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ABSTRACT

Macroautophagy/autophagy is a catabolic process that is essential for cellular homeostasis. Studies on
autophagic degradation of cytoplasmic components have generated interest in nuclear autophagy.
Although its mechanisms and roles have remained elusive, tremendous progress has been made toward
understanding nuclear autophagy. Nuclear autophagy is evolutionarily conserved in eukaryotes that may
target various nuclear components through a series of processes, including nuclear sensing, nuclear
export, autophagic substrate encapsulation and autophagic degradation in the cytoplasm. However, the
molecular processes and regulatory mechanisms involved in nuclear autophagy remain largely unknown.
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Numerous studies have highlighted the importance of nuclear autophagy in physiological and
pathological processes such as cancer. This review focuses on current advances in nuclear autophagy and
provides a summary of its research history and landmark discoveries to offer new perspectives.

Introduction

Autophagy is a catabolic process that is essential to maintaining
cellular homeostasis in various eukaryotes, from vyeasts to
mammals. Autophagy plays important roles in differentiation,
development, immunity and life span. Dysfunctional autopha-
gic regulation has been associated with various human diseases,
including cancer, neurodegenerative diseases, metabolic disor-
ders and microbial infections.' Thus, understanding autophagic
mechanisms has important physiological and therapeutic
implications.

Autophagy is an intracellular degradation process that is uti-
lized to recycle intracellular components by lysosomal/vacuolar
hydrolysis when cells encounter stress, such as during nutrient
starvation.” Autophagosomal formation initiates from a cup-
shaped double-membrane structure, known as the phagophore.
The phagophore gradually elongates and expands by recruiting
proteins, such as the lipidated LC3B protein of the ATG family.
This is followed by phagophore closure and the formation of a
double-membrane autophagosome, which collects cytoplasmic
components destined for degradation. The autophagosome
undergoes progressive maturation by fusing with lysosomes to
form autolysosomes. The captured macromolecular contents
are ultimately degraded by lysosomal/vacuolar proteases within
the acidic environment of the autolysosome/vacuole. The
degraded monomeric molecules (e.g., amino acids) are
exported to the cytosol for reuse by the cell. Autophagy’s recy-
cling role can “kill 2 birds with one stone™ by eliminating
harmful or excessive cellular components while providing new
materials for cellular and tissue remodeling. Thus, autophagy is
a mechanism for cellular macromolecular recycling,

architectural remodeling, growth regulation and self-protection
against viral and bacterial infections and is a process that sup-
ports cell survival and cell death.

Since the discovery of autophagy in the 1950s, most studies
in this field have focused on degradation of the cytoplasmic
components. Autophagy typically involves the nonselective
sequestration of cytoplasm or the targeted removal of undesir-
able cytoplasmic components. Selective autophagy is
generally categorized as follows depending on the cargo:
mitophagy (mitochondria),* pexophagy (peroxisomes),” reticu-
lophagy (endoplasmic reticulum),® ribophagy (ribosomes),” lip-
ophagy (lipid droplets),® aggrephagy (protein aggregates)’ and
xenophagy (invasive microbes).'"” However, the degradation of
nuclear materials has been largely ignored. As an essential part
of the cell, the nucleus encounters various physiological and
pathological types of stress, such as in genotoxicity and onco-
genesis. Selective nuclear autophagy (nucleophagy) has recently
been observed in eukaryotic cells, and the discovery of nuclear
autophagy has extended our understanding of the complex bio-
logical processes that occur within and between cells. This
review focuses on current advances in nuclear autophagy and
summarizes its research history and landmark discoveries to
provide new perspectives for nuclear autophagy.

