

that elevated mitochondrial respiration in the RAS OIS is to support the SASP expression via the NAD 

regeneration. However, unlike BRAF OIS, it did not block the senescence per se, suggesting a 

differential regulation between the OIS evoked by RAS and RAF. Recently, not only glucose but also 

glutamine metabolism was found to be enhanced to ensure the survival of senescent cells (158). 

Glutamine is primarily catabolized in the mitochondria by glutaminase (GLS1 or GLS2). In the SIS 

fibroblasts by doxorubicin or p53 activation, the glutaminolysis was found to be increased. This was 

mainly relevant to cellular pH homeostasis rather than its well-known role of anaplerosis in the TCA 

cycle. Inhibition of glutaminolysis selectively killed senescent cells by disrupting the cellular pH both 
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in vitro and in vivo and ameliorated age-related phenotypes in old mice. Thus, glutaminolysis is a new 

senolytic target to kill senescent cells. As a last, fatty acid β-oxidation (FAO) was also found to be 

activated in the OIS fibroblasts (159). The FAO takes place in the mitochondria. The fatty acids are 

conjugated with carnitines in the cytosol and imported into the mitochondria through carnitine O-

palmitoyltransferase 1 (CPT1), which is a rate-limiting enzyme of the FAO. After being imported, they 

are oxidized to acetyl-CoA by a series of β-oxidation. The OIS fibroblasts increased the OCR in a 

FAO-dependent manner. The reduction of the OCR by the FAO inhibition yielded blunted SASP 

expressions such as IL6 and IL8 but intriguingly not senescence itself, providing another example of 

selective regulation of the SASP. In another study, the proteomic analysis of senescent murine 

metastatic melanoma cells induced by etoposide identified FAO and TCA cycle genes as the most 

significantly enriched pathways (160). This was accompanied by an increased import of lipids 

including sphingomyelin, ceramide, and fatty acids, which resulted in more neutral lipid droplets and 

cellular aldehydes, suggesting a massive alteration of lipid metabolism in the TIS cells. 

All in all, the senescent cells are accompanied by increased mitochondria with the higher 

mtROS level and the lower MMP, the higher OCR from the higher TCA cycle activity by the enhanced 

activity of the PDH complex, the FAO, and the glutaminolysis to support the senescence, the survival 

of senescent cells, and the SASP expression. 
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2.3.2 Mitochondria as a cause of CS: retrograde response 

 Besides the CS-accelerating role of the mtROS, several studies showed that mtROS as such 

could be a sufficient driver of the CS, regardless of the telomere shortening. The most compelling 

evidence came from the in vivo study of a mitochondrial antioxidant gene. Superoxide dismutase 2 

(SOD2) is a mitochondrial matrix enzyme that detoxifies the mitochondrial superoxide to hydrogen 

peroxide. In whole-body Sod2-/- mice, the appearance of senescent cells was accelerated in the 

epidermis which was positive for DNA damage and p16Ink4a expression (161). This was recapitulated 

in mice with conditional Sod2 knockout in the epidermal stem/progenitor cells (162). Another study 

showed it is sufficient to elicit the CS that putting cells under mtROS-elevating conditions such as CI 

inhibition by rotenone or CIII inhibition by stable knockdown of Rieske sulfur protein (RISP) (150). 

However, it was disputed later that mtROS is not a causal mediator of premature senescence at least 

in rotenone-treated conditions because the mitochondrial-selective ROS scavenger did not block the 

CS nor was there evidence of elevated mtROS when normalized by the increased mitochondrial mass, 

which hinted the importance of a normalization unit (163). A subsequent study made it more 

controversial by proving that mtROS alone can induce CS (164). In the study, mtROS was elevated 

directly by mitochondrial-targeted redox cycler MitoParaquat. 8 days of treatment of MitoParaquat 

was sufficient to induce the CS and the SASP. Perhaps, this apparent discrepancy is attributable to the 

amplitude of mtROS signaling which is often neglected in the experimental settings. 

 Other than the mtROS, general mitochondrial dysfunction was shown to be sufficient to drive 

the CS. A landmark study showed that stable knockdown of mitochondrial deacylase SIRT3 or SIRT5, 

or mitochondrial chaperone HSPA9 all induced the CS in 10 days (163). Of note, this was not due to 

the enzymatic activity of SIRT3, implicating an unknown function of SIRT3 in this observation. 

Likewise, the inhibition of CI or CIII rendered cells senescent after 10 days. Furthermore, the authors 

expanded it to cells depleted with mtDNA (rho0 cells). It has been known that rho0 cells require 

pyruvate and uridine for them to proliferate in culture. Upon pyruvate withdrawal, rho0 cells were 

senesced in 7 days. Thus, the stress-induced mitochondrial dysfunction, in general, appears to elicit 

the CS and is hence termed mitochondrial dysfunction-associated senescence (MiDAS). What was 

striking about MiDAS is that the cells secreted little or no IL6, the classic SASP factor. Moreover, the 

MiDAS cells had a very different SASP gene expression profile. For example, senescent cells induced 

by SIRT3 knockdown did not express the core SASP genes including IL1A, IL1B, IL6, IL8, MMP3, 

and VEGF. In the subsequent experiments, it turned out that the cytosolic NAD/NADH ratio is a 

critical mediator of the MiDAS, although it remained unclear how general mitochondrial dysfunctions 

could lead to a cytosolic-specific imbalance of NAD/NADH ratio. Lowered NAD/NADH ratio was 

accompanied by an increased ADP/ATP ratio which in turn activated AMPK-p53 signaling and 
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thereby drove the CS. Of note, certain aspects of the MiDAS were found in POLGD257A mice. 

POLGD257A is a loss-of-function mutation of the mtDNA polymerase and this mutator mouse model 

garnered enormous attention because of the premature aging phenotypes (165). Senescent cells were 

found significantly more in the adipose tissue of the mutator mice with lower NAD/NADH ratio and 

lack of Il1a, Il1b, and Il6 expression, which are the MiDAS characteristics. Thus, it would be 

interesting to check whether clearance of MiDAS cells could ameliorate the aging phenotypes in the 

mutator mice. 

 There are several studies regarding mitochondrial dynamics as a sufficient driver of CS. In a 

study, a direct silencing of FIS1 induced Chang cells to be senescent associated with a decreased MMP 

(166). Nevertheless, 30% of the whole population at most became senescent. This was the same in the 

stable knockdown of E3 ubiquitin-protein ligase MARCHF5. MARCHF5 ubiquitylates MFN1 and 

facilitates its degradation via the proteasome. Chang cells with a stable knockdown of MARCHF5 

exhibited elongated mitochondria, albeit less than 30% of the total population became senescent (167). 

There is another study that ectopic overexpression of the DRP1 loss-of-function mutant faithfully 

induces the CS (149). However, it remains to be seen how much it represents its loss of function 

without involving intact DRP1. These data collectively suggest the mitochondrial elongation 

commonly observed in senescent cells is not a significant driver of the CS. 
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2.3.3 Overview of the current findings of mitochondrial features in CS 

 

Cell type Trigger mt 
ROS MMP Mitochondrial 

respiration mtDNA Normalization 
unit Reference 

HDF BRAFV600E N/A N/A Up N/A Cell number (17) 

HDF RASG12V N/A N/A Up N/A Unknown (168) 

MEF RasG12V N/A N/A Up N/A Unknown (168) 

HDF RASG12V Up Down N/A Up Cell number (150) 

HDF RASG12V N/A N/A Up N/A Cell number (159) 

HDF RS N/A Down Up N/A Cell number (169) 

HDF RS N/A N/A Up N/A Cell number (154) 

HDF RS N/A Up Same 
per mtDNA Up Cell number (170) 

HDF RS Up Down N/A Up Cell number (139) 

HDF DNA 
damage Up Down Up N/A Cell number (21) 

Lymphoma 
cell 

DNA 
damage N/A N/A Up N/A Unknown (168) 

RPE DNA 
damage N/A Up Same 

per mtDNA Up Cell number (170) 

Chang 
(HeLa) 

Iron 
chelator N/A N/A Down Down Cell number (171) 

HDF MiDAS Same N/A N/A N/A Mitochondrial 
mass (163) 

Chang 
(HeLa) 

Mito 
elongation N/A Down N/A N/A Cell number (166) 

Chang 
(HeLa) 

Mito 
elongation N/A Down N/A N/A Cell number (167) 

 

*HDF: human diploid fibroblast, *MEF: mouse embryonic fibroblast, *RPE: retinal pigment epithelium, *RS: 

replicative senescence, *mtROS: mitochondrial ROS, *MMP: Mitochondrial membrane potential, *mtDNA: 

mitochondrial DNA, *MiDAS: mitochondrial dysfunction-associated senescence, *N/A: not applicable (not 

measured) 
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2.4 Mitochondrial orphan gene OCIAD2 

 In 2001, ovarian cancer immunoreactive antigen domain 1 (OCIAD1) was first identified in an 

attempt to find immunoreactive antigens from the patient ascites fluid of ovarian cancer (172). Later, 

it was found to be overexpressed in metastatic ovarian cancer patient samples compared to non-

metastatic primary ones and hence officially named OCIAD1 (173). In the meantime, OCIAD2 was 

identified based on the sequence homology to the OCIAD1 (174), despite the lack of evidence that it 

is involved in ovarian cancer at the time. OCIAD2 is a poorly characterized gene. It is comprised of 

154 amino acids and is evolutionarily present only after the metazoans such as amphibians, fish, and 

birds, indicating its late evolution and perhaps tailored function in animal biology (175). Several 

studies reported OCIAD2 to be localized in multiple organelles such as endosomes, mitochondria, and 

mitochondrial-associated membranes (175-179). One of the first reports found it to be overexpressed 

in the lung adenocarcinoma at a highly malignant, advanced stage (180). Subsequent studies reported 

that OCIAD2 is generally more expressed in advanced cancer and thereby identified it as a malignancy 

biomarker (181-183). However, as it is unclear whether it is a cause or consequence of carcinogenesis, 

the expression of OCIAD2 was correlated with the survival and prognosis of the cancer patients in a 

context-dependent manner (180, 181, 184-187). Other than cancer, it was reported that OCIAD2 is 

expressed in the mouse cerebellum in a cell-type-specific manner, which reiterates its potentially 

tailored function and tight regulation (188). Another study identified OCIAD2 as a γ-secretase 

activator for enhanced amyloid b production in neuroblastoma cells (177), suggesting its possible role 

in neurobiology.  

 When it comes to insights into its function, it is significantly hampered by a scant amount of 

solid evidence. It was originally suggested to be an agonist of signal transducer and activator of 

transcription 3 (STAT3) signaling together with OCIAD1 (175). However, this observation was not 

reproducible (189). Recently, two conflicting reports were published regarding its function. In one 

study, OCIAD2 was reported to be an assembly factor of ETC CIII dimerization (178). Silencing 

OCIAD2 resulted in the lack of CIII dimerization, a mild decrease in maximal respiration, and 

mitochondrial fragmentation. However, none of these parameters was rescued by the complementation 

of OCIAD2, raising a concern that the observed phenotypes were off-target effects. In line with this, 

another report convincingly showed that OCIAD1, but not OCIAD2 facilitates the CIII assembly (179). 

In this study, a genome-wide CRISPRi screening identified OCIAD1 as a determinant of CIII assembly. 

The screening results were validated thoroughly in cells with each OCIAD1 and OCIAD2 single loss-

of-function as well as dual loss-of-function. Regardless of OCIAD2 status, the observed defect in CIII 
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assembly was reproduced in OCIAD1-silenced cells. Thus, a bona fide function of OCIAD2 remains 

to be elucidated. 

