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Regulated cell death (RCD) encompasses different active
forms of cell death ranging from apoptosis to necrosis or
autophagy that are governed by distinct and highly sophisti-
cated molecular pathways. An event intimately associated
with RCD and RCD-associated pathologies, such as neurode-
generative or proliferative disorders, is redox homeostasis. A
better understanding of how a cell responds to RCD induced
by oxidative stress will undoubtedly uncover novel adaptive
stress strategies, thereby providing more insights towards
pro- or anti-RCD therapies.

This special issue unites 7 reviews and 5 original research
articles. Various eukaryotic cell systems are discussed and
include yeast, pathogenic fungi, zebrafish, and cancer cells.
To uncover the complex network of the different and often
interwoven RCD pathways and their association with oxida-
tive stress, as well as for drug discovery purposes, lower
eukaryotic cell model systems, including the budding yeast
Saccharomyces cerevisiae, are used. In addition, due to the
high conservation of RCD-related cellular processes, yeast
can be used to study human pathologies caused by deviations
in RCD. Moreover, the analysis of cell death routes solely
present/induced in yeast and other fungi might point to
novel therapeutic strategies to combat fungal infections.

To set the scene, K. F. Cooper describes the interplay
between autophagy and apoptosis, thereby focusing in
particular on the role of reactive oxygen species (ROS) in
these processes. In addition, the molecular mechanisms

underlying the induction and execution of RCD upon diverse
types of stress and their association with oxidative stress have
been addressed. Natural RCD-inducing scenarios such as
ageing or disease have been considered as well as RCD induc-
tion upon challenge with external toxins. K. Mohammad
et al. contributed with a relevant and timely review to the
mechanisms of the liponecrotic mode of RCD induced by
exogenous palmitoleic acid in the yeast S. cerevisiae. This
review integrates liponecrotic RCD in different RCD
scenarios, including age-related cell death modalities. In
this respect, M. R. Yeaman et al. also provided a review
on novel antifungal peptides that induce RCD in pathogenic
fungi. Given the increasing impact of fungal infections on
society due to the increasing emergence of resistance
development and the relatively small armoury of antifungal
compounds, antifungal agents that induce fungal cell death
via a novel mode of action are of high relevance. Moreover,
D. Wilkinson et al. contributed an original research article
demonstrating that spatio-temporal metabolic differentiation
within yeast colonies of different ages exists. They based their
research on a comprehensive transcriptomic analysis and
found that crucial metabolic reprogramming events arise
during colony ageing, thereby supporting a role for mito-
chondria in this differentiation process. D. Wilkinson et al.
also provided a review on the relevance of long noncoding
RNAs (lncRNA) in differentiated subpopulations of yeast
colonies and biofilms. Different cell types differ in their
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complements of lncRNA, which target diverse functional
categories of genes in different cell subpopulations and
specific colony types. These contributions highlight how
S. cerevisiae colonies have become an excellent model for
studying various aspects of microbial multicellularity,
including cell differentiation and communication. In an
original contribution, R. Zadrag-Tecza et al. used S. cerevisiae
to study the impact of increased cell size on replicative
ageing. An analysis of yeast cells harbouring differing
genome copy numbers, ranging from haploid to tetraploid,
provides evidence for a correlation between an increase in
cell volume achieved via additional genome copies and the
reproductive as well as the postreproductive lifespan.

Besides that, analysis of adaptive stress strategies or
tolerance mechanisms elicited by different organisms under
RCD stress or oxidative stress in general is of great interest.
This knowledge can be exploited to develop effective combi-
nation therapy. In this respect, K. Vriens et al. contributed a
study on the tolerance mechanisms that are induced by
amphotericin B in yeast and in the human pathogen Candida
albicans using a microfluidics platform. They show that the
fungicidal action of amphotericin B can be increased by
inhibiting the nitric oxide-dependent tolerance pathway via
the NO synthase inhibitor L-NAME. This resulted in a fungi-
cidal combination treatment based on AMB and L-NAME.

Redox homeostasis and cell death were also addressed
in different diseases and models with therapeutic aims.
M. Cobbaut and J. Van Lint discussed the role of protein
kinase D (PKD) isoforms as regulators of the oxidative
stress response. They highlight the differential activation
of the specific PKD isoforms upon increased oxidative
burden and the signaling pathways mediating their down-
stream effects as well as their isoform-specific characteristics.
H. Gu et al. provided a review on the occurrence of radiore-
sistance in gastric cancer, which is one of the primary causes
responsible for therapeutic failure and recurrence of cancer
and linked to ROS. In an original contribution, A. A. Kulk-
arni et al. used a transgenic nitroreductase-expressing zebra-
fish model treated with the prodrug metronidazole to
demonstrate that ROS can be generated in a beta cell-
specific manner. This hybrid chemical/genetic approach
allows monitoring of ROS generation in beta cells in situ,
and its manipulation, for instance by antioxidants, is shown
to be protective for beta cells under conditions of elevated
ROS production.

P. Davalli et al. contributed with a review on the DNA
damage response (DDR) as a target for oxidative-based
cancer therapy. DDR is deeply affected and sensitive to redox
homeostasis since ROS regulate several enzymes of this
repair pathway. The authors reviewed mechanisms contrib-
uting to ROS homeostasis, the ROS-sensitive proteins in
DDR, and how DDR could be targeted in cancer therapy by
using DDR inhibitors combined with ROS-inducing drugs.
In an original article, S. V. Kostyuk et al. analysed the
response of several human cell types to cell-free DNA
differing in GC content and grade of oxidation. They provide
insights into the different expression patterns of the tran-
scription factors NF-κB and NRF2 following treatment
with distinct DNA species. While oxidized cell-free DNA

elicited a very fast and intense inflammatory response,
often leading to apoptosis, nonoxidized species rich in GC
rather triggered a weaker response, promoting cell survival
possibly via hormesis.

In conclusion, this special issue will provide more
insights into RCD and into tolerance mechanisms elicited
in cells experiencing RCD. Such information can prove
very valuable in designing novel (combinatorial) pro- or
anti-RCD therapies.
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Autophagy is a widely conserved catabolic process that is necessary for maintaining cellular homeostasis under normal
physiological conditions and driving the cell to switch back to this status quo under times of starvation, hypoxia, and oxidative
stress. The potential similarities and differences between basal autophagy and stimulus-induced autophagy are still largely
unknown. Both act by clearing aberrant or unnecessary cytoplasmic material, such as misfolded proteins, supernumerary and
defective organelles. The relationship between reactive oxygen species (ROS) and autophagy is complex. Cellular ROS is
predominantly derived from mitochondria. Autophagy is triggered by this event, and by clearing the defective organelles
effectively, it lowers cellular ROS thereby restoring cellular homeostasis. However, if cellular homeostasis cannot be reached, the
cells can switch back and choose a regulated cell death response. Intriguingly, the autophagic and cell death machines both
respond to the same stresses and share key regulatory proteins, suggesting that the pathways are intricately connected. Here, the
intersection between autophagy and apoptosis is discussed with a particular focus on the role ROS plays.

1. Introduction

Autophagy was discovered in 1963 as a lysosome-mediated
degradation process for nonessential or damaged cellular
constituents [1]. Since then, work pioneered in yeast [2, 3]
has revealed that this widely conserved catabolic process is
both highly regulated and a crucial integration point in cell
physiology, [4, 5]. There are three main autophagic pathways
that have been shown to coexist in mammalian cells called
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). Macroautophagy involves the formation
of a doubled membrane structure called the autophagosome
that fuses with the lysosome thereby transferring its luminal
content for degradation [6]. Microautophagy refers to the
process where cytosolic proteins are directly engulfed by
the lysosome [7]. CMA, as its name suggests, utilzes cyto-
solic chaperones to deliver proteins to the surface of the
lysosomes whereupon they unfold and cross the lysosomal
membrane [8].

The subject of this review is the highly conserved
process of macroautophagy, which here on out will be

referred to as “autophagy.” Although more nuanced in
higher eukaryotes, many of the AuTophaGy (Atg) genes
and processes (outlined in Figure 1) initially defined in yeast
are conserved [9, 10]. This significant body of work has also
resulted in many different types of selective autophagy being
identified. For example, mitophagy, pexophagy, and lipo-
phagy represent the lysosomal degradation of mitochondria,
peroxisome, and lipids, respectively. Given this wide range of
substrates, understanding the molecular details of how the
various components are both recognized and processed is
now at the forefront of autophagy research [9]. Unfortu-
nately, the recent explosion of published studies has also
led to considerable terminology confusion. For example, the
term canonical and noncanonical autophagy has been widely
used in the literature to describe autophagy events that use
different molecular signatures [11–13]. Recently, leaders in
the field have reached a consensus on what these signatures
should be called [10].

As stated above, autophagy maintains cellular homeosta-
sis under normal physiological conditions and in response to
exogenous stimuli. Increased levels of intracellular reactive
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oxygen species (ROS) which arise predominantly from defec-
tive mitochondria also trigger autophagy. In turn, the
increased autophagic flux drives down ROS by the consump-
tion of damaged organelles (Figure 2). Thus, excess ROS
upregulates autophagic flux, and in turn, this catabolic cellu-
lar process restores physiological ROS levels. As such,
stimulus-induced autophagy underlies and sustains an adap-
tive response to stress with cytoprotective functions. How-
ever, when the levels of ROS become overwhelming, a
nonautophagic regulated cell death (RCD) response is initi-
ated suggesting that autophagy and RCD pathways are
tightly linked [14]. How this switch is made is presently
unclear. In this review, the relationship between ROS,
autophagy and cell death are discussed. In addition, current
knowledge about the crosstalk between autophagy and apo-
ptosis is also reviewed. Lastly, cell death pathways have also
been through a recent nomenclature classification [15]. For
the purposes of this review, the type of RCD pathway will
be referred to by its subtype. Thus, when referring to apopto-
sis, unless specified differently, I will be referring to both
intrinsic and extrinsic mechanisms.

2. The Process of Autophagy

The word autophagy is fittingly derived from the Greek
words for self (auto) and eating (phagy). It is a multistep cat-
abolic process acting as a critical cellular response to nutrient
and oxygen deprivation. Thereafter, free amino acids, free
fatty acids, and ATP are recycled back into the cytoplasm
for biomolecule synthesis. In mammals, there are five key
control points, namely, initiation, nucleation, elongation,
and lysosomal fusion and degradation of autophagosome
contents. These stages are outlined in Figure 1, and the reader
is referred to many excellent and recent reviews that provide

more details on the role individual proteins play [16–18]. In
short, initiation of the preautophagosomal membranes,
which can be derived from the endoplasmic reticulum (ER)
[19], begins with the activation of the ULK1 kinase complex.
This complex is activated by cellular stress via mTORC inhi-
bition and/or AMP-activated protein kinase (AMPK) activa-
tion [20]. ULK1 phosphorylates Atg13 and Fip200 to form an
ULK1/2-mAtg13-Fip200 complex that is stabilized by Atg10
[16]. ULK1 activation promotes the recruitment of a multi-
protein complex with class III phosphatidylinositol 3-kinase
(PI3K) activity. This complex consists of 4 proteins which
are scaffolded by Beclin-1, whose role upon release from
the antiapoptotic protein Bcl-2, is to activate the vacuolar
sorting protein Vps34 [21]. Maturation of the growing
autophagosome membrane requires the complexes to recruit
two ubiquitin-like conjugation systems. Both these systems
involve the E1-like Atg7 [22, 23] which initiates the conjuga-
tion of LC3 with phosphatidylethanolamine (LC3/PE) and
Atg5 with Atg12. Incorporation of these complexes into the
autophagosome membrane is an essential process. Likewise,
Atg4, the protease that cleaves and thereby activates LC3, is
required the formation of the LC3-PE complex [24]. To
end the program, the autophagosome fuses with the lyso-
some to form the autophagolysosome. The SNARE protein
Stx17 [25] is essential for this process. Upon completion,
the contents of the autophagosomes are degraded by the lyso-
somal hydrolases producing amino acids and lipids for pro-
tein and other macromolecular synthesis and metabolism.

In the past decade, the molecular mechanisms by which
cargos are identified and consequently sequestrated within
autophagosomes have been revealed. Best understood is the
role the adaptor protein p62 plays in mitophagy. Here, p62
binds to defective and surplus mitochondria that are marked
by ubiquitin thereby entrapping them in the autophagasome

Figure 1: Schematic overview the five stages of the autophagy pathway. The execution point of where known pharmacological inhibitors act
are written in purple. See text for details.
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by binding to the autophagosome marker protein LC3
[26–28]. More recently, other selective autophagy receptors
which include Nbr1, Ndp52, Vcp, and Optineurin have
been characterized and the reader is referred to recent
reviews for more detailed information [29, 30].

3. ROS Balance

How cells decide to switch from cellular homeostasis to
apoptotic pathways upon ROS stress is not well understood.
Understanding this is critical, as many types of cancers, espe-
cially established tumors, have adopted enhanced autophagy
as a mechanism to survive in unfavorable environments. As a
result, autophagic inhibition represents a new therapeutic
tool to drive cells into regulated cell death (RCD) pathways
[31]. However, a caveat to this approach is that, although
rare, in some contexts, components of the autophagy
machinery are used in autophagic cell death pathways [15,
17, 32]. Autophagic cell death is another area that has
recently been redefined, the details of which are beyond the
scope of this current review [10]. That being said, this reclas-
sification is important as many reported studies of autopha-
gic cell death may be due to defective apoptotic machinery
[33]. However, autophagic cell death, although rare, does
exist and is classified as an event that has to be retarded by
pharmacological or genetic inhibition of autophagy. Given
the fact that multiple components of the macroautophagy
machinery have autophagy-independent functions ([34]
and see below), it is recommended that before etiologically
attributing a cell death event to macroautophagy, the
involvement of at least two different proteins of the macroau-
tophagy apparatus is shown to be required [10]. To date,
three types of autophagic cell death have met with these more
stringent criteria, autosis, ferroptosis, and more recently
necroptosis [17, 35, 36]. Paradoxically, the loss of autophagy
also contributes to de novo tumor formation, as autophagy is
required to remove genotoxic materials that prevent malig-
nant transformations [15]. Consistent with this hypothesis,
mouse models of oncogene-driven caners with defective
autophagy display accelerated tumor development. However,
the tumors were benign and autophagy was essential for the

progression to a more malignant state [33]. The favored
model from these studies is that autophagy inhibits the initi-
ation of tumorigenesis but promotes the survival of estab-
lished tumors [37]. More recently, however, in certain
contexts, the presence or absence of p53 and key Atg proteins
dictates tumor growth in certain K-Ras-driven mouse models
[38]. Thus, the relationship between autophagy, tumor sup-
pressor genes, and oncogenes certainly warrants future
studies.

3.1. ROS. ROS is classified as a heterogeneous group of
molecules generated naturally in cellular metabolism from
diatomic oxygen [39]. The group includes the highly reac-
tive free oxygen radicals (superoxide anion O2

−, hydroxyl
radical OH−) and the stable ‘diffusible’ non-radical oxi-
dant, hydrogen peroxide (H2O2). Their formation begins
with the univalent reduction of oxygen to produce super-
oxide radical O2

− (see Figure 3). This predominantly
occurs in the mitochondria as a result of electron leakage
during normal respiration in the electron transport chain
[40]. O2

− is also produced from other sources: in
peroxisomes through β-oxidation of fatty acids and flavin
oxidase activity [41]; in the endoplasmic reticulum (ER)
from protein oxidation of molecular oxygen [42]; and by
enzymatic reduction of molecular oxygen with xanthine/
xanthine oxidase, uncoupled nitric oxide synthases (NOS),
cytochrome P-450 isoforms, and NADPH-dependent oxi-
dases (NOXs) being key contributors [39]. As O2

− is highly
reactive with the ability to convert to the toxic OH− radical,
it is rapidly converted to the more stable and membrane-
diffusible ROS H2O2 [43]. This occurs either spontaneously
or through the actions of superoxide dismutases (SOD1 and
SOD 2 [44]).

3.2. Antioxidants. How cells process intracellular H2O2 is
intricately linked to their cell fate. It can be converted to
water (ROS detoxification) or the genotoxic hydroxyl radical
by different enzymes. Lastly, it can be used as a signaling mol-
ecule in a process coined redox signaling (Figure 3). ROS
detoxification is executed by a variety of enzymes, the key
players being catalase, glutathione peroxidases (GPXs),
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Figure 2: Diagram showing the closely linked relationship between ROS levels, autophagy, and apoptosis. See text for details.
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peroxiredoxins, glutathione peroxidases (GSH-Px or GPx),
and thioredoxin (TXN). Whilst PRXs are associated with
H2O2 scavenging, the GPX family of proteins (GPX1–8) cat-
alyzes the reduction of H2O2 to H2O by oxidizing reduced
glutathione (GSH) to glutathione disulfide (GSSG). Consis-
tent with this, GSH oxidation to GSSG results in intracellular
redox imbalance which is reflected by a decreased GSH:GSSG
ratio [45]. Other antioxidants are vitamin C, vitamin E, and
carotenoids. Conversion of H2O2 to the damaging free
hydroxyl radicals occurs by the Fenton reaction where free
iron (Fe2+) reacts with H2O2. This insoluble radical has
strong oxidizing potential and causes irreversible oxidative
damage to virtually any cellular macromolecules within the
vicinity of their production [46, 47]. Thus, cellular levels of
H2O2 and OH

− are maintained by a balance between oxidant
and antioxidant responses.

3.3. Role of Transcription Factors. The transcription factor
Nrf2 (nuclear factor erythroid 2-related factor 2) [48] plays
a key role in both ROS detoxification, prevention of OH−

production, and redox balance [49]. Following exposure
to oxidants or electrophiles, Nrf2 accumulates in the
nucleus where it upregulates four groups of genes encod-
ing detoxification and antioxidant enzymes. These include
those needed for the biosynthesis and maintenance of
GSH [50], cytosolic thioredoxin (TXN), thioredoxin reduc-
tase (TXNRD), and sulfiredoxin (SRXN), all of which
reduce oxidized protein thiols [51]. In addition, genomic
studies have revealed that Nrf2 regulates over 600 genes
[52] including those required for inhibition of inflammation
and the repair or removal of damaged proteins. This has
resulted in Nrf2 being named “the master regulator of antiox-
idant responses” [53]. As befitting this principal role, Nrf2

itself is tightly controlled by ubiquitin-mediated proteolysis
which is inhibited following oxidative stress (see below for
details) [54].

Worth mentioning is that Nrf2 indirectly helps to mod-
ulate ROS levels by regulating free Fe(II) homeostasis. This
is achieved by the upregulation of genes encoding members
of the ferritin complex, which detoxifies Fe(II) by convert-
ing it into Fe(III). This complex also sequesters iron within
its own structure that prevents it from being accessed by
the Fenton reaction, thus reducing the production of
OH− radicals from ROS [55, 56]. Given this role, it comes
as no surprise that iron excess can significantly promote
tumorigenesis [57, 58]. This has led to the emergence of
using iron chelation or transferrin receptor-neutralizing
antibodies, to treat cancer [59]. However, the molecular
mechanisms by which iron excess promotes tumorigenesis
remain unclear. Recently, the tumor suppressor p53 was
identified as a protein that can ligate the heme iron using
one cysteine side chain. This promotes p53 nuclear export
and degradation by ubiquitin-mediated proteolysis [60].
Lastly, although beyond the scope of this review, it is impor-
tant to mention that other transcription factor families, for
example, Forkhead box O (FoxO) and nuclear factor-κB
(NF-κB), also regulate antioxidant gene expression [53].

4. ROS as a Signaling Molecule

Since the 1990's, the model that cellular oxidant production
is inherently damaging has been replaced by a more com-
plex scenario in which regulated oxidant production func-
tions as important physiological regulators of intracellular
signaling pathways [61]. These include cellular proliferation
and differentiation as well as stress-responsive programs
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Figure 3: Schematic illustration of the mechanism involved in reactive oxygen species (ROS) formation and elimination. Endogenous forms
of ROS arise from NADPH oxidase (NOX) as well as the organelles shown. The cytosolic superoxide (O2

−) is converted into hydrogen
peroxide (H2O2) by superoxide dismutase (SOD). H2O2 has three fates. It can be detoxified to water by glutathione peroxidase (GPX)
peroxiredoxin (PRx), thioredoxin (TRX), and catalase (CAT). The reduced form of glutathione (GSH) promotes this reaction whereas
oxidation to glutathione disulfide GSSH results in intracellular redox. H2O2 can be converted to the cytotoxic hydroxyl radical (OH−) via
the Fenton reaction resulting in irreversible damage to lipids, proteins, and DNA. Lastly, H2O2 can also be used as a signaling molecule by
oxidizing critical thiols within proteins to regulate numerous biological processes.
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[62]. This posttranslational modification is achieved by
H2O2-mediated oxidation of reactive cysteine residues
found within redox-sensitive signaling proteins. Importantly,
this reaction, in which the sulfhydryl group undergoes
deprotonation and oxidation, is reversible being easily
reduced back to reduced cysteine by either enzymatic systems
(thioredoxin/thioredoxin reductase system) or nonenzy-
matic reactions (thiol/disulfide exchange). This reversibility
provides the on/off switch, a character of that is essential
for signaling. An emerging theme is that antioxidant pro-
teins also actively participate in redox signaling [61]. For
example, they catalyze the reduction of oxidized proteins
as well as binding to signaling intermediates thereby activat-
ing downstream effectors such as p38 MAPK and the c-Jun
N-terminal kinase (JNK) [61]. However, when ROS levels
cannot reach homeostasis, the reversible SOH derivative
can be hyperoxidized to the irreversible and damaging
SO2H derivative [63].

Given the potential of this posttranslational modification
to affect a wide range of cellular processes, large-scale prote-
omic approaches have been used to identify proteins that
potentially possess modulatory cysteine residues [64–66].
The results identified many phosphatases that are well estab-
lished signaling molecules [67, 68]. A more recent study has
identified that many mitochondrial proteins contain poten-
tially reactive cysteines [69]. Intriguingly, apart from the pro-
tease Atg4, no other autophagy proteins were identified in
these screens. However, two groups have proposed that the
superoxide acts as a signal to activate mitophagy by depolar-
izing the mitochondrial inner membrane. These depolarized
mitochondria become fragmented and recruit Park2, the
mitophagy E3 ubiquitin ligase [70, 71].

5. RNS as a Signaling Molecule

Although not the subject of this review, in addition to ROS,
cells contain reactive nitrogen species (RNS) mostly in the
form of nitric oxide (NO−). Nitric oxide is generated by
the mitochondria and acts as a cell signaling molecule in
many physiological processes including mitochondrial bio-
genesis and bioenergetics [72, 73]. NO− itself is not highly
toxic as it is efficiently removed by its rapid diffusion
through tissues into red blood cells, where it is converted
to nitrate by reaction with oxyhemoglobin [74]. However,
when both superoxide O2

− and NO− are synthesized within
a few cell diameters of each other, they will combine spon-
taneously to form peroxynitrite (ONOO−) that can mediate
cellular damage in a wide range of conditions [75]. Small
amounts of peroxynitrite may also spontaneously decom-
pose to yield NO2

− and the hydroxyl radical [76]. Similar
to ROS, RNS can add posttranslational modifications to
proteins by S-nitrosylation of reactive cysteines [77]. Impor-
tantly, Drp1, the GTPase that regulates mitochondrial fis-
sion, is posttranslationally modified in such a manner
[78]. In addition, several proteins that bind to the core fis-
sion/fusion proteins also contain redox-sensitive motifs
[79]. Taken together, this data suggests that RNS and ROS
both regulate mitochondrial morphology via posttransla-
tional modification.

6. Direct Effect of ROS on Autophagy

It is well established that ROS can induce autophagy, as this
is a major mechanism used to exsanguinate superfluous cel-
lular ROS. In turn, autophagy drives down the levels of ROS
as it consumes damaged mitochondria, the major source of
ROS. This “pas de deux” represents a finely tuned negative
feedback mechanism by which autophagy eliminates the
source of oxidative stress and protects the cell from oxida-
tive damage. Increased intracellular ROS that is accompa-
nied with increased autophagic flux is triggered by many
factors including starvation, hypoxia, TNFα (tumor necrosis
factor α), andNGF (nerve growth factor) deprivation [80, 81].
Consistent with this, studies have shown that treatment of
make cells with the ROS scavenger N-acetyl cysteine (NAC)
decreases both cellular ROS production and autophagy,
implicating redox thiol signaling as an important regulator
of autophagy. Likewise, exogenous H2O2 and suppressed
NF-κB activation of mTOR mimics these effects [82]. These
findings are consistent with H2O2 effects being mediated
through the production of ROS and redox signaling. How-
ever, the precise molecular details on how ROS crosstalks
with the autophagic machinery are still unclear. In the last
few years, it has emerged that redox imbalance has a pivotal
role in driving the process. Consistent with this, two proteins
Atg4 and Keap1, which have opposing roles in promoting or
inhibiting autophagy, respectively, are regulated by redox sig-
naling. Lastly, AMPK, which is a major inducer of autoph-
agy in response to starvation, may also indirectly play a
role (see Figure 4).

6.1. ATG4. Atg4 is the only mammalian protein whose redox
regulation has been shown to be necessary for the progres-
sion of autophagy [24]. Atg4 is a protease which is active in
a reducing environment where it cleaves the C-terminal
domain of LC3. This allows LC3 conjugation with
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Autophagy

Nrf2
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Figure 4: Diagram depicting the genetic relationship between ROS
and autophagy initiation. The dotted lines represent an indirect
relationship.
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phosphoethanolamine (PE) which is a hallmark of, and nec-
essary for, autophagosome formation. Upon oxidation of an
active cysteine residue (C81), the protease activity is inhib-
ited, resulting in increased autophagy. These results were
obtained in 2007, and although it has also been speculated
that other enzymes involved in the initiation and elongation
stages of autophagosome formation may also be regulated by
redox signaling, no concrete evidence has been reported.

6.2. AMPK. AMPK an established indirect regulator of
autophagy [20, 83, 84]. During normal physiological condi-
tions, cellular homeostasis is maintained by strictly matching
the generation and consumption of ATP. When ATP levels
become low, they are replenished by autophagic recycling
of unnecessary cytoplasmic material, such as misfolded pro-
teins, supernumerary, or defective organelles [18]. AMPK is
critical for this process as it is an energy sensor, being acti-
vated by increased levels of ADP and AMP [84, 85]. This
AMP:ATP imbalance can be stimulated by multiple stresses
including amino acid starvation, glucose withdrawal, hyp-
oxia, and H2O2 [86]. Given this role, it is not surprising that
AMPK is regulated by the intracellular redox status, being
activated by Trx1 during energy starvation which promotes
access by AMPK to two key cysteine residues in the catalytic
subunit [87]. Once activated, AMPK can initiate autophagy
by several ways. It negatively regulates components of the
mTOR signaling cascade [88, 89] as well as directly activat-
ing the ULK1 kinase [90] (Figure 1). Furthermore, in yeast, it
has recently been shown that following glucose starvation,
the AMPK homologue Snf1 is recruited to the outer mito-
chondrial membrane, where it phosphorylates the Atr
homologue Mec1. This is then required for recruitment of
Atg1 (ULK1 homologue) thereby allowing the Snf1-Mec1-
Atg1 module to maintain mitochondrial respiration by ini-
tialing autophagy during glucose starvation [91]. Although
the molecular mechanisms still remain unclear, Atg1 may
maintain mitochondrial respiration by directly or indirectly
phosphorylating key mitochondrial proteins which are
essential for respiration [91].

The very fast induction of autophagy following ROS
exposure suggests that a rapid on/off molecular switch
may regulate initiation of autophagy. Some research has
implicated that AMPK could play a role as, following hyp-
oxia, it is activated in an AMP:ATP-independent manner
[92, 93]. In support of a rapid switch, is the observation
that following ROS induction, GSH is excluded from cells.
This consequently permits the accumulation of redox-
sensitive proteins in their oxidized form. Also, chemically
oxidized GSH can induce autophagy in the absence of an
autophagic stimulus [94, 95]. This result serves to
strengthen the key role redox homeostasis plays in autoph-
agy commitment.

6.3. Others. Other proteins also indirectly respond to
increased cellular ROS. These include high mobility group
box 1 (Hmgb1, a nuclear protein that is released extracellu-
larly in response to cytokines), Ras, and various kinases,
Atm, Akt, Erk, JNK, and Perk to name a few [96]. In recent
years, the role these proteins play in regulating autophagy

has become increasingly important as their signaling capabil-
ities have been linked to cancer cell progression [97]. A classic
example is oncogenic Kras signaling, which is an established
driver of pancreatic ductal adenocarcinoma (PDAC). More
recently, tumor growth has been shown to be contingent on
stromal inputs that are derived from fibroblasts of the pancre-
atic tumor microenvironment [98]. These observations have
initiated test therapies that couple an established autophagy
inhibitor (chloroquine) with kinase inhibitors [33].

6.4. Keap1 and p62. Different to Atg4, the Kelch-like ECH-
associated protein 1 (Keap1) is a redox-sensitive protein that
indirectly negatively regulates autophagy in response to ROS
[99]. Keap1 serves as a substrate adaptor protein for the
(Keap1)-Cullin 3 (Cul3) E3 ubiquitin ligase complex [100].
Under normal physiological conditions, this complex is
responsible for the rapid turnover of the transcription factor
Nrf2. However, Keap1 is equipped with reactive cysteine res-
idues which, upon exposure to oxidants, causes a conforma-
tional change which impairs its ability to trap Nrf2 for
ubiquitylation and degradation [101]. The resulting stable
Nrf2 then translocates to the nucleus where it upregulates
antioxidant genes [102]. Stable Nrf2 can also be created by
competitive binding of p62 to the Nrf2-binding site on
Keap1. p62 as mentioned above, is the autophagic adaptor
protein that brings dysfunctional mitochondria to the phago-
some [103]. Therefore, increased free p62 levels activate the
Nrf2 pathway. p62 is also an Nrf2 target gene, thus creating
a positive regulatory loop [104]. p62 also promotes the
expression of other signaling proteins including NF-κB and
mTor1 [105, 106] and thus has gained notoriety as a signal-
ing hub [107]. Intriguingly none of these functions depend
on the ubiquitin-associated or LC3-interacting region
domains of p62 [105], but they are linked to cytosolic p62
levels which are regulated by autophagy via by its LIR
domain that binds to LC3 on autophagasomal membranes
[105]. As in vivo studies have shown that overexpression of
p62 is carcinogenic in hepatocellular carcinoma [108], it
has been suggested that homeostatic maintenance cytosolic
p62 levels contributes to the final outcome of the tumorigenic
process [107]. This has led to the idea that a critical role of
autophagy is to prevent p62-driven tumor initiation and
malignant transformation.

7. Autophagy and Apoptosis—Till Death Do
We Part

Both autophagy and apoptosis respond to similar stresses.
However, the molecular mechanisms that dictate cell fate
decisions are only just emerging. What is striking is that
proteins that were originally thought to be required for just
one pathway have now been shown to play a role in both.
Thus, the decision to commit cellular suicide following stress
may be controlled by many factors as opposed to a simple
molecular switch. What is also apparent is that our under-
standing of how apoptosis repurposes the ATG machinery
to promote cell death far outweighs the current knowledge
of how autophagy inhibits apoptosis. This is somewhat sur-
prising as there are a large number of examples in the
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literature where autophagy protects against apoptosis. The
salient points of this symbiotic relationship are discussed
below and summarized in Figure 5. Further details can be
found in many excellent reviews and original papers cited
therein [14, 109–112]. The overwhelming recent explosion
of data has though served to emphasize that, like all mar-
riages, the relationship is complex. What is becoming clear
however is that in a narcissistic manner, each pathway steals
and adapts proteins from the other pathway to promote its
own mechanism.

7.1. Brief Outline of Apoptosis. The cast of characters that play
a role in the intersection of apoptosis and autophagy are
derived from two distinct but connected apoptotic pathways,
intrinsic and extrinsic apoptosis (outlined in Figure 5) and
described in many excellent reviews [113, 114], so only the
salient details are given below. The intrinsic pathway is
characterized by pro- and antideath signals converging
at mitochondrial membranes. These consequently become
permeabilized (MOMP—mitochondrial outer membrane
permeabilization), leading to the release of mitochondrial
intermembrane proteins including cytochrome c. Rapid cell
death follows as MOMP triggers both caspase activation on
the apoptosome and blocks caspase inhibitors. Together, this

starts a cascade of active caspases which cleave hundreds of
cellular substrates ending in cellular demise. The Bcl-2 family
of proteins consists of proapoptotic and prosurvival proteins
which together control MOMP. Under basal conditions, the
prosurvival proteins, Bcl-2, Bcl-XL, and Mcl-1, inhibit
MOMP in two ways. First, they directly bind and inhibit
the proapoptotic effector proteins Bax and Bak, which form
the pores in the mitochondrial membrane. Second, they bind
to BH3-only proteins such as Bim which prevents them from
activating Bax [115].

The extrinsic receptor-mediated apoptosis pathway is
triggered by the ligation of death receptors with their cog-
nate ligands. This stimulates receptor clustering resulting
in the recruitment of cytoplasmic adapter proteins, impor-
tant amongst which is Fadd. Fadd then associates with
procaspase-8 leading to the formation of a death-inducing
signaling complex (DISC). This results in the dimerization
and catalytic activation of caspase-8, which can then directly
cleave and activate caspase-3 [116]. Both intrinsic and
extrinsic pathways result in caspase-3 activation that is
linked to the initiation of the execution phase of apoptosis.
Crosstalk between the two pathways is mediated by
caspase-8 cleavage and activation of BID. BID is a BH3-
interacting domain death agonist, the product of which
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(truncated BID; tBID) is required in some cell types for
death receptor-induced apoptosis [117].

7.2. Beclin-1 and Bcl-2. The best described relationship
between autophagic and apoptotic proteins is the complex
relationship between Beclin-1, the antiapoptotic proteins,
Bcl-2 [118] (plus family members Mcl1-1 and Bcl-XL) and
the prodeath protein Bax [119]. In this ménage à trois Bcl-2
plays a key role as under normal physiological conditions,
its interaction with Beclin-1 and Bax inhibits autophagy
and apoptosis, respectively [118]. Currently, there is no con-
sensus on the molecular mechanisms that define this rela-
tionship. Furthermore, it is complicated as there are two
distinct cellular pools of Bcl-2, one at the ER where it is
bound to Beclin-1, [118, 120], and the other at mitochondria
where it is bound to Bax. In the original model, (model A, in
Figure 5) under autophagy-inducing conditions, a BH3-only
protein, (either Bik, Bad, or Nova) competitively binds to
Bcl-2, thereby displacing it from Beclin-1 [118, 121]. This
displacement is augmented by JNK1 phosphorylation of
Bcl-2 and required for Beclin-1 to activate Vps34 resulting
in the nucleation of an isolation membrane thereby pro-
moting autophagy [122]. As Bcl-2 has a higher affinity
for Bax than Beclin-1, this low level phosphorylation of
Bcl-2 is not enough for it to be dissociated from mito-
chondrial Bax. This proapoptosis move occurs if the stress
signal becomes overwhelming and requires Bcl-2 hyper-
phosphorylation [122].

Many inducers of autophagy also cause cell death, which
lead David Vauz and colleagues to challenge this model. In a
series of elegant genetic and biochemical experiments, his
group demonstrated that in the absence of Bax and Bak,
antagonizing or altering the levels of prosurvival Bcl-2 fam-
ily members has no detectable impact on autophagy [121].
This then suggests a model (model B in Figure 5) in which
the effects of Bcl-2 on autophagy are an indirect conse-
quence of its inhibition of apoptosis by associating with
Bax and Bad. Thus, as both Beclin-1 and Bcl-2 are key reg-
ulators of autophagy and apoptosis, respectively, it is imper-
ative that these opposing models be resolved. As it seems to
be the case in many studies, both models could be correct
but context specific.

7.3. Caspases. Caspases are cysteine proteases that tradition-
ally are principle mediators of apoptotic cell death [123]. In
recent years, they have been shown to shift the balance of cel-
lular homeostasis towards apoptosis by dismantling several
key Atg proteins, including Atg3, Vps34, and Beclin-1. The
culprit caspases are 3 and 8 that cleave PI3K members
(Vps34 and Beclin-1) and Atg3, respectively [124–126].
Worthy of note is that the proteolytic product of Beclin-1
(and caplain cleaved Atg5, see below) translocates to the
outer mitochondrial membrane and exhibits a proapoptotic
activity [125, 127]. Thus, the apoptotic machinery not only
inactivates autophagy but also repurposes proteins to pro-
mote cell death. Consistent with this theme, the cleavage of
Beclin-1 is enhanced by Bax thereby further suppressing
autophagy [127]. As neither the N- nor C-terminal fragments
of Beclin-1 can interact with Vps34, the cleavage of Beclin-1

has been shown to be a critical event whereby caspases inhibit
autophagy [128, 129]. Consistent with this, a noncleavable
Beclin-1 mutant can restore autophagy [130].

Unexpectedly, it has also been shown that caspases can
also promote autophagy under certain contexts. As stated
above, caspase-8 is activated byDISC, amultiprotein signaling
platform. In the absence of DISC, caspase-8 can still be acti-
vated from procaspase-8 by being recruited to autophago-
somes. Its localization to the autophagosome this is
executed by binding either to the autophagic cargo receptor
p62 or through an interaction between the adaptor protein
Fadd and Atg5 [128]. It remains unclear if this mechanism
promotes apoptosis or autophagy pathways as both scenar-
ios have been reported in the literature in different tumor
types [128, 131]. The most likely scenario is that these con-
tradictory functions are likely to be context specific. Ascrib-
ing which function caspase-8 is playing at the
autophagosome is worth while as this mechanism has been
successfully exploited to render cancerous cell lines respon-
sive to further pharmacological treatment [132].

Other caspases also have been reported to have proau-
tophagic roles [133]. Similar to caspase-8, their prosurvival
survival role at present appears to be context specific
[134–136]. For more details, I refer the reader to an excel-
lent recent review [133]. Further research needs to be exe-
cuted to define the exact mechanism by which these
caspases execute their proautophagic role. To summarize
the relationship of caspases with apoptosis is surprisingly
complex, with different caspases augmenting prosurvival
or death pathways [133].

