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Abbreviations 

NMR : Naked mole-rat 

NSF : Naked mole-rat skin fibroblast 

MEF : Mouse embryonic fibroblast 

MSF : Mouse skin fibroblast 

ECI : Early contact inhibition 

HMM-HA : High Molecular Mass-Hyaluronan 

Atg5 : Autophagy related protein 5 

LC3b : Microtubule-associated protein light chain 3 beta 

pRb : Retinoblastoma protein 

shRNA : short hairpin RNA 

HIF-1α : hypoxia inducible factor-1 alpha 

p16INK4a : cyclin-dependent kinase inhibitor 2A 

p21Waf1 : cyclin-dependent kinase inhibitor 1A 

p27Kip1 : cyclin-dependent kinase inhibitor 1B 

ECI : Early Contact Inhibition 

HAS2 : Hyaluronan Synthase 2 

HYAL2 : Hyaluronidase 2 

CQ : Chloroquine 

PI : Propidium Iodide 

D-PBS : Dulbecco’s Phosphate-Buffered Saline 

FBS : Fetal Bovine Serum 

SDS-PAGE : Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

SA-β-gal : Senescence Associated-β-Galactosidase 
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General Introduction 

 
1. Naked Mole Rat 

The naked mole-rat (NMR, heterocephalus glaber) is a eusocial subterranean 

rodent. NMRs and Damaraland mole-rats (Fukomys damarensis) are only two eusocial 

mammalian species like eusocial insects (Jarvis, 1981; Bennett and Jarvis, 1988). 

Recent years, NMRs are emerging model organisms for studies on mammalian cancer 

and aging.  

 

Physiological characteristics of Naked Mole Rats  

1) Longevity 

NMRs are known for the longest-living rodent species (Buffenstein, 2005). A 

maximum lifespan of NMRs is more than 30 years (Lewis and Buffenstein, 2016). 

While body size of NMRs is similar to that of the house mouse (Mus musculus), NMRs 

live 10 times longer than house mouse (Edrey et al., 2011). Furthermore, NMRs 

generally experience a greatly extended healthy lifespan within theire total lifespan of 

over 30 years (Buffenstein, 2008; Ruby et al., 2018). An NMR queen reproduces until 

death (Buffenstein and Jarvis, 2002; Buffenstein, 2008). Furthermore, NMRs show a 

low metabolic rate approximately 70% of that of a house mouse (Yahav and Buffenstein, 

1991). Also, NMRs exhibit few age-related changes in basal metabolism (O’Connor et 

al., 2002; Triplett et al., 2015a). Moreover, NMRs display no age-related cardiac or 

vascular changes (Csiszar et al., 2007; Grimes et al., 2014). NMRs also have 

upregulated expression of DNA repair genes delaying aging (MacRae et al., 2015; 

Hoejimakers, 2009), improved proteostasis (Pride et al., 2015), and a stable epigenome 

(Tan et al, 2017). 

2) Cancer resistance 

These extraordinary animals also exhibit profound resistance to spontaneous 
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tumorigenesis (Buffenstein, 2008). Initial case of cancer in NMRs was reported at 2016, 

while NMRs have been observed since 1980s (Delaney et al., 2016). NMRs are also 

exceptionally resistant to experimentally induced cancer (Liang et al., 2010; Seluanov et 

al., 2009). 

3) Adaptation to hypoxia 

NMRs live in colonies underground with low-oxygen environment (Lewis and 

Buffenstein, 2015). Therefore, NMRs can tolerate hypoxic conditions as low as 3% 

(Nathaniel et al., 2009). Recent study reported that NMRs can survive 18 min without 

apparent injury in the absence of Oxygen (Anoxia). Under anoxic conditions, NMRs 

switch from glucose-based anaerobic metabolism to that of fructose (Park et al., 2017). 

Furthermore, HIF-1α, a master regulator of mammalian O2 homeostasis, contributes to 

hypoxia of adaptation to NMRs (Xiao et al., 2017 ). 

4) Naked mole-rat cells 

Fibroblasts derived from NMRs do not exhibit replicative senescence, but 

proliferate very slowly in culture (Seluanov et al., 2008). Several cellular level studies 

identified mechanisms involved in longevity and cancer resistance of NMRs. Previous 

study reported that proliferation of NMR fibroblasts were suppressed at a much lower 

cell density than mouse fibroblasts (Seluanov et al., 2009). This phenomenon, termed 

early contact inhibition (ECI), contributes to anti-cancer mechanisms. This study also 

revealed that p53 and pRb tumor suppressor pathways regulates cell cycle arrest, 

apoptosis and ECI in NMR fibroblasts. Interestingly, p16INK4a (Cyclin-dependent kinase 

inhibitor 2A) is also implicated in regulation of ECI in NSFs. In mammalian cells, 

p16INK4a is generally regarded as a unique and specific marker of cellular senescence 

and irreversible cell cycle arrest (Hernandez-Segura et al., 2018). In case of NMR 

fibroblasts, however, p16 INK4a regulates reversible cell cycle arrest instead of p27kip1 

(Cyclin-dependent kinase inhibitor 1B) in a cell density-dependent manner. Thus, this 

study also suggested that upregulation of p16INK4a is not a specific marker of cellular 

senescence in NMR fibroblasts. Furthermore, NMR fibroblasts secrete 
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high-molecular-mass hyaluronan (HMM-HA), which is required for ECI (Tian et al., 

2013). Suppression of HAS2 (a hyaluronan synthase) or overexpression of HYAL2 (a 

hyaluronan-degrading enzyme) contributes to malignant transformation of NMR 

fibroblasts. Moreover, an additional isoform from INK4a/b locus, the p15INK4b/p16INK4a 

hybrid named as pALTINK4a/b, contributes to the cancer resistance of NMR by inducing 

cell cycle arrest in NSFs (Tian et al., 2015). 

On the other hands, recent studies also reported that induced pluripotent stem 

cells (iPSCs) derived from NMR cells exhibits resistance to tumorigenesis (Miyawaki et 

al., 2016; Lee et al., 2017). Furthermore, suppression of ARF, a tumor suppressor gene, 

triggers NMR-specific cellular senescence as a safeguard against reprogramming and 

oncogenic transformation (Miyawaki et al., 2016). Interestingly, gene expression 

patterns of NMR iPSCs are more similar to those of human than mouse iPSCs (Lee et 

al., 2017). In addition, inactivation of pRb contributes to reprogramming of NMR cells 

(Tan et al., 2017).  