Discovery of nuclear autophagy in yeast

The cell nucleus is the central organelle of the eukaryotic cell.
The primary roles of the nucleus are to maintain genomic
integrity from generation to generation and to spatially and
temporally control gene expression. To maintain nuclear
homeostasis, cells require a strategy for eliminating undesirable
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nuclear components in response to stress. Autophagy is the
ideal removal process because it can either selectively or nonse-
lectively degrade nuclear components in bulk. Nuclear
autophagy was initially documented in yeast in 2003."
Nucleus-vacuole (NV) junctions were observed to promote the
sequestration of small pieces of the nucleus into vacuolar mem-
brane invaginations for subsequent degradation, a process
initially termed piecemeal microautophagy of the nucleus
(PMN). Carbon and nitrogen starvation induces PMN through
the target of rapamycin (TOR) kinase pathway. Core macroau-
tophagy factors, such as Atg3, Atg5, Atg8, Atgl2 and Atgle6,
are necessary autophagic components for effective PMN."* Fur-
thermore, electrochemical potential and lipid-modifying
enzymes are needed to form PMN vesicles."” In fact, similar to
the NV in yeast, association between the lysosome and dissolu-
tion of the nuclear envelope, or germinal vesicle breakdown is
observed during maturation of the mammalian oocyte."* How-
ever, any connection of the latter to nuclear autophagy remains
unclear. In addition, late nucleophagy (LN), a process unlike
PMN, has been proposed to occur in yeast. LN can be detected
after prolonged periods of nitrogen starvation (20-24 h) using
a dual-labeling approach involving an outer nuclear membrane
reporter (Nvjl-EYFP) and a nucleoplasm reporter (NAB35-
DsRed.T3)."” LN can also occur in nvjl- and vac8-deficient
cells, and it utilizes some of the core macroautophagic machin-
ery. PMN requires the formation of nuclear-vacuole junction
structures whereas LN does not, indicating a major mechanistic
difference between PMN and LN. The molecular pathways that
underlie PMN and LN remain to be explored.

Recently, 2 novel proteins, Atg39 and Atg40, have recently
been identified in yeast."®'” Mochida and colleagues provide
evidence for selective autophagy of the nucleus by showing that
Atg39 localization to the perinuclear endoplasmic reticulum
(ER)/nuclear envelope induces the autophagic sequestration of
the nuclear envelope and some intranuclear components in
response to nitrogen deprivation. Additionally, Atg39-regulated
nuclear autophagy may participate in nuclear membrane
reconstruction during mitosis or in nuclear membrane repair
following damage.'® These observations indicate that auto-
phagy targets nuclear components to the vacuole for degrada-
tion. Autophagic recycling of these components maintains
energy homeostasis and provides intranuclear quality control
in response to stress (i.e., starvation and injury).

Nuclear autophagy is evolutionarily conserved
in eukaryotes

Nuclear autophagy occurs in yeast and in numerous eukar-
yotes, including unicellular organisms (i.e., Tetrahymena ther-
mophila) and mammals. Increasing evidence supports the
notion that nuclear autophagy is evolutionarily conserved in
eukaryotes.

Tetrahymena thermophila contains 2 functionally distinct
nuclei—the polyploidy somatic macronucleus and the diploid
germline micronucleus. During sexual reproduction, Tetrahy-
mena undergoes a unique process of programmed nuclear
death (PND) to degrade its parental macronucleus. Several
studies indicate that PND is associated with autophagy. Altera-
tions to the composition and distribution of the lipids and

proteins within the nuclear membrane during PND may be
responsible for the membrane’s interaction with the lyso-
some.'” Additionally, 2 ATG8 genes involved in PND have
been identified.”® Both ATGS proteins are primarily targeted to
the nuclear periphery of the degrading nucleus, and ATGS8
knockout studies show a marked delay in nuclear degrada-
tion.”® Further dissection of the PND-associated molecular
pathways and the PND connection to autophagy will provide
insights into nuclear autophagy in Tetrahymena.

Nuclear autophagy also occurs in numerous fungal species.
Magnaporthe grisea causes rice blast, and appressorial morpho-
genesis in M. grisea involves nuclear degeneration. One study
has shown that autophagic cell death of the fungal spore is
responsible for its infectivity.”' A genome-wide analysis of
autophagy indicates that there are 23 ATG genes in Magna-
porthe oryzae and 38 in Fusarium oxysporum that mediate
autophagic initiation, nucleation, phagophore, expansion and
recycling.”»** Deletion mutants of the F. oxysporum FoATG8
gene show that autophagy regulates the number of nuclei per
hyphal compartment during vegetative growth.>> In addition,
autophagy-dependent degradation of the entire nucleus has
been observed with EGFP-labeled HTB/histone H2B in the
basal cells of Aspergillus oryzae.** These data provide new ideas
for the development of antifungal technologies through manip-
ulating nuclear autophagy.