7.4. Atg5 and Atg12. Atg5 and Atg12 are two members of the
ubiquitin-like conjugation systems that are needed for autop-
hagosome formation. As stated earlier, the ubiquitin-like
protein Atg12 is transferred from Atg7 the E1-like enzyme,
via Atg10 (E2-like) to form a covalent attachment with
Atg5 [137–139]. The Atg12–5 conjugate is essential for
autophagy. More recently, procell death roles have emerged
for both Atg5 and Atg12 in their unconjugated forms. Atg5
is cleaved by caplains (which are cysteine proteases activated
by cellular stress) and plays a key role in the initiation of apo-
ptosis [140]. Following cleavage, the N-terminal of Atg5
translocates to the mitochondria, where it mediates the
release of cytochrome c by interacting with Bcl-XL to pro-
mote apoptosis [141]. More recently, unconjugated Atg12
also been ascribed a procell death function by two quite sep-
arate autophagy-independent mechanisms. Firstly, free
Atg12 binds to and inactivates mitochondrial Bcl-2 family
members [142]. Secondly, Atg12 can conjugate to Atg3
where it promotes mitochondrial fusion and restricts mito-
chondrial mass [143]. Lastly, although not involved in medi-
ating apoptosis, the Atg12–Atg3 conjugate promotes basal
autophagy and endolysosomal trafficking [144]. Taken
together, these observations serve to demonstrate the flexibil-
ity of repurposing Atg proteins for different roles dependent
upon the cellular circumstances. Despite these discoveries, it
remains to be seen if any or a combination of these interac-
tions represents a key event where autophagy and apoptosis
diverge in response to specific signals.
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8. Conclusions

This review has summarized how cells maintain cellular
ROS levels as well as discussing the complicated relationship
between autophagy and apoptosis. The last decade has seen
an explosion of reports that has lead to an increased under-
standing of how these pathways communicate. Importantly,
the overriding theme evolving from these studies is that the
relationship between autophagy and apoptosis is inter-
twined, with proteins from both pathways being repurposed
for the benefit of the other. What is also emerging is that
these new roles (also known as night job) of proteins whose
“day job” is firmly established are, in many cases, context
specific. Given the consideration that many chemotherapeu-
tic regimes both inhibit apoptosis and/or autophagy [5, 33,
97], it is of great importance that both the molecular mech-
anisms and context-specific job assignment be defined for
these multifunctional proteins.
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Oxidative stress is a condition that arises when cells are faced with levels of reactive oxygen species (ROS) that destabilize the
homeostatic redox balance. High levels of ROS can cause damage to macromolecules including DNA, lipids, and proteins,
eventually resulting in cell death. Moderate levels of ROS however serve as signaling molecules that can drive and potentiate
several cellular phenotypes. Increased levels of ROS are associated with a number of diseases including neurological disorders
and cancer. In cancer, increased ROS levels can contribute to cancer cell survival and proliferation via the activation of several
signaling pathways. One of the downstream effectors of increased ROS is the protein kinase D (PKD) family of kinases. In this
review, we will discuss the regulation and function of this family of ROS-activated kinases and describe their unique isoform-
specific features, in terms of both kinase regulation and signaling output.

1. Oxidative Stress: Causes and Consequences

Oxidative stress is a condition that develops when the cellular
redox balance is disturbed by an excessive buildup of reactive
oxygen species (ROS). ROS mainly occur as a byproduct of
normal cellular metabolism, due to the leak of 1–3% of elec-
trons utilized in the mitochondrial electron transport chain
for the reduction of oxygen to water, resulting in the produc-
tion of superoxide [1]. Besides this “collateral” production of
ROS, they are also produced deliberately. ROS (mainly
H2O2) are generated by oxidases in peroxisomes, for
example, during β-oxidation of fatty acids and flavin oxidase
activity [2]. Furthermore, ROS are also produced in the
endoplasmic reticulum during oxidation of maturating pro-
teins in the ER, which helps to stabilize them during folding
[3]. Another source of ROS is the production of H2O2 by
nicotinamide adenine dinucleotide (NADPH) oxidase
complexes (NOX) in granulocytes and macrophages to kill
pathogens [4]. NOX enzymes are also activated by growth
factor signaling. Via the activation of kinases and by oxidiz-
ing the active-site cysteines of Tyr and lipid phosphatases,

the NOX-generated ROS can potentiate the growth factor
signaling output [5–8]. While ROS produced in these con-
texts serve a purpose, their levels should be tightly controlled,
since excessive levels of ROS can cause damage to macromol-
ecules (such as DNA, proteins, and lipids) and cause severe
mitochondrial damage, causing it to leak cytochrome c
resulting in apoptosis [9–16]. To this end, cells have several
antioxidant mechanisms in place to prevent the excessive
buildup of ROS. These are both enzymatic (e.g., superoxide
dismutases, thioredoxin reductases, and glutaredoxins) and
nonenzymatic (e.g., ascorbic acid, α-tocopherol, and gluta-
thione) in nature [17–20]. A disturbed redox balance is asso-
ciated with a variety of pathologies, including cardiovascular
disease, fibrosis, neurological disease, and cancer [21–25].
Interestingly, several cancer cell lines have been shown to
harbor increased levels of ROS in comparison to nontrans-
formed cells [26, 27]. This elevated ROS is thought to come
from diverse sources: altered metabolism and mitochondrial
functions, mutations in mtDNA, enhanced growth factor sig-
naling, and activation of oncogenes such as mutant forms of
Ras and c-Myc [3, 28–30]. For example, it was shown that
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exogenous expression of H-RasG12V in 3T3 cells increases
their proliferation rate, an event dependent on increased
ROS levels [31]. Furthermore it was shown that H-
RasG12V increases ROS levels by activating NOX4 [32].
Besides Ras, c-Myc has also been shown to increase ROS
levels in cancer cells, leading to DNA damage and genomic
instability, thereby promoting cancer development [33, 34].
Moderate levels of ROS result in the activation of several sig-
naling cascades contributing to either increased proliferation
or enhanced survival of cancer cells. For example, upregula-
tion of the PI3K/Akt pathway (e.g., via the inactivation of
PTEN), MAP kinase pathways such as Erk1/2 and JNK
(although the latter is also involved in ROS-induced apopto-
sis), and the NF-κB pathway has been observed [31, 35–37].
An important downstream regulator of the oxidative stress
response is protein kinase D (PKD). The mechanisms leading
to the activation of different PKD isoforms in cells undergo-
ing oxidative stress, as well as the signaling consequences of
this activation will be discussed in this review.

2. Protein Kinase D

2.1. The PKD Family: Isoforms and Domain Organization.
The human PKD family consists of three isoforms in humans
(PKD1, PKD2, and PKD3) and belongs to the Ca2+/calmod-
ulin-dependent protein kinase (CAMK) group of Ser/Thr
kinases. PKD1 is the largest member, with 912 amino acids
and a molecular mass of 115 kDa. PKD2 and PKD3 are
smaller with molecular masses of 105 kDa and 110 kDa,
respectively [38].

PKDs are modular enzymes that contain a long
N-terminal regulatory region followed by a catalytic domain
andaC-terminal extension (C-tail) (Figure 1).TheN-terminal
part of the protein contains several regions and domains
involved in kinase autoregulation, localization, and binding
to interactors.

At the extreme N-terminus, PKD1/2 contain a hydro-
phobic Ala(/Pro)-rich stretch (not found in PKD3), which
has been hypothesized to insert in membranes [39]. This
region is followed by two diacylglycerol (DAG) binding C1
domains. Because of this feature, PKDs were first classified
as members of the protein kinase C (PKC) family [40]. How-
ever, the catalytic domain of PKD1 shows higher homology
CAM kinases and has similar substrate and inhibitor speci-
ficity which resulted in the classification of PKDs as members
of the CAMK group [41, 42]. While the C1b domain binds
PDB with high affinity, DAG is preferably bound by the
C1a domain [43]. In PKD, the C1a and C1b domains are
separated by a large linker of approximately 70 amino acids
(compared to the linker in PKC isoforms that is much
shorter, for example, 8 amino acids in cPKC isoforms).
Additionally, the C1a-C1b linker in PKD has important
functional properties. Phosphorylation of Ser-205/208 and
Ser-219/223 in the linker has been shown to generate a
14-3-3 binding site, which is crucial for ASK1 binding
and downstream JNK activation in H2O2-stimulated cells
(see further [44]).

The C1 domains are connected to the pleckstrin homol-
ogy (PH) domain by a large linker enriched in acidic amino
acids (sometimes denoted as the acidic domain). The
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Figure 1: Domain organization and phosphorylation sites of PKD1/2/3 in oxidative stress conditions. Tyr phosphorylation sites are indicated
with yellow-coloured circles, and Ser phosphorylation sites are indicated with red-coloured circles. “Direct evidence” indicates that the sites
have been shown to be phosphorylated via immunoblotting with a site-specific antibody or via mass spectrometry. “Indirect evidence”
indicates data obtained via site-directed mutagenesis or readouts dependent on general phosphorylation (such as PhosTag gels). A and B
denote C1a and C1b domains, PH denotes the pleckstrin homology domain, and CAT denotes the kinase domain.
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potential regulatory role of this acidic stretch is not fully
explored, but it has been suggested in an early study that it
could play a role in PKD activation. This idea resulted from
the observation that basic peptides and proteins (such as
protamine sulfate, myelin basic protein, and histone H1)
could inhibit PKD in vitro. On the other hand, polyanionic
molecules such as heparin or dextran sulfate are capable of
activating PKD, without phosphatidylserine/12-O-tetradeca-
noylphorbol-13-acetate (PS/TPA) [45]. Therefore, the
authors hypothesized that polyanionic molecules could dis-
rupt an intramolecular interaction between the acidic
domain and a basic stretch elsewhere in the protein [45]. This
hypothesis however has not been further explored. The PH
domain itself functions as a negative regulator of kinase
activity. A full deletion, as well as partial deletions of the
PH domain, renders the kinase constitutively active [46].
Pleckstrin homology domains are known interacting mod-
ules for phosphoinositides. However, only a small number
of these have lipid-binding capabilities, for which the
requirements are well defined [47–49]. Structural analysis
of the available NMR structures of PKD PH domains in the
protein databank (2COA and 2D9Z) reveals that the PH
domains of PKD lack the necessary amino acids to interact
with phosphatidylinositol phosphate head groups. Hence,
the PH domain of PKD does not seem to serve as a lipid-
interaction module, but rather serves as a protein interaction
module. Important binding partners in the context of PKD
activation are Gβγ isoforms. Binding of PKD to Gβγ hetero-
dimers has been proven to directly activate immunoprecipi-
tated PKD1 in vitro [50]. Also, incubation of permeabilized
HeLa cells with Gβγ causes PKD activation, and when com-
peting free PH domain was added, activation was decreased
[50]. Seemingly in contrast to this finding, transfection stud-
ies showed that cotransfection of Gβγ isoforms with phos-
pholipase C (PLC) β2/3 isoforms was necessary to activate
PKD. However, only certain Gβγ isoforms could activate
PKD1 and PLCβ2/3, while other Gβγ isoforms could activate
PLCβ2/3 but not PKD1 [51]. This indicates that structural
compatibility between Gβγ and the PH domain is required
for activation of PKD, besides DAG generation by PLCβ2/3.

The N-terminal regulatory region is followed by the
catalytic domain. Notably, PKDs are non-RD kinases, that
is, they do not contain an Arg in their catalytic loop (HRD
motif). However, while these non-RD kinases normally are
not dependent on activation loop phosphorylation, PKDs
are (in most cases) dependent on activation loop Ser-738/
742 (hPKD1 numbering) phosphorylation for their activity
[52]. The catalytic domain is followed by a C-terminal
extension (C-tail). The C-terminal portion of the tail is not
conserved and may contribute to isoform-specific functions
such as differential localization [53]. At the extreme C-
terminus, PKD1/2 contains a PDZ-domain binding motif
(type I: X-(Ser/Thr)-X-ϕ, where X is any amino acid and
ϕ is a hydrophobic amino acid), which contains an auto-
phosphorylation site [54]. The tail is likely also important
in the regulation of PKD activity, since it has been shown
that PKD1 C-terminal epitope tags increase in vitro autocat-
alytic activity and activity towards the peptide substrate
syntide-2 compared to N-terminally tagged PKD1 [55].

2.2. Activation Models of PKD

2.2.1. Classical PKD Activation. In most instances, activation
of PKD begins with diacylglycerol formation at membranes
(e.g., after phospholipase C activation downstream of recep-
tor tyrosine kinase or G-protein-coupled receptor activation,
Figure 2(a)), although several exceptions have been discov-
ered [56–68]. PKD binds to local pools of DAG via its C1
domains, which results in a conformational change, abrogat-
ing an autoinhibitory mechanism. At this stage, PKD expect-
edly autophosphorylates at the C-tail Ser-910 residue. This
idea is supported by the fact that deletion of C1a and/or
C1b in PKD1 results in an increased basal autocatalytic
activity towards the Ser-910 autophosphorylation site and
increased activity towards peptide substrate [69]. It is note-
worthy that a deletion of the C1 domains does not increase
basal activity towards protein substrates, nor in an increase
of Ser-738/742 autophosphorylation in vitro [70]. Further-
more, Ser-910 phosphorylation does not require prior activa-
tion loop Ser-738/742 phosphorylation, since a S738/742A
mutant still autophosphorylates Ser-910 while substrate
phosphorylation is abolished [71]. This partially activated
conformation likely allows PKCs (which colocalize at
DAG-containing microenvironments via their respective
C1 domains) to phosphorylate PKD at the activation loop
Ser-738/742 residues. This phosphorylation will in turn
stabilize a conformation in which the autoinhibition by
the PH domain is relieved. This has been shown in a
study by Waldron and Rozengurt where PKD1 bearing
nonphosphorylatable Ser to Ala substitutions in the activa-
tion loop could not be activated, but when combined with
a PH domain deletion (PKD1 S738/742A ΔPH), the kinase
showed high basal activity towards Syntide-2. This activity
could not be further stimulated with PDB in cellulo, an
enzymatic profile that is comparable to PKD1 ΔPH [72].
This indicates that the role of activation loop phosphoryla-
tion is to stabilize the active conformation after the release
of the PH domain. Indeed, in an isolated catalytic domain
construct, Ser-738/742 substitution with Ala has a similar
activity to that with a WT PKD1 catalytic domain construct
[72]. This fully active PKD species will then act locally on
substrates or relocate intracellularly to exert its function. All
three isoforms can be activated by DAG in an activation loop
phosphorylation-dependent manner. It should be noted
however that there are differences in their regulation. For
example, PKD3 does not contain a C-terminal Ser auto-
phosphorylation site. Since it has been suggested that the
phosphorylation of this site primes for subsequent auto-
phosphorylation of the second Ser site in the activation
loop (i.e., Ser-742) in PKD1, it is possible that PKD3 does
not autophosphorylate at this residue [71]. Furthermore,
the C1 domains of the different isoforms display different
affinities for DAG [43], and a deletion of the C1 domains
in PKD2 results in an inactivation rather than the activat-
ing effect seen for PKD1 [73], likely pointing to differences
in their activation mechanisms.

2.2.2. PKD Activation in Oxidative Stress: An Isoform-Specific
Matter. In oxidative stress conditions, the activation
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Figure 2: (a) Classical activation of PKD downstream of phospholipase C activity. (1) PKD1 is in an inactive resting conformation: the C1 and
PHdomains autoinhibit PKD activity. (2) PKD1 is recruited toDAG-containingmicroenvironments at the plasmamembrane, which alleviates
the autoinhibition exerted by the C1 domains. In this conformation, PKD has increased activity towards peptide substrates, but not towards
proteins, indicative of an “unstable” open or “half-open” conformation. At this point, PKD can also exert autocatalytic activity
towards Ser-910. (3) The abovementioned conformational changes and Ser-910 phosphorylation structure the kinase core for
subsequent Ser-738 and Ser-742 phosphorylation by upstream PKCs. (4) Activation loop Ser phosphorylation stabilizes the PH-CAT
module in an “open” conformation allowing for full PKD activity. (5) PKD1 is released from the membrane and translocates to several
compartments to exert its functions. (b) Activation of PKD1 in oxidative stress conditions. (1) PKD1 is in a resting state, confer (a). (2)
Activation is initiated by phosphorylation of Tyr-463 in the PH domain, which allows the recruitment of PKD to DAG generated by
phospholipase D (PLD) activity at the outer mitochondrial membrane. (3) A subsequent conformational change allows for N-terminal
phosphorylation at Tyr-95. (4) PKCδ docks to PKD1 via pTyr-95 and phosphorylates PKD1 at the activation loop Ser-738/742 residues.
(5) PKD1 reaches full activity and initiates downstream signaling. (c) Activation of PKD2 in oxidative stress conditions. (1) PKD2 is in a
resting state, confer (a). (2) PKD2 is recruited to DAG generated by phospholipase D (PLD) and phosphatidic acid phosphatase (PAP)
activity at the outer mitochondrial membrane via its C1 domains, where it colocalizes and interacts with PKCδ without the need for
Tyr-95 phosphorylation. PKCδ phosphorylates PKD2 at the activation loop Ser-706/710 residues. (3) PKD2 is phosphorylated at Tyr
residues, including Tyr-87, Tyr-438, and Tyr-717, with no determined hierarchy. (4) An active and Tyr-phosphorylated PKD2 species is
released from the membrane to exert its functions. PIP2: phosphatidylinositol 4,5-bisphosphate; IP3: inositol 1,4,5-trisphosphate; PC:
phosphatidylcholine; PA: phosphatidic acid; DAG: diacylglycerol. Tyr phosphorylation sites are indicated with yellow-coloured circles,
and Ser phosphorylation sites are indicated with red-coloured circles.
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mechanism for PKD1 has historically been most studied and
is well established. In contrast to classical activation by DAG
downstream of G-protein-coupled receptors (GPCRs) or
receptor tyrosine kinases (RTKs) through plasma membrane
PLCs, activation of PKD1 in oxidative stress conditions is ini-
tiated by mitochondrial DAG production through phospho-
lipase D (and phosphatidic acid phosphatase (PAP)) activity
and generally requires the hierarchical phosphorylation of
two Tyr residues in order to activate the kinase (Figures 1
and 2(b)) [74].

First, PKD1 is phosphorylated in the PH domain at
Tyr-463 by Abl [75]. This initiates a conformational
change, allowing for Src-mediated N-terminal phosphory-
lation at Tyr-95 [75, 76]. This residue is embedded in a
motif that resembles the pTyr recognition motif for the
C2 domain of PKCδ. PKCδ docks to the pTyr motif and con-
sequently phosphorylates the activation loop Ser-738/742
residues, an event shown to be crucial for PKD1 activity in
oxidative stress (Figures 1 and 2(b)) [76–78]. In transformed
cells, Ser-910 is found not to be phosphorylated in oxidative
stress conditions and thus not part of the activation
mechanism [77]. Recent data indicates some remarkable
isoform-specific differences in the activation mechanism
during oxidative stress. Indeed, in PKD2, Tyr phosphoryla-
tion does not prime for activation loop Ser-706/710 phos-
phorylation, but rather the opposite: activation loop Ser
phosphorylation is necessary for subsequent Tyr phosphory-
lation of PKD2 (Figure 2(c)) [79]. How can this divergence be
explained? A possible explanation is that in PKD1, phos-
phorylation of Tyr-463 in the PH domain is needed to pro-
mote the deinhibited state of the PH domain-catalytic
domain interaction. This allows for subsequent activation
loop Ser-738/742 phosphorylation, which further stabilizes
the active conformation. N-terminal Tyr-95 phosphorylation
is necessary to increase the affinity of PKD1 for PKCδ in this
step. In PKD2, Tyr kinases likely have no access to the auto-
inhibited conformation. Activation of the kinase is in this
case fully dependent on activation loop Ser-706/710 phos-
phorylation to stabilize the open conformation of the kinase
after DAG binding. This active form of PKD2 can then be
accessed by Tyr kinases. Rather than being involved in the
activation of PKD2, the role of Tyr phosphorylation in the
PKD2 PH domain could be to dock specific interactors in
oxidative stress, since the PH domain in PKDs acts as a
protein-protein interaction hub, and the sequence surround-
ing the Tyr residue is in agreement with the PTB domain
consensus sequence NXXY [80]. N-terminal phosphoryla-
tion in PKD2 on the other hand could be beneficial to stabi-
lize the PKD2-PKCδ interaction. It should be noted however
that there is no difference in the association with PKCδ
between WT PKD2 and an N-terminal Tyr-Phe substituted
mutant (PKD2 Y87F) during acute oxidative stress experi-
ments [79]. This indicates that concentration of both kinases
on DAG microenvironments on the outer mitochondrial
membrane (OMM) can drive the interaction between PKCδ
and PKD2 during acute stress, overruling the need for addi-
tional affinity contacts. However, Tyr-87 phosphorylation
might be beneficial at regions of lower protein densities to
increase the PKCδ-PKD2 affinity and to maintain PKD2

phosphorylation at the activation loop, for example, after dis-
sociation from the OMM. In line with this, a recent study
showed decreased activation loop phosphorylation of a
PKD2 Y87F mutant when activated in focal adhesions [81].
Besides this differential activation mechanism, PKD2 is also
differentially phosphorylated during oxidative stress. Indeed,
PKD2 but not PKD1, is phosphorylated at Tyr in the P + 1
loop just before the APE motif. This is remarkable consider-
ing the fact that the activation segment is 100% conserved
between the isoforms and highly conserved in all Ser/Thr
kinases. This differential phosphorylation is due to a motif
just C-terminal of the activation segment, which likely
influences recognition by the upstream kinase c-Abl. This
indicates a highly regulated signaling output towards the
different isoforms in oxidative stress conditions. While no
effects were seen on substrate selectivity on a peptide array,
the phosphorylation of this site is shown to increase peptide
substrate turnover in vitro [79].

PKD3 was long thought not to be activated in oxidative
stress because it lacks an N-terminal Tyr residue. However,
PKD3 was recently shown to be activated via oxidative stress
in fibroblasts, which is reversible by treatment with the PKC
inhibitor GF109203X [82]. This indicates that PKC can
phosphorylate both PKD2 and PKD3 without Tyr phosphor-
ylation at the N-terminus during acute stress.

Besides isoform-specific behavior in oxidative stress
conditions, certain cell-type-specific behavior was also
observed. PKD1 activation in primary neuronal cells is asso-
ciated with an increase in Ser-910 autophosphorylation
(Figure 1) (this is in contrast with transformed cell lines)
[83]. This effect has also been shown in another study in neu-
ronal cells, where Ser-910 phosphorylation was shown to
prime for activation loop phosphorylation of PKD1 [84].
Intriguingly, PKD1 activation does not involve Tyr phos-
phorylation in these studies [83, 84].

2.3. PKD Signaling in Oxidative Stress. Once activated, PKDs
regulate several pathways downstream of oxidative stress.
The best studied signaling output is towards the nuclear
factor kappa-light-chain-enhancer of the activated B cell
(NF-κB) pathway. PKD1 signals to NF-κB via the IKK com-
plex, which results in the consequential degradation of IκB,
but the exact mechanism has not been elucidated yet [85].
NF-κB activity results in upregulation of mnSOD, which
detoxifies the cell from mROS, but also generates H2O2, a
tumor-promoting signaling molecule [86]. Additionally, it
was recently shown that ROS-induced PKD1-mediated
NF-κB activity results in the upregulation of epidermal
growth factor receptor (EGFR) signaling components (EGFR
and its ligand TGFα) in pancreatic cancer downstream of
oncogenic Ras [87]. While PKD-induced NF-κB activity in
transformed cells contributes to tumor development, this
pathway has recently also been shown to contribute to the
physiological steady-state survival of neuronal cells. Indeed,
in these cells, the PKD-NF-κB-SOD2 axis is constitutively
active and protects against oxidative damage [88]. In a model
of excitotoxic neurodegeneration, which results in endoplas-
mic reticulum stress and mitochondrial dysfunction, high
levels of ROS, and oxidative stress damage, the authors
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showed that PKD1 is rapidly deactivated after a short burst of
activity, resulting in the loss of NF-κB signaling and imped-
ing neuronal survival [88]. These findings were further sub-
stantiated in vivo using patient samples and an ischemic
mouse model [88]. Another recent study in hippocampal pri-
mary neurons showed that PKD1 is transiently activated dur-
ing oxidative stress, but no changes in NF-κB signaling were
observed by the authors [83]. Notably, while activity and acti-
vation loop Ser-738/742 phosphorylation are necessary for
signaling output to NF-κB by PKD1, for PKD2, the inverse
has been shown [77, 89]. Indeed, a kinase-dead PKD2
D695A (DFG to AFG) mutant strongly stimulates NF-κB sig-
naling, as do an inactivated S706/710A or Y717F mutants,
while WT PKD2 (i.e., activated) or an activation loop phos-
phomimetic S706/710E mutant displays no increased signal-
ing output in oxidative stress conditions [79, 89]. The reason
for this isoform-specific behavior in oxidative stress is not
known. One possibility is that PKD2 itself does not signal
to NF-κB but acts as a scaffold for PKD1, which phosphory-
lates an isoform-specific substrate in the NF-κB pathway.
Indeed, PKD1 and PKD2 are known to form heterodimers
[90]. The fact that PKD2 cannot be phosphorylated by its
upstream kinases through S706/710A or Y717F mutations
could “trap” the upstream kinase complex (i.e., PKCδ, Abl,
and potentially Src) on inactive PKD2. Due to dimer forma-
tion of PKD2 with PKD1, the latter is kept phosphorylated by
the upstream kinases held in proximity by PKD2, potentiat-
ing its activity on NF-κB (Figure 3). In addition, the inactive
conformation of the PKD2 monomer in the heterodimer
could protect PKD1 from phosphatases (Figure 3). It should
be noted however that it is unknown whether an Asp-Ala

substitution in the DFG motif of the PKD2 activation
segment has an effect on the ability of PKCδ and Abl to phos-
phorylate Ser-706/710 and Tyr-717 residues. Additionally,
PKD2 can potentially enhance PKD1-mediated signaling by
recruiting NF-κB signaling components via its PH domain
in a Tyr-438 phosphorylation-dependent manner. Indeed, a
phosphomimetic mutant of this residue displays increased
signaling output to NF-κB in the absence of H2O2 when com-
bined with an inactivating D695A mutation, but not when
combined with a S706/710E mutant [89].

Besides the effects of PKDs on NF-κB, other PKD-
dependent signaling functions have been described. For
example, PKD1 inhibits mitochondrial depolarization and
decreases cytochrome c release upon oxidative stress in
mouse embryonic fibroblasts, effectively protecting them
from apoptosis [91]. Interestingly, this behavior is isoform-
specific, since cells expressing PKD2/3 do not display this
phenotype. In hepatocytes, PKD1 has also been shown to
protect cells from apoptosis by downregulating JNK signal-
ing [92]. In epithelioid RIE-1 cells, PKD1 not only signals
to NF-κB but also reduces p38 phosphorylation, both of
which contribute to protection from apoptosis [93]. No alter-
ations were seen in JNK signaling in this context [93]. PKD1
also phosphorylates Hsp27 in response to oxidative stress
[94, 95]. In neuronal cells, Hsp27 phosphorylation protects
from ischemia-induced apoptosis by suppressing JNK
activity [95].

Notably, all of the PKD1 functions described above result
in prosurvival signals in oxidative stress. However, in a PKC-
independent pathway, oxidative stress-induced PKD1 activ-
ity can also activate JNK downstream of death-associated
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Figure 3: Putative function of PKD2 in NF-κB signaling, based on observations with inactive PKD2. Upon exposure to oxidative stress, a
kinase complex comprising dimeric PKD1/2, Src, Abl, and PKCδ is assembled on the outer mitochondrial membrane. In a WT PKD1/2
dimer, the upstream kinases phosphorylate PKD1/2, which causes loss of affinity and consequentially the release of upstream kinases.
PKD1 and PKD2 are both activated, but only PKD1 signals to NF-κB. When PKD2 cannot be phosphorylated because of mutations, the
upstream kinases retain their affinity for PKD2 and can keep PKD1 phosphorylated (since they will have a similar affinity for PKD1 when
it is dephosphorylated). In conjunction with this, the inactive conformation of PKD2, resulting from the fact that it cannot be
phosphorylated, could protect PKD1 from phosphatase action. Both these phenomena could explain the enhanced NF-κB signaling output
seen with inactive PKD2 mutants. Tyr phosphorylation sites are indicated with yellow-coloured circles, and Ser phosphorylation sites are
indicated with red-coloured circles.
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protein kinase (DAPK), which results in a prodeath signal
and increased necrotic cell death [96]. Furthermore, in
bovine aortic ECs (BAECs), PKD1 has been shown to acti-
vate JNK via association with its upstream kinase ASK1. This
association is dependent on 14-3-3 binding to PKD1, poten-
tially via Ser-205/208 and Ser-219/223 autophosphorylation
(Figure 1). The consequence of JNK activation in these cells
has not been explored [44]. PKD1 also has been shown to
phosphorylate Vps34 in oxidative stress [97]. Vps34 is a
PI3 kinase and its phosphorylation by PKD1 leads to an acti-
vation and consequential increase of PI(3)P, resulting in
increased autophagy and presumably cell death [97].

3. Concluding Remarks and Perspectives

The activation, regulation, and signaling properties of
protein kinase D isoforms in oxidative stress come with
intriguing questions that require further exploration. The
remarkable isoform-specific differences point to a highly spe-
cific regulation of these kinases. Isoform-specific behavior in
oxidative stress is also seen for other kinase families. For
example, Akt isoforms are differentially regulated in oxida-
tive stress, where Akt2 is specifically inactivated after H2O2
stimulation via the generation of a disulfide bond [98].
Besides their differential regulation, PKD isoforms also dis-
play distinct signaling properties. A striking example of this
is their different signaling output to NF-κB. While activated
PKD1 in oxidative stress signals to NF-κB, it has been shown
that for PKD2, inactive forms stimulate the NF-κB signaling
output [79, 89]. However, the functional relevance of inactive
PKD2 is unclear, since it is also activated during oxidative
stress, likely to an even larger extent than PKD1 [79]. The
role of WT PKD2 in NF-κB signaling as part of a PKD1-
PKD2 heterodimer is likely twofold: (1) to recruit NF-κB
signaling components via its PH domain and (2) to enhance
complex formation with upstream kinases to enhance PKD1
activation. An important question is whether there are other,
currently unknown pathways activated PKD2 contributes to
in oxidative stress.

Isoform-specific signaling behavior in redox signaling is
also observed within the PKC family. For example, in the
protection of the heart from ischemic events, the related
nPKCs PKCδ and PKCε play opposing roles, with PKCε
being cardioprotective while PKCδ increases damage
induced by ischemia both in vitro and in vivo [99].

Another level of complexity lies within cell-type-specific
behavior of PKDs in oxidative stress, both in their regulation
and in their signaling properties. For example, as mentioned
before, in neuronal cells, PKD1 activation does not always
involve Tyr phosphorylation, but rather Ser-910 phosphory-
lation, and it does not contribute to an increased NF-κB
signaling output in these cells [83, 84]. Moreover, a recent
study shows a loss of homeostatic NF-κB signaling output
during increased oxidative stress due to a rapid downregula-
tion of PKD1 activity [88].

In conclusion, future studies should be carefully carried
out to dissect the ROS-mediated regulation and functional
roles of the individual PKD isoforms in different cell types,

in order to understand the full extent of PKD-mediated
signaling in oxidative stress.
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The rise of microbial pathogens refractory to conventional antibiotics represents one of the most urgent and global public health
concerns for the 21st century. Emergence of Candida auris isolates and the persistence of invasive mold infections that resist
existing treatment and cause severe illness has underscored the threat of drug-resistant fungal infections. To meet these
growing challenges, mechanistically novel agents and strategies are needed that surpass the conventional fungistatic or
fungicidal drug actions. Host defense peptides have long been misunderstood as indiscriminant membrane detergents.
However, evidence gathered over the past decade clearly points to their sophisticated and selective mechanisms of action,
including exploiting regulated cell death pathways of their target pathogens. Such peptides perturb transmembrane potential
and mitochondrial energetics, inducing phosphatidylserine accessibility and metacaspase activation in fungi. These mechanisms
are often multimodal, affording target pathogens fewer resistance options as compared to traditional small molecule drugs.
Here, recent advances in the field are examined regarding regulated cell death subroutines as potential therapeutic targets for
innovative anti-infective peptides against pathogenic fungi. Furthering knowledge of protective host defense peptide
interactions with target pathogens is key to advancing and applying novel prophylactic and therapeutic countermeasures to
fungal resistance and pathogenesis.

1. Significance of Fungal Infections

1.1. Medical Burden of Fungal Infection. In the last two
decades, Candida species have emerged as the third most
common pathogen of nosocomial septicemia, accounting
for 5–10% of all hospital-acquired bloodstream infections
[1–3]. Overall incidence of candidemia now surpasses inci-
dences of bacteremia due to Escherichia coli or Klebsiella
species [4, 5]. Furthermore,Candida species are themost com-
mon cause of deep-seated fungal infections in patients who
have extensive burns [6] or have undergone transplantation

[7–9].Additionally,Candida species are among themost com-
mon causes of catheter-related fungal infections [10]. Despite
modest advances in antifungal therapy, attributable mortality
of candidemia remains approximately 40% [11]. The emer-
gence of highly antifungal-resistant species such as C. auris
compounds these concerns [12]. Likewise, life-threatening
infections caused by Aspergillus, Rhizopus, andMucor species
are seen with increasing incidence as the numbers of patients
having immunosuppression in settings of hematopoietic or
solid organ transplant, cytotoxic cancer chemotherapy, and
related conditions increase [13, 14]. Collectively, these fungal
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infections have unacceptably high mortality rates that may
exceed 50%, even with gold-standard antifungal therapy.

1.2. Urgent Need for Innovative Solutions. Convergence of
increasing populations at risk of serious fungal infections,
emerging resistance to conventional antifungal agents, and
a paucity of development of mechanistically novel antifungal
therapeutics portends a significant public health concern.

1.2.1. Burgeoning Populations at Risk. Populations of individ-
uals at risk of severe fungal infections are rapidly expanding
in scope and number worldwide and are related to several
trends with respect to the global population demographics,
including the following:

(1) Aging. Immune waning and senescence have significant
negative impacts on host defense against infection [15, 16].
Infection is now the attributable cause of mortality in nearly
one-third of all individuals aged 65 years or older [17]. Esti-
mates project that by 2050, the number of persons≥ 65 years
of age will reach 1.5 billion, and those aged≥ 80 years will
reach 395 million [18, 19]. Thus, along with risk factors
imposed by age-related comorbidities, the growing cohort
of aging individuals portends significant increases in oppor-
tunistic and pathogenic fungal infections.

(2) Cancer. Infection is a significant risk factor for morbid-
ity in cancer patients and is a leading cause of attributable
death in malignancy [16]. Beyond systemic impacts due to
cancer itself, cytotoxic chemotherapy renders patients func-
tionally immunosuppressed, thereby affecting key cell-
mediated effectors such as granulocytes and macrophages
[20]. Further, hospitalization, long-term in-dwelling cathe-
terization, and chronic exposure to antibiotics enhance their
risks of fungal infection [21]. Projections by the World
Health Organization and others estimate a dramatic
increase in cancer incidence and prevalence in the next
two decades [22].

(3) Surgery. With other healthcare-associated risk factors,
infections due to surgical procedures are rising in incidence
and associated with worse outcomes [23]. Moreover, obesity,
diabetes, smoking, hypertension, coronary artery disease,
and chronic obstructive pulmonary disease [24] are pre and
postsurgical risks of infection. Compounding this issue is
the wide use of broad-spectrum antibiotic prophylaxis in
relation to surgery, which together with immune suppression
can increase risks for opportunistic fungal infections.

(4) Transplant. Successful transplantation almost always
requires prolonged or even life-long immune suppressive
therapy. It follows that infectious complications remain a
leading cause of morbidity and mortality in settings of
organ or hematologic transplantation [25]. Opportunistic
fungal pathogens are among the most dangerous etiologies
of these infections and can emerge when the host is ren-
dered immunocompromised by regimens necessary for
engraftment. In part due to the rise of antifungal resistance,

opportunistic fungal infections are increasingly common in
transplantation [26].

(5) Autoimmunity. Autoimmune diseases affect 5–10% of the
population worldwide [27], translating to hundreds of mil-
lions of lives impacted. Autoimmune diseases are burgeoning
globally [28], and as a group are equivalent in prevalence to
heart disease, and twice that of cancer [29, 30]. Immune-
modifying therapies used to treat autoimmune diseases have
significant risks for life-threatening infection, including those
caused by opportunistic and pathogenic fungi [31, 32].

1.2.2. Resistance to Existing Antimycotics. Fungal infections
are often difficult to treat for several reasons: (1) few selective
targets in these eukaryotic pathogens as compared to the
human host; (2) increasing resistance to conventional anti-
fungal agents which have advanced little in the past 50 years;
and (3) the lack of mechanistically novel antifungal agents
developed for clinical application. As a result, an additional
concern is the emergence of resistance to antifungal agents,
which are commonly used to prevent and treat disseminated
candidiasis. Azole-resistant Candida strains are being iso-
lated with increasing frequency, even in patients without
AIDS [1, 2]. Although a limited number of antifungal drugs
have been developed, experience with antibacterial agents
predicts that resistance to novel antifungal drugs will emerge
as their use increases [33]. Multiple factors have led to the
continuous increase of reported antifungal resistance in the
laboratory and in clinical failures due to resistance in human
infection. For example, the fact that with few exceptions, the
antifungal agents used in clinical medicine today are largely
the same as those used for the prior several decades. Thus,
as is the case for antibacterial resistance, exposing countless
generations of fungal organisms to such agents necessarily
affords a survival advantage to those pathogens capable of
resistance. Key themes of concern include Candida parapsi-
losis, C. krusei, and C. glabrata clinical isolates that routinely
exhibit reduced susceptibility to multiple antifungal agents
[12]. While perhaps less common in incidence than infec-
tions due to C. albicans, these fungal pathogens can often
represent serious or life-threatening bloodstream and inva-
sive infections. Moreover, the advent of pan-resistant species
of Candida, such as C. auris, is among the most significant
public health concerns related to fungal infections in recent
memory [12]. In addition, infections due to opportunistic
or pathogenic molds remain an urgent issue. Infections
caused by Aspergillus, Rhizopus, Mucor, and related molds
are angioinvasive and destructive, often leading to necrotic
and irreversible tissue damage. Infections caused by these
Mucoromycotina, and those due to Cryptococcus, are typi-
cally treated with cytotoxic levels of amphotericin B and
typically resist less toxic azoles or echinocandins [33]. Echi-
nocandins are the newest class of antifungals introduced for
human therapy in the last decade. However, recent develop-
ment of echinocandin resistance has been reported via point
mutations in FKS genes that encode the echinocandin targets
(reviewed in [34]), supporting the urgent need to identify
novel antifungal agents.
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1.2.3. Paucity of Antifungal Development. Amphotericin B
was originally discovered in the 1950s, and has been used clin-
ical to treat fungal infections for approximately 50 years. Over
that same span of time, remarkable few mechanistically novel
antifungal compounds have reached regulatory approval for
clinical use. These include 5-flucytosine (1963), the azoles
fluconazole (1990) and voriconazole (2002), and the echino-
candin caspofungin (2003), posoconazole (2006), and anidu-
lafungin (2007) [33]. Thus, the pharmacopeia of approved
antifungal agents for bloodstream or other invasive infections
is essentially encompassed by just three mechanistic classes:
polyenes, azoles, and echinocandins. While echinocandins
are technically considered to have cyclic-peptide-like struc-
tures, the scope of the discussion herein focuses on noncyclic
host defense and synthetic peptide compounds. Likewise, the
many factors contributing to a significant reduction of indus-
try investment in developing novel antifungal agents is
beyond the scope of this discussion. Suffice it to say there is
now an urgent need to discover and develop structurally and
mechanistically new antifungal agents to meet the growing
threat of life-threatening infections due to these pathogens.

