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Review

The function of autophagy as a fundamental process of
preserving cell homeostasis

Nikolina Elez-Burnjakovi¢',
Lejla Pojskic?,

Sanin Haveric?,

Ajla Smajlovi¢? Summary

Autophagy is a dynamic process, conserved in all eukaryotes.
It is responsible for the degradation of cytoplasmic content.
Autophagy is crucial in cell survival and cell death. It plays a
significant role in the cell response to stress, nutrient deficien-
cies, embryonic development, tumor suppression, response to
pathogens and aging. The process of autophagy is also involved
in the pathology of human diseases, such as cancer, diabetes,
cardiomyopathy, and neurodegenerative diseases such as Alz-
heimer’s and Parkinson’s disease. Autophagy is a mechanism
that involves degradation of cells, proteins, damaged organelles
and pathogens through the lysosomal mechanisms, thus auto-
phagy supports cell survival during starvation, hypoxia and met-
abolic stress. However, if extensive and/or excessive, autophagy
can promote apoptosis (type I) or function as an alternative cell-
death pathway, called autophagic cell death (type Il). Autopha-
gy can either promote cancer cell death, or serve as a survival
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Introduction

Autophagy (Greek meaning ‘self-eating’) is a dynamic process, conserved in all eukaryotes.
It is responsible for the degradation of cytoplasmic content. It plays a significant role in the
cell response to stress, nutrient deficiencies, embryonic development, tumor suppression, re-
sponse to pathogens and aging. The process of autophagy is also involved in the pathology of
human diseases, such as cancer, diabetes, cardiomyopathy, and neurodegenerative diseases
such as Alzheimer’s and Parkinson’s disease.
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There are three types of autophagy: chap-
erone-mediated autophagy, microautophagy,
and macroautophagy. Chaperone-mediated
autophagy is present in higher eukaryotes,
where chaperones bind to a specific protein
leading to its unwinding and allowing it to pass
through the lysosome membrane [1]. In micro-
autophagy, the cytoplasmic content reaches the
lysosome or vacuole (in plants) by invagination.
However, autophagy mainly refers to the third
type, macroautophagy (hereinafter autophagy),
which is also the best studied [2].

The morphological characteristic of au-
tophagy is de novo formation of autophago-
somes, vesicles with a double membrane con-
taining cytosol and captured organelles. The
outer membrane fuses with the lysosome or
vacuole by releasing the vesicle with the inner
membrane into the lumen where the entire
contents are degraded [3].

The autophagy has gained a lot of inter-
ests since 3rd October 2016, when Yoshino-
ri Ohsumi was awarded the Nobel Prize in
Physiology or Medicine for discoveries of
mechanisms of autophagy. Approval of its
beneficial effects in various diseases led to the
wide autophagy fasting promotion. Howev-
er, contradictory data about the role of the au-
tophagy in cancer initiation and progression
emphasizes the importance of individual and
more careful approach in autophagy applica-
tions. The best evidence for the importance
and popularity of autophagy research are
publications. Since then, number of publica-
tion investigating autophagy rapidly increase
(2016 — 5482; 2017 — 6509; 2018 — 7198; 2019 —
8154; 2020 — 9158). Only, from the beginning
of 2021, 965 publications were published [4].

