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Abstract

Autophagy is a constitutive and cytoprotective catabolic process. Aberrations in autophagy lead to 

a multitude of degenerative disorders, with neurodegeneration being one of the most widely 

studied autophagy-related disorders. While the field has largely been focusing on the cytosolic 

constituents and processes of autophagy, recent studies are increasingly appreciating the role of 

chromatin modifications and epigenetic regulation in autophagy maintenance. Autophagy has been 

implicated in the regulation of neurogenesis, and disruption of neurogenesis in response to 

psychological stress is a proximal risk factor for development of neuropsychiatric disorders such 

as major depressive disorder (MDD). In this review, we will discuss the regulation of autophagy in 

normal neurogenesis as well as during chronic psychological stress, focusing on the epigenetic 

control of autophagy in these contexts, and also highlight the lacunae in our understanding of this 

process. The systematic study of these regulatory mechanisms will provide a novel therapeutic 

strategy, based on the use epigenetic regulators of autophagy to enhance neurogenesis and 

potentially alleviate stress-related behavioral disorders.
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Introduction

Autophagy (macro-autophagy) is an intracellular, cytoprotective catabolic pathway, in which 

organelles and cytoplasmic components are recycled via the autophagosome and lysosome. 

All cells exhibit constitutive autophagy, albeit at differing levels [1]. Dysfunctional 

autophagy has been implicated in various physiological and pathological conditions [2], in 

particular the development and progression of neurodegenerative diseases, and much is 

known about the regulation of autophagy in this context [3]. However, a lesser studied but 

equally critical role of autophagy is during neurogenesis, which involves the maintenance of 

stemness and proper differentiation of neural stem cells. Given the fact that environmental 
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influences play a vital role in regulating neurogenesis, and that these can impact behavioral 

responses to stress and antidepressants [4,5], it becomes all the more important to ask 

whether autophagy and its regulation, especially during neurogenesis also plays a role in this 

context. The regulation of gene expression is largely controlled through epigenetic 

mechanisms, and genes involved in autophagy have also been shown to be regulated in this 

manner [6]. Epigenetic regulatory modifications alter chromatin states, which render a 

genomic region amenable or repressive to transcription. These transcription profiles in turn 

determine crucial processes such as cell fate decisions, differentiation pathways, and 

responses to stimuli [7,8]. The contribution of epigenetic regulation to autophagy has been 

largely underappreciated, lesser still, in the context of neurogenesis. This review aims to 

discuss the epigenetic mechanisms that regulate the expression of autophagy genes and the 

impact of this regulatory module on normal neurogenesis and neurogenesis in response to 

psychological stress, which is a prominent proximal risk factor for neurological disorders 

such as major depressive disorder (MDD) [9]. In addition to understanding the known 

mechanisms of autophagy regulation in normal and stress conditions, we wish to put forth a 

novel paradigm of using epigenetic modulators of autophagy in neurogenesis as novel 

regulators of stress-related behavioral disorders.

Autophagy – mechanisms and key players

The term autophagy (Greek for “Self eating”) was coined by Christian de Duve in the year 

1963 and the knowledge in the field has increased exponentially since then. Numerous 

studies have resulted in the identification of over 100 key players, which carry out various 

steps in the autophagy pathway, and have implications in development and diseases. 

Autophagy can be classified into three types namely: (a) Macroautophagy, which involves 

the formation of a structure called autophagosome which ultimately fuses with the lysosome 

where the cargo is degraded; (b) Microautophagy, where invagination of the endosomal or 

lysosomal membrane leads to the engulfing and degradation of target molecules; and (c) 

Chaperonemediated autophagy, where certain peptide sequences are recognized by and bind 

to chaperone proteins which deliver them to the lysosome for degradation [1]. Macro-

autophagy is the most prevalent and the most extensively studied form of autophagy in cells 

and herein we use the term “autophagy” to refer to macro-autophagy. In essence, autophagy 

is a strictly regimented, conserved, pathway that carries out two critical cellular functions: 

(a) nonselective autophagy, that provides nutrients for cellular processes during starvation 

and other kinds of stress; and (b) selective autophagy that delivers potentially harmful 

cytosolic cargo to the lysosome for degradation (reviewed in [1,10–13]).

