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ABSTRACT 
In the adult brain, programmed cell death (PCD) is a critical process to maintain an 
adequate pool of self-renewing neural stem cells (NSCs) and newly generated cells in the 
brain. To date, the studies of key players regulating PCD have been extensively centered 
around apoptosis. Therefore, I sought to expand the knowledge on underlying mechanisms 
of autophagic cell death. Based on the gene expression profiling of the model of autophagic 
cell death in NSCs, I discovered Fas apoptotic inhibitory molecule 2 (FAIM2) as one of the 
marker genes. FAIM2 is a seven-transmembrane domain-containing protein that plays a 
neuroprotective role via antagonizing the extrinsic apoptosis signaling. However, whether 
FAIM2 plays a role in other forms of molecular signaling has been unknown. 
Here I show that FAIM2 localizes to the lysosomes at basal state and facilitates autophagy 
through interaction with LC3 in human neuroblastoma SH-SY5Y cells. FAIM2 
overexpression increased autophagy flux, while autophagy flux was impaired in shRNA-
mediated knockdown (shFAIM2) cells, and the impairment was more evident in the 
presence of rapamycin. In shFAIM2 cells, autophagosome maturation through fusion with 
lysosomes was impaired, leading to accumulation of autophagosomes. A functional LC3-
interacting region motif within FAIM2 was essential for the interaction with LC3 and the 
rescue of autophagy flux in shFAIM2 cells, while LC3-binding property of FAIM2 was 
dispensable for the anti-apoptotic function in response to Fas receptor-mediated apoptosis. 
Suppression of autophagosome maturation was also observed in a null mutant of 
Caenorhabditis elegans lacking xbx-6, the ortholog of FAIM2. Current study suggests that 
FAIM2 is a novel regulator of autophagy mediating autophagosome maturation through the 
interaction with LC3.  
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CHAPTER I: General Introduction 

 
 
Programmed cell death (PCD) during adult neurogenesis is a crucial process for its role in 

maintaining an adequate pool of newly generated cells in the brain (1). The regenerative 

potential of the adult central nervous system is maintained by the continuous birth of neural 

stem cells (NSCs) as well as a counterbalance by elimination (2). Therefore, understanding the 

underlying mechanisms controlling the PCD of neural stem cells (NSCs) is of immense interest.  

Apoptosis is a type I PCD has been regarded as the predominant PCD mode, and 

therefore, its biochemical regulators have been extensively studied. After unsuccessful 

attempts to reduce cell death by targeting apoptosis regulators during neurodegeneraton, 

studies on the other types of PCD mode, particularly the autophagic cell death (ACD), has 

attracted attention. ACD is categorized as type II PCD and necrosis is categorized as type III 

PCD. Interestingly, hippocamapal NSCs isolated from the adult rat brain manifests ACD 

following prolonged insulin withdrawal in vitro culture. Therefore, insulin withdrawal in 

hippocampal NSCs is a valuable model for the study of ACD in the mammalian systems (3). 

Until the recent years, there has been a debate on whether cells genuinely die by ACD. Some 

argues that cells undergoing ACD ultimately commit to apoptotic death in the long run. Also, 

the study of ACD is complicated by its shared molecular machinery with autophagy process 

and by crosstalk with apoptotic molecular pathway. Therefore, the research on ACD is 

inevitably paired up with the investigation into autophagy and apoptosis as well. As a result, 

our research on the topic of PCD is heavily dependent on the tools for studying molecular 

mechanism of both autophagy and apoptosis.  

In this chapter, we provide the relevant background of the topics for the current thesis, 
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and state my objectives of the studies.  

 

1.1 Programmed Cell Death: The Classifications 

1.1.1 Autophagic cell death 

Autophagy (from Greek, meaning ‘self-eating’) is a catabolic pathway by which bulk 

cytoplasmic materials—including macromolecules and organelles—are degraded in a selective 

or a non-selective manner (4, 5). Starvation or growth factor deprivation stimulates autophagy 

to promote cell survival. Cells undergoing autophagy display autophagic vacuolar structures 

including autophagosomes and autolysosomes, the products of autophagosome fusion with 

lysosomes (6). The process of synthesis of autophagosome, the engulfment of autophagy 

substrates, the autophagolysosomal maturation, and the degradation of materials by lysosomal 

hydrolases is denoted as ‘autophagy flux’ (1, 7).  

Besides its role in maintaining cellular homeostasis, autophagy is a direct contributor 

to cell death in a variety of species including yeast, Drosophila, and mammalian cells (8). 

Although apoptosis, autophagy, and necrosis have distinct signaling pathways, many 

biochemical components converge. Therefore, apparent changes in the expression of 

autophagy-related molecules are insufficient to implicate autophagy as a direct contributor of 

cell death. Based on accumulating evidence for the role of autophagy in PCD, recent studies 

have established discernible criteria for autophagic cell death (9):  

1) cell death does not accompany the activation of apoptosis executers;  

2) dying cells have increased autophagic flux; and  

3) autophagy suppression rescues or prevents cell death (3, 10). 

 

1.1.2 Apoptosis 
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Cells undergoing apoptosis can be morphologically distinguished by the progressive 

appearances of the following features: 1) cytoplasmic condensation, 2) nuclear shrinkage 

(pyknosis), 3) nuclear fragmentation (karyorrhexis), and 4) non-immunogenic engulfment by 

nearby macrophages (phagocytosis) (11, 12). 

Apoptosis is categorized into two types: intrinsic and extrinsic. In the mitochondrial 

pathway of intrinsic apoptosis, Bax and Bak activation causes: 1) permeabilization of the 

mitochondrial outer membrane, 2) the release of mitochondrial apoptogenic proteins including 

cytochrome c to the cytosol through protein permeable-pores and 3) the execution pathway 

involving the activation of caspases (mainly caspase-3, caspase-6, and caspase-7) (13-15). 

Lastly, apoptotic cells expressing phosphatidylserine at the external surface are eliminated by 

phagocytic cells (16). Overexpression of the pro-survival Bcl-2 family proteins, i.e. Bcl-XL, 

prevents Bax oligomerization in the outer membrane of the mitochondria, protecting cells from 

commitment to the apoptotic pathway (17, 18). Several death effectors, including DNA damage, 

induce caspase-independent apoptosis via the translocation of AIF1 from mitochondria to the 

nucleus (19). 

Extrinsic apoptosis is initiated by ligand-mediated activation of death receptors, 

including those for tumor necrosis factor (TNF), Fas, TNF-related apoptosis-inducing ligand 

(TRAIL), etc. (20). Ligand binding stimulates the assembly of the death-inducing signaling 

complex (DISC)—which includes FADD and pro-caspase-8—near the receptor (20). After 

caspase-8 activation, the extrinsic apoptosis pathway converges with the intrinsic apoptosis 

pathway at the level of executioner caspases (16). 

 

1.1.3 Necrosis 

The death ligands that drive cells to apoptosis can kill cells via necrosis as well (21). Although 
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necrosis is one of the three modalities of PCD, necrosis-specific molecular processes leading 

to cell death in a programmed manner are relatively unknown. Receptor-interacting protein 

(RIP) kinases are core regulators of necrotic cell death (22). Knockdown or chemical inhibition 

of RIP1 by necrostatin-1 inhibits TNF-induced necrotic cell death (22). 

The intracellular concentration of ATP provided either by glycolysis or mitochondrial 

respiration is a determinant of the molecular switch between apoptosis and necrosis; prolonged 

depletion of intracellular ATP levels shifts cells to undergo necrotic cell death (23, 24). 
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Figure 1. The key players in programmed cell death during adult 
neurogenesis 
 
Apoptosis: Pro-apoptotic signals induce Bax translocation to the outer membrane of mitochondria. 

Bax-mediated pore formation leads to the release of apoptogenic cytochrome c (Cyt c) into the 

cytosol and apoptosome formation. The apoptosome activates procaspase-9 and catalytically active 

caspase-9 induces activation of downstream effector caspases, caspase-3 and -7 (Caspase 3/7). 

Phosphatidylserine (PS) exposure at the cell surface is required for the clearance of apoptotic cells. In 
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the adult neural stem cells (NSCs), p53, Bim and PUMA have been implicated in activating apoptosis. 

In addition, the pro-apoptotic proteins, Bax and Bak are the key regulators. Mcl-1 antagonizes the 

pro-apoptotic proteins, and therefore, considered as a critical anti-apoptotic protein for the survival of 

the NSCs. In extrinsic apoptosis, a death ligand (TNFα, Fas, or TRAIL) binding activates death 

receptor and induces DISC complex formation near the receptor. Upon DISC complex-mediated 

activation of caspase-8, intrinsic and extrinsic apoptosis converge at the level of the executioner 

caspase cascade. In adult NSCs, PED/PEA-15 represses the activation of caspase-8. Release of 

Ca2+ from the ER and subsequent transfer to the mitochondria promtes the commitment of NSCs to 

cell death. Autophagic cell death (ACD): Autophagy is induced when cells are starved of nutrients or 

survival factors. Atg7 regulates the maturation of autophagosome and initiates the lipidation of LC3 

(also called LC3 II). Cargos subjected to degradation are degraded in the autophagolysosome. 

AMBRA1 and Beclin-1-induced autophagy is inversely correlated with apoptosis in adult NSCs. 

Under insulin-deprived condition, the adult hippocampal neural stem (HCN) cells succumb to ACD 

wherein the cell fate is under the control of GSK-3β activation. Inhibition of GSK-3β phosphorylation 

(p-GSK-3β) induces ACD. The negative regulator of ACD is calpain, which also mediates the 

crosstalk between apoptosis and ACD. VCP mediates a crosstalks between ACD and apoptosis. 

Necrosis: Extracellular ATP or death receptor activation rapidly induces RIP1/RIP3 necrosome 

formation. Necrotic cell death results from the depletion of cytoplasmic ATP due to mitochondrial 

dysfunction. A purinergic P2X7 receptor-mediated necrosis induction has been reported in adult 

NSCs. However, regulator of necrosis in adult NSCs has not been identified to date. Modified from 

Ryu & Hong et al. Mol Brain. doi: 10.1186/s13041-016-0224-4 
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1.2 Regulation of Programmed Cell Death and Adult Neurogenesis 

1.2.1 Insulin on NSCs 

Peripheral source of insulin exerts actions within the brain, especially in the regions of 

hypothalamus, olfactory bulb, cerebellum, cerebral cortex, brain stem, and hippocampus (25, 

26). Adult hippocampal NSCs deprived of insulin supply commits to ACD despite their intact 

apoptosis pathway. Genetic suppression of Atg7, a component of the autophagy machinery, 

attenuates the cell death, whereas treatment of the cells with Z-VAD-fmk, an apoptosis inhibitor, 

fails to attenuate the cell death in such condition. Beclin-1 and LC3 II, which are autophagy 

markers, were elevated, whereas apoptotic markers such as Bcl-2 family proteins Bcl-2 and 

Bcl-XL were down regulated (27). Activation of GSK-3β, a well-known inducer of neuronal 

apoptosis, induces ACD instead of apoptosis following insulin deprivation (28). Calpain is a 

cytosolic calcium-activated cysteine protease (29). Insulin-deficient NSCs drives proteasomal 

degradation of calpain. As a consequence, calpain inactivation further promotes ACD. Calpain 

also acts as a molecular switch between ACD and apoptosis. Overexpression of calpain or 

inhibition of proteasome-mediated calpain degradation completely switches ACD to apoptosis 

(30).  

 

1.2.2 IGF-I on NSCs 

Mitogens such as IGF-1 regulate proliferative and neurogenic potential of NSCs (31, 32). Brain 

IGF-1 signaling is a major regulator of brain homeostasis, and accumulating evidence suggests 

that IGF-1 regulates adult neurogenesis (33-35). Homozygous or heterozygous knock out of 

IGF1R either results in perinatal lethality or reduced neuronal numbers and retarded growth of 

several regions of the brain including the hippocampus, cerebral cortex, and cerebellum, 

respectively (36). 