Nuclear autophagy has been observed in the intestinal cells
of aging C. elegans, implying that nuclear autophagy is associ-
ated with the pathophysiology of aging.”® The autophagosomal
nature of the 4-layered membrane structure has been observed
in murine macrophages during HSV-1 infection.® Further
immunoelectron microscopy for LC3B, an autophagosome
marker, confirms that the autophagosome originates from the
nuclear envelope.”>*” Autophagosomal/autolysosomal features
have been observed in the perinuclear vacuolar structures in
laminopathies that are caused by LMN/lamin and EMD/emerin
mutations.”® Based on these observations, the term nucleoph-
agy is proposed to describe nuclear degradation-associated
autophagic degradation.”® Recent studies have highlighted the
importance of nuclear autophagy in physiological and patho-
logical processes such as cancer.””** Nevertheless, the underly-
ing molecular mechanisms remain to be explored.

Types of nuclear autophagy

How autophagic substrates in the nucleus are sequestered and
transferred into the cytoplasm for autophagic degradation
remains unknown. Although numerous forms of nuclear auto-
phagy have been observed, current data indicate that nuclear
autophagy can be mainly divided into 4 primary types: micro-
nucleophagy, macronucleophagy, gigantic nuclear macroau-
tophagy and unconventional nucleophagy.

Piecemeal microautophagy of the nucleus in yeast is a typi-
cal form of micronucleophagy (Fig. 1A, i).'"> Components of
the autophagic machinery, such as Atgll, Atgl5, Atgl7 and
Atgl8, are necessary for effective PMN. PMN undergoes a
series of morphologically distinct changes. The interaction
between Nvjl in the outer nuclear membrane and Vac8 in the
vacuolar membrane produces contact nucleus-vacuole (NV)
junctions, which cause small pieces of the nucleus to be
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Figure 1. Schematic models for nuclear autophagy. (A) In yeast, there are 2 types of nuclear autophagy. i) PMN undergoes a series of morphologically distinct changes,
such as nucleus-vacuole contact, nuclear bulges into invaginations of the vacuole, and isolation of PMN vesicles. Vac8 interacts with Nvj1, which then recruits at least 2
additional proteins, Tsc13 and Osh1, to the NV junctions. Figure adapted from ' Nuclear components are finally degraded in the vacuolar lumen. ii) Atg39-mediated
selective macroautophagy degrades the partial nucleus in yeast.'®'” Atg39 binds to Atg8 on forming autophagosomal membranes. Partial nuclear materials are encapsu-
lated within an autophagosome. (B) In mammals, there are also 2 types of nuclear autophagy. i) Nuclear materials to be degraded will be encapsulated through a process
similar to exocytosis. The encapsulated nuclear materials will go through the process of autophagic degradation. LMNB1 can interact with LC3B, which probably induces
the nuclear autophagosome formation.* ii) Micronuclear autophagy. Genotoxicity can result in the generation of some micronuclei in affected cells, which contain dam-
aged chromosome fragments. Micronuclei can be sequestered and degraded by autophagy.*® yH2AFX is a sensitive molecular marker of DNA damage and repair. (C) Tet-
rahymena undergoes a unique process of programmed nuclear death for degradation of its parental macronucleus through nuclear autophagy.'® Alteration of lipid and
protein composition and distribution in the nuclear membrane in PND is probably responsible for its interaction with the lysosome. The digestive vesicles fuse with the
nuclear membrane and release their contents into the nucleus for final degradation. (D) Autophagy-mediated degradation of the entire nucleus in basal cells in fungi.?*
The entire nucleus is taken up into vacuoles through a ring-like autophagosomal precursor to encircle apparently the entire nucleus under starvation conditions. AoAtg8

probably participates in the nucleus-vacuole formation.

sequestered into vacuolar membrane invaginations for subse-
quent degradation. Vac8 interacts with Nvjl, which then
recruits at least 2 proteins, Tsc13 and Oshl, to the NV junc-
tions to form the autophagosomal membrane.”>”® It is worth
investigating whether PMN occurs in other eukaryotic
organisms.