In response to various stressors, autophagy is triggered by the activation of a cascade of 

signals, which converge onto the nutrient sensor, mechanistic target of rapamycin kinase 

complex 1, mTORC1. In nutrient-rich conditions, mTORC1 inhibits autophagy by 

preventing the formation of the autophagosome by phosphorylating key autophagosome 

components. However, in conditions of starvation and other forms of stress, mTORC1 is 

inhibited resulting in the activation of autophagy. Figure 1 summarizes the various steps of 

mammalian autophagy activation and the key players involved therein.
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Autophagy in neurogenesis

The field of neurogenesis research has come a long way since the days of believing that the 

adult brain was incapable of generating new neurons. From the first reports of neurogenesis 

in the adult rodent brain [14], studies in the last few decades have provided unequivocal 

evidence of neurogenesis in the adult brain using a variety of model systems (reviewed in 

[15,16]). Adult neurogenesis takes place in the subventricular zone (SVZ) and the 

subgranular zone (SGZ) of the dentate gyrus in the hippocampus, where neural stem cells 

(NSCs) and progenitor cells (NPCs) proceed through distinct developmental stages giving 

rise to functional mature neurons. Multipotent, self-renewing NSCs [17], during the course 

of neurogenesis, generate type 2 progenitor cells (type2a and type2b cells), which then 

proliferate into neuroblasts and further differentiate into neurons [16,18]. In addition to 

neurons, these cells also give rise to glia [19]. NSC-specific markers include Nestin, GFAP 

(Glial Fibrillary Acidic Protein), and Sox2 [17], although not all cells exhibit similar levels 

of all the markers [20]. Signaling pathways such as Notch, Wnt, BMP, and Hedgehog have 

been implicated in the process of adult hippocampal neurogenesis, while transcription 

factors such as Sox2, NeuroD, FoxO, Tbr2, and Prox1 have been identified as major 

regulatory players for neurogenesis [16]. Hippocampal neurogenesis has been implicated in 

the processes of learning, memory and cognitive flexibility [15].

Studies have implicated autophagy in the regulation of neural homeostasis and 

differentiation and rapidly accumulating data vis-à-vis the role of autophagy in stem cell 

function suggests that autophagy may be critical not only for the control of self-renewal and 

proliferation, but also for regulation of differentiation and maintenance of multipotency in 

neural stem cells [21,22].

One of the most significant reports looking at autophagy in neurogenesis indicated that in 

the absence of the autophagy gene FIP200, NSCs, NPCs, neuroblasts, and neurons in the 

hippocampus were dramatically reduced and this was accompanied by p53-dependent 

apoptosis and cell cycle arrest [23]. Other autophagy genes such as Beclin1, Ambra1, Atg5, 

Eva1a1 were shown to be highly expressed in the adult SVZ and were required for self-

renewal, survival, and differentiation of hippocampal neurons [24–27]. Table 1 summarizes 

the results of the studies implicating autophagy genes in neurogenesis. A mechanistic insight 

into how autophagy regulates neurogenesis was demonstrated in a study that showed that 

autophagy regulated the Notch signaling pathway by degrading Notch1. Autophagy-

deficient knockdown cell lines or ATG16L1 hypomorphic mouse models demonstrated 

hyperactivity of Notch signaling and perturbation of neuronal differentiation resulting in 

increase in stem cell populations and a delay in brain development [28]. Another interesting 

study reported that treadmill exercise induced autophagy in the cerebral cortex of mice, 

which was accompanied by increased neurogenesis [29]. The negative regulator of 

autophagy mTOR, was also found to regulate embryonic as well as adult neuronal 

development (reviewed in [30]), however whether mTOR acts by modulating autophagy 

itself in this context remains to be understood. These studies and more indicate that 

autophagy, and autophagy genes play an important role in promoting both embryonic and 

adult neurogenesis.
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Neurogenesis and stress

The term “stress” was coined to define the response of an organism to stressors believed to 

be harmful for health [31]. Since then, numerous studies have successfully dissected the 

differences between the physiological and psychological aspects of stress and the distinct 

neurobiological responses of the two [32]. Early life stress, be it physiological or 

psychological, has been implicated as a major risk factor in the development of psychiatric 

disorders. Epidemiological and clinical studies demonstrate a strong correlation between 

childhood adversity, stress and depressive symptoms, more specifically, MDD [9,32,33]. 