2. Regulated Cell Death in Fungi

An important new area of discovery with great potential to
reveal conceptually as well as mechanistically novel targets
for next-generation antifungal therapeutics is regulated cell
death (RCD), previously referred to as programmed cell
death (PCD). For the last two decades, the occurrence of
RCD in unicellular eukaryotes has been a topic of intensive
study, and fungi have been shown to succumb to several dis-
tinct subroutines of regulated cell death. The majority of
these studies have been carried out in the well-established
model system Saccharomyces cerevisiae. According to the
classification of cell death modalities suggested by the
Nomenclature Committee on Cell Death 2018 and the recent
guidelines for cell death nomenclature in yeast [35, 36], S.
cerevisiae and likely other fungi can undergo at least three
distinct types of RCD: intrinsic apoptosis (formerly type I
PCD), autophagic cell death (formerly type II PCD), and
regulated necrosis (formerly type III PCD). While consider-
able efforts have historically been focused on gaining a
greater mechanistic and biological understanding of these
RCD pathways in S. cerevisiae, recent studies have also pro-
vided new insights into RCD in human pathogenic fungi,
including Candida and Aspergillus species. Here, we summa-
rize the basic concepts and significant advances in this regard.

2.1. Biological Roles of Regulated Cell Death in Fungi. The
signals, mechanisms, and pathways through which eukary-
otic cells functionally age, wane, and ultimately meet death
is equally important to their origin, development, and matu-
ration. Thus, RCD has evolved as a means for populations of
cells to most efficiently—and least disruptively—censor
those individual cells that either do not actively contribute
to the larger microbial community or that detract from it.
Example settings in which RCD is particularly meaningful
in this regard include reproduction, establishment of colo-
nies, quorum sensing and metastatic dissemination from

existing colonies or abscesses, biofilm maturation and
survival in the face of antifungal agents, and many other
processes necessary for survival and pathogenesis. Thus,
there is sound rationale supporting fungal RCD as an inno-
vative and mechanistically novel target of next generation
antifungal therapeutics.

While the sense of an apoptotic program in unicellular
organisms might not be as obvious as in metazoans, emerg-
ing data depict scenarios in which the death of damaged or
old cells favors the survival of a clonal population [37].
RCD has been shown to occur during physiological scenarios
such as unsuccessful mating [38], differentiation of a yeast
colony [39], or replicative and chronological aging [40–42].
While replicative aging refers to the number of cell divisions
an individual mother cell can undergo, chronological aging
reflects the time nondividing cells stay viable in stationary
phase. In both aging scenarios, apoptosis serves the elimina-
tion of cells that may be old, irreversibly injured, or which
have dysfunctions that are detrimental to the larger fungal
cell population. Aside from this, the apoptotic program can
also be hijacked by competing fungal populations, for
example via secretion of killer toxins that trigger cell death
in susceptible strains [43].

In aggregate, the RCD subroutines can be induced by a
plethora of different stimuli and scenarios, ranging from
signaling molecules necessary for survival and reproduction
to existing environmental and host threats, including anti-
fungal agents. The relative dependence on distinct molecular
players and events for activation of specific RCD pathways
appears to be subject to conditional contexts in which the
organism encounters a specific stress signal [44]. Based on
their molecular and biochemical characteristics, the apopto-
tic mode of cell death has been subdivided into extrinsic
and intrinsic apoptosis [35]. While extrinsic apoptosis is ini-
tiated by activation of specific transmembrane receptors that
subsequently trigger cellular demise, intrinsic apoptosis can
be induced by a variety of cellular stresses that all converge
on mitochondria-mediated cell death processes. While yeast
does most probably not succumb to the typical extrinsic
apoptosis, intrinsic apoptosis does exist and represents
the best studied RCD scenario in yeast so far. Morpholog-
ically, this mode of cell death is characterized by hallmark
features, including systematic DNA fragmentation, nuclear
condensation, exposure of phosphatidylserine at the outer
leaflet of the plasmamembrane, and accumulation of reactive
oxygen species.

The fundamental molecular machinery governing apo-
ptotic cell death appears to be evolutionary conserved,
and numerous counterparts of mammalian key effectors
of apoptosis have been identified in yeast in the past two
decades [45–47]. For instance, these include orthologues
of the apoptosis-inducing factor (Aif1) and Endonuclease
G (Nuc1). When released from mitochondria upon an apo-
ptotic insult and translocation to the nucleus, they cause
DNA fragmentation and subsequent cell death [48, 49].
For Endonuclease G, this process involves the mitochon-
drial adenine translocator, implying the formation and
actuation of a mitochondrial permeability transition pore
in yeast apoptosis [48].
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Mitochondrial features such as hyperpolarization, oxida-
tive burst and generation of reactive oxygen species (ROS),
dissipation of mitochondrial transmembrane potential,
release of cytochrome C, loss of cytochrome C oxidase activ-
ity, or mitochondrial fragmentation have all been shown to
contribute to apoptotic death to varying extents depending
on respective triggers and scenarios [50]. Even so, variations
on these themes have been observed among differing fungal
organisms, including opportunistic yeast and pathogenic
fungi, as discussed below.

2.2. Regulated Cell Death Subroutines in Saccharomyces
cerevisiae. Although S. cerevisiae is not a typical human
pathogen, the emergence of opportunistic S. cerevisiae infec-
tions has been reported in patients with chronic disease, can-
cer, and immunosuppression [51]. Moreover, considerable
insights into RCD have been gained through studies using
this organism as a model. The following discussion considers
the genetic and mechanistic aspects of RCD in S. cerevisiae
in this light, particularly given many of the RCD determi-
nants and pathways have homologous systems in high
priority human pathogens, including Candida species and
pathogenic molds.

2.2.1. Intrinsic Apoptosis (Type I PCD). Intrinsic apoptosis is
perhaps the most well-known of RCD pathways, through
which cellular constituents are systematically degraded by
caspase-dependent or -independent mechanisms. Compara-
ble to mammalian intrinsic apoptosis, apoptosis in yeast is
accompanied by release of cytochrome C frommitochondria,
thus impairing oxidative phosphorylation. However, the par-
ticipation of cytosolic cytochrome C in the formation of
apoptosomes, as is observed in mammalian cells, has not
yet been demonstrated in yeast.

To date, one orthologue of mammalian caspases has been
identified in S. cerevisiae: the metacaspase Yca1 (alias Mca1)
[52]. Despite different cleavage specificities of caspases
(targeting aspartate-X dyads) and metacaspases (targeting
lysine-X or arginine-X dyads), these proteases share a
common evolutionary origin and are integral to cell death
execution. Notably, the protein TSN (Tudor staphylococcal
nuclease) has been established as the first common substrate
of caspases andmetacaspases, arguing for stringent functional
conservation despite phylogenetic distance [53]. Approxi-
mately 40% of the apoptotic scenarios investigated in
S. cerevisiae to date depend at least in part on the presence
of Yca1 as executor of cellular destruction [54]. The fact that
caspase-like activities have been detected even in cells lacking
Yca1 indicates that additional proteases with caspase-like
activity contribute to RCD in yeast [55]. One such protease
may be the separin Esp1, a highly conserved protease that
facilitates sister chromatid separation during metaphase to
anaphase transition via cleavage of Scc1 (alias Mcd1), a sub-
unit of the cohesion complex [56]. Esp1 belongs to the CD
clan (superfamily) of cysteine proteases, a group of proteases
that also includes caspases, transamidases, and bacterial gin-
gipains [56]. During hydrogen peroxide-induced apoptosis,
cleavage of Scc1 by Esp1 yields a C-terminal Scc1-fragment
that relocalizes from the nucleus to the mitochondria,

causing the dissipation of mitochondrial transmembrane
potential, cytochrome C release, and cell death [57]. Several
additional proteases have been associated with yeast apopto-
sis. Among these, the HtrA2/Omi-orthologous serine prote-
ase Nma111 is involved in oxidative stress-induced cell
death [58] and responsible for the proapoptotic cleavage of
the yeast inhibitor-of-apoptosis protein Bir1 [59]. Likewise,
the serine carboxypeptidase Kex1 is involved in cell death
execution upon treatment with hypochlorite and acetic acid
as well as defects in N-glycosylation [60, 61].

Numerous endogenous and exogenous triggers have
been reported to initiate intrinsic apoptotic cell death path-
ways in yeast, through metacaspase-dependent as well as
metacaspase-independent pathways [45–47]. Among the
endogenous triggers are for instance DNA damage and
replication stress [62], defects in N-glycosylation [61],
chronological or replicative aging [41, 42], perturbations in
cytoskeleton dynamics [63], and impaired mRNA stability
[64]. Likewise, a diverse set of exogenous stimuli for yeast
apoptosis has been identified, including treatment with low
doses of acetic acid and hydrogen peroxide, hyperosmotic
stress, heat, high salt concentrations, UV irradiation, heavy
metals such as iron, copper, and manganese, ceramide, ami-
odarone, aspirin, diverse antitumor agents, and many more
[45, 46, 65]. Relevant to pathogenesis, specific host defense
factors have been shown to act via induction of the intrinsic
pathway of apoptosis in various fungi, including S. cerevisiae.
For instance, peptides from the dermaseptin family produced
by amphibians trigger Aif1-dependent apoptosis [66], and
the plant-derived defense peptide osmotin kills by activation
of Ras-dependent apoptosis [67]. Interestingly, this mode of
cell death requires the binding of osmotin to the plasma
membrane receptor Pho36 and might thus constitute a
variant of extrinsic apoptosis (also see Section (4), below).

Homologues of mammalian proteins integral to the mito-
chondrial pathway of intrinsic apoptosis have been shown to
be functional in yeast and to act through conserved cell death
machinery. For instance, heterologous expression of the
human proapoptotic protein Bax in yeast causes outer mito-
chondrialmembrane permeabilization, cytochromeC release,
and cell death [45]. Simultaneous heterologous expression of
the human antiapoptotic regulators Bcl-2 or Bcl-XL prevents
Bax-induced death and enhances yeast resistance to the apo-
ptotic stimuli H2O2 and acetic acid [50]. Thus, the intrinsic
pathway of apoptosis in yeast can be complemented by
human or other mammalian homologues, again highlighting
the functional conservation of the apoptotic program.

2.2.2. Autophagic Cell Death (Type II PCD). Autophagy rep-
resents the degradation pathway in eukaryotic cells through
which the bulk of intracellular molecular turnover occurs,
including breakdown of a wide range of cytoplasmic material
such as aggregated proteins, organelles, and in some cases,
pathogen determinants. During macroautophagy, cargo des-
tined for degradation is sequestered into double-membraned
vesicles termed autophagosomes and targeted to the vacuole
for subsequent degradation and recycling. Discovered more
than half a century ago, autophagy is now recognized as a cat-
abolic process required for the coordinated regulation of cell
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development, infection control, aging, and other physiologi-
cal and pathophysiological fates, including cell death. Similar
to other RCD subroutines, the fundamental autophagic
mechanisms and molecules are conserved across the evolu-
tionary spectrum from microbes to man. Indeed, most of
the autophagy-related (ATG) genes and pathways have been
identified and characterized in yeast cells under nutrient lim-
iting and other stress conditions [68, 69]. While autophagy
mostly represents a prosurvival and longevity-ensuring pro-
gram, excessive autophagy can also contribute to cell death,
in particular during development [70]. Autophagic cell death
is characterized by increased numbers of autophagosomes
along with aberrant protein and organelle turnover. Evidence
suggests that autophagic cell death occurs in yeast cells, but
the precise contribution of distinct autophagic processes to
cell death execution is relatively unexplored [46]. Even so,
data supporting this concept are emerging. Heterologous
expression of mammalian p53 in yeast causes cell death
accompanied by an upregulation of autophagy, and deletion
of ATG1 and ATG5 partly restores survival [71]. In addition,
selective leucine starvation causes a mode of death that
requires the presence of essential autophagy regulators such
as Atg8 [72]. Indications for an involvement of excessive
autophagy targeting mitochondria (mitophagy) derive from
studies showing that cells lacking the mitophagy regulator
Uth1 are no longer susceptible to cell death induced by
expression of mammalian Bax [73]. However, as Bax also
causes mitochondria-mediated apoptosis in yeast, the precise
contributions of mitophagy to Bax-mediated yeast cell death
requires further investigation.

2.2.3. Regulated Necrosis (Type III PCD). Historically, necro-
sis has been predominantly considered to represent a purely
coincidental mode of cell death upon extreme, biochemical,
immunological, or mechanical insult that results in mem-
brane rupture, swelling of organelles, and indiscriminant
spilling of cell content into its surroundings. In recent years,
a more specific view of necrosis has emerged, representing a
more fine-tuned and regulated mechanism with implications
in inflammatory responses in a variety of physiological con-
ditions [74, 75]. In mammalian cells, the cascade of molecu-
lar events and signaling pathways that ultimately leads to
necrotic RCD often involves proteases such as calpains and
cathepsins, as well as the kinases RIP1 and RIP3 [74]. While
most of our knowledge of regulated necrosis comes from
mammalian systems, studies demonstrating this form of
RCD existing in yeast have been published [76]. During
chronological aging, a portion of dying cells exhibit typical
hallmarks of necrosis, including loss of membrane integrity
and nucleocytosolic redistribution of Nhp6A, the yeast coun-
terpart of mammalian high mobility group box-1 protein
HMGB1 [77]. This necrotic, age-associated cell death is
inhibited by spermidine, a natural polyamine whose levels
decline during the aging process. Spermidine inhibits cell
death via an epigenetic process that involves histone H3
deacetylation and induction of autophagy. Thus, the ability
of distinct pharmacological and genetic interventions to
modulate this process argues that necrotic cell death is highly
regulated. In this respect, deletion of distinct histone

acetyltransferases blocks regulated necrosis as well [77]. Fur-
thermore, peroxisomal function, perturbation of vacuolar
function, and pH homeostasis as well as excess palmitoleic
acid and elevated levels of free fatty acids have been associ-
ated with regulated necrotic cell death [78–82]. In counter-
balance, high levels of the vacuolar protease Pep4, the yeast
orthologue of mammalian cathepsin D, prevent both apopto-
tic and necrotic death during yeast chronological aging.
Notably, the inhibition of apoptosis requires the proteolytic
activity of native Pep4, while the suppression of necrosis is
facilitated by the short propeptide version of Pep4 [83].

2.3. Regulated Cell Death in Candida Species. Candida
albicans represents the main model system to study fungal
pathogenicity and virulence, and RCD of C. albicans has been
observed upon exposure to various antifungals and other
stressors (Figure 1). Candida species have been shown to
undergo RCD with typical characteristics of intrinsic apopto-
sis, whereas other forms of RCD such as autophagic cell
death and regulated necrosis remain largely unexplored in
this organism [84]. Among the triggers for such apoptotic
pathways are for instance acetic acid and hydrogen peroxide
[85], antifungal peptides from plants [86, 87], and other
sources [88, 89], as well as a variety of botanicals such as peri-
llaldehyde, honokiol, baicalin, and cinnamaldehyde [90–93].
In addition, clinical antifungal agents, including caspofungin
and micafungin, two echinocandins that disturb cell wall bio-
genesis, can promote RCD in C. albicans [94, 95]. In most of
these scenarios, apoptotic death of Candida is accompanied
by an accumulation of reactive oxygen species and mitochon-
drial dysfunction [91, 92, 96].

As in S. cerevisiae, one metacaspase (Mca1) has been
identified in C. albicans to date, and Mca1-dependent as well
as -independent apoptotic cell death scenarios have been
detected [84]. C. albicans cells lacking Mca1 are more resis-
tant to oxidative stress-induced cell death than parental
organisms [97]. Of note, increased caspase activity has been
observed in relation to induction of apoptosis in C. albicans
exposed to other stimuli, for instance the quorum sensing
molecule farnesol [98, 99], the plant-derived macrocyclic
bisbibenzyl plagiochin E [96] or silibinin [100]. In con-
trast, cell death resulting from caspofungin is executed
through a Mca1-independent manner but instead requires
Aif1 [94, 101].

Amphotericin B, an antifungal agent in clinical use for
more than 30 years, triggers apoptotic death of C. albicans
[85, 102] and inhibits biofilm formation of C. albicans,
C. krusei, and C. parapsilosis [103]. Its fungicidal effects are
accompanied by increased caspase activities, and concomi-
tant exposure to caspase inhibitors provides cytoprotection.
Interestingly, simultaneous pharmacological inhibition of
histone deacetylation enhances amphotericin B-induced
apoptosis of established Candida biofilms [103]. Further-
more, earlier studies connected apoptotic death in C. albi-
cans to increased Ras signaling [104] and defects in
glutathione synthesis [105]. More recently, human lactofer-
rin has been reported to induce apoptosis in C. albicans via
binding and inhibition of the plasma membrane H+-ATPase
Pma1, which eventually results in disturbed ion homeostasis,
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mitochondrial dysfunction, and death [106]. Moreover, host
cells seem to be able to utilize the apoptotic program of
fungal pathogens as a defense system. For example, interac-
tion with macrophages induces metacaspase activation and
apoptosis in C. albicans [107]. In this process, distinct meta-
caspase substrates involved in glycolysis and protein quality
control were decreased [107].

It should be understood that a given fungal organism
may employ distinct apoptotic pathways, depending on mul-
tiple factors in context. For example, cell density may affect
nutritional availability or activate quorum sensing pathways
leading to apoptosis [108]. Thus, the effects of farnesol or
other signals with respect to quorum sensing, biofilm forma-
tion, and cell death may vary depending on the microenvi-
ronmental conditions in context of infection and the
strategies of fungal growth characteristics therein (e.g., yeast
versus hyphae).

2.4. Regulated Cell Death in Pathogenic Molds. Compared to
Saccharomyces or Candida species, less is known regarding
RCD in Aspergillus species (Ascomycetes) or their Mucor-
omycotina cousins, Rhizopus or Mucor. However, recent
data point to parallels in RCD among pathogenic fungi.
Farnesol-induced quorum-sensing mechanisms may exist
in Aspergillus, ultimately yielding RCD [109]. For example,
in A. nidulans, farnesol induces the expression of an
apoptosis-inducing factor (AIF-) like mitochondrial oxido-
reductase, mitochondrial ATPase inhibitor, and cyto-
chrome C peroxidase. As a result, ROS accumulation and
mitochondrial fragmentation is observed, consistent with

a process of caspase-independent apoptosis in this organ-
ism. Early studies also suggest that Mucor species have
explicit RCD responses to stress. For instance, the HMG-
CoA reductase inhibitor lovastatin can inhibit posttrans-
lational modification of proteins, including prenylation.
Following exposure to lovastatin, M. racemosus arrested
sporangiospore germination, yielding profound cytoplasmic
condensation and DNA fragmentation [110]. More recent
studies reported that specific sesterterpene-type metabolites,
including ophiobolins A and B, can induce apoptosis in
Mucor species [111]. The calcineurin pathway governs key
virulence and antifungal resistance pathways in Rhizopus as
well as in other pathogenic molds such as Mucor. Interest-
ingly, when exposed to the calcineurin inhibitor tacrolimus,
the fungistatic triazole agents posaconazole and itraconazole
became fungicidal for R. oryzae [112]. This effect was accom-
panied by DNA fragmentation, phosphatidylserine external-
ization, ROS accumulation, and activation of caspase-like
functions. From these examples, there is considerable evi-
dence supporting the view that caspase-dependent and
-independent pathways of RCD exist in pathogenic molds
and yeasts.

3. Regulated Cell Death as an Antifungal
Peptide Target

Host defense peptides (HDPs) of different structural scaf-
folds occurring naturally or engineered have now been
shown to activate fungal RCD by way of key mechanisms,
including perturbation of quorum sensing, mitochondrial
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Figure 1: Model of host defense peptide mechanisms versus C. albicans. (1) Host cells activated by C. albicans deploy prestored and
upregulate nuclear- (N-) encoded host defense peptides that directly interact with C. albicans to (2) target electronegative cell wall
components (e.g., glycosylceramide or all specific cell proteins); (3) permeabilization of the cytoplasmic membrane during or following
entry into the cytoplasm; (4) target the electronegative phospholipid composition and transnegative potential (Δψ) of mitochondria
(Mito); (5) perturb mitochondrial functions essential to cell cycle and trafficking, as well as de-energization and respiratory decoupling
activation of caspase and/or metacaspase pathway responses; (6) combined effects of cell envelope damage and mitochondrial dysfunction
invokes the regulated cell death response which corresponds to hallmark features of apoptosis, including phosphatidylserine (PS)
expression. This integrated model is supported by recent publications [115, 125, 131]. It should be understood that different antifungal
peptides may exert different mechanisms or a different mechanistic sequence. For example, in the case of plant defensins, the sequence of
membrane perturbation and ceramide accumulation has not yet been resolved. It could well be that ceramide accumulation is a first
consequence of interaction with glucosylceramides (e.g., step 2; as with RsAFP2). Alternatively, membrane perturbation could potentially
be a consequence of the induction of RCD and hence, only appears at step 6.
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function, autophagy or mitophagy, disruption of replication
or reproductive mechanisms, and/or interference with cell
cycle and aging. A particularly attractive aspect of targeting
RCD in developing novel antifungal agents relates to
the potential minimization of unintended consequences of
inflammation that may accompany death of fungal cells
exposed to cytotoxic agents that induce unregulated necrotic
death. The following discussion focuses on selected examples
from recent studies that offer insights into the RCD-inducing
mechanisms of host defense peptides and how they might be
exploited as novel antifungal agents and strategies. Recent
and prior evidence is considered from studies of RCD
mechanisms differentially induced by distinctive classes of
antifungal HDPs (summarized in Table 1).

3.1. Helical and Extended Peptides. Perhaps the most widely
recognized structural class of peptides having antifungal
activity are those exhibiting α–helical or extended structures.
Examples of this group of molecules for which evidence of
RCD has been reported are discussed below.

3.1.1. Periplanetasin-2. This peptide has recently been
isolated from the cockroach Periplaneta americana and
studied in terms of its mechanism of action againstC. albicans
[113]. The synthetic amide version of the peptide led to lipid
peroxidation, accumulation of ROS, externalization of
phosphatidylserine, dissipation ofΔψ, and loss of cytochrome

C from mitochondria, with activation of caspases, DNA
fragmentation, and eventual cell death. Therefore, by
inducing insurmountable oxidative stress, it appears that
periplanetasin-2 evokes intrinsic apoptosis in C. albicans.

3.1.2. Scolopendin. Scolopendins are recently identified
antimicrobial peptides of centipedes [89]. A prototype scolo-
pendin was found to induce apoptosis in C. albicans, as
evidenced by mitochondrial dysfunction, ROS accumulation,
cytochrome C release, deenergization, phosphatidylserine
externalization, chromatin condensation and fragmentation,
and cell death. These RCD mechanisms were associated with
metacaspase activation.

3.1.3. Lactoferrin. Lactoferrin is one of the most exten-
sively studied HDPs. In early work, Andres et al. showed
that this peptide induces apoptotic cell death in C. albicans
via K+ channel-mediated K+ efflux [114]. More recently,
this same group has shown lactoferrin to induce apoptosis
by inhibiting the membrane H+-ATPase Pma1, leading to
subsequent mitochondrial dysfunction [106]. Interestingly,
Yount et al. previously noted that toxicity of human
beta-defensin 2 (hβD-2) and crotamine toxin corresponded
to common structure-activity relationships promoting tar-
geting of eukaryotic K+ channels, including that of C. albi-
cans [115]. Human lactoferrin has also been found to
trigger caspase-dependent cell death in Saccharomyces [116].

Table 1: Main classes of host defense peptides (HDPs) shown to induce RCD.

Main classes of RCD-inducing antifungal peptides∗

Name Source
Mode of action apart from RCD induction and

mitochondrial dysfunction

A. Helical and extended peptides

Periplanetasin-2 Cockroach (Periplaneta americana) Lipid peroxidation, caspase activation

Scolopendin
Centipedes

Class Chilopoda
Metacaspase activation

Lactoferrin Bovine/human
Metacaspase activation, inhibition of membrane

H+-ATPase Pma1

B. γ–core containing peptides

Plant defensin RsAFP2 Radish (Raphanus sativus)
Interaction with fungal-specific glucosylceramide,

induction of cell wall stress, ceramide accumulation,
septin mislocalization, metacaspase independent

Plant defensin HsAFP1 Coral bell (Heuchera sanguinea)
Interaction with PA and PI phospholipids,

accumulation at buds and septa, internalization,
pH dependent activity in vitro

Plant defensin-like peptide ApDef-1 Adenanthera pavonina Cell cycle dysfunction, metacaspase activation

Insect defensin Coprisin Dung beetle Family Scarabaeoidea
Dysfunctional mitochondrial Δψ and cytochrome

C release

Fungal defensin-like peptide NFAP Neosartorya fischeri
Cell wall dysfunction, accumulation of nuclei at

broken hyphal tips

Fungal defensin-like peptide AFP Aspergillus giganteus Cell wall perturbation

Neutrophil defensin hNP-1 Human Membrane permeabilization and depolarization

Beta defensin hβD-2 Human RCD modulated by Bcr1 and Ssd1 proteins in C. albicans

Kinocidins (e.g., CXCL4, CXCL8) Mammalian
Perturb membrane energetics and inhibit macromolecular
synthesis; pH-related activity in vitro; RCD modulated by

Bcr1 and Ssd1 proteins in C. albicans
∗Note that Histatin-5 and plant defensin-like peptide LpDef1 were not integrated in the table as their potential induction of RCD is still under investigation.
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3.1.4. Histatin-5. It remains unclear whether the antifungal
peptide histatin-5, found in human saliva and oral secretions,
induces apoptosis in C. albicans. Investigations by Vylkova
et al. showed that histatin-5 evokes osmotic stress responses
[117], and ensuing studies by Sun et al. demonstrated it to
perturb ATPase functions in C. albicans [118]. Prior to those
studies, Helmerhorst et al. demonstrated that histatin-5
exerts its antifungal activity through the formation of reactive
oxygen species [119] and also showed histatin-5 to target
fungal energetic systems and to cause mitochondrial dys-
function [120]. Collectively, such findings strongly implied
RCD-like mechanisms. However, studies by Wunder et al.
reported that histatin-5 does not exert its antifungal mecha-
nisms via apoptosis [121].

3.2. γ–Core Peptides. Cysteine-stabilized (CS) HDPs across
the phylogenetic continuum share a 12–18 residue multidi-
mensional structure-function feature known as the γ–core
[115, 122]. While this structure-function signature is
conserved across a vast evolutionary distance, accessory
sequences have adapted to optimize functions in distinct host
anatomic and microbiologic niches. For instance, this funda-
mental motif is conserved in peptides of the defensin, CSαβ,
and many other distinct peptide families originating from
bacteria, fungi, plants, insects, and humans [123], but the
accessory domains have undergone evolutionary radiation.
Examples of apoptosis-inducing γ–core peptides that have
antifungal efficacy are considered below.

3.2.1. Plant Defensins RsAFP2 and HsAFP1. As with all
defensin-family polypeptides of plants, RsAFP1, RsAFP2,
and HsAFP1 are cysteine-stabilized, cationic peptides con-
taining a multidimensional γ–core motif [122, 124]. Plant
defensins are in general characterized by broad-spectrum
antifungal activity and typically have minimal toxicity to
plant or human cells in vitro [125]. Originating from the
common radish plant family member Raphanus sativus and
the coral bellHeuchera sanguinea, the respective plant defen-
sins RsAFP2 and HsAFP1 are models for studying apoptotic
mechanisms of action versus C. albicans. Aerts et al. were
perhaps the first to demonstrate that a plant defensin
(RsAFP2) can induce intrinsic apoptosis in C. albicans,
independent of the metacaspase Mca1 [86]. This observation
was followed by a report on the induction of apoptosis of
C. albicans by another plant defensin, HsAFP1 [87]. Interest-
ingly, HsAFP1 was the first plant defensin for which a direct
interaction with a fungal-specific lipid-based receptor was
demonstrated [126], however at that time, this receptor could
not be identified. Later studies by Thevissen and coworkers
demonstrated that RsAFP2 interacts with fungal-specific
glucosylceramides (GlcCer) [127]. The GlcCer constituents
are present in the cell membrane and wall of susceptible
fungi. As RsAFP2 cannot interact (or does so to a substan-
tially lesser extent) with structurally distinct GlcCer from
plant or human cells [127], the induction of RCD is selective
to organisms that contain the fungal-specific sphingolipid
receptor. This relationship explains why RsAFP2 is not active
against the emerging fungal pathogen Candida glabrata, as
this organism does not produce GlcCer due to a lack of the

GCS1 gene encoding glucosylceramide synthase [128]. Sub-
sequently, Thevissen et al. demonstrated that RsAFP2 is not
internalized in the cell per se, but associates with the cell
envelope, resulting in cell wall stress, septin mislocalization,
and accumulation of ceramides in C. albicans [129]. The
latter effects are likely responsible for the induction of apo-
ptosis; however, the exact mechanism yielding RCD relative
to the RsAFP2-induced ceramide accumulation is hitherto
unknown. Thus, multiple lines of evidence suggest this pep-
tide induces RCD by way of targeting mitochondrial and cell
cycle functions.

These antifungal effects of RsAFP2 were also found to be
synergistic with caspofungin in mitigating the pathogenic
consequences of C. albicans biofilms [130]. In the case of
HsAFP1, the identity of the fungal-specific membrane recep-
tor has not yet been elucidated. Its fungicidal action exploits
the oxidative respiratory chain in C. albicans to cause hyper-
accumulation of ROS among other phenotypic markers of
apoptotic death. Interestingly, genes associated with confer-
ring susceptibility to this peptide were those mediating mito-
chondrial response and related stress-induced functions [87].
Very recent evidence indicates that HsAFP1 can bind to
phosphatidic acid (PA) and to a lesser extent, to various
phosphatidyl inositol moieties [131]. Specifically, this peptide
accumulates at the cell surface of yeast cells with intact
membranes, most notably at the buds and septa, and is sub-
sequently internalized. Further, PA was found to play an
influential role in the internalization of HsAFP1, as yeast
expressing reduced PA levels internalized less of this peptide
(Thevissen, unpublished data). However, additional as yet
unknown fungal-specific processes and targets also appear
to be playing a role in HsAFP1 internalization. Likewise, in
the case of the plant defensin NaD1, cell wall components
have been implicated in its internalization [132, 133]. Micro-
bicidal effects resulting from induction of RCD, such as
energy perturbation and membrane permeabilization, are
presumably secondary effects that ensue following HsAFP1
internalization [131].

3.2.2. Plant Defensin-Like Peptides. The seeds of the legumi-
nous plant Adenanthera pavonina are the source of a recently
identified peptide that exerts apoptotic mechanisms of action
against fungi [134]. This defensin-like plant polypeptide
termed ApDef-1 causes cell cycle dysfunction and concomi-
tant intracellular ROS accumulation and chromatin conden-
sation prior to metacaspase activation and cell death by
intrinsic apoptosis. It is not yet known if ApDef-1 triggers
these effects through general stress responses or if prototypic
fungal pathogens such as C. albicans or pathogenic molds
are susceptible to this mechanism of action. The LpDef1
peptide recently isolated from the seeds of Lecythis pisonis
causes the accumulation of ROS and mitochondrial dysfunc-
tion in C. albicans, pointing towards RCD as mechanism of
action [135].

3.2.3. Insect Defensin Coprisin. Coprisin is an antimicrobial
peptide from the dung beetle with features of the broader
insect defensin family [136, 137]. In its 43 amino acid
form, there are two Cys-disulfide bonds that stabilize its
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characteristic CS–αβ structure. Lee et al. reported this form
of coprisin to exert energy- and salt-dependent mechanisms
of RCD in C. albicans [138]. These activities include accumu-
lation of intracellular ROS, dysfunctional mitochondrial Δψ
and cytochrome C release, phosphatidylserine externaliza-
tion, and metacaspase activation, leading to apoptotic death
of C. albicans.

3.2.4. Fungal Defensin-Like Peptides. Along with higher
eukaryotic organisms, fungi themselves appear to have
exploited RCD over an evolutionary timespan as a means
to protect themselves from other competing fungal organ-
isms. For example, theNeosartorya fischeri antifungal protein
(NFAP) is a basic, cysteine-rich, extracellular antifungal pro-
tein with structural similarity to defensins [139]. This peptide
is characterized by a β–barrel topology, constituting five
highly twisted antiparallel β–strands, stabilized by disulfide
bridges. However, in contrast to its β–defensin relatives,
NFAP contains a hydrophobic core [140]. Homologues of
this peptide have also been isolated from Aspergillus
giganteus (Aspergillus giganteus antifungal protein (AFP)),
Aspergillus clavatus (Aspergillus clavatus antifungal protein
(AcAMP)), and Aspergillus niger (Aspergillus niger antifungal
protein (ANAFP)) [141, 142]. Specifically, NFAP is produced
by the N. fischeri NRRL 181 isolate (anamorph: Aspergillus
fischerianus). Heterologous expression of the nfap gene in
the NFAP-sensitive A. nidulans revealed the induction of
intrinsic apoptosis, as well as damage and dysfunction of
the cell wall, the destruction of chitin filaments, and the
accumulation of nuclei at the broken hyphal tips [143].

3.2.5. Human Defensins. Human neutrophil defensin-1
(hNP-1) and human beta-defensin 2 (hβD-2) are among
the most predominant of the host defense peptides elabo-
rated within neutrophils and expressed by the integument
(epithelial barriers), respectively. Notably, hβD-2 has been
shown to perturb mitochondrial energetics and induce phos-
phatidylserine accessibility in C. albicans [115]. Such results
indicate that these peptides exert their candidacidal mecha-
nisms at least in part via a RCD response involving mito-
chondrial targeting. These effects were influenced by pH
and occurred in relationship to altered cell membrane per-
meability. Similar mechanisms of anticandidal activity have
been observed for hNP-1. Extending on these findings, two
genes have now been identified in HDP resistance in C. albi-
cans and S. cerevisiae. Gank et al. showed that the gene SSD1
is integral to the ability of these fungi to survive in the face of
human defensins [144]. Moreover, an ssd1 null C. albicans
strain was significantly less virulent in a mouse model of
infection as compared to its wild-type counterpart. Subse-
quent investigations by Jung et al. demonstrated that the
regulatory gene BCR1 also contributes to host defense
peptide resistance in C. albicans likely via a pathway that
intersects that of SSD1 [145]. Of note, a synthetic β–hairpin
peptide (RP-13) that lacks a γ–core motif did not exert antic-
andidal activities identical to those of hNP-1 or hβD-2.

3.2.6. Kinocidins. Kinocidins are chemokines that exert direct
microbicidal activities and potentiate functions of synergistic

immune effectors, such as leukocytes [123, 146, 147]. These
host defense peptides have common structural configura-
tions comprising three modular domains: (1) N-terminal
domain containing the chemokine cysteine motif; (2) inter-
posing γ–core domain; and (3) C-terminal microbicidal
helical domain [147, 148]. All mammalian kinocidins are
characterized by this structural pattern. Human kinocidins
representing all four conventional chemokine cysteine array
structure groups (C, CC, CXC, and CX3C) have been identi-
fied and demonstrated to have direct microbicidal activity
against human pathogens [147], and congeners of these
molecules have been engineered for enhanced antimicrobial
activity [149, 150]. The twopredominant groups of kinocidins
are distinguished asα (CXC) orβ (CC and other). Examples of
α–kinocidins (CXC) include platelet factor-4 (PF-4; CXCL4)
and platelet basic peptide (PBP; CXCL7), interleukin-8
(CXCL8), monokine induced by interferon-γ (MIG-9;
CXCL9), interferon-γ inducible protein-10 kDa (IP-10;
CXCL10), and interferon-inducible T cell α-chemoattractant
(I-TAC9; CXCL11) [123, 147, 151]. Specific examples of
β–kinocidins (CC and other subgroups) include monocyte
chemoattractant protein-1 (MCP-1; CCL2), macrophage
inflammatory protein-1 (MIP-1; CCL3), RANTES (regulated
upon activation, normal T cell expressed/secreted; CCL5),
and lymphotactin (CL1). The importance of these concepts
and roles for host defense peptides having more than just
antimicrobial activity are reviewed elsewhere [146, 152].

Kinocidin holoproteins and their modular peptide
domains exert direct antifungal activitieswhich are condition-
ally dependent. For example, kinocidins CXCL1 (GRO-a),
CXCL8 (IL-8), CCL5 (RANTES), and CL1 (lymphotactin)
exert significant candidacidal efficacy at pH5.5 but little
or no activity at pH7.5 in vitro [147]. The fungicidal effect
of the CXCL8 holoprotein was observed with as little as
1 nmol/ml, with complete sterilization of a 6 log CFU
inoculum of C. albicans exposure to 5 nmol/ml of this pro-
tein. Importantly, the hemipeptide of CXCL8 containing
the γ–core and microbicidal helix accounted for all of
the antifungal activity of the holoprotein. For example,
the isolated microbicidal helix of CXCL8 at 0.5 nmol/ml
exerted sterilization of a 6 log inoculum of this organism
in the same solution phase assay in vitro. Interestingly,
whereas the kinocidins typically exert strong anti-C. albicans
activity at pH5.5, their efficacy is considerably less at pH7.5.
This pattern of activity is opposite to that of these peptides
versus bacteria, which generally is substantially greater at
pH7.5 than pH5.5 in vitro.

Mechanisms of kinocidin antifungal action have been
studied usingC. albicans clinical isolates and genetic mutants.
For example, a synthetic peptide congener (RP-1) designed
on the microbicidal helices of mammalian CXCL4 (PF-4)
family kinocidins caused invagination and permeabilization
of the cell membrane, condensation of cytoplasmic macro-
molecules, and loss of mitochondrial energetics in wild-type
C. albicans [145, 153]. Gank et al. and Jung et al. demon-
strated that Ssd1 and Bcr1 proteins function in a pathway that
is integral to the survival of this organism in the face of
low concentrations RP-1 and other host defense peptides
[144, 145]. To gain further mechanistic insights, C. albicans
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wild type, Δssd1/Δssd1 null, SSD1 complemented and forced
overexpression mutants were exposed to RP-1 under distinct
pH conditions simulating bloodstream (pH7.5) or abscess
(pH5.5) contexts in vitro. Mechanisms of action were then
evaluated using multiparametric flow cytometry assay
devised to simultaneously assess six modes of activity
(osmotic homeostasis; macromolecular condensation; cell
membrane permeability; mitochondrial energetics; phospha-
tidylserine display; and caspase-like protease activity) [153].
SSD1 expression inversely correlated with antimicrobial
peptide susceptibility, mitochondrial deenergization and
phosphatidylserine accessibility. Moreover, SSD1 expression
corresponded to mitigation of membrane permeability
(assessed by propidium iodide staining, PI) and caspase-like
protease induction and was greater at pH7.5 than pH5.5.
Collectively, these results suggest that RP-1 and perhaps
other host defense peptides induce RCD in C. albicans which
can be modulated to some extent by Ssd1 protein. Similar
studies focusing on Δbcr1/Δbcr1mutants of C. albicans dem-
onstrated that the Bcr1 protein functions downstream of
Ssd1 to mediate low level resistance to RP-1 and perhaps
other host defense peptides by fostering homeostatic mem-
brane integrity and mitochondrial energetics in vitro [145].
Furthermore, a homozygous null mutant of SSD1 (Δssd1/
Δssd1) was significantly less virulent in a murine model of
hematogenous candidiasis [144]. Thus, the Ssd1-mediated
pathway also plays an important role in the survival of
C. albicans during infection in vivo.