 Lastly, three reports are available about its upstream regulator. Recently, it was shown that the 

abundance of OCIAD2 is regulated by mitochondrial m-AAA protease YME1L1 and thereby proposed 

as its substrate (190). YME1L1 has a pleiotropic role in cell biology through the regulation of its 

diverse set of substrates. As of yet, there is nothing known about the role of YME1L1 through OCIAD2 

regulation. In the other report, OCIAD2 was identified as a downstream gene to TGF-b signaling from 

the time-resolved proteomic analysis (191). OCIAD2 was robustly increased upon TGF-b treatment 

as early as 6 hours in immortalized keratinocytes. It was one of the highest upregulated proteins among 

the previously unidentified genes in the TGF-b signaling, bolstering the robustness of the finding. In 

parallel, a bioinformatic study also suggested a possible link between OCIAD2 and the TGF-b 

signaling (192). 
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3. Aim of the thesis 

 As introduced, there are emerging evidence of mitochondrial role in cellular senescence. 

Considering mitochondria and cellular senescence are two important factors of aging, a thorough 

understanding of their relationship warrants a closer step to the actionable intervention. However, the 

exact mitochondrial status described in previous studies is not well compatible with each other. 

Moreover, the mitochondrial status even within the same study is not congruent. For example, the 

dysfunctional mitochondria as suggested exhibit higher respiration with lower membrane potential. 

Moreover, the mitochondrial metabolism is shown to be crucial in cellular senescence, arguing a 

necessity of functional mitochondria.  

In this study, I first aim to define the mitochondrial status in senescent cells with a particular 

emphasis on the accurate quantification of their increased mass, based on the hypothesis that the 

mitochondrial mass is the key factor to reconcile the paradoxical status of mitochondria. Secondly, I 

aim to characterize mitochondrial proteome in a time-resolved manner during the development of 

cellular senescence, based on the hypothesis that such a forward approach with the temporal dynamics 

will reveal key regulatory pathways of cellular senescence laid in mitochondria. Lastly, I aim to test 

the role of the mitochondrial gene(s) identified from the proteomic analysis in order to find novel 

mitochondrial regulators in cellular senescence and thereby provide a testable target for senotherapy. 
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4. Materials and Methods 

 

All the original data including proteomics and metabolomics are duly stored in the internal server of 

Max Planck Institute for Biology of Ageing and accessible with authority. 

 

4.1 Cell biology 

 

Cell cultures and chemicals 

The human lung fibroblast IMR90 with population doublings (PD) 25-30 was obtained from 

ATCC (CCL-186) and maintained in the Minimum Essential Medium (Thermo; 41090) supplemented 

with 9.5% FBS (Sigma; F7524). IMR90 was cultured in the incubator under 3% O2, 5% CO2 and 92% 

N2 and cells with SA-b-Gal positivity less than 10% of the population were used in all experiments. 

Upon the induction of TIS, the media were replaced every other day so that the nutrient availability 

does not become a limiting factor to drive TIS. HEK293T cells for lentivirus production were 

maintained in DMEM (Thermo; 61965) supplemented with 9.5% FBS. All cells were cultured without 

antibiotics and routinely checked with mycoplasma contamination and had never been positive. The 

cell number was calculated with trypan blue using Countess automated cell counter (Thermo). The 

chemicals used in the cell culture experiments are as follows: DMSO (Sigma; D2650), decitabine 

(Abcam; ab120842), doxorubicin (Sigma; D1515), bleomycin (Cayman; 13877). Decitabine was 

solved in DMSO and the rest in H2O as stock solutions. 

 

Establishment of therapy-induced senescence and replicative senescence 

IMR90 or MRC5 cells were seeded on a diverse size of culture vessels with the density of 

3,500/cm2 for DMSO (0.01% v/v) and decitabine (1 µM) treatment, or 7,000/cm2 for doxorubicin (300 

nM), bleomycin (10 µg/mL) treatment. The next day, cells were treated with the compounds 

accordingly, then the media were replaced every other day until the harvest of cells. DMSO and 

decitabine were present in the media all times while doxorubicin and bleomycin was washed out in the 

first replacement of the medium. Unless denoted otherwise, the timing of cell harvest was 

synchronized to be 24 (±3) hours from the last medium replacement and DMSO-treated cells were 

timely re-plated so that they did not reach the confluence by the time of harvest to maintain a 

proliferating state. All senescence assays were performed 7 days after the initial treatment, unless 

otherwise specified. Also, throughout the assay, all cells were cultured under 3% O2 incubator except 
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for replicative senescence. IMR90 cells were routinely passaged in ambient 5% CO2 incubator until it 

reached replicative senescence. 

 

Cell proliferation assay 

Cells were incubated with 10 µM EdU in DMSO for 24 hours since the population doubling 

time is around 24 hours under our culture conditions. Cells were collected by trypsinization and then 

processed according to the manufacturer’s protocol of the kit (Thermo; C10634). The number of EdU 

positive cells was counted by flow cytometry (BD Biosciences; FACS Canto) under APC channel 

using conventional FSC/SSC gating criteria without a viability dye. 

 

Measurement of mitochondrial membrane potential, superoxide, and polarized mitochondria 

Cells were seeded on the 6-well plate with the density described above. At day 7, cells were 

collected by trypsinization and pelleted and then processed according to the manufacturer’s protocol 

of mitoSOX (Thermo; M36008), TMRM (Thermo; M20036), and Mitotracker Deep Red FM (Thermo; 

M22426). Briefly, the collected cell pellets were resuspended in the 1 mL PBS with the mitoSOX (5 

µM), TMRM (20 nM), or Mitotracker Deep Red FM (50 nM) and incubated in the non-CO2 incubator 

at 37°C for 20 min. Cells were pelleted and washed with PBS twice and DAPI (1 ng/mL) was added 

to select the live cells. Then cells were filtered through 50 µm cell strainer and analysed by flow 

cytometry (BD Biosciences; FACScanto) in the PE channel with the conventional SSC/FSC gating 

strategy. Mean fluorescence intensity of the gated population was taken. 

 

Stable cell line generation by lentivirus 

HEK293T cells were seeded as 5x10e6 per 10-cm dish in 8 mL medium. The next day, cells 

were transfected with the lentivirus plasmids according to the manufacturer’s protocol (Takara; 

631276). For OCIAD2 knockdown, 7 µg shRNA plasmids (Sigma) targeting OCIAD2 (#1: 

TRCN0000130004, #2: TRCN0000131164, #3: TRCN0000128368, #4: TRCN0000318948) or non-

targeting control (SHC202) were used. For OCIAD2 overexpression, pLenti-C-Myc-DDK-P2A-Puro 

(OriGene; PS100092 for control, RC222324L3 for OCIAD2) plasmids were used. The plasmids were 

diluted in 600 µL H2O, followed by mixing with the packaging plasmid tube. 10 min later, the 

generated liposomes were treated to HEK293T cells. The next day, 6 mL DMEM was carefully added 

to minimize the cell detachment. 48 hours after the transfection, the generation of lentiviral particle 

was confirmed by the kit (Takara; 631280) and the virus-containing medium was mixed with 

polybrene (5 µg/mL, Sigma;107689) and added to the recipient IMR90 cells that were seeded one day 
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before as 10e6 per 10-cm dish. 1 day later the transduction, the medium was replaced with the 

polybrene-free MEM. Another day later, cells were trypsinized and replated on 15-cm dish with the 

medium containing puromycin (1.5 µg/mL, InvivoGen;ant-pr-1). 3 days later, the medium was 

replaced with the drug-free MEM and expanded for the subsequent experiments.  

 

4.2 Biochemistry and molecular biology 

 

Senescence-associated b galactosidase assay 

Cells were washed twice with PBS and subject to SA-b-Gal assay using the kit (Abcam; 

ab65351) according to the manufacturer’s protocol. The next day, the stained cells were washed twice 

with PBS and permeabilized by 0.2% TX-100/PBS for 5 min. After washing twice, DAPI (1 ng/mL) 

was added to count the number of cells. The images were taken under the DAPI channel and 

transparent channel using EVOS microscope (Thermo). At least 100 cells per condition were analyzed 

and the number of DAPI and SA-b-Gal positive cells was counted by eyes. 

 

Quantification of mitochondrial volume 

Cells were seeded on the coverslips and induced to be senescent. The DMSO-treated control 

cells were seeded as well the day before the assay. At day 7, cells were washed twice with PBS and 

fixed with 4% PFA (Santa Cruz; sc-281692) for 15 min at RT. After washing out PFA with PBS twice, 

cells were permeabilized with 0.2% TX-100 for 5 min at RT. Cells were washed twice again and 

incubated with the antibody against ATP5B (Invitrogen; A21351) diluted as 1:1000 in 1% BSA/PBS 

for overnight at 4°C. The next day, the primary antibody was washed out and the goat anti-mouse IgG 

(H+L) antibody conjugated with Alexa fluor 568 (Invitrogen; A11031) was treated as 1:1000 in PBS 

with Alexa Fluor 647 Phalloidin (Invitrogen; A22287) to stain the F-actin for the identification of a 

single cell. After 1 hour, DAPI (1 ng/mL) was added after washing out the secondary antibodies for 5 

min and mounted on the slides with the mounting medium (Thermo; P10144). At least one day after 

the mounting, the images were taken by confocal microscope (Leica; SP8-DLS). Z-stack confocal 

images were taken with 0.2 µm interval from the bottom to the top of mitochondria. After a single cell 

was defined in each image based on the F-actin staining using the software Fiji (193), the stacks of 2-

dimensional mitochondrial images were converted into the 3-dimensional model by Mitograph (194). 

Total length, average width and volume (by voxels) of mitochondria per cell were calculated by 

Mitograph. 
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Real time quantitative PCR (RT-qPCR) 

RNA was harvested from the cells by the kit (Macherey-Nagel; 740955) and subject to cDNA 

synthesis with oligo(dT) reverse transcriptase (Promega; A2791). Target mRNA levels were quantified 

by DDCt values using TaqMan fast advanced master-mix (Thermo; 4444557) with the TaqMan probes 

as follows: B2M (Hs99999907_m1), IL1A (Hs00174092_m1), IL1B (Hs01555410_m1), IL6 

(Hs00174131_m1), CXCL8 (Hs00174103_m1), CDKN1A (Hs00355782_m1), CDKN2A 

(Hs00923894_m1), LMNB1 (Hs01059210_m1), BCAT1 (Hs00398962_m1), BCAT2 

(Hs01553550_m1), ISG15 (Hs00192713_m1), IFI44 (Hs00197427_m1), MX1 (Hs00895608_m1), 

MAVS (Hs00920075_m1), TMEM173 (Hs00736955_g1), MB21D1 (Hs00403553_m1), PGC1A 

(Hs00173304_m1), PGC1B (Hs00991677_m1). Fold change was calculated by B2M as the reference. 

 

Quantification of mtDNA copy number difference 

Cellular DNA was extracted from the cells using the kit (Qiagen; 69504) and mtDNA copy 

number was measured by TaqMan assay as described previously. Genomic DNA was measured by 

ACTB (Hs03023880_g1) and mtDNA was measured by two different probes (MT-ND1; 

Hs02596873_s1 and MT-7s; Hs02596861_s1). The mtDNA copy difference between conditions were 

calculated by DDCt values (MT-ND1/ACTB or MT-7s/ACTB). 