 

2. Autophagy 

Macroautophagy (hereafter, autophagy) is the evolutionarily conserved cellular 

pathway that degrades intracellular components including soluble proteins, aggregated 

proteins, organelles, and macromolecules via the lysosomal degradation to recycle them 

to maintain cellular homeostasis at basal state. Autophagy also contributes to cell 

survival under stress conditions, such as nutrient or growth factor deprivation, hypoxia, 

reactive oxygen species (ROS), DNA damage or intracellular pathogens (Levine & 

Kroemer, 2008).  

 

Molecular mechanisms of autophagy 

The molecular mechanism of autophagy is composed of following steps; initiation, 

nucleation, elongation, docking and fusion, degradation. 

1) Initiation and Nucleation 
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Various stimuli, such as nutrient starvation, lead to the formation of isolation membrane 

from various organelles, including mitochondria, mitochondria-associated membranes, 

the Golgi complex, the endoplasmic reticulum (ER), the plasma membrane and 

recycling endosome (Puri et al., 2013; Hamasaki et al., 2013; Moreau et al., 2011; 

Ravikumar et al., 2010; Hailey et al., 2010; Axe et al., 2008;). Autophagosome 

formation is initiated by the ULK complex (ULK 1/2, Atg13, Atg101 and FIP200) at 

Atg9-containing membranes, followed by ULK1 dependent Atg9 phosphorylation 

(Karanasios et al., 2016). This event leads to the formation of isolation membrane and 

activates the class III PI3-kinase nucleation complex. (Vps34, Beclin1, Vps15 and 

Atg14). Activated the class III PI3-kinase nucleation complex supports formation and 

elongation of a double-membrane structure (the isolation memebrane or phagopore) via 

production of phosphatidylinositol 3-phosphpate (PI3P). 

2) Elongation 

The elongation of the isolation membrane/phagophore leads to the formation of 

double-membrane autophagosome, which is processed by two ubiquitin-like 

conjugation steps catalyzed by Atg7. Atg7 first conjugates Atg5 and Atg12, which them 

complex with Atg16L to form the Atg5-Atg12-Atg16L complex on the outer membrane 

of the phagophore (Glick et al., 2010; Kaur & Debnath, 2015). The second step 

involves the processing of Atg8/LC3. When autophagy is induced, pre-Atg8/LC3 is 

converted to Atg8/LC3-I by Atg4 protease, and Atg8/LC3-I is conjugated to 

phosphatidylethanolamine (PE) by Atg7 to generate Atg8/LC3-II. Atg8/LC3-II is then 

recruited to the elongating phagophore dependently on the Atg12-Atg5-Atg16L 

complex. LC3B-II is present on both the inner and outer membrane of the 

autophagosome, and plays a role in the completion of the autophagosome formation. 

Since Atg8/LC3-II remains covalently bound to the inner membrane of autophagosome, 

production of Atg8/LC3-II is used as a general marker for autophagy (Mizushima et al., 

2010). 

3) Docking and fusion 
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Upon completion of autophagosome formation, PE is cleaved from LC3B-II by Atg4 on 

the outer membrane and the resulting LC3B-I is released to the cytosol. The matured 

autophagosome is then fused with primary lysosome via the lysosomal membrane 

protein LAMP-2 and the small GTPase Rab7, resulting in the formation of 

autolysosomes (Fortunato et al., 2009; Jäger et al., 2004; Gutierrez et al., 2004). 

4) Degradation  

In autolysosomes, the incorporated materials are completely digested by lysosomal 

enzymes under acidic conditions. The digested small molecules, such as amino acids, 

are released back to the cytosol to be re-used for protein synthesis and maintenance of 

cellular functions under starvation conditions. 

 

Autophagy in aging and longevity 

Many species display decreased autophagy activity with age (Nakamura et al., 

2019; Chang et al., 2017; Kaushik et al., 2012; Simonsen et al., 2008; Donati et al., 

2001). Also, many studies have reported that activation of autophagy is implicated in 

extension of lifespan in model organisms. Suppression of insulin/IGF-1 signaling 

(Meléndez et al., 2003), caloric restriction (Hansen et al., 2008; Jia and levine et al., 

2007), and resvertrol treatment (Morselli et al., 2010) contributes to both autophagy 

activation and life extension of C.elegans. Furthermore, Rapamycin treatment (Bjedov 

et al., 2009), Brain-specific overexpression of Atg8a (Simonsen et al., 2008) and 

neuron-specific upregulation of Atg1 (Ulgherait et al., 2014) activate autophagy and 

extend lifespan in Drosophila. Moreover, Atg5 overexpression in mice contributes to 

activation of autophagy and extension of lifespan (Pyo et al., 2013). Recent study also 

reported that disruption of belin1-Bcl2 interaction activates autophagy and extends 

lifespan of mice (Fernández et al., 2018)  

 

Autophagy in Naked mole-rat 

Previous study showed that NMR brain tissue maintains high levels of basal 
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autophagy for most of lifespan (Triplett et al., 2015b). Also, very young and adult 

NMRs display increased levels of basal autophagy compared to mouse. (Zhao et al., 

2014). Inhibition of PI3K/Akt pathway activates autophagy in NMR skin fibroblasts. 

(Zhao et al., 2016). Furthermore, autophagy levels of leydig cell regulate the fertility of 

male NMRs (Yang et al., 2017). However, molecular mechanisms underlying high basal 

autophagy of naked mole-rats and its physiological roles remains to be elucidated. 

 

 

Figure. General Introduction 

Molecular mechanisms of macroautophagy.  
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Abstract 

The Naked mole-rat (NMR, Heterocephalus glaber) is the longest-living rodent 

species, with a maximum lifespan of over 30 years. NMRs exhibit negligible 

senescence, exceptional resistance to cancer, and high basal autophagy activity 

compared with mouse. The molecular mechanisms and physiological roles underlying 

the high autophagy activity in NMRs remain to be elucidated. I identified that the 

Atg12-Atg5 conjugate, a critical component of autophagosome formation, was highly 

expressed in NMR skin fibroblasts (NSFs) compared with that in mouse skin fibroblasts. 