3.3. Other Regulated Cell Death-Inducing Peptides. A variety
of other natural peptides and proteins have been shown to
induce apoptosis in yeast. Examples include osmotin [67],
melittin [154], the aspergillocidal peptide PAF of Penicillium
chrysogenum [155], the surfactant protein WH1 fungin
produced by Bacillus amyloliquefaciens [156], a truncated
derivative of dermaseptin S3 [66], yeast pheromone [157],
psacotheacin [158], and the killer toxins produced by the
yeast Kluyveromyces lactis [159]. Other peptides for which
evidence exists of apoptosis-related mechanisms of action
are reviewed in De Brucker et al. [160]. Additional examples
of peptides that exert antifungal activity but for which RCD
has not been substantiated are reviewed in [161].

4. Development of Peptide Anti-Infectives
Targeting Fungal RCD

Meritorious attempts have been made to translate the potent
and rapid in vitro antimicrobial activities of naturally occur-
ring host defense and related peptides of higher organisms
into novel anti-infective drugs. For a variety of reasons, this
goal has proven quite elusive to date. Even so, exciting
advances are emerging regarding structure, mechanism,
and development of peptide-based agents. In the following
discussion, the main challenges experienced to date and
opportunities on the horizon are reviewed.

4.1. In Vitro to In Vivo Translation. There have been numer-
ous examples of antibacterial peptide efficacy in animal
models of infection. However, few of these agents have

successfully reached phase III clinical trials, and no host
defense peptide isolated from higher organisms or engi-
neered mimetic thereof has achieved regulatory approval
for use in clinical therapy [162, 163]. Even less progress has
been made with respect to development of peptide therapeu-
tics targeting fungal infections. There are only few reports
that document in vivo efficacy of antifungal peptides. In this
respect, Tavares et al. demonstrated efficacy of the native
plant antifungal peptide RsAFP2 when administered prophy-
lactically in a mouse candidiasis model [164]. Moreover,
combined therapy of PAF, the small antifungal protein from
Penicillium chrysogenum, and amphotericin B (AMB), which
act synergistically in vitro, was more effective than either
AMB or PAF treatment alone in a mouse model for invasive
pulmonary aspergillosis [165]. Aside from toxicologic and
pharmacologic barriers (see below), one significant issue in
this respect is the reality that in vitro activity does not consis-
tently translate to in vivo efficacy. As discussed above, the
challenge of context likely plays a major role in this regard.
For example, many published methods assess antimicrobial
peptide efficacy in austere buffer systems that lack relevant
physiologic constituents or conditions. Complicating this
issue is the observation that even the most bioactive peptides
can exhibit little or no efficacy in complex media (e.g.,
Mueller-Hinton or Brain-Heart Infusion broth) often used
for standard MIC testing. Thus, the relevance of in vitro
susceptibility testing of any antimicrobial peptide should be
considered in relation to these limitations. A more relevant
but more cost- and labor-intensive method involves testing
peptide compounds in blood biomatrices, including whole
blood, plasma, and serum ex vivo [166]. This method has
two important advances over assays done in buffer systems:
(1) peptides must overcome binding to molecular or cellular
constituents present in thematrix and (2) additive or synergis-
tic functions of a peptide with other host defense mechanisms
can be assessed, for example, potentiation of neutrophil
opsonophagocytosis and intracellular killing [146].

Translation of in vitro activity to in vivo efficacy has also
been limited with respect to antifungal peptide efficacy. Gank
et al. correlated in vitro hypersusceptibility of C. albicans to
host defense peptides with in vivo hypovirulence in a murine
model of hematogenous dissemination [144]. Very recently,
Cools et al. demonstrated that truncated HsAFP1-based
peptides spanning the γ–core were very active in combina-
tion with caspofungin against biofilms in vitro. However,
translation to in vivo conditions failed due to the interaction
of the truncated peptides with serum albumins [167], which
could not be resolved by their subsequent PEGylation or
cyclization. Interestingly, however, native HsAFP1 still dis-
played activity in the presence of serum albumins, possibly
owing to its structured configuration. Hence, it is plausible
that the use of native HDPs or their engineered congeners,
alone or in combination with standard antimycotics, bears
great potential to combat fungal infections including those
resistant to current therapies.

4.2. Off-Target Effects and Toxicity. One key challenge to
therapeutic development of peptide antifungal agents relates
to the undefined toxicity of certain candidates tested
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clinically to date. Several examples of anti-infective peptide
candidates failing in preclinical development or early-stage
clinical trials have been cited for reasons largely due to off-
target effects and toxicity. Notable cases in this regard have
been reviewed elsewhere [151, 168, 169]. As detailed above,
evidence strongly supports the concept that some host
defense peptides and engineered congeners thereof act at
least in part by inducing or eventuating RCD in fungal target
cells. This double-edged sword is likely a result of multiple
convergent issues: (1) unicellular (e.g., fungi) and multicellu-
lar (e.g., mammals) eukaryotes share common molecular
machineries and signal-response pathways that are responsi-
ble for RCD; (2) evolutionary, structural, and functional par-
allels exist among families of host defense peptides, venoms,
and toxins [115]. For example, reciprocal structure-function
relationships exist among human defensins such as hBD-2
and venoms/neurotoxins such as rattlesnake crotamine shar-
ing related γ–core structural motifs [115, 170]. Mechanistic
data and computational modeling also support such relation-
ships. For example, hBD-2 and crotamine each significantly
perturb mitochondrial energetics and induce phosphatidyl-
serine accessibility of C. albicans and human endothelial cells
in vitro [115]. Likewise, Aarbiou et al. showed that hNP-1
and LL-37 induce death of human lung epithelia and human
immortalized T lymphocytes (Jurkat T cells) by mitochon-
drial injury [171]. In support of these concepts, Zhu et al.
reported that mutations of two residues in a core consensus
insect defensin sequence possessing a structural signature
related to toxogenic effects of scorpion venoms could convert
a defensin into a neurotoxin [172]. Similarly, Vriens et al.
reported on the mutation of one residue in the sequence
of the antifungal plant defensin PDF2.3 from Arabidopsis
thaliana (AtPDF2.3), thereby converting its partial scorpion
toxin signature into the full toxin signature [171–173]. As a
consequence, this mutant AtPDF2.3 was characterized by
antifungal activity and inhibitory activity toward mammalian
Kv1.2 and Kv1.6 potassium channels [173]. Therefore, unto-
ward toxicologic mechanisms and determinants that may
reside in host defense peptides chosen to serve as antifungal
templates will need to be addressed during preclinical and
clinical development.

In balance, there are important opportunities pertaining
to the potential for host defense peptides or their mimetics
to be developed as novel antifungal agents targeting RCD.
For example, crotamine was found to occlude eukaryotic
(mammalian Kv1.2 or C. albicans CAK) potassium channels
in molecular simulations using NMR structures. However,
while hBD-2 engaged them with lower affinity, it did not
occlude either of these mammalian or prokaryotic potassium
channels (Escherichia coli KcsA) [115]. This finding suggests
there are definable structure-activity features that may guide
the differentiation of antimicrobial activity from host cell
toxicities. Likewise, the means by which antifungal peptides
or their congeners target cells may be exploited or used to
improve selective toxicity. For instance, RsAFP2 has been
shown to interact directly with fungal-specific glucosylcera-
mides [127]. Interestingly, while RsAFP2 is not internalized
following this interaction, a related antifungal peptide
(HsAFP1) does undergo internalization and may induce

RCD in target organisms. Moreover, plant defensin NaD1 is
unable to permeabilize fungal cell membranes or kill target
cells when the β-glucan layer is removed, suggesting a specific
target or vulnerable process localizes to this layer [133]. Li
et al. have reported Ssa1/2 to be a key cell envelope-binding
protein for histatin-5 in targetingC. albicans [174]. In the case
of plant defensin MtDef4, its internalization is energy depen-
dent and mediated through endocytosis in Neurospora crassa
[175]. Nonetheless, to date there are few other examples of
specific receptors for antifungal peptides, and only limited
information exists on their exact mechanisms of uptake or
selective toxicity.

One notable advance that may facilitate development of
antifungal peptide drugs relates to the recent discovery that
peptides evolved to target or govern mitochondrial functions
in eukaryotic cells contain sequence domains that exert
potent antimicrobial activity in vitro [176, 177]. This
interesting area is based on the evolutionary progression that
led to eukaryotic symbiosis with prokaryotes in the form
of mitochondria. Many of these peptides or engineered
mimetics thereof induce classic features of RCD in fungi
but not in human cell lines. Thus, subtle structural and/or
mechanistic features may be designed into peptides to afford
greater selective toxicity that targets fungal RCD as an anti-
infective strategy. Moreover, particularly advantageous
aspects of antifungal peptides that are ultimately developed
to target RCD include their likelihood to mitigate a proin-
flammatory storm of necrotic cell death that may result from
antifungal agents inducing survival countermeasures of the
target organism.

4.3. Pharmacologic Uncertainties. An essential concept has
been recognized with respect to naturally occurring anti-
microbial peptides, and which has direct implications on
the development of antifungal peptide therapeutics: dis-
tinct peptides have evolved in context to optimally defend
distinct anatomic, physiologic, and microbiologic niches
in their host [122, 123, 151]. For example, the human
α–defensins hNP-1, -2, -3, and -4 are exclusively confined
to neutrophil granules. These peptides must be able to
function in settings of reduced pH and high levels of
reactive oxygen species that are integral to the microbici-
dal milieu of neutrophil phagolysosomes. By comparison, α–
defensins HD-5 and HD-5 (alias, cryptdins) are expressed by
Paneth cells of small intestine villus crypts. Similarly, human
β–defensins such as hBD-2 are only predominantly expressed
by skin and cutaneous epithelial barrier cells such as keratino-
cytes. Importantly, while hNPs, HDs, and hBDs share the cys-
teine array characteristic of the defensin peptide family [170],
they differ in sequence and composition as likely optimized to
best defend the distinct niches in which they are expressed. It
follows that attempts to deploy these peptides or their non-
natural congeners as systemic antimicrobials have largely
met with loss of activity or poor efficacy, degradation or
lack of durable availability, and/or toxicity when placed
out of context.

Defining the conditional optima for peptide antimicro-
bial activities is an area that remains to be fully explored.
Even so, several aspects of the microenvironment in which
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antimicrobial peptides best function to target pathogens and
spare hosts have been studied. These include ion or salt con-
centrations, pH, protein binding, and growth phase/status of
the target organism, among other factors [151, 178, 179].
Lakshminarayanan et al. demonstrated that conditions
which alter transmembrane potential and membrane rigidity
protect C. albicans from lethality due to tetravalent peptide
B4010 (4 copies of the sequence RGRKVVRR linked through
a branched lysine) [180]. Another challenge to development
of peptide anti-infectives is their vulnerability to proteolytic
degradation by a variety of proteases encountered systemi-
cally, be they en route to or enriched within sites of infection.
For example, metalloproteases, trypsin, and chymotrypsin as
well other proteases can cleave peptides into nonfunctional
fragments. In addition, proteases generated by the pathogens
themselves have been demonstrated to serve as resistance
mechanisms to certain host defense peptides [181–185].

Various strategies have been used to circumvent the
issues of proteolytic degradation that could negatively affect
pharmacology of anti-infective peptides. A specific approach
that may facilitate therapeutic advancement is the structural
design of antifungal peptides or mimetics that retain potent
and multimodal mechanisms of action but which are less
susceptible or inert to rapid degradation. For example, use
of nonnatural amino acids (e.g., D- versus L-enantiomeric
amino acids), peptoid platforms and cyclization are methods
that have been explored in reducing enzyme vulnerability of
lead candidate templates as a means to improve half-life, dis-
tribution, and other pharmacokinetic parameters [151, 169].
Notable in this latter regard is the θ (theta) family of defen-
sins that are found in leukocytes of Old World monkeys
and orangutans, which are cyclic peptides generated by a
posttranslational ligation event of two truncated α–defensin
substrates [186]. Likewise, cyclic orbitide peptides from
Euphorbiaceae spp. and novel cyclodepsipeptides of fun-
gal organisms represent intriguing antifungal templates
[187, 188]. Indeed, naturally occurring peptide-based mole-
cules have illustrated success in this regard and are approved
for clinical use as antifungals. For example, echinocandins
are peptide-based compounds that inhibit the synthesis of
cell wall glucan in fungi including Candida spp. and Crypto-
coccus neoformans and often have fungistatic activity
against some pathogenic molds (e.g., Aspergillus). Members
of this antifungal class (caspofungin, micafungin, and anidu-
lafungin) are highly complex cyclic hexapeptoids conjugated
to N-linked lipids that competitively inhibit 1,3–β glucan
synthase [189]. Echinocandin therapeutics are derived from
the papulacandin family of naturally occurring antifungals
originally isolated from Papularia spp. of marine fungi.
However, while these agents are technically peptide-based,
they are quite distinct from mammalian or plant host
defense peptides. Ultrashort peptides, including amidated
sequences [190], may offer new insights into antifungal
peptide therapeutic agents or strategies. Other approaches
include liposomal formulation, continuous infusion, and
topical applications.

Opportunities also exist for innovative approaches to
development of antifungal peptides based on natural designs
and their biological roles in a certain context. For example,

specific peptides also have distinct functions under differing
conditions and are processed in context to render distinctive
functional modules. These themes are established for many
kinocidins including CXCL4 and CXCL8, which undergo
context-specific cleavage by relevant proteases to yield fully
autonomous microbicidal helices [148, 179, 191]. Interest-
ingly, their helical domains exhibit differences in antimicro-
bial spectra and have greater antifungal activity at pH5.5
than pH7.5. Innovative approaches based on such natural
processing may afford strategic opportunities to exploit
contextually optimized antifungal peptide structures or
mechanisms. For example, context-activated protides are
synthetic, multimodular propeptides designed to sense and
be activated in direct response to strategic microbial or host
signals—including proteases and other enzymes—in contexts
of infection [123, 192]. Thus, these agents are intended to
have complementary advantages with respect to their thera-
peutic potential. First, they are designed to intensify in the
immediate proximity of infection, targeting derivative anti-
microbial effector modules to microbes. Second, in contrast
to conventional antibiotics which select for resistant patho-
gens, protides are biased to favor organisms that lack or do
not express virulence determinant activators and are poorly
or nonpathogenic. Thus, beyond enhanced efficacy and
improved targeting of the infecting microbe, context-
activated protides have the intriguing potential to shift the
evolution of pathogens in favor of nonpathogenic pheno-
types. Context-activated protide lead candidates are cur-
rently in the process of preclinical development.

Perhaps even more specific to the potential development
of biologics targeted for fungal efficacy are recently invented
proteins and peptides that induce cell death by exploiting
regulated cell death evolutionary relationships [176]. These
molecules are designed in part based upon the structure-
function relationships of nuclear-encoded proteins that regu-
late mitochondrial function. As with the context-activated
protide platform, the molecules in this technology platform
are in the preclinical stage of development.

4.4. Sourcing and Manufacturing Issues. Isolation of naturally
occurring antimicrobial peptides from native organisms or
synthesis of natural or engineered forms of these mole-
cules has historically been seen as time-, labor-, and
cost-intensive for feasible commercial development. There-
fore, expression systems are most commonly considered for
bulk production necessary for commodity-scale use. How-
ever, by virtue of their antimicrobial activities, heterologous
expression in microbial systems (e.g., E. coli) can present
issues regarding generation of large amounts of bioactive
compound [193]. In this regard, codon-use bias, intracellular
granule storage, and misfolding have been among the key
pitfalls encountered. To partially circumvent these issues,
heterologous expression in the eukaryotes Pichia pastoris
and Penicillium chrysogenum has been proven successful
for production of various types of plant defensins [194] and
other cysteine-rich, cationic, antifungal peptides [195],
respectively. However, the above issues may remain consid-
erable barriers in terms of sourcing and manufacturing of
anti-infective peptides, directing production by means other
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than classical culture and recovery systems. However, recent
advances in peptide expression and other innovative
approaches including solid-state synthesis have provided
new and practical methods to surmount many of these issues.
A notable example in this regard was the large-scale heterol-
ogous expression of the defensin-family peptide plectasin,
from the saprophytic fungus Pseudoplectania nigrella. Gener-
ation of this cysteine-stabilized peptide at a commodity scale
and GMP quality as necessary for human clinical trials pro-
vides proof of concept that such peptides can be produced
as therapeutics [196]. In addition, the number and diversity
of regulatory approved peptide-based therapeutics is growing
rapidly, demonstrating how peptides or biologics targeting
microbial RCD or other mechanisms can overcome sourcing
and manufacturing barriers [197].

5. Prospectus

Host defense peptides from natural sources have long held
promise to serve as templates for novel anti-infective agents.
This optimism stems from the rapid and potent antimicro-
bial efficacies of many such compounds, which often exert
multimodal mechanisms of action that are considerably less
prone to resistance development than static small molecules.
The scope of structural and functional features of antifungal
peptides has burgeoned in recent years (Figure 2). This trend
is expected to accelerate in the coming decade, given the
urgency with which novel antifungal and other antimicrobial
agents are needed to meet the growing threat of resistance.
Many pathogenic fungi are highly refractory to existing
anti-infective agents, resulting in high rates of morbidity
and mortality. Compounding this challenge are the signifi-
cant increases in the projected incidence and prevalence of
conditions predisposing to invasive fungal infections, includ-
ing cancer, respiratory diseases such as chronic obstructive
pulmonary disease (COPD), organ transplantation, and
others. As reviewed herein, of special importance is the
opportunity for innovative peptides or mimetics thereof to
exploit RCD pathways in fungi as novel therapeutic targets.
This strategy has multiple conceptual advantages, including
mechanistic novelty and the mitigation of inflammatory
storm responses that may occur as fungi attempt to counter-
act traditional antifungal agents. For example, fungi such as

Candida albicans may create a systemic and cytokine
storm-like effect following the application of antifungal ther-
apy. Likewise, other fungal pathogens may participate in
immune reconstitution inflammatory syndromes (IRIS) in
the setting of infection in immune compromised hosts.
Therefore, controlling fungal infections through regulated
cell death has the potential to minimize or avoid these unin-
tended consequences of conventional antifungal therapy.

To realize the potential for evolutionary-proven efficacy
of natural antifungal peptides as innovative therapeutics, an
intensive and coordinated research and development process
is needed, including: (1) host and fungal science to better
understand and optimize fungal RCD as a selective target
for peptide-based therapeutics; (2) structure-mechanism
relationship studies to define the key sequence and/or
3-dimensional determinants of peptides that selectively
induce RCD in fungal cell targets; (3) medicinal chemistry
to minimize or eliminate off-target host cell toxicity and
optimize the pharmacologic delivery of antifungal peptide
therapeutics; and (4) feasible and cost-efficient methods for
generating commodity-scale peptide anti-infective drugs at
GMP quality for clinical use. Achieving these goals appears
to be in reach with sustained prioritization of novel antifungal
agents to meet the rising tide of fungal infections anticipated
in the coming decades.
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It is well known that a chronic state of elevated reactive oxygen species (ROS) in pancreatic β-cells impairs their ability to release
insulin in response to elevated plasma glucose. Moreover, at its extreme, unmitigated ROS drives regulated cell death. This
dysfunctional state of ROS buildup can result both from genetic predisposition and environmental factors such as obesity and
overnutrition. Importantly, excessive ROS buildup may underlie metabolic pathologies such as type 2 diabetes mellitus. The
ability to monitor ROS dynamics in β-cells in situ and to manipulate it via genetic, pharmacological, and environmental means
would accelerate the development of novel therapeutics that could abate this pathology. Currently, there is a lack of models with
these attributes that are available to the field. In this study, we use a zebrafish model to demonstrate that ROS can be generated
in a β-cell-specific manner using a hybrid chemical genetic approach. Using a transgenic nitroreductase-expressing zebrafish
line, Tg(ins:Flag-NTR)s950, treated with the prodrug metronidazole (MTZ), we found that ROS is rapidly and explicitly generated
in β-cells. Furthermore, the level of ROS generated was proportional to the dosage of prodrug added to the system. At high
doses of MTZ, caspase 3 was rapidly cleaved, β-cells underwent regulated cell death, and macrophages were recruited to the islet
to phagocytose the debris. Based on our findings, we propose a model for the mechanism of NTR/MTZ action in transgenic
eukaryotic cells and demonstrate the robust utility of this system to model ROS-related disease pathology.

1. Introduction

The generation of reactive oxygen species (ROS)—including
peroxides, superoxides, and oxygen radicals—in excess of
ROS mitigation mechanisms, results in cellular dysfunction
and triggers regulated cell death under extreme circum-
stances [1]. Cells of metabolically active tissues are predis-
posed to high levels of ROS production, and thus, metabolic
diseases such as type 2 diabetes mellitus (T2DM) are often
associated with excessive ROS generation and resulting
oxidative stress [2]. T2DM is characterized by chronic
hyperglycemia resulting from the dysfunction of insulin-
secreting pancreatic β-cells in the setting of overnutrition

and obesity [3]. This dysfunction may be driven in part
by the generation of excessive ROS, which likely results
from the low endogenous levels of antioxidant enzymes
in β-cells [4]. ROS diminishes the expression of insulin
in β-cells, impairs glucose-stimulated insulin secretion,
and promotes β-cell apoptosis [5, 6]. The availability of
a vertebrate model to study factors that regulate ROS
dynamics in the islet in situ would accelerate the discov-
ery and testing of novel therapeutics for a variety of met-
abolic diseases, including T2DM. The zebrafish, Danio
rerio, is a robust model to interrogate the pathogenesis
of metabolic disease and the efficacy of experimental ther-
apeutics [7, 8].
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The oxygen-insensitive NAD(P)H nitroreductase (NTR,
NfsB) enzyme, cloned from E. coli, has been harnessed to
drive tissue-specific cell ablation in various transgenic zeb-
rafish models. When NTR-expressing transgenic zebrafish
lines, such as Tg(ins:Flag-NTR)s950, are treated with the
antibiotic metronidazole (MTZ), this prodrug is metabo-
lized into cytotoxins that are retained by NTR-expressing
β-cells, rapidly inducing their death [9]. While the precise
mechanisms of MTZ-induced cell toxicity have not been
characterized in NTR-expressing transgenic lines, existing
research provides some insight: nitroreduction of MTZ may
produce cytotoxic nitroradical metabolites, which can cross-
link DNA [10–12]. In this study, we use transgenic NTR+

zebrafish to demonstrate their suitability for modeling ROS
generation, cellular responses to ROS, and pharmaceutical
interventions in vivo. Together, our findings suggest that
zebrafish are a superb model for ROS-related disorders.

2. Results

2.1. Metronidazole Induces β-Cell ROS Generation in an
NTR- and Dose-Dependent Manner. The nitroreductase-
metronidazole (NTR-MTZ) system has been widely imple-
mented as a tool to efficiently ablate cells in a tissue-specific
and temporally controllable manner [13]. However, the
molecular mechanisms driving its induction of regulated cell
death are not fully understood. To determine if ROS are
generated in MTZ-treated NTR-expressing cells, we used
Tg(ins:Flag-NTR)s950 transgenic zebrafish that express insulin
promoter-driven NTR in the pancreatic β-cells. Heterozy-
gous transgenic larvae were immersed in a solution of MTZ
for 0, 1, 3, 6, 12, or 24hr, then stained with CellROX green
to indicate ROS (Figure 1(a)). Incubation start times were
staggered such that all larvae were at 106 hours postfertiliza-
tion (hpf) at analysis. We began treatments with 7.5mM
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Figure 1: Time-dependent metronidazole induction of β-cell-specific ROS. (a) Schematic of MTZ treatments and imaging. Zebrafish (NTR+)
larvae were treated with MTZ or vehicle for 0, 1, 3, 6, 12, or 24 hours with a “staggered start” such that all treatments were completed
simultaneously; larvae were then incubated with CellROX green stain at 105 hpf and fixed/analyzed at 106 hpf. (b) Representative
immunofluorescence images of zebrafish pancreatic islets stained with insulin antibody and CellROX green after 7.5mM MTZ treatments.
Magnified insets (bounded by dashed boxes) highlight the dose-dependent increase in CellROX green signal in β-cells. (c) Quantification
of CellROX green intensity in insulin-positive β-cells showing a significant increase in ROS generation after 1, 3, 6, and 12 hours of MTZ
treatment as compared to vehicle-treated controls (n = 12 for each condition). (d) MTZ treatment caused a significant decrease in β-cell
area after 12 or 24 hours of treatment as compared to untreated controls. (e) Representative immunofluorescence images of zebrafish
pancreatic islets treated for 3 hours with 0 or 7.5mM MTZ and stained with 5 μM DHE. Dotted lines demarcate the boundaries of the
pancreas. Graphed data are presented as mean± SEM (∗p < 0 05). Statistical significance was determined by one-way ANOVA followed by
post hoc Holm-Sidak test. Scale bar indicates 10 μm.
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MTZ, a dose which is effective to ablate β-cells after 24 hr
exposure [14]. With 1 hour of treatment, we observed ROS
staining specifically in β-cell nuclei, whereas adjacent islet
cells were not stained (Figure 1(b)). With longer treatments,
ROS levels increased by almost 4-fold relative to untreated
controls, reaching a peak intensity with 6 hours of treatment,
then showing less increase with 12 or 24 hours of treatment
(Figure 1(c)). We attribute this diminished staining to the
attrition of β-cells via regulated cell death mechanisms and
their clearance by phagocytes (Figure 1(d)), as well as the
neogenesis of β-cells that have not yet generated detectable
ROS. Importantly, neither MTZ nor the transgene was
toxic alone; ROS generation in β-cells required both com-
ponents ([9], data not shown). To further confirm that the
CellROX green staining that we observed was truly repre-
sentative of MTZ-induced cellular ROS and not artefactual
(i.e., simply due to an interaction of CellROX green with
the reduced nitroradical form of metronidazole), we next
incubated MTZ-treated transgenic larvae in 5μM dihy-
droethidium (DHE). Upon its oxidation to 2OH-ethidium
by superoxide, this cell-permeant dye is excited at 405 nm
and emits a bright red fluorescence at 570nm [15]. In
106hpf Tg(ins:Flag-NTR)s950 larvae that were not treated
with MTZ, we detected no specific pancreatic fluorescence
in any sample (Figure 1(e); n = 13). In contrast, in transgenic
larvae treated with 7.5mM MTZ for 3 hours, we observed
strong fluorescence in β-cells in every case (Figure 1(e);
n = 14). These data indicate that superoxide is generated
in transgenic β-cells in response to MTZ.

Next, we hypothesized that the level of ROS generated in
the NTR+ β-cells would be directly dependent on the concen-
tration of MTZ present. To investigate if there is a dose-
dependent relationship, we treated embryos with both low
(2.5mM) and high (7.5mM) concentrations of MTZ using
the same experimental paradigm indicated in Figure 1(a).
As expected, there was no ROS generation in the untreated
control β-cells (Figure 2(a)). With 1 hour of treatment, the
2.5mM dose did not show significant ROS generation, but
7.5mM MTZ induced a more than 4-fold increase in ROS
levels as compared to untreated controls (Figures 2(b)–
2(d)). With 6 hours of treatment, the 2.5mM treatment did
not result in significant ROS generation, though it trended
upward, while the 7.5mM dose caused a nearly 6-fold rise
in ROS levels relative to untreated controls. Consistent with
our previous observations, the measured ROS levels were
no different than baseline with 24-hour treatment of either
the 2.5mM or 7.5mM MTZ. Despite the lower levels of
ROS observed with 2.5mM treatment, there was a dramatic
reduction in the number of β-cells at the 24-hour time point
(Figure 1(b)). Thus, even though induced ROS levels are
lower with the 2.5mM dose, this dose is sufficient to induce
cell death over a 24-hour period.

2.2. MTZ-Induced ROS Generation Leads to Immune Cell
Recruitment and β-Cell Apoptosis. Many studies have corre-
lated the production of ROS with the induction of apoptotic
cell death [15–17]. Therefore, to determine whether the
generation of ROS is correlated with the induction of β-cell
apoptosis in this system, we analyzed cleaved caspase 3

(Casp3∗) in islet β-cells after following the same MTZ treat-
ment paradigm shown in Figure 1(a). Casp3∗ is the active
form of caspase 3 and an indicator of the activated apoptotic
pathway. We did not detect significant Casp3∗ staining in
the untreated controls or with a 1-hour MTZ treatment
(Figures 3(a)–3(d)). However, with a 6-hour treatment,
Casp3∗ was significantly increased with 7.5mM MTZ, but
not 2.5mM relative to untreated controls, following a pattern
similar to ROS generation (Figures 2(d) and 3(d)). As before,
with 24 hours of treatment, almost all β-cells were ablated by
both concentrations of MTZ (Figures 3(b) and 3(c)).

It has been demonstrated that ROS-injured β-cells
release factors that attract immune cells [18]. Consistent with
this finding, we show that generation of ROS in β-cells is
coincident with the infiltration of Tg(mpeg1:GFP) +macro-
phages into the islet; this is first apparent with a 3-hour
treatment, and peak infiltration is seen with 6 hours of
MTZ treatment—when the ROS staining was also measured
at its highest levels. Additionally, engulfment of β-cells by
macrophages is first observed with a 12-hour MTZ treat-
ment, a time point that is coincident with the observed drop
in the β-cell area (Figures 1(d) and 3(e)).

2.3. Antioxidants Protect β-Cells from MTZ-Induced ROS
Generation. We hypothesized that the generation of ROS in
β-cells could be mitigated in our zebrafish model by the
addition of small molecule antioxidants to the water. To test
this hypothesis, we used the common antioxidant N-acetyl-
L-cysteine (NAC). We treated zebrafish larvae with an inter-
mediate dose of 5mMMTZ with the goal of using a dose that
was strong enough to induce a rapid ROS response, but that
would not overwhelm other treatments. MTZ treatments
were supplemented with 100μM NAC and ROS intensity
was measured at multiple time points (Figure 4). With either
a 1- or 6-hour treatment of MTZ, NAC significantly reduced
the levels of ROS staining in β-cells. Consistent with all other
treatments, there was no significant difference with a 24-hour
treatment, which again could be attributed to the ablation of
nearly all β-cells in the presence of MTZ treatment alone.
Together, we conclude that MTZ drives the production of
ROS in β-cells in the presence of NTR. Additionally, a known
antioxidant was effective at mitigating this effect, suggesting
that other novel compounds might be uncovered through
screening approaches in this zebrafish system.

3. Discussion

3.1. Mechanism of Cell Ablation by MTZ-NTR.NTR (NfsB) is
a type 1 oxygen-insensitive nitroreductase that catalyzes the
full reduction of nitroaromatic compounds under anaerobic
conditions [19]. In anaerobes, MTZ serves as a prodrug that
is metabolized by NTR to generate cytotoxic derivatives
capable of blocking DNA synthesis and inducing DNA
damage [20]. In our study, we found that MTZ also induces
ROS generation in the presence of NTR. This is consistent
with the hypothesis that under aerobic conditions, as when
expressed in mammalian cells, NTR might generate super-
oxide and derivative reactive oxygen species, potentially
through a type 2-like “futile reduction cycle” (Figure 5) [21].
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3.2. Utility of MTZ-NTR Zebrafish System as a Disease Model
beyond Just Cell Ablation. As a β-cell ablation system, the
relevance of Ins:NTR/MTZ to type 1 diabetes is evident.
However, chronic ROS production and associated β-cell dys-
function are also critical to the pathology of type 2 diabetes
even before β-cell mass is diminished. Intriguingly, because
the generation of ROS by NTR in this model is dependent
on the dose of MTZ treatment, this provides a compelling

opportunity to manipulate ROS under varied contexts.
For instance, many other disease conditions like type 2 dia-
betes, atherosclerosis, diabetic neuropathy, and cancer arise
as a result of chronic ROS generation in specific tissues
[22]. To model such cases, low concentrations of MTZ
can be used for generating persistent ROS conditions and
studying the effects. Future studies will determine whether
lower levels of ROS can be induced by MTZ treatments
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Figure 2: Metronidazole induces ROS generation in a dose-dependent manner. (a) Representative image of vehicle-treated zebrafish islets
(n = 12) at 106 hpf. (b) Representative image of islets of zebrafish (NTR+) larvae (n = 12 per condition) treated with 2.5mM and 7.5mM
MTZ at different time points. (c) Quantification of CellROX intensity shows a significant increase after 1 or 6 hours of treatment in the
β-cells of 7.5mM MTZ-treated embryos, as compared to untreated controls. Data are presented as mean± SEM (∗p < 0 05). Statistical
significance was determined by one-way ANOVA followed by post hoc Holm-Sidak test. Scale bar indicates 10 μm.
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that are sufficient to impair β-cell function, but not to
induce cell death.

Zebrafish proves to be an outstanding model organism
for studying ROS generation and ROS-related pathologies.
The MTZ-NTR system seems to work exceptionally well for
cell-specific ablation. However, with the added possibility of
precisely modulating the ROS generation using MTZ dosing
and antioxidants like NAC, this makes zebrafish a particu-
larly flexible model.

4. Methods

4.1. Zebrafish Maintenance and Embryo Collection. Wild-
type (AB), Tg(ins:Flag-NTR)s950 (ZDB-ALT-130930-5) [23],
and Tg(mpeg1:GFP) (ZDB-ALT-120117-1) zebrafish were
maintained at 28.5°C in a recirculating aquaculture sys-
tem enclosed in a cabinet and subjected to a 14-/10-hour
light/dark cycle in accordance with institutional policies
under IACUC oversight. Heterozygous outcrossed embryos

Ins

C
on

tro
l

Casp3⁎ Casp3⁎/Ins

(a)

2.
5 

m
M

 M
TZ

1 
hr

6 
hr

24
 h

r

Ins Casp3⁎ Casp3⁎/Ins

(b)

7.
5 

m
M

 M
TZ

1 
hr

6 
hr

24
 h

r

Ins Casp3⁎ Casp3⁎/Ins

(c)

2.5 mM MTZ
7.5 mM MTZ

Ca
sp

3⁎

fo
ld

 ch
an

ge

2

1

0
0 1 6

⁎

Time (hr)
24

(d)

0 hr 3 hr

6 hr 12 hr
m

pe
g/

In
s

(e)

Figure 3: Metronidazole induces apoptosis signaling in β-cells. (a) Representative image of vehicle-treated zebrafish islets (n = 12) after fixing
at 106 hpf. (b) Representative image of islets of zebrafish (NTR+) larvae (n = 12 per condition) treated with 2.5mM or 7.5mM MTZ at
different time points and immune-stained for insulin and cleaved caspase 3 (Casp3∗). (c) Quantification of Casp3∗ intensity shows a
significant increase after 6 hours of treatment in the β-cells of 7.5mM MTZ-treated embryos compared to vehicle. (d) Representative
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was determined by one-way ANOVA followed by post hoc Holm-Sidak test. Scale bar indicates 10μm.
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bearing the Tg(ins:Flag-NTR)s950 allele were collected at
spawning and maintained in a 28.5°C incubator in egg
water-filled petri dishes. Transgenic zebrafish larvae were
genotyped by epifluorescence at 80 hpf using a Leica
M205FA dissecting microscope.

4.2. Chemical Treatments. 1-Phenyl-2-thiourea (PTU; Acros
#207250250) supplementation at 0.003% was used to prevent
pigmentation in all embryos after gastrulation stages. Metro-
nidazole (Sigma #095K093) solutions of 2.5mM, 5mM, and
7.5mM were prepared in egg water (0.1% instant ocean
salt, 0.0075% calcium sulfate) that was supplemented with
PTU. For antioxidant treatments, egg water, either with or
without 5mMMTZ,was supplementedwith 100μMN-acetyl
L-cysteine (NAC; Acros #160280250), which was diluted
from a 100mM stock prepared in ddH2O. Control treatments
for MTZ and NAC used egg water alone.

4.3. ROS Staining, Immunofluorescence, and Image
Collection. Cellular ROS was detected using a CellROX green
reagent (Invitrogen #C10444); live larvae were transferred to
1.5ml microcentrifuge tubes, washed with egg water, then
incubated in the dark for 1 hr at 28.5°C with 10μM CellROX
green diluted in egg water. At the conclusion of each experi-
ment, larvae were washed in egg water then fixed with 3%
formaldehyde in a PEM buffer (0.21M PIPES, 1mMMgSO4,
2mM EGTA, and pH7) at 4°C overnight. Fixed larvae were
washed with PBS and deyolked, then antibody staining
was performed as described [24]. The following concen-
trations of primary antibodies were used: 1 : 200 guinea
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Figure 4: Antioxidant treatment protects from metronidazole-induced ROS generation in β-cells. Zebrafish larvae (n = 12 per condition)
were treated with 5mM metronidazole±N-acetyl-L-cysteine (NAC) for 1, 6, or 24 hours followed by an assessment of ROS using
CellROX green stain. (a) Representative images of islets of 106 hpf zebrafish (NTR+) embryos treated with 5mM MTZ±NAC at different
time points. (b) Quantification of CellROX green intensity shows NAC-mediated protection from MTZ-induced ROS in β-cells after 1 or
6 hours of treatment. Data are presented as mean± SEM (∗p < 0 05). Statistical significance was determined by Student’s t-test. Scale bar
indicates 10 μm.
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pig anti-insulin (Invitrogen #180067), 1 : 200 rabbit anti-
cleaved caspase 3 (Cell Signaling Technologies #9661S),
and 1 : 100 mouse anti-glucagon (Sigma #SAB4200685). Pri-
mary antibodies were detected with 1 : 500 dilutions of com-
plementary Alexa-conjugated secondary antibodies (Jackson
ImmunoResearch). DNA was stained with TO-PRO3
(Thermo Fisher #T3605) diluted 1 : 500. After staining, larvae
were mounted on slides in VECTASHIELD (Vector Labs
H-1000), and confocal imaging was performed with a Zeiss
LSM700 microscope. The confocal stacks of pancreatic
islets were analyzed with CellProfiler software [25]. For
detection of superoxide in situ in live pancreatic β-cells,
heterozygous Tg(ins:Flag-NTR)s950 larvae were treated with
7.5mM MTZ for 3 hours then placed in 5μM dihydroethi-
dium (Thermo Fisher #D1168) + 0.02% DMSO for 30
minutes in dark conditions. Larvae were then paralyzed
with 0.01% tricaine (Sigma #A-5040), mounted on glass-
bottom petri dishes (Mattek #P35G-0-10-C) in 0.5% low
melt agarose (Sigma #A9414), and imaged with a Zeiss
LSM700 confocal microscope.

4.4. Statistical Analysis. The data are presented as the
means± standard error of the mean (SEM). The data analy-
ses were performed using the GraphPad Prism 7.1 software
package. Significant differences between the mean values
were determined using Student’s t-test, where two means
were compared, and one-way analysis of variance (ANOVA)
followed by post hoc Holm-Sidak test when more than two
means were compared. The differences were considered
statistically significant at p < 0 05.
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Radioresistance is one of the primary causes responsible for therapeutic failure and recurrence of cancer. It is well documented
that reactive oxygen species (ROS) contribute to the initiation and development of gastric cancer (GC), and the levels of ROS
are significantly increased in patients with GC accompanied with abnormal expressions of multiple inflammatory factors. It is
also well documented that ROS can activate cancer cells and inflammatory cells, stimulating the release of a variety of
inflammatory cytokines, which subsequently mediates the tumor microenvironment (TME) and promotes cancer stem cell (CSC)
maintenance as well as renewal and epithelial-mesenchymal transition (EMT), ultimately resulting in radioresistance and
recurrence of GC.