MDD is a highly prevalent debilitating condition, with symptoms including mood 

fluctuations, anhedonia, weight changes, feelings of worthlessness, and suicidal tendencies 

among many others [34]. Despite the increasing morbidity and mortality associated with this 

disease, little is known about the role of stress and the molecular components involved 

therein, in development of MDD.

Exposure to stress elicits a response which involves the hypothalamic-pituitary-adrenal 

(HPA) axis that plays a role in adaptation to stress through a neuroendocrine pathway that 

eventually dictates the behavioral, neural and hormonal response to stress [35]. Hippocampal 

cells are sensitive to the effects of environmental stress. Studies in animals as well as 

humans suggest that prolonged stress and glucocorticoid exposure are associated with 

hippocampal dendritic atrophy, change in hippocampal morphology, and reduction in 

hippocampal size. These changes pose as a risk factor for the development of 

neuropsychiatric pathophysiological conditions such as depression, anxiety, post traumatic 

stress disorder (PTSD), personality disorders etc. [36–40].

The neurogenic theory of depression dictates that depression is triggered by impaired adult 

neurogenesis, and studies also indicate that increasing hippocampal neurogenesis is 

sufficient to reduce depressive behavior [41–43]. A seminal study where neurogenesis was 

disrupted in the mouse hippocampus by x-ray irradiation, revealed that these mice failed to 

exhibit behavioral effects of antidepressants imipramine and fluoxetine, suggesting that 

neurogenesis is required for the efficacy of antidepressants [44]. When social defeat stress 

was used as a paradigm for depressive behavior in rats, neurogenesis–measured by 

quantifying immature doublecortin positive cells – was found to be reduced; and this 

reduction could be reversed upon treatment by the antidepressant imipramine [45]. Studies 

in adult rats have also demonstrated that the thyroid hormone (TH) plays a role in adult 

hippocampal neurogenesis and that mood disorders associated with hypothyroidism could be 

a result of impaired neurogenesis [46]. Psychosocial as well as physical stressors have been 

shown to reduce neurogenesis. Examples of stress include reports of subordination stress in 

tree shrews and marmosets and social defeat stress in mice resulting in reduced neurogenesis 

as measured by decreased cell proliferation [37,47–49]. Different chronic stressors exhibit 

distinct effects on neurogenesis. Neural cell proliferation and differentiation were reduced 

upon chronic social stress in tree shrews [50] and mice [51]; however, chronic restraint stress 

was also shown to increase neural cell proliferation in mice [52]. This indicates that while in 

general, stress results in reduced neurogenesis; this response may exhibit context-dependent, 

stressor and strain-specific variations.
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Autophagy and stress

Autophagy changes were found to be associated with normal stress response mechanisms, 

and aberrant autophagy was found in neuropsychiatric disorders [53]. Postmortem studies in 

subjects diagnosed with MDD showed deficits in mTOR signaling which is an autophagy 

regulatory pathway (see Fig. 1). Also, antidepressants were found to reverse the behavioral 

effects of chronic stress in an mTOR-dependent manner [54]. Brain-derived neurotropic 

factor (BDNF) has been shown to maintain neuronal plasticity and reduced BDNF 

expression in the hippocampus is shown to correlate with major depressive disorders [55]. 

Recent studies show that the neuroprotective role of BDNF correlates with increased 

autophagy by upregulating LC3 and inhibiting the Akt/mTOR/p70S6K pathway. Whether 

the changes in autophagy pathway molecules directly reflect a change in autophagy itself, 

implicating autophagy in neural homeostasis and stress response, however, still remains to 

be elucidated [55,56]. A recent study conducted in mice, demonstrated that nicotine 

alleviates chronic stress-induced behavioral deficits and neuropathological alterations via 

autophagy regulation. More specifically, treatment with nicotine led to an increase in 

autophagy marker levels such as Beclin1, LC3, and p62 in mice exposed to mild chronic 

unpredictable stress (CUS) [57]. While it is increasingly accepted that dysregulated 

autophagy plays a role in neuropsychiatric disorders, conflicting reports still exist, 

demonstrating contrasting trends of autophagy in stress disorders. Adverse childhood 

experiences such as maternal separation (MS) is a well-characterized model for stress which 

has detrimental long-term behavioral and physiological impacts [58]. A recent report 

demonstrated different effects of MS in different areas of the rat brains. MS led to decreased 

autophagy levels in the hippocampus but increased autophagy in the prefrontal cortex [59]; 

indicating that a context-specific autophagy pathway is crucial to maintain neural 

homeostasis in different regions of the brain. These variations make it all the more essential 

to understand the regulation of autophagy itself and the genes involved in response to 

various cues beyond the cytosolic assembly of autophagy molecules.