Macronucleophagy is a major and common type of nuclear
autophagy (i.e., nucleophagy) that is primarily observed in
mammalian cells. A generation model for the nuclear
autophagosome is proposed here (Fig. 1B, i). The nuclear mate-
rials destined for degradation are encapsulated by the mem-
brane structure. The nuclear autophagosomal generation
process may be similar to the exocytosis process that utilizes
the nuclear membrane. Alternatively, a sequestering membrane
for encapsulating the nuclear materials may form near the
nuclear membrane. Because the active form of the LC3B auto-
phagy protein, LC3B-II, is present in the nucleus/nuclear mem-
brane, LC3B-II participates in the formation of the nuclear
autophagosome. Macronucleophagy has also been detected in

yeast (Fig. 1A, ii). For example, Atg39-mediated selective mac-
roautophagy can degrade the partial nucleus in yeast.'®'”
Atg39 binds to Atg8 on the developing autophagosomal mem-
branes, allowing partial nuclear materials to be encapsulated
into the autophagosome.

Hagen and colleagues have recently presented a mechanism
for vesicular formation at the inner nuclear membrane through
docking, budding and nuclear egress complex formation in her-
pesvirus-infected cells.”” This model may apply to nuclear auto-
phagosome formation because it provides a mechanistic basis
for the nucleo-cytoplasmic transport of large cargoes. Never-
theless, future investigations into these models and further dis-
sections of the molecular processes involved in nuclear
autophagosome formation are needed. LC3B antibody-based
immunoelectron microscopy would be an appropriate
approach to test these models in various cell types.

Micronuclear autophagy is another type of nuclear macro-
autophagy in mammalian cells (Fig. 1B, ii). Genotoxicity often
promotes the generation of extranuclear bodies, known as
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micronuclei, in affected cells. These micronuclei contain dam-
aged chromosomal fragments that are enriched with molecular
indicators of DNA damage and repair, such as yH2AFX.
Micronuclei can fuse with the lysosome to be degraded by auto-
phagy.** Both the envelope and chromatin are autophagic sub-
stances. Micronuclear autophagy is probably an important
mechanism in the maintenance of genomic stability.

Gigantic nuclear macroautophagy is a special type of nuclear
autophagy in Tetrahymena thermophila (Fig. 1C). During sex-
ual reproduction, Tetrahymena undergoes a unique process of
programmed nuclear death for degradation of its parental mac-
ronucleus through nuclear autophagy.'” The overall composi-
tion and distribution of the lipids and proteins (e.g., sugars and
phosphatidylserine) in the nuclear membrane of a cell undergo-
ing PND is different from that of a cell in the absence of PND.
This PND-associated molecular alteration facilitates the nuclear
membrane interaction with the lysosome. The digestive vesicles
subsequently fuse with the nuclear envelope to release their
contents (i.e., acidic enzymes) into the nucleus. In this way, the
parental macronucleus undergoes macroautophagy-mediated
degradation. The autophagic degradation of the entire nucleus
has also been detected in fungal basal cells.** The entire nucleus
is taken up into a vacuole through a ring-like autophagosomal
precursor to encirclement (Fig. 1D). It is likely that Aspergillus
oryzae (Ao)Atg8 participates in autophagosomal formation.
Moreover, AoAtgl5 is necessary for the degradation of auto-
phagic substances. Fungi use extracellular nutrients to support
growth, making the recycling of basal cell components by auto-
phagic degradation important when environmental nutrients
are scarce. Autophagy of the entire nucleus has not been
observed in more complex eukaryotes, such as mammals, sug-
gesting that this autophagic process may be limited to lower
eukaryotes, such as fungi and Tetrahymena.

Other types of unconventional nucleophagy are certain to
exist. For example, when cells undergo a prolonged period of
starvation, the autophagic process and its machinery would
likely be different from both macronucleophagy and micronu-
cleophagy. The LN observed in yeast may be an unconventional
nucleophagic process because LN occurs in the absence of Nvjl
and Vac8 and does not require Vps30/Atg6 or Atgll. However,
functional Atg8 and AtglO proteins are essential for efficient
LN." In addition to pursuing the multiple nuclear autophagy
types, questions pertaining to the molecularly distinct processes
and mechanisms of the various types of nuclear autophagy
remain to be addressed.

Roles of nuclear membrane in nuclear autophagy

What components are eliminated from the nucleus by auto-
phagy? Several studies show that chromatin and the nuclear
membrane are nuclear autophagic targets. Nuclear components
protrude from the nucleus during nuclear autophagy, and the
micronuclei or tiny nuclei subsequently form in the cytoplasm,
adjacent to the nuclear membrane, for degradation. These
micronuclei can be detected easily using DNA and/or histone
markers. To detect their autophagic degradation, the autophagy
machinery (i.e., the LC3B-II protein) should appear in the
micronuclei, which then gradually mature to become autopha-
gosomes (possibly by fusing with de novo autophagosomes).