Autophagy function

Cell survival

During starvation, in lack of nutrients, which
lasts for hours, autophagy produces the nec-
essary amino acids, which are further used
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in several different ways. Within the first day
of starvation, glucose is produced in the liv-
er by gluconeogenesis, via lactate and amino
acids. Alanine is delivered to the liver from
peripheral tissues, primarily muscles, and is
converted to glucose via the glucose-alanine
cycle. Amino acids can further be used as an
energy source in the Krebs cycle. In the third
way, amino acids are used for intensive syn-
thesis of proteins necessary for the adaptation
of cells to starvation conditions. The greatest
mobilization of nutrients through autophagy
occurs during remodulating development, as
the body’s response to conditions (spore pro-
duction in yeast, multicellular association in
Dictyostelium discoideum, insect metamorpho-
sis). It should be emphasized that the produc-
tion of amino acids by autophagy is an acute
or urgent response, and can support cell sur-
vival for a short time. Little is known about
the role of autophagy in chronic starvation.
One of the most important roles of auto-
phagy is the removal of cytoplasmic contents.
Accumulation of abnormal proteins and de-
formed organelles in hepatocytes, karyomio-
cytes, and neurons lacking autophagy can
lead to neurodegeneration or tumorgenesis.
Accumulation of autophagosomes has been
observed in Alzheimer’s disease, polygluta-
mine recurrent disease (Huntington’s disease,
fragile X chromosome mental retardation,
bulbar muscular atrophy, myotonic dystro-
phy type 1) and Parkinson’s disease.
Autophagy can also serve as a transport
system from the cytoplasm to lysosomes/en-
dosomes or vacuoles. The best example is the
Cvt pathway in yeast. Autophagy is also used
to present endogenous class II major histo-
compatibility complex (MHC) antigens, which
are recognized by CD4 + T cells. Autophagy is
involved in the removal of pathogens (xeno-
phagy). Influenza antigen binds to LC3 and is
incorporated into autophagosome and is rep-
resented by MHC class II molecules. Dendrit-
ic cells, on the other hand, use the autophagy
pathway to recognize viral single-stranded
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RNA. Some of the toll-like receptors, the basic
molecules of innate immunity, are located on
plasma membranes, others on endosomes such
as TLR7, which recognizes viral single-strand-
ed RNAs and triggers an immune response, or
secretion of inflammatory cytokines transport-
ed by autophagy.

Packaging of cell contents into autoga-
phosomes, but without degradation, is an
important function of autophagy in cell sur-
vival. Autophagy can be caused by several
events, including stress ER. Autophagy is
thought to protect the cell by packaging ER in
autophagosome. When yeast cells are treated
with DTT or tunicamycin, autophagosomes
with parts of the ER appear in the cytoplasm
and still do not fuse with the vacuole. In this
way, the dissemination of toxins in the cell is
prevented. Although autophagy is involved
in the immune system, it has been observed
that some pathogens (Legionella pneumophila,
Coxiella burneti, Brucella abortus and Porphy-
romonas gingivalis) use autophagosomes to
protect against degradation, forming intracel-
lular niches for survival and replication. The
exact mechanism of this process is unknown.
A similar example was observed in mouse
hepatitis virus and picornavirus replication in
vacuoles of the origin of autophagosome [5].

Autophagic cell death

Based on morphological criteria, there are
three types of cell death, type I (apoptosis),
type II (autophagy) and type III (necrosis) [6].
Autophagic cell death refers to a form of cell
death that is morphologically different from
apoptosis and is the result of excessive auto-
phagy, respectively the presence of autopha-
gosomes in a dying cell [7]. It is commonly
described during embryogenesis, in order to
maintain homeostasis, in diseased tissues,
and in cell lines treated with chemotherapeu-
tics or other cytostatics. In apoptosis (type I
cell death), the cytoskeleton collapses in early
stages, and the organelles remain preserved
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until late stages of apoptosis. In autophagy
(type II cell death), there is degradation of
organelles in early stages, but preservation of
the cytoskeleton until later stages. Cell death
by apoptosis is regulated by cascade reactions
of caspases and DNA fragmentation, while in
autophagy these processes occur late or not at
all. Unlike necrosis, there is no inflammatory
response [8].

However, an increased number of auto-
phagy markers, such as the number of auto-
phagosomes, does not necessarily mean an
increased autophagic flux, but may be the
result of blocking the maturation of the au-
tophagosome (lysosome fusion), and if auto-
phagic flux in a dying cell is indeed increased,
it may be an attempt to save cells from death.
Therefore, the true significance of autophagic
cell death would be cell death by autophagy,
not cell death in parallel with autophagy [9].

Shen and Codogno (2011) [10] proposed
a new definition of autophagic cell death, ac-
cording to which autophagic cell death is a
form of necrosis in which autophagy serves
as a mechanism of cell death and must meet
the following criteria:

® Cell death without apoptosis mecha-
nisms, such as caspase activation;

¢ Increased autophagic flux is not just the
autophagy marker;

* Suppression of autophagy by pharma-
cological inhibitors and genetic block-
ing eliminates cell death [9].