 

Measurement of oxygen consumption rate (OCR) 

Mitochondrial respiration was measured by XFe96 Seahorse analyser with mito stress test kit 

(Agilent; 103015) according to the manufacturer’s protocol. Briefly, 2x10e4 (proliferating) and 

3x10e4 (senescent) cells were seeded per well on XFe96 plate. The next day, cells were washed and 

incubated for 1 hour at 37°C in the non-CO2 chamber with the assay medium (Agilent; 103575) 

supplemented with L-glutamine (2 mM) and D-glucose (5.5 mM). OCR was measured with subsequent 

injections of the following compounds (Oligomycin 1 µM, FCCP or CCCP 0.5 µM, 

Rotenone+Antimycin A 0.5 µM each). After the assay, cells were washed once with PBS and lysed in 

25 µL of SDS buffer (50 mM Tris-HCl pH 7.4, 1% SDS), followed by the protein quantification. The 

data were normalized according to the cell number calculated from the protein quantity with the scaling 

factors of protein to cell number ratio. Diverse parameters of mitochondrial functions were calculated 

by the Seahorse XF report generator (Agilent). 

 

Mitochondrial translation assay 
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Cells were seeded and treated with DMSO, Decitabine or Doxorubicin on the 6-well plates as 

described previously. At day 7, cells were incubated for 30 min in the glutamine/methionine/cysteine-

free DMEM (Thermo; 21013) supplemented with 100 µg/mL Emetine to block the cytosolic 

translation. Then, 50 µCi 35S-methionine/cysteine mix (Hartmann Analytic; SCIS-103) was added to 

the wells and incubated for 1 hour. The cells were washed twice with DPBS and lysed in RIPA buffer 

and cleared out by 21,000 g for 10 min at 4°C. The equal quantity of proteins was run on 12% Tris-

Tricine SDS-PAGE and transferred to nitrocellulose membrane. The membrane was dried in the air 

and the radioactive signals were captured to the storage phosphor screen for 3 days. Upon laser-induced 

stimulation, the captured signals on the screen were detected by the Typhoon phosphorimager (Cytiva 

Lifesciences).  

 

Western blotting 

Cells were washed once with PBS and lysed by the RIPA buffer (25 mM Tris-KOH pH 7.4, 

140 mM NaCl, 1% TX-100, 0.1% SDS, 0.5% sodium deoxycholate, 5 µM EDTA pH 7.4) and scraped. 

The lysates were centrifuged at 21,000 g for 20 min at 4°C and the proteins were quantified by BCA 

assay kit. The lysate with the equal quantity of proteins was mixed with the sample buffer (Thermo; 

NP0008) and subject to bis-tris SDS-PAGE with MOPS buffer and transferred to PVDF membrane by 

the wet transfer. The membranes were blocked for 1 hour at RT with 5% skim milk diluted in TBS 

with 0.1% Tween20, followed by the incubation with corresponding primary antibodies for overnight 

at 8°C. The next day, membranes were washed 3 times with TBS-T and incubated with HRP-

conjugated secondary antibodies for 1 hour at RT. Membranes were washed 3 times again and 

developed using ECL chemistry (Advansta; K-12045-D50 or Thermo; 34096) under the digital 

detector (INTAS; ChemoStar Touch ECL). All antibodies were diluted in 3% BSA in TBS-T 

containing 0.02% sodium azide. The following antibodies were used: BCAT2 (ProteinTech; 16417-1-

AP), BCAT1 (ProteinTech; 13640-1-AP), BCKDHE1A (CST; 90198), phospho-BCKDHE1A 

(Abcam; ab275961), MT-CO1 (Abcam; ab14705), MT-CO2 (Invitrogen; A6404), MT-ATP6 

(ProteinTech; 55313-1-AP), SDHA (Abcam; ab14715), OXPHOS cocktail (Abcam; ab110413), 

TUBA (Sigma; T6074), ACTB (Sigma; A5441), p21 (CST; 2947), LMNB1 (Abcam; ab16048). 

 

Isolation of mitochondria 

Preparation of mitochondria-enriched membrane organelle was done as described with a few 

modifications (195). Briefly, cells with around 80% confluence on five 15-cm dishes were collected 

by scraping and washed with ice-cold PBS twice. All subsequent steps were performed at 4°C. The 
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cells were incubated for 10 min in the isotonic buffer (10 mM HEPES pH 7.4, 225 mM Mannitol, 75 

mM Sucrose, 1 mM EGTA pH 7.4). Then, the cells were lysed with 1 mL syringe with 27 G needle 

by passing through the needles for 10 times. The lysates were spun down by 600 g for 5 min. The 

supernatants were centrifuged by 7,000 g for 10 min, followed by washing steps with the isotonic 

buffer for 3 times. The final pellets containing membrane organelles without cytosolic fraction were 

resuspended in the 200 µL isotonic buffer.  

 

Immunoprecipitation of OCIAD2 binding partners 

 IMR90 cells with or without expressing ectopic OCIAD2Myc-FLAG were seeded as 2x10e5 per 

15-cm dish. Six dishes were prepared per genotype. The next day, 1 µM decitabine or 0.1% DMSO 

was treated. At day 7, cells were subject to mitochondrial isolation as stated above. The experiments 

were repeated four times independently. The resulting 16 mitochondria-enriched fractions (2 

genotypes x 2 treatments x 4 replicates) were altogether subject to immunoprecipitation using FLAG 

magnetic beads (Thermo, A36798) and the corresponding magnet stands (Thermo, 12321D) for 

washing steps. Briefly, 300 µg of mitochondrial fraction was pelleted and lysed in 150 µL lysis buffer 

(20 mM HEPES pH 7.4, 150 mM NaCl, 0.8% digitonin) by resuspending the pellets about 20 times 

and incubate under 8°C with rotation (10 rpm, 15 min). Then, the lysates were spun down (20,000 g, 

10 min at 4°C) and 150 µL supernatant was mixed with 20 µL processed FLAG magnetic beads. The 

beads were processed in advance as follows: 350 µL beads were washed 3 times with 1 mL H2O and 

resuspended in 200 µL lysis buffer. Then another 150 µL lysis buffer was added to make 320 µL in 

total. The mixture was rotated overnight (10 rpm, 8°C). The next day, the beads were washed 3 times 

with 1 mL wash buffer (identical to the lysis buffer instead 0.1% digitonin). The beads were then 

washed 3 times with 1 mL wash buffer without detergent to get rid of all the residual detergent before 

elution. Finally, the beads were eluted in 100 µL elution buffer (50 mM Tris-HCl pH 7.4, 1 mM TCEP, 

5 mM CAA, 5 ng/µL trypsin) for 20 min at room temperature with occasional vortex. Then the beads 

were left in 37°C water bath overnight. The next day, they were directly subject to peptide preparation 

for the proteomics analysis.  

 

4.3 Mouse experiments 

 

Generation of Ociad2 whole-body knockout mice 

The generation was performed by Dr. Simon Tröder at the CECAD animal facility, according to the 

animal regulations. Mouse embryos were subjected to CRISPR-Cas9 gene editing technology. In detail, 
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the embryos were injected with small guide RNA, single strand deoxynucleotide (ssODN) as a donor 

template targeting exon 4, and cas9 expression plasmid. The exact sequence of each molecule is 

described in the attached DNA sequence file. After selecting successful edited embryos, the newly 

born animals were backcrossed twice to remove the unwanted genetic background variance. Validation 

of the correct genotype was performed sequence-based method after amplifying the targeted region. 

The exact primer sequence for genotyping is included in the attached DNA file as well.  

 

OCIAD2 immunoblot from the Yme1l1 CNS-specific knockout mice tissues 

For the result 5.2.9c, the mice tissues were collected from the previously published experiments (196). 

 

4.3 Proteomics and metabolomics 

 

Proteomics: peptide preparation 

Cells were seeded on 15-cm dishes and the next day treated with either DMSO or Decitabine. 

At day 1, 3, 5, and 7, cells were collected by scraping and washed with PBS twice. In all conditions, 

cells were seeded adequately so that they reached around 80% confluence by the time of collection. 

The cell pellets were then resuspended in 15 µL of lysis buffer (6 M guanidinium chloride, 2.5 mM 

tris(2-carboxyethyl)phosphine, 10 mM chloroacetamide, 100 mM tris-hydrochloride) and heated at 

95°C for 10 min. The lysates were sonicated (30 sec/30 sec, 10 cycles, high performance) by Bioruptor 

(Diagenode; B01020001), followed by centrifugation at 21,000 g for 20 min at 20°C. 200 µg of 

supernatants were digested by 1 µL trypsin (Promega; V5280) for overnight at 37°C. The next day, 

formic acid (to be 1%) was added to the digested peptide lysates to stop the trypsin digestion and 

desalted by home-made STAGE tips (197). The eluted lysates in 60% acetonitrile/0.1% formic acid 

were dried by the vacuum centrifugation (Eppendorf; Concentrator Plus) at 45°C. 

 

Proteomics: TMT labeling 

4 µg of desalted peptides were labeled with tandem mass tags TMT10plex (Thermo; 90110) 

using a 1:20 ratio of peptides to TMT reagent. TMT labeling was carried out according to 

manufacturer’s instruction with the following changes: dried peptides were reconstituted in 9 µL 0.1 

M TEAB to which 7 µL TMT reagent in acetonitrile was added to a final acetonitrile concentration of 

43.75%, the reaction was quenched with 2 µL 5% hydroxylamine. Labeled peptides were pooled, dried, 

resuspended in 0.1% formic acid, split into two samples, and desalted using home-made STAGE tips 

(197). 
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Proteomics: high-pH fractionation 

Pooled TMT labeled peptides were separated on a 150 mm, 300 μm OD, 2 μm C18, Acclaim 

PepMap (Thermo) column using an Ultimate 3000 (Thermo). The column was maintained at 30°C. 

Separation was performed using a segmented gradient from 1% to 50% buffer B, for 85 min and 50% 

to 95% for 20 min with a flow of 4 μL. Buffer A was 5% acetonitrile 0.01M ammonium bicarbonate, 

buffer B was 80% acetonitrile 0.01 M ammonium bicarbonate. Fractions were collected every 150 sec 

and combined into nine fractions by pooling every ninth fraction. Pooled fractions were dried in 

Concentrator plus (Eppendorf), resuspended in 5 μL 0.1% formic acid from which 2 μL analyzed by 

LC-MS/MS. 

 

Proteomics: LC-MS/MS analysis 

Dried fractions were re-suspended in 0.1% formic acid and separated on a 50 cm, 75 µm 

Acclaim PepMap column (Thermo; 164942) and analysed on a Orbitrap Lumos Tribrid mass 

spectrometer (Thermo) equipped with a FAIMS device (Thermo). The FAIMS device was operated in 

two compensation voltages, -50 V and -70 V. Synchronous precursor selection based MS3 was used 

for the acquisition of the TMT reporter ion signals. Peptide separation was performed on an EASY-

nLC1200 using a 90 min linear gradient from 6% to 31% buffer; buffer A was 0.1% formic acid, buffer 

B was 0.1% formic acid, 80% acetonitrile. The analytical column was operated at 50°C. Raw files 

were split based on the FAIMS compensation voltage using FreeStyle (Thermo).  