Deprivation of IGF-1, FGF-2, and EGF from PSA-NCAM+ progenitors in cultures 
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results in increased terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 

and decreases viability. Yet, IGF-1 is the most potent pro-survival factor among the three. 

Following the growth factor-deprivation, neither FGF-2 nor EGF rescues the cells from 

undergoing apoptosis. In contrast, IGF-I attenutates the growth factor-deprivation induced 

apoptosis by 40% in NPCs (37). A recent study augmented the pro-survival role of IGF-1 on 

the adult NSCs under pathological condition using a cerebral ischemia mouse model. 

Although ischemic insult yielded cleaved caspase-3 positive immature neurons up to 67.3%, 

it had a minimal effect on nestin-positive cells in DG. In such case, IGF-1 released from 

nearby microglia upon ischemic insult protected self-proliferating cells (38). Additionally, in 

vivo study demonstrated that environmental stimuli such as exercise could enhance the uptake 

of IGF-1 from the bloodstream to the adult hippocampus, resulting in the enhanced survival 

of newborn DG neurons (39). The enhanced proliferative activity of IGF-1 has been also 

reported in the periventricular and the parenchymal zones of the adult hypothalamus (40). 

Collectively, postnatal IGF-1 signaling is attributable to the regulation of PCD, and ultimately, 

to neurogenic output in the adult brain (36). 

 

1.2.3 Steroid hormones on NSCs 

The effect of sex steroid hormones on adult hippocampus was first reported in 1992, and over 

the next decades, steroid-mediated synaptic plasticity has been one of the fast-growing research 

fields of neuroscience (41). The role of estrogen was implicated in brain inflammatory response 

(42), receptor-subtype dependent hippocampal spine synapse formation (43), and neurogenesis 

in DG and SVZ (44).  

Both embryonic and adult NSCs express estrogen-binding ERα and β, and 17β-

estradiol treatment dramatically increases proliferation of adult NSCs in vitro (45, 46). 
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Compared to plethora of studies about the effect of sex steroid hormones on hippocampal 

neurons and learning and memory using estrogen receptor knockout mice, there has been no 

research that elucidates the direct role of estrogen on regulating PCD of NSCs or immature 

neurons at either embryonic or adult brain. 

Androgen also regulates adult neurogenesis in both hippocampus and SVZ via the 

androgen receptor (47-49). In human males, testosterone level gradually decreases with age 

(50), and males with higher testosterone levels in an aged population showed better 

performance in memory tasks (51, 52), raising the possibility that androgen-dependent 

neurogenesis may mediate cognitive performance in humans (53, 54). 

Gonadal hormone progesterone also promotes neurogenesis in the SVZ and SGZ (55-

57). Administration of progesterone produces a massive increase in neuronal survival, which 

was inhibited by the progesterone receptor antagonist or inhibitors for Src, MEK, or PI3K, 

suggesting that progesterone enhances the survival of newborn neurons through progesterone 

receptor-mediate signaling (58, 59). 

 

1.2.4 Stress hormones on NSCs 

Stress-induced release of glucocorticoid and mineralocorticoid from adrenal gland has a 

profound effect on CNS functions that are essential for neuronal survival and remodeling, as 

well as regulating PCD (60). Receptors that bind these stress hormones have been identified in 

the adult brain (61, 62). Expressions of mineralocorticoid receptor (MR) and glucocorticoid 

receptor (GR) are very low in newborn cells in adult rat DG, but they gradually increase in 

time and are abundant during mitotic period and upon the completion of migration (62). Age 

accounts for the heterogeneous expressions of GR and MR  (63). GR and MR expressions were 

evaluated in different stages of postnatal development. At early postnatal age, Nestin-positive 
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NSCs express GR, whereas they scarcely express MR expression during the proliferative stages. 

DCX and PSA-NCAM positive immature neurons are GR-or MR-negative, and mature granule 

cells only express MR. Collectively, these results suggest that age positively correlates with 

corticosteroid receptor expression (64). 

To date, the effect of mineralocorticoid on PCD in NSCs has not been elucidated, 

presumably due to low expression of MR in NSCs in early postnatal stages. In terms of its 

effect on adult neurogenesis, MR gene knockout causes reduction in proliferating cells and 

degeneration of hippocampal granule cells (65). 

Adrenalectomy is used for the study of the effect of circulating adrenal steroids on adult 

neurogenesis in rodents. Adrenalectomy deprives corticosterone, the rodent glucocorticoid 

secreted by the cortex of the adrenal gland, results in enhanced neurogenesis in hippocampus 

(60, 66). Administration of corticosteone, on the other hand, not only reduces neurogenesis but 

also induces apoptosis in neurogenic regions. Dexamethasone (DEX), a synthetic 

corticosteroid, is clinically used to treat inflammation in premature infants, and is widely used 

in vivo studies to examine the effect of glucocorticoid. A single day treatment of DEX to 

postnatal day 1 rats induced TUNEL-staining in nestin-positive cells in hippocampus. 

Apoptosis-promoting effect of DEX was reversed by pre-administration of GR antagonist, RU-

486 (67).  

Glucocorticoid stimulation does not always induce apoptosis. As an adoptive response 

of the nervous system, hypothalamus secretes corticotrophin-releasing hormone (CRH). CRH 

has been implicated to be essential for inducing adult neurogenesis and regulating apoptosis. 

Adult mouse NSCs express CRH receptor and CRH administration blocks glucocorticoid-

induced apoptosis of NSCs (68). Furthermore, apoptosis is not the direct cause of stress-

induced suppression of adult neurogenesis. In adult hippocampal NSCs, corticosterone induces 
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ACD without any evidences of apoptosis. In the study, in vivo data demonstrated the mice 

carrying NSCs-specific Atg7 deletion at the age of 7 weeks were protected from chronic 

restrain stress-induced ACD and –suppression of proliferation (69).  

 

1.3 Fas apoptoic inhibitory molecule 2 

Fas apoptotic inhibitory molecule 2 (FAIM2, also known as TMBIM2, LFG, LFG2, and 

NMP35) is an evolutionarily conserved protein with seven transmembrane domains in its C-

terminal part and is predominantly expressed in the adult central nervous system (70-72). 

FAIM2 protects neurons from Fas ligand–mediated apoptotic cell death by direct binding with 

Fas receptor (72, 73). The reported interacting partners of FAIM2 are anti- and pro-apoptotic 

proteins, such as Fas, Bax, BCL2L1/Bcl-xL, HSP90, and p53, involved in Fas death receptor 

signaling (74, 75). 

The antagonizing effect of FAIM2 on Fas signaling suppresses caspase (CASP) 8 

activity and has a therapeutic potential in various conditions including bacterial meningitis, 

retinal detachment, and transient brain ischemia (73, 76, 77). Intriguingly, death receptor–

independent function of FAIM2 has been reported in relation to tumorigenic properties of 

neuroblastoma cells (78). FAIM2 knockdown reduces proliferation and cell adhesion but 

enhances non-adherent growth and migration, thus contributing to a higher metastatic potential 

(78).  

Because most studies have focused on FAIM2 as a neuronal anti-apoptotic protein in 

Fas receptor–mediated cell death signaling, its role in other cellular processes is relatively 

unknown. FAIM2 is one of the six members of the TMBIM family (transmembrane BAX 

inhibitor motif containing), which share the UPF0005 domain, Bax inhibitor-1 (BI-1)-like 

properties, and anti-apoptotic function (72, 79). GRINA/TMBIM3 is highly homologous to 
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FAIM2. Both a C-terminal fragment of GRINA and FAIM2 promote degradation of 

globotriaosylceramide, the receptor for Shiga toxin, in a lysosomal protease–dependent manner 

(80). BI-1/TMBIM6, which is the best-characterized member of the family, enhances 

autophagy by increasing lysosome biogenesis and activity, and protects against cyclosporine 

A–induced impairment of autophagy clearance (81). Therefore, recent research findings from 

TMBIM family proteins suggest that FAIM2 may play a role in autophagy processes.  
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1.4 Aim and Objectives 

Overall Aim 

To investigate the underlying molecular mechanism of programmed cell death in the nervous 

system 

 

Objectives 

PART1 – To identify a novel candidate marker of autophagic cell death in adult hippocampal 

neural stem cells. 

 

PART2 – To elucidate the molecular mechanism of autophagy regulation by Fas apoptotic 

molecule 2 
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II. CHAPTER TWO:  

Identification of FAIM2 in Adult Hippocampal NSCs 
 
2.1 Introduction 

 

To broaden our knowledge on the programmed cell death (PCD) during neurogenesis, we 

sought to elucidate the biochemical mechanisms of autophagic cell death (ACD) in insulin-

deprived hippocampal neural stem cells (NSCs). We obtained a preliminary data from a list of 

candidate biomarker genes of ACD via DNA microarray. DNA microarray is a high-throughput 

expression profiling method for obtaining unbiased results, and it is a useful tool for comparing 

the expression level among experimental conditions. Fas apoptotic inhibitory molecule 2 

(FAIM2) was one of the genes whose expression levels changed significantly by insulin 

withdrawal (FAIM2: compared to INS +, fold change of 2.011 at 24 h INS- and 1.846 at 48 h 

INS-).  

FAIM2 is known as an anti-apoptotic protein, which confers neuroprotection against 

external stimuli in neurons. However, whether it plays a regulatory role in other modes of PCD, 

especially in NSCs, is yet to be determined. In this chapter, we propose to seek a novel function 

of FAIM2 in the aspect of ACD.  

 

2.2 Materials and Methods 

2.2.1 Cell culture, tissue dissection, and reagents 

Hippocampal NSCs were cultured as previously described. Briefly, cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (Invitrogen, Carlsbad, CA, USA) supplemented with 

1mM L-glutamine, 100 µg/ml streptomycin, 100 U/ml penicillin, 20 ng/ml fibroblast growth 
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factor, and N2 supplement, which includes 5 mg/l bovine pancreas insulin (Sigma-Aldrich), 16 

mg/l putrescine dihydrocholide (Signa-Aldrich, St. Louis, MO, USA), 100 mg/l apo-transferrin 

(Sigma-Aldrich) 30 nM sodium selenite (Sigma-Aldrich), and 20 nM progesterone (Sigma-

Aldrich). Medium was supplemented with sodium biocarbonate (1.27 g/l) and adjusted to pH 

7.2. Cells were incubated at 37℃ in a humidified incubator containing 5% CO2. 

Organotypic hippocampal slice culture: organotypic hippocampal slice culture was 

prepared from 8-week-old rat with vimentin as a NSC marker as previously described (82). 

Hippocampal tissues dissection: C57BL/7 mice were anesthetized according to the institute 

guideline (83). The whole brain was aseptically removed and hippocampi were dissected from 

both hemispheres. Cryo-frozen hippocampi were weighed and mechanically broken down to 

pieces following lysis with RIPA lysis buffer (Thermo Scientific) in 100mg/400 µl mixture. 

After incubation in the ice, the samples were sonicated using a bioruptor.  

Primary antibodies against the following proteins were used: FAIM2 (rabbit polyclonal, 

306043; OriGene, Rockville, MD, USA), MAP1LC3B (rabbit polyclonal, 100-2220; Novus 

Biologicals, Centennial, CO, USA), SQSTM1/p62 (P0067; Sigma-Aldrich), and Horseradish 

peroxidase (HRP)-conjugated actin beta (ACTB) (SC-47778HRP; Santa Cruz Biotechnology). 

Bafilomycin A1 (Sigma-Aldrich) was reconstituted in DMSO. SuperFas Ligand was purchased 

from Enzo Life Sciences (Lausen, Switzerland). TNF-α was purchased from R&D systems 

(Minneapolis, MN, USA).  