* On the other hand, autophagy can
serve as a mechanism of cell death by
promoting apoptosis, respectively auto-
phagic cell death due to excessive cell
degradation.

Autophagy and apoptosis

Autophagy and apoptosis occur when cells
are under stress. Under certain circumstanc-
es, these are two independent processes, but
in others, the activation of autophagy inhibits
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apoptosis or autophagy occurs before apop-
tosis. Regulators of apoptosis, members of
the Bcl-2 family, caspase 8, and FADD can
regulate autophagy, and proteins involved in
autophagy such as Atg5, beclin 1, and Atg4D
play a role in apoptosis, suggesting the over-
lapping of these two processes. Normally, au-
tophagy precedes apoptosis and maintain cell
homeostasis, but is often described as a type
II cell death known as autophagic cell death,
thus acting as a guardian or executor of apop-
tosis depending on the environment.

The best example of the molecular over-
lap between the regulation of apoptosis and
autophagy is the interaction of the autophagy
protein beclin 1 and the anti-apoptotic pro-
tein Bcl-2. Binding of these two proteins in-
hibits both processes at the basal level. Under
normal conditions, Bcl-2 inhibits beclin 1, and
during stress they separate and further stimu-
late autophagy [10]. Nutrient deficiency acti-
vates JNK 1 (C-Jun N-terminal protein kinase
1) which phosphorylates the Bcl-2 regulatory
loop and then terminates the interaction with
beclin 1. Released beclin 1 triggers autopha-
gy. Phosphorylated Bcl-2 interacts with Bax
maintaining the integrity of the mitochondri-
al membrane preventing apoptosis. However,
prolonged starvation causes JNK1-mediated
Bcl-2 hyper-phosphorylation, leading to Bax
dissociation and caspase-3-mediated apopto-
sis activation [11].

As in apoptosis, caspases are involved in
the regulation of autophagy [12,13]. Caspases
cleave beclin 1, Atgs and p62 which inhib-
it autophagy. Caspase 8 inhibits autophagy
by cleaving Atg3. In the absence of caspase
8 cleavage, excessive autophagy occurs in T
cells [14]. Caspase 9, involved in the intrinsic
apoptosis pathway, induces autophagy by in-
creasing LC3 lipidation through interaction
with Atg7 [12,15]. Caspase 3 cleaves beclin 1
to form two fragments of 37 and 35 kDa with
C-terminus and N-terminus. Beclin 1 with
N-terminus is localized on the nucleus, and
beclin 1 with C-terminus on the mitochon-
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dria, leading to the release of cytochrome c
and apoptosis [16].

The role of autophagy in tumors

In normal cells and tissues, autophagy plays a
complex role. Lack of autophagy is thought to
contribute to many diseases, including neu-
rodegenerative diseases and aging. Previous
work has shown that it suppresses initiation,
but promotes tumor progression [17].

Autophagy as a tumor suppressive
mechanism

Autophagy has an anti-inflammatory role [18],
removes inflammasomes (responsible for the
secretion of inflammatory interleukin-1f3 and
intreleukin-18), damaged mitochondria [19].
It is associated with inhibition of a number
of pro-inflammatory signals [20]. Lack of au-
tophagy causes oxidative stress and genomic
instability, an inflammatory microenviron-
ment, favorable conditions for malignant
transformation and progression. Chronic in-
flammation, as a result of lack of autophagy
due to mutation of Thr300Ala on ATG16L1
gene, is present in Crohn’s disease. Patients
with Crohn’s disease have an increased risk
of developing cancer in areas of inflammation
because the cells are more susceptible to in-
tracellular bacterial infection, which leads to
chronic inflammation, tissue damage and an
increased risk of tumorgenesis [21].

Mutation of AMBRAI, Atgb and Atg7 gene in
mice leads to the development of benign neo-
plasms [22,23].