I then generated Atg5 knockdown NSFs via lentiviral shRNA vectors to investigate the 

role of Atg5 in NSFs. Phenotypic analysis of Atg5 knockdown NSFs revealed that high 

basal autophagy activity in NSFs was associated with abundant expression of the 

Atg12-Atg5 conjugate. Atg5 knockdown in NSFs led to accumulation of dysfunctional 

mitochondria and frequent appearance of abnormally large-sized cells, and suppressed 

cell proliferation and cell adhesion ability, promoting anoikis/apoptosis accompanied by 

upregulation of apoptosis-related genes, Bax and Noxa. Furthermore, inhibition of the 

p53/Rb pro-apoptotic pathway with SV40 large T antigen abolished the increase in cell 

size, cell cycle arrest and suppression of cell adhesion, the phenotypes related to 

anoikis/apoptosis induced by Atg5 knockdown. Taken together, these results suggest 

that high basal autophagy activity in NMR cells, mediated by Atg5, contribute to 

suppression of apoptosis by interfering with the activation of the p53/Rb pro-apoptotic 

pathway, potentially via degradation of stress-inducing factors. This mechanism could 

benefit the longevity of NMR cells. 
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Introduction 
 

 The naked mole-rat (NMR, heterocephalus glaber) is a eusocial subterranean 

rodent, native to Africa (Jarvis, 1988). NMRs are the longest-living rodent species with 

a maximum lifespan of over 30 years (Buffenstein, 2005). While body size of NMRs is 

similar to that of house mouse (Mus musculus), NMRs live 10 times longer than house 

mouse (Edrey et al., 2011). Furthermore, NMRs display generally experience a greatly 

extended healthy lifespan within their lifespan of 30 years (Buffenstein, 2008). These 

extraordinary mammals also exhibit profound resistance to both spontaneous and 

experimentally induced cancer (Liang et al., 2010; Seluanov et al., 2009; Buffenstein, 

2008). A previous study identified that NMR fibroblasts exhibit hypersensitive contact 

inhibition termed early contact inhibition, which is regulated by p16INK4a, p53 and pRb 

pathways (Seluanov et al., 2009). Moreover, NMRs display increased levels of basal 

macroautophagy compared with mouse (Zhao et al., 2014).  

Macroautophagy (hereafter, autophagy) is the evolutionarily conserved 

pathway that degrades intracellular components, including aggregated protein, 

organelles, macromolecules and invading pathogens via lysosomal degradation. 

Autophagy contributes to the maintenance of cellular homeostasis and fitness in both 

basal state a stressed state. Previous studies have suggested that autophagy is deeply 

implicated in animal aging. Many species display decreased autophagy activity with age 

(Nakamura et al., 2019; Chang et al., 2017; Kaushik et al., 2012; Simonsen et al., 2008; 

Donati et al., 2001). Furthermore, Studies in C.elegans have suggested that autophagy 

activation is implicated in lifespan extension (Morselli et al., 2010; Hansen et al., 2008; 

Jia and levine et al., 2007; Meléndez et al., 2003). Brain-specific overexpression of 

Atg8a (Simonsen et al., 2008) and neuron-specific upregulation of Atg1 (Ulgherait et al., 

2014) activate and extend the lifespan in Drosophila. Atg5 overexpression in mice 

contributes to activation of autophagy and extension of lifespan (Pyo et al., 2013). 
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However, molecular mechanisms underlying high basal autophagy activity of NMRs 

and its physiological significance of this phenomenon remain to be elucidated. 

In the present study, I identified that Naked mole-rat fibroblasts (NSFs) 

expressed higher levels of Atg12-Atg5 conjugate, a critical component of 

autophagosome formation, than mouse fibroblasts did. I then generated Atg5 

knockdown NSFs via lentiviral shRNA vectors to investigate the role of Atg5 in NSFs. 

Phenotypic analyses revealed that increased levels of Atg12-Atg5 conjugate contributed 

to high levels of basal autophagy in NSFs. Furthermore, Atg5 knockdown in NSFs 

induced the accumulation of dysfunctional mitochondria, increase in cell size, and 

suppressed cell proliferation and adhesion to substrates, enhancing induction of 

apoptosis/anoikis. However, inhibition of the pro-apoptotic p53/Rb pathway with SV40 

Large T antigen abolished apoptotic phenotypes induced by Atg5 knockdown. These 

results suggest that high basal autophagy levels in NMR cells, mediated in part by Atg5, 

contribute to suppression of apoptosis by inhibiting activation of the pro-apoptotic 

p53/Rb pathway, potentially via degradation of stress-inducing factors. 
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Materials and methods 
 

Reagents and Antibodies  

Anti-LC3b (D11) and anti-Atg5 (D5F5U) were purchased from Cell Signaling 

Technology (MA). Anti-β-tubulin (H-235), anti-Actin (C-11) and anti-Atg7 (B-9) were 

from Santa Cruz Biotechnology (TX). Anti-Pcna (Ab-1) was from Oncogene science 

(NY). Chloroquine and Hoechst33342 were purchased from Nacalai Tesque (Kyoto, 

Japan). Puromycin and Blasticidin S were purchased from InvivoGen (CA). 

Mitotracker® Green FM and Mitotracker® Orange CMTMRos were purchased from 

InvitrogenTM (CA). DAPGreen was purchased from Dojindo Molecular Technologies, 

Inc. (Kumamoto, Japan). Cyto-ID® was purchased from Enzo Life Sciences, Inc. (NY). 

 

Cell culture 

Primary NMR skin fibroblasts (NSF) were isolated from 1-to 2-year-old adult male 

NMRs. Mouse embryonic fibroblasts (MEFs) and mouse skin fibroblasts (MSFs) were 

isolated from adult male C57BL/6. MEFs and MSFs were immortalized with SV40 

large T antigen. NIH/3T3 cells were purchased from American Type Culture Collection. 

All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

with 15% FBS (Gibco, MA), 1% Antibiotic-Antimycotic Mixed Solution (Nacalai 

Tesque), 2mM L-glutamine (Nacalai Tesque) and 0.1 mM non-essential amino acids 

(NEAA; Nacalai Tesque). All cells are cultured at 32℃ in humidified atmosphere 

containing 5% CO2, 3% O2 on 0.1% gelatin-coated dishes. 

 

Lentivirus preparation 

I utilized lentiviral vectors pLKO.1-puro (Sigma Aldrich, MO) for shRNA expression 

and pCSII-CMV-SV40LT-IRES2-bsd for ectopic expression. An empty pLKO.1-puro 

was used as a shRNA negative control (shN.C.) vector. shRNA target sequences are 
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shown in Table 1. Each plasmid and MISSION® Lentiviral Packaging Mix (Sigma 

Aldrich) was transfected into HEK293T cells with polyethylenimine MAX transfection 

reagent (Polysciences, PA), according to the manufacturer’s protocol. The medium 

containing lentiviral particles was used for lentiviral transduction. 