 

FLAG-IP proteomics: LC-MS/MS analysis 

Peptides were separated on a 25 cm, 75 μm internal diameter PicoFrit analytical column (New 

Objective) packed with 1.9 μm ReproSil-Pur 120 C18-AQ media (Dr. Maisch,) using an EASY-nLC 

1200 (Thermo). The column was maintained at 50°C. Buffer A and B were 0.1% formic acid in water 

and 0.1% formic acid in 80% acetonitrile. Peptides were separated on a segmented gradient from 6% 

to 31% buffer B for 57 min and from 31% to 44% buffer B for 5 min at 250 nl/min. Eluting peptides 

were analyzed on a Orbitrap Fusion Tribrid mass spectrometer (Thermo). Peptide precursor m/z 

measurements were carried out at 60000 resolution in the 350 to 1500 m/z range. The most intense 

precursors with charge state from 2 to 7 only were selected for HCD fragmentation using 27% 

normalized collision energy. The cycle time was set to 1 sec. The m/z values of the peptide fragments 

were measured at a resolution of 50000 using an AGC target of 2e5 and 86 ms maximum injection 

time. Upon fragmentation, precursors were put on a dynamic exclusion list for 45 sec. 
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Metabolomics: metabolite preparation 

Cells on 6-well plates were washed twice with the wash buffer (75 mM ammonium carbonate, pH 7.4) 

and the plates were flash frozen in the liquid nitrogen. 800 μL extraction buffer 

(acetonitrile:methanol:H2O=4:4:2, -20°C) was added to the wells, scraped and centrifuged by 21,000 

g for 20 min at 4°C. The supernatants were dried by the vacuum centrifugation (Labogene) for 6 hours 

at 20°C while the pellets were used for protein quantification after lysed in the buffer (50 mM Tris-

KOH pH 8.0, 150 mM NaCl, 1% SDS) by BCA assay (Thermo; 23225). Metabolomics samples to 

measure steady-state abundance were added with the following internal standards in the extraction 

buffer: 2.5 mM amino acids standard (Cambridge Isotopes; MSK-A2-1.2), 100 μg/mL citrate d4 

(Sigma; 485438), 1 mg/mL 13C10 ATP (Sigma; 710695). No internal standard was added for the 

isotopologue tracing experiments. Isotopologues used in the experiments are as following: 13C5 L-

glutamine (Sigma; 605166), 13C6 D-glucose (Sigma; 389374), 13C6 L-leucine (Sigma; 605239), 15N L-

leucine (sigma; 340960), 13C5 L-valine (Sigma; 758159), 15N L-valine (Sigma; 490172). 

 

Anion-Exchange Chromatography Mass Spectrometry (AEX-MS) for the analysis of anionic 

metabolites  

Extracted metabolites were re-suspended in 200 µl of Optima UPLC/MS grade water (Thermo). 

After 15 min incubation on a thermomixer at 4°C and a 5 min centrifugation at 16.000 x g at 4°C, 100 

µl of the cleared supernatant were transferred to polypropylene autosampler vials (Chromatography 

Accessories Trott).  

The samples were analysed using a Dionex ionchromatography system (Integrion, Thermo) as 

described previously. In brief, 5 µL of polar metabolite extract were injected in full loop mode using 

an overfill factor of 1, onto a Dionex IonPac AS11-HC column (2 mm × 250 mm, 4 μm particle size, 

Thermo) equipped with a Dionex IonPac AG11-HC guard column (2 mm × 50 mm, 4 μm, Thermo). 

The column temperature was held at 30°C, while the auto sampler was set to 6°C. A potassium 

hydroxide gradient was generated using a potassium hydroxide cartridge (Eluent Generator, Thermo), 

which was supplied with deionized water. The metabolite separation was carried at a flow rate of 380 

µL/min, applying the following gradient conditions: 0-3 min, 10 mM KOH; 3-12 min, 10−50 mM 

KOH; 12-19 min, 50-100 mM KOH, 19-21 min, 100 mM KOH, 21-22 min, 100-10 mM KOH. The 

column was re-equilibrated at 10 mM for 8 min.  

For the analysis of metabolic pool sizes the eluting compounds were detected in negative ion mode 

using full scan measurements in the mass range m/z 50 – 750 on a Q-Exactive HF high resolution MS 

(Thermo). The heated electrospray ionization (ESI) source settings of the mass spectrometer were: 
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Spray voltage 3.2 kV, capillary temperature was set to 300°C, sheath gas flow 60 AU, aux gas flow 

20 AU at a temperature of 330°C and a sweep gas glow of 2 AU. The S-lens was set to a value of 60.  

The semi-targeted LC-MS data analysis was performed using the TraceFinder software (Version 4.1, 

Thermo). The identity of each compound was validated by authentic reference compounds, which were 

measured at the beginning and the end of the sequence. 

For data analysis the area of the deprotonated (M-H+)- monoisotopic mass peak of each compound 

was extracted and integrated using a mass accuracy <5 ppm and a retention time (RT) tolerance of 

<0.05 min as compared to the independently measured reference compounds. Areas of the cellular 

pool sizes were normalized to the internal standards, which were added to the extraction buffer, 

followed by a normalization to the fresh weight of the analyzed sample.  

 

Semi-targeted liquid chromatography-high-resolution mass spectrometry-based (LC-HRS-MS) 

analysis of amine-containing metabolites 

The LC-HRMS analysis of amine-containing compounds was performed using an adapted 

benzoylchloride-based derivatization method. 

In brief: The polar fraction of the metabolite extract was re-suspended in 200 µL of LC-MS-grade 

water (Optima-Grade, Thermo) and incubated at 4°C for 15 min on a thermomixer. The re-suspended 

extract was centrifuged for 5 min at 16.000 x g at 4°C and 50 µL of the cleared supernatant were mixed 

with 25 µl of 100 mM sodium carbonate (Sigma), followed by the addition of 25 µl 2% (v/v) 

benzoylchloride (Sigma) in acetonitrile (Optima-Grade, Thermo). Samples were vortexed and kept at 

20°C until analysis.  

For the LC-HRMS analysis, 1 µl of the derivatized sample was injected onto a 100 x 2.1 mm HSS T3 

UPLC column (Waters). The flow rate was set to 400 µl/min using a binary buffer system consisting 

of buffer A (10 mM ammonium formate (Sigma), 0.15% (v/v) formic acid (Sigma) in LC-MS-grade 

water (Optima-Grade, Thermo). Buffer B consisted solely of acetonitrile (Optima-grade, Thermo). The 

column temperature was set to 40°C, while the LC gradient was: 0% B at 0 min, 0-15% B 0- 4.1min; 

15-17% B 4.1 – 4.5 min; 17-55% B 4.5-11 min; 55-70% B 11 – 11.5 min, 70-100% B 11.5 - 13 min; 

B 100% 13 - 14 min; 100-0% B 14 -14.1 min; 0% B 14.1-19 min; 0% B. The mass spectrometer (Q-

Exactive Plus, Thermo) was operating in positive ionization mode recording the mass range m/z 100-

1000. The heated ESI source settings of the mass spectrometer were: Spray voltage 3.5 kV, capillary 

temperature 300°C, sheath gas flow 60 AU, aux gas flow 20 AU at a temperature of 330°C and the 

sweep gas to 2 AU. The RF-lens was set to a value of 60.  

Semi-targeted data analysis for the samples was performed using the TraceFinder software (Version 

4.1, Thermo). The identity of each compound was validated by authentic reference compounds, which 
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were run before and after every sequence. Peak areas of [M + nBz + H]+ ions were extracted using a 

mass accuracy (<5 ppm) and a retention time tolerance of <0.05 min. Areas of the cellular pool sizes 

were normalized to the internal standards ([U]-15N;[U]-13C amino acid mix (MSK-A2-1.2), Cambridge 

Isotope Laboratories), which were added to the extraction buffer, followed by a normalization to the 

fresh weight of the analyzed sample. 

 

Semi-targeted liquid chromatography-high-resolution mass spectrometry-based (LC-HRS-MS) 

analysis of Acyl-CoA metabolites 

The LC-HRMS analysis of Acyl-CoAs was performed using an modified protocol based on 

the previous method. In brief: The polar fraction of the metabolite extract was re-suspended in 50 µL 

of LC-MS-grade water (Optima-Grade, Thermo). For the LC-HRMS analysis, 1 µl of the sample was 

injected onto a 30 x 2.1 mm BEH Amide UPLC column (Waters) with 1.7um particle size. The flow 

rate was set to 500 µl/min using a quaternary buffer system consisting of buffer A 5 mM ammonium 

acetate (Sigma) in LC-MS-grade water (Optima-Grade, Thermo). Buffer B consisted of 5 mM 

ammonium acetate (Sigma) in 95% acetonitrile (Optima-grade, Thermo). Buffer C consisted of 0.1% 

phosphoric acid (85%, VWR) in 60% acetonitrile (acidic wash) and buffer D of 50% acetonitrile 

(neutral wash). The column temperature was set to 30°C, while the LC gradient was: 85% B for 1 min, 

85-70% B 1- 3min; 70-50% B 3 – 3.2 min; holding 50% B till 5 min; 100% C 5.1 – 8 min, 100% D 

8.1 - 10 min; followed by re-equilibration 85% B 10.1 - 13 min. The mass spectrometer (Q-Exactive 

Plus, Thermo) was operating in positive ionization mode recording the mass range m/z 760-1800. The 

heated ESI source settings of the mass spectrometer were: Spray voltage 3.5 kV, capillary temperature 

300°C, sheath gas flow 50 AU, aux gas flow 15 AU at a temperature of 350°C and the sweep gas to 3 

AU. The RF-lens was set to a value of 55.  

Semi-targeted data analysis for the samples was performed using the TraceFinder software (Version 

4.1, Thermo). The identity of Acetyl-CoA and Malonyl-CoA was validated by authentic 13C labelled 

reference compounds, which were run before. Other Acyl-CoAs were validated by using E.coli 

reference material matching exact mass and reporter ions from PRM experiments. Peak areas of [M + 

H]+ ions and corresponding isotopomeres were extracted using a mass accuracy (<5 ppm) and a 

retention time tolerance of <0.05 min. 

 

4.4 Data analysis and statistics 

 All statistical analyses were performed by GraphPad Prism version 9.3.1. When two groups 

were compared, the welch t-test was used with a multiple comparison correction by the Bonferroni-

Dunn method, if needed. When 3 or more groups were compared, ANOVA test was used. One-way 
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ANOVA was used for multiple groups under one condition and two-way ANOVA for them under two 

conditions. Then, each subject group was compared to the control group (e.g., DMSO, shNT) with a 

multiple comparison correction by the Dunnett method. *:p<0.05, **:p<0.01, ***:p<0.001. 

For visualization of the results and figures, Biorender, GraphPad Prism, Flaski, or R was used as 

indicated elsewhere. 

 

Proteomics: peptide identification and quantification 

Proteomics data was analyzed using MaxQuant, version 1.5.2.8, (198). The isotope purity 

correction factors, provided by the manufacturer, were included in the analysis. Differential expression 

analysis was performed using limma version 3.34.9 (199) and R version 3.4.3 (200). Mitochondrial 

annotations were based on human MitoCarta 3.0 (176). 

 

Proteomics: data analysis and visualization 

Quantified proteomics data were investigated for the enrichment analysis including statistics 

by the String database (201) and the GSEA (202, 203). For the GSEA analysis, the background gmt 

files were made with the MitoPathways and localization information from the human MitoCarta 3.0. 

The total quantified 6482 proteins were used as a background. All graphs were drawn by either 

GraphPad Prism version 9.3.1 or R version 3.4.3. 