An increase in oxidative stress activates nu-
clear factor, erythroid-2-like 2 (NRF2), which
can stimulate tumor growth [24]. Loss of au-
tophagy in the liver is toxic, causing chronic
hepatocyte death and inflammation process-
es leading to the development of liver tumors
[25]. P62 deficiency reduces toxicity and tu-
morigenesis caused by lack of autophagy.
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Increased expression of p62 promotes oxida-
tive stress and tumor growth. It is not known
how p62 contributes to tumorigenesis, a giv-
en protein is involved in several oncogenic
signaling pathways through which it can af-
fect, such as NRF2, mTOR and NF-kB [26].

It is involved in maintaining metabolic
homeostasis, removing non-functional mito-
chondria involved in tumor cell metabolism
[20].

Autophagy suppresses tumorigenesis by
preventing viral and bacterial infections. Can-
cer-causing pathogens, such as hepatitis B virus,
human herpes virus, human papillomavirus
types 16 and 18, Epstein-Barr virus, Helicobacter
pylori, Streptococcus bovis, Salmonella enterica, and
Chlamydia pneumoniae, after infection, activate
xenophagy, which removes pathogens and trig-
gers a specific immune response [18].

These facts indicate that autophagy, by
preserving homeostasis, helps prevent malig-
nant transformation.

The role of autophagy in tumor
promotion

Autophagy plays a contradictory role in tu-
mors. Although it suppresses tumor promo-
tion and certain aspects of tumorigenesis, au-
tophagy contributes to the survival of estab-
lished tumorsinresponse to stress. Tumor cells
depend on autophagy significantly more than
normal cells. Due to increased nutrient con-
sumption and increased proliferation rates,
tumor cells suffer from metabolic stress and
hypoxia, and increased basal autophagy pro-
tects them from apoptosis and necrosis [27].
It also helps in the late stages of tumor pro-
gression, dissemination and metastasis. Sep-
aration of cells from the extracellular matrix
induces autophagy in epithelial cells, which
protects them from cell death called anoikis,
and allows metastasis [28]. Autophagy helps
metastasis and secretion of cytokines, such
as the proinvasive cytokine IL6, which is nec-
essary for invasion [29]. Autophagy protein
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degradation in stellate cells helps the metab-
olism of tumor cells by secreting amino acids,
primarily alanine, whose carbon tumor cells
are used for the Krebs cycle. And other carbon
sources such as glucose are used to synthesize
serine, which in many types of tumor cells is
used to produce nucleotides [30]. Inhibition
of autophagy blocks cell migration and inva-
sion in vitro and reduces metastasis in vivo,
as shown by research on GEMM (genetical-
ly engineered mouse model) for hereditary
breast cancer [31]. Defects in the autophagy
signaling pathway usually limit the prolifer-
ation, invasion, and metastasis of malignant
cells [20]. In K-ras lung and pancreatic can-
cers, loss of autophagy directs tumor progres-
sion to benign neoplasm, through increased
p53 activity. In GEMM lung cancer, the Atg7
deletion redirects the pathological path from
carcinoma to benign oncocytomas, or tumors
that accumulate damaged mitochondria [22].
Since damaged mitochondria are the main
substrate of autophagy, this points to the fact
that benign tumors actually have defects in
autophagy [32].

The importance of autophagy in the
treatment of tumors

Pharmacological inhibitors such as 3-meth-
yladenine (3-MA), baphilomycin Al (BafA)
and chloroquine (CQ) are used in clinical
studies to inhibit autophagy. 3-MA is a class
III PI3K inhibitor, Vps34, and inhibits auto-
phagy in the early stages of autophagosome
isolation membrane formation. BafA prevents
the function of lysosomes, and blocks the late
phase of autophagy, the degradation of auto-
phagosomes. CQ as a weak base increases the
lysosomal pH value, also blocking the degra-
dation of the contents. Although these inhib-
itors are effective, none of them are specific
for autophagy, they also participate in other
cellular processes such as endocytosis, intra-
cellular transport and lysosome production.
Therefore, the use of inhibitors, which aim at
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specific molecules of the autophagy signaling
pathway, is suitable for studying the thera-
peutic effect of inhibiting autophagy.