 

2.2.2 Quantitative real-time RT-PCR  

cDNA of each sample was amplified in triplicate in a Bio-Rad CFX96™ Real-Time PCR 

Detection System in 10 µl of SYBR Green PreMix (Enzynomics). The sequence of primers 

of Rattus norvegicus origin used in this study were: Faim2 5’-
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CGTCGTTAAGGACTATGTCCAG-3’ (forward) and 

5’GAGTCATGAGCAGTACAAATAGC-3’ (reverse); ACTb, 5’-

AGCCATGTACGTAGCCATCC-3’ (forward) and 5’-CTCTCAGCTGTGGTGGTGAA-3’ 

(reverse). The mRNA levels of housekeeping gene ACTb was used as an internal control for 

normalization. The relative quantification of the PCR products was calculated after three 

independent tests.  

 

2.2.3 Statistical analysis 

Statistical analyses were performed using the GraphPad Software (La Jolla, CA, USA). Data 

are presented as the mean ± SEM. p-values were calculated with a student’s t-test or a two-

tailed Mann–Whitney test. 
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2.3 Results 

2.3.1 FAIM2 is expressed in the adult brain and in hippocampal NSCs 

FAIM2 protein is up-regulated during postnatal development (84). In addition, it is prominently 

expressed in dendrites of several neuronal cell types, suggesting a role of FAIM2 in synapses 

of the adult CNS (85). Because INS- model is based on adult hippocampal NSCs we initiated 

our research by confirming protein expressions of FAIM2 as well as other autophagy regulators 

in the adult mouse hippocampus. Mouse hippocampi were dissected from six different ages of 

embryonic day 16, postnatal day1, postnatal day 7, postnatal day 14, postnatal day 28, and 

postnatal day 56. Postnatal day 56 is equivalent to week 8 at which we culture the adult 

hippocampal NSCs. FAIM2 protein is expressed across all age groups and its expression 

increased in an age-dependent manner (Fig. 2A, B). We also characterized the expressions of 

SQSTM1, GSK3B, Calpain 2, Parkin, and CAV1. The expressions of SQSTM1, GSKB, and 

CAV1 remained the same across different age groups. Parkin expression has shown a similar 

gradual increasing pattern similar to what we observed in FAIM2.  Next, FAIM2 co-localized 

to vimentin-positive NSCs in hippocampal area as shown in organotypic hippocampal slice 

culture (Fig. 2C). The amount of FAIM2 expression was comparable between hippocampal 

NSCs and hippocampal neuron (Fig. 2D).  

 

2.3.2 Differential dynamics of FAIM2 following insulin withdrawal 

The adult hippocampal NSCs derived from rat are cultured with the supplement of insulin 

(INS+) as insulin is a potent growth regulator. When deprived of insulin (INS-), the cells die 

in a time-dependent manner (Fig. 3A). To establish the characterization of FAIM2 in the event 

of ACD, we first compared the mRNA levels between INS+ and INS- via quantitative real time 

RT-PCR. When in INS-, Faim2 gene expression was significantly up-regulated (Fig. 3B). 
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Unlike Faim2, there was no significant changes in Faim gene (Fig. 3C). Also, the adult 

hippocampal NSCs highly expressed Faim2 relative to Faim (Fig. 3D). This suggests that 

NSCs are genetically programmed to regulate the expression of Faim2 in the event of growth 

factor deprivation. Unexpectedly, insulin withdrawal in hippocampal NSCs markedly 

diminished FAIM2 protein expression over time (Fig. 3E). To elucidate this apparent 

discrepancy between the transcript and protein levels, we explored possibility that FAIM2 is 

degraded by autophagy due to high autophagic flux triggered by insulin withdrawal. Therefore, 

we treated the cells in INS- with bafilomycin A1 (BafA1), a potent inhibitor of autophagosome-

lysosome fusion (86). BafA1 treatment accumulated FAIM2 expression in a dosage dependent 

manner (Fig. 3F). Our data suggests that FAIM2 degradation prompt ACD.  
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Figure 2. FAIM2 is expressed in the adult brain and in hippocampal NSCs 

A) FAIM2 protein expression increases in an age-dependent manner. Mouse hippocampal tissues of 

corresponding ages (days) were homogenized and the resulting protein lysates were subjected to 

western blotting. B) Relative FAIM2 protein levels were quantified to the E16 and normalized to 
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ACTB. C) Confocal microscopy of FAIM2 expression in organotypic hippocampus slice culture. 

Scale bar represent 30 µm.  
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Figure 3. Differential dynamics of FAIM2 expression following insulin 
withdrawal 
 
A) Cell death assay by staining the cells with propidium iodide and Hoechst33342. NSCs were 

subjected to cell death assay after grown in normal growth condition (INS+) or insulin withdrawal 

(INS-) B) qRT-PCR analysis of Faim2 gene expression in INS+ and insulin withdrawal INS-.  C) qRT-

PCR analysis of FAIM gene expression in growth condition (INS+) and insulin withdrawal (INS-). D) 

Relative mRNA expression comparison between Faim and Faim2. E) Western blot analysis. F) 

Autolysosomal degradation was inhibited with the treatment of BafA1 in indicated dosages. DMSO 

was used as a control. ns: not significant, *P < 0.05, **P < 0.005, ***P < 0.001.   
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2.3.3 Faim2 knockdown sensitizes NSCs to Fas ligand 

 We generated a stable Faim2 knockdown adult hippocampal NSCs by lentiviral transduction. 

We denote the control cell line as shCON and the Faim2 knockdown cell line as shFaim2. 

FAIM2 provides a protection when the neurons are challenged with Fas ligands. To test whether 

FAIM2 plays a similar role in the adult hippocampal NSCs, we treated the cells with the super 

Fas Ligand (sFasL). NSCs have a high tolerance against the extrinsic apoptotic inducers due 

to suppressed expression of caspase 8. In shFaim2 cells, however, sFasL significantly induced 

cell death (Fig. 4A). Faim2 knockdown had no effect on TNF-alpha-mediated extrinsic 

apoptotic pathway (Fig. 4B). In sum, FAIM2 is indispensable for providing a pro-survival 

effect against Fas activation.  

 

2.3.4 Faim2 knockdown sensitizes NSCs to autophagic cell death 

Because Faim2 was genetically up-regulated whilst the FAIM2 protein expression was 

degraded following INS-, it was not clear how FAIM2 is directly involved in ACD. The 

question remained if FAIM2 up-regulation induced autophagy to play a causal factor in cell 

death or cells die because FAIM2 is not available to prolong survival. To solve this question, 

the hippocampal NSCs were subjected to INS-. The cell death assay following INS- has shown 

that the shFaim2 cells were sensitized to death in both 24 h and 48 h (Fig. 5A). Also, shFaim2 

resulted in the accumulation of MAP1LC3B-I and MAP1LC3B-II (Fig. 5B).  
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Figure 4 FAIM2 knockdown sensitizes NSCs to Fas ligand 
A) Cell death assay for the comparison between shCON and shFAIM2 hippocampal NSCs to Fas 

activation. sFasL was treated for 8 h. B) Cell death assay for the comparison between shCON and 

shFAIM2 hippocampal NSCs to Tumor Necrosis Factor alpha (TNF-alpha). ns: not significant, 

*P < 0.05, **P < 0.005.  

 
Figure 5 FAIM2 knockdown sensitizes NSCs to ACD 
A) Cell death assay. Knockdown of Faim2 increased cell death following INS-. B) Both MAP1LC3B-

1 and MAP1LC3B-II were accumulated in shFAIM2 hippocampal NSCs. *P < 0.05, **P < 0.005, 

***P < 0.005. 
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III. CHAPTER THREE: 
 
Fas-apoptotic inhibitory molecule 2 localizes to the lysosome and 

facilitates autophagosome-lysosome fusion through the LC3 

interaction region motif-dependent interaction with LC3 
 

 (The research findings in CHAPTER THREE has been accepted to FASEB Journal, and the 

article is in press for the final publication (87).) 

 

3.1 Introduction 

 

Macroautophagy, hereafter referred to as autophagy, is an intracellular degradation pathway 

that contributes to maintaining cellular homeostasis and survival during normal growth and in 

response to cellular stress (88). At an early stage of autophagy in mammals, elongating 

preautophagosomal structure called phagophore non-selectively engulfs cytoplasmic 

components and closes to complete the formation of double membrane–surrounded 

autophagosome, whose diameter ranges between 0.5 and 1.5 µm (89, 90). At a later stage, the 

autophagosome undergoes maturation, in which it fuses with a late endosome or a lysosome 

and matures into an acidic degradative structure named the autolysosome (91). Autophagic 

cargos within the autolysosome are degraded by lysosomal hydrolases and degradation 

products are recycled (92). The term “autophagic flux” is used to denote autophagy activity 

leading to cargo degradation (7).  

Basal autophagy is essential for constitutive turnover of cytoplasmic components, but 

autophagy is also strongly induced upon nutrient and growth factor starvation, and following 

pathophysiological events such as oxidative stress or protein aggregation (88, 89). Mammalian 

target of rapamycin (MTOR) is a major kinase negatively regulating autophagy; MTOR exists 
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in two distinct complexes, complex 1 (MTORC1) and complex 2 (MTORC2) (93). MTOR 

inhibition activates the ULK1-ATG13-FIP200 complex, and dephosphorylated ULK1 

localizes to the phagophore for autophagy initiation (93, 94). Rapamycin treatment mimics 

starvation-induced autophagy by inhibiting MTORC1 activity via binding to the FKBP12-

rapamycin-binding domain of the kinase (93). Most of the autophagy-related (ATG) proteins 

are transiently associated with membrane compartments during phagophore elongation and 

autophagosome formation, and are not present on the mature autophagosome (92). The only 

exception are the proteins belonging to the family of mammalian microtubule-associated 

protein 1 light chain 3 (MAP1LC3/LC3), which remain associated with autophagosomes and 

autolysosomes at both the inner and outer membranes, where they are present in a 

phosphatidylethanolamine-conjugated form (LC3-II) (95). LC3-II associated with the inner 

membrane of the autolysosome is actively degraded. Therefore, the amount of LC3-II in the 

presence of bafilomycin A1 (BafA1), an autophagosome–lysosome fusion inhibitor, is used as 

a marker to determine whether there is an increase or a decrease in autophagic flux (7, 96). 

Another LC3-based autophagy flux assessment method uses a tandem fluorescent tag 

(monomeric RFP and GFP) fused to MAP1LC3 beta (mRFP-GFP-MAP1LC3B); in the 

autolysosome, GFP fluorescence is quenched more efficiently than that of mRFP because of 

higher sensitivity of GFP to acidic pH (91). 

Fas-apoptotic inhibitory molecule 2 (FAIM2, also known as TMBIM2, LFG, LFG2, 

and NMP35) is an evolutionarily conserved protein with seven transmembrane domains in its 

C-terminal part and is predominantly expressed in the adult central nervous system (70-72). 

FAIM2 protects neurons from Fas ligand–mediated apoptotic cell death by direct binding with 

Fas receptor (72, 73). The antagonizing effect of FAIM2 on Fas signaling suppresses caspase 

(CASP) 8 activity and has a therapeutic potential in various conditions including bacterial 
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meningitis, retinal detachment, and transient brain ischemia (73, 76, 77). Intriguingly, death 

receptor–independent function of FAIM2 has been reported in relation to tumorigenic 

properties of neuroblastoma cells (78). FAIM2 knockdown reduces proliferation and cell 

adhesion but enhances non-adherent growth and migration, thus contributing to a higher 

metastatic potential (78).  