 

Lentiviral transduction 

Cells were seeded in Φ 100 mm dishes (3 × 105 cells/dish) 24 h prior to lentiviral 

infection. On the subsequent day, cell culture medium was replaced with the medium 

containing lentiviral particles. After 48 h, lentivirus-containing medium was replaced 

with the medium containing puromycin (2 µg/ml) or blasticidin S (10 µg/ml) for drug 

selection.      

 

Immunoblotting 

Cells were washed with ice-cold D-PBS and lysed in RIPA buffer (20 mM Tris-HCl 

ph7.4, 150 mM NaCl, 1mM EDTA, 1% NP-40, 0.1% SDS, 50 mM NaF, 1mM Na3VO4 

and Protease inhibitor cocktail), and cleared by centrifugation at 15,000 × g for 15 min. 

The lysate was then boiled for 5 min. Samples were separated by SDS-PAGE and 

transferred to a nitrocellulose or a PVDF membranes. HRP-conjugated secondary 

antibodies were detected with Chemi-Lumi One (Nacalai Tesque) using WSE6200H 

LuminoGraph 2 (ATTO, Tokyo, Japan) 

 

Quantitative real-time PCR analysis 

Total RNA was extracted from cells using Sepasol®-RNA I Super G (Nacalai Tesque), 

according to the manufacturer’s protocol. Complementary DNA (cDNA) was 

synthesized by using the ReverTra Ace qRT-PCR RT Master Mix (Toyobo, Osaka, 

Japan) with 500 ng of total RNA. The qRT-PCR was performed in quadruplicate with 

THUNDERBIRD® SYBR Green qPCR Mix (Toyobo) using a QuantStudio5 real-time 
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PCR system (Applied Biosystems, MA). All experiments were repeated at least three 

times. The primer sequences are shown in Table 2. 

 

SA-β-gal assay 

Cells were seeded in a 6-well plate (2 × 104 cells/well) 48 h prior to staining. Cells were 

washed with cold D-PBS, before being fixed in 1 ml 0.5% glutaraldehyde, followed by 

incubation at 4℃ for 5 min. Cells were than stained with 2 ml freshly prepared 

5-bromo-4-chloro-3-indoyl-β-galactopyranoside (X-Gal) staining solution, followed by 

incubation at 37℃ for 6 h. The staining was terminated by washing three times with 

cold D-PBS for 5 min. Color images of X-Gal-stained cells were captured with 

Bright-Field settings, mounted on an inverted light microscope, using a 10 × objective.  

 

WST-8 cell proliferation Assay  

Cell proliferation was measured by using a Cell counting Kit-8 (Dojindo). Cells were 

seeded in 96-well plates (500 cells/well). After cells had adhered to the dish, 10 µL Cell 

Counting Kit WST-8 reagent was added, followed by 2 h incubation at 32℃. Cell 

densities were then assessed using microplate reader at an absorbance of 450 nm. In the 

subsequent days, cell densities were measured at indicated time points. 

 

Cell proliferation and adhesion assay by flow cytometer 

Cells were seeded in 12-well plates (3 × 103 cells/well) 6 h prior to the first 

measurement. Cells were stained with Hoechst 33342 5 µg/ml for 30 min at 32℃. Cells 

were then washed twice with cold D-PBS. Cells were resuspended in 0.2 mL of D-PBS 

containing 2% FBS. The number of Hoechst 33342 positive cells was quantified using 

Attune NxT flow cytometer (Thermo Fisher Scientific). In the subsequent days, cell 

numbers were counted at the indicated time points. 

 

Measurement of autophagy activity by flow cytometric analysis 
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Fluorescent dyes (DAPGreen and Cyto-ID®), which detect autophagic vacuoles in 

cytoplasm, were used as indicators of autophagy. Cells were stained with DAPGreen 

(Dojindo) 100 nM or Cyto-ID (Enzo Life Sciences, Inc.) for 30 min at 32℃ after 

treatment with or without chloroquine 20µM for 3 h. Cells were then washed twice with 

D-PBS, and resuspended in 0.2 mL of D-PBS containing 2% FBS. Fluorescence 

intensity were assessed by flow cytomeric analysis using a NxT flow cytometer 

(Thermo Fisher Scientific) 

 

Measurement of mitochondrial mass by flow cytometric analysis 

Cells were labeled with 5 µg/mL Hoechst 33342, 100 nM Mitotracker® Green FM and 

100 nM Mitotracker® Orange CMTMRos for 30 min at 32℃. Cells were then washed 

twice with D-PBS. Cells were resuspended in 0.2 mL of D-PBS containing 2% FBS. 

Fluorescence intensity were assessed by Flow cytomeric analysis using a NxT flow 

cytometer (Thermo Fisher Scientific) 

 

Annexin V-PI analysis 

Cells were labeled with Annexin V-FITC and PI using Annexin V-FITC apoptosis 

detection kit (Nacalai Tesque), according to the manufacturer’s protocol. Fluorescence 

intensity was assessed by Flow cytomeric analysis using a NxT flow cytometer 

(Thermo Fisher Scientific). 

 

Statistical analysis 

Data were analyzed with t-test or one-way ANOVA followed by Dunnett’s test or 

Tukey’s test as indicated in figure legends. Analyses were performed using GraphPad 

Prism 8 (GraphPad Software) or Excel (Microsoft) 
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Tables 

 
Table 1 shRNA sequences. 

 

Target gene Sequence 

NMR-Atg5-#1 5’-CATCAATCGTAAACTCATGGA-3’ 

NMR-Atg5-#2 5’-CAGAAGCTATTTCGTCCTGTG-3’ 

 

Table 2 qPCR primer sequences. 
 

Primer  Sequence qPCR Target 

NMR-Tubb-F 5’-GAAATCGTGCACATCCAGGC-3’ 
NMR-β-tubulin 

NMR-Tubb-R  5’-ATTCGGTCCAGCTGCAGGTC-3’ 

NMR-Gapdh-F 5’-CCAGAACATCATCCCAGCGT-3’ 
NMR-Gapdh 

NMR-Gapdh-R 5’-GTCAGATCCACCACGGACAC-3’ 

NMR-Pcna-F 5’-CGATACTTACCGCTGCGACC-3’ 
NMR-Pcna 

NMR-Pcna-R 5’-ATGATGTCTTCGTTGCCAGC-3’ 

NMR-Ink4a-F 5’-TGGACTCGTGGGGCGAAAAG-3’ 
NMR-p16/INK4a 

NMR-Ink4a-R 5’-CTTGGGTGTTGCCCATCATCA-3’ 