These nuclear component-containing autophagosomes ulti-
mately fuse with the lysosome to form the autolysosome.
Increasing evidence shows that autophagy targets nuclei in
mammalian cells.*>?*>*** Nuclear autophagy is induced by
mutations in genes that encode nuclear membrane proteins,
such as LMNs/lamins and EMD/emerin,*® indicating that the
nuclear membrane plays a key role in nuclear autophagy.

Evidence of the autophagic targeting of micronuclear mem-
branes is based on their pre-autophagosomal nature. Nuclear
membrane proteins, chromatin and the LC3B protein have been
detected in mammalian cell micronuclei under various stress
conditions, such as oncogene-induced senescence and starva-
tion.”****' An accumulation of LMNA/lamin A and LMNB1/
lamin Bl has also been observed in corresponding regions of
nuclear degradation in differentiating keratinocytes.” A recent
study shows that autophagy degrades nuclear LMNBI to drive
cellular senescence in response to oncogenic stress, which is
mediated by the LC3B interaction with LMNB1.”® Nuclear mem-
brane degradation may drive senescence and suppress tumori-
genesis. Thus, nuclear autophagy acts as a guarding mechanism
that protects cells from tumorigenesis. Multiple studies show a
close association between the nuclear and sequestering mem-
brane.”**”?>#%*" Together, these data indicate that the nuclear
membrane may contribute to the autophagosomal membrane in
addition to being an autophagic target. Future studies will char-
acterize the molecular features of the nuclear autophagosomal
membrane and the underlying molecular mechanisms that drive
autophagic targeting of the nuclear membrane.

Regulation of nuclear autophagy

Although the molecular mechanisms of nuclear autophagic reg-
ulation remain largely unknown, important steps have been
taken toward highlighting the interface between the nucleus
and the autophagic machinery. First, transcription regulation
plays an important role in autophagy processes. Many tran-
scription factors regulate spatiotemporal expressions of auto-
phagy-related genes. Of particular importance is autophagy
regulation of development. For example, MYBL2 regulates the
spatiotemporal expression of VDAC2, an autophagy suppres-
sor, in the developing ovary.*® Nevertheless, transcription regu-
lation of genes related to nuclear autophagy remains to be
characterized. Second, LC3B/Atg8 is a key regulator of auto-
phagic substrate delivery and membrane trafficking. Thus,
identifying LC3B interacting partners will provide insight into
the regulation of nuclear autophagy.

Behrends and colleagues have discovered numerous auto-
phagy-associated interacting proteins in human 293T cells and
provided an autophagy interaction network for basal autopha-
gic conditions*® that serves as a comprehensive resource for the
analysis of autophagic regulation. According to interaction data
from Behrends et al. and biological general repository for inter-
action data sets (BioGRID; thebiogrid.org), there are approxi-
mately 500 candidate interacting proteins for LC3B.
Interestingly, one-third of the interacting proteins are associ-
ated with nuclear components and pathways, adding a level
of complexity to the mechanisms of nuclear autophagic
regulation (Fig. 2A). A gene ontology-based analysis of the
LC3B-interacting proteins indicates that nuclear autophagy is
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interacting proteins are associated with nuclear components and pathways. The interaction data are from Behrends and colleagues,* and BioGRID (thebiogrid.org). The
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involved in several pathways, including nucleotide binding,
nuclear lumen activities, RNA processing, the mRNA metabolic
process and RNA splicing (Fig. 2B). These analyses suggest that
nuclear autophagy plays an important role in the post-tran-
scriptional RNA modification process in addition to maintain-
ing nuclear DNA homeostasis.

LC3B localizes to both the cytoplasm and the nucleus.
Moreover, nuclear- and nuclear membrane-associated LC3B
proteins seem to be primarily in the LC3B-II form. Addition-
ally, the nucleocytoplasmic transport and activation of LC3B is
dependent on its starvation-associated acetylation/deacetyla-
tion activities.”® These results indicate that nuclear autophagy
is a complicated process that involves a broad biological context
within the nucleus. Future studies will focus on nuclear auto-
phagic regulation with a special emphasis on RNA modification
and regulation. Further studies should also focus on how LC3B-
II participates in nuclear autophagy. The underlying mecha-
nisms of nuclear autophagy will be revealed by dissecting the
various processes involved in the nuclear activities associated
with LC3B-II and by categorizing the nuclear components
(including the large molecules) involved in nuclear autophagy.