Because most studies have focused on FAIM2 as a neuronal anti-apoptotic protein in 

Fas receptor–mediated cell death signaling, its role in other cellular processes is relatively 

unknown. FAIM2 is one of the six members of the TMBIM family (transmembrane BAX 

inhibitor motif containing), which share the UPF0005 domain, Bax inhibitor-1 (BI-1)-like 

properties, and anti-apoptotic function (72, 79). GRINA/TMBIM3 is highly homologous to 

FAIM2. Both a C-terminal fragment of GRINA and FAIM2 promote degradation of 

globotriaosylceramide, the receptor for Shiga toxin, in a lysosomal protease–dependent manner 

(80). BI-1/TMBIM6, which is the best-characterized member of the family, enhances 

autophagy by increasing lysosome biogenesis and activity, and protects against cyclosporine 

A–induced impairment of autophagy clearance (81). 

Accumulating lines of evidence suggest that TMBIM family proteins, in addition to 

regulating apoptotic cell death, function in diverse biological pathways including autophagy. 

In this study, we used human neuroblastoma SH-SY5Y cells to test the hypothesis that FAIM2 

regulates autophagy via association with organelles involved in the degradation pathway. Then, 

we carried out an in vivo study to examine the effects of FAIM2 on autophagy flux in a 

Caenorhabditis elegans mutant lacking the FAIM2 ortholog encoded by the x-box promoter 

motif-containing gene 6 (xbx-6). 
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3.2 Materials and Methods 

Table 1. Plasmids 

Commercially available vectors 
Plasmid Description Catalog Number Company 
DsRed2-Mito Mitochondrial targeting 632421 Takara 

EYFP-N1(EV-YFP) C-terminal YFP tag 6006-1 Takara 

FAIM2-FLAG 
FAIM2 plasmid with C-
terminal Myc and DDK 
(FLAG) tags 

RC200196 Origene 

GFP-STX17 pMRXIP GFP-Stx17 WT 45909 Addgene 
mCherry-LAMP1 pLAMP1-mCherry 45147 Addgene 
mCherry-ZFYVE1/DFCP1 N-terminal mCherry tag 86746 Addgene 
mRFP-GFP-MAP1LC3B Tandem  21074 Addgene 
pcDNA3.1(+)IRES-GFP  51406 Addgene 
pLK0.1 control vector Puromycin selection 10878 Addgene 

pLK0.1 shRNA FAIM2 (Human) Puromycin selection TRCN0000157805 
Sigma-
Aldrich 

pLK0.1 shRNA FAIM2 (Mouse/Rat) Puromycin selection TRCN0000217485 
Sigma-
Aldrich 

RFP-MAP1LC3B   Addgene 
pMD2.G VSVG-g 12259 Addgene 
psPAX2 Lentiviral envelop vector 12260 Addgene 

Cloned for this study 
Plasmid Description 

FAIM-YFP 5' cloning site: BglII; 3' cloning site: HindIII 

FAIM2W65A/V68A-FLAG LIR mutant 
FAIM2W65A/V68A-YFP LIR mutant 

FAIM2-FLAG-IRES-GFP 5' cloning site: NheI; 3' cloning site: BamHI 

FAIM2W65A/V68A-FLAG-IRES-GFP LIR mutant 
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Table 2. Primers for cloning 

Primer Title Sequence 
FAIM2-YFP forward 5′-CCGTCAGATCTCGCCACCATGACCCAGGGAAAGCTC-3′ 

FAIM2-YFP reverse 5′- GGTAAGCTTTTCCCGGTTGGTGCCAAA-3′ 

V68A forward 5′-CCTCTCCACCCTAGCTGGGCCTATGCGGACCCCAGCAGC-3′ 

V68A reverse 5′-GCTGCTGGGGTCCGCATAGGCCCAGCTAGGGTGGAGAGG-3′ 

W65A/V68A forward 5′- CCTCTCCACCCTAGCGCGGCCTATGCGGACCCCAGCAGC-3′ 

W65A/V68A reverse 85′-GCTGCTGGGGTCCGCATAGGCCGCGCTAGGGTGGAGAGG-3′ 

FAIM2-FLAG-IRES-
GFP forward 

5′-TATGCTAGCGCCACCATGACCCAGGGAAAGCTC-3′ 

FAIM2-FLAG-IRES-
GFP reverse 

5′- GCGGTAGGATCCTTATTCTCGGTTAGTGCC-3′ 
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3.2.1 Cell culture and shRNA knockdown  

SH-SY5Y cells (a gift from Yun-Il Lee at DGIST) were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Corning, NY, USA) supplemented with 10% fetal bovine serum 

(Tissue Culture Biologicals, Los Alamitos, CA, USA) and 1% penicillin–streptomycin 

(Hyclone, Logan, UT, USA) in a cell culture incubator at 37°C with 5% CO2 and 95% humidity. 

The pLK0.1 lentiviral vector (TRCN0000157805) carrying human FAIM2-specific small 

hairpin RNA (shRNA) sequence was obtained from the MISSION library (Sigma-Aldrich, St. 

Louis, MO, USA), and the control vector (#10878) was purchased from Addgene (Watertown, 

MA, USA). The lentiviruses were produced in the Lenti-X 293T cell line (Takara Bio, Kusatsu, 

Japan) as per manufacturer’s instructions, and SH-SY5Y cells were transduced with 

concentrated lentiviruses. At 48 h post-transduction, the cells were selected using 2 µg/mL 

puromycin (Takara Bio USA, Mountain View, CA, USA).  

 

3.2.2 C. elegans strains and quantification of autophagic vesicles  

All strains were maintained at 20°C (97). The transgenic strain that expresses lgg-

1p::mCherry::GFP::LGG-1 (sqIs11) (a gift from Malene Hansen at SBP) (98) was used as a 

control; an xbx-6 mutant animal (ok852) was obtained from the Caenorhabditis Genomic 

Center. To observe the puncta of autophagosomes and autolysosomes in the xbx-6 mutant 

background, xbx-6 (ok852) males were mated with lgg-1p::mCherry::GFP::LGG-1 (sqIs11 

hermaphrodites, and the molecular lesion in xbx-6 mutants was confirmed by PCR (xbx-6 

deletion F: CGTGAAAGTGAAGAAGACGTGC, xbx-6 deletion R: 

GGCTGTCTTGTCGAAGGAAG, xbx-6 deletion 2R: AATCAACAGCCATACAACCCGG). 

To quantify the number of autophagic vesicles in the pharynx, young adult hermaphrodite 

worms were anesthetized with 1 M sodium azide on a 2% agar pad, and fluorescence images 
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of each worm were obtained under a Zeiss Axio Observer A1 microscope with a 40× objective 

using the AxioVision software (Zeiss, Oberkochen, Germany). Puncta were counted in the 

region around the grinder in the terminal bulb In each merged image, mCherry and GFP 

double-positive (mCherry+/GFP+) puncta and mCherry single-positive (mCherry+/GFP-) 

puncta were counted. At least 40 worms per strain were examined. 

 

3.2.3 Antibodies and reagents 

Primary antibodies against the following proteins were used: FAIM2 (rabbit polyclonal, 

306043; OriGene, Rockville, MD, USA), RAB7A (mouse monoclonal, sc-271608; Santa Cruz 

Biotechnology, Dallas, TX, USA), TGN46 (mouse monoclonal, AB2809; Abcam, Cambridge, 

MA, USA), LAMP2 (rabbit polyclonal, L0668; Sigma-Aldrich), FLAG (anti-FLAG M2 mouse 

monoclonal, F3165; Sigma-Aldrich), MAP1LC3B (rabbit polyclonal, 100-2220; Novus 

Biologicals, Centennial, CO, USA), SQSTM1/p62 (P0067; Sigma-Aldrich), and cleaved 

CASP3 (#9661; Cell Signaling Technology, Danvers, MA, USA). Horseradish peroxidase 

(HRP)-conjugated actin beta (ACTB) (SC-47778HRP) was purchased from Santa Cruz 

Biotechnology. 

Rapamycin (Enzo Life Sciences, Lausen, Switzerland) was dissolvedthyl sulfoxide 

(DMSO) and added at a final concentration of 10 µM (the final concentration of DMSO did 

not exceed 0.05%) at the indicated time points. Control cells were treated with the same 

percentage of DMSO. BafA1 (Sigma-Aldrich) was added at a final concentration of 75 nM 

(DMSO, 0.075%) for 2 h before harvest. Chloroquine (Sigma-Aldrich) was dissolved in water 

and added at a final concentration of 40 µM.  

 

3.2.3 Plasmids 
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The human FAIM2 plasmid with C-terminal Myc and DDK (FLAG) tags (RC200196) was 

purchased from OriGene. Hereafter, we refer to this plasmid as FAIM2-FLAG because it was 

primarily detected with an antibody against the FLAG tag. mRFP-GFP-MAP1LC3B, 

mCherry-double zinc finger FYVE-type containing (mCherry-ZFYVE1/DFCP1), RFP-

MAP1LC3B, mCherry-LAMP1, and GFP-STX17 were purchased from Addgene. EYFP-N1 

(EV-YFP) and DsRed2-Mito were from Takara Bio USA. 

To generate a plasmid encoding FAIM2 with a C-terminal YFP tag (FAIM2-YFP), the 

FAIM2 coding sequence was PCR-amplified from FAIM2-FLAG using the forward (5′-

CCGTCAGATCTCGCCACCATGACCCAGGGAAAGCTC-3′) and reverse (5′- 

GGTAAGCTTTTCCCGGTTGGTGCCAAA-3′) primers. The resulting BglII-HindIII 

fragment was ligated into the EYFP-N1 plasmid.  

To generate the LIR mutant plasmids, FAIM2W65A/V68A-FLAG and FAIM2W65A/V68A-

YFP, site-directed mutagenesis was performed using Solg Pfu-X DNA Polymerase (SolGent, 

Daejeon, South Korea) according to the manufacturer’s protocol. To obtain the FAIM2 

plasmid encoding the W65A and V68A mutations, two sequential rounds of mutagenesis 

were performed using the following two pair of primers: 1) for V68A, forward (5′-

CCTCTCCACCCTAGCTGGGCCTATGCGGACCCCAGCAGC-3′) and reverse (5′-

GCTGCTGGGGTCCGCATAGGCCCAGCTAGGGTGGAGAGG-3′); 2) for W65A/V68A, 

forward (5′- CCTCTCCACCCTAGCGCGGCCTATGCGGACCCCAGCAGC-3′) and reverse 

(5′-GCTGCTGGGGTCCGCATAGGCCGCGCTAGGGTGGAGAGG-3′). 

To generate the FAIM2-FLAG-IRES-GFP and FAIM2W65A/V68A-FLAG-IRES-GFP 

plasmids, each coding sequence was amplified by PCR from the FAIM2-FLAG plasmid and 

the FAIM2W65A/V68A-FLAG plasmid, respectively, using the forward (5′-

TATGCTAGCGCCACCATGACCCAGGGAAAGCTC-3′) and reverse (5′- 
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GCGGTAGGATCCTTATTCTCGGTTAGTGCC-3′) primers, followed by ligation into the 

NheI and BamHI sites of pcDNA3.1(+)IRES-GFP (Addgene). 

Cells were transfected with Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, 

MA, USA) according to manufacturer’s instructions.  

 

3.2.4 Immunocytochemistry and confocal microscopy 

Cells were seeded on glass coverslips that were pre-coated with poly-L-ornithine 

hydrobromide (10 µg/mL; Sigma-Aldrich) in 12-well plates. After 24 h, cells were fixed with 

4% paraformaldehyde in phosphate-buffered saline (PBS) for 10–15 min at room temperature, 

washed with PBS twice, and permeabilized with 0.2% saponin (Sigma-Aldrich) in PBS, unless 

otherwise stated in the figure legend. Coverslips were blocked in antibody diluent solution 

(Invitrogen, Carlsbad, CA, USA). Then, primary antibodies were diluted in antibody diluent 

containing 0.2% saponin and applied to coverslips, which were then incubated overnight at 

4°C. On the following day, the coverslips were washed with PBS and incubated with a 

fluorescence-labelled secondary antibody directed against a target species. Anti-rabbit DyLight 

405 (711-475-152), anti-mouse DyLight 405 (715-475-150), anti-mouse Alexa Fluor 647 (715-

605-150), and anti-rabbit Alexa Fluor 647 (711-605-152) antibodies were purchased from 

Jackson ImmunoResearch (West Grove, PA, USA). Samples that needed nucleus labelling were 

counterstained with Hoechst 33342 (Thermo Fisher Scientific) for 10 min at room temperature 

prior to mounting on a glass slide using mounting medium (Dako, Carpinteria, CA, USA). 