NMR-p21-F 5’-CTTGTGCCTCGGTCTTCTGA-3’ 
NMR-p21/Waf1 

NMR-p21-R 5’-GGCGCTTGGAGTGGTAGAAA-3 

NMR-Bax-F 5’-CCCCGAGAGGTCTTTTTCCG-3’ 
NMR-Bax 

NMR-Bax-R 5’-TTGGTACACAGCGCCTTGAG-3’ 

NMR-Noxa-F 5’-AAGGTGTGTAAGGGCACGCA-3’ 
NMR-Noxa 

NMR-Noxa-R 5’-AGGCATCTCTCCAAGTATCGC-3’ 

 

 
 
 
 
 

Results  
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Naked mole-rats skin fibroblasts exhibit higher basal autophagy activity and levels 

of the Atg12-Atg5 conjugate than mouse fibroblasts 

 

 To compare the basal autophagy activity flux among mouse NIH3T3 cells, 

Mouse Embryonic Fibroblasts (MEFs) and Mouse Skin Fibroblasts (MSFs), and Naked 

mole-rat Skin Fibroblasts (NSFs), I first assessed LC3b-II levels in these cells by 

immunoblotting. LC3 conversion (LC3-I to LC3-II) is an essential step for 

autophagosome formation during autophagy (Ichimura et al., 2000). The treatment of 

Chloroquine (CQ) induces the accumulation of undegraded autophagosomes via 

blocking autophagosome-lysosome fusion (Mauthe et al., 2018). Thus, LC3b-II 

accumulation is indicative of autophagy activity when lysosomal degradation is blocked 

by lysosomal inhibitors, such as CQ (Mizushima et al., 2010). The results showed that 

NSFs had substantially higher LC3b-II level than mouse fibroblasts, particularly when 

treated with CQ (Fig. 1A). Furthermore, I confirmed basal autophagy activity by flow 

cytometric analysis using DAPGreen, which detects autophagic vacuoles (Iwashita et al., 

2018). Consistent with the immunoblotting data, the results showed that NSFs exhibited 

higher basal autophagy activity than MSFs (Fig. 1B). Interestingly, I also identified that 

levels of the Atg12-Atg5 conjugate were increased in NSFs relative to mouse 

fibroblasts, while Atg7 was expressed almost equally among cell lines (Fig. 1C). The 

Atg12-Atg5 conjugate is a component of Atg12-Atg5/Atg16L1 complex, which is 

essential for autophagosome formation (Mizushima et al., 2001). Overexpression of the 

Atg12-Atg5 conjugate upregulates basal autophagy levels and extends lifespan in mice 

(Pyo et al., 2013). Hence, I concluded that the high basal autophagy activity in NSFs 

was related to increased levels of the Atg12-Atg5 conjugate. 

 

High basal autophagy in NSFs was associated with abundant Atg12-Atg5 

conjugate   
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To examine this possibility that high levels of the Atg12-Atg5 conjugate 

contribute to high basal autophagy activity in NSFs, I generated Atg5 knockdown NSFs 

(shAtg5 NSFs) using lentiviral shRNA vectors (Fig. 2A). Transduction of lentiviral 

shAtg5 vectors in NSFs successfully downregulated the Atg12-Atg5 conjugated 

expression (Fig. 2B). I then assessed LC3b levels by immunoblot analysis in 

negative-control shRNA-treated NSFs (shN.C. NSF) and shAtg5 NSFs. The results 

showed that shAtg5 NSFs had lower levels of LC3b-II expression and higher levels of 

LC3b-I expression than those of shN.C. NSFs (Fig. 2C). The increase in LC3b-I and the 

decrease in LC3b-II is a typical phenotype of Atg5-deficient cells (Kuma, et al., 2004). 

Moreover, I confirmed basal autophagy activity by flow cytometric analysis with 

Cyto-ID, which detects autophagic vacuoles like DAPGreen. The results revealed that 

basal autophagy activity was efficiently decreased in shAtg5 NSFs compared to shN.C. 

NSFs either in the presence or absence of CQ (Fig. 2D). These results demonstrate that 

increased autophagic activity in NSFs was likely attributable to increased Atg12-Atg5 

conjugate. 

 

Atg5 knockdown induced the accumulation of dysfunctional mitochondria 

 

To elucidate the role of Atg5 in NSFs, I next investigated other phenotypes of 

shAtg5 NSFs, which are related to maintenance of cellular homeostasis. A previous 

study reported that dysfunctional mitochondria are increased in Atg5-defecient MEFs 

(Tal et al., 2009). Therefore, I examined whether Atg5 knockdown could induces the 

accumulation of dysfunctional mitochondria in NSFs. Dysfunctional mitochondrial 

mass was indirectly assessed by measuring total and functional mitochondrial mass. I 

used two types of mitochondria-specific dyes that stain either total mitochondria 

(Mitotoracker Green FM) and functional mitochondria (Mitotracker Orange 

CMTMRos). Flow cytometric analyses using these dyes revealed that total 
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mitochondrial mass was increased in Atg5-defecient MEFs, while functional 

mitochondrial mass was more moderately increased. These results indicated that 

dysfunctional mitochondria were accumulated by Atg5 ablation (Fig. 3A), consistent 

with the previous report (Tal et al., 2009). Similar results were obtained in NSFs. Atg5 

knockdown in NSFs robustly increased total mitochondrial mass, while functional 

mitochondrial mass was only moderately increased (Fig. 3B). Dot plot analyses also 

demonstrated that Atg5 knockdown increased cell populations containing relatively 

more dysfunctional mitochondria over 3-fold (Fig. 3C). Taken together, these findings 

indicate that Atg5 knockdown in NSFs induced the accumulation of dysfunctional 

mitochondria, potentially reflecting the reduction of Atg5-mediated mitophagy 

 

Atg5 knockdown produced abnormally large-sized cells 

  

On the other hands, I noticed that abnormally enlarged cells frequently 

emerged in shAtg5 NSFs at 2 weeks after lentiviral shRNA transduction (Fig. 4A), 

while Atg5 KO MEFs exhibited no significant change in cell morphology (Fig. 4B). 