In addition to LC3B and its partners, a group of nuclear
autophagy-associated genes have been identified in fungi, yeast,
tetrahymena and mammals (Table 1). Although nuclear

29,50

Table 1. Nucleophagy-related genes identified in diverse species

autophagic regulation remains poorly understood, there are dif-
ferent subgroups of nuclear autophagy-associated genes and
various types of nuclear autophagy, indicating the existence of
distinct species- and type-specific mechanisms that underlie
nuclear autophagy. Nevertheless, specific regulatory similarities
do exist. First, LC3B is a key player in nuclear autophagy,
having been detected in vacuoles associated with multiple
nuclear autophagy types and shown to target the nuclear
membrane. Second, some of the core autophagic machinery
may be shared in nuclear autophagy, including proteins
involved in forming the phagophore, such as ATG3, ATGS,
BECNI, ATG7, ATG10, ATG12 and ATG16L1. Although they
have not been identified in every species, these proteins
comprise key ubiquitin-like conjugation systems that are
involved in macroautophagy.

To investigate regulatory relationships among autophagy
proteins, we used causal network analysis and software Ingenu-
ity Pathway Analysis (IPA, http://www.ingenuity.com).
Upstream regulators can be connected to autophagy proteins
based on a set of direct or indirect interaction relationships.
Our IPA-based evaluation of mammalian nuclear autophagic
pathways shows that most nuclear autophagic proteins can be
organized into a single network (Fig. 3). For example, CTNNB1
regulates nuclear autophagic proteins ATM, LMNA, PTEN,

Organisms Types Genes Roles Ref.
Filamentous fungi Macroautophagy AoATG8 AoAtg8 plays a role in autophagosome formation for degradation 2
A0ATG15 of the intact nucleus, while AoAtg15 is a vacuolar lipase for
membrane degradation
Rice blast fungi Macroautophagy MoATG1T Infection-associated nuclear degeneration in the rice blast fungus 251
MoATG4 M. oryzae requires MoAtg1, MoAtg4 and MoAtg8
MoATG8
Yeast Piecemeal microautophagy VAC8 Interaction between Nvj1 in outer nuclear membrane and Vacg in ~ 3>36385233
NVJT the vacuolar membrane results in contact nucleus-vacuole
TSC13/0SH1 junctions
SHP1 Nvj1 recruits proteins Tsc13 and Osh1 to the NV junctions.
CDC48 Temperature sensitive cdc48-3 mutant and shp1A cells show
HSV2 defective PMN
Micronucleophagy is reduced in hsv2A cells
Macroautophagy ATG39 The perinuclear ER protein Atg39 can interact with Atg8 and is 1617
ATG8 required for cell survival under nitrogen-deprivation
conditions
Microautophagy RPS19 Depletion of Rps19 induces microautophagy of the nucleus 4
Tetrahymena thermophila Macroautophagy AlF AIF associates and cooperates with the mitochondrial DNase to 1920
DNASE facilitate the degradation of DNA in PND
ATG8 ATG8 knockout cells show a pronounced delay in nuclear
degradation
Mammals Macroautophagy LMNB1 LMNB1 is an autophagic substrate in response to oncogene 30
LC3B activation
LC3B-LMNB1 interaction is required for LMNB1 degradation and
cellular senescence
Dnase2 Lysosomal nuclease DNASE2/DNASE2A degrades damaged a2
Tmem173 nuclear DNA outside the nucleus by TMEM173/STING-
dependent DNA-sensing and prevents cells from
accumulating self DNA by autophagic degradation in mice
HDACs HDACs control chromosome stability by coordinating ATR-ATM 5
ATM/ATR DNA damage checkpoint and double-strand-break processing
with autophagy
WiPIT Nucleophagy is impaired in differentiating keratinocytes +
ULK1 depleted of WIPIT or ULK1
Lmna Inhibition of autophagy increases the frequency of nuclear %
abnormalities and decreases cell viability in LMNA mutated
mouse MEFs
Micronuclear macroautophagy LC3 Micronuclei colocalize with LC3 and this colocalization is lost after 4
ATG5 knockdown of the core autophagy genes ATG5 or ATG7

ATG7
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STAT3 and TP53, and MIRI7 may regulate H2AFX, PTEN,
STAT3 and ATM during nuclear autophagy. This network
plays potential roles in tissue morphology, DNA replication,
recombination and repair, and gene expression, in addition to
cell death. Further dissections of these pathways will uncover
the regulatory mechanisms of nuclear autophagy.