Studies have demonstrated a strong correlation between antidepressant action and autophagy 

activation. Rapamycin, an autophagy activator, itself displays antidepressant activity [studied 

by the forced swim test (FST) or tail suspension test (TST)], when administered to 

depression models of mice and rats at sub-chronic doses [60]. In addition to this, classical 

antidepressants such as lithium, trehalose, tocopherol, amitriptyline, and fluoxetine exhibit 

increased autophagy. Further investigation of this correlation is required to shed light on the 

possible causative relationship between increase in autophagy and antidepressant action [61–

63]. One is tempted to speculate that autophagy might work in this system by increasing 

adult hippocampal neurogenesis, which in turn alleviates depressive behavioral symptoms. 

Despite being increasingly recognized as a debilitating illness that has the potential to affect 

a significant proportion of the population [64], the treatment paradigms for depressive 

disorders are far from ideal [65,66]. The latency period for clinical effects of antidepressants 

is long and is associated with numerous side effects [66,67]. Additionally, a significant 

percentage of patients do not respond to treatment and are prone to relapse [68]. Alternative 

treatment modalities targeting genetic markers, cytokine therapies, metabolic pathways, 

inflammation response have been initiated, however with inconsistent results [69]. Given the 
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crucial role of autophagy in regulating both neurogenesis and stress response, modulation of 

autophagy could potentially be used as a novel paradigm to rescue the neurogenic disruption 

brought about by acute and chronic psychological stress with an aim to ameliorate 

behavioral symptoms.

Regulation of autophagy

In order to develop autophagy modulation as a novel therapeutic tool to induce neurogenesis 

and combat behavioral disorders thereof, understanding the process of autophagy itself and 

its regulation becomes crucial. Autophagy has been considered to be primarily a cytosolic 

process. The molecules involved in the process of autophagy, and their positive and negative 

regulators are well understood and have been reviewed elsewhere [70,71]. While these 

studies have been influential in enhancing our understanding of the mechanism of autophagy 

under steady state as well as under different stress conditions, a molecular understanding of 

autophagy regulation is far from clear. A critical layer of regulation of cellular pathways is at 

the level of chromatin. Epigenetic regulatory mechanisms control gene expression profiles 

by altering the accessibility of chromatin to the transcriptional machinery making it either 

conducive or repressive to transcription. Chromatin, made up of nucleosomes, consists of 

DNA, RNA, and histone proteins, which are modified by chromatin modulators. 

Maintenance of higher order chromatin is critical for embryogenesis, differentiation, and 

tissue-specific gene expression patterns which in turn regulate normal development at the 

cellular and organismal level [72–74]. Various molecules function as readers, writers, or 

erasers of chromatin modifications to determine a transcriptionally permissive or inhibitory 

chromatin environment, which regulates transcription states. Figure 2 summarizes key 

histone modifiers that mark histone tails with activating or repressive modifications to 

influence transcriptional outcome.

Global chromatin remodeling takes place during embryogenesis and differentiation and such 

epigenetic regulatory mechanisms have been shown to be indispensable for normal 

development [75,76]. Studies have pointed to the presence of a complex interplay of 

epigenetic modifications which ensure an open chromatin conformation in naïve pluripotent 

stem cells, with chromatin accessibility being progressively restricted as differentiation 

proceeds. These modifications include the presence of bivalent domains which are genomic 

regions marked by both activating as well as repressive chromatin modifications which are 

present in both stem cells as well as differentiated cells and serve to poise genes for rapid 

activation upon stimuli [77–79]. Given the central role of epigenetic regulation in cellular 

pathways, it becomes imperative to understand how a crucial pathway such as autophagy is 

regulated in this manner. The role of epigenetic regulators in the context of autophagy has 

been largely neglected [80]. However, the last few years have seen a substantial increase in 

reports that have implicated transcription factors and epigenetic regulatory mechanisms in 

governing the autophagy pathway.