So far, the use of autophagy inhibitors
together with other chemotherapeutics has
been shown to be effective in eliminating tu-
mor cells. Imatinib (Gleevaec), a tyrosine ki-
nase inhibitor that inhibits BCR/ABL, is con-
ventionally used to treat chronic myeloid leu-
kemia (CML). However, its use leads to CML
stem cell resistance and relapse in patients.
The combined use of imatinib with CQ signifi-
cantly leads to the death of tumor cells in as
many as three different stages of the disease,
in newly diagnosed patients, in patients who
use only imatinib and in patients with imati-
nib resistance. Similar results were achieved
with RNA interference of the ATG5 and ATG7
genes, directly linking the inhibition of auto-
phagy with tumor cell death. Studies of the
combined use of CQ with chemotherapeu-
tics, performed on other tumor models, have
shown that inhibition of autophagy causes
p53-mediated apoptosis and tumor regres-
sion [33].

Also, recent studies have shown that
A9-tetrahydrocannabinol (THC) causes auto-
phagy in glioma cells, which indirectly caus-
es their death by promoting apoptosis. THC
causes endoplasmic reticulum stress and in-
hibits the AKT/mTOR pathway. Inhibition of
autophagy or apoptosis prevents cell death,

Funding source. The authors received no specific funding
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which indicates the interdependence of the
two processes [34]. Coordination of autoph-
agy and apoptosis has been shown to be nec-
essary for efficient melanoma cell death in in
vitro and in vivo studies. Inhibition of autoph-
agy with BafA, CQ, or ATG5 deletion or treat-
ment with caspase inhibitors suppresses cell
death suggesting that induction of autophagy
is necessary for later activation of apoptosis
[35].

Conclusion

Autophagy is associated with many human
diseases, including neurological, autoim-
mune, infectious diseases, metabolic disor-
ders, and cancer. However, the largest num-
ber of clinical trials related to autophagy are,
clinical trials of cancer, which involve the
inhibition of autophagy. Studies have shown
that autophagy plays a key role in suppress-
ing tumor initiation, but also that it helps tu-
mor cell progression and metastasis. There-
fore, autophagy both promotes and inhibits
tumor growth, and the role of autophagy in
cancer therapy depends on the context and
should not be generalized. On the other hand,
autophagy has a protective role in normal tis-
sues and its deficiency results in neurodegen-
erative and metabolic disorders, i.e. it is toxic
to normal tissues.

Conflicts of interest. The authors declare no conflict of in-
terest.
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Funkcija autofagije kao osnovnog procesa o¢uvanja celijske homeostaze
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Autofagija je dinamican proces, ocuvan kod svih eukariota. Odgovorna je za razgradnju citoplaz-
matskog sadrzaja. Autofagija je presudna u celijskom prezivljavanju i ¢elijskoj smrti. Ima znacajnu
ulogu u reakciji ¢elije na stres, nedostatku nutrijenata, embrionalnom razvoju, suzbijanju tumora,
odgovoru na patogene i starenje. Proces autofagije takode je ukljucen u patologiju humanih bole-
sti, poput tumora, dijabetesa, kardiomiopatije i neurodegenerativnih bolesti poput Alzheimerove i
Parkinsonove bolesti. Autofagija je mehanizam koji ukljucuje degradaciju celija, proteina, ostec¢enih
organela i patogena putem lizozomskih mehanizama, pa tako autofagija omogucava prezivljavanje
Celije tokom gladi, hipoksije i metaboli¢kog stresa. Medutim, ako je opsezna i/ili prekomjerna, auto-
fagija moze promovisati apoptozu (tip 1) ili funkcionisati kao alternativni put ¢elijske smrti, koji se na-
ziva autofagna celijska smrt (tip Il). Autofagija moze promovisati smrt ¢elija karcinoma ili sluZiti kao
mehanizam prezivljavanja protiv apoptoze ili nekroze izazvane raznim tretmanima protiv tumora. S
obzirom na kontradiktornu ulogu autofagije tokom inicijacije i progresije tumora, upotreba autofa-
gije u terapiji zavisi od konteksta i mora joj se pristupiti individualno.

Kljuéne rijeéi: autofagija, Celijsko preZivljavanje, ¢elijska smrt, tumor
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