 

Metabolomics: data analysis and visualization 

79 quantified metabolites were normalized by the total ion counts (TIC) value. Differential 

abundance analysis from each comparison was calculated with fold changes in log2 values by the 

welch t-test with correction using Bonferroni-Dunn method. For mass isotopologue experiments, the 

natural abundance of 13C was not corrected. All the statistical analysis and graphs were by GraphPad 

Prism version 9.3.1. For heatmap in appendix 4, Flaski was used (204). 
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5. Result 

 

5.1 Forward genetics: characterizing mitochondria in therapy-induced senescence (TIS) 

Among different types of senescence, I focused on in vitro TIS in this study for the following 

reasons: 

i) Unlike other types of senescence, its emergence is under controlled and defined 

conditions in the human body by chemotherapy. Thus, in vitro cell culture results would 

yield highly relevant implications to in vivo circumstances. 

ii) Chemotherapeutic agents have defined targets. This enables the interpretations of the 

outcomes with the least confounding factors. By its nature, it also provides highly 

reproducible results in vitro. 

iii) There are not many tools to study CS in vivo yet. The biggest obstacle is the lack of a 

non-invasive marker that universally detects senescent cells in the body. 

 

5.1.1 Establishment of TIS by anti-cancer drugs in IMR90 fibroblasts 

As a model of in vitro TIS, IMR90 human lung fibroblasts were treated with two 

chemotherapeutic agents, decitabine and doxorubicin as both have been well-known drugs to induce 

TIS. Decitabine is a deoxycytidine analogue to cause epigenetic stress, a loss of DNA methylome, due 

to the substitution of carbon with methylation-incapable nitrogen at 5¢ position when incorporated into 

proliferating cellular DNA (Figure 5.1.1 A). On the other hand, doxorubicin blocks topoisomerase II 

to cause DNA double-strand break and hence DDR. As expected, IMR90 treated with decitabine or 

doxorubicin became senescent 7 days later, evidenced by the mRNA level of increased CDKN1A and 

CDKN2A, decreased LMNB1, and increased SASP factors IL1A and IL6 (Figure 5.1.1 B-C). The 

cells were with little or no cell-cycle activity (Figure 5.1.1 D) and 60-70% of the cell population was 

SA-b-gal positive (Figure 5.1.1 E-F). Another general feature of CS is that the amount of cellular 

protein is increased. This was the case in TIS fibroblasts (Figure 5.1.1 G), and hence the cell : protein 

ratio in TIS fibroblasts shall be a critical scaling factor for comparison between non-senescent cells to 

senescent cells since protein amount is generally used as a reference for normalization.  

In conclusion, a condition is established that both decitabine and doxorubicin induce the TIS 

in IMR90 human lung fibroblasts. 
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5.1.2 Profound increase of mitochondrial abundance in a TIS fibroblast 

Although it has been repeatedly shown that an amount of mitochondria is increased in 

senescent cells, it is less known about the accurate mitochondrial volume considering 3-dimensional 

space. Hence firstly quantified was the increased mitochondrial volume per cell. Immunofluorescent 

images taken by confocal microscopy encompassing the whole focal planes from the very bottom to 

the top of mitochondria were rendered into 3-D images using the software MitoGraph. The OXPHOS 

subunit ATP5B was used to stain mitochondria harnessing its ubiquitous expression throughout 



 

 45 

mitochondria while F-actin to identify a single cell (Figure 5.1.2 A). As a result, it was found that the 

total length of mitochondria is remarkably increased without a difference in average width, which led 

to over a 12-fold increase in mitochondrial volume per TIS fibroblast compared to proliferating cell 

(Figure 5.1.2 B). Such an increase would be another important scaling factor to understand the relative 

mitochondrial activity per mitochondrion in the TIS fibroblast compared to the proliferating one. 
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5.1.3 Profound increase of hypoactive mitochondria in TIS reconciles discrepancies in 

mitochondrial states 

 Based on the reasoning that different normalization unit used in the literature is attributed to 

the mitochondrial contradictions in CS, diverse mitochondrial features were analyzed by taking the 

increased mitochondrial volume per TIS fibroblast into account to resolve the contradictions. In the 

subsequent analysis, mitochondrial volume was used as a proxy for mitochondrial abundance and 

hence the unit volume stands for the mitochondrial entity—mitochondrion. As a result, many aspects 

of mitochondria were changed in TIS fibroblasts in accordance with the literature when considered per 

cell, however, it was no longer valid when considered per mitochondrion. For example, mtDNA copy 

number, one of the most frequently used readouts of mitochondrial abundance, was increased ~6-fold 

per TIS fibroblast but reduced to half per TIS mitochondrion (Figure 5.1.3 A). Similarly, mitochondrial 

superoxide levels measured by mitoSOX and membrane potential by TMRM showed the same pattern 

(Figure 5.1.3 B-E). These data show that the individual mitochondrion is indeed in a hypoactive state. 

Based on these data, I reasoned that repeatedly reported enhancement of mitochondrial respiration in 

CS would also fall into such a case. To test it, oxygen consumption rate (OCR) was measured with 

different classes of OXPHOS modulators in a real-time manner by Seahorse equipment. As reasoned, 

the basal mitochondrial respiration was overall higher per TIS fibroblast but strikingly lower per TIS 

mitochondrion (Figure 5.1.3 G, H). These data suggest that the enhancement of mitochondrial 

respiration in CS is due to the massively increased mitochondria which have far lower OCR. In light 

of this, other parameters of mitochondrial bioenergetics were analyzed from the real-time OCR 

measurement to check whether such parameters would support the observed bioenergetically 

dysfunctional state of mitochondria (Figure 5.1.3 G, H). Consistent with the idea, the proton leak was 

increased which is indicative of electron transport chain (ETC) dysfunction with higher electron 

slippage. In addition, decreased spare respiratory capacity caused by either a loss of ETC integrity or 

decreased substrate availability is another sign of dysfunction. Along with mitochondrial respiration, 

the increased non-mitochondrial oxygen consumption indicates the increased level of ROS produced 

from non-mitochondrial sources (e.g., cytosol and peroxisome), which explains the augmentation of 

cellular ROS levels reported multiple times in CS. 

In summary, these data unequivocally demonstrate that the profound increase of 

bioenergetically dysfunctional mitochondria in a TIS fibroblast gives rise to the enhanced 

mitochondrial functions as a sum and resolves the contradictory reports regarding the mitochondrial 

functions in CS.  
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5.1.4 Time-resolved analysis of mitochondrial proteome during the development of TIS 

 TIS is temporally dynamic ranging from an initial trigger to a full-fledged state, which normally 

takes around 5-7 days in vitro. In regard to the dynamic and in order to gain molecular insights to 

decipher the role of dysfunctional mitochondria in TIS, the proteome of TIS fibroblasts evoked by 

Decitabine were analyzed in a time-resolved manner encompassing from the initiation to the 

establishment by tandem mass tag labeling mass-spectrometry (TMT-MS) (Figure 5.1.4 A). 

Leveraging the power of TMT-MS to minimize missing values across samples, only proteins identified 

in all 32 samples were considered for the subsequent analysis to yield robust proteomic data. As a 

result, 6482 proteins were analyzed (Figure 5.1.4 B). Principal component analysis (PCA) showed that 

the biological replicates were well clustered together while decitabine segregated the proteome away 

from DMSO, indicating the emergence of systemic difference in the cellular proteome during the 

development of TIS (Figure 5.1.4 C). In detail, the fully quantified 6482 proteins covered overall 60% 

of major cellular organellar proteome based on the reference databases, especially 692 mitochondrial 

proteins enlisted in human MitoCarta 3.0 (Figure 5.1.4 D, refer to Appendix 1 for the organelle-specific 

proteome change). It could also be confirmed the successful induction of CS by several key protein 

markers such as reduction of LMNB1, HMGBs, and the decitabine target DNMT1 as well as an 

increase of CDKN1A and several SASP genes (Figure 5.1.4 E).  
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Next, analyzed were mitochondrial differentially expressed genes (DEGs) at each time point. 

The mitochondrial proteome started to differentiate as early as day 3 and developed a significant 

number of changes on day 7 (Figure 5.1.5 A). Over-representation analysis by two different databases 

GO and KEGG consistently revealed that several metabolic pathways mainly branched-chain amino 

acid (BCAA) metabolism were the most significantly changed amongst all the mitochondrial terms 

throughout the development of TIS (Figure 5.1.5 B). As an orthogonal approach, the proteomics data 

were also analyzed by the gene-set enrichment analysis (GSEA) without filtration of DEGs by the 

arbitrary cutoff (i.e., p=0.05) to increase the signal to noise ratio. GSEA was performed on two 

different features of mitochondria: signaling pathways and sub-mitochondrial localization, both being 

crucial to gaining deeper insights into mitochondrial biology. MitoPathways curated by MitoCarta 3.0 

includes 134 pathways exclusive to mitochondria and thereby enables a tailored analysis without 

involving non-mitochondrial genes, unlike that of GO and KEGG. Interestingly, the analysis revealed 

that the pathways involved in the expression of mtDNA-encoded genes are significantly reduced on 

day 5 and 7 whereas pathways generally related to metabolism are increased (Figure 5.1.5 C). 

Furthermore, the GSEA of sub-mitochondrial localization uncovered proteins at both inner and outer 

membrane (MIM and MOM) were overall increased while decreased were those in the matrix and 

intermembrane space (IMS) (Figure 5.1.5 D). These two analyses are coherent in part in that the 

increased SLC25A family is comprised of proteins at MIM whereas mitochondrial ribosome and 

translation proteins are localized in the matrix. Of note, the overall enrichment of membrane proteins 

is unlikely due to the increased protein import not only because the enrichment at day 5 preceded the 

observed change of the import machinery on day 7, but also because the small TIM proteins (TIMM8B, 

TIMM9, TIMM10, TIMM13) responsible for the chaperone-mediated import of many hydrophobic 

membrane proteins were generally reduced at day 7 (Figure 5.1.5 D, Appendix 2; Import & Sorting). 
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The analyses so far have delineated the mitochondrial proteome at each time point considered 

as an individual entity. However, these snapshots might not necessarily reflect the continuity of the 

enriched pathway throughout the given time points. As a complement, therefore, mitochondrial DEGs 

of at least one-time point were selected and grouped according to their temporal dynamic patterns, 
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which gave rise to 4 different groups (Figure 5.1.5 E; left boxes, refer to Appendix 3 for the detailed 

list of DEGs in each group). Groups 1 and 2 are proteins that significantly changed as early as day 3 

and groups 3 and 4 are the ones that changed on day 7. Of note, only 1.5 % of the analyzed DEGs did 

not fall into any of the 4 groups, showing that few genes fluctuated during the development of TIS 

while the majority either increased or decreased without oscillation (Figure 5.1.5 E, F). Over-

representation analysis of groups 1 and 2 suggested upregulation of BCAA degradation and 

downregulation of one-carbon folate (herein, 1C-folate) metabolism whereas that of groups 3 and 4 

indicated upregulation of fatty acid metabolism and calcium import into the mitochondria as well as 

downregulation of mitochondrial translation. These results were comparable to the ones performed 

previously without temporal grouping (Figure 5.1.5 B, C), corroborating the fact that there were few 

genes that fluctuated. Interestingly, the analysis did not show any general decrease of OXPHOS 

subunits or assembly factors, contrary to the expectation based on the mitochondrial dysfunctions 

shown previously (Figure 5.1.3). This indicates that the dysfunctions may be explained by the 

functional integrity of ETC, rather than its protein levels. Another salient fact is that the enriched terms 

of early changes are mainly related to mitochondrial metabolic pathways rather than any other aspects 

of mitochondria (e.g., dynamics, protein import, OXPHOS), arguing the major role of mitochondria 

would be about metabolic rewiring to support the early stage of TIS. The detailed list of the entire 

mitochondrial proteins analyzed is in Appendix 2. 