Epigenetic control of autophagy

One of the first reports indicating that autophagy was under epigenetic control was 

conducted in aging yeast [81,82]. Spermidine, a naturally occurring polyamine has been 
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shown to counter oxidative DNA damage, reduce cell necrosis, and enhance longevity. 

Treatment of yeast cells with spermidine resulted in deacetylation of H3 by suppression of 

histone acetyl transferases (HATs). This deacetylation resulted in the activation of autophagy 

genes and induction of autophagy. Depletion of spermidine and other polyamines led to a 

reduction in autophagy, accumulation of ROS, and ultimately cell necrosis. Similar results 

were also seen in flies, worms, and humans; indicating that epigenetic activation of 

autophagy genes played an important conserved role in oxidative stress response [81,82]. 

Other work has indicated that in response to various cues, autophagy activation is associated 

with deacetylation of H4K16 and downregulation of the hMOF acetyl transferase [83]. In 

Drosophila, the histone methyl transferase dG9a was shown to affect starvation sensitivity 

by affecting autophagy. In the absence of dG9a, flies lost their ability to recycle amino acids 

by autophagy pathways induced upon starvation, and the autophagy molecule/player ATG8a 

expression was found to be regulated by dG9a in this system [84]. While G9a was found to 

perform an activating role in Drosophila, studies in human cells showed a contrasting result. 

Using inhibitor assays, G9a was found to repress autophagy in HeLa cells as well as in naïve 

human T cells by binding to the promoters of autophagy genes such as LC3, WIPI, and 

DOR, and repressing their expression. Upon glucose starvation, G9a was no longer bound to 

the autophagy gene promoters which led to expression of autophagy genes and activation of 

the autophagy pathway, indicating that G9a targets distinct loci in different systems which 

may explain its contrasting effects on autophagy [85]. Another study identified the role of 

G9a in the autophagy-dependent serine metabolism pathway of human cancer cells, where 

G9a acts as an activator of the serine-glycine metabolism pathway which in turn sustains the 

survival of cancer cell lines by repressing autophagy and cell death [86]. These results 

signify the presence of regulatory epigenetic mechanisms which act in concert, or in 

opposition, resulting in different transcriptional outcomes in different contexts.

Amino acid starvation in mouse embryonic fibroblasts led to an increase in autophagy and a 

concomitant decrease in H4K16 acetylation levels, which has been shown to be associated 

with both active as well as repressed genes [87–89]. On the other hand, glucose starvation 

resulted in a CARM1-dependent activation of autophagy and lysosomal genes by increase in 

H3R17 dimethylation [90]. Autophagy induction upon serum starvation was delayed upon 

EZH2 overexpression in HeLa cells, implicating the Polycomb pathway and the H3K27me3 

modification as a negative regulator of autophagy [91]. A recent study was conducted in 

zebrafish myotubes to identify histone modifications associated with autophagy promoters in 

normal versus starvation conditions. Under normal conditions, autophagy genes were 

marked by both activating (H3K4me3) and repressive (H3K9me3) modifications [92]. Such 

domains, called bivalent domains, are present on developmentally important genes to 

balance their expression levels and poise these genes for activation upon stimuli [77,93]. The 

presence of bivalent marks on autophagy genes indicates that epigenetic modifications may 

be required to balance the levels of autophagy and poise the pathway for induction upon 

stress. In zebrafish myotubes, upon starvation, H3K4me3 and H3K9me3 marks are reduced 

from autophagy genes resulting in increased gene expression and an induction of autophagy. 