Images were acquired under a confocal laser scanning microscope (LSM 780; Zeiss) using a 

60× oil objective lens. 

 

3.2.5 Immunoblotting 
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SDS–polyacrylamide gel electrophoresis was performed using standard methods on 12% and 

9% polyacrylamide gels appropriate for target proteins in the molecular weight range of 10 to 

45 kDa and 35 to 62 kDa, respectively. The gels were blotted onto a polyvinylidene difluoride 

membrane using a tank electro-transfer system (Bio-Rad, Hercules, CA, USA). The blots were 

incubated with appropriate primary antibodies diluted in Tris-buffered saline with 0.1% Tween 

20 and 5% bovine serum albumin. FAIM2 antibody was diluted in 0.5% milk in place of bovine 

serum albumin. Following the incubation, blots were washed with Tris-buffered saline with 

0.1% Tween 20 and incubated with goat anti-rabbit IgG (H+L)-HRP (31460; Thermo Fisher 

Scientific) or mouse-IgGk-BP-HRP (SC-516102; Santa Cruz Biotechnology) secondary 

antibodies. SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Fisher 

Scientific) was used for protein detection. Band densities were quantified using Image Studio 

Lite (LI-COR Biosciences, Lincoln, NE, USA).  

 

3.2.6 Immunoprecipitation (IP) 

Harvested cells were lysed in IP lysis buffer containing 0.5% Tween 20, 50 mM Tris, pH 8.0, 

150 mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride, and 1× Halt 

protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Equal amounts of 

lysates were incubated with a primary antibody or normal IgG control (Santa Cruz 

Biotechnology) on a tube rotator for 14 h at 4°C. Remaining lysates were saved for non-IP 

input preparation. Immunoprecipitation was performed with pre-washed Pierce Protein-A-

Agarose resin slurry (Thermo Fisher Scientific) on a tube rotator for 3 h at 4°C. Resin-immune 

complexes were centrifuged for 3 min at 2,500 × g, washed three times with cold IP wash buffer 

(0.5% Tween 20, 50 mM Tris, pH 8.0, 250 mM NaCl, 1 mM EDTA). The complexes were 

eluted with Laemmli buffer (Bio-Rad) with 5% 2-mercaptoethanol and incubated for 10 min 
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at 60°C. At this step, 5% input from the lysate was prepared likewise. Supernatants from IP 

and input were subjected to SDS–polyacrylamide gel electrophoresis. 

 

3.2.7 Live-cell imaging 

Cells were transfected with the GFP-STX-17 plasmid for 24 h and re-seeded on glass coverslips. 

At 48 h post-transfection, medium was changed to rapamycin-containing growth medium and 

the coverslips were further incubated for 2 h. LysoTracker Red DND-99 (250 nM; Thermo 

Fisher Scientific) was added 15 min before the end of treatment. Coverslips were transferred 

to a magnetic chamber at 5% CO2 and 37°C, and imaged with a LSM 7 LIVE microscope 

(Zeiss). Images were acquired in two channels with an interval of 30 s. Lifetime of STX17 

defined as the duration it takes for GFP-STX17 to first appear as a ring-shaped structure and 

disappear upon fusion with a LysoTracker Red–positive vacuole (99). 

 

3.2.8 In situ proximity ligation assay (PLA) 

Duolink PLA anti-rabbit PLUS (DUO92002) and anti-mouse MINUS (DUO92004) reagents 

were purchased from Sigma-Aldrich. FAIM2-FLAG-IRES-GFP or FAIM2W65A/V68A-FLAG-

IRES-GFP plasmid was transiently expressed in cells. The cells on coverslips were fixed with 

4% paraformaldehyde and permeabilized with Duolink blocking solution containing 0.2% 

saponin for 30 min at 37°C. Then, a mixture of primary antibodies against MAP1LC3B and 

FLAG prepared in Duolink antibody diluent was applied to the coverslips in a humidified 

chamber overnight at 4°C. After washing with wash buffer A, the coverslips were incubated 

with anti-rabbit PLUS and anti-mouse Minus reagents for targeting MAP1LC3B and FLAG, 

respectively. In situ ligation and amplification were performed using Duolink In Situ Detection 

Reagents Orange (DUO92007, Sigma-Aldrich) according to the manufacturer’s protocol. After 
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a final wash with wash buffer B, coverslips were mounted with Duolink in situ mounting 

medium with DAPI (DUO82040; Sigma-Aldrich). Images were acquired under the LSM 780 

microscope using a 60x objective lens. Here, GFP-positive cells were analyzed for PLA signals 

to avoid false-positive signals. 

 

3.2.9 Flow cytometry 

Cells in a 12-well plate were incubated with 250 nM LysoTracker Red DND-99 (Thermo Fisher 

Scientific) for 15 min in a cell culture incubator and were trypsinized with 0.05% Trypsin-

EDTA (Thermo Fisher Scientific). After washing with PBS, the cells were collected by 

centrifugation at 500 × g for 3 min followed by resuspension in cold PBS. Fluorescence 

intensity in each sample was measured using the FL2 channel of a BD Accuri C6 flow 

cytometer (BD Biosciences, San Jose, CA, USA). The data were analyzed by BD Accuri C6 

software. 

 

3.2.10 LC3-interacting region (LIR) motif prediction  

The LIR motif was predicted at ELM (http://elm.eu.org). Protein binding likelihood of the 

predicted LIR motif was assessed by using the following two web-based meta-predictors: the 

original Predictor of Natural Disordered Regions (PONDR)-VSL2 (PONDR-VSL2) and 

PONDR-FIT. Out of the five predictors available in the PONDR database 

(http://www.pondr.com), PONDR-VSL2 is the most accurate (100). PONDR-FIT analysis 

(http://original.disprot.org/metapredictor.php) available in the DisProt database 

(http://www.disprot.org/index.php) was used and the results were interpreted according to a 

previous report on identification of a functional LIR motif (101). Stretches of 30 or more amino 

acid residues with PONDR-FIT or PONDR-VSL2 score near or above 0.5 were considered 
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intrinsically disordered protein regions (IDPR).  

 

3.2.11 Cell viability assay 

Cells were seeded into a 24-well plate with DMEM containing 1% or 10% fetal bovine serum 

and incubated for 24 h before the assay. Cells were trypsinized, collected into microcentrifuge 

tubes, centrifuged at about 250 × g for 3 min, and then re-suspended in 400 µL of appropriate 

media. Each sample (100 µL per well) was incubated with CellTiter-Glo 2.0 cell viability assay 

solution (Promega, Madison, WI, USA) in a white 96-well plate for 10 min according to the 

manufacturer’s protocol. Control wells containing media without the cells were prepared for 

background luminescence subtraction. The analysis was performed in a SpectraMax L 

microplate reader (Molecular Devices, San Jose, CA, USA). 

 

3.2.12 Apoptotic cell death assay 

Cells were transfected with EV-YFP, FAIM2-YFP, or FAIM2W65A/V68A-YFP and seeded into 

glass coverslips. Then, left untreated or treated with SuperFas Ligand (100 ng/mL; Enzo Life 

Sciences) for 6 h. Immunocytochemistry of cleaved CASP3 was performed as described above 

in the “Immunocytochemistry and confocal microscopy” section. Images were acquired under 

a confocal laser scanning microscope (LSM 780; Zeiss) using a 10× objective lens for the 

quantification. Cropped representative images presented in Fig.8A were acquired using a 40× 

objective lens for high resolution images. The percentage of apoptotic cell death was calculated 

as follows:  

% Cleaved CASP3+YFP+/Total YFP cells = (Cleaved CASP3 and YFP double positive cell 

number ÷ Total YFP positive cell number) × 100 
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3.2.13 Image and statistical analysis 

Puncta of mRFP-GFP-MAP1LC3B were counted using the Green and Red Puncta 

Colocalization Macro tool (Daniel J. Shiwarski, Ruben K. Dagda, and Charleen T. Chu) in 

Image J (National Institutes of Health, Bethesda, MD, USA), which was used for analyzing 

autophagy flux in our previous study (102). Other puncta were counted using the Analyze 

Particles function in Image J. Statistical analyses were performed using the GraphPad Prism 

(La Jolla, CA, USA). Differences between 2 groups were compared by two-tailed Student’s t 

test. P < 0.05 was considered statistically significant. Error bars represent the mean ± standard 

error of the mean (SEM).  



	-	38	-	

	
3.3. Results 

3.3.1 FAIM2 overexpression elevates basal and rapamycin-activated autophagy in SH-

SY5Y cells  

We used rapamycin, an MTORC1 inhibitor, as an autophagy inducer in SH-SY5Y cells to study 

the mechanism of autophagy regulation. To examine if FAIM2 affected autophagy, we co-

transfected the cells with RFP-MAP1LC3B with the empty vector encoding YFP or FAIM2-

YFP plasmid. Overexpression of FAIM2 significantly increased the number of autophagic 

vesicles (autophagosomes + autolysosomes) visualized as RFP-MAP1LC3B-positive puncta, 

and the effect was more evident in cells treated with rapamycin for 8 h (Fig. 6A, B). To measure 

changes in autophagy flux, we used BafA1, which blocks autophagosome–lysosome fusion by 

targeting the vacuolar-type H(+)-ATPase (103). The difference in the amount of MAP1LC3B-

II in cells untreated or treated with BafA1 correlates with autophagy flux level (7, 96). In the 

presence of BafA1, cells transiently transfected with FAIM2-FLAG had a higher level of 

MAP1LC3B-II than cells transfected with the empty plasmid (EV) (Fig. 7A, B). Autophagy 

induction also increases degradation of SQSTM1/P62, which is an autophagic substrate (104). 

Following rapamycin treatments, both EV-FLAG and FAIM2-FLAG overexpressed cells 

showed marked degradation pattern of SQSTM1 (Fig. 7A). Inhibition of degradation by BafA1 

accumulated SQSTM1, indicating an increased autophagic turnover. Therefore, these results 

indicated that FAIM2 enhanced autophagy via upregulation of autophagy flux. 
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Figure 6. FAIM2 overexpression elevates basal and rapamycin-activated 
autophagy in SH-SY5Y cells 
 
A) Representative images of SH-SY5Y cells co-transfected with RFP-MAP1LC3B and either empty 

vector–YFP (EV-YFP) or FAIM2-YFP. The cells were treated with DMSO (Control) or rapamycin for 

8 h. YFP images are displayed as green. Scale bar, 5 µm. B) Quantification of the number of RFP-

MAP1LC3B puncta per cell (n = 25). Data in are means ± SEM (n = 3). *P < 0.05, **P < 0.01, 

***P < 0.001. 
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Figure 7. FAIM2 knockdown impairs autophagic flux by blocking 
autophagosome maturation 
 
A) Autophagy flux analysis. SH-SY5Y cells transiently transfected with untagged empty vector (EV) 

or FAIM2-FLAG were treated with DMSO or rapamycin, and BafA1 was added for the last 2 h. Cell 

lysates were analyzed by immunoblotting. Actin beta (ACTB) was used as a loading control. B) 

Quantification of MAP1LC3B-II levels relative to lane 1, EV-transfected untreated control. Data in are 

means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.3.3 FAIM2 knockdown impairs autophagic flux by blocking autophagosome 

maturation 

To investigate the regulatory role of FAIM2 in autophagy, we generated stable FAIM2 

knockdown (shFAIM2) SH-SY5Y cell lines. Fluorescent puncta assay with mRFP-GFP-

MAP1LC3B is a well-established assay to monitor autophagy flux, and it circumvents the use 

of lysosomal inhibitors (91). As depicted in Figure 8, autophagosomes (yellow) are positive 

for both mRFP and GFP (mRFP+/GFP+). In contrast, autolysosomes (red) are mRFP-positive 

but GFP-negative (mRFP+/GFP-) because mRFP is stable in acidic environments (pH<5), 

whereas GFP fluorescence is lost after quenching due to low pH (7). Therefore, autophagy 

induction is indicated by an increase in the number of autolysosomes and the total number of 

autophagic vesicles. On the other hand, blocking autophagosome maturation into 

autolysosomes is associated with a reduction in the number of autolysosomes and accumulation 

of autophagosomes.  