 In conclusion, the time-resolved proteomic data suggest that mitochondria are reprogrammed 

in TIS to enhance the metabolism of BCAA and fatty acid while reducing the 1C-folate metabolism, 

followed by a systemic decrease of translational machinery of mtDNA-encoded genes. 
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5.1.5 Positive association of mitochondrial translation with 1C-folate metabolism in TIS 

fibroblasts 

 To find out the regulatory role of mitochondria in TIS, I focused on the pathways enriched in 

groups 1 and 2, assuming that the early responders are likely to be causal factors in the subsequent 

changes observed in the group 3 and 4 (Figure 5.1.5 E) and thereby possibly serve as drivers of TIS. 

In this vein, group 2 was vet in depth, to begin with. Although the over-representation analysis was 

performed exclusively on mitochondrial DEGs, the enzymes involved in the cytosolic 1C-folate 

metabolic pathways were also found to be acutely decreased upon induction of TIS with similar 

temporal dynamics to that of mitochondria (Figure 5.1.6 A). The major role of the pathway is to 

provide intermediate molecules for synthesis of purine and deoxythymidine nucleotides as well as 

mitochondrial N-formylmethionine (herein, f-Met) which serves as an initial amino acid for the protein 

synthesis in mitochondria and hence crucial for the translational activity. To test whether the observed 

reduction of 1C-folate metabolism results in a decreased amount of its product, performed was semi-

targeted metabolomics focusing on polar metabolites including nucleotides and amino acids (a full list 

is in Appendix 4). PCA showed the metabolome of TIS fibroblasts is distinct from that of proliferating 

cells (Figure 5.1.6 B). Importantly, the metabolomics revealed a significant depletion of purines (AMP, 

GMP) and deoxythymidines (dTTP, dTMP was even under the detection limit exclusively in both TIS 

fibroblasts) in line with the proteomic analysis of 1C-folate metabolism (Figure 5.1.6 C). Interestingly, 

only the monophosphates were decreased unlike the triphosphates. Probably it is because the 

monophosphates are the direct product of de novo synthesis which would reflect the activity of the 

pathway more closely. Another indicator of the activity of the pathway is the serine to glycine ratio 

which is altered by cytosolic SHMT1 and mitochondrial SHMT2 (Figure 5.1.6 A). Of note, the ratio 

is significantly increased in both TIS fibroblasts which mirrors the reduced level of SHMT2 (Figure 

5.1.6 D). Lastly, it was investigated for the link between reduced f-Met level and mitochondrial 

translational activity. Consistent with the known role of f-Met, the mitochondrial translation was 

reduced in both TIS fibroblasts measured by autoradiograph after labeling de novo mtDNA-encoded 

peptides with 35S methionine and cysteine. Although the statistical analysis did not yield significance 

due to one outlier sample of decitabine, it was obtained after excluding the outlier (Figure 5.1.6 E). 

However, the reduced translation did not instantly cause the reduction of steady-state level checked 

from the proteomics data (Appendix 2; OXPHOS; MT-CO2, MT-ATP8) arguably because many 

OXPHOS subunits are known to be long-lived proteins. 

 In summary, the early downregulation of 1C-folate metabolism coordinated between cytosol 

and mitochondria is associated with the reduced level of nucleotides and mitochondrial translation in 

TIS fibroblasts. 
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5.1.6 Increased nitrogen supply by BCAAs to NEAAs in TIS fibroblasts 

 The proteomic analysis revealed that BCAA catabolic process was the most significantly 

enriched term in group 1 comprised of early increased genes upon the induction of TIS (Figure 5.1.5 

E). A closer look into the catabolic pathway of BCAA in mitochondria recapitulated that many 

enzymes involved in the degradation were all upregulated throughout the measured time points except 

for a slight reduction of BCKDHA (Figure 5.1.7 A). The degradation of BCAA takes place in 

mitochondria except for the first catalytic step which is compartmentalized by cytosolic BCAT1 and 

mitochondrial BCAT2. To validate the result from the proteomics with a spatial resolution, 

mitochondria and cytosolic fractions from the fibroblasts were extracted and the level of each enzyme 

was measured by western blot. Indeed, BCAT2 but not BCAT1 was increased comparable to the fold-

change from the proteomic data in both TIS fibroblasts, although it did not yield a statistical 

significance due to the high variance (Figure 5.1.7 B-D). Thus, the fact that the increased amount of 

BCAT2 proteins in the TIS fibroblasts was found in the mitochondria excluded a possible scenario of 

the mislocalization of BCAT2 due to the low mitochondrial membrane potential (Figure 5.1.3 D). The 

first catalytic step performed by BCAT2 is trans-amination that the nitrogen of the amino group is 

transferred to a-ketoglutarate to yield glutamate. The nitrogen then could subsequently be utilized to 

synthesize non-essential amino acids (NEAAs) and uridines (Figure 5.1.7 E). As inferred from the 

proteomic data, the metabolic tracing experiment using nitrogen mass isotopologues of valine and 

leucine demonstrated the increased flux of BCAA amino group into glutamate (Figure 5.1.7 F). The 

subsequent downstream fate of the amino group traced from the same experiment uncovered that the 

nitrogen had been fed into serine, alanine, aspartate, and proline. Considering the effect size of the 

labelled fraction, aspartate and proline appeared to be the major receivers of BCAA nitrogen in TIS 

fibroblasts. Besides, I also obtained preliminary data of increased flux of the BCAA carbons into acyl-

CoAs without reaching the TCA cycle and decreased neutral lipids in BCAT2 knockdown TIS 

fibroblasts (data not shown; ongoing work), which speaks against its possible role in anaplerotic 

reactions to replenish the pools of TCA cycle metabolites. This is also consistent with the observation 

of a general decrease of TCA cycle metabolites in TIS fibroblasts (Appendix 4), which warrants the 

future study about the potential role of those acyl-CoAs in lipogenesis in TIS fibroblasts. 

 All in all, the increased catabolism of BCAAs in the mitochondria driven by a systemic 

rewiring of the proteome supplies nitrogen for the synthesis of NEAAs in TIS fibroblasts. 
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5.2 Reverse genetics: OCIAD2 in the cellular senescence 

 

5.2.1 Identification of OCIAD2 as a pan-marker of CS 

 Based on the mitochondrial proteome characterized in the TIS fibroblasts, it was sought to 

identify a novel mitochondrial gene that would regulate the mitochondrial function and thereby the. 

biology of the TIS in parallel to the genes related to BCAA metabolism and 1C-folate metabolism 

(Result 5.1). In this vein, there was one salient gene earliest changed with the highest fold change and 

statistical significance upon induction of the TIS: OCIAD2 (Appendix 1; mitochondria). It garnered 

my attention that OCIAD2 was a poorly characterized gene and no study was available in the context 

of cellular senescence. I first investigated whether the increase of OCIAD2 is related to the cell-cycle 

arrest, as it could also be the case of quiescence and not necessarily senescence. The cellular quiescence 

was evoked by two different means, contact inhibition and serum deprivation. As a result, the 

quiescence was distinguished from the senescence by the LMNB1 reduction, a senescence-specific 

marker, from the western blot analysis (Figure 5.2.1 A). It also showed the exclusive increase of 

OCIAD2 in the TIS as well as the similar temporal dynamics of OCIAD2 with that of proteomics 

result, indicating OCIAD2 is increased in the senescence rather than the quiescence. To know whether 

this is a cell-line specific outcome, MRC5 human lung fibroblasts were also induced to be TIS by 

bleomycin or doxorubicin treatment for 7 days. Consistent with IMR90 cells, OCIAD2 mRNA level 

was also significantly increased in TIS MRC5. Of note, OCIAD1—the homologous gene of 

OCIAD2—was increased little or no in MRC5 and IMR90, suggesting the independent regulation of 

these homologous genes in CS (Appendix 1; proteomics, Figure 5.2.1 B, C, F). The transcriptional 

regulation of OCIAD2 in TIS was also shown to be the case in IMR90 cells in a time-dependent manner 

(Figure 5.2.1 C). Thus, OCIAD2 is transcriptionally upregulated in the TIS fibroblasts evoked by 

multiple means. I then checked whether the increase of OCIAD2 is general in the CS or limited to the 

TIS. The preliminary data indeed showed that OCIAD2 was also increased in the replicative senescent 

(RS) fibroblasts induced by a serial passaging (Figure 5.2.1 D, E). Moreover, OCIAD2 was reported 

to be upregulated transcriptionally in senescent fibroblasts induced by the oncogenic Ras (Figure 5.2.1 

F).  

All in all, these observations altogether demonstrated the OCIAD2 is a pan-marker for 

senescent fibroblasts and a potential candidate as a mitochondrial regulator of CS. 
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5.2.2 OCIAD2 is localized at inner membrane of mitochondria 

 Though the location of OCIAD2 is shown to be mitochondria by the MitoCarta 3.0, it was 

confounded by incongruent reports to be in the mitochondria, endosome and mitochondria-associated 

membrane (MAM) as well as the fact that it lacks any signal peptide. To resolve the issue, its 

localization was examined from cellular fractions with different organelles including mitochondria of 

HEK293 cells. HEK293 cells were used due to its high yield of mitochondria and the significant 

expression level of OCIAD2. In fact, OCIAD2 was localized specifically in the mitochondria as 
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demonstrated by its exclusive detection in the pure mitochondrial fraction devoid of the ER, endosome, 

cytosol, and nucleus (Figure 5.2.2 A). Next, another discrepancy was addressed whether it is localized 

at the inner membrane or outer membrane of mitochondria. OCIAD2 was predicted to have two alpha-

helical transmembrane domains (Figure 5.2.2 B) with a positive net charge in the flanking region of 

those two domains at mitochondrial matrix pH 8. Based on this prediction, the exact topology of 

OCIAD2 in the mitochondria was tested by proteinase K assay. As a result, the assay demonstrated 

that OCIAD2 is a mitochondrial inner membrane (MIM) protein (Figure 5.2.2 C, D). According to the 

positive inside rule which applies to mitochondrial membrane proteins, the conclusive topology was 

presented as both N and C-termini residing in the intermembrane space (IMS) whereas the flanking 

region in the matrix (Figure 5.2.2 E).  
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5.2.3 OCIAD2 is neither sufficient nor required to establish TIS 

 The fact that OCIAD2 is generally increased in CS prompted me to investigate whether it is 

sufficient to induce the CS. To this end, OCIAD2 with epitope tags (Myc and FLAG) was 

overexpressed in IMR90 (Figure 5.2.3 A). The overexpressed OCIAD2MycFLAG protein was 

successfully localized in the mitochondria (Figure 5.2.3 B). Around up to 40 days post generation, 

there was no sign of spontaneous senescence in the overexpressing cells as evidenced by normal 

proliferation rate (Figure 5.2.3 C) and a lack of SA-β-Gal signal (data not shown). Thus, the increased 

OCIAD2 is not a cause of CS. Next, it was analyzed whether OCIAD2 is necessary for the induction 

of the TIS. A stable knockdown of OCIAD2 was achieved via lentiviral transduction of 4 different 

shRNA oligos targeting OCIAD2 (Figure 5.2.3 D) and there was no defect in proliferation at any given 

time of the culture (Figure 5.2.3 E). The OCIAD2 knockdown cells were then induced to senesce by 

decitabine and doxorubicin to address its necessity in the TIS. As a result, there was no difference to 

reach the established state of the TIS, as shown by SA-β-Gal positivity (Figure 5.2.3 F, G). 