A detailed systematic analysis of combinations of chromatin modifications is needed to 

understand the complex interplay between activating and repressive histone modifications to 

ultimately lead to precisely balanced transcription of autophagy genes. The histone 
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deacetylase, Sirt1, activates autophagy upon caloric restriction or starvation [94–96]. In 

HeLa cells, starvation led to a reduction of H2B monoubiquitination on autophagy genes, 

resulting in activation of autophagy [97]. A recent high-throughput ChIP-seq and RNA-

seqbased study conducted in the human HAP1 line (Chronic myeloid leukemia cells), 

indicated that indeed, upon starvation, transcription of many autophagy genes is increased 

and this increase is associated with concomitant establishment of activating histone 

modifications and RNA-Pol II recruitment [98]. Histone demethylases have also been 

implicated in autophagy regulation. In Drosophila salivary glands, the H3K27 demethylase, 

dUTX, regulates temporal expression of autophagy genes [99]. Additionally, the H3K36 

demethylase KDM4A is found to repress many Atg genes and this function is conserved 

from yeast to humans [100]. Recent reports in neuroblastoma cells have implicated 

KDM1A/LSD1 as a regulator of the autophagy gene expression program [101]. While a 

majority of studies have identified epigenetic regulators of autophagy by using specific 

inhibitors or knockout/knockdown studies [83,85,99,101], it would be interesting to 

determine whether these modulators themselves show altered expression under starvation 

and other stress conditions.

In addition to chromatin modulators, transcription of autophagy genes is also regulated by a 

variety of transcription factors that bind to autophagy promoters and activate their 

transcription in response to stimuli. More than 20 transcription factors have now been 

identified as regulators of autophagy, and their role in autophagy regulation has been 

discussed in detail elsewhere [102,103]. These studies indicate that a controlled, concerted 

interplay between various modulators of chromatin and transcription is vital for the 

regulation of autophagy.

Epigenetic regulation of autophagy in stress

It is now clear that epigenetic modifications play a crucial role in the regulation of 

autophagy. The implications this regulatory pathway has in stress response, and by 

extension, neuropsychiatric disorders is gradually being appreciated, as recent studies have 

reported that epigenetic control of autophagy regulates depressive behavior and 

antidepressant action. An important report in this field pertains to the HSP90 co-chaperone 

FKBP51. FKBP51 is a regulator of the glucocorticoid receptor pathway, and in turn, the 

stress response pathway. In patients, FKPB51 levels are thought to predict antidepressant 

responses. FKBP51 was found to interact with and activate autophagy genes in response to 

antidepressant treatment in cell lines, primary cells, and animal models of chronic stress 

[104–106]. Antidepressant treatment also resulted in an FKBP51-dependent reduction in 

DNMT1-mediated DNA methylation which led to the activation of numerous genes 

including autophagy genes as well as BDNF, which is also known to regulate neurogenesis 

by modulating autophagy [56].

Another interesting but not well-studied aspect of how epigenetic modulation of autophagy 

genes could help reduce neural stress-related maladaptive responses, involves the autophagic 

clearance of RNA generated from mobile genetic elements in the brain. Studies in various 

cell lines indicate that aberrant transcripts generated from retrotransposons and other repeat 

elements are degraded by autophagy-dependent mechanisms [107]. Stress leads to mis-
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expression of repeat elements which is associated with correlating epigenetic modifications 

[108,109]. A study in rats demonstrated that upon acute stress, H3K9me3 (a repressive 

mark) is increased in the hippocampus and not in other regions of the brain, and this mark 

could be traced to mobile genetic elements, especially short interspersed nuclear elements 

(SINEs). This increase in H3K9me3 could no longer be seen upon chronic stress [110]. This 

presents an interesting paradigm for repeat element regulation upon stress. Acute stress may 

lead to a wave of transposon expression that is repressed by establishment of the H3K9me3 

mark. However, the loss of the repressive mark upon chronic stress points to perhaps the 

involvement of alternate regulatory pathways. It is tempting to hypothesize that autophagy 

might play a compensatory role in clearing aberrantly expressed repeat transcripts upon 

chronic stress, and reduced autophagy in turn leads to increased repeat RNA levels which 

could then result in altered neurogenesis in chronic stress. It would be interesting to compare 

epigenetic modifications associated with autophagy genes along with epigenetic profiles 

present at repeat elements to understand how regulation of autophagy governs stress 

response by clearing aberrant transcripts.

Given that activating autophagy increases neurogenesis, and increased neurogenesis in turn 

can counter the detrimental effects of chronic stress, autophagy activating molecules emerge 

as promising candidates to combat neuropsychiatric disorders. Rapamycin, a potent 

autophagy activator has been tested as a putative drug for numerous diseases [111]. 