Previous study reported that Atg5-depleted MEF displayed slightly increased cell size 

(Hosokawa et al., 2006). However, shAtg5 NSFs displayed over 2-fold increase in the 

surface area compared with shN.C. NSFs at 2 weeks after lentiviral shRNA transduction, 

while Atg5-depleted MEFs showed only about 1.14-fold increase in the surface area 

compared to WT MEFs (Fig. 4C and 4D). I further evaluated cell volume by assessing 

the FSC-A using a flow cytometer. The results revealed that Atg5 knockdown in NSFs 

induced a greater increase in cell volume than in MEFs (Fig. 4E and 4F). In addition to 

increase in average cell sizes, shAtg5 NSFs displayed wider distribution of cell sizes, 

indicating that shAtg5 NSFs failed to maintain the uniformity of cell size. These 

findings suggest that Atg5 is involved in the maintenance of cell-size homeostasis in 

NSFs.  
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Atg5 knockdown induced growth arrest via p16 upregulation  

  

Generally, suppression of genes involved in autophagy, such as Atg5, promotes 

cell proliferation in mouse fibroblasts (Qiang et al., 2014; Hwang et al., 2018). Indeed, 

Atg5 KO MEF exhibited significantly increased cell proliferation compared with WT 

MEFs (Fig 5A). Contrastingly, shAtg5 NSFs exhibited substantially decreased cell 

proliferation compared with shN.C. NSFs (Fig. 5B). Consistently, mRNA and protein 

levels of Pcna, a marker of cell proliferation, were downregulated by Atg5 knockdown 

in NSFs (Fig. 5C and 5D). Previous study reported that p16Ink4a is a key regulator of cell 

proliferation instead of p27Kip1 in NSFs, while p16Ink4a generally induces an irreversible 

cell cycle arrest, i.e., cellular senescence, in other mammalian cells (Seluanov et al., 

2009). Therefore, I compared the expression levels of p16Ink4a in shN.C. and shAtg5 

NSFs. The qRT-PCR analysis revealed that mRNA levels of p16 Ink4a were significantly 

upregulated in shAtg5 NSFs. 

 

Atg5 knockdown did not induce cellular senescence 

 

The observed phenotypes of shAtg5 NSFs, i.e., enlarged cell size, cell cycle 

arrest and upregulation of p16 Ink4a, are typical features of senescent cells 

(Hernandez-Segura et al., 2018). To verify a possibility whether Atg5 knockdown 

induced cellular senescence in NSFs, we measured the activity of 

senescence-associated-β-galactosidase (SA-β-gal). It is known that β-galactosidase 

catalyzes the hydrolysis of β-galactosides into monosaccharides only in senescent cells 

(Dimri et al., 1995). The results showed that the ratios of SA-β-gal positive cells were 

not significantly different between shN.C. NSFs and shAtg5 NSFs (Fig. 6A and 6B). 

Furthermore, mRNA levels of p21Waf1, another marker of cellular senescence (Campisi 

et al., 2007), was not upregulated in shAtg5 NSFs (Fig. 6C). These results suggest that 

Atg5-depleted NSFs are likely to be quiescent cells, rather than senescent cells. 
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Atg5 knockdown inhibited cell adhesion, which was associated promotion of 

apoptosis/anoikis 

  

Furthermore, I recognized that a high number of suspended cells were observed 

when shAtg5 NSFs were replated to culture dishes during subculture. I thus 

quantitatively compared cell adhesion ability after cell plating in shN.C. and shAtg 

NSFs. Cell adhesion assay revealed that cell adhesion ability was significantly 

decreased in shAtg5 relative to shN.C. NSFs, although depletion of Atg5 in MEFs did 

not affect cell adhesion ability (Fig. 7A and 7B). Previous studies reported that NSFs 

cannot grow under anchorage-independent conditions (Seluanov et al., 2009; Tian et al., 

2013). Hence, I assessed the ratios of apoptotic cells in adherent and suspended NSFs 

by flow cytometric analysis using Annexin V-PI, which detects apoptotic cells. As 

expected, apoptotic cells were greatly increased when NSFs were suspended (Fig. 7C), 

indicating that NSFs undergo anoikis under this condition. Notably, Atg5 knockdown in 

NSFs more efficiently induced apoptosis in both adherent and suspended cells. 

Consistently, transcriptional levels of Bax and Noxa, pro-apoptotic factors downstream 

of p53, were significantly upregulated in suspended cells. These findings suggest that 

Atg5 knockdown attenuated cell adhesion, potentially by promoting apoptosis/anoikis, a 

type of programmed cell death that occurs when anchorage-dependent cells are 

detached from the extracellular matrix (ECM) (Frisch and Screaton, 2001), and that the 

pro-apoptotic p53/Rb pathway may be involved in these process 

 

The p53/Rb pathway was required for Atg5 knockdown-induced growth arrest 

and induction of apoptosis/anoikis 

 

 Previous studies demonstrated that the transduction of SV40 Large T antigen 

(SV40 LT) abolishes cell cycle arrest at a low cell density (Early Contact Inhibtion) and 
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inhibits apoptosis by inactivating p53/Rb pathway in NSFs (Seluanov et al., 2009; Tian 

et al., 2013). To elucidate the mechanistic link between Atg5 and apoptosis/anoiks, I 

examined the effects of inhibition of the p53/Rb pathway by SV40 LT expression on 

cell cycle arrest and apoptosis/anoikis in Atg5 knockdown NSFs. To do this, I stably 

expressed SV40 LT in NSFs via lentiviral overexpression vectors, and then transduced 

the cells with lentiviral shRNA vectors to generate shN.C. SV40 NSFs and shAtg5 

SV40 NSFs. Immunoblot analysis was used to confirm successful successful 

knockdown of Atg5 (Fig. 8A) and LC3b-II levels were downregulated by Atg5 

knockdown in SV40 NSFs (Fig. 8B). Furthermore, flow cytometeric analyses revealed 

that Atg5 knockdown in SV40 NSFs induced accumulation of dysfunctional 

mitochondria (Fig. 8C-E), as observed in shAtg5 NSFs (Fig. 3A-D). These results 

indicated that inhibition of p53/Rb by SV40 LT did not affect the basal autophagy 

mediated by Atg5.  

However, the expression of SV40 LT suppressed other phenotypes induced by 

Atg5 knockdown in NSFs. For example, Atg5 knockdown in SV40 NSFs failed to 

produce abnormally large-sized cells and exhibited almost the same morphology as 

shN.C. SV40 NSFs (Fig. 8E). Moreover, shAtg5 SV40 NSFs had comparable cell 

proliferation rate with that of shN.C. SV40 NSFs (Fig. 8F), and cell adhesion ability 

was restored by the expression of SV40 LT (Fig. 8G). These results indicated that 

inhibition of the p53/Rb pathway by SV40 abolished cell enlargement, growth arrest, 

and anoikis induction, the prominent phenotypes induced by Atg5 knockdown. This in 

turn suggests that the p53/Rb pathway can be activated by Atg5 knockdown to induce 

phenotypes related to growth arrest and apoptosis, and that Atg5-mediated active 

autophagy may play roles in suppressing the activation of p53/Rb pathway via 

degradation of stress-inducing factors. 
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Discussion 

In this study, I found that high basal autophagy activity was attributable to 

increased levels of the Atg12-Atg5 conjugate in skin fibroblasts derived from NMRs, 

which are longest-lived rodent. To address the molecular mechanisms and physiological 

roles of the basal Atg5-mediated autophagy in NMR cells, I examined the impact of 

Atg5 knockdown on the cellular phenotypes of NSFs. Atg5 knockdown induced various 

phenotypic changes, including robust suppression of autophagosome formation, 

accumulation of dysfunctional mitochondria, production of abnormally large-sized cells, 

growth arrest via p16 upregulation, suppression of cell adhesion, and promotion of 

apoptosis/anoikis via upregulation of pro-apoptotic genes. These observations 

underscore the crucial role for basal Atg5-mediated autophagy in the regulation of cell 

growth and apoptosis in NMR cells under physiological conditions (Fig. 9).  