How does the nucleus sense autophagic signaling?

The mechanism that promotes nuclear sensing and autophagic
initiation is unknown. After experiencing cellular stress (i.e.,
oncogenic stress or pathological induction), cells respond by
repairing DNA damage that would otherwise trigger cell death.
Nucleic sensors recognize self DNA and RNA for autophagic
degradation. The ATM and ATR pathways are well-known
sensors of double-stranded breaks.’® A connection among the
ATM/ATR pathway, DNA repair and autophagy has been
established.”>”” ATM phosphorylates PTEN and regulates its
translocation into the nucleus. PTEN induces autophagy
together with the JUN-SESN2-AMPK pathway in response to
DNA damage.”” There are also numerous stress-responsive
transcription factors that regulate autophagy, including TP53,
STAT3 and NFKB.>® Multiple TP53 target genes are responsi-
ble for regulating autophagy including MTOR. STAT3 regu-
lates transcription of several autophagy genes and most of
them inhibit autophagy. NFKB and autophagy are intricately
interconnected via a complex network of transcription-depen-
dent signals.”® In addition, nucleases, such as DNASE2/DNA-
SE2A, can clear cells of excess nucleic acids through

TMEM173/STING-dependent DNA-sensing, and prevent cells
from accumulating self DNA via autophagic degradation.*?
These data show that the nucleus senses and triggers autophagy
through a DNA-binding process. However, crosstalk between
autophagy and RNA processes has remained unexplored. In
addition to answering how the nucleus senses and initiates
autophagy, future studies will need to address the contribution
of RNA to nuclear autophagy.

Diseases relevant to nuclear autophagy

Autophagic impairment is implicated in multiple clinical ail-
ments, including neurodegenerative diseases,” cancers® and
aging.”' Nevertheless, a few of the diseases have been reported
to be involved in nuclear autophagy (Table 2). In cancers, the
interaction between 2 key proteins, LC3B and LMNBI, medi-
ates nuclear lamina degradation in response to tumorigenic
stress.”® Thus nuclear autophagy may protect cells from tumor-
igenesis. In fact, integrity of the nuclear membrane is closely
connected to aging. LMNA and EMD mutations cause lamino-
pathies and emerinopathies respectively, and are associated
with nuclear autophagy.”® EMD deficiency causes cardiac dys-
functions with nuclear-associated vacuoles and a structural fra-
gility of myonuclei.®” Thus, these genes are associated with
relevant diseases involving muscle dysfunction, aging and can-
cer, potentially through nuclear autophagy. One report shows
that nuclear autophagy is constitutively active in the epidermal
granular layer, and a lack of nucleophagy in psoriatic skin dis-
ease is associated with parakeratosis.*> To efficiently discover
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Table 2. Diseases associated with nuclear autophagy

Diseases Association with autophagy Genes Ref.
Cancers LC3B-LMNB1 interaction mediates nuclear lamina degradation in response to LC38B, 64
tumorigenic stress LMNB1
Diamond Blackfan anemia Some cases of Diamond Blackfan anemia are linked to heterozygous mutations in RPST19 4754
the gene encoding RPS19 (ribosomal protein S19). Nuclear autophagy is
observed with depletion of the corresponding gene
LMN (lamin)-associated diseases Leukodystrophy: Altered expression of LMNBT is associated with autosomal LC3B, 65-67.28
dominant adult-onset demyelinating leukodystrophy LMNB1
Senescence: LMNBT mutations cause premature senescence LMNA
Laminopathies: LMNA mutations cause laminopathies and are related to nuclear
autophagy
Micronuclei-associated diseases Bloom syndrome: Micronuclei are frequently generated LC3B 406869
Childhood leukemias: Micronucleus frequency is correlated with DNA double-
strand breaks and DNA recombination events in hematopoietic tissues of fetal
mice after in utero exposure to benzene
Parakeratosis Autophagy is constitutively active in the epidermal granular layer and lack of WIPIT, +
nucleophagy in psoriatic skin lesions correlates with parakeratosis ULK1,
LC3B