However, the known risk of developing adverse side effects, such as metabolic defects 

including hyperglycemia, hyperlipidemia, insulin resistance among others, upon rapamycin 

treatment makes it a suboptimal candidate as a therapeutic autophagy inducer [112,113]. 

Combinatorial drug treatments are emerging to be viable and efficient alternatives to single 

drug treatment regimens, especially, drug therapies involving cytotoxic and epigenetic drugs 

[114–116]. Altering epigenetic regulatory pathways is being increasingly used to combat 

various disorders either independently or in conjunction with classical cytotoxic drugs [117]. 

While the epigenetic regulation of a number of pathways regulating cell fate and lineage 

commitment has been extensively studied [73,118,119], the transcriptional regulation of 

autophagy genes is poorly understood. The field of “neuroepigenetics,” deals with the 

epigenetic regulation of the nervous system and a number of studies in the field have 

identified chromatin modifications such as DNA methylation and demethylation, histone 

modifications, and small RNAs as being indispensable for neurogenesis [120–122]. What 

remains to be understood is whether and how epigenetic regulation of autophagy and 

neurogenesis are connected. For efficient therapeutic use of epigenetic drugs as modulators 

of autophagy to combat neuropsychiatric disorders, a systematic approach to understand the 

epigenetic regulation of autophagy during neurogenesis is essential. This will elucidate the 

possible link between autophagy and neurogenesis in steady state versus stress conditions.

Conclusions and future perspectives

As the abovementioned reports and more suggest, autophagy plays an indispensable role in 

neural homeostasis and aberrant autophagy may lead to neuropsychiatric disorders. 

Understanding the regulation of autophagy, especially in the context of chromatin becomes 

increasingly important given the ability of chromatin modifications to regulate cellular 

pathways across generations. This is extremely relevant in today’s scenario where stress is 
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an integral part of most lives and variability in stress response pathways can result in 

increased or decreased resilience to development of stress disorders. Understanding the 

upstream regulators of long-term behavioral disorders can facilitate the development of 

efficient drugs to counter the effects of undesirable stimuli such as stress. It is thus tempting 

to hypothesize that activation of autophagy using epigenetic modulators (readers, writers, or 

erasers), can be used therapeutically to increase hippocampal neurogenesis and alleviate 

depressive behavior. However, as with other regulatory mechanisms, caveats exist and 

systematic analyses need to be conducted to address the following questions:

1. What is the epigenetic profile of autophagy genes in neural stem cells and during 

neural differentiation? What is the correlation between epigenetic marks and the 

transcriptional profile of autophagy genes under normal conditions as well as 

under conditions of acute or chronic stress?

2. Does exposure to acute or chronic stress have distinct effects on autophagy 

levels? Are they connected to the differences in hippocampal neurogenesis and 

resulting behavioral responses? The biphasic autophagy theory in the field 

proposes that autophagy induction in response to stimuli happens in two stages: 

(a) the initial acute response is independent of transcription and relies on the 

action of already existing cytosolic autophagy proteins, while; (b) a long-term 

chronic response requires activation of autophagy genes to elicit an induction. 

Epigenetic mechanisms of regulation might play a crucial role in this long-term 

response and need to be further dissected.

3. What measures can be taken to address the off-target effects of epigenetic drugs 

to limit the effect primarily to the autophagy pathway and improve the efficiency 

of these modulators as prospective therapeutic agents?

In conclusion, while links exist between autophagy and neurogenesis; neurogenesis and 

depression; antidepressant response and autophagy; and epigenetic regulation of autophagy 

in different cellular states (Fig. 3), the mechanistic underpinnings of how these pathways are 

regulated and interconnected still remain to be dissected. The past few decades have 

witnessed a multitude of technological breakthroughs that have made it possible to study in 

detail, the complex connections between environmental cues and the subsequent responses 

at a cellular and organismal level. This, coupled with the increasing awareness of previously 

underdiagnosed and suboptimally treated psychological stress disorders, brings to the 

forefront the relevance of investigating these disorders in the context of perturbed cellular 

mechanisms. Aberrant autophagy affecting neurogenesis upon exposure to stress is but one 

of many such pathways that are still underappreciated, but can potentially have tremendous 

therapeutic benefits in our continuing efforts to combat prevalent disorders and improve the 

quality of life.
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Abbreviations