Cells transfected with mRFP-GPF-MAP1LC3B were treated with or without 

rapamycin for 8 h (Fig. 9A). Quantitative analysis of merged images of mRFP and GFP 

revealed that the cells transduced with control shRNA (shCON) displayed an increase in the 

number of yellow puncta (mRFP+/GFP+) with a proportional increase in the number of red 

puncta (mRFP+/GFP-) upon rapamycin treatment, as expected (Fig. 9B). In contrast, 

rapamycin treatment of shFAIM2 cells resulted in a substantially higher accumulation of yellow 

puncta, but without further increase in red puncta, a pattern suggesting impaired autophagy 

flux (Fig. 9C). Assessment of autophagy flux in each cell line via immunoblotting yielded 

concordant results (Fig. 10A). An increase in the levels of MAP1LC3B-II induced by 

rapamycin treatment (lane 1 versus 3; lane 2 versus 4) and further accumulation of MAP1LC3B 

in BafA1-treated cells compared to untreated cells (lane 1 versus 2; lane 3 versus 4) 
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demonstrated efficient autolysosome clearance in shCON cells (Fig. 10B). In contrast, an 

increase in the MAP1LC3B-II level in the presence of BafA1 was much lower in shFAIM2 

than shCON cells in the absence of rapamycin (lane 2 versus 6). Rapamycin increased the 

MAP1LC3B level in shFAIM2 cells, but to a much lesser extent than in shCON cells (lane 3 

versus 7). Also, rapamycin failed to further increase autophagy flux, because the MAP1LC3B 

level was not significantly affected by BafA1 in shFAIM2 cells (lane 7 versus 8). The 

diminished increase in MAP1LC3B-II by BafA1 in the absence of rapamycin, and no 

additional accumulation induced by BafA1 in rapamycin-treated shFAIM2 cells indicated 

aberrant autophagy flux. Although not as significant as MAP1LC3B result, shFAIM2 cells with 

or without BafA1 (lane 7 versus 8) shows a lesser degradation of SQSTM1 compared to 

shCON (Fig. 10A). Notably, the collective results of the mRFP-GFP-MAP1LC3B assay and 

immunoblotting with or without BafA1 demonstrated that the early-stage autophagosome 

biogenesis or formation is intact in shFAIM2 cells. Upon rapamycin treatment, the total number 

of autophagic vesicles increased (Fig. 9A) and MAP1LC3B-I was converted to the lipidated 

MAP1LC3B-II (lane 5 versus 7 in Fig. 10A). Therefore, autolysosome maturation may be 

hindered in shFAIM2 cells.  
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Figure 8. Schematic of mRFP-GFP-MAP1LC3B assay. 

Autophagosome (yellow) is double mRFP- and GFP-positive (mRFP+/GFP+). Autolysosome (red) is 

mRFP-positive but GFP-negative (mRFP+/GFP-). 
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Figure 9. FAIM2 knockdown impairs autophagic flux by blocking 
autophagosome maturation 
 
A) Representative images of shCON and shFAIM2 SH-SY5Y cells transiently transfected with the 

mRFP-GFP-MAP1LC3B plasmid. After 8-h treatment with DMSO (control) or rapamycin, cells were 

fixed, immunostained for FAIM2 and labelled with anti-rabbit DyLight 405. FAIM2 images are 

pseudo-colored in blue. Scale bar, 5 µm. B) Quantification of mRFP+/GFP+ and mRFP+/GFP- puncta 

per cell based on merged images of mRFP and GFP channels (n = 20). C) Percent of total of 

autophagosomes and autolysosomes per cell in data sets from (B). 
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Figure 10. Impaired autophagic flux in FAIM2 knockdown SH-Y5Y cells 

A) Autophagy flux assay. shCON and shFAIM2 SH-SY5Y cells were treated with DMSO (control) or 

rapamycin rapamycin for 8 h, and BafA1 was added for the last 2 h. B) Quantification of MAP1LC3B-

II levels relative to lane 1, shCON and untreated control. Data are means ± SEM from three independent 

experiments. ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.3.4 FAIM2 localization to MAP1LC3B- and LAMP1-positive organelles is robustly 

increased under rapamycin-induced autophagy 

To elucidate the mechanism underlying positive regulation of autophagy by FAIM2, we sought 

to determine the subcellular localization of FAIM2, including in autophagic vesicles. During 

early stages of autophagy, an Ω-shaped, phosphatidylinositol 3-phosphate–containing 

omegasome, which is considered as an autophagosome-initiating structure and can be 

monitored using PI3P-binding ZFVYE1/DFCP1 protein, forms adjacent to the endoplasmic 

reticulum (ER) (105). In either control or rapamycin-treated cells, we observed no 

colocalization of FAIM2 with ZFYVE1 (co-localization co-efficient in control, 0.108 ± 0.0301; 

rapamycin, 0.0477 ± 0.0228). Colocalization of FAIM2 with the trans-Golgi protein TGN46 

(control, 0.0866 ± 0.0166; rapamycin, 0.0844 ± 0.0234) and DsRed-Mito (control, 0.077 ± 

0.0122; rapamycin, 0.107 ± 0.0322) was also insignificant and was not affected by rapamycin 

(Fig. 11). Autophagosome biogenesis coincides with the appearance of the LC3-positive 

isolation membrane extending from the omegasome; when fully encircled, the omegasome is 

absorbed back to the ER, producing the nascent double-membrane autophagosome free of 

ZFYVE1 (105). Because FAIM2 was not found in omegasomes, we hypothesized that FAIM2 

might be involved in later stages of autophagy.  

We thus examined late endosomes and lysosomes, which are required for 

autophagosome maturation (92). In SH-SY5Y cells, FAIM2 partially colocalized with RAB7A 

(late endosome), RFP-MAP1LC3B (autophagosome and autolysosome), and mCherry-

LAMP1 (lysosome) (Fig. 12). During rapamycin-induced autophagy, significant increases 

were observed of FAIM2 colocalization with RFP-MAP1LC3B (control, 0.0966 ± 0.010; 

rapamycin, 0.340 ± 0.057) and mCherry-LAMP1(control, 0.172 ± 0.0303; rapamycin, 0.464 ± 

0.0304) but not RAB7A (control, 0.189 ± 0.0163; rapamycin, 0.18 ± 0.0252) (Fig. 3B). These 
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data suggest that FAIM2 functions in the late stages of autophagy. 
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Figure 11. Characterization of FAIM2 subcellular localization 

Colocalization analysis of FAIM2 and organelle markers for the comparison between control and 

rapamycin (8 h) treatments. Representative images of SH-SY5Y cells transiently expressing FAIM2-

YFP with co-expression of mCherry-ZFYVE1 (omegasome), DsRed-Mito (mitochondria), RFP-

MAP1LC3B (autophagic organelle), or mCherry-LAMP1 (lysosome). FAIM2-YFP images are 

displayed as green. TGN46 and RAB7A were used as trans-Golgi and late endosome markers, 

respectively, and were labelled with anti-mouse Alexa Fluor 647; the images are pseudo-colored in 

magenta. Boxed areas are magnified. Scale bar, 5 µm. 
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Figure 12. Graph showing the subcellular localization of FAIM2 

Quantification of the colocalization co-efficient of FAIM2-YFP with each organelle marker. Data are 

means ± SEM of at least 15 cells. ***P < 0.001. 
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3.3.4 FAIM2 plays an integral role in the biogenesis of acidified lysosomes 

Because of significant colocalization of FAIM2 with lysosomes, we examined whether 

autophagy impairment in FAIM2-knockdown cells was associated with lysosome function. To 

this end, we performed flow cytometry analysis of LysoTracker Red uptake (106). An increase 

in LysoTracker Red staining was observed in shCON cells treated with rapamycin (Fig. 13A). 

In shFAIM2 cells, LysoTracker Red staining was lower than in shCON cells and was not 

enhanced in response to rapamycin. The pattern observed in shFAIM2 cells was similar to that 

in cells treated with chloroquine (Fig. 13A, B), which inhibits lysosomal activity by raising 

lysosomal pH. Because LysoTracker Red staining level is an indicator of lysosome 

acidification and biogenesis of lysosome (107), the above data indicated that FAIM2 deficiency 

likely caused lysosomal dysfunction.  

To test whether FAIM2 regulates lysosome biogenesis, we counted LysoTracker Red 

dots after FAIM2-FLAG or EV transfection (Fig. 14A). In comparison with EV, the number of 

acidic lysosomes was increased in FAIM2-FLAG-transfected cells regardless of rapamycin 

treatment (Fig. 14B). LysoTracker Red dots were larger in FAIM2-FLAG- than in EV-

transfected cells (Fig. 14C). Thus, FAIM2 overexpression in SH-SY5Y cells increased both 

the number and size of lysosomes. 
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Figure 13. FAIM2 knockdown effect on lysosome biogenesis  

A) Representative data set of flow cytometry analysis of LysoTracker Red uptake. shCON and 

shFAIM2 cells were treated with DMSO (control) or rapamycin for 8 h, or with chloroquine (40 µM) 

for 6 h, and were stained with LysoTracker Red for 15 min prior to the analysis by flow cytometry. 

Non-stained negative control was used as a gating control to obtain percentages of LysoTracker Red 

uptake. B) Quantification of LysoTracker Red uptake (n = 3). 
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Figure 14. FAIM2 increases the lysosomal compartments within the cells 

A) Effect of FAIM2 overexpression on LysoTracker Red uptake analyzed by a single-cell imaging. SH-

SY5Y cells transiently transfected with the untagged empty vector (EV) or FAIM2-FLAG were treated 

with DMSO (control) or rapamycin, stained with LysoTracker Red for 15 min in an incubator, and fixed. 

Scale bar, 5 µm. B) Quantification of the number of LysoTracker Red–positive puncta per cell in EV- 

or FAIM2-FLAG–transfected cells (n > 8). C) Quantification of the average LysoTracker Red punctum 

size per cell (arbitrary units) from images such as in panel (A). ns: not significant, *P < 0.05, 

**P < 0.005, ***P < 0.001.  
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3.3.5 FAIM2 localizes to lysosomes and is required for autophagosome maturation 

We next asked what contributed to autophagosome accumulation in FAIM2 knockdown cells 

(Fig. 6). To clarify whether FAIM2 played a role in the formation or maturation of 

autophagosomes, we performed live-cell imaging. During autophagosome formation, lipidated 

forms of LC3 family proteins remain associated with the isolation membrane in an Atg16L-

dependent manner and regulate the elongation, curvature, and closure of the autophagosomal 

membrane (108). Syntaxin 17 (STX17) is an autophagosome marker, but several features 

distinguish it from LC3 proteins. STX17 binds only to the closed autophagosome and remains 

on the membrane until lysosomal enzymes degrade the inner autophagosome membrane upon 

lysosome fusion, and then dissociates from the autolysosome (99). Therefore, we monitored 

the formation and disappearance of STX17-containing structures in shCON and shFAIM2 cells. 