1. Introduction

Gastric cancer (GC) is the second most frequently diagnosed
cancer and the second leading cause of cancer-related
mortality in China [1]. Almost one million new cases are esti-
mated to occur worldwide every year [2]. Radiotherapy (RT)
can optimize outcomes in patients with gastric cancer [3].
However, the impact of RT is hindered by a frequent devel-
opment of resistance to the treatment [4]. Radiotherapy
causes tissue damage in two different ways, a direct damaging
effect from radiotherapy itself and an indirect effect resulting
from the alteration of cellular pathways [5]. Radiotherapy
can generate DNA breaks and induce cell apoptosis to indi-
rectly militate against the antitumor treatment by inducing
the reactive oxygen species (ROS). ROS are products of an
excessive oxidative phosphorylation in mitochondria, as well
as products of peroxisome-mediated β-oxidation of branched
and very long-chain fatty acids (VLCFAs) [6], which regulate

a variety of important signaling pathways for cell proliferation
and survival.

Chronic low-level increased ROS can activate the change
of the tumor microenvironment. Radiotherapy typically
causes chronic oxidative stress and induces higher levels of
ROS. The haemal levels of ROS in gastric cancer patients
are obviously increased, along with the abnormal expression
of factors such as P38 which modulates the expression of
inflammatory factors [7–9]. ROS also directly alter the tumor
microenvironment by activating cancer cells and inflamma-
tory cells, which in turn release a variety of inflammatory
factors to promote CSC renewal [10], leading to therapeutic
resistance [11].

1.1. Effects of Radiotherapy in Gastric Cancer

1.1.1. ROS-Associated Radioresistance in Gastric Cancer. The
biological effects of radiotherapy are mainly a consequence of
DNA damage, such as breaks in the double-strand (ds)
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structure. These breaks can be directly caused by interactions
between rays and DNA molecules, or indirectly from
ROS-related cellular water radiolysis [12] (summarized in
Figure 1). High levels of ROS suppress tumor growth
through the inhibition of cell proliferation and induction of
apoptosis and senescence. Incorporation of oxidized purine
nucleoside triphosphates, such as 8-oxo-2′-deoxyguanosine
triphosphate (8-oxo-dGTP) and 2-hydroxy-2′-deoxyadeno-
sine triphosphate (2-OH-dATP), into genomic DNA plays
an important role in apoptosis induced by ROS [13]. In addi-
tion, some studies confirm that tumor-infiltrating lymphocyte
(TIL) can be attracted by ROS and exert their antitumor
effects [14]. However, some cancer cells can survive ROS by
activation of DNA repair and the antioxidant system [15].
Consequently, both activation of cellularDNAdamage check-
points and the ability to repairDNA in cells like CSCs contrib-
ute to cellular survival after receiving radiotherapy [10].

1.1.2. ROS-Related Alterations in the TumorMicroenvironment
after Radiotherapy. Radiotherapy can break the DNA of
tumor cells and increase the levels of ROS, leading to damage
in tumor cells and changes in the microenvironment. After
radiotherapy exposure, normal and tumor tissues show
inflammatory responses, including vascular trauma, tissue
edema, and hypoxia. Pulmonary fibrosis is one of the most

undesired side effects of RT. Studies have confirmed that some
RT can cause acute lung injury, and the connective tissue
growth factor (CTGF) mediates a chronic inflammatory
response resulting in pulmonary fibrosis [16, 17]. Myofibro-
blast expansion and progressive deposition of the extracellular
matrix can be observed in this process. The radiotherapy-
induced vascular trauma, tissue self-healing, and immune cell
infiltration usually cause an increased demand for oxygen,
and the following hypoxic environment activates hypoxia-
inducible factors (HIFs) [11]. The HIFs, particularly HIF-1α
and HIF-2α, regulate tumor cell proliferation, migration, and
angiogenesis by regulating glucose metabolism and ROS
production [18, 19]. The hypoxia also influences the immune
system by recruiting immune cells, such as tumor-associated
macrophages (TAMs), T-cells, B-cells, and myeloid-derived
suppressor cells (MDSCs) [20]. Whether HIFs function posi-
tively or negatively in the tumor immune response is not
clearly understood. In addition, RT causes tumor cell death
and inflammatory infiltration, which induce the release of
tumor antigens and trigger antigen-presenting cells [21]. RT
also promotes dendritic cell (DC) recruitment and a T-cell
immune response through RT-induced IgM targeting of the
necrotic tumor cells. The inflammatory environment within
tumors can also attract TAMs and T-cells to suppress or pro-
mote tumor growth [22]. The microenvironment is deeply

ROS

Cellular water
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IR

Direct damageIndirect damage

Cancer cell death (apoptosis)

DNA damage

Oxidized purine nucleoside
triphosphates

8-oxo-dGTP

2-OH-dATP

Figure 1: Radiotherapy and ROS promote antitumor effects. Radiotherapy irradiation causes cellular death through direct DNA breaks and
indirect ROS effects. ROS induces 8-oxo-dGTP and 2-OH-dATP into genomic DNA, which leads to tumor cell apoptosis.
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changed afterRT in response to the effects ofROS,which results
in the transformation of TME and contributes to resistant
cancer cells.

1.2. ROS-Mediated Tumor Microenvironment Transformation
in Gastric Cancer Patients. Elevated levels of ROS are closely
related to changes in the tumor microenvironment. The
interaction between ROS and inflammation is an important
pathogenic factor for GC carcinogenesis. Studies have shown
that inflammatory mediators, such as cytokines and growth
factors, can regulate nitrogen oxides (NOX) to produce
ROS [23]. IL-20 stimulates ROS production through the acti-
vation of the signal transducer and activator of transcription
3 (STAT3), protein kinase B (AKT)/phospho-c-Jun NH(2)-
terminal kinase (JNK)/extracellular signal-regulated kinase
(ERK) signals [24]. As an effector molecule, ROS attract
white blood cells involved in inflammation and tissue
damage.Many studies have shown that ROS participate in car-
cinogenesis by activating inflammatory mediators, thus trig-
gering an inflammatory microenvironment [25]. In Kupffer
cells, ROS induce the release of inflammatory mediators by
activating P38 to revitalize mitogen-activated protein kinase

(MAPK) and nuclear factor-kappa B (NF-κB) [26]. High
levels of ROS can also activate tumor necrosis factor alpha
(TNF-α), protein (p65), and transforming growth factor beta
(TGF-β) and downregulate the inhibitor of kappa B alpha
(IκBα) to mediate the release of inflammatory mediators
[23, 27, 28]. In addition, inflammatory cytokines can be
released through the signal transducer and activator of tran-
scription 1 (STAT1) signaling pathway, which is activated by
ROS [29, 30]. ROS activate NF-κB, TNF-α, and STAT3
signaling pathways in inflammatory cells and tumor cells to
release TNF, NOX2, IL-6, IL-2, IL-8, and CXCL12 involved
in the change of TME [23, 27] (summarized in Figure 2 and
Table 1). Our former researches and other groups have
confirmed that patients with GC are in a status of oxidative
stress [32] accompanied by abnormal expression of a variety
of inflammatory factors, including IL-1β, IL-6, and COX-2.
Therefore, ROS may stimulate tumor cells to proliferate and
resist apoptosis while promoting the development and
progression of GCby impacting the tumormicroenvironment.

1.3. Transformed Tumor Microenvironment Promotes
Gastric Cancer Development and Radiotherapy Resistance.
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Figure 2: ROS mediate TME alterations. ROS can activate TNF-α, TGF-β, MAPK, NOX3, and NF-κB signaling pathways and promote the
release of inflammatory factors TNF, NOX2, IL-6, IL-2, IL-8, and CXCL12, leading to tumor microenvironment changes and the
development of tumors.

Table 1: ROS and TME-relevant signaling.

ROS target Factors Signaling pathways Function References

P38 TLR2/6 P38 MAPK, JNK Translocation of NF-κB to the nucleus [26]

NF-κB
IL-1β, IL-6, COX-2, IL-2, IL-8,

TNF, NOX2, CXCL12
STAT3, NF-κB p65 Regulation of tumor proliferation and apoptosis [23, 27]

TNF TNFs TNF, NF-κB, JNK Cell survival or death [27]

TGF-β TGF EMT inducer [28, 30]

NOX-3 NADPH MAPK, STAT1 Inflammation and apoptosis [31]
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Radioresistant GC cells have stem cell-like features. Sev-
eral studies have shown that cancer stem cells (CSCs) play
an important role in developing resistance and recurrence
of cancer. The change of the tumormicroenvironment after
radiotherapy can activate CSC renewal and epithelial-
mesenchymal transition (EMT) [33, 34]. CSCs display an
EMT phenotype that is resistant to conventional therapies.
Self-renewal of such cells is the main cause for treatment
resistance and recurrence of GC (summarized in Table 2).
In some human and mouse mammary tumors, ROS levels
in CSCs are lower than those found in corresponding non-
tumorigenic cells (NTCs). Compared to NTCs, CSCs show
less DNA damage and are more viable. A highly activated
free radical scavenger system contributes to lower levels
of ROS in CSCs. Pharmacologic depletion of ROS scaven-
gers in CSCs significantly decreases their ability to form
colonies, leading to increased radiosensitivity [51]. These
suggest that, similar to stem cells, CSCs in tumors can
enhance reactive oxygen defense and reduce ROS levels,
which may lead to cancer radiotherapy resistance [15].
Recent reports confirm that ROS are associated with GC
stem cell markers CD133, CD166, and CD44 [52–54];
ROS can also regulate EMT-related indicators, such as
E-cadherin, N-cadherin, snail, and twist [55].

EMT is crucial not only in regulating tissue development
but also in tumor invasion andmetastasis [56]. The change of
the microenvironment plays an important role in the devel-
opment of tumors, stem cell transfer, and self-renewal. ROS
change the tumor microenvironment by regulating a variety
of cell signaling pathways to promote CSC transformation
[57, 58]. ROS also regulate the activity of NF-κB, which is
an important mediator of the release of inflammatory factors
by tumor cells [59, 60]. In breast cancer, head and neck
squamous cell carcinoma, gastric cancer, and glioma, IL-6
promotes stem cell self-renewal through the classical IL-6R/
gp130/STAT3 signaling pathway [61] (summarized in
Figure 3). An elevated level of IL-6 is related to cancer cell
proliferation, angiogenesis, and metastasis via stimulation
of MAPK, STAT3, and AKT signaling pathways [62, 63].
IL-6 accelerates EMT through an altered expression of
N-cadherin, E-cadherin, twist, snail, and vimentin, which
results in cancer metastasis. It is reported that the levels

of ROS, IL-6, COX2, and TNF-α are abnormally increased
in patients with GC. Therefore, ROS may activate NF-κB to
cause GC cells and cancer-associated fibroblast cells (CAFs)
to release IL-6, thus mediating tumor metastasis and self-
renewal that will consequently facilitate CSC self-renewal
and maintenance. The activation of the cellular DNA damage
checkpoint and the ability of DNA repair in CSCs result in
their survival of radiotherapy, thus establishing radioresis-
tance in GC cells.

1.4. Targeting ROS and ROS-Associated Tumor
Microenvironment Signaling Pathways. Recently, multiple
medicinal and chemical therapies are investigated to
target the factors and signaling pathways associated with
ROS-mediated TME alteration, ROS-mediated DNA dam-
age, and apoptosis (summarized in Table 3). Selenium
nanoparticles (SeNPs) possess special chemical and physi-
cal properties and generate ROS in cells to provide a novel
strategy for the rational design and synthesis of chemo-
radiosensitizing therapeutic materials [65]; SeNPs are
also confirmed to affect on TNF and IRF1 to induce
ROS-mediated activation of necroptosis [70]. There are
also reports demonstrating that an increased level of ROS
is a feasible strategy to improve radiotherapy efficacy
[64–66]. Most of the drugs like bortezomib, celecoxib,
5-FU, and other compounds are validated to enhance the
generation of ROS. Other reports suggest that microRNAs
and other materials can repress the factors in ROS-
mediated TME and enhance radiosensitivity in numerous
cancer cells, including GC cells [72, 73]. Nonetheless, the
mechanisms of ROS-mediated TME alteration in GC are
not explicitly understood, particularly regarding key genes
and proteins that influence the signaling pathways within
the TME, inflammatory factors releasing, CSCs, EMT,
and ROS scavenging.

2. Conclusion

The purpose of radiotherapy is to eliminate tumor cells, but
spare normal cells and tissues from radiotherapy damage.
However, currently single-course radiotherapy cannot pro-
vide sufficiently high-dosage radiotherapy for effective treat-
ment of GC. While ROS can be induced chronically during
multiple rounds of radiotherapy, its antitumor effect may
be compromised. Within the tumor microenvironment,
radiotherapy and several key cytokines can promote ROS
production, consequently suppressing the antioxidant sys-
tem. Patients with GC suffer from chronic oxidative stress
and have higher levels of locally induced ROS, which leads
to an abnormal expression of cytokines and inflammatory
factors. ROS can activate a variety of signal molecules, such
as MAPK, NF-κB, TNF-α, and TGF-β that transform the
TME by releasing inflammatory factors, including IL-1β,
IL-6, COX-2, TNF, and NOX2. These inflammatory factors
promote the development and progression of GC through
cellular proliferation and apoptosis signal pathways. The
GC stem cell markers like CD133, CD166, and CD44 are also
associated with ROS and EMT markers. ROS can also acti-
vate several cell signal pathways to regulate the CSCs. ROS-

Table 2: CSCs involve in the mechanisms of radioresistance.

Mechanism Signaling pathways References

Protection of
DNA repair

PARP
ATR-Chk1

ATR-Cnk1, ATM-Chk2
Chk1, Chk2

ATM-ZEB1-Chk1
Myc-Chk1 and Chk2
AKT/cyclin D1/Cdk4

Upregulated DNA repair genes

[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42, 43]

Protection of
ROS scavenging

Nrf2 signaling pathway
The Prdx family of antioxidant

enzymes

[44–46]
[47, 48]

Protection of
TME change

HIF-mediated mechanisms and
negative immune responses

[14, 18, 49, 50]
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Figure 3: The IL-6R/gp130/STAT3 signaling pathway. The IL-6 secreted by tumor cells andCAFs through the ROS-mediatedNF-κB signaling
pathway can promote tumor metastasis, radioresistance, and CSC self-renewal. IL-6 promotes GC metastasis and CSC self-renewal through
the classical IL-6R/gp130/STAT3 signaling pathway.

Table 3: Novel therapies targeting the ROS-mediated TME alteration.

Therapy Target Material type Mechanism References

BEMER electromagnetic
field therapy

ROS Cancer cell lines
Enhanced ROS formation and

induced DNA damage
[64]

X-ray responsive selenium
nanoparticles

ROS HeLa and NIH3T3 cells
ROS overproduction causing the

cell apoptosis
[65]

Diisopropylamine
dichloroacetate

ROS
Human esophageal squamous cell

carcinoma cell lines Eca-109 and TE-13
Modulated mitochondrial oxidation [66]

Bortezomib, romidepsin NF-κB Human NSCLC cell lines (A549)
Increasing ROS and stimulating
the extrinsic pathway of apoptosis

[67]

Bortezomib ROS, Noxa
Mantle-cell lymphoma cell lines

and patients
Cytotoxic effect through ROS
generation and Noxa induction

[68]

Celecoxib, 5-FU ROS
Human squamous cell lines (SNU-1041
and SNU-1076), orthotopic tongue

cancer mouse model

Inhibiting the AKT pathway and
enhancing ROS production

[69]

Selenium nanoparticles TNF, IRF1
Human prostate adenocarcinoma cell

line (PC-3)
Causing TNF and IRF1-induced

ROS-mediated necroptosis
[70]

miR-139-5p Multiple genes
Breast cancer patients, human
breast cancer cell line (MCF7),

xenograft mouse model

Suppression of gene networks of
DNA repair and ROS defense

[71]

Ursolic acid
BGC-823 human adenocarcinoma

gastric cancer cell line
Enhanced G2/M arrest, increasing

ROS, promoting apoptosis
[72]

miR-200c nanoparticles CSC

Human gastric adenocarcinoma cell
lines (BGC823, SGC7901, and MKN45)
and an immortalized human gastric

mucosa cell line (GES-1)

Impairing ROS generation and
DNA repair by the miR-200c

[73]
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activated NF-κB mediates the release of IL-6 in GC, breast
cancer, glioma, and HNSCC. The IL6R/gp130/STAT3 signal
pathway regulates CSC renewal and cancer metastasis which
leads to radiotherapy resistance. Further investigation of
treatment options addressing the pathways associated with
ROS in GC may increase the sensitivity of radiotherapy in
patients with GC. Since inflammatory factors play an impor-
tant role in ROS-mediated TME alteration and CSCs, anti-
inflammatory drugs, such as NSAIDs and glucocorticoids,
can be used to regulate the release of inflammatory factors
and restore the aberrant TME. In addition, an optimal dosage
of radiotherapy in less therapeutic frames of radiotherapy,
along with other strategies to increase radiosensitivity, may
significantly augment effective ROS levels for GC treatment.

Additional Points

Highlights. (i) This review focuses on recent advances in the
research of radiotherapy-mediated tumor microenvironment
changes in gastric cancer. (ii) There is accumulating evidence
that reactive oxygen species induce the transformation of
the tumor microenvironment that promotes cancer stem
cells and epithelial-mesenchymal transition. (iii) This review
proposes key targets for improving the radiosensitivity of
gastric cancer.
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Cancer is a death cause in economically developed countries that results growing also in developing countries. Improved outcome
through targeted interventions faces the scarce selectivity of the therapies and the development of resistance to them that
compromise the therapeutic effects. Genomic instability is a typical cancer hallmark due to DNA damage by genetic mutations,
reactive oxygen and nitrogen species, ionizing radiation, and chemotherapeutic agents. DNA lesions can induce and/or support
various diseases, including cancer. The DNA damage response (DDR) is a crucial signaling-transduction network that promotes
cell cycle arrest or cell death to repair DNA lesions. DDR dysregulation favors tumor growth as downregulated or defective
DDR generates genomic instability, while upregulated DDR may confer treatment resistance. Redox homeostasis deeply and
capillary affects DDR as ROS activate/inhibit proteins and enzymes integral to DDR both in healthy and cancer cells, although
by different routes. DDR regulation through modulating ROS homeostasis is under investigation as anticancer opportunity, also
in combination with other treatments since ROS affect DDR differently in the patients during cancer development and
treatment. Here, we highlight ROS-sensitive proteins whose regulation in oxidatively induced DDR might allow for selective
strategies against cancer that are better tailored to the patients.

1. Introduction

Human cancer is the primary death cause in economically
developed countries and the second death cause in develop-
ing countries. Adoption of cancer-associated lifestyles as
smoking, physical inactivity, and “westernized” diets and
the increasing number of aging people are major causes for
cancer expansion [1]. Targeted therapy has improved the
outcome for specific cancer types; however, intrinsic or
acquired resistance to the therapies remains an inevitable
challenge for the patients [2–4]. Several features like cell
composition of the tumor, tumor microenvironment, and
drug efficiency lead tumor cells to overwhelm the therapies
through the same mechanisms that healthy cells utilize for
surviving under adverse conditions. In addition, many thera-
pies are scarcely selective for cancer cells and damage healthy
cells thus compromising the therapeutic effect [5–7]. Almost

all human tumors are characterized by genomic instability,
which essentially derives from deoxyribonucleic acid (DNA)
damage generated by reactive oxygen/nitrogen species
(ROS/RNS, usually referred as ROS), ionizing radiation, and
chemotherapeutic agents, besides occasional genetic muta-
tions, so that DNA damage is direct and indirect target of a
wide number of anticancer treatments [8–11]. Eukaryotic
cells have developed a sophisticated signaling-transduction
mechanism, named DNA damage response (DDR), that
maintains cell genome integrity by acting as an efficacious
network. DDR can detect DNA lesions and arrest the cell
cycle both temporary (checkpoint control activation) and
permanently (senescence) or promote cell death (apoptosis).
DDR sets cell fate depending on mode and level of DNA
damage after comparing its severity and cell potentiality to
survive. Aberrant repair mechanisms, mutations, and poly-
morphisms of genes involved in DNA repair contribute to
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human cancer onset, development, and progression [12–15].
DDR defects that are detectable in human tumors allow
classifying the patients for appropriate therapy. Tumor cells
often shift their ratio between DNA damage and DNA repair
activities in favor of repair that leads to stabilize DNA lesions,
as the repairing system cannot identify gene mutations. The
lesion extent may exceed the repairing capability of the cell
and generate resistance to DNA-targeted therapies [16–18].
Mechanism-based-targeted therapies are preferentially
administered as single-target therapies often induce resis-
tance through restoring basal cancer pathways [19–21]. Oxi-
datively induced DDR has aroused increasing interest since
when ROS are no more considered causing exclusive molecu-
lar damage or palliative effect against anticancer drugs. ROS
together with related molecules and enzymes contribute to
physiological functions and pathological alterations of DDR.
Oscillations of the redox equilibrium under the cell death
threshold can affect the stringency of DDR through modulat-
ing its pathways andmechanisms [22–24]. ROS participate to
the complex crosstalk of DDR and autophagy that contributes
to treatment resistance of cancer cells and their subsequent
regrowth through the DNA repair mechanisms [25–29].
Depending on their level, ROS coordinate intracellular redox
signaling by acting as messengers in both healthy and cancer
cells, although through different pathways. The imbalance
between ROS/RNS production and elimination favors their
accumulation, subjecting both healthy and cancerous cells
to the oxidative/nitrosative stress (collectively named oxida-
tive stress, OS). Cancer cells proliferate in a constitutive OS
state, as their hallmark, that may generate resistance to
ROS-based anticancer interventions when the antioxidant
system of the cell is proportional to its OS level or evolve
towards cell death when ROS are subjected to spontaneous
or therapeutically induced further increase [30–35].

Here, we briefly prospect possible points of therapeutic
intervention in oxidatively induced DDR regarding ROS
homeostasis involvement that are under investigation as
mechanism-based therapeutic strategies to counteract the
human cancer.

2. ROS Homeostasis

2.1. Production of ROS and RNS. The oxidative metabolism
in mitochondria constantly produces a flux of reactive oxy-
gen species (ROS) and a flux of reactive nitrogen species
(RNS) as oxidative phosphorylation by-products. The pro-
duction is estimated on average 1-2% of total rate of oxygen
consumption in healthy human body. ROS/RNS are usually
named free radicals since they are the most important classes
of the free radical family in the majority of living organisms.
Free radicals contain an atom or a molecule with one or more
unpaired electrons that make them highly reactive, able to
bind other radicals or oxidize molecules that they contact.
Free radicals share a short life and a generation of chain reac-
tions that ultimately lead to cell structure damage. ROS com-
prise the singlet oxygen (½ O), the superoxide anion radical
(O2⨪) and its metabolites, as the very toxic hydroxyl radical
(•OH), and the nonradical hydrogen peroxide (H2O2) that,
in the presence of redox active metals, is partially reduced

to (•OH), by Fenton reaction [36]. The mitochondrial respi-
ratory chain leaks electrons causing partial oxygen reduction
to O2⨪, which is spontaneously, or by superoxide dismutase2
(SOD2), rapidly transformed into H2O2. Also, peroxisomal
NADPH oxidases (NOXs) are implicated in electron transfer
from intracellular NADPH to oxygen generating O2⨪ that is
converted into H2O2 by superoxide dismutase3 (SOD3). The
overall H2O2 is turned into reactive •OH radicals. RNS were
derived from the very dangerous peroxynitrite (ONOO−)
generated by O2⨪ and nitric oxide (•NO), a highly reactive
gaseous molecule, but not a radical, soluble in water and dif-
fusible across cell membranes. The reaction is catalyzed by
NO synthases (NOS1–3), a family of constitutive or inducible
enzymes with different tissue distribution utilizing arginine
and NADPH. •NO competes with SOD by directing O2⨪
towards ONOO−, rather than H2O2. NO-derived oxidants
are endowed with cellular antimicrobial action and act with
ROS contributing to establish oxidative conditions [37, 38].

2.2. Antioxidants (ROS Scavenging System). Living organisms
have evolved enzymatic and nonenzymatic pathways that
prevent oxidative damage to essential macromolecules,
including proteins and nucleic acids. The pathways are mod-
ulated by several protein-based sensory, while regulatory
modules ensure a rapid and appropriate response [39]. Per-
oxisomal catalase, SODs, glutathione peroxidase, and ascor-
bate peroxidase are antioxidant enzymes that remove O2⨪,
H2O2, and peroxides in cell districts, acting as highly efficient
antioxidant systems that protect cellular components by var-
iable extent. The enzymes act in concert with other proteins
as peroxiredoxins [40–43], thioredoxins (Trx) [44], glutare-
doxins (Grx) [45], and metallothionein [46–48] and with
low molecular weight, nonenzymatic antioxidants as ascor-
bate, glutathione [45, 49], tocopherol, carotenoid, and mela-
tonin [50–53]. The oxidative signal is essentially reversed by
two potent antioxidant systems the Trx/Trx reductase and
Grx/Grx reductase, which reduce disulfides to free thiol
groups at the expense of NADPH depletion. Antioxidant sys-
tems contribute to scavenge excessive ROS, thus finely con-
trolling their levels and restoring the pools of reduced
proteins and lipids (Figure 1).

2.3. ROS/RNS Effects. ROS/RNS exert different effects on the
same targets, depending on cell type, with the exception of
•OH and ONOO− that are always associated to plain toxicity.
The basal oxidation level that is necessary for correct cell via-
bility and functions requires a redox homeostasis mecha-
nism. Radical fluctuations are strictly controlled through
their continuously balancing in, for instance, increased
energetic demand, which intensifies electron flux through
mitochondria, or aging, which decreases mitochondrial
efficiency. Exogenous ROS/RNS sources, as oxidases and
oxygenases, infrared and ultraviolet radiations, dietary nitro-
samines, or chemotherapy agents [21], may contribute to
redox homeostasis changes. Final effect of ROS/RNS, from
now simply referred as ROS, is not exclusively determined
by cellular concentration of each species but also by balance
between different species, that is, H2O2 versus O2⨪. Indeed,
O2⨪ from mitochondria may drive signaling pathways in
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cancer onset, development, and amplification. ROS trigger
thiol oxidation, glutathionylation, nitrosylation, and carbon-
ylation on specific proteins and enzymes, which conse-
quently act as signal mediators in cell metabolism and
signaling, even if the exact mechanisms have to be clarified
[38, 54, 55]. Both cytosolic and nuclear proteins are ROS tar-
get containing ROS-sensitive cysteine residues that play reg-
ulatory rather than structural roles. These cysteines react as
molecular switches that transduce redox signals, conferring
redox activity to the proteins through their thiol groups.
After undergoing oxidative modification and generation of
S-hydroxylated derivatives, protein conformation/function
is modified by reacting with other cysteines that generate
either intra- or intermolecular disulfides, the last promoting
complexes to conduct new functions. Redox-activated pro-
teins act as intracellular redox sensors that allow for ROS
properly adapting to their functions in the cellular redox
equilibrium [21, 56]. Actually, these sensors result useful
for studying pathogenesis and progression of multiple dis-
eases [39, 55]. In particular, physiological trace levels of
H2O2 act as both sensor and second messengers, being able
to cross membranes, and induce specific signal transduction
pathways in the cell [55]. ROS contribute to cell homeostasis

as “second messengers” by modulating the activities of key
regulatory molecules, including protein kinases, phospha-
tases, G proteins, and transcription factors. Periodic oscilla-
tions in the cell redox environment regulate cell cycle
progression from quiescence (G0) to proliferation (G1, S,
G2, and M) and back to quiescence, as a redox cycle. A loss
in the redox control of cell cycle could lead to aberrant pro-
liferation, a hallmark of various human pathologies [57].
ROS role is continuously delineated in a variety of physio-
pathological conditions including cell growth, proliferation,
differentiation, aging, senescence, and defense against infec-
tious agents during inflammatory responses [58, 59].

2.4. Oxidative Stress. Excessive ROS (O2⨪, •OH, and H2O2)
or RNS (peroxynitrites and nitrogen oxides) and their reac-
tive metabolites may be derived from imbalance between oxi-
dant generation and removal by antioxidants that disrupts
the redox homeostasis. The condition, named oxidative/
nitrosative stress (OS/NOS, simply referred as OS), is poten-
tially harmful because increasing levels of excessive radicals
induce improper signaling or oxidation of the main essential
cell molecules. Bases in nucleic acid, amino acid residues in
proteins, and fatty acids in lipids show different susceptibility
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Figure 1: Reactive oxygen species (ROS) and reactive nitrogen species (RNS) balance is critical in maintaining cellular homeostasis. Excessive
levels of ROS (O2⨪, •OH, and H2O2) and/or RNS (ONOO−) affect the redox homeostasis, inducing oxidation of cellular nucleic acids,
proteins, and lipids. The cells activate several antioxidant systems to maintain the intracellular redox equilibrium, including an enzymatic
system (ascorbate peroxidase, glutathione peroxidase, peroxisomal catalase, and SODs) that works in concert with other nonenzymatic
proteins (glutaredoxins, metallothionein, peroxiredoxins, and thioredoxins) and an nonenzymatic system (ascorbate, carotenoid,
glutathione, melatonin, and tocopherol). In addition, autophagy is a very sensitive antioxidant system. NOXs =NADPH oxidases; cys-
SH= cysteine-SH.
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to OS that allows for a finely organized signaling system. OS
consequences depend on cell type so that it is hard to clearly
differentiate OS and redox signaling. Cellular OS level mod-
erately overcoming cellular antioxidant level may provide
selectivity for specifically targeted molecules and constitute
a signaling mechanism, even after generating specific irre-
versible alterations of definite molecules [60–62]. Metabolic
changes from cellular OS include (a) reduced ATP concen-
tration, possibly caused by damaged mitochondria, (b) deac-
tivated glyceraldehyde-3-phosphate dehydrogenase, which
causes glycolysis inhibition, (c) increased catabolism of ade-
nine nucleotides, (d) enhanced ATP consumption due to
the active transport of oxidized glutathione, (e) increased
cytoplasmic calcium concentration from deactivated calcium
pumps, (f) cell membrane depolarization, possibly due to
deactivation of K, Ca, and Na channels, resulting in increased
cell membrane permeability, and (g) decreased glutathione
level and ratio between reduced and oxidized glutathione.
Another dangerous event is the generation of oxidized gluta-
thione in various connections with xenobiotics, products of
lipid peroxidation, or proteins present in the cell. Increased
ATP consumption occurs in disposing such products outside
the cell that also contributes to reductions in cellular glutathi-
one [63, 64]. Generally, excessive ROS irreversibly damage
structures of main macromolecules, membranes, and organ-
elles and hamper signal mediators activity, thereby represent-
ingaprimarydamage source inbiological systems. Irreversibly
oxidized biomolecules are essentially cleared from cells
through the autophagic process that is consequently consid-
ered a very sensitive antioxidant system. Autophagy is a con-
verging point of different inputs and underlies cell responses
to stressful conditions affecting cellular homeostasis, from
biomolecules integrity to cell viability. OS acts as a vital stim-
ulus to sustain autophagy, with ROS being one of the main
signal messengers, thus autophagy and ROS coordinate to
maintain cellular homeostasis [25, 65]. Although the mecha-
nism by which ROS activates autophagy remains unclear, an
essential autophagy-associated protein Atg4 has been shown
to be under redox control. S-glutathionylation of the AMP-
activated protein kinase AMPK may also contribute to its
activation by H2O2 exposure, which allows for autophagy
progression [28].

2.5. Oxidatively Damaged DNA. The threat of cell molecule
oxidation is a consequence of life in an oxygen-rich habitat
that differently challenges molecule integrity and cell viability
through the intermediate activity of homeostatic processes,
mainly based on repair and degradation. Millions of DNA-
damaging lesions occur every day in each cell of our bodies
due to various stresses. Among which OS represents a major
portion as it may induce approximately 104 DNA lesions per
cell of an organism per day. OS mediates the damage upon
different insults such as ultraviolet, X- and γ radiations, pol-
lutants, poisons, or endogenous disequilibria as metabolic
imbalance that produce different and characteristic types of
lesions. The lesions are particularly significant since they
interfere with DNA replication that generates mutations,
unless repaired in an error-free process, and alter the expres-
sion of protein, including transcriptional factors, and

consequently signaling pathways and cellular behavior.
Among endogenous and exogenous ROS/RNS, the O2⨪ is
considered as a main candidate, responsible for genetic insta-
bility and malignant transformation. Oxidative DNA damage
on bases of nucleic acid is repaired to a certain extent for
maintaining the genome integrity, as evidenced by the
DNA repair systems of the cell that are outlined below, but
the damage may also escape the repair systems [66–68]. Both
nuclear (nDNA) damage and mitochondrial DNA (mtDNA)
damage are particularly significant as it can interfere with
replication to generate lasting mutations [63, 69]. Although
mitochondria possess quality control systems that include
antioxidant enzymes, mtDNA is more susceptible to oxygen
damage than nDNA, possibly due to (a) lack of nuclear pro-
teins associated with mtDNA, which could protect it from
damage, (b) less elaborate and efficacious repair system than
nDNA repair machinery, and (c) the proximity of the respi-
ratory chain where ROS/RNS are continuously generated.
Two theories attempt to explain the cause of DNA damage:
by the first, the damage results from a site-specific Fenton
reaction, that is, the generation of a hydroxyl radical in the
reaction of transition metal ions present in DNA with
H2O2 and by the second theory, OS increases intracellular
calcium concentration, which in turn activates nucleases
digesting DNA [70, 71]. Reactions causing DNA damage
and their breakdown products are a multitude exemplified
by (a) lesions generated by ½ O as nitrogen modifications
in DNA bases, in preference guanine, producing 8-oxo-7,8-
dihydroguanine (8-oxoG) and (b) •OH that adds double
bonds and abstracts a H atom from methyl groups in DNA
bases, producing molecules as 5-hydroxymethyl-uracil, C8-
OH-adduct guanine radical, and 8-hydroxyguanine; •OH
targeting C atoms of DNA sugar moiety by abstracting a H
from each C–H bond of 2′-deoxyribose, generating various
molecules, as 2-deoxypentose-4-ulose, 2-deoxypentonic acid
lactone, erythrose, 2-deoxytetradialdose, and glycolic acid
[72, 73]. In complex, the above lesions cause base and
tandem base modification, leading to DNA intrastrand cross-
links, DNA-protein crosslinks, mismatched pairs with dam-
aged bases, stalled DNA replication forks, clustered lesions,
and single- and double-strand breaks (SSB-DSB). SSB are
due to modified DNA bases and abasic sites, apurinic/apyri-
midinic sites, caused through purine and pyrimidine base
damage as well as sugar moiety damage. SSB are the most
common lesions that result from genotoxic insults by endog-
enous ROS [17]. Electrophilic molecules or intrinsic DNA
instability or inhibition of topoisomerase, which traps
cleaved DNA intermediates, may cause SSB. If not repaired,
the damaged site may be bypassed by incorporating a mis-
matched deoxynucleotide during DNA replication. Many
oxidative base lesions in DNA are mutagenic, provoking
structural alterations, including transversions: G/T or A/C,
or overall conformational changes, which may affect tran-
scription and/or replication processes, leading to chromo-
some deletions with lethal effects. The most common base
oxidations 8-oxoG mispair with adenine (8-oxo-G:A) and
5-hydroxycytosine with thymine thus causing replication
stress. The accumulated lesions lead to pathological pro-
cesses, as they result cytotoxic by causing mitochondrial
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dysfunction, mutagenic by causing genetic instability, and
finally oncogenic. Also, the marker of inflammation 8-
nitroguanine is considered a potential mutagenic [74]. A
key cellular response to oxidative damage is the signaling
through the JNK pathway. Depending on intensity and dura-
tion of the damage signal, this pathway leads to distinct
alternative responses including DNA repair, antioxidant pro-
duction, or cell death. When damage overcomes cell repair-
ing systems, the damage signal (i.e., excessive ROS and
products) drives JNK pathways toward proliferation arrest
and or cell death that both play a fundamental role in cell
homeostasis maintenance. These responses are highly rele-
vant to cancer therapy, as tumors are often under OS that
produces elevated JNK levels, and therapy often involves
inducing DNA damage with the intention of driving cell
death [75]. Generally, oxidative DNA damage is enhanced
in tumors where increased metabolism, oncogenic signaling,
and mitochondrial dysfunction produce 100-fold more 8-
oxoG than in healthy tissues. Inflammation promotes carci-
nogenesis and generates ROS in tumor cell and its microen-
vironment that add to a high level of spontaneous DNA
base deaminations. A consequent base mispairing is gener-
ated that is potentially mutagenic if not rapidly and efficiently
repaired. Ever increasing ROS levels lead cells to death
(apoptosis). This feature is exploited to exert therapeutic
effect against cancer by therapy tailored to augment cellular
ROS level. Oxidative damage is believed a potential double-
edged sword in cancerogenesis and ROS-based anticancer.
Although at low and moderate levels, ROS affect some of
the most essential mechanisms of cell survival such as prolif-
eration, angiogenesis, and tumor invasion, at higher levels,
these agents can expose cells to detrimental consequences
of OS including DNA damage and apoptosis that result in
therapeutic effects on cancer. Understanding the new aspects
on molecular mechanisms and signaling pathways modulat-
ing creation and therapy of cancers by ROS is critical in the
development of therapeutic strategies for patients suffering
from cancer [30, 76]. Antioxidants protect against genotoxic
agents and alleviate their effects by decreasing primary DNA
damage that reduces risk of mutation and tumor initiation.
ROS enhances the localization of metallothionein (MT) in
the nucleus where MT is more efficient than the reduced glu-
tathione in protecting DNA from ROS attacks [76, 77]. The
enzyme human mutT homolog detoxifies oxidized nucleo-
tides thus potentially preventing 8-oxoG-induced mutations.
It particularly eliminates 8-oxo-7,8-dihydro-2′-deoxyguano-
sine triphosphate that detoxifies oxidized nucleotides
through its pyrophosphatase activity which is a potential tar-
get in cancer therapy [78, 79] (Figure 2).