CUS chronic unpredictable stress

DNA deoxyribonucleic acid

ESC embryonic stem cell

GFAP glial fibrillary acidic protein

HAT histone acetyl transferase

HPA hypothalamic pituitary adrenal

MDD major depressive disorder

MS maternal separation

NPC neural progenitor cell

NSC neural stem cell

PTSD post traumatic stress disorder

RNA ribonucleic acid

SGZ subgranular zone

SVZ subventricular zone
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Fig. 1. 
Key steps and molecular players in autophagy (Adapted from [1,12,13]): Autophagy 

initiation (Step 1) involves inactivation of the nutrient sensor mTOR, which in turn activates 

mammalian ULK1/2 kinases. These kinases form a complex with Atg13 and FIP200, which 

recruits other autophagy components such as the Beclin1-Vps34-Vps15 complex and 

initiates phagophore formation from the isolation membrane of the ER (Step 2). This is 

followed by a cascade of activation and recruitment of other Atg proteins which help in the 

elongation and maturation of the phagophore, and selection and sequestration of cargo (Step 

3). Other Atg proteins are involved in the conversion of LC3 I to LC3 II by 

phosphatidylethanolamine conjugation. LC3 II is then recruited to the autophagosome which 

facilitates closure of the autophagosome, and its fusion with the lysosome (Step 4). The 

cytosolic cargo is then broken down by lysosomal hydrolases (Step 5). Abbreviations: 

mTOR: mechanistic target of rapamycin, ULK1/2: Unc-51 like autophagy activating kinase 

1/2, Atg: Autophagy-related protein, FIP200: FAK family kinase-interacting protein of 200 

kDa, Vps 15/34: Vacuolar protein sorting 15/34, WIPI: WD-repeat protein interacting with 

phosphoinositides, Dfcp1: double FYVE domain-containing protein 1, LC3: Microtubule-

associated proteins 1A/1B light chain 3B
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Fig. 2. 
Writers and erasers of epigenetic modifications: (Adapted from and reviewed in 

[7,123,124]). Histone tails are marked by writers of chromatin modifications. These marks 

include commonly activating modifications such as lysine acetylation (green flags) on H2A, 

H2B, H3, and H4; lysine and arginine methylation on H3 and H4 (green pentagons) as well 

as repressive modifications such as lysine and arginine methylation on H3 and H4 (red 

pentagons). These histone modifications can be removed, and their effects reversed by the 

action of deacetylases and demethylases (crossed flags and pentagons), which make histone 
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modifications amenable to rapid changes in response to stimuli. Underlined molecules 

indicate histone modifiers implicated in autophagy regulation.
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Fig. 3. 
Autophagy, neurogenesis, and stress: Precise levels of autophagy are critical for the 

maintenance of normal neurogenesis (green arrow). In conditions of psychological stress and 

the resultant neuropsychiatric conditions, neurogenesis as well as autophagy levels in the 

hippocampus decrease (red arrows). Conversely, antidepressant treatment results in 

increased autophagy and also hippocampal neurogenesis (yellow arrows). Epigenetic 

regulatory mechanisms may play a crucial role in maintaining autophagy and in turn, normal 

neurogenesis, and could be used to ameliorate behavioral disorders arising from exposure to 

stress.
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Table 1
Regulation of neurogenesis by autophagy.

Gene Condition Effect on neurogenesis References

FIP200 Conditional deletion Thinner SVZ, reduced olfactory bulb, decreased NSC proliferation [23]

Ambra1 Ambra1+/- Isolated NSCs Reduced proliferation, increased cell death [24]

Ambra1 Ambra1 -/- Ambra1 -/+ Reduced neuronal markers, smaller neurospheres, lesser neuronal 
differentiation (as seen by which markers)

[25]

Beclin 1 Beclin1+/- Reduced proliferation, increased cell death, smaller neurospheres [24]

Atg5 Atg5 -/- Reduced neuronal differentiation [25]

Atg5 In utero electroporation of shRNA Decreased neural differentiation, aberrant morphology of cortical neurons [26]

Atg5 Atg5 -/- NSCs Delayed neuronal differentiation, transient reduction of spine density [31]

Eva1a1 Eva1a1 -/- NSCs Reduced self-renewal, reduced differentiation [27]
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