The close association between autophagy and apoptosis in NMR cells 

prompted me to investigate the mechanistic link between these cellular events. For this, 

I introduced SV40 LT in NSFs to inactivate both p53 and Rb, which are tumor 

suppressors acting as pro-apoptotic factors even in NMR cells. Previous studies 

reported that inactivation of p53/Rb with SV40 LT abolishes cell cycle arrest at a low 

cell density and inhibits apoptosis NSFs (Seluanov et al., 2009). In this study, I found 

that expression of SV40 LT did not affect the autophagy-related phenotypes induced by 

Atg5 knockdown, such as impaired autophagosome formation and accumulation of 

dysfunctional mitochondria. However, SV40 LT expression restored the uniformity of 

cell size, cellular proliferation and cell adhesion ability, the phenotypes closely related 

to apoptosis. These findings suggest that p53/Rb pathway was required for 

apoptosis/anoikis induced by Atg5 knockdown in NSFs, and in turn that Atg5-medated 

autophagy may play roles in suppressing the activation of the p53/Rb pathway which is 

known to be activated via various stress signals (Dick and Rubin, 2013; Sullivan et al., 
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2018) in NMRs. NMRs live in a horrible environment, therefore their cells are exposed 

to various stressful materials, including pathogenic microbes and viruses, which are 

incorporated into cells. (Lewis and Buffenstein, 2015) Furthermore, long lived cells 

produce various stress-inducing biomaterials, such as dysfunctional organelles, 

denatured proteins, fatty acid peroxide, fragmented DNA/RNA, reactive oxygen species, 

and hypoxia, accumulation of which activate p53/Rb leading to induction of apoptosis 

(White, 2016; Rufini et al., 2013; Ohtani et al., 2004). Therefore, to survive under such 

harsh conditions for long periods, NMR may need to potentiate the Atg5-mediated 

autophagy to efficiently scavenge such unwanted materials to suppress p53/Rb 

activation. Further analysis of the molecular link between autophagy and p53/Rb 

activation need to be undertaken to elucidate these possibilities. 

It is reported that suppression of genes involved in the activation of autophagy 

promotes cell proliferation in mouse fibroblasts (Qiang et al., 2014; Hwang et al., 2018). 

Indeed, I confirmed that Atg5 KO MEF exhibited a significantly increased cell 

proliferation compared with WT MEFs. In contrast, I found that Atg5 knockdown in 

NSFs significantly suppressed cell proliferation and even induced apoptosis. Although 

the molecular mechanisms underlying the functional difference between NMR and 

other rodents must await further study, this sharp contrast highlights the critical role of 

autophagy in NMRs. Since Atg5 overexpression in mice contributes to activation of 

autophagy and extension of lifespan (Pyo et al., 2013), the upregulation of the 

Atg12-Atg5 conjugate in NMRs may play a key role in the determination of longevity 

of NMR.  

I observed that Atg5 knockdown in NSFs promoted anoikis, a type of apoptosis 

that occurs when cells are detached from ECM (Frisch and Screaton, 2001). Anoikis is 

an important anti-cancer mechanism preventing metastasis of cancer cells (Paoli et al., 

2013). Previous studies demonstrated that NMR fibroblasts cannot grow under the 

anchorage-independent condition. Even the combination expression of oncogenic Ras 
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and SV40 large T is not even sufficient to confer anchorage-independent growth to 

NMR fibroblasts. Additional transductions, such as overexpression of hTERT or 

HYAL2 and suppression of HAS2, are required for NMR fibroblasts to grow under the 

anchorage-independent condition and transform into malignant cells (Tian et al., 2015; 

Tian et al., 2013; Liang et al, 2010; Seluanov et al., 2009). These results indicate that 

NMR cells are basically highly resistant to anchorage-independent growth. In this study, 

I demonstrated that activation of p53/Rb pathway by Atg5 knockdown could promotes 

anoikis. This further implies that anoikis could be used to quickly clear damaged or 

aged cells in NMRs, downstream of p53 activation by diverse mechanisms. This 

mechanism could be beneficial in the maintenance of tissues homeostasis and prevent 

carcinogenesis in NMRs. 

In summary, I identified Atg5-mediated autophagy as a critical regulatory 

mechanism for apoptosis and cellular homeostasis in NMR cells under normal 

conditions. These findings yield new mechanistic insights into intervention-based 

research seeking treatments for cancer and aging-related conditions.  
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Fig. 1: NSFs exhibit higher basal autophagy activity and levels of Atg12-Atg5 
conjugate expression than mouse fibroblasts.  
(A) Immunoblots of LC3b expression in mouse fibroblasts and Naked mole-rat skin 
fibroblasts. Cells were treated with or without 20 µM CQ for 2 h prior to harvest. (B) 
Representative histogram of flow cytometric analyses showing fluorescent intensity of 
DAPGreen, which detects autophagic vacuoles. Cells were stained with 100 nM 
DAPGreen for 30 min after treatment with or without 20 µM CQ for 3 h. (C) 
Immunoblots of Atg12-Atg5 levels in mouse fibroblasts and naked mole-rat skin 
fibroblasts. 
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Fig. 2: Atg5 knockdown induced inactivation of autophagy in NSFs. 
(A) Experimental design for Atg5 knockdown via lentiviral shRNA vectors in NSFs. 
Following all analyses are performed after at least 2 weeks from lentiviral transduction. 
(B) Immunoblots of the Atg12-Atg5 conjugate levels in shN.C. and shAtg5 NSFs (C) 
Immunoblots of LC3b expression in shN.C. and shAtg5 NSFs. Cells were treated with 
or without 20 µM CQ for 2 h. (D) Relative Mean Fluorescence Intensity (MFI) 
comparisons. Cells were labeled with Cyto-ID for 30 min, which detects autophagic 
vacuoles, after treatment with or without 20 µM CQ for 3 h. Values represent means ± 
SD of triplicates from one of three independent experiments. **** P <0.0001, P value 
was determined by one-way ANOVA with Dunnett’s test 
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Fig. 3: Atg5 knockdown induced the accumulation of dysfunctional mitochondria. 