2.6. DNA Repair in Oxidatively Damaged DNA. Cells have
evolved several DNA repair pathways to deal with DNA
damaged by OS that sense DNA lesions and process them
into appropriate structures for DNA damage response
(DDR) activation. DNA lesions and corresponding repair
mechanisms have been reviewed by Curtin [17] and Chatter-
jee and Walker [80]. A part from the simplest form of DNA
repair that is the direct reversal of the lesion, the cells are
equipped with a variety of distinct, although partially

compensatory, DNA repair mechanisms, each addressing a
specific type of lesion. There are multiple types of DNA dam-
age in humans as well as distinct but interrelated DNA repair
mechanisms. Dysregulation of the mechanisms plays a key
role in cell genomic instability. Among the repair pathways,
tolerance mechanisms are also comprised as the translesion
synthesis (TLS) that is composed by specialized DNA poly-
merases and regulatory proteins able to confer viability in
the presence of unrepaired damage. Examples of the most
common mechanisms to repair oxidatively damaged DNA
regard the repair of modified bases by direct repair and base
excision repair (BER) [81, 82], base mismatch repair by mis-
match repair pathway, intrastrand crosslinks (ICL) by a com-
plex repair that involves Fanconi anaemia pathway (FA),
nucleotide excision repair (NER) [83, 84], TLS and homolo-
gous recombination (HR) [85], DNA-protein crosslinks by
ICL repair and NER, stalled replication forks by HR, NER,
and FA, single-strand breaks (SSB) by BER and HR, double
strand breaks (DSB) [85, 86] by HR, and nonhomologous
end joining (NHEJ) [87, 88]. The most deleterious lesions
produced by many chemotherapeutic agents that block repli-
cation and transcription are represented by ICLs. NHEJ is
thought to be the primary means of repair for therapeutically
induced DSBs resulting from ROS-inducing anticancer treat-
ments. Selective DNA repair inhibitors are considered effica-
cious in cancer therapy with minimal host toxicity [89–91]
(Figure 2).

3. DNA Damage Response (DDR)

The exogenous and endogenous insults upon human DNA
result in accumulation of DNA damage that alters the chro-
matin environment besides increasing the mutagenic and
immunogenic properties of the DNA [92–94]. The overall
alterations possibly lead to physiological processes as aging
and senescence or impact health and modulate disease states
[95–97]. DNA damages induce and coordinate a complex
signal-transduction network composed by several pathways,
collectively named DNA damage response (DDR), that con-
nects the DNA damage signaling to the cell cycle checkpoints
maintaining cell homeostasis and functions while the dam-
age is repaired. DDR prevents DNA duplication, cell division,
and cell cycling, by arresting transcription process, to pre-
serve genome stability and promote cell survival in front of
both reparable or irreparable lesions [98]. If the damage is
severe and irreparable, the cell cycle arrest is followed by cell
death programs (apoptosis/necrosis) or senescence that elim-
inate damaged cells and avoid their multiplying. DDR initi-
ates through phosphorylation-driven signaling cascades
that sense the DNA damage, being regulated by mediators,
and activate downstream effectors that finally determine the
cell fate. It has been evidenced a set of 450 genes encoding
proteins integral to DDR, among which a “core” group of
proteins acts in different steps with some overlapping func-
tions: (a) specialized “sensor proteins” detecting the damage;
(b) transcription factors proceeding as “transducer proteins”
upon their activation; and (c) “effector proteins” that are
recruited by mediators. Other proteins organize and regulate
a spectrum of processes that integrate DDRwith the cell cycle
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progression allowing for the DNA repair [99, 100]. Each step
in DDR is tightly regulated by reversible posttranslational
modifications including phosphorylation, ADP-ribosylation,
methylation, acetylation, ubiquitylation, sumoylation, and
neddylation. Oxidatively induced DNA damage results in
robust activation of three protein kinases that belong to the
phosphatidylinositol-3-kinase- (PI-3-kinase-) related kinases
of the PI-3-kinase/Akt pathway: (i) ataxia telangiectasia-
mutated kinase (ATM); (ii) ATM- and Rad3-related kinase
(ATR); and (iii) DNA-dependent protein kinase catalytic
subunit (DNA-PKcs). The kinases are central components
in DDR triggering and act together with the DNA repair
machinery to maintain cell genome integrity [101–103].
ATM and ATR are activated through auto-phosphorylation
as apical regulators of the response to DSBs and replication
stress, respectively, with overlapping but nonredundant
activities. A functional crosstalk between the major ATM/
ATR pathways controls and coordinates DDR by affecting
DNA replication, DNA repair, DNA recombination, mRNA
transcription, and RNA processing, as well as protein metab-
olism and cell cycle. DNA-PKcs interacts with the DNA-
binding Ku 70/80 heterodimer to originate the DNA-PK
complex, a key regulator in NHEJ pathway that repairs the
DSB damage. The first signal transduction wave is conducted
by ATM/ATR phosphorylation that acts as DNA damage
sensor and transducer. ATM activation is mediated through
the Mre11-Rad50-NBS1 (MRN) complex that binds ATM
through multiple protein-protein interactions, recruits

ATM to DNA lesion as inactive dimer, and unwinds DNA
ends to activate ATM. The complex MRN-ATM is located
at the damaged DNA foci marked by histone γ-H2AX that
is phosphorylated by the complex and regulates various
downstream mediators to coordinate the DDR. Despite their
distinctive individual activities, ATM, ATR, and DNA-PKcs
share many overlapping substrates and roles in the regulation
of the cell cycle checkpoints as primary or secondary
responders to several DNA lesions. Upon their activation,
ATM/ATR phosphorylate the checkpoint kinases CHK2
and CHK1, respectively, that acting as effector proteins, and
phosphorylate the A, B, and C isoforms of the Cdc25s
phosphatases. The phosphatases lead to inactivate cyclin-
dependent kinases (CDK) and arrest cell cycle either at G1/
S or G2/M transition, depending on which CDK is inhibited.
CHK1 has a double role in CDK1 inactivation, by directly
inhibiting Cdc25 and activating the tyrosine kinase Wee1,
which specifically inhibits CDK1. Cdc25s control the cell
cycle via specific checkpoints in physiological conditions as
well as in response to DNA damage. These phosphatases
transmit the damage signaling to effectors such as the tumor
suppressor p53, a key molecule interconnecting DDR, cell
cycle checkpoints, and cell fate decisions in the presence of
genotoxic stress; p53 leads to cell cycle arrest or senescence
or apoptosis depending on the damage extent and the cellular
context. Inactivating mutations in TP53 gene and other genes
involved in DDR potentiate cancer development and influ-
ence cancer cell sensitivity to anticancer treatments [21]. A
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novel genomic stress sensor in the DDR pathway is the AMP-
activated protein kinase (AMPK) that is physically associated
with the mitotic apparatus and participates in cytokinesis.
AMPK has been previously known as a metabolic stress sen-
sor, able to control cellular growth and mediate cell cycle
checkpoints in cancer cells in response to low energy levels.
AMPK is a key effector of the tumor suppressor liver kinase
B1 (LKB1), which inhibits the cell growth mediator mamma-
lian target of rapamycin (mTOR) and activates checkpoint
mediators such as p53 and cyclin-dependent kinase inhibi-
tors p21 (cip1) and p27 (kip1). Ionizing radiation and che-
motherapy activate AMPK in cancer cells to mediate the
signal transduction downstream of ATM that activates p53-
p21 (cip1)/p27 (kip1) and inhibits mTOR. AMPK works as
a convergence point of metabolic and genomic stress signals,
which (i) controls the activity of growth mediators, (ii) prop-
agates DDR, and (iii) mediates the antiproliferative effects of
common cytotoxic cancer therapy such as radiation and
chemotherapy. This highlights the importance of targeting
AMPKwith novel cancer therapeutics [104]. Also, it is worth-
while mentioning that the Wnt/beta-catenin signaling path-
way, which is pivotal for modulating cell fate, proliferation,
and apoptosis, can activate oxidatively induced DDR by reg-
ulating various proteins as histone γ-H2AX, p16INK4a,
p53, and p21 [105]. Irreparable DNA lesions trigger elimina-
tion of damaged cells by apoptotic pathways like the autoph-
agy form named “mitophagy” that leads to lysosomal
degradation of damaged mitochondria [106, 107]. ATM links
DDR to mitophagy induction by activating the LKB1/AMPK
pathway, which in turn activates TSC2 by phosphorylation,
thereby inhibiting mTORC1 and removing its inhibitory
effect on mitophagy. Since autophagy contributes to clearing
the cells of all the irreversibly oxidized biomolecules, it might
be included both in the antioxidant system and the DNA
damage repair system. Interestingly, it has been recently
shown that some DNA repair enzymes can also activate and
regulate the autophagy process [108, 109]. The indicated
DDR pathways are involved in repairing oxidative DNA
damage in healthy as well in cancerous cells, although follow-
ing a different organization. Cancer cells frequently show sev-
eral mutated molecules that lead to a reduced DDR activity
thus facilitating the generation of further mutations and
enhancing the cancer progression. Understanding the mech-
anism by which DDR is regulated under genotoxic stress
should help improving the clinical outcomes [21] (Figure 3).

4. ROS-Sensitive Proteins Involved in DDR

Since when Rotman and Shiloh firstly proposed that ATM
may act as a direct sensor and responder in cell OS and
damage, accumulating body of studies has been reported.
Attention is now focused on identifying the molecular contri-
butions of ATM, ATR, and DNA-PKcs in the interplay
between the DDR mechanism and the redox asset that com-
prehends the redox signaling, besides the oxidative DNA
damage generated during the OS conditions [110, 111].
Indeed, several oxidative reactions contribute to redox sig-
naling through finely modulating DDR at different levels, a
part from causing oxidative genotoxic lesions. Interestingly,

many proteins involved in DDR are endowed with a high
number of cysteine residues (indicated in parenthesis) as
exemplified by Chk1 (9), Wee1 kinase, a specific CDK1
inhibitor (12), Chk2 (13), Plk1 that allows cell cycle progres-
sion recovery after its arrest (13), and caspase 2 that is
involved in apoptosis and is inhibited during G2 arrest by
Chk1 (18). These ROS-sensitive proteins undergo modifica-
tions in their structure and function through cysteine residue
oxidation and disulfide generation depending on the cellular
ROS levels. In addition, some of these proteins activate path-
ways as p53 and p21 pathways, which finally lead to cell ROS
level regulation. Through this loop mechanism, ROS contrib-
ute both to maintain the cell redox equilibrium and calibrate
the DDR reactions [21, 112]. ATM is an OS-sensitive protein
in which specific cysteine residues originate interprotein dis-
ulfides in human cells, upon being oxidized by ROS, thus
resulting as an active homodimer. ATM is also activated
through phosphorylation, as previously mentioned. The sub-
strates phosphorylated by ATM are different following the
MRN- or the OS-dependent activation, suggesting a different
substrate specificity in the two conditions. While ATM phos-
phorylation initiates DDR in the nucleus, disulfide homodi-
mer activates specific transcription factors in the cytosol,
thereby leading to induction of antiapoptotic and prosurvival
proteins. Through ATM activation, ROS lead to the recruit-
ment of important proteins involved in DDR, including γ-
H2AX histone and p53. The roles and localizations of ATM
might be due to the presence of separate pools or ways of
activation of ATM, or both the conditions that differently
sense the cellular ROS levels. As very often OS and DNA
damage overlap, the above conditions might collaborate in
protecting the damaged cells from apoptosis while their
DNA is repaired. It is difficult to discover the degree of over-
lap between substrates that are phosphorylated by ATM fol-
lowing DNA damage and substrates that are phosphorylated
during OS, because the two ATM activities are usually
exposed to both the conditions simultaneously. For instance,
in anticancer treatments by ionizing radiations, both ROS
production and DSB lesions are induced. The roughly 700
ATM targets that have been evidenced by a proteome analy-
sis as probable targets in both DNA repair and oxidation
pathways highlight a complicated interplay between oxidized
ATM and DSB-activated ATM. The targets are mostly com-
prised of proteins involved in DNA replication, repair, and
cell cycle control, as well as proteins affecting insulin signal-
ing. This suggests that ATM may also function through reg-
ulation of metabolic signaling. In conditions that separate
DNA from OS damage effects, only a subset of ATM targets
that are usually phosphorylated in DDR is also phosphory-
lated in OS conditions. Now, ATM inhibitors of DDR mech-
anism are investigated as inhibitors of ATM redox functions.
An ATM variant has been identified that is not activated by
oxidation while is competent in DNA repair [81, 111, 113].
Interestingly, ROS may activate ATM independently of
MRN, indicating that the OS-activated form has a primary
role in redox sensing and signaling that may precede DNA
damage and does not depend on it. Thus, MRN is not essen-
tial for ATM activation by OS, as the ATM pathway may also
act separately from the DDR machinery. Evidences are
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known in which OS activation of ATM occurs in the absence
of DNA damage, and OS inhibits ATM activation by MRN
through disrupting the MRN-DNA complex [111]. This sug-
gests that the only OS-activated ATM may operate under
conditions of high ROS concentrations, playing a protective
defense against the oxidative damage. Indeed, ATM defi-
ciency is associated with elevated ROS, and ATM−/− cells
are more vulnerable to ROS-mediated OS, in comparison to
normal cells [81]. Moreover, ATM inhibition enhances the
sensitivity to the radiation therapy that generates ROS in can-
cer cells. The question is posed whether ATM may regulate
global cellular responses to OS. Interestingly, ATM is

activated in response to excessive ROS accumulation in ves-
sels where it stimulates the neoangiogenesis of the endothe-
lial cells by acting as a proangiogenic protein. The event is
not due to defects in DDR pathway, since it is realized
through a different signaling pathway from DDR, that is,
the oxidative activation of the mitogen-activated p38α
kinase. It is suggested that the pathological proliferating pro-
cesses might require the ROS defensive system induced by
OS activation of ATM. Targeting ATM might suppress
tumor angiogenesis and enhance the effect of antitumor
ROS-producing therapies. While loss of the activity of
MRN-activated ATM may enhance the mutagenic effects of
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Cellular metabolism IR-UV radiationChemical exposureReplication errors

DDR
Activation

DNA damage

DNA lesion repair

Cell cycle checkpoint Cell death

Cell cycle arrest (G1/S-G2/M)

Transcriptional program

Posttranscriptional program

DNA repair pathways

ATM (Chk2) ATR (Chk1, Cdc25)
DNA-PKcs AMPK

ATR (Chk1, Wee1)
CDK1 (PLK1)
p53 (WIP1)

Cell cycle reactivation

miRNA and lnc-RNA
protective regulators

ROS

snc-RNA
positive regulators

Apoptosis, necrosis

DNA glycosylases
(i) OGG1

(ii) NEIL1
(iii) MUTYH
(iv) UNG
PARP1
AP endonuclease
ERCC1
MLH
MSH

Caspase 2

>100 DNA repair enzymes

Genes encoding DDR proteins

Figure 3: Reactive oxygen species (ROS) generated by endogenous and exogenous agents cause DNA damage and activation of DNA damage
response (DDR). DDR activation arrests the cell cycle progression to repair DNA lesions and activate a program encoding ROS-sensitive
proteins involved in DDR. ATM, ATR, DNA-PKs, AMPK, Chk1, and Chk2 represent the sensors and transducers that coordinate DDR.
Their signals converge on effectors, as tumor suppressor p53, Cdc25 protein phosphatase, and WEE1 tyrosine kinase. DNA repair
pathways occur by several DNA repair enzymes such as DNA glycosylases, PARP1, AP endonuclease, ERCC1, MLH, and MSH. DDR
triggers apoptosis or necrosis when the DNA damage cannot be repaired. DDR-targeted proteins, whose inhibitors are currently in clinical
trials, are indicated in bold. snc-RNAs = small noncoding RNAs; lnc-RNAs = long noncoding RNAs; ATM= ataxia telangiectasia-mutated
protein; ATR=ATM- and Rad3-related; AMPK=AMP-activated protein kinase; CDK= cyclin-dependent kinase; DNA-PKcs = dependent
protein kinase catalytic subunit; PLK1 = polo-like kinase 1; WIP1 =wild-type p53-induced protein 1; PARP= poly (ADP-ribose)
polymerase; AP endonuclease = apurinic/apyrimidinic endonuclease; MLH=MutL homolog; MSH=MutS homolog.
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anticancer treatments and hamper the DDR barrier against
tumorigenesis, the inhibition of the OS-activated ATM activ-
ity, which mediates oxidative defenses, might be efficacious
in controlling malignant cell growth. The targeting of a cyste-
ine residue that is crucial to the ATM activation by OS is
believed a potential therapeutic strategy [21, 114]. Another
important finding that demonstrates the interplay between
ATM and OS is the ATM requirement for the ROS-
mediated repression of mTORC1 [115, 116]. In response to
elevated ROS, ATM activates the TSC2 tumor suppressor
through the LKB1/AMPK metabolic pathway in the cyto-
plasm to repress mTORC1 and induce autophagy. The path-
way acts as a node that integrates cell damage response with
key pathways involved in metabolism, protein synthesis, and
cell survival. The ATM interactor protein, ATMIN, is
involved in the OS-induced ATM activity together with the
SUMO (small ubiquitin-related modifier) enzymes as down-
stream ROS effectors, for cell survival under OS state.
Replacement of a SUMO enzyme with a variant fails to main-
tain activated the ATM-DDR pathway normally induced by
H2O2. The kinase ATR is also sensitive to modifications of
the redox asset, comprising modified O2 supply and OS con-
ditions. After being activated by replication inhibition during
hypoxia conditions, ATR phosphorylates the Chk1 check-
point signaling, p53, and histone γ-H2AX, activating the cell
cycle arrest and the stabilization of stalled replication forks
for allowing the subsequent reinitiation of the replication
process [110, 112]. Similarly, the ATR-Chk1 checkpoint sig-
naling is triggered by hyperoxic conditions in different
in vitro models: human dermal HDF fibroblasts, human
monocytes, lung adenocarcinoma cell line A549, and Xeno-
pus egg extracts. In A549 cell line, the Chk1 checkpoint sig-
naling is induced by ATR-mediated phosphorylation in an
ATM-independent fashion, while in human monocytes, the
ATM and ATR checkpoints are simultaneously activated by
ROS-induced DNA damage. Moreover, the antioxidant lyco-
pene, which is able to inhibit gastric pathologies related to
oxidative DNA damage as 8-OH-G and DSBs, is also able
to prevent ATM and ATR actions induced by ROS in gastric
epithelial AGS cells. In summary, OS-activated ATR may
precede OS-activated ATM operations showing that OS con-
ditions affect the ATR and ATM interplay in the DNA repair
pathways. How ATM and ATR checkpoint pathways regu-
late each other in response to OS remains to be elucidated
[110, 112]. The DNA-PKcs mentioned as basic DDR actors
are activated through their auto-phosphorylation by ROS
accumulation and stimulate a series of reactions in signaling
events typically triggered by OS, similarly to ATM. DNA-
PKcs play a direct role in repairing oxidative DNA lesion
through the BER repair pathways, although their mechanism
in response to OS has to be clarified. Investigations are devel-
oping to determine roles and coordination between ATM
and DNA-PKcs in OS signaling and oxidative DNA damage
repair under both physiological and pathological conditions.
This knowledge might offer new possibilities for the treat-
ment of ROS-related diseases, including cancer [110, 111].
Among ROS-sensitive proteins in DDR, Cdc25 phosphatases
(Cdc25s) and the checkpoint kinases CDKs are regulated by
the intracellular redox milieu. The balance between kinase

and phosphatase activity determines the strength of PI-3-
kinase/Akt signal that may be modified through favoring
kinase or phosphatase activity. Oxidations cooperate with
DDR signals to activate kinases and inactivate phosphatases
thus favoring the DNA repair. Cdc25s are direct OS targets
since oxidation of cysteine residues in their active sites cre-
ates intramolecular disulfides causing the enzyme inactiva-
tion; thereby the cell cycle is arrested until favorable
reducing conditions are restored. Cdc25s are inactivated by
both oxidation and phospho-degradation. While oxidation
is rapidly reverted, the phospho-degradation implies protein
synthesis to be reverted. An oxidizing environment may
increase the ratio between Cdc25 oxidation versus Cdc25
phospho-degradation, rendering the mitosis reenter easier
and ultimately pushing cells toward proliferation. Cdc25s
are overexpressed in tumor cells, which are generally
endowed with a prooxidant environment, thus providing a
mean for escape from the G2 arrest induced by the DNA
damage [117, 118]. Another molecule that acts as OS sensor
and cooperates with DDR is the tumor suppressor PTEN,
protein tyrosine phosphatases, whose gene results one of
the most frequently mutated genes in human cancers. PTEN
exerts its tumor suppressor activity by regulating cell growth
and survival through negative modulation of the P13-kinase/
Akt signaling pathway. PTEN loss and/or inactivation causes
abrogation of the checkpoint functions that control the cell
cycle thus impairing DNA repair and genomic stability of
the cells. Accumulation of DNA lesions andmutations causes
tumor promotion. PTEN is inactivated by ROS through for-
mation of an intramolecular disulfide bond between two cys-
teine residues that involves the protein active site. The
inactivated PTEN induces a signal pathway that begins from
Akt activation through phosphatidylinositol 3,4,5-trisphos-
phate, the PTEN physiological substrate, and terminates in
the activation of antioxidant enzymes, possibly being an
adaptive response to an oxidizing environment. The oxidized
asset generally present in cancer cells may inactivate PTEN
activity and, at the same time, allow for ROS acting as tumor
promoters [118, 119]. A functional interplay between DDR
pathways and DNA repair pathways occurs in response to
OS, as DDR pathways not only arrest cell cycle progression
but also directly participate in and facilitate DNA repair
pathways. DNA repair proteins may sense oxidative DNA
damage and process the damage into appropriate structures
for DDR activation. In conclusion, DDR and redox environ-
ment exert a subtle reciprocal interaction, since enzymes par-
ticipating to DDR are modulated by redox alterations and in
turn act to modulate the redox equilibrium. A link between
OS and PI-3-kinase/Akt pathway occurs in healthy as well
as in cancer cells in which represents an advantage to the
tumor survival [120, 121]. More intense investigations need
to understand the interplay between ATM/ATR-mediated
DDR pathways and DNA damage tolerance pathways in
OS response. It is unclear how ATM-Chk2 and ATR-Chk1
pathways crosstalk with each other in response to OS. The
new insights into ATM, ATR, and DNA-PKcs roles are a
stimulus to identify points that may be redox regulated thus
offering possibilities to treat ROS-related pathological condi-
tions and diseases [25, 28].
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5. Targeting DDR in Cancer Therapy

Anticancer treatments primarily target DNA damage, both
directly and indirectly, in consideration of its role in malig-
nant transformation and related consequences [15, 16]. The
potential existence of distinct DNA damage thresholds at
various stages of tumorigenesis and the role of the DDR path-
way in human cancers are developed by Khanna [97]. DDR is
rapidly induced, highly controlled, and regulated in cancer
cells as in healthy cells suggesting the possibility of targeting
definite DDR steps to hamper the cancer cell growth. The
overall proteins of the DDR machinery may provide target-
able intervention points for modulating DDR. It is worth-
while noticing that DDR protects and promotes cancer cell
survival through restoring their reparable lesions, also when
they are induced by DNA-targeted interventions. This event
represents a main route to generate resistance against a gen-
otoxic treatment. Dysregulation of DDR through missing or
defective canonical pathways in the DNA repair mechanisms
can lead to genomic instability that is a fundamental hall-
mark of cancer. Defective pathways may be eventually com-
pensated for other DDR pathways generating a context,
which highly favors cancer and resistance to genotoxic ther-
apies [17]. Indeed, only cancerous tissues, but not healthy tis-
sues, lack DDR components that render them dependent on
the remaining compensatory DDR pathways. These compen-
satory pathways allow for cancer cells surviving in the ROS
and replicative stress conditions that are present in cancer
tissues. Since the event is cancer-specific, strategies that tar-
get compensatory DDR pathways may render a treatment-
induced DNA damage more cytotoxic and preferentially
eliminate cancer cells, while minimizing the impact on
healthy cells. DDR inhibition has become an attractive ther-
apeutic concept in cancer therapy, also for preventing or
reversing the resistance to the anticancer treatments. [18,
122–126]. Indeed, dysregulated DDR is exploitable by both
ordinary therapy and DDR inhibitors. While upregulated
DDR confers resistance to DNA-damaging interventions
and has to be inhibited to overcome such refractoriness,
downregulated DDR makes tumor more susceptible to spe-
cific therapies and DDR inhibitors. In each single patient,
the balance between the DNA damage induced by a geno-
toxic treatment and the consequent DDR is responsible for
the effectiveness of the treatment. DNA repair-targeted ther-
apies exploit DNA repair defects in cancer cells to generate
their death resulting from simultaneous loss or inhibition of
two critical functions. For example, cancer cells defective in
one DNA repair pathway rely on alternate repair pathways,
if inhibition of a second repair pathway occurs then results
in cell death, an effect that selectively targets repair-
deficient cancer cells [127–130]. This type of intervention,
called synthetic lethality, is actually administered not only
to selectively inhibit DDR in cancer cells with deficiencies
in DNA repair pathway(s) but also to enhance chemotherapy
and radiotherapy efficacy. A number of highly selective
inhibitors that inhibit DNA repair pathways are in preclinical
development, while others are clinically administered as
DDR-targeted therapies in different stages of clinical evalua-
tion. Poly (ADP-ribose) polymerase (PARP) inhibitors

(PARPi) are the first clinically approved drugs designed to
exploit synthetic lethality in cancer therapeutics that are clin-
ically administered as DDR-targeted therapies to inhibit
DNA repair pathways [131, 132]. PARPs are a family of
DNA-dependent nuclear enzymes catalyzing the transfer of
ADP-ribose moieties from cellular nicotinamide-adenine-
dinucleotide to several proteins. This posttranslational mod-
ification is involved in cell response to DNA lesions, includ-
ing DNA damage recognition, signaling, and repair as well
as localized replication and transcriptional blockage, chro-
matin remodeling, and cell death induction. PARPs interact
directly/indirectly, or via PARylation with oncogenic pro-
teins and transcription factors, regulating their activity and
modulating the carcinogenesis. For instance, PARPs regulate
transcription factor-4 (ATF4) responsible for MAP kinase
phosphatase-1 (MKP-1), which regulates MAP kinases. Very
recent studies show that OS induces DNA breaks and PARP-
1 activation causing mitochondrial ROS production and cell
death. At the same time, PARPi reduce ROS-induced cell
death, suppress mitochondrial ROS production, and protect
mitochondrial membrane potential on an ATF4/MKP-1
dependent way, which inactivate JNK- and p38MAP kinases.
JNK is involved in the development of cancer stem cell, while
JNK inhibition reduces the stem cell ability in tumor initi-
ating. This could be a novel mechanism contributing to
beneficial PARPi effects in combinatory cancer therapy
with ROS-modulating drugs [133]. New therapeutic drugs
such as PARPi are examples of DDR-targeted therapies
that could potentially increase the DNA damage and repli-
cation stress imposed by platinum-based agents in tumor
cells and provide therapeutic benefit for patients with
advancedmalignancies [134]. Indeed, many therapies are less
effective by using one anticancer drug only, due to refractory
properties and drug resistance in advanced cancers. A con-
sensus is that anticancer drug cocktails might better control
cancer progresses and metastasis than single drug therapeu-
tics in clinical trials, but the complexity of drug combinations
is still a challenge [135]. Investigation on cell cycle check-
point signaling through ATM/ATR and pathways involved
in cancer onset and progression has led to discover potent
and selective ATM/ATR inhibitors that are actually in pre-
clinical and clinical development, respectively. Experimental
data have provided a strong rationale for administering ATR
inhibitors (ATRi) since they cause synthetic lethality in can-
cers characterized by deficiency of certain DDR components.
ATRi are assessed in clinical trials both as single agents and
in synergy with various chemo- and radiotherapy therapies,
including platinum, PARPi, and immune checkpoint inhibi-
tors [17, 124, 126]. Preclinical data highlight the chromatin-
bound phosphatase 2C isoform delta (WIP1) as potential tar-
get in human cancer. WIP1 is ubiquitously expressed at basal
levels and is potentiated by p53. It acts as a strong negative
regulator of p53 pathway thus forming a negative feedback
loop that allows for terminating p53 response when DNA
repair is completed. Genotoxic stress strongly induces
WIP1 in cell lines in a p53-dependent manner (the WIP1
name refers to wild-type p53-induced protein 1). The sub-
strate specificity of WIP1 matches the sites phosphorylated
by ATM as p53, γH2AX, and other DDR proteins. When
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overexpressed, WIP1 impairs p53 function and contributes
to tumorigenesis, usually in combination with other onco-
genes. WIP1 loss delays tumor development in mice, allows
reactivation of p53 pathway, and inhibits proliferation in
tumors endowed with p53. WIP1 is selectively inhibited by
the small-molecule GSK2830371 that efficiently reactivates
p53 pathway in various cancer types. In combination with
DNA damage-inducing chemotherapy or withMDM2 antag-
onists (such as nutlin-3), WIP1 inhibition promotes cancer
cell death or senescence, while healthy cells with basal WIP1
expression are relatively resistant to its inhibition [136].

6. Combinatory Anticancer Strategies Affecting
ROS Levels

Most conventional chemo- and radio-therapeutic agents kill
cancer cells in patients during cancer therapy by stimulating
ROS generation as, at least, one part of their mechanisms of
action [137]. ROS-inducing anticancer agents target mito-
chondria and enzymes in redox pathways resulting in OS
conditions that lead to cancer cell death. The mode of cell
death depends on the severity of the oxidative damage. Other
major mechanisms of these anticancer agents inhibit or dis-
able specific redox pathways and deplete reduced glutathione
(GSH) [138]. It is believed that continuous investigations will
allow the development of drug combinations for therapies
better tailored to patients that cause fewer side effects and
drug resistance [139]. Many cancer types may develop strong
antioxidant mechanisms and maintain higher ROS levels
than normal cells, but, at the same time, excessive OS levels
may have tumor-suppressive effects [140]. This aspect offers
an interesting therapeutic window because cancer cells might
result more sensitive than normal cells to agents that cause
further ROS accumulation. Examples of drugs with direct/
indirect effects on ROS that are effective in cancer therapies
are exemplified in the following sections in combination with
DDR inhibitors, basing on the drug function in the cells. For
better consulting of the drug combination, Table 1 shows
combinatory therapies basing on the DDR target in the cells.
Among the vast array of therapies, a single reference is
reported either in brackets or as clinical trial number from
https://clinicaltrials.gov/ (a database of privately and publicly
funded clinical studies conducted on cancer patients).

6.1. DDR Inhibitors and Alkylating-Intercalating Drugs
(Combinatory Therapies). Therapies based on platinum coor-
dination complexes (Pt-CC) as cisplatin (cDDP) [141–143],
carboplatin (CarboPt) [144], and others, as well as therapies
based on anthracyclines like doxorubicin, generate extremely
high ROS levels, which may cause tumor cell death by apo-
ptosis but also intolerable therapeutic side effects in the
patients. cDDP is an alkylating DNA-damaging agent widely
used as anticancer drug. It induces ROS via NADPH oxidase
(NOX) and involves, inter alia, the activation of Akt/mTOR
pathway, which is regulated by NOX-generated ROS [142,
145]. The combination of a large number of DDR inhibitors
with Pt-CC impairs the defensive response of tumor cells
against the Pt-CC-induced OS. For instance, the synergy
between cDDP and PARP inhibitors (PARPi) that hampers

the DNA damage repair may sensitize tumor cells to Pt-
CC-induced OS. These combinatory therapies not only
generate DNA damage foci and mitochondrial membrane
damage in non-small cell lung cancer cells (NSCLC cell
line) but also allow for reversing the resistance to the cDDP
when it is administered as single agent. Olaparib or veliparib
(PARPi) administration with Pt-CC is highly promising in
different phases of clinical trials against some cancer types.
Olaparib and cDDP administration in combination with
radiation therapy (RT), which induces a substantial increase
in ROS levels through NOXs activation [146], has been tested
in advanced non-small cell lung cancer (NSCLC) (http://
clinicaltrials.gov identifier: NCT01562210). In cancer treat-
ments unsuitable for Pt-CC-based therapy as the oesopha-
geal cancer, olaparib has been administered in combination
with RT (http://clinicaltrials.gov identifier: NCT01460888).
Veliparib and temozolomide [147] have been used to prevent
repair processes following the ROS damage generated by
CarboPt and paclitaxel [148] in metastatic breast cancer
(http://clinicaltrials.gov identifier: NCT01506609). Ruca-
parib (PARPi) has been administered with CarboPt to
advanced solid tumor patients (http://clinicaltrials.gov iden-
tifier: NCT01009190). A WEE kinase inhibitor, acting in
the DDR mechanism, has amplified the oxidative damage
induced by CarboPt, along with other cell killing actions,
(http://clinicaltrials.gov identifier: NCT02087176). The com-
pound MCI13E, which inhibits the replication protein A in
the DDR mechanism, has also been tested preclinically in
combination with cDDP [149]. A negative effect has been
observed in the combinatory therapy between B02IR
(RAD51 inhibitor) [150] with cDDP and mitomycin C
[151], in which the OS caused by cDDP and mitomycin C
results aggravated by B021R. Preclinical combinatory thera-
pies between drug-inducing ROS and DDR inhibitors to
overcome the resistance to Pt-drugs in solid tumors compre-
hend cDDP, NU-6027 (ATR inhibitor) [152], and hydroxy-
urea [153], among others, which is able to induce O2⨪
production. The DDR inhibitor VX-970 (ATR inhibitor)
sensitizes cancer cells to the combination of CarboPt and
the anticancer drug gemcitabine [154], which generates
ROS by NOX and via NF-κB activation in diverse cancer
types (http://clinicaltrials.gov identifier: NCT02627443).
Also, cDDP and gemcitabine have been administered with
VX-970 against metastatic cancer (http://clinicaltrials.gov
identifier: NCT02567409). Different DDR inhibitors, includ-
ing ATM inhibitors, have been administered in combination
with doxorubicin and other drugs to sensitize tumor cells to
doxorubicin-induced OS and DNA damage [155, 156].
Doxorubicin induces oxygen-derived free radicals, particu-
larly H2O2, through two main pathways: (i) a nonenzy-
matic pathway that utilizes iron and (ii) an enzymatic
mechanism that involves the mitochondrial respiratory
chain [157, 158]. Doxorubicin also inserts into DNA of
replicating cells and inhibits topoisomerase II, causing
double-strand DNA breaks and preventing DNA and
RNA synthesis [159]. In conditions of DNA-PKcs inhibition,
doxorubicin has been administered inside pegylated lipo-
somes against advanced solid tumors (http://clinicaltrials.
gov identifier: NCT02644278). Doxorubicin has also been
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Table 1: DNA damage response (DDR) inhibitors in combination with ROS-inducing treatments for cancer therapy.

DDR target DDR inhibitors ROS-inducing treatments (direct/indirect mode of action) References
Combinatory therapy
Preclinical studies
and clinical trials

PARP Olaparib

Radiotherapy OS increase by mitochondrial dysfunction [146] NCT01460888

Cisplatin +
Radiotherapy

ROS increase via NADPH oxidase [141–143] NCT01562210

(♦) (♦)

Cetuximab +
Radiotherapy

Glutamine transport inhibition, GSH decrease [163, 164] NCT01758731

(♦) (♦)

Erlotinib EGFR inhibition, ROS-mediated apoptosis [173, 174] [172]

PARP
Veliparib
(ABT-888)

Temozolomide +
Carboplatin +
Paclitaxel

ROS increase, AKT–mTOR signaling disruption [144] NCT01506609

ROS increase via NADPH oxidase [147]

ROS induction [148]

Bevacizumab ROS and apoptosis increase [165–167] NCT02305758

Rituximab CD20 binding in B-lymphocytes, O2
− generation [170, 171] [169]

Auranofin
H2O2 and ROS increase by thioredoxin

reductase inhibition
[191] [192]

Bortezomib ROS increase by ER stress
[178, 180,

181]
[179]

Lapatinib ROS increases [176] [176]

Berberine OS/NOS decrease [177] [177]

PARP Rucaparib Carboplatin (♦) (♦) NCT01009190

PARP
Niraparib Bevacizumab Cysteine and GSH level reduction [165–167] NCT02354131

4-Iodo-3-
nitrobenzamide

Buthionine
sulphoximine

Inhibition of glutamate–cysteine ligase
complex in GSH synthesis

[187–189] [190]

RPA MCI13E Cisplatin (♦) (♦) [149]

RAD51 B02IR
Mitomycin C+

Cisplatin

Stress-mediated ER cell apoptosis by ROS
generation

[151] [150]

(♦) (♦)

APE-1 Methoxyamine
Pemetrexed +

Cisplatin
Mitochondrial dysfunction, ROS increase [161] NCT02535312

(♦) (♦)

ATM KU-55933

Radiotherapy (♦) (♦) [155]

Doxorubicin +
Radiotherapy

ROS increase by enzymatic/nonenzymatic
pathways

[157] [156]

(♦) (♦)

ATR

NU-6027
Cisplatin (♦) (♦) [152]

Hydroxyurea Increased O2
− production [153] [152]

VX-970

Topotecan ROS increase [182] NCT02487095

Cisplatin +
Gemcitabine

(♦) (♦) NCT02567409

ROS increase, mitochondria alterations [154]

Carboplatin +
Gemcitabine

(♦) (♦) NCT02627443

(♦) (♦)

DNA-PKcs

NU-7441 Etoposide
ROS increase, GSH depletion,
mitochondrial alterations

[182, 183] [185]

KU-60648 Etoposide +
Doxorubicin

(♦) (♦)
[160]

(♦) (♦)

VX-984 Doxorubicin (♦) (♦) NCT02644278

UCN-01 5-Fluorouracile Cellular O2
•− increase (♦) NCT00045747

Chk1/Chk2 LY2603618

Pemetrexed (♦) (♦) NCT00988858

Cisplatin +
Pemetrexed

(♦) (♦) NCT01139775

(♦) (♦)
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combined with etoposide to concur with a dual inhibitor of
DNA-PKs and PI-3K to kill tumor cells by causing, inter alia,
mitochondria damage, GSHdepletion, andROS increase [160].

6.2. DDR Inhibitors and Folate Cycle Inhibitors (Combinatory
Therapies). Pemetrexed (PMX) and 5-FU are folate cycle
inhibitors that also promote cytochrome c release frommito-
chondria and interfere with the electron transport chain,
resulting in O2⨪ radical production and cell death [161,
162]. A DNA-PKcs inhibitor has been combined to 5-
fluorouracil (5-FU) to improve the survival of patients with
a form of metastatic pancreatic cancer that is refractory to
the anticancer drug gemcitabine (http://clinicaltrials.gov
identifier: NCT00045747). The cell reparatory response to
the injury caused by PMX and cDDP is prevented by the con-
temporary administration of methoxyamine, an inhibitor of
the DNA repairing AP endonuclease 1, thus resulting in a
major efficacy of the therapy (http://clinicaltrials.gov identi-
fier: NCT02535312). Prexasertib (LY2606368) inhibits the
Chk1 enzyme involved in the DDR mechanism and has been
tested in combination with 5-FU or PMX, or other drugs,
against advanced or diffuse metastatic cancer (http://
clinicaltrials.gov identifier: NCT02124148). PMX has been
administered with the DDR inhibitor LY2603618 (acting
against Chk1-Chk2) (http://clinicaltrial.gov identifier:
NCT00988858) and in combination with cDDP to improve
the survival of patients bearing advanced NSCLC (http://
clinicaltrials.gov identifier: NCT01139775).