 These data demonstrate that OCIAD2 is neither sufficient nor required to establish the TIS. 
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5.2.4 OCIAD2 supports expression of ECM-related genes regulated by TGF-β signaling in TIS 

fibroblasts 

 Since OCIAD2 was found to be not essential for the establishment of CS, I next reasoned that 

it would affect the quality of the established senescent cells. One way to assess the quality of CS is to 

examine its transcriptome as the major regulators of CS are transcription factors. To this end, both 

proliferating and senescent OCIAD2 stable knockdown cells were subjected to the bulk RNA-seq 

analysis (Figure 5.2.4 A). PCA plot of the RNA-seq data showed that the TIS (that is, treatment) caused 

the major difference rather than OCIAD2 (that is, genotype) in the transcriptome (Figure 5.2.4 B), 

which was expected by the dispensability of OCIAD2 in the TIS. After confirming the significant 

reduction of OCIAD2 mRNA level (Figure 5.2.4 C), the DEGs altered by OCIAD2 in the TIS were 

selected. That is, genes that were significantly changed in TIS were selected. Among those, chosen 

were genes that significantly blocked such changes in all 3 different shOCIAD2 cells. As a result, 110 
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genes were upregulated and 19 genes downregulated in the TIS fibroblasts in an OCIAD2-dependent 

manner (Figure 5.2.4 D). Among the 129 genes were only 2 other mitochondrial genes (MRPS6, 

PRSS35) than OCIAD2, indicating that the main transcriptomic change of TIS fibroblasts by OCIAD2 

applies little or no to the expression of mitochondrial genes. These 129 genes were then examined by 

the over-representation analysis to find out the pathways affected by OCIAD2 as well as the upstream 

regulators which would explain such changes. Interestingly, the over-representation analysis yielded a 

network of genes related to the extracellular matrix (ECM) such as collagen and integrin genes (Figure 

5.2.4 E; ITGB4, COL1A2, etc.). In detail, the major databases including GO, KEGG, and Reactome 

all yielded the same pathways enriched that are related to the ECM biology (Figure 5.2.4 F). The 

upstream regulator analysis of the 129 DEGs in turn predicted transforming growth factor beta (TGF-

β) as the most significantly activated gene that positively regulates the 129 DEGs (Figure 5.2.4 G). Of 

note, TGF-β has been shown to be activated in CS to regulate the temporal dynamics of the SASP. 

Another interesting point is that it has been found by others that OCIAD2 per se is positively regulated 

by the TGF-β signaling. For example, the meta-analysis that thoroughly integrated 20,591 

transcriptomics data for 46 different human cytokine responses in different cell types indicated 

OCIAD2 was upregulated in nearly all experiments when treated by TGF-β1 with diverse doses and 

time points in different human cell types (Figure 5.2.4 H). These two results together suggest that TGF-

β upregulates OCIAD2 and that upregulated OCIAD2 supports the expression of the TGF-β signaling 

target genes. 

 In conclusion, the RNA-seq analysis revealed that OCIAD2 supports the expression of ECM-

related genes that are regulated by TGF-β signaling in the TIS fibroblasts. 



 

 65 

 
 



 

 66 

5.2.5 OCIAD2 affects neither mitochondrial respiration nor superoxide level in TIS fibroblasts 

 I next asked how the mitochondrial gene OCIAD2 could regulate the TGF-β signaling in the 

TIS. I reasoned that OCIAD2 would regulate mitochondrial functions related to the TGF-β signaling. 

One of the well-known effects of TGF-β on mitochondria is that it increases the mitochondrial 

superoxide level and respiration. Hence these two parameters were vet in the TIS fibroblasts. Contrary 

to the expectation, there was no observable difference in mitochondrial superoxide level of the TIS 

fibroblasts regardless of the OCIAD2 knockdown (Figure 5.2.5 A). This was also true when cells were 

treated with MitoParaquat, a selective superoxide generator within mitochondria (Figure 5.2.5 B). 

Moreover, the OCIAD2 overexpressing fibroblasts in the TIS did not yield any different superoxide 

levels as well (Figure 5.2.5 C). These data demonstrate that OCIAD2 does not affect the mitochondrial 

superoxide level in the TIS fibroblasts. Next, mitochondrial respiration was measured. The Seahorse 

analysis revealed that there was no difference in any parameter of mitochondrial respiration of the TIS 

fibroblasts in spite of the stable knockdown of OCIAD2 (Figure 5.2.5 D). Like the superoxide level, 

the respiration did not change in the OCIAD2 overexpressing TIS fibroblasts (Figure 5.2.5 E).  

 Altogether, these data demonstrate that OCIAD2 affects neither the mitochondrial superoxide 

level nor respiration in the TIS fibroblasts. 
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5.2.6 OCIAD2 does not alter mitochondrial metabolism of nutrients in TIS fibroblasts 

 Other effects of TGF-β on mitochondria are to increase the glutaminolysis and glycolysis by 

upregulating the enzymes GLS1 and HK2 each responsible for metabolizing glutamine and glucose in 

association with mitochondria. Hence the metabolism of glucose and glutamine was analyzed. 

However, against the expectation, the Seahorse analysis did not yield any notable difference in 

glycolysis of the TIS fibroblasts due to the reduction of OCIAD2 (Figure 5.2.6 A). In addition, the 
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analysis of glucose flux into the glycolytic pathway by feeding mass isotopologue 13C6 glucose to the 

TIS fibroblasts did not show any difference in both 2 different feeding time points (Figure 5.2.6 B). 

Thus, it was ruled out that OCIAD2 regulates glycolysis in the TIS fibroblasts. Next, the 

glutaminolysis was measured by feeding cells with 13C5 glutamine. 5 hours of feeding glutamine 

labelled nearly 80% of αKG and 50% of fumarate whereas those labelled by glucose were less than 1% 

(Figure 5.2.6 C), which is consistent with the well-known fact that glutamine is the major anaplerotic 

source of TCA cycle metabolites. Nonetheless, the glutamine catabolism was not significantly 

attenuated in the OCIAD2 knockdown TIS fibroblasts, although it reached the statistical significance 

partly in the decitabine-induced and doxorubicin-induced senescent fibroblasts (Figure 5.2.6 C). Lastly, 

the mitochondrial fatty acid β-oxidation was measured by feeding 13C16 palmitic acid to cells. Like 

glucose and glutamine, palmitate flux into the cells was not changed by OCIAD2 in the TIS fibroblasts 

(Figure 5.2.6 D).  

 These data together speak against the possible role of OCIAD2 in regulating the mitochondrial 

metabolism of glucose, glutamine, or fatty acid in TIS fibroblasts. 
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5.2.7 OCIAD2 promotes formation of mitochondrial clump at perinuclear region in TIS 

fibroblasts 

 Having ruled out the possibilities of OCIAD2 regulating mitochondrial superoxide, respiration, 

and metabolism, I focused on the mitochondrial morphology as it is a critical mitochondrial feature 

that has not been investigated yet. In addition to the dramatic increase of mitochondrial volume in a 

TIS fibroblast, it was observed that there was a significant increase in mitochondrial clumps around 

the nucleus. Of note, such a mitochondrial clump in the perinuclear region was observed nearly only 

in the cell that has little or no OCIAD2 expression upon the establishment of the TIS (Figure 5.2.7 A), 

showing that it is inversely correlated to the level of OCIAD2. In fact, such clumps were reduced in 

all 3 different OCIAD2 stable knockdown cells particularly in accordance with the degree of the 

OCIAD2 reduction (Figure 5.2.7 B, 5.2.4 C). These data strongly argue that OCIAD2 is required to 

form the perinuclear mitochondrial clump in the TIS fibroblasts. Since OCIAD2 is found to be 

dispensable for other mitochondrial features tested as well as the establishment of the TIS, it remains 

to be studied about the biological meaning of the clump promoted by OCIAD2 in the TIS fibroblasts. 
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5.2.8 Analysis of OCIAD2 interactome in the TIS fibroblasts 

 To gain insights into the function of OCIAD2 in the TIS mitochondria, physically binding 

proteins of OCIAD2 were examined. The TIS was established by decitabine in either the wild-type or 

OCIAD2MycFLAG overexpressing cells and the mitochondria-enriched fraction was obtained from them. 

Then the immunoprecipitated eluate by FLAG magnetic beads from the fractions was analyzed by 

mass spectrometry to map the interactome of OCIAD2 (Figure 5.2.8 A). The wild-type rather than 

vehicle (empty vector transduced) cells were used as a control to have a clean background without any 

FLAG expression. As a result, 225 proteins were significantly enriched in the overexpressing 

mitochondria and 143 proteins were MitoCarta 3.0 among them (Figure 5.2.8 B). OCIAD2 was found 

to be the most enriched protein above all, confirming the validity of the experiment. Proteins were then 

selected based on the region in the graph where there are only MitoCarta 3.0 proteins with the high 

enrichment and high significance designated as the MitoCarta exclusive interactors which yielded 27 

proteins (Figure 5.2.8 C). Out of them, 23 proteins were either MIM or IMS proteins, corroborating 

the validity of the experiment given that OCIAD2 is localized at the inner membrane. Lastly, selected 

were proteins exclusively detected in OCIAD2MycFLAG expressing cells since there is supposed to be 

no protein in the FLAG IP eluate of wild-type cells which do not express FLAG peptides. According 

to these criteria, the finalists were 9 proteins (Figure 5.2.8 C; green color). They were equally 

interesting proteins, yet any notable similarity among their functions was not found. Thus, it remains 

to be found the function of OCIAD2.  
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5.2.9 OCIAD2 is stabilized by YME1L1 loss-of-function 

 Previous work from our lab suggested that OCIAD2 is a proteolytic substrate of mitochondrial 

protease YME1L1. Indeed, it was confirmed that the stability of OCIAD2 is increased in YME1L1 

knockout HeLa cells by re-analyzing the same samples from the previous work (Figure 5.2.9 A). 

Moreover, preliminary data in HEK293 cells reproduced the finding from the very previous work done 

in mouse embryonic fibroblasts (MEF) and HeLa cells that OCIAD2 is degraded under hypoxia in a 

YME1L1-dependent manner (Figure 5.2.9 B). Our lab also showed that the substrates of YME1L1 

found in vitro were true in vivo in the mouse model of the neuron-specific Yme1l1 knockout. OCIAD2 

level in the mouse model was assessed as it was not shown before. Interestingly, a western blot analysis 

of several neuronal tissues of the mice revealed that OCIAD2 was not always accumulated in all 
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Yme1l1 knockout neuronal tissues (Figure 5.2.9 C). It is also noteworthy that the accumulation of 

OCIAD2 was negatively associated with the inflammatory phenotypes of the tissues. For instance, the 

previous work found neuroinflammation and axonal degeneration in the retina and spinal cord at the 

age of 6-7 weeks but no sign of inflammation or anomaly was observed in the forebrain or cerebellum 

until the age of 31-32 weeks when the mice were sacrificed due to ethical reasons. 

 All in all, the data showed that OCIAD2 is stabilized by the YME1L1 loss-of-function and 

suggest the presence of a possible factor to link OCIAD2 and YME1L1 in vivo. 