more nuclear autophagic genes and identify their functions and
associated pathways, it will be necessary to develop high-
throughput screening strategies, one of which would involve
CRISPR-Cas9-mediated gene editing. Future studies will be
necessary to develop novel therapeutics to modulate nuclear
autophagy in human diseases. For example, small regulatory
molecules, such as MIRI7, may hold clinical promise for rele-
vant diseases. In addition, nuclear autophagy probably plays a
role in senescence. Intestinal nuclei loss was observed in old
worms, and long-lived DAF-2 worms have been previously
shown to be associated with autophagy,”® indicating a poten-
tial role of DAF-2 in nuclear autophagy.

Future perspectives

To date, most autophagy studies have focused on the degrada-
tion of cytoplasmic components, but recent progress has
been made toward understanding nuclear autophagy. Nuclear
autophagy is a mechanism by which cells can maintain cellular
homeostasis and ensure nuclear integrity, stability, and correct-
ness of gene expression. Thus, proper nuclear autophagy is
beneficial to cellular health in response to various types of
stress. Additionally, autophagy induces cellular senescence
in response to oncogenic stress by degrading the nuclear lam-
ina. Autophagy can also promote degradation of the entire
nucleus to ultimately kill cells, and autophagic degradation is a
mechanism used by fungi to recycle basal cell components.
However, the existence of nuclear autophagy pathways
that trigger an excessive nuclear degradation remain to be
identified.

Future studies will address autophagic molecular targets in
the nucleus and their molecular processes. How autophagic
substrates in the nucleus are sequestered and transferred into
the cytoplasm for autophagic degradation remains to be stud-
ied. Interestingly, RNA autophagy will be a promising direction
in this field. The molecular and regulatory mechanisms of
nuclear autophagy are poorly understood. Future studies that
address the physiological and pathological implications of
nuclear autophagy will help elucidate the pathogenesis of mul-
tiple human diseases and will promote the development of

effective therapeutic strategies that involve
nuclear autophagy.

manipulating

Abbreviations

ATF apoptosis inducing factor, mitochondria associated

AoAtg Aspergillus oryzae Atg

ATG autophagy associated

ATM ATM serine/threonine kinase

ATR ATR serine/threonine kinase

BioGRID biological general repository for interaction
datasets

Cas9 CRISPR associated protein 9

CRISPR  clustered regularly interspaced short palindromic
repeats

CTNNBI1 catenin f 1

DAVID  the database for annotation, visualization and inte-
grated discovery

DNASE2  deoxyribonuclease II, lysosomal

EGFP enhanced green fluorescent protein

EMD emerin

ER endoplasmic reticulum

EYFP enhanced yellow fluorescent protein

FoAtg Fusarium oxysporum Atg

FOLR1 folate receptor 1

yH2AFX H2A histone family member X phosphorylated on
serine 139

GO gene ontology

GSK3B glycogen synthase kinase 3

HDACs  histone deacetylase

HSV-1 herpes simplex virus 1

Hsv2 homolog with Svpl

IGF1 insulin like growth factor 1

IKBKB inhibitor of kappa light polypeptide gene enhancer
in B-cells, kinase 8

IPA ingenuity pathway analysis

LC3B microtubule associated protein 1 light chain 3 8

LMNA lamin A/C

LMNBI  lamin Bl

LN late nucleophagy

MIR17 microRNA 17



MoAtg Magnaporthe oryzae Atg

NFKB nuclear factor kappa B

NR3C1 nuclear receptor subfamily 3 group C member 1
NV nucleus-vacuole

PMN piecemeal microautophagy of the nucleus

PND programmed nuclear death

PTEN phosphatase and tensin homolog

RPS19 ribosomal protein S19

SQSTM1 sequestosome 1

STAT3 signal transducer and activator of transcription 3
TOB1 transducer of ERBB2, 1

TP53 tumor protein p53

TP63 tumor protein p63

ULK1 unc-51 like autophagy activating kinase 1

WIPI1 WD repeat domain, phosphoinositide interacting 1.
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