6.3. DDR Inhibitors, Immuno-Oncology, and Targeted Agents
(Combinatory Therapies). Immunotherapy is experiencing a
growing interest as witnessed by the number of monoclonal
antibodies that are administered in tumor patients as single
agents or in combination with therapeutic interventions to
prevent resistance to specific drugs. The monoclonal anti-
body cetuximab, which targets the epidermal growth factor
(EGFR), has been combined with prexasertib (prevailing
Chk1 inhibitor) or cDDP (http://clinicaltrials.gov identifier:
NCT02555644) and the antifolates PMX or 5-FU, or other
drugs (http://clinicaltrials.gov identifier: NCT02124148).
Cetuximab downregulates the complex glutamine transporter

ASCT2-EGFR in the cell membrane of non-small cell lung
cancer cells (NSCLC cell lines). This causes that the gluta-
mine necessary for the cellular GSH synthesis decreases, as
well as the ROS reducing capacity of the cell. The consequent
GSH reduction and OS trigger apoptosis independently of
the EGFR-pathway downregulation [163, 164]. This
increased sensitivity to OS has been exploited in association
with the PARPi olaparib (http://clinicaltrials.gov identifier:
NCT01758731). The monoclonal antibody bevacizumab,
which causes cysteine and GSH level reduction and OS
increase [165–168], has been administered together with
the PARPi veliparib against metastatic colorectal cancer,
and together with the PARPi niraparib against ovarian can-
cer (http://clinicaltrials.gov identifier: NCT02305758 and
NCT02354131, resp.). The monoclonal antibody rituximab
specifically binds to the CD20 antigen of B-cells, causing cal-
cium influx into the cells and apoptotic signaling (reviewed
in [167]). The antibody has been associated with veliparib
against B-cell lymphoma [169]. In combination therapies,
the proapoptotic process induced by rituximab often syner-
gizes with the OS damage and O2

•− production caused by
traditional anticancer interventions [170, 171]. Regarding
targeted agents administered in combinatory strategies,
tyrosine kinase inhibitors (TKIs) can affect the cell redox
equilibrium in cancer cell lines and cancer tissues when
administered in association with DDR inhibitors [172–174].
For instance, erlotinib enhances ROS production and
induces ROS-mediated apoptosis in NSCLC A549 cell lines,
via activation of the JNK pathway, leading to epidermal
growth factor (EGFR) inhibition [173, 174]. Furthermore,
erlotinib causes Nox4-induced H2O2 production in head
and neck squamous cell cancer (HNSCC) cell lines [175].
The association between the TKIs erlotinib and gefitinib is
approved for non-small cell lung cancer (NSCLC) treatment
in tumors with specific EGFR mutations (10–15% of Cauca-
sian patients). The TKi lapatinib is the only TKI approved for
treating the human breast cancer subtype overexpressing the
HER2 oncogene (20–30% of breast cancers). Lapatinib in
combination with ABT-888 (PARPi) augments the cytotox-
icity to ABT-888 resulting in efficacious synthetic lethality
in HER2-positive breast cancer cells in vitro and in vivo

Table 1: Continued.

DDR target DDR inhibitors ROS-inducing treatments (direct/indirect mode of action) References
Combinatory therapy
Preclinical studies
and clinical trials

Prexasertib
(LY2606368)

Cisplatin +
Cetuximab +
Pemetrexed +
5-Fluorouracile

(♦) (♦) NCT02124148

(♦) (♦)

(♦) (♦)

(♦) (♦)

Cisplatin +
Radiotherapy +
Cetuximab

(♦) (♦) NCT02555644

(♦) (♦)

(♦) (♦)

APE1 =AP endonuclease 1; ATM= ataxia telangiectasia-mutated protein; ATR =ATM- and Rad3-related; CHK = checkpoint kinase; DNA-PKcs = DNA-
dependent protein kinase catalytic subunit; PARP = poly (ADPribose) polymerase; RPA = replication protein A. References in brackets; clinical trial
identifiers (NCT). The effect of the single ROS-inducing drugs is indicated one time, and the following times is indicated with (♦).
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[176]. Interestingly, the combination of lapatinib and the
anticancer plant-derived berberine allows for reversing lapa-
tinib resistance through the modulation of the ROS level
[177]. In addition, a lapatinib analogue leads to ROS increase
in the treatment of inflammatory breast cancer (reviewed in
[167]). As a different example of targeted agents, bortezomib
is the first ubiquitin-proteasome inhibitor approved as anti-
cancer drug for human use [178]. This compound generates
OS and aggravates the endoplasmic reticulum stress, causing
apoptotic protein accumulation. Bortezomib has been pro-
posed in association with ABT-888 (PARPi) [179–181].

6.4. DDR Inhibitors and Inhibitors of Topoisomerases I and II
(Combinatory Therapies). Inhibitors of topoisomerases I and
II, such as topotecan and etoposide, cause single- and double-
strand DNA breaks which inhibit DNA function and ulti-
mately lead to cell death. These inhibitors induce OS essen-
tially by increasing the endoplasmic reticulum stress and
the oxidative status, as revealed by increased lipid and pro-
tein oxidation and decreased GSH and sulfhydryl levels in
cancer lines [182, 183]. Evaluation of the chemotherapy
improvement of topotecan action along with the drug VX-
970 (ATR inhibitor) has been proposed (http://clinicaltrials.
gov identifier: NCT02487095). In addition, the enhanced
effectiveness of the combination between NU-7441 (DNA-
PKcs inhibitor) [184] and etoposide [185], as well as KU-
60648 (adual inhibitorofDNA-PKandPI-3K)with etoposide
and doxorubicin, has been reported [160].

6.5. DDR Inhibitors and Direct Inhibitors of the Redox System
(Combinatory Therapies). It is well known that elevated GSH
levels trigger chemo-resistance in cancer cells through differ-
ent pathways: (i) direct interaction with drugs and ROS, (ii)
prevention of damage of protein andDNA, and (iii) induction
of DNA repair [186]. Several approaches for blocking GSH
synthesis in cancer cells have been attempted, but, at the same
time, cancer cells with high GSH content are more sensitive to
drugs that affect GSH metabolism than normal cells. Buthio-
nine sulphoximine (BSO) is the classical inhibitor of the
rate-limiting enzyme in GSH synthesis that is used to increase
cancer cell sensitivity to chemotherapeutics [187–189]. To
this aim, the combination of 4-I-3 nitrobenzamide (PARPi)
withBSOhas been investigated in theE-ras 20 cancer cells that
express the RAS oncogene, reporting enhanced cell killing
[190]. Similarly, to GSH, changes to thioredoxin (Trx)metab-
olism are implicated in tumor cell resistance to chemotherapy.
The gold compound auranofin (AF) is used as Trx inhibitor to
induce OS, endoplasmic reticulum stress, and apoptosis in
many tumor types, including cisplatin-resistant human ovar-
ian cancer cells [191]. Cotreatment of mantle cell lymphoma
(MCL) cells with AF and ABT-888 (PARPi) increases syner-
gistically the apoptosis of ATM-proficient MCL cells, with
increased γ-H2AX foci induction in the DNA and depletion
of p-Chk1 (a downstream target of ATR signaling) [192].

7. Conclusions and Perspectives

The EU-ROS consortium comprising more than 140 mem-
bers has worked for four years on the main topics of the

redox biology and medicine. The results obtained highlight
how synergistic approaches combining a variety of diverse
and contrasting disciplines are needed in order to advance
the knowledge of redox-associated diseases, including cancer
[193]. ROS act as messengers that coordinate intracellular
redox signaling in physiological and biological responses, as
well as in tumorigenesis, suggesting that ROS-activated
oncogenic pathways may also be regulated. Many strategies
are under clinical investigations and trials that target the
redox adaptation of cancer cells by redox-modulating inter-
ventions to both overcome drug resistance and eliminate
selectivity cancer cells. Clinical efficacy of anticancer chemo-
therapies is dramatically hampered by drug resistance depen-
dent on inherited traits, acquired defense against toxins, and
adaptive mechanisms mounting in tumors. A heterogeneous
cell population with distinct tumorigenic capabilities that
complicate and limit the anticancer treatments may compose
cancer tissues. Cancer plasticity leads to develop drug resis-
tance by distinct mechanisms: (i) mutations in the target,
(ii) reactivation of the targeted pathway, (iii) hyperactivation
of alternative pathways, and (iv) cross-talk with the microen-
vironment. Molecular events leading to drug resistance are
regulated by redox mechanisms suggesting redox-active
drugs (antioxidants and prooxidants) or inhibitors of the
inducible antioxidant defense as a novel approach to dimin-
ish the drug resistance. Repair and maintenance of cell
genome stability show the cooperation between molecules
that are essential to DDR and molecules essential to maintain
the redox equilibrium. Ever increasing evidences highlight
how the intricate molecular cross-talks between DDR and
OS, generally indicated as OS-induced DDR pathways, can
provide a useful insight into the drug discovery research
aimed at counteracting cancer cell growth. Targeting DNA
repair machinery has been a hot topic in anticancer therapy
in the last decades. In fact, DDR inhibitors have been devel-
oped to increase the efficacy of conventional therapies and
utilized in combinatory therapy with common cancer treat-
ment, to overcome the therapeutic resistance to DNA-
damaging chemotherapy and radiotherapy. This strategy
can be used to selectively kill cancer cells with deficiencies
in special DNA repair pathway(s) based on the concept of
synthetic lethality. Although targeting DDR pathways is
believed a promising therapy to fight solid and hematologic
cancers, first early clinical trials with inhibitors in monother-
apy have obtained scarce success. Currently, in order to
optimize the application of these DDR inhibitors in the com-
binatory therapies overcoming resistance, massive array of
preclinical and clinical trials are evaluating combinations of
DDR inhibitors in targeted therapies. The best way to get a
personalized medicine, matching the right treatment to the
right patient, is based on identifying which patients have
which DDR defect. The recent next generation sequencing
(NGS) technology, which allows whole genomes to be
sequenced in days, will be helpful to this strategy [194].
Today, an ever increasing range of available inhibitors target-
ing major DDR pathways allows for combining the inhibitors
each other and with other targeted therapies and with treat-
ments such as chemotherapy and radiotherapy, aiming at
eliminating any escape road for cancer cells. In addition,
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there is an emerging impact of the promising immuno-
oncology therapies as a new tumor treatment that might
synergize with DDR inhibitions [http://clinicaltrials.gov
identifier: NCT02484404] [195]. Recently, even the modula-
tion of OS has been considered as a strategy that may affect
some DDR pathways in human cancer and the responses to
new anticancer therapies. For example, combinatory treat-
ments between DDR inhibitors and agents that regulate indi-
rectly or directly OS are very encouraging. The importance of
this therapeutic strategy is supported by the results obtained
from several ongoing preclinical and clinical studies exploit-
ing combinations between DDR inhibitors and drugs that
modify the ROS homeostasis (Table 1). The complexity of
emerging categories of drugs targeting DDR and new strate-
gies for integrating DNA repair-targeted therapies into clini-
cal practice, including combination regimens, is a continuous
challenge for both scientist and patients. Indeed, some cau-
tion are necessary for DNA repair-targeted agents as treat-
ment with DNA repair inhibitors could increase mutation
rates in malignant cells, leading to evolution of metastatic
properties and/or drug resistance. Also, systemic DNA dam-
age could increase the risk of secondary malignancies. While
maximizing the cellular dependency on DDR inhibition
often requires an oxidative DNA damage insult by chemo-
therapy or radiation, different levels of ROS and enzymes
involved in their metabolism can participate in the DDR sig-
naling. They can modulate the activity of key DDR enzymes
and regulate the stringency of DDR by rendering the cancer
cells more sensible to DDR inhibitors. Thus, lower doses of
DDR target therapies might be administered to the patients.
At the same time, the capacity of some chemotherapeutic
agents to cause temporary perturbations in ROS levels can
offer a therapeutic opportunity to both treat cancer and mit-
igate some toxic side effects of the chemotherapeutic agents.
It is believed that the combination of ROS-affecting drugs
with DDR inhibitors may help to define better-tailored ther-
apies with fewer side effects and lower probabilities to pro-
mote drug resistance development.
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We summarize current knowledge regarding regulatory functions of long noncoding RNAs (lncRNAs) in yeast, with emphasis on
lncRNAs identified recently in yeast colonies and biofilms. Potential regulatory functions of these lncRNAs in differentiated cells of
domesticated colonies adapted to plentiful conditions versus yeast colony biofilms are discussed. We show that specific cell types
differ in their complements of lncRNA, that this complement changes over time in differentiating upper cells, and that these
lncRNAs target diverse functional categories of genes in different cell subpopulations and specific colony types.

1. Introduction

Saccharomyces cerevisiae strains used in the brewing industry
and in microbiology and genetics laboratories are often
grown as planktonic cells in liquid culture, but yeasts also
form multicellular communities such as colonies and bio-
films, which reflect a more natural lifestyle and are able to
cope with different intrinsic and extrinsic stresses [1]. There
is growing evidence of cell differentiation, metabolic repro-
gramming, activation of various stress-defence mechanisms,
and other aspects of primitive multicellularity, not only in
the complex colony biofilms of nutritionally challenged wild
yeast but also in the less structured, smooth colonies of
pampered laboratory strains [2–5]. Ammonia signalling,
metabolic reprogramming, mitochondrial retrograde signal-
ling, the presence of extracellular matrix, chromosome rear-
rangement, and many other processes have been described
that contribute towards the colony lifestyle, differentiation
processes, stress resistance, adaptation, and longevity of
multicellular populations [1, 3–7]. However, lncRNA has,
until recently, been overlooked as a potential regulator of
processes involved in long-term colony development and

differentiation, despite the key roles of regulatory ncRNAs
in mammalian cell differentiation [8]. The RNAi machinery,
which contributes to the production of regulatory ncRNA in
many organisms, has been lost in S. cerevisiae [9]. Studies in
yeast [10–12] identified large numbers of “cryptic tran-
scripts,” “nonannotated transcripts,” and “heterogenous
unstable RNAs,” respectively. These studies established the
use of tiling arrays for the identification of yeast long
noncoding RNA (lncRNA) and deletion of genes encoding
exonucleases, such as RRP6, to stabilise unstable transcripts.
Loss of RNAi machinery may have triggered the evolution
of a large complement of highly expressed lncRNA in
yeast [13]. The detection of several thousand lncRNAs in
two studies [14, 15] led to an explosion of interest in these
poorly understood transcripts.

Here, we present a mini review of yeast lncRNAs and
their previously described roles in regulating gene expression
under various circumstances. In the second part of the
review, we focus in more detail on lncRNAs that we have
recently identified in differentiated subpopulations of cells
from two distinct types of yeast populations [16, 17], each
of which uses unique strategies to cope with stress and ensure
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longevity of the population as a whole. These are complex
colony biofilms formed by wild strains of Saccharomyces
cerevisiae [18] and smooth colonies of S. cerevisiae laboratory
strains [19] (Figure 1). We present further analyses of these
lncRNAs, particularly in relation to their different types and
positions in relation to neighbouring genes. We also discuss
potential regulatory activities of lncRNAs in ageing smooth
colonies and colony biofilms in light of current knowledge
of regulatory functions of lncRNAs in yeast cells.

2. Important Messages or Random SPAM?

Transcription of yeast lncRNA occurs largely from bidirec-
tional promoters shared with other loci [10, 14, 20–23].
However, lncRNA accumulation is countered by early termi-
nation of unstable antisense transcription, modulation of
strand expression via chromatin remodelling, and degrada-
tion of lncRNAs [14, 15, 22, 24]. lncRNA/gene expression
correlation [25, 26] suggests that some lncRNAs are true
cellular regulators. Furthermore, there are numerous exam-
ples of the stabilisation (or destabilisation) of lncRNA tran-
script classes under specific conditions, such as meiosis,
respiration or sporulation [26–29], carbon source [14, 30],
metal abundance [31], and osmotic stress [32]. It was
recently shown that the 5′–3′ exonuclease Xrn1p is localised
to eisosomes when glucose is scarce but relocalises to the
cytoplasm when glucose is present, where it degrades
lncRNAs called XUTs and modulates lncRNA regulation of
gene expression [33]. Whether this phenomenon constitutes
primary regulation or merely “fine-tuning” of gene expres-
sion remains to be determined. Nonetheless, it is clear that
the study of lncRNA in yeast may uncover important
regulatory mechanisms. On the other hand, some lncRNA
transcription may simply be a by-product of bidirectional
transcription [15].

3. Classes of lncRNA: Stability and Detection

The identification of different classes of lncRNAs in yeast has
been largely determined by the techniques used in their
detection. Microarrays, 3′-long serial analysis of gene expres-
sion (SAGE), and RRP6 deletion were used to identify stable
unannotated transcripts (SUTs), lncRNAs that are processed
in the cytosol similarly to mRNAs, and cryptic unstable

transcripts (CUTs) that are sensitive to the RNA decay
machinery and degraded by the nuclear exosome and/or
the cytoplasmic 5′–3′ exonuclease Xrn1p [14, 15, 34]. Other
lncRNAs follow this stability-based nomenclature (Table 1),
which will also be used in this text. MUTs (meiotic unstable
transcripts) are a subset of CUTs that are degraded by Rrp6p
RNase (a component of the nuclear exosome complex
(NEC)) which accumulate predominantly during meiotic
development due to decreased levels of Rrp6p [28]. rsCUTs
are expressed during respiration and/or sporulation [28].
XUTs (Xrn1p-sensitive unstable transcripts) are another
class of CUTs that are degraded in the cytoplasm. Deletion
of XRN1, which encodes a 5′–3′ exonuclease, stabilises
XUTs [34]. Reducing Nrd1p levels in the nucleus inhibits
Nrd1p-dependent lncRNA transcription termination [22],
allowing identification of Nrd1-unterminated transcripts
(NUTs). Telomeric repeat-containing RNA (TERRA), regu-
lating telomere function, is stabilised in rat1-1mutants which
are defective in 5′–3′ nuclear exonuclease activity [35].
NAM7 (UPF1) encodes an RNA helicase involved in the
nonsense-mediated decay (NMD) pathway, and deletion of
NAM7 facilitates accumulation of 5′-extended transcripts
which, because their accumulation depends on inactivation
of cytoplasmic degradation, were termed “cytoplasmically
degraded CUTs” (CD-CUTs) [31].

Termination of CUT transcription occurs via a different
mechanism from that of mRNAs [36]. The Nrd1p-Nab3p
complex, which includes helicase and cap-binding proteins,
binds specific motifs that are enriched in CUTs and targets
nascent lncRNAs for adenylation and degradation via inter-
actions with the TRAMP complex and nuclear exosome
[36–39]. CUTs tend to be degraded in the nucleus and are
largely sequestered from the cytoplasm under natural condi-
tions, but other classes of lncRNA are exported from the
nucleus and degraded in the cytoplasm [39]. Some lncRNA
(e.g., CD-CUTs) may even be imported back into the
nucleus, following NMD, where they repress gene expression
in trans [31, 39]. Once lncRNAs are exported from the
nucleus, they may be targeted by several decay pathways
[40], including (i) deadenylation, decapping, and degrada-
tion by the 5′–3′ exonuclease Xrn1p; (ii) deadenylation,
followed by 3′–5′ degradation by the cytoplasmic exo-
some or via one of the translation-associated pathways; (iii)
the nonsense-mediated decay pathway (degrading mRNA

Aerial cells
Root cells

Agar surface

Upper (U at 15 day) cells
Lower (L at 15 day) cells
Margin (M at 15 day) cells

Smooth colony Biofilm colony

Figure 1: Diagram of cell subpopulations isolated from smooth colonies of BY4742 strain (a) and biofilm colonies of BR-F strain (b).
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containing, e.g., spurious stop codons); and (iv) no-go
decay (NGD: degrading mRNA with stalled elongation).
Wery et al. [40] review the high degree of overlap between
lncRNA classes (e.g., between XUTs and both SUTs and
CUTs) and suggest that many XUTs are merely SUTs that
have been extended at the 3′ end and that these extensions
target XUTs for NMD.

4. Regulation of Gene Expression by
Annotated lncRNAs

lncRNAs differ in terms of distance from coding regions and
orientation with regard to coding genes (Figure 2(a)). Anti-
sense transcripts are transcribed from overlapping loci,
located on the opposite strand to sense loci [26] (antisense-
overlapping). lncRNA/gene pairs on opposite strands may
be transcribed from nearby start points but in opposite direc-
tions (antisense-divergent orientation), or their transcription
may converge on a common end point (antisense-convergent
orientation). Alternatively, the lncRNA locus may occur on
the same strand as an upstream or downstream locus
(tandem sense orientation) [14].

The functions of most yeast lncRNAs identified so far
are unknown, but there are some exceptions, including
regulation of GAL1, PHO5, and PHO84 expression [23],
in which the lncRNA has been assigned a role in regulating
the expression of a related gene. In some of these examples,
the regulatory function is attributed to the transcription
process itself and not to the presence of the lncRNA tran-
script [39]. For example, lncRNA transcription could be
involved in changes in chromatin structure that subsequently

influence the binding of transcription factors to promoter
regions of the related gene, as was shown for the negative
regulation of IME1 [29] and modulation of expression of
FLO11 [41]. Other known mechanisms of lncRNA function
include transcriptional interference in which antisense
lncRNA can block/decrease transcription of sense-strand
mRNA, for example, in the case of IME4 mRNA tran-
scription [29]. Many lncRNAs are regulated by the same
promoter as a divergent gene on the opposite strand [42],
and the lncRNA negatively regulates the expression of
an antisense-overlapping gene that lies upstream of the
antisense-divergent gene.

Expression of the FLO11 gene, involved in many
processes including colony biofilm formation, is modulated
by the expression of a tandem upstream sense locus, ICR1.
ICR1 expression is in turn regulated by an antisense-
overlapping locus, PWR1 [41] in a “toggle”-like manner,
dependent on two transcription factors: Sfl1p activates
ICR1 expression, inhibiting FLO11 expression, while Flo8p
upregulates PWR1 expression, inhibiting ICR1 expression
and promoting FLO11 expression [41]. Rpd3p-mediated
chromatin modification may block Sfl1p binding, countering
ICR1-mediated inhibition of FLO11 expression. Bumgarner
et al. [43] revealed the existence of three expression states
within a clonal cell population in which the FLO11
promoter is (i) silenced, (ii) nonsilenced but lacking
transcription factors, and (iii) nonsilenced and bound by
transcription factors leading to FLO11 expression that is
absent, low, and high, respectively. FLO11 expression corre-
lated with PWR1 expression and anticorrelated with ICR1
expression and the physical act of ICR1 transcription

Table 1: Landmarks in the study of yeast lncRNA.

Discovery lncRNA class∗ Strain manipulation Technique Reference

Cryptic Pol II transcripts RRP6 deletion Microarray [12]

Nonannotated transcripts Wild type Tiling array [10]

CUT termination dependent on Nab3p NAB3 mutation Microarray [37]

Heterogenous unstable RNAs RRP6 deletion Microarray [11]

Telomeric repeat-containing RNAs (TERRAs) TERRAs rat1-1 mutants RT-PCR, northerns [35]

Cryptic unstable transcripts (CUTs) CUTs RRP6 & TRF4 deletion 3′-long SAGE [14]

Stable unannotated transcripts (SUTs) & CUTs SUTs, CUTs RRP6 deletion Microarray [15]

PHO84 antisense lncRNA can repress in trans Ectopic PHO84 expression qPCR, northerns [59]

PWR1/ICR1 lncRNAs and FLO11 expression ΔPFLO11, cit6, and sfl1 Northern blot [41]

Condition-dependent antisense transcripts Stationary phase, etc. Stranded RNA-seq [26]

Meiotic unannotated transcripts (MUTs),
respiration/sporulation unannotated
transcripts (rsCUTs)

MUTs, rsCUTs Meiotic a/α diploids Tiling array [28]

Xrn1-sensitive unstable transcripts (XUTs) XUTs XRN1 deletion RNA-seq [34]

RME2 lncRNA regulates IME2 expression RME2 promoter deletion RT-PCR [27]

CUT repression of metal homeostasis genes CD-CUTs NMD/CD-CUT mutants Northern blot [31]

IME1 and IME4 expression regulated by lncRNA set2, set3, haploid/diploid ChIP, northerns [29]

lncRNA/gene pairs, coregulated in colonies GFP-tagged ATO1 Microarrays [66]

Nrd1-unterminated transcripts (NUTs) NUTs FRB-tagged NRD1 4tU-seq [22]

Stress/Hog1p-regulated lncRNA transcription HOG1 deletion Tiling arrays [32]
∗Italics: lncRNA classes discovered; bold: classes discussed here in relation to smooth and biofilm colonies.
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Figure 2: lncRNAs detected in subpopulations of aged yeast colony cells. DE gene and DE lncRNA loci were identified that were located
within 1.5 kB of one another in 5 different orientations (a). The numbers of antiregulated (b) and coregulated (c) lncRNA/gene pairs were
compared for the different expression comparisons detailed at the bottom of the figure. Percentages (bars) and numbers (boxes
underneath) of different classes of lncRNA upregulated (d) or downregulated (e) in each sample as well as the percentages (bars) and
numbers (boxes) of antiregulated (f) and coregulated (g) lncRNA/gene pairs are given for each comparison. Abbreviations: asOver:
antisense-overlapping; asConv: antisense-convergent; asDiv: antisense-divergent; tandem3: tandem to (sense strand) and downstream of
gene; tandem5: tandem to (sense strand) and upstream of gene; SUT: stable unannotated transcript; MUT: meiotic unstable transcript;
XUT: Xrn1-dependent unstable transcript; CUT: cryptic unannotated transcript.
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displaced transcription factors from the FLO11 promoter,
effectively “resetting” the promoter. Cells with fewer than
5 fluorescent Flo11p dots lacked structured colony mor-
phology, diploid pseudohyphae formation, and haploid
adhesion. Since Flo11p drives biofilm formation and biofilm
development is a key fungal virulence factor in pathogenic
fungi such as Candida albicans [44–46], identifying regula-
tors of FLO11 expression could help to counter the high drug
resistance of fungal biofilms or uncover drug targets for
treatment of potentially lethal fungemias.

In haploid cells, Rme1p binds upstream of the key
meiotic regulator IME1, causing the tandem sense locus
IRT1 to express a transcript that recruits histone remodellers
that produce a repressive chromatin structure over the IME1
promoter [29]. In MATa/α diploids, the a1-α2 repression
complex blocks RME1 expression, relieving inhibition of
meiosis. Another major regulator of meiosis is IME4, encod-
ing a protein that methylates many key sporulation mRNAs
[27, 29]. RME2, an antisense lncRNA locus overlapping the
whole IME4 ORF, inhibits IME4 expression in haploid cells.
However in diploid cells, the a1-α2 complex binds to the
RME2 promoter, inhibiting lncRNA expression and relieving
the block on IME4 expression [29]. In another example of
gene expression regulation via chromatin remodelling,
the osmotic stress-induced MAPK, Hog1p binds the 3′ end
of CDC28 (a master regulator of mitosis and meiosis), pro-
moting antisense lncRNA expression that triggers looping
of the CDC28 gene. This looping allows Hog1p to “jump”
across the narrow neck of the loop from the 3′ to the 5′
end, where it induces RSC-dependent chromatin remodel-
ling, leading to CDC28 gene expression [32]. These examples
demonstrate how lncRNA regulatory mechanisms can be
switched on or off in specific cell subpopulations or in
the presence of stress [27, 32].

In some cases, transcription of a lncRNA directly hinders
gene expression from a neighbouring target gene [39]. When
serine is plentiful, expression from a 5′ tandem sense lncRNA
locus, SRG1, inhibits expression of the serine biosynthesis
gene SER3 by increasing promoter nucleosome density,
which prevents transcription factors from accessing the pro-
moter [47]. Martens et al. [48] showed that serine availability
activates binding of the transcription factor Cha4p to the
SRG1 promoter and recruitment the Swi/Snf and SAGA
complexes, leading to activation of SRG1 and thus repression
of SER3. Such “transcriptional interference” is a common
mechanism by which the expression of one locus is attenu-
ated by that of a second, converging locus [49], not only
between coding and noncoding loci but also between
converging coding loci.

A GAL10 antisense-overlapping lncRNA (which also
sense-overlaps GAL1) has been shown to recruit methyl-
transferase and deacetylase complexes which silence both
GAL10 and GAL1 [39]. Pinskaya et al. [50] showed that
glucose/Reb1-dependent transcription of the antisense
transcript GAL1uncut promotes Set1-dependent H3K4 di/tri-
methylation and facilitates recruitment of the RPD3S histone
deacetylase, repressing GAL1. A similar mechanism blocks
transcription from a “hidden” promoter within SUC2,
suggesting that H3K4 di/trimethylation might represent a

widespread mechanism for maintaining promoter fidelity.
lncRNAs are decapped and degraded in a DCP1-, DCP2-,
XRN1-, and RAT1-dependent manner [51] to facilitate
galactose-induced GAL expression. Lenstra et al. [52] showed
that lncRNA expression has two modes: spurious and
functional. When GAL expression is induced, GAL10
expression is independent of spurious lncRNA expression,
but when not induced, tight repression of GAL10 is
dependent upon functional lncRNA expression. Cloutier
et al. and Beck et al. [53–56] demonstrated that the
glucose-dependent DEAD box RNA helicase negatively
regulates formation of DNA/RNA hybrid R-loops and that
a change of carbon source from glucose to galactose
promotes export of Dbp2p to the cytoplasm and lncRNA-
dependent R-loop formation and displacement of the Cyc8-
Tup1p corepressor from the promoter and derepression of
GAL genes. Thus, relieving the block on R-loop formation
may be a general mechanism for rapidly derepressing
key genes and adapting to changing environmental condi-
tions [55]. Zacharioudakis and Tzamarias [57] further
showed that when galactose concentration is high, Gal1p
enters a positive feedback loop with Gal4p and the GAL
genes are turned on, independently of lncRNA. However,
when galactose levels are low, the lncRNA is able to ran-
domly block transition to the on state, delaying the switch
to alternative carbon source in a percentage of cells and
facilitating metabolic flexibility.

Although most cases of lncRNA regulation identified
in budding yeast appear to be cis-acting, some examples
of trans-acting regulators have been described [34, 58, 59].
Reference [34] identifies Xrn1p-sensitive antisense tran-
scripts, some with apparent regulatory roles, and suggests
a mechanism whereby XUTs interact with a protein
complex to silence target genes and that this activity is
promoted by histone H3K4 mono/di-methylation but
opposed by histone H3K4 trimethylation. Large numbers
of different XUTs are exported from the nucleus and
may be degraded by translation-coupled NMD [40], so
they may also have posttranscriptional regulatory roles
[34]. Ty1 retrotransposon expression is regulated in trans
by an antisense CUT [58] which interacts with Ty1, pro-
motes histone deacetylation and Set1-dependent methyla-
tion, and effects chromatin silencing. It has been shown
[59] that PHO84 antisense lncRNA is able to act in trans to
silence transcription of a second copy of PHO84 elsewhere
in the genome. Silencing of the second PHO84 copy depends
upon a region of homology with the upstream activating
sequence and possibly also recruits a silencing complex to
the promoter.

A lncRNA overlaps the PHO5 gene on the antisense
strand, and transcription of the lncRNA across the gene
promoter plays a role in the activation (not repression) of
PHO5 [60] by increasing the efficiency of histone removal,
facilitating access of the polymerase to the TATA box.
Bunina et al. [61] showed that starvation-/sporulation-
induced expression of the antisense transcript is dependent
upon repetitive regions in the 3′UTR and has no effect upon
promoter activity but does promote the expression of a long
mRNA isoform with enhanced stability.
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Chia et al. [62] showed that transcription of an upstream
lncRNA, NDC80luti, represses NDC80 expression during
meiotic prophase by driving Set1-dependent H3K4Me2 and
Set2-dependent H3K36Me3 at the NDC80 promoter, leading
to recruitment of the Set3C and Rpd3S histone deacetylases.
The pervasiveness of lncRNA regulation of gene expression
in different cell types and under differing conditions has been
demonstrated in a number of studies. Kim et al. [63] showed
that the promoters of a high percentage of Set2-repressed
genes are overlapped by antisense or upstream tandem
lncRNA that promote H3K36Me3 and Rpd3S-dependent
deacetylation within the promoter region and that many of
these genes are regulated by carbon source. A similar mech-
anism involving Set3C-dependent H3K4me2 was identified
previously [30]. McDaniel et al. [64] showed that deleting
SET2 affects the expression of genes involved in stress
responses because lack of H3K36Me permits the inappropri-
ate transcription of antisense lncRNA that interferes with
gene transcription.

Kwapisz et al. [65] identified CUTs and XUTs, gener-
ated from subtelomeric regions (subTERRA) with roles
in telomeric silencing and prevention of clustering, respec-
tively, via the formation of DNA-RNA hybrids and by
protein scaffolding.

5. Long ncRNAs May Contribute to Gene
Regulation within Differentiated Cell
Subpopulations of Colonies and
Colony Biofilms

Traven et al. [66] provided a first glimpse into the presence
of, and potential regulation of genes by, lncRNAs within
yeast colonies of laboratory strain BY4741, grown on
complete glucose medium and differentiated into two
subpopulations of cells on the “outside” and “inside” of the
colonies. In this study, transcriptomic differences were
identified by microarrays and included 12 SUTs and CUTs
on the outside and 53 on the inside of the colonies. In addi-
tion, several lncRNA/gene pairs with positively correlating
expression were identified that represent possible examples
of gene regulation by lncRNA, including the ammonium
permease gene MEP2.

We performed further studies using the more sensitive
RNA sequencing (RNA-seq) technique. RNA-seq provided
a detailed transcriptomic view of six cell subpopulations
present in smooth BY4742 colonies grown on complete
respiratory medium [17]: cells from upper, margin, and
lower parts of colonies in two developmental phases (late
acidic 6-day-old and alkali-phase 15-day-old). In parallel
experiments, two subpopulations (a surface “aerial” cell sub-
population and a subpopulation of invasive “root” cells grow-
ing within the agar) from structured colony biofilms grown
on the same medium were also studied [16] (Figure 1). Every
gene located within 1.5 kB of (or antisense-overlapping) each
lncRNAwas identified to produce a list of lncRNA/gene pairs
in any of the 5 different orientations (Figure 2(a)) considered.
Previous expression profiling of subpopulations of smooth
colonies and colony biofilms identified some metabolic

similarities but even more differences [16, 17]. Whereas some
of the expression differences in individual genes may be
caused by the fact that laboratory and wild strains forming
smooth colonies and colony biofilms, respectively, are not
isogenic, most of the differences are in agreement with the
different lifestyles of yeast populations in smooth colonies
(formed by either laboratory strains or domesticated wild
strains) versus colony biofilms [1, 5]. Here, we therefore also
compared types of identified lncRNAs as well as lncRNA/
gene pairs in smooth colonies and colony biofilms, to see
whether any potential lncRNA-related similarities exist
among subpopulations of these structures.

5.1. Antiregulation of lncRNA/Gene Pairs Is Highest when
Comparing Dissimilar Cell Types. Cells localised to the upper
and marginal regions of smooth colonies (Figure 1) are
somewhat similar in gene expression, protein production,
and so on and are more different from cells localised to the
lower regions of central colony areas [17]. lncRNA/gene
antiregulation (where gene and lncRNA are antagonistically
differentially expressed in the two subpopulations) and core-
gulation (agonistically differentially expressed) were highest
when upper (U) and lower (L) cells were compared and
lowest when upper and margin (M) cells were compared
(Figures 2(b) and 2(c)). Comparison of aerial and root
cells of colony biofilms revealed numbers of antiregulated
and coregulated pairs, closest to the numbers identified
in marginal/lower cell comparisons in smooth colonies
(Figures 2(b) and 2(c)). The numbers of mapped reads
were similar for biofilm and smooth colonies (average of
17.1 and 15.4 million reads, resp.); the percentages of
mapped reads mapping to lncRNA were 23 and 25%, respec-
tively; and the same read counting and differential expression
analysis packages were used in both analyses.

Increased antiregulation and coregulation in the U/L and
M/L comparisons, compared with U/M (in both 6- and
15-day-old colonies), is consistent with observed U/M cell
similarities (metabolic, gene expression, and other) and
differences of both from L cells [17]. High U6/U15 anti-
and coregulation agrees with the finding that temporal gene
expression changes are most prominent in upper cells of
developing colonies [17]. Surprisingly, approximately twice
as many antiregulated/coregulated pairs were observed when
comparing upper versus lower cells (in smooth colonies)
than in root versus aerial parts of biofilm colonies. However,
aerial and root parts of colony biofilms are not homogenous
and contain small subpopulations of cells with features
typical of their counterparts [16]. This fact may dilute the
observed aerial-root cell differences. Furthermore, aerial-
root cells were separated from younger colony biofilms
(3-day-old) than the cells of smooth colonies (6- and 15-
day-old), in which upper cells gradually acquire unique
metabolic features and gain specific physiology important
for longevity [19, 67]. In contrast, only moderate expression
changes occur during this time period in slowly growing
marginal and lower cells [17]. Accordingly, expression differ-
ences between margin and lower cells are more comparable
at different developmental time points. However, the aerial
versus root and margin versus lower cell comparisons are
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similar only in terms of the numbers of co- and antiregulated
lncRNA/gene pairs, which may reflect merely the level of
similarity/dissimilarity between the respective cell types. As
shown below, different lncRNA/gene pairs were identified
in smooth colonies and colony biofilms.

5.2. Cell-Type-Specific Expression of lncRNA Classes. Num-
bers of differentially expressed lncRNAs differ signifi-
cantly when comparing the various cell subpopulations
(Figures 2(d) and 2(e)). The terms upregulation/upregulate
(or downregulation/downregulate) are relative, so the
observations could be caused by activation (or repression)
of transcription in the first subpopulation or by repression
(or activation) in the second. Lower cells were found to
upregulate the highest number of lncRNAs of all monitored
cell types, as shown in Figures 2(d) and 2(e). Margin cells
upregulate 10 times as many lncRNA loci as upper cells at
6 days, whereas no difference was observed at 15 days, which
is consistent with the finding that the number of upregulated
lncRNAs in upper cells increases over time. No differences in
the total number of up-/downregulated lncRNAs were
observed between aerial and root cells of colony biofilms.

SUTs were the most common lncRNAs in smooth
colonies (>50% of both upregulated and downregulated
lncRNAs) as well as in colony biofilms (40% of upregulated
and >50% of downregulated lncRNAs). Differentially
expressed SUTs were similarly distributed between upregu-
lated and downregulated lncRNA categories across most
comparisons (Figures 2(d) and 2(e)). CUTs form ~15% of
up-/downregulated genes in most comparisons with no
significant difference in distribution in smooth colonies.
However, significant differences were detected in colony
biofilms, where 5.3x as many CUTs were upregulated in
roots (forming 30% of all upregulated lncRNAs in roots)
as in aerial cells.

The clearest difference in up- and downregulated
unstable lncRNAs between smooth colonies and colony
biofilms was based on MUTs, forming ~6.5% and ~20% of
up-/down regulated lncRNAs, respectively. More MUTs are
up- or downregulated in 15-day-old smooth colonies than
in 6-day-old colonies, in which MUTs were only identified
when comparing L and U cells (10x as many MUTs were
upregulated in L cells), indicating increased MUT expression
during smooth colony ageing. The largest group of upregu-
lated MUTs occurred in aerial cells of colony biofilms, >14x
more than the number of upregulated MUTs in roots. In
summary, expression of MUTs is increased in upper (and
partially in margin) parts of smooth colonies during ageing,
whereas MUTs are already highly expressed in aerial cells
of much younger colony biofilms.