 
5.2.10 Generation of whole-body Ociad2 knockout mice 

 To learn the function of OCIAD2 in vivo, the whole-body Ociad2 knockout mice were 

generated by introducing a premature stop codon to the exon 4 in the Ociad2 genomic locus of the 

mouse embryo using CRISPR-Cas9 technology (Figure 5.2.10 A). A subsequent genotyping 

confirmed a successful introduction of the intended premature stop codon to the loci. The Ociad2 

knockout mice were born Mendelian ratio (Figure 5.2.10 B) and displayed the same body weight 

development in both males and females (Figure 5.2.10 C). Ociad2 was highly abundant in the liver, 

lung, and pancreas compared to the heart and kidney (Figure 5.2.10 D). Especially, the abundance in 

the lung was the most pronounced when compared to SDHA level which is a crude index of 



 

 74 

mitochondrial respiration. Nevertheless, there had been no noticeable phenotype up to the age of 69 

weeks in the knockout mice (BfR evaluation total score: 0-1).  
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6. Discussion 

 

6.1 Resolving paradox of mitochondrial features in CS 

This study largely resolved the paradoxical status of mitochondria by taking mitochondrial 

volume into account. Many studies reported that mitochondria are dysfunctional in senescent cells, 

based on the observation of increased mtROS levels and decreased MMP. However, these 

mitochondria as a whole were found to have higher respiration and metabolic activity with functional 

contributions to the CS. Although there were several attempts to consider the increased mitochondrial 

mass when measuring the functions, to my knowledge, none of them took the 3-dimensional volume 

into account. The mitochondrial volume measured in this study is far bigger than the one from 2-

dimensional planes. The volume was increased over 12-fold in the TIS cells, whereas several other 

studies reported the increase is around 3-fold (22, 139, 163). The 2-dimensional image-based 

quantification is one intuitive reason for the discrepancy. Another reason would be a misleading result 

of Mitotracker dye as a proxy of the mitochondrial mass. Although this dye is largely known to be 

insensitive to MMP, it was observed in fact a clear reduction of the intensity by CCCP treatment 

(Figure 5.1.3 F). Thus, calculating the mitochondrial mass by Mitotracker dye yields a largely 

underestimated value due to the depolarized mitochondria in senescent cells. Moreover, the 

Mitotracker intensities in the TIS cells were comparable with those of TMRM and mitoSOX in 

accordance with other reports (163, 170).  

Nevertheless, one should be cautious to interpret the data present in this study. The 

mitochondrial parameters scaled by the mitochondrial volume yielded a general decrease of nearly any 

measured parameter in this study. However, these are mean values. What could be true is that there 

are distinct subpopulations of mitochondria with varying amplitudes of activity. That is, only a subset 

of mitochondria in the TIS cells has higher MMP to yield overall higher MMP when measured per 

cell. This could be true for mtROS too, although this population is not likely to overlap the other with 

higher MMP. This hypothesis could be tested by imaging the mitochondria in senescent cells in the 

future. Another lesson from this study is that the generally used markers as a proxy of mitochondrial 

abundance do not faithfully reflect their true abundance. Other than Mitotracker, mtDNA copy number 

is often used as a readout of mitochondrial amount. However, as shown in this study (Figure 5.1.3A), 

it does not represent the true amount of the mitochondria. As summarized in the table (see 2.3.3), there 

are conflicting results about the mitochondrial states across the different cell types and stimuli. While 

this could, by all means, be true mitochondrial states, I presume this too is largely due to the negligence 

of taking an accurate mitochondrial abundance into account. Thus, it warrants the test as such. 
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What is not addressed in this study despite importance is the mechanism of mitochondrial 

accumulation in senescent cells. Countless studies reported the accumulation of mitochondria in 

senescent cells. Some of the studies suggested multiple scenarios, including diminished mitochondrial 

turnover, reduced mitophagy, and early and transient activation of mitochondrial biogenesis. However, 

the proteomic analysis in this study does not support such reductions at least by the level of the genes 

that are involved in mitochondrial dynamics and surveillance (Appendix 2; Dynamics & Surveillance). 

Contrary to the previous reports (145, 171), mitochondrial fission factor FIS1 was one of the highest 

upregulated proteins on day 7. Moreover, another fission factor MFF was also upregulated. It is also 

noteworthy that several fusion factors were also increased, including MFN2 and OPA1. Thus, the 

proteomic data in this study do not explain the increased mitochondrial volume (and tubulation). It 

remains to be determined which factors are critical for eliciting the mitochondrial accumulation in TIS 

cells. 

 

6.2 Potential role of rewired mitochondria in CS 

 In this study, mitochondria were found to rewire their proteome as well as metabolism in TIS. 

The proteomic rewiring largely pointed to an increase in the mitochondrial membrane proteins in 

contrast to a decrease in the matrix proteins (Figure 5.1.5D). Detailed categorization of mitochondrial 

genes revealed that particularly metabolism-related genes were heavily increased (Appendix 2; 

Metabolism), in contrast to the mtDNA-related genes (Appendix 2; Central dogma). The general 

decrease in mtDNA-related genes associated with a reduced mitochondrial translation explains well 

the lowly energized mitochondria in the TIS cell. Thus, the general increase in metabolism-related 

genes is not likely attributed to the mitochondria with low bioenergetics. Indeed, the proteomic 

analyses suggested an early enhancement of BCAA catabolism, followed by the increase in lipid 

metabolism (Figure 5.1.5E). The enhanced BCAA catabolism was validated by the metabolic flux 

analysis using stable isotope tracers (Figure 5.1.7F). This enhancement was not led to an increase in 

OCR (data not shown). Moreover, preliminary data showed that the BCAA carbons did not reach the 

TCA cycle. Another data hinted that the downregulation of BCAA catabolism in TIS cells led to 

reduced intracellular levels of neutral lipids (all data not shown). These data collectively suggest that 

the enhanced BCAA catabolism supports not only NEAA synthesis (Figure 5.1.7F) but also 

lipogenesis in TIS. Of note, a general accumulation of lipids with a marked alteration of lipid profile 

in senescent cells have been reported (159, 160, 205-207). Moreover, the physiological role of BCAA 

catabolism was shown to provide lipogenic CoA molecules in adipose tissue and pancreas (108, 114, 

208, 209). Thus, it could be hypothesized that enhanced BCAA catabolism in senescent cells is to 

support lipogenesis. Nevertheless, it is not completely understood yet the role of accumulated lipids in 
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senescent cells. Based on the preliminary OCR data abovementioned, it appears to be irrelevant to 

mitochondrial energy production. Therefore, it is warranted to test the role of enhanced BCAA 

catabolism and lipogenesis in TIS. 

 Unlike the BCAA catabolism, early downregulation of the 1C-folate pathway is not surprising 

in that its major significance is to provide nucleotides. Senescent cells would have lower demand for 

nucleotides due to a lack of proliferation. Indeed, a stark depletion of dNTPs was reported in the OIS 

(210). What was striking is that adding nucleosides in the OIS cells made them exit from the 

senescence, suggesting that dNTP reduction is not a mere consequence but a driver and sustainer of 

the OIS. However, it is unclear whether the reduction of 1C-folate metabolism is specific to the CS 

rather than quiescence, both of which are cell-cycle arrested states and would have a reduced demand 

for dNTP level. Thus, it remains to be elucidated about the causality of the curtailed 1C-folate 

metabolism in the TIS. 

 Another interesting observation is the altered ratio of purine/pyrimidine caused by the selective 

depletion of purines in TIS cells (Figure 5.1.6C, Appendix 4). In a normal cell, the abundance of 

pyrimidine is generally higher than purine. Certain pathological circumstances (e.g., urea cycle 

dysregulation) can exaggerate the pyrimidine to purine ratio (211). Interestingly, this ‘pathological’ 

ratio promoted genomic transversion mutations in cancer cells. That is, pyrimidine tends to be 

incorporated in lieu of purine presumably due to its overriding abundance. The idea that such an 

imbalance could lead to mutagenesis was more directly proven in yeast (212). This raises an interesting 

point that why senescent cells maintain the imbalanced ratio. While purine is synthesized from the 1C-

folate pathway, pyrimidine synthesis requires IMM protein DHODH to catalyze the reaction from 

orotate to dihydroorotate. DHODH requires ETC activity for its function. This means senescent cells 

somehow maintain the pyrimidine level even with the bioenergetically hypoactive mitochondria. Thus, 

it would be interesting to investigate the role of the purine/pyrimidine imbalance in senescent cells, let 

alone the mechanism through which it is achieved.  

 

6.3 And still: the elusive orphan gene OCIAD2 

 This study identified OCIAD2 as a pan-senescence marker (Figure 5.2.1) besides cancer. 

Moreover, OCIAD2 was the earliest upregulated mitochondrial protein with the highest statistical 

significance (Appendix 1; mitochondria). This made OCIAD2 highly plausible to be a causal factor 

for CS. In the subsequent analyses, it was found that OCIAD2 has crosstalk with TGF-β signaling in 

TIS (Figure 5.2.4) and it promotes perinuclear clustering of mitochondria in TIS cells (Figure 5.2.7). 

Perinuclear clustering of mitochondria was observed in several stress conditions including senescence, 

apoptosis, hypoxia, and heat shock (147, 213-215). From these studies, it was found that the clustering 
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is largely mediated by HIF1A signaling. Interestingly, the perinuclear clustered mitochondria were 

shown to be a source of ROS or cholesterol to the nucleus. Of note, these mitochondria are 

morphologically distinct from hypertubulated mitochondria observed in, for example, DRP1 knockout 

cells. While mitochondria in DRP1 knockout cells are relatively well distributed with hypertubulated 

and elongated morphology (216), the perinuclear clustered mitochondria are clustered around the 

nucleus (hence is the name) often with strong polarity toward one side of the nucleus (215). However, 

in this study, these observations were not associated with any mitochondrial parameter that is known 

to be altered in senescent cells. This includes ETC function, mtROS, TCA cycle activity, glycolysis, 

glutaminolysis, and FAO (Figure 5.2.5, 5.2.6). Thus, it is still elusive about the role of OCIAD2 in 

forming perinuclear clustered mitochondria and its potential relevance with TGF-β signaling.  

Only recently, the exact localization of OCIAD2 was demonstrated to be the IMM (178, 179). 

After having confirmed these results (Figure 5.2.2), the interactome of OCIAD2 in TIS was 

investigated to find out its direct function(s) in TIS. After stringent criteria, the final 9 proteins were 

regarded as bona fide interactors of OCIAD2 (Figure 5.2.8C). These 9 proteins have little in common 

in regard to the function, which makes it elusive to infer the OCIAD2 function. However, at least, we 

could rule out its possible interaction with OCIAD1, against the previous report (175). In fact, nearly 

all but one report differentiated the biology of OCIAD1 and OCIAD2. For example, in any given 

biological setting, OCIAD1 and OCIAD2 were not identified together (177-187). In agreement with 

this, the proteomic analyses in this study did not identify OCIAD1 as DEG at any given time point. 

Moreover, the OCIAD1 level did not change in OCIAD2 knockdown or overexpressed cells (Figure 

5.2.3A, D). This strongly argues that OCIAD2 has a distinct function from that of OCIAD1. 
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7. Appendix 

 

 

 

 

 

 

 

 

 

 

 



 

 80 

 



 

 81 

 



 

 82 

 



 

 83 

 



 

 84 

8. Summary 

 Mitochondrial plasticity enabled themselves to transform with the rewired proteome, 

metabolism, and bioenergetic profile in therapy-induced senescent cells. Such reprogrammed 

mitochondria implicate their new role and purpose to meet the demands of senescent cells. The findings 

in this study are summarized graphically as below. 

 

Summarized diagram 

 
 

 

Future hypothesis 
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