After 2-h treatment with rapamycin, both shCON and shFAIM2 cells showed ring-shaped GFP-

STX17 structures (Fig. 15A, arrowheads). In shCON cells, soon after the formation of these 

structures, LysoTracker Red dots (arrows in Fig. 15A) colocalized with a small number of 

GFP-STX17, and then a hollow space inside the ring was completely filled with LysoTracker 

Red until the structure disintegrated. In shFAIM2 cells, although LysoTracker Red dots were 

present in close proximity to the ring-shaped GFP-STX17 structures during the first 3-min time 

frame, the inner space was not filled with red (Fig. 15A). Therefore, the lifetime of STX17 was 

significantly longer in shFAIM2 cells (19.8 ± 4.11 min) than in shCON cells (4.4 ± 0.292 min) 

(Fig. 15B). Because closed autophagosomes were present in shFAIM2 cells, this finding 

indicates that the machinery responsible for autophagosome formation was intact even after 

FAIM2 depletion. However, the extended lifetime and delayed acidification of GFP-STX17 

puncta in shFAIM2 cells suggest that FAIM2 is required for efficient autophagosome–lysosome 

fusion. Therefore, we focused on the effect of FAIM2 on autophagosome maturation, the fusion 
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process between the autophagosome and lysosome. 

First, to clarify whether FAIM2 localizes to the autophagosome, autolysosome, or 

lysosome, we examined FAIM2 localization with or without BafA1, taking into account the 

fact that LC3 proteins do not colocalize with the lysosomal protein LAMP2 in BafA1-treated 

cells (95). As shown by triple staining of FAIM2-YFP, LC3-RFP, and LAMP2, FAIM2 

colocalized with MAP1LC3B, LAMP2, or both in cells of control and those treated with 

rapamycin for 2 h (Fig. 16). BafA1 abolished the FAIM2-YFP colocalization with LC3-RFP 

but retained FAIM2-YFP colocalization with LAMP2. Similarly, FAIM2 did not colocalize 

with MAP1LC3B but still co-localized with LAMP2 in cells co-treated with rapamycin and 

BafA1. Interestingly, under BafA1-induced blockage of autophagosome–lysosome fusion, 

FAIM2 displayed a disperse, not punctate, pattern. These data suggest that FAIM2 is located 

mainly on the lysosome and autolysosome. It is plausible that FAIM2 localizes to the lysosome 

and is then incorporated into autolysosome upon autophagosome maturation. 
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Figure 15. Live imaging of GFP-STX17, a marker of closed autophagosome 

A) Live imaging of closed autophagosomes and lysosomes. GFP-STX17–transfected shCON 

and shFAIM2 cells were seeded on glass coverslips and treated with rapamycin for 2 h. Cells 

were stained with LysoTracker Red for 15 min and were then transferred to a magnetic 

chamber, and images were acquired in two channels with an interval of 30 s. Representative 

images of shCON and shFAIM2 cells are shown up to 4 min and 11 min, respectively. 

Arrowheads indicate GFP-STX17-positive closed autophagosomes and arrows indicate 

LysoTracker Red-positive lysosomes. Scale bars, 1 µm. B) Lifetime of STX17 defined as the 

duration it takes for GFP-STX17 to first appear as a ring-shaped structure and disappear upon 

fusion with a LysoTracker Red–positive vacuole. Data are means ± SEM (n = 5). *P < 0.05. 
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Figure 16. FAIM2 localizes to lysosome and autolysosome  

Localization of FAIM2 to autophagosomes, autolysosomes, or lysosomes. SH-SY5Y cells co-

transfected with RFP-MAP1LC3B and FAIM2-YFP were treated with rapamycin without or with 

BafA1 for 2 h. LAMP2 was labelled with anti-rabbit DyLight 405. Boxed areas are magnified. Scale 

bar, 5 µm. 
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3.3.6 FAIM2 directly binds to the lipidated form of LC3 via its N-terminal LIR motif 

To find the binding partners of FAIM2 during autophagy induction, we performed co-

immunoprecipitation assay. FAIM2-FLAG strongly co-immunoprecipitated with endogenous 

MAP1LC3B-II under both control and rapamycin-induced autophagy conditions (Fig. 17). 

Interestingly, FAIM2 did not co-immunoprecipitate with the non-lipidated form, MAP1LC3B-

I. We identified a functional LIR motif within FAIM2. The ELM algorithm predicted SWAYV, 

the region between amino acids 64 and 68 of human FAIM2, as a single positive match for the 

consensus sequence of [W/F/Y]xx[L/I/V] motif complemented with a serine or threonine at the 

N-terminus of the sequence (Fig. 18A). It was reported that the LIR motif in each of the 

experimentally verified human LC3-binding partners is within an IDPR with a PONDR-FIT 

score near or above 0.5 (101). PONDR-FIT demonstrates a positive correlation between the 

presence of an IDPR and a functional LIR-motif, but we also considered the use of original 

PONDR-VSL2 because PONDR-FIT has not been validated to be applicable to transmembrane 

proteins (100). FAIM2 had a stretch of more than 30 residues with PONDR-FIT and PONDR-

VSL2 scores near or above 0.5 in the N-terminal region (residues 1–82), and expectedly low 

scores in the seven transmembrane domains (Fig. 18A). Therefore, the predicted LIR motif of 

FAIM2 was within IDPR. 

We point-mutated an aromatic residue, tryptophan (W65), and a hydrophobic residue, 

valine (V68), to alanines (A) to generate the W65A/V68A double mutant. We found that the 

LIR mutant FAIM2W65A/V68A runs slower than FAIM2 in SDS-PAGE gel (Fig. 18B), resulting 

in a mobility shift regardless of the types of backbone plasmids we used. It is possible that 

transmembrane domain containing proteins are subjected to different SDS-binding profile upon 

the loss of one or more hydrophobic residue (109). Unlike the wild-type FAIM2, the LIR 

mutant, FAIM2W65A/V68A, failed to co-immunoprecipitate with MAP1LC3B-II under both 
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control and rapamycin treatment conditions (Fig. 18B). To quantify the interaction with 

MAP1LC3B at a single-cell level, we performed in situ PLA (Fig. 20A). The PLA signal was 

detectable in the presence but not in the absence of rapamycin (Fig. 20B). In rapamycin-

induced autophagy, cells transfected with FAIM2-FLAG-IRES-GFP (FIG. 19) showed a 

significant increase in the interaction between FLAG and endogenous MAP1LC3B in 

comparison with the absence of rapamycin, whereas the interaction was abolished in cells 

transfected with FAIM2W65A/V68A-FLAG-IRES-GFP (Fig. 20B). 
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Figure 17. MAP1LC3B-II as an interacting partner  

SH-SY5Y cells transfected with FAIM2-FLAG were treated without or with rapamycin for 8 h, and 

lysates were immunoprecipitated with FLAG antibody. Immunoblotted with MAP1LC3B and FLAG. 
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Figure 18. LIR mutant fails to interact with FAIM2 

A) Top left: Alignment of the LIR motifs in previously known LC3-binding proteins (FUNDC-1, NBR1, 

and SQSTM1) with the predicted LIR motif of FAIM2. Top right: a PONDR-VSL2 graph of full-length 

human FAIM2 was generated to examine the accessibility of LC3 to the predicted LIR motif–containing 

region of FAIM2 in native conformation. Bold line indicates an intrinsically disordered protein region 

with stretches of 30 or more amino acid residues with a score of near or above 0.5. Alignment of LIR 

motifs in human (Homo sapiens), rat (Rattus norvegicus), and mouse (Mus musculus) FAIM2. 

Tryptophan (W) and valine (V) residues are shaded in gray. B) Co-immunoprecipitation assay of 

MAP1LC3B with FAIM2-FLAG or with FAIM2W65A/V68A-FLAG in control and rapamycin-treated (8 h) 

cells. 
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Figure 19. Generation of construct  

A) Vector map of FAIM2-FLAG-IRES-GFP. B) Validation of the construct. Plasmids were transfected 

to SH-SY5Y cells.  
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Figure 20. in situ proximity ligation assay (PLA) of FLAG and MAP1LC3B 

A) Representative images of in situ proximity ligation assay (PLA) of FLAG and MAP1LC3B. Among 

cells transiently expressing FAIM2-FLAG-IRES-GFP or FAIM2W65A/V68A-FLAG-IRES-GFP, GFP-

positive cells were imaged. Scale bar, 5 µm. B) Quantification of the number of PLA signals per cell (n 

≥ 15 per condition). ns: not significant, *P < 0.05, **P < 0.005, ***P < 0.001.  
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We then asked whether the LIR motif is required for the autophagy-promoting effect of 

FAIM2. We co-transfected shFAIM2 cells with mRFP-GFP-MAP1LC3B and either EV, 

FAIM2-FLAG, or FAIM2W65A/V68A-FLAG (Fig. 21A). In EV-transfected cells, 

autophagosomes (yellow) are accumulated in rapamycin-induced autophagy. FAIM2-FLAG-

transfected cells showed an increase in the number of autolysosomes (red) in comparison with 

EV-transfected cells, suggesting that reintroduction of FAIM2 rescued autophagy flux 

impairment in shFAIM2 cells (Fig. 21B). In contrast, transfection with FAIM2W65A/V68A-FLAG 

failed to restore autophagy flux; these cells showed autophagosome accumulation without 

further increase in the number of autolysosomes (Fig. 21B). Collectively, these results show 

that the LIR motif of FAIM2 is important for the regulation of autophagy. To explore the 

physiological significance of the FAIM2-mediated regulation of autophagy, we examined 

whether FAIM2 knockdown is detrimental to cell survival in serum starvation–induced 

autophagy. Although the viability of both shCON and shFAIM2 cells decreased after serum 

starvation for 24 h, shFAIM2 cells were significantly less viable than shCON cells.  
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Figure 21. Functional analysis of the predicted LIR motif by mRFP-GFP-
MAP1LC3B puncta assay 
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A) Functional analysis of the predicted LIR motif by mRFP-GFP-MAP1LC3B puncta assay in shFAIM2 

cells transiently transfected with EV, FAIM2-FLAG, or FAIM2W65A/V68A-FLAG. Boxed areas are 

magnified. Scale bar, 5 µm. B) Quantification of mRFP+/GFP+ and mRFP+/GFP- puncta per cell in 

merged images of mRFP and GFP channels similar to those in (A) (n = 20). ns: not significant, 

***P < 0.001. 
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3.3.7 XBX-6, the FAIM2 ortholog in C. elegans, mediates autolysosome formation 

Using protein BLAST, we found that C. elegans XBX-6 has 33% identity to human FAIM2. 

The human and C. elegans proteins share the BI-1-like domain (Fig. 22). The C. elegans xbx-

6 gene is expressed in many different cell types including neurons, muscles, and pharyngeal 

cells (110). In C. elegans, autophagic vesicles and flux are observed in multiple somatic tissues 

including pharynx (98, 111, 112). Using transgenic C. elegans that expresses dual-fluorescent 

mCherry::GFP::LGG-1 protein under the control of the endogenous lgg-1 promoter (98), we 

counted autophagosome and autolysosome puncta in the pharynx of the xbx-6 mutants (Fig. 

22A). Autophagosomes were labeled with both mCherry and GFP fluorescence, and 

autolysosomes were labeled only with mCherry. In the xbx-6 mutant, the number of 

autophagosome puncta in the pharynx was significantly increased, but the number of 

autolysosomes was similar to that in wild-type animals (Fig. 7B). In the mutant, the number of 

autophagosome puncta was greater than that of autolysosome puncta (Fig. 7C). These results 

suggest that, consistent with the function of FAIM2 in SH-SY5Y cells, xbx-6 plays a role during 

autolysosome formation. 
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Figure 22. Schematic diagram of human FAIM2 and its C. elegans ortholog 
XBX-6. 
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Figure 23. Autophagosomes and autolysosomes in C. elegans 

A) Representative images showing expression of the lgg-1p::mCherry::GFP::LGG-1 transgene in the 

pharynges of wild-type and xbx-6 mutant C. elegans. Arrowheads indicate mCherry+/GFP+ puncta 

(autophagosomes; yellow). Scale bar, 20 µm. B) Number of mCherry+/GFP+ puncta (autophagosomes; 

yellow) and mCherry+/GFP- (autolysosomes; red) in wild-type and xbx-6 mutant C. elegans (n = 40). 