Cells were stained with 5 µg/mL Hoechst 33342, 100 nM Mitotracker Green FM and 
100 nM Mitotracker Orange CMTMRos for 30 min. (A) Representative histograms of 
flow cytometric analyses showing Mitotracker Green FM fluorescence intensity (left) 
and Orange CMTMRos (Right) in Wild Type (WT) and Atg5 K.O MEFs (B) 
Representative histograms of flow cytometric analysis showing Mitotracker Green FM 
fluorescence intensity (left) and Orange CMTMRos (Right) in shN.C. and shAtg5 NSFs. 
(C) Representative dot plots of flow cytometric analysis showing Mitotracker Green 
FM and Mitotracker Orange CMTMRos in shN.C. and shAtg5 NSFs. Gated regions 
show cell population containing relatively more dysfunctional mitochondria  
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Fig. 4: Atg5 knockdown produced abnormally large-sized cells  

(A) Representative images showing morphology of shN.C. and shAtg5 NSFs. (B) 
Representative images showing morphology of MEF WT and MEF Atg5 KO. Scale 
bars; 200 µm (C) Cell surface area comparsions among shN.C. and shAtg5 NSFs over 
the indicated time course. Lentiviral shRNA transduction was performed at Day 0. (n > 
200) (D) Cell surface area comparison between WT and Atg5 K.O MEF. (n > 200) 
Horizontal bars indicate mean. (E) Representative FSC-A Histogram of shN.C. NSFs 
and shAtg5 NSFs (F) Representative FSC-A Histogram of WT MEFs and Atg5 KO 
MEFs. 
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Fig. 5: Atg5 knockdown induced growth arrest via p16 upregulation  

(A) Cell proliferation of WT and Atg5 K.O MEFs, as analyzed by the WST-8 growth 
assay over the indicated time course. Values represent means ± SD of pentaplicates 
from one of three independent experiments. (B) Cell proliferation of shN.C. and shAtg5 
NSFs analyzed by FACS analysis. Cells were stained with 5 µg/mL Hoechst 33342 for 
30 min. Values represent means ± SD of quadruplicates from one of three independent 
experiments. (C) Immunoblots of Pcna expression in shN.C. and shAtg5 NSFs. Cells 
were treated with or without 20 µM CQ for 2 h. (D) qRT-PCR analysis of gene 
expression of Pcna and p16INK4a in shN.C. and shAtg5 NSFs. Values represent means ± 
SD of at least three independent experiments. β-tubulin was used as a reference gene * 
P <0.05, ** P <0.01, *** P <0.001. P value was determined by Student t-test (A) and 
One-way ANOVA with Dunnett’s test (B, D).  
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Fig. 6: Atg5 knockdown did not induce cellular senescence 
(A) Representative images of SA-β-gal assay in shN.C. and shAtg5 NSFs. scale bars; 
200 µm (B) Comparisons of SA-β-gal positive cells in shN.C. and shAtg5 NSFs. Values 
represent means ± SD of at least three independent experiments (C) qRT-PCR analysis 
of the expression of p21Waf1 in shN.C. and shAtg5 NSFs. Values represent means ± SD 
of at least three independent experiments. N.S., not significant; P-value was determined 
by one-way ANOVA with Dunnett’s test 
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Fig. 7: Atg5 knockdown inhibited cell adhesion associated with promotion of 
apoptosis/anoikis (A) Relative cell adhesion abilities of shN.C. NSFs and shAtg5 NSFs. 
(B) Relative cell adhesion abilities of WT MEFs and Atg5 KO MEFs (C) Annexin V-PI 
analysis of adherent and suspended NSFs. (D) qRT-PCR quantification of Bax and 
Noxa expressions in adherent and suspended shAtg5 NSFs. Values represent means ± 
SD of at least three independent experiments. N.S., not significant; * P <0.05 ** P 
<0.01 *** P <0.001, P-value was determined by one-way ANOVA with Dunnett’s test 
(A), Student t-test (B), one-way ANOVA with Tukey’s test (C, D).    
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Fig. 8: The p53/Rb pro-apoptotic pathway was required for Atg5 
knockdown-induced growth arrest and induction of apoptosis/anoikis. 
(A) Immunoblots of Atg5 expression in shN.C. SV40 NSFs and shAtg5 SV40 NSFs. (B) 
Immunoblots of LC3b expression in shN.C. SV40 NSFs and shAtg5 SV40 NSFs. Cells 
were treated with or without 20 µM CQ for 2 h. (C) Representative histogram of 
Mitotracker Green FM fluorescence intensity in shN.C. SV40 NSFs and shAtg5 SV40 
NSFs. (D) Representative histogram of Mitotracker Orange CMTMRos fluorescence 
intensity in shN.C. SV40 NSFs and shAtg5 SV40 NSFs. (E) Representative Dot plots of 
flow cytometric analyses showing Mitotracker Green FM and Mitotracker Orange 
CMTMRos. Cells were stained with 5 µg/mL Hoechst 33342, 100 nM Mitotracker 
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Green FM and 100 nM Mitotracker Orange CMTMRos for 30 min. Gated regions show 
cell populations containing relatively more dysfunctional mitochondira (F) 
Representative images showing morpology of shN.C. SV40 NSFs and shAtg5 SV40 
NSFs at 2 weeks after lentiviral shRNA trasnduction. (G) Cell proliferation of shN.C. 
SV40 NSFs and shAtg5 SV40 NSFs was analyzed by flow cytometeric analysis. Cells 
were stained with 5 µg/mL Hoechst 33342 for 30 min. (H) Relative adhesion abilities of 
shN.C. SV40 NSFs and shAtg5 SV40 NSFs. N.S., not significant; P-value was 
determined by one-way ANOVA with Dunnett’s test. 
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Fig. 9: Schematic model of the role of Atg5 in NSFs.  
Atg5-mediated autophagy plays crucial roles in NSF proliferation and maintenance of 
cellular homeostasis (left); Atg5 knockdown in NSFs induces suppression of 
proliferation and disturb cellular homeostasis. p53/Rb pro-apoptotic pathway 
contributes to growth arrest and induction of apoptosis/anoikis in Atg5-depleted NSFs. 
(Right) 
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