*P<0.05, ***P<0.001. C) Percentage of mCherry+/GFP+ (yellow) and mCherry+/GFP- (red) puncta 

in wild-type and xbx-6 C. elegans. Numbers inside bars indicate the average percentage of 

autophagosome and autolysosome puncta. This figure was prepared in collaboration with Jihye 

Yeon and Woojung Heo of Prof. Kyuhyung Kim laboratory (DGIST). 
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3.3.8 LIR motif of FAIM2 is not required for anti-apoptotic function  

Last, we tested the role of LIR of FAIM2 in Fas ligand-mediated apoptotic cell death. To 

examine the effect of rescue in shFAIM2 SH-SY5Y cells, EV-YFP, FAIM2-YFP, or 

FAIM2W65A/V68A-YFP plasmids was transiently overexpressed prior to SuperFas Ligand 

exposure. Cells that fluoresce for both cleaved CASP3 and YFP were determined as apoptotic 

cells (Fig. 24). In agreement with previous reports on the anti-apoptotic role of FAIM2 against 

Fas receptor-mediated extrinsic apoptosis, shFAIM2 cells exhibited a substantially higher 

apoptotic cell death compared to shCON cells in response to SuperFas Ligand treatment for 6 

h (Fig. 25). Overexpression with FAIM2-YFP in shFAIM2 cells abrogated the apoptotic cell 

death. In a similar pattern, overexpression with LIR mutant FAIM2W65A/V68A-YFP also 

decreased the apoptotic cell death compared with EV-YFP. This result suggests that FAIM2 

LIR, which is essential for autophagy regulation by FAIM2, is not required for FAIM2 function 

in conferring protection against Fas-mediated apoptosis. 
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Figure 24. LIR motif is not required for suppression of Fas apoptosis 

Measurement of apoptotic cells by labelling with endogenous cleaved CASP3 in cells left untreated or 

treated with SuperFas Ligand (100ng/mL). Insets are high-magnification images of corresponding 

regions depicted in merge panels. Scale bar, 20 µm. Scale bar in insets, 5 µm. 
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Figure 25. Cleaved CASP3-positive apoptotic cells in Fas activation 

The results are expressed as the percentage of apoptotic cells. Data are means ± SEM of four 

independent experiments. ns: not significant, *P < 0.05, **P < 0.005, ***P < 0.001.   
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3.4 Discussion 

 

The results of the present study establish that FAIM2 is necessary for constitutive and 

rapamycin-induced autophagy in SH-SY5Y cells. FAIM2 has been regarded as an anti-

apoptotic factor in neuronal Fas-induced cell death, and to date, the role of FAIM2 in autophagy 

had not been examined. In this study, we describe a physiological function of FAIM2 in 

autophagy regulation, and report that FAIM2 is a novel MAP1LC3B-II-interacting protein. 

Autophagosome maturation, namely the fusion of the autophagosome with lysosome, 

is an important step in autophagy. Defects in the fusion process decrease acidification and 

cathepsin activity within the autolysosome (107). RAB7A is essential for lysosome biogenesis 

and autophagosome maturation (113). Similar to autophagy impairment in RAB7A knockdown 

cells (113), we observed that shFAIM2 SH-SY5Y cells showed autophagy flux blockage, 

abrogated maturation of autophagosomes into autolysosomes, and a decrease in LysoTracker 

Red fluorescence during rapamycin-induced autophagy. This phenotypic similarity suggests 

that FAIM2 and RAB7A may function in the same signaling pathway for autophagy regulation. 

Indeed, FAIM2 is also localized at late endosomes. However, autophagy induction by 

rapamycin did not change the localization of FAIM2 at endosomes, while the lysosomal pool 

of FAIM2 was significantly increased. Consistent with its lysosomal localization, FAIM2 

knockdown impaired the autophagosome–lysosome fusion step and delayed autophagosome 

maturation, extending the lifetime of STX17-containing autophagosomes. In addition, a null 

mutant C. elegans lacking xbx-6, the ortholog of FAIM2, contained high proportions of 

autophagosomes compared to autolysosomes. Collectively, these results prompted us to 

speculate that FAIM2 functions in the autophagosome maturation stage in which the 

autophagosome fuses with the lysosome to form the autolysosome (Fig. 26).  
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Figure 26. Schematic model of autophagy regulation by FAIM2 in SH-
SY5Y cells.  
 
Inhibition of MTOR by rapamycin treatment strongly induces autophagy. The mammalian ULK1 

complex, which consists of ULK1, ATG13 and FIP200, mediate autophagy initiation. Following the 

autophagy induction, FAIM2 localization to lysosome increases. The autophagy process includes 

elongation, autophagosome formation, autophagosome maturation, and degradation. FAIM2 is required 

for autophagosome maturation in which the autophagosome fuses with the lysosome to form the 

autolysosome. FAIM2 contains a LIR in N-terminal region responsible for interaction with MAP1LC3B. 
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Regarding the molecular mechanism by which FAIM2 mediates autophagosome–

lysosome fusion, we identified a functional LIR motif within FAIM2 for the interaction with 

the membrane-associated, lipidated MAP1LC3B-II, but not cytosolic MAP1LC3B-I. 

MAP1LC3B regulates phagophore elongation, recruitment of autophagy cargo receptors, 

autophagosome closure, and autophagosome maturation (114). Many of the functionally 

important LC3-binding proteins contains a canonical LIR motif. FAIM2 carrying mutations in 

SWAYV, the predicted LIR motif within the N-terminal region, failed to interact with 

MAP1LC3B-II and to rescue autolysosome formation and autophagy flux. Interaction of 

FAIM2 with MAP1LC3B was confirmed by observations in situ. Recently, Gauthier et al. 

reported that PLA can be used to quantify specific interactions between endogenous 

MAP1LC3B and LIR-motif–containing proteins in situ (115). In their study, autophagy 

inducers, such as rapamycin, rotenone, or CCCP, increased PLA signals between SQSTM1/P62 

and MAP1LC3B and between NIX/BNIP3L and MAP1LC3B (115). We adopted and modified 

this technique to examine whether the predicted LIR motif of FAIM2 is necessary for the 

interaction with MAP1LC3B in cells. Upon rapamycin treatment of SH-SY5Y cells, 

overexpressed FAIM2 interacted with endogenous MAP1LC3B, whereas the overexpressed 

LIR-motif mutant FAIM2W65A/V68A failed to. Our finding that FAIM2 contains a functional LIR-

motif responsible for regulating the autolysosome pool is particularly interesting. The reported 

interacting partners of FAIM2 are anti- and pro-apoptotic proteins, such as Fas, Bax, 

BCL2L1/Bcl-xL, HSP90, and p53, involved in Fas death receptor signaling (74, 75). The only 

transmembrane protein in the core ATG machinery is the multi-spanning membrane protein 

ATG9 (92). Recent studies provide new insights into many more non-ATG transmembrane 

proteins as novel autophagy regulators. For example, the interaction of the ER-localized 

vacuole-membrane-protein-1 (VMP1) with Beclin 1 recruits LC3 to the autophagosome, and 
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TMEM166, localized to lysosomes and the ER, induces autophagy (116, 117). Our study 

demonstrated that FAIM2 is a novel LC3-interacting transmembrane protein and a regulator of 

autophagy flux. Therefore, we provide evidence that FAIM2 function is not limited to death 

receptor apoptosis signaling. 

In mammals, MAP1LC3B is 1 of 7 orthologs of yeast Atg8. The MAP1LC3 subfamily 

consists of MAP1LC3A, MAP1LC3B, MAP1LC3B2, and MAP1LC3C, and the GABA-type 

A receptor–associated protein (GABARAP) subfamily consists of GABARAP, GABARAPL1, 

and GABARAPL2/GATE16 (114). When we performed an initial screening of FAIM2-

interacting partners in autophagy by co-immunoprecipitation assay, FAIM2 

immunoprecipitated with a high selectivity with endogenous MAP1LC3B-II but not with 

GABARAPs. Because GABARAP family proteins also interact with the LIR motif (118), the 

molecular mechanisms underlying the selective interaction of FAIM2 with MAP1LC3B remain 

to be elucidated. Also, whether FAIM2 interacts with other MAP1LC3 members remains to be 

determined.  

FAIM2 expression is not ubiquitous and is mostly restricted to the nervous system. 

Other molecules may substitute FAIM2 function in cells not expressing FAIM2. Nonetheless, 

FAIM2 may have roles in autophagy regulation in neural-lineage cells. Autophagy impairment 

with lysosomal dysfunction is implicated in neurodegenerative lysosomal storage disorder, 

aging, Alzheimer’s disease, and Parkinson’s disease (119-121). The pathophysiological roles 

of FAIM2 in the nervous system would be of interest. 

In summary, our study demonstrates that FAIM2 has a regulatory role in autophagy. 

During the course of autophagy, FAIM2 primarily localizes to the autolysosome and drives 

autophagy flux. We suggest that FAIM2 deficiency in neuronal cells impairs autophagy flux 

and decreases cell viability. In addition, the LIR motif identified in the N-terminus of FAIM2 
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regulates autolysosome formation. Therefore, similar to other TMBIM family proteins reported 

be involved in autophagy, FAIM2 could positively regulate autophagy and be important for 

cell survival during autophagy induction, particularly in neural cell types. 
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Abstract in Korean 
 

요약문 
 

 
세포 사멸 (PCD) 은 성인 뇌에서, 성체 해마 신경 줄기세포 (NSC) 및 비이상적인 세포를 제거하

는 작용으로 알려져 있다. 지금까지 PCD 를 구성하는 주요 유전자 및 단백질 조절자에 대한 연

구는 apoptosis 를 중심으로 이루어졌다. 반면에, autophagic cell death 의 기저 메커니즘에 대한 이

해는 부족한 현황이다. 따라서, 유전자 발현 프로파일링에 기초하여, NSC 에서 autophagic cell 

death 를 조절하는 유전자 후보를 찾고자 하였다. 그 중. Fas apoptosis inhibotry molecule 2 (FAIM2)

를 발견하였다. FAIM2 는 외인성 아팝토시스 신호 전달을 대항함으로써 신경 보호 역할을 하는 

단백질이다. 지금까지 다른 형태의 분자 신호 전달에 기여하는 FAIM2 의 역할의 여부는 잘 알

려지지 않음으로 autophagic cell death 및 자가 포식 작용과의 관련성을 규명하고자 하였다. 

본 연구에서, FAIM2 가 성체 해마 신경 줄기세포와 human neuroblastoma SH-SY5Y 세포

에서 특이적으로 리소좀에 위치한다는 것을 관찰하였다. Autophagic cell death 는 자가 포식 작

용의 기전을 공유한다. 리소좀은 자가소화포와 결합하여 내용물을 분해하는 데 필수적이다. 

FAIM2 는 라파마이신으로 유발된 자가 포식 작용에서 리소좀에 위치하여, LC3 와의 상호 작용

을 통해 autophagy 를 촉진 시키는 것을 실험적으로 증명하였다. 또한, 해당 상호 작용을 매개 하

는데 필수적인 단백질 motif 를 규명하였다. FAIM2 가 결핍된 세포에서는 리소좀과의 융합을 통

한 자가 포식 소체 성숙이 손상되어 포식 소체가 축적된 것을 확인하였다.  

분자생물학적인 기전의 연구 결과를 통해, 외인적 아팝토시스에 국한하여 알려져 있던 

FAIM2 의 새로운 역할을 규명함으로써 신경 조절자로서의 새로운 가능성을 제시하였다.  

	
	
	
 
 
 

핵심어: 성체 해마 신경 줄기세포, 세포 사멸, 자가 포식 작용, FAIM2, 리소좀  
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