Increased MUT expression in aerial cells of biofilm
colonies is consistent with the upregulation of a large group
of meiotic genes in aerial cells [16]. MUTs accumulate pre-
dominantly during meiotic development, possibly due to
decreased levels of Rrp6p RNase (a component of NEC),
which can degrade MUTs [28] and CUTs [14, 15]. Accord-
ingly, RRP6 expression is >2-fold upregulated in root cells
than in aerial cells. In smooth colonies, RRP6 expression
(which can affect CUT stability) is only moderately

upregulated (1.3- to 1.4-fold) in L relative to U or M cells.
However, CUT degradation is also dependent upon Nab3p,
Nrd1p, and the TRAMP complex (mainly the TRAMP4
complex, which includes Pap2p (Trf4p) [68]). The apparent
upregulation of CUT expression in lower cells and MUT
expression in upper cells may be due to differential expres-
sion of the TRAMP4 and TRAMP5 complexes (which target
both shared and unshared transcripts [69]) and of the 3′–5′
exosome components Rrp6p and Dis3p.

5.3. Orientation of lncRNA/Gene Pairs Differs in
Antiregulated and Coregulated Pairs. lncRNA/gene pairs
were classified according to their mutual position
(Figure 2(a)) and expressional relationship (antiregulated,
Figure 2(f), and coregulated, Figure 2(g)). The total number
of coregulated versus antiregulated lncRNA/gene pairs was
slightly higher in both smooth colonies (>1.8x) and colony
biofilms (>1.7x), but more prominent differences were
observed between specific cell types and among different
lncRNA/gene position categories. Coregulated lncRNA/gene
pairs were overrepresented as compared with antiregulated
pairs in U15/L15 (>2.3x), M15/L15 (>2.3x), U6/L6 (>2.1x),
and U6/M6 (>10x) cell comparisons.

Antisense-overlapping (asOver) lncRNAs were the most
common category of antiregulated lncRNA/gene pairs both
in smooth colonies (>38%) and in colony biofilms (>47%),
whereas antisense-divergent (asDiv) lncRNAs were the most
prominent category in coregulated lncRNA/gene pairs
(>33% in smooth colonies and >38% in colony bio-
films). Enrichment of antisense-divergent loci among
coregulated and antisense-overlapping loci among antire-
gulated lncRNA/gene pairs is consistent with previous
reports of a positive correlation between the expression
of antisense-divergent loci (gene and lncRNA), possibly
because of increased bidirectional transcription from a
common nucleosome-depleted region [14] and of interfer-
ence by antisense-overlapping lncRNA in gene expression
and thus negative regulation [26]. The distribution of
asOver and asDiv lncRNA/gene pairs among different cell
comparisons was relatively equal, with the exception of
U15/M15 (1.82x more asOver antiregulated pairs than
average and 1.65x more asDiv coregulated pairs than aver-
age), U6/M6 (1.74x more asDiv coregulated pairs than
average), and M15/M6 (1.73x more asDiv coregulated pairs
than average) comparisons.

5.4. Different Functional Groups of Genes May Be Negatively
Regulated by lncRNA in Smooth and Biofilm Colonies.
The numbers of potentially negatively (in antiregulated
lncRNA/gene pairs) and positively (in coregulated lncRNA/
gene pairs) regulated genes in different functional annotation
groups were considered. Antiregulated/coregulated lncRNA/
gene pairs were annotated with functional categories using
information in SGD (http://www.yeastgenome.org/, [70])
and the literature. Datasets of differentially expressed (DE)
genes were then compared using Intervene’s UpSet module
[71], which visualizes the intersection of multiple data sets
in UpSet plots (Figure 3). No common antiregulated and
only 6 common coregulated lncRNA/gene pairs were
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Figure 3: UpSet plot of datasets of coregulated and antiregulated genes in the upper and lower parts of biofilm colonies (Aer/Rt) and of 6-day-
old (U6/L6) and 15-day-old (U15/L15) smooth colonies. Coregulated and antiregulated gene/lncRNA pairs in three cell comparisons: aerial
versus roots of biofilm colonies, upper cells versus lower cells of 6-day-old smooth colonies, and upper cells versus lower cells of 15-day-old
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identified in U15 versus L15, U6 versus L6, and aerial versus
root cell comparisons, and these include the genes KSP1,
PRC1, YNL200C, LDS2, RRT8, and NCR1, encoding a
serine/threonine phosphatase with a putative role in TOR
signalling, a vacuolar carboxypeptidase Y, a NADHX epim-
erase, 2 paralogous spore wall assembly proteins, and a vacu-
olar membrane protein involved in sphingolipid metabolism,
respectively. Over 14% of antiregulated lncRNA/gene pairs in
upper versus lower cells are shared between 6-day- and
15-day-old smooth colonies, but only 1% is shared by
smooth colonies and colony biofilms (6- or 15-day-old).
There are major morphological, expression, and metabolic
differences between the two colony types [5, 18, 19], the
biofilm colony strain BR-F is diploid while the smooth strain
BY4742 is haploid, and signalling and coding RNA expres-
sion differences between aerial and root cells may outweigh
differences in gene expression regulation by lncRNA.

465 lncRNA/gene pairs were coregulated (308) or antire-
gulated (157) exclusively in U15 versus L15 cells (Figure 3),
including antiregulated genes with roles in regulation/signal-
ling, meiosis/sporulation, cell cycle, translation, and cell wall
assembly/maintenance/integrity (Figure 3). 310 pairs were
coregulated (184) or antiregulated (126) exclusively in U6
versus L6 cells, including antiregulated genes with roles in
regulation/signalling, translation, cell cycle, and ribosomal
biogenesis as well as those encoding ribosome subunits
(Figure 3). These data suggest that development of upper
cells may be partially dependent upon the negative expres-
sion regulation (by antiregulated lncRNA) of genes with roles
in processes such as the mitotic exit network (AMN1, DBF2,
and NUD1), bud site selection (GIC1, RSR1, and RAX1),
cytokinesis (AIM44), mitotic transitions and checkpoints
(SWE1, SPC25, and HSL1), Ras signalling (IRA1 and
BMH2), glucose signalling (YCK1 and YAK1), and mating
signalling (DIG2, MF(ALPHA)2, and PPQ1). 247 pairs were
coregulated (198) or antiregulated (49) in both U15/L15
and U6/L6 cell comparisons but not in the aerial-root cell
comparison (8 of the antiregulated genes in this group
encode ribosome subunits; the others are dispersed among
many functional categories). 189 pairs were coregulated
(122) or antiregulated (67) exclusively in the colony biofilm
cell comparison, including antiregulated genes with roles in
meiosis/sporulation and translation (7 each).

In the time point comparisons, 222, 27, and 2 lncRNA/
gene pairs, respectively, were antiregulated in the U15/U6,
M15/M6, and L15/L6 comparisons. The fact that 89% of
these pairs (222 of 251) were antiregulated in upper cells
(U15/U6 comparison) suggests that lncRNA regulation of
gene expression changes most during development of U cells.
This is consistent with the finding that most of the temporal
gene-expression changes occur in upper cells, whereas
temporal changes in lower cells and, in particular, the margin
cell are moderate [17]. Genes encoding ribosome subunits, or
involved in ribosome biogenesis or translation, typically
appear DE together with neighbouring lncRNA, and while
there is some degree of lncRNA/gene pair overlap between
6-day- and 15-day-old colonies, many genes seem to be
selectively regulated in 6-day- or 15-day-old colonies. The
translation initiation factor gene TIF1 is upregulated, while

its lncRNA is downregulated in U and M relative to L cells
in 15-day-old colonies only, suggesting that differentiation
may require divergence in fine-tuning of translation rates as
colonies age. While RPL36B is upregulated (and its lncRNA
downregulated) in U and M cells, relative to L cells, of both
6-day- and 15-day-old colonies, repression of its paralog
RPL36A is relieved (potentially by lncRNA downregulation)
only in 15-day-old colonies. Since deletion of the latter
decreases fermentative growth but increases respiratory
growth, its increased expression as the colony ages is
consistent with the utilization by U cells of L cell-derived
hexoses in differentiated colonies [72]. Stoichiometric
changes in the ribosome subunit make-up may thus repre-
sent one aspect of the metabolic remodelling program as cells
in ageing colonies differentiate.

Cell cycle progression is regulated under stress condi-
tions by antiregulated noncoding RNAs [73] for genes such
as FAR1 (encoding an inhibitor of cyclin-dependent kinase
(CDK) Cdc28p involved in cell cycle phase transitions). In
addition, Lardenois et al. [28] suggested that expression of
the CLN2 gene that encodes cyclin G1 may be negatively
regulated by promoter-overlapping MUT1465 expression,
relieving CLN2-dependent repression of IME1 and allowing
meiosis to proceed. In colony biofilms, we observed FAR1
expression to be upregulated 2.8-fold in aerial cells, and its
antisense SUT locus SUT204 was upregulated 1.7-fold in
roots. Thus, the Far1p CDK inhibitor may elicit mitotic cell
cycle arrest in aerial cells, whereas its expression is repressed
in roots to permit cell cycle progression. Furthermore, the
cyclin CLN3 is upregulated 1.7-fold in roots and its
antisense-overlapping partner MUT30.1 is upregulated 2.1-
fold in aerial cells. Similarly, CLN2 is upregulated 1.7-fold
in roots, and the expression of MUT1465.2, which is located
upstream (i.e., over the presumed promoter region) of CLN2,
is upregulated 3.3-fold in aerial cells. These findings are con-
sistent with previous findings that aerial cells have entered
the stationary phase in 40-hour-old colonies, whereas root
cells continue to divide [18], indicating that lncRNAs may
participate in the regulation of cell division in biofilm colony
cell subpopulations. The situation in smooth colonies is less
clear because MUT30.1 and MUT1465.2 were not detected
in smooth colonies and SUT204 is upregulated 3-fold in L
relative to U cells and FAR1 2.6-fold in U relative to L cells
only in 6-day-old colonies, despite the fact that some dividing
cells are present in the very upper layers of these colonies.

6. Conclusions

The complement of lncRNA classes (MUTs, CUTs, etc.) is
cell-type-specific, implying that lncRNA expression modu-
lates, and/or is modulated by, cell/colony differentiation.
Coregulated expression of antisense-divergent lncRNA/gene
pairs appears to be largely the result of bidirectional
transcription of a lncRNA and a differentially expressed gene
from a common start site [14, 15, 28]. Such coregulation was
the most commonly observed lncRNA/coding gene inter-
action seen in our study of aerial-root cells of colony
biofilms and of U/L cells from smooth colonies, also during
age-related differentiation. On the other hand, negative
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regulation of a coding gene by a lncRNA commonly occurs in
the antisense-overlapping orientation. Potential negative
regulation of gene expression by antisense-overlapping
lncRNAs was most commonly seen in differentiated cell
subpopulations, that is, upper and lower cells of 6- and
15-day-old smooth colonies, and changes most over time
(between 6 and 15 days) in upper cells. Some potential
negative regulations in upper versus lower cells are com-
mon to 6-day- and 15-day-old smooth colonies, but few
are shared by smooth colonies and colony biofilms, which
is consistent with the different lifestyles of these two types
of colony populations. Fundamental processes targeted by
lncRNA-negative regulation have well-established roles in
ageing and differentiation, such as meiosis/sporulation,
the cell cycle, cell signalling, ribosome biogenesis, translation,
and cell wall assembly/maintenance. Negative regulation of
these processes by lncRNAs can enable their fine-tuning
during development of yeast smooth colonies and colony
biofilms. Further research will be needed to prove and clarify
the role of particular lncRNAs in the differentiation of cells
within aging multicellular yeast populations.
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The total lifespan of the yeast Saccharomyces cerevisiae may be divided into two phases: the reproductive phase, during which the
cell undergoes mitosis cycles to produce successive buds, and the postreproductive phase, which extends from the last division to
cell death. These phases may be regulated by a common mechanism or by distinct ones. In this paper, we proposed a more
comprehensive approach to reveal the mechanisms that regulate both reproductive potential and total lifespan in cell size
context. Our study was based on yeast cells, whose size was determined by increased genome copy number, ranging from
haploid to tetraploid. Such experiments enabled us to test the hypertrophy hypothesis, which postulates that excessive size
achieved by the cell—the hypertrophy state—is the reason preventing the cell from further proliferation. This hypothesis defines
the reproductive potential value as the difference between the maximal size that a cell can reach and the threshold value, which
allows a cell to undergo its first cell cycle and the rate of the cell size to increase per generation. Here, we showed that cell size
has an important impact on not only the reproductive potential but also the total lifespan of this cell. Moreover, the maximal
cell size value, which limits its reproduction capacity, can be regulated by different factors and differs depending on the strain
ploidy. The achievement of excessive size by the cell (hypertrophic state) may lead to two distinct phenomena: the cessation of
reproduction without “mother” cell death and the cessation of reproduction with cell death by bursting, which has not been
shown before.

1. Introduction

The Saccharomyces cerevisiae yeast has been one of the most
frequently used model organisms in scientific studies, includ-
ing studies of the mechanism of aging, as it was assumed that
this mechanism is universal, at least for Fungi and Metazoa
[1]. The contribution of yeast to such studies is based mainly
on the analysis of replicative lifespan (RLS). This parameter
is expressed as the number of daughter cells produced by a
single “mother” cell during its life. This number is limited,
as discovered by Mortimer and Johnston in 1959 [2], equal-
ing an average of 20–30 generations. Having assumed that
the number of daughters (buds) formed is a measure of the

yeast cell’s age, it was acknowledged that factors influencing
that number are associated with regulation of the aging pro-
cess, which is responsible for the limited replicative lifespan
of the yeast cells. Thus far, the explanation of the phenome-
non of limited reproductive potential of yeast cells has mainly
been based on the “senescence factor” accumulation hypoth-
esis [3]. Such an accumulation would lead to a progressive
loss of reproductive capabilities by the “mother” cell. The
molecules proposed as the “senescence factor”were primarily
extrachromosomal rDNA circles [4], oxidatively damaged
proteins [5], protein aggregates [6], or damaged mitochon-
dria [7, 8]. Explanations of the phenomenon were also based
on genetic regulation [9]. The aforementioned reasons for
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the limited reproductive capacity of yeast cells inevitably sug-
gested that this phenomenon should be attributed to the
aging process.

An alternative explanation that includes reasons unre-
lated to aging but that are still determined by cell genotype
is offered by the hypertrophy hypothesis, which emphasizes
cell size and its important role in the regulation of the repro-
ductive potential of yeast [10, 11]. There exists a clear rela-
tionship between cell size and the number of daughter cells
produced by a single yeast cell [12–15]. It is connected with
an inevitable increase in the cell size observed in successive
reproductive cycles, which is a consequence of the evolution-
ary selection of budding as the mechanism of cytokinesis.
Such selection eliminates the possibility for reduction of the
size of the mother cell, occurring in most eukaryotic cells in
which cytokinesis results in two cells of equal sizes, where
each of the cells is approximately half of the cell about to
divide. Lack of cell size reduction results in the cell reaching
the hypertrophy state after several dozen mitotic cycles,
which can limit further reproduction [10]. The hypertrophy
hypothesis postulates that the excessive size achieved by the
cell—the hypertrophy state—is the reason that prevents the
cell from further proliferation. Therefore, the value of repro-
ductive potential is determined as the difference between the
maximum size reached by the cell and the threshold value,
which allows the cell to enter its first cell cycle, and the rate
of the cell size increase per generation [10, 11]. It is worth
pointing out that the aforementioned excessive cell size
means that the maximum size prevents further reproduction.
This maximum size is not universal and may vary depending
on the genetic background, genetic changes, or environmen-
tal conditions. Therefore, the reproductive potential could be
regulated by three parameters: the threshold cell size, the rate
of the cell size increase per generation, and the maximum cell
size [10, 11]. The relationship between the rate of the cell size
increase per generation and the reproductive potential dem-
onstrates that higher rates of cell size increase per generation
lead to a decrease in the reproductive potential value and vice
versa [15]. This relationship was also confirmed by other
studies [12, 13, 16]. The hypothesis that the replicative life-
span of the S. cerevisiae yeast cells is not a direct consequence
of the aging process is still a matter of debate [17, 18]. An
important support for this approach may have come from
recently published data showing the evidence of aging-
independent causes of limited replicative lifespan in the sym-
metrically dividing Schizosaccharomyces pombe yeast [19].
However, further studies are needed to verify this hypothesis.
Here, we present the results of a more comprehensive exper-
imental approach, employing polyploid yeast cells.

In the natural environment, vegetative populations of the
S. cerevisiae yeast appear in diploid or polyploid forms (auto-
polyploid and allopolyploid) [20]. In yeast, genome doubling
is associated with morphological alterations of cell size and
shape, colony organization and growth, generation time,
and ecological tolerance. Metabolic changes are also
observed, which are mainly associated with an increased rate
of cell productivity [21]. The model based on polyploid yeast
cells may also be helpful in explaining the causes of limited
reproductive capacity of these cells because it provides

another opportunity for the analysis of the phenomenon
known as replicative aging. First, the use of isogenic
cells—from haploid to tetraploid—makes it possible to
compare these cells, as they contain the same genetic
information but differ in the number of genome copies.
Second, while these cells differ in ploidy, they also differ
in average size [22]. Under optimum conditions, cell size
may be doubled with the doubling of ploidy [23].
Although an increase in cell size may also be observed
in the case of certain mutations or as a result of chemical
factors, in these cases, such an increase is just one of many
other consequences affecting the parameters in question.
Another important reason is that in yeast, genome dou-
bling is associated with metabolic changes, which can lead
to an increased rate of cell productivity [21]. Because
polyploids demonstrate increased productivity, the Saccha-
romyces polyploid has been studied from a biotechnologi-
cal viewpoint, as many industrial yeast species used in
bakery or brewery are polyploids [24, 25]. Therefore, the
adopted model allows for a more precise assessment of
the role of such factors as cell size or cellular biosynthetic
potential in the regulation of the reproductive potential
and total lifespan.

The goal of this study was to attempt to verify the role of
cell size, both as a physical and physiological parameter, in
determining the numeric value of the reproductive potential
and its impact on the total lifespan of yeast cells. For that pur-
pose, parameters such as reproductive potential and total life-
span, changes of cell size during the reproductive phase of
life, and physiological and genetic parameters of an isogenic
set of strains varying in ploidy—from haploid to tetraploid
cells—were analyzed. Analyses were performed using three
different genetic backgrounds to verify the phenomenon
itself and determine its universality.

2. Materials and Methods

2.1. Yeast Strains and Growth Conditions. Yeast strains used
in this study are listed in Table 1. Yeast cells were grown on
standard liquid YPD medium (1% yeast extract, 1% Bacto
Peptone, 2% glucose), unless stated otherwise. Cells were cul-
tivated in a rotary shaker at 150 rpm or on solid YPD
medium containing 2% agar, in the temperature of 28°C. In
experiments, in which the selective conditions were neces-
sary, the synthetic complete (SC) medium (0.67% yeast nitro-
gen base, 2% glucose, supplemented with amino acids, uracil,
and adenine) was used.

2.2. Yeast Strain Construction. The strains YAS281 (1n),
YMR2, YAS288 (α c:L), and YMS14 (2n) were prepared as
described previously [26]. Briefly, YAS281 (called for sim-
plicity in this paper BY474X (1n)) was obtained by reconsti-
tution of functionalURA3 locus in BY4741 strain; YMR2 and
YAS288 (α c:L) were obtained by disruption of CAN1 locus
with can1::LEU2 cassette in BY4741 and BY4742, respec-
tively. The diploid YMS14 strain (called later BY474X (2n))
was prepared by mating YAS281 (1n) and YAS288 (α c:L)
strains. YAS228 diploid strain resulted from crossing YMR2
and BY4742 haploids of opposite mating types. DNA
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fragment carrying can1::HIS3 deletion cassette was obtained
by PCR-amplifying HIS3 gene from pRS313 plasmid [27]
with primers Can1K.up: 5′-CTTCAGACTTCTTAACTCC
TGTAAAAACAAAAAAAAAAAAAGGCATAGCATCGG
TGATGACGGTGAAAAC-3′ and Can1K.lw: 5′- AGAATG
CGAAATGGCGTGGAAATGTGATCAAAGGTAATAAA
ACGTCATATAAAAACTTGATTAGGGTGAT-3′. This
fragment was introduced into the YAS228 strain to obtain
YAS250 strain. Triploid and tetraploid strains were prepared
as follows: YAS250 strain was subject of protoplast fusion
with YAS281 (1n) resulting in triploid YAS300 strain (i.e.,
BY474X (3n)). To create tetraploid strain YAS318 (i.e.,
BY474X (4n)), the protoplast fusion between cells of
YMS14 (2n) and YAS250 strains was performed.

2.3. Protoplast Preparation for Fusion. Yeast strains were
cultivated in 5mL YPD medium with agitation at 28°C to
the exponential phase (about 1× 107 cells/mL). The 3mL ali-
quots of cell suspensions were spun down in the microcentri-
fuge (3000 rpm, 30 s) and washed twice with sterile water.
Then, the cell pellets were suspended in 1mL of buffer I
(1M sorbitol, 0.1M EDTA); Zymolyase® 100T was added
to the concentration 40μg/mL, and cells were incubated at
30°C for an hour. Resulting protoplasts were washed 2-3

times with 0.5mL of protoplast buffer (0.1M Pi pH7.5,
0.8M sorbitol), with gentle centrifugation (3000 rpm, 30 s)
in between. Finally, the pellet was gently resuspended in
100μL of protoplast buffer.

2.4. Protoplast Fusion. The protoplast fusion was performed
according to [28] with some modifications. Briefly, 100μL
suspensions of protoplasts of fusion partners were mixed
together and spun down (3000 rpm, 30 s) and after careful
removing of the supernatant, the pellet was suspended in
fusion buffer (35% PEG 3350, 10mMCaCl2, and 0.8M sorbi-
tol) followed by 20 minutes incubation at room temperature.
Then, the protoplasts were very gently centrifuged
(1000 rpm, 3min), washed 3 times with protoplasts buffer,
and finally resuspended in 1.5mL of the same buffer. Differ-
ent volumes (0.1–1mL) of the fused protoplast suspensions
were gently mixed with 10mL of regeneration medium
(0.67% YNB medium, 0.8M sorbitol, and 0.6% agar) and
poured onto the surface of thin layer of synthetic minimal
regeneration medium (0.67% YNB medium, 2% glucose,
0.8M sorbitol, and 2.5% agar). Plates were incubated at
28°C for a week. The resulting colonies were isolated, and
the DNA content in the cells of polyploid strains was con-
firmed by flow cytometry.

Table 1: Yeast S. cerevisiae strains used in this study.

Strain Genotype Reference

SP4 (1n) MATα leu1 arg4 (Bilinski et al, 1978)

SP4 (2n) MATa/MATα leu1/leu1 arg4/arg4 Lab collection

SP4 (3n) MATa/MATa/MATα leu1/leu1/leu1 arg4/arg4/arg4 Lab collection

SP4 (4n) MATa/MATa/MATα/MATα leu1/leu1/leu1/leu1 arg4/arg4/arg4/arg4 Lab collection

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 EUROSCARF

BY4742 MATα his3Δ1 leu2Δ0 lysΔ0 ura3Δ0 EUROSCARF

BY4743
MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/

MET1 ura3Δ0/ura3Δ0 EUROSCARF

YAS288 (α c:L) MATα his3Δ1 leu2Δ0 lysΔ0 ura3Δ0 can1::LEU2 (Alabrudzinska et al., 2011 [26])

YAS228
MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/

MET15 ura3Δ0/ura3Δ0 can1::LEU2/CAN1 This work

YAS250
MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/

MET15 ura3Δ0/ura3Δ0 can1::LEU2/can1::HIS3 This work

YMR2 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 can1::LEU2 (Alabrudzinska et al., 2011 [26])

YAS281 BY474X (1n) Mata his3Δ1 leu2Δ0 met15Δ0 URA3 (Alabrudzinska et al., 2011 [26])

YMS14 BY474X (2n)
MATa/MATα his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/

MET15 URA3/ura3Δ0 CAN1/can1::LEU2 (Alabrudzinska et al., 2011 [26])

YAS300 BY474X (3n)
Mat a/MATa/MATα his3Δ1/his3Δ1/his3Δ1 leu2Δ0/leu2Δ0/leu2Δ0

LYS2/LYS2/lys2Δ0 met15Δ0/met15Δ0/MET15 ura3Δ0/ura3Δ0/URA3
can1::LEU2/can1::HIS3/CAN1

This work

YAS318 BY474X (4n)

Mat a/MATa/MATα/MATα his3Δ1/his3Δ1/his3Δ1/his3Δ1 leu2Δ0/
leu2Δ0/leu2Δ0//leu2Δ0 LYS2/LYS2/lys2Δ0/lys2Δ0 met15Δ0/
met15Δ0/MET15/MET15 ura3Δ0/ura3Δ0/ura3Δ0/URA3

can1::LEU2/can1::LEU2/can1::HIS3/CAN1

This work

BMA64-1A (1n) MATa ura3-52 trp1Δ2 leu2-3112 his3-11 ade2-1 can1-100 EUROSCARF

BMA64 (2n)
MATa/MATα ura3-52/ura3-52 trp1Δ2/trp1Δ2 leu2-3112/leu2-3112

his3-11/his3-11 ade2-1/ade2-1 can1-100/can1-100
EUROSCARF
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2.5. FACS Analysis. The DNA content of S. cerevisiae cells
was measured by flow cytometry as previously described
[29]. Additionally, an analysis of the size of the cells present
in the analyzed population of 10,000 cells were performed.

2.6. Determining Reproductive Potential. Reproductive
potential of individual yeast cells was determined by a rou-
tine procedure [30] on cells placed on agar plates using a
micromanipulator. The reproductive potential of each cell
was defined as the number of buds formed by the cell. Results
of two independent experiments, each on at least 40 cells,
were taken at each experimental point.

2.7. Determining Reproductive Potential and Reproductive,
Postreproductive and Total Lifespan. Yeast lifespan (repro-
ductive and postreproductive) was determined as described
previously [31] with modifications described in Zadrag et
al., [32]. Yeast cultures were grown on YPD liquid medium
overnight. One-microliter aliquots of culture were dropped
on YPD plates with solid medium containing Phloxine B at
the concentration of 10μg/mL, for monitoring the moment
of cell death. For each experiment, forty single cells were
micromanipulated to the appointed area. The first daughters
were chosen as the starting cells, and their successive bud-
dings were followed to determine the reproductive potential
and reproductive lifespan expressed in time units. After com-
pletion of the buddings, yeast cells were inspected in one-
hour intervals to determine the moment of cell death and
length of their postreproductive lifespan. Total lifespan was
calculated as the sum of hours which cell spent in the repro-
ductive and postreproductive phases of life. During the
manipulation, the plates were kept at 28°C for 16h and at
4°C during the night (8 h). The data represent mean values
from two separate experiments.

2.8. ATP Content Estimation. ATP content was assessed with
BactTiter-Glo™ Microbial Cell Viability Assay according to
the manufacturer protocol (Promega). Cells were suspended
in a 100mM phosphate buffer with pH7.0, containing 0.1%
glucose and 1mM EDTA. A sample (100μL) of cell suspen-
sion with the density of 106 cells/mL was used for determina-
tion purposes. Luminescence was recorded after 5min using
a TECAN Infinite 200 microplate reader. The luminescent
signal was proportional to the amount of ATP present, which
was directly proportional to the number of cells.

2.9. Estimation of Glucose Consumption Rate. Quantitative
determination of glucose concentration was performed with
copper and molybdenum phosphate reagents by the
Somogyi-Nelson method [33]. Glucose reduces the Cu2+ ions
to Cu+ ions. The amount of copper oxide (I) was determined
using the arsenomolybdate reagent, which is reduced to
molybdenum blue. The intensity of the resulting blue color
as a product is proportional to the amount of Cu2O and
therefore the amount of glucose in the analyzed sample.

Yeast cells from the exponential phase of growth were
adjusted to the density of 1× 107 cells/mL, collected by
centrifugation (2min, 7000 rpm) and resuspended in fresh
complete medium. After 4 hours of incubation, the cell
suspension was centrifuged and supernatant was used for

the glucose concentration assay. Samples of media were
diluted 100-fold to the volume of 0.5mL; afterwards,
0.5mL of the Somogyi-Nelson reagent was added to the
media and placed in a boiling water bath for 20 minutes.
After cooling of the samples, 0.5mL of arsenomolybdate
reagent was added, and the samples were incubated for
5min. Then, 3.5mL of water was added and allowed to
stand for another 10min. Absorbance of the samples was
measured at λ = 520 nm. Glucose content was calculated
from a standard curve made for samples with known con-
centrations of glucose.

2.10. Estimation of Relative RNA Level. Relative RNA content
was measured by the method described in [34]. Acridine
orange (3,6-dimethylaminopyridine) may bind with nucleic
acids forming two types of complexes. The type A complex
is formed when molecules of the dye intercalate between
bases in a double-stranded DNA and double-stranded RNA
fragments. Such a complex shows the green fluorescence.
The type B complex is formed when particles of the dye will
form aggregates of a single-stranded RNA or denatured
single-stranded DNA, which gives the red fluorescence.

Yeast cells from the exponential phase of growth were
adjusted to the density of 1× 108 cells/mL and collected by
centrifugation (2min, 7000 rpm). Cells thus obtained were
fixed with 70% cold ethanol for 30min at room tempera-
ture. After fixation, cells were washed twice with cold,
sterile PBS and then suspended in a fresh buffer with no
alteration in density. 200μL of cell suspension with a
400μL of permeabilisation buffer (0.1% Triton X-100,
80mM HCl, and 150mM NaCl) was mixed and incubated
on ice for 2min. Afterwards, 1.2μL of the acridine orange
solution (concentration of 6μg/mL) was added and incu-
bated at low temperature for 10min. Cells were harvested
by centrifugation and suspended in a small volume of PBS.
Microscopic observations were carried out using the
OLYMPUS BX-51 epifluorescence microscope equipped
with the DP-72 digital camera and the cellSens Dimension
software at λex = 488 nm and λem = 650 nm. The images
for all tested cells were performed at exactly the same
parameters (the power of lamp and the exposure time)
for possibility the comparison of fluorescence signal inten-
sity. To determine the relative value of RNA, the multi-
channel images were separated into individual color
channels (red, green, and blue). Fluorescence intensity (the
sum of signal from pixels contained in the cell area) was mea-
sured only for the red color channel which corresponded to
the relative value of RNA. Analysis was performed for at least
100 cells for each strain and for each biological replication.
The quantitative results are presented as mean± SD from at
least three independent experiments.

2.11. Spontaneous Mutagenesis Assay. To determine the
mutation frequency at CAN1 marker gene, the forward
mutation assay was employed, as described previously [35].
Briefly, yeast strains were cultured with agitation at 28°C to
logarithmic growth phase (1-2× 107 cells/mL) in SC
medium, then the number of CanR clones were estimated
by plating 100μL of the undiluted cultures on SC medium

4 Oxidative Medicine and Cellular Longevity



lacking arginine but containing 30μg/mL L-canavanine sul-
phate (Sigma). Mutant colonies were counted following incu-
bation of the plates for 3 days at 28°C. To calculate the
frequency of spontaneous mutations, the number of mutant
colonies was normalized to the number of colonies grown
on the control SC medium plates. In each experiment, 8 to
10 independent cultures of each yeast strain tested were ana-
lyzed. The presented data are the medians calculated from at
least three separate experiments. Similar approach was
applied to determinate the frequency of 5-FOAR mutants,
except that theURA3 gene served in this assay as mutagenesis
marker, and the selection of mutants was performed on SC
media containing 1 g/L of 5-fluoroorotic acid (TRC, Canada).

2.12. Estimation of Cell Volume. Cell volume changes during
the reproductive lifespan were estimated through an analysis
of microscopic images recorded every fifth cell cycles during
a routine procedure of reproductive potential determination.
Images were captured with a Nikon Eclipse E200 microscope
with 20x lens equipped with a digital camera. Cell diameter
was measured four times in various planes for each cell using
the MicroImage 3.0 software. For each yeast strain, at least 80
cells were counted. The mean cell volume in the population
was estimated by analysis of the microscopic images recorded
during the exponential phase of the cell growth. Images were
captured with an Olympus BX51 microscope. Cell diameter
was measured four times in various planes for each cell using
the cellSens Dimension software. In all cases, the mean value
of the cell diameter was used for the calculation of the cell
volume. Cell volume was estimated using the following for-
mula: V = 4/3π a2b , where a and b are the radius calculated
as a half of minor and major cell diameters, respectively.

2.13. Statistical Analysis. Statistical analysis of data was per-
formed using the StatSoft Inc. (2011) STATISTICA data
analysis software system, version 10.0 (https://www.statsoft
.com). The statistical significance of differences between
haploid strains (1n) and the 2n-4n strains was estimated
using one-way ANOVA and Dunnett’s post hoc test for
SP4 and BY474X strains. The values were considered signif-
icant if P < 0 05. In the case of BMA64 yeast strains, the
differences between the haploid and diploid strains were
assessed using the t-test for independent samples.

3. Results

For the analysis, isogenic groups of yeast strains were pre-
pared representing three independent genetic backgrounds:
SP4, BY474X, and BMA64. With an exception of BMA64
yeast strains, each of the groups contained cells varying in
the number of genome copies: haploid cells (1n), diploid cells
(2n), triploid cells (3n), and tetraploid cells (4n). In the case
of BMA64 yeast strains, the cells represented only haploid
and diploid forms due to the very high instability of forms
with ploidy levels higher than diploid and the quick rever-
sion to the haploid state of such forms. To verify cell
ploidy, DNA content was determined for each of the ana-
lyzed yeast strains (Figure S1). The purpose of analyses
carried out with the use of three genetic backgrounds

was to verify if the phenomenon is universal or whether
it is closely dependent on the genetic background.

3.1. Reproductive Potential and Total Lifespan of Yeast Cells
Differing in Ploidy. The analysis of the reproductive potential
of cells differing in ploidy has shown that its value does not
directly depend on the number of genome copies. This means
that the reproductive capacity of the cell does not increase
linearly along with the growth of genome copies. Moreover,
the parameter values showed a distinct dependence on the
genetic background, and the phenotype of each of the
analyzed genetic backgrounds was slightly different. The
reproductive potential of SP4 diploid and triploid cells was
increased in comparison to haploid cells, but the value for
tetraploid cells was clearly lower. Cells in the BY474X genetic
background, ranging from diploid to tetraploid, have shown
higher values of reproductive potential in comparison to
haploid cells; however, the relation was not linear, as the
value of the parameter for diploid and tetraploid cells was
nearly the same. In contrast, the reproductive potential of
diploid cells in the BMA64 genetic background was lower
in comparison to haploid cells (Figure 1(a), Table 2).

The total lifespan consists of two phases, reproductive
and postreproductive, and each of these phases may be regu-
lated differently. When the reproductive phase of cell life was
expressed in units of time (Figure 1(b); Table 2), differences
in the reproductive potential between cells differing in ploidy
were significantly lower than when the reproductive phase
was expressed in the number of daughters produced by these
cells (Figure 1(a); Table 2). The reproductive lifespan of dip-
loid cells was comparable to that of haploid cells in both SP4
and BY474X genetic backgrounds. While for tri- and tetra-
ploid SP4 cells, the value of the parameter was lower (the dif-
ference was statistically significant for tetraploid cells only);
for tri- and tetraploid cells in the BY474X background, the
value was significantly higher in comparison to haploid and
diploid cells. The reproductive lifespan of diploid cells in
the BMA64 genetic background was significantly shorter in
comparison to haploid cells. The analysis of postreproductive
lifespan (length of life after the end of reproduction phase)
showed a negative correlation between the number of
genome copies and the length of the postreproductive phase
of a cell’s life. In particular, in the case of tri- and tetraploid
cells of SP4 and BY474X genetic backgrounds, the postrepro-
ductive lifespan was significantly shorter (ca. three or four
times) in comparison to haploid cells. An extremely short
postreproductive lifespan was observed in the case of
BMA64 diploid cells: it was approximately seven times
shorter in comparison to haploid cells. The shortening of
the postreproductive lifespan in the case of diploid and poly-
ploid cells (3n-4n) was observed for each of the analyzed
genetic backgrounds (Figure 1(c); Table 2). The total lifespan
of diploid cells of the SP4 and BY474X genetic backgrounds
was comparable to that of haploid cells. A significant short-
ening of the postreproductive lifespan in the case of the tri-
and tetraploid cells resulted in those cells having clearly
shorter total lifespans in comparison to haploid or diploid
cells. Similar results were obtained for the SP4 and BY474X
genetic backgrounds. The biggest difference between the
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Figure 1: Reproductive potential and time of lifespan of yeast cells differing in ploidy. Budding lifespan (a), reproductive lifespan (b),
postreproductive lifespan (c), and total lifespan (d) of yeast strains of different ploidy (from 1n to 4n) representing three genetic
backgrounds: SP4, BY474X, and BMA64. Yeast cells during the experiments were grown on solid YPD medium containing 10 μg/mL
Phloxine B for cell viability monitoring. The data represent the mean values from two independent experiments of 40 cells each.
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analyzed cells was observed in the case of the BMA64 genetic
background, where the total lifespan of diploid cells was
twice as short as that of haploid cells (Figure 1(d); Table 2).
Considering the mean values and the shapes of the
curves of the reproductive, postreproductive, and total
lifespans, the analyzed cells fall into two groups: the first
comprising haploid and diploid cells and the other tri-
and tetraploid cells.

3.2. Physiological Parameters of Yeast Cells Differing in
Ploidy. An increase in the number of genome copies may
have an impact on increasing the cellular biosynthetic poten-
tial. Therefore, an analysis was performed of selected param-
eters that may have an influence on that potential. The ATP
level of diploid cells was comparable to that of haploid cells,
whereas for tri- and tetraploid cells, the values of the param-
eter were significantly higher (approximately eight times) in
comparison to both haploid and diploid cells. Such a pattern
was observed for both SP4 and BY474X genetic backgrounds.
For the BMA64 yeast strains, statistically significant
differences were already observed in the case of diploid cells
(Figure S2A). The ATP level may be associated with the rate
of glucose uptake, which is the main source of carbon for
yeast cells. This parameter may also be used for estimation
of cellular physiology and biosynthetic possibilities. Gener-
ally, cells with higher numbers of genome copies showed a
higher rate of glucose uptake (as shown by the lower glucose
concentration in the medium), but the statistical significance
of the observed differences depended on the genetic back-
ground (Figure S2B). The haploid and diploid cells of the
SP4 genetic background showed a similar rate of glucose
uptake. In comparison to those cells, the rate of glucose
uptake for tri- and tetraploid cells was significantly higher.
In the case of the BY474X genetic background, a higher rate
of glucose uptake was shown not only by tri- and tetraploid
cells but also by diploid cells. Moreover, these differences
compared to haploid cells were statistically significant. The
differences in the rate of glucose uptake between haploid
and diploid cells of the BMA64 genetic background were

not statistically significant. Important information on the fit-
ness of cells and their relative biosynthetic possibilities is also
provided through the analysis of the relative RNA content
(Figure S3). In each case, the fluorescence intensity indicating
the relative level of RNA within the cell increased almost lin-
early with the increased ploidy. However, the differences
were statistically significant in relation to haploid cells only
for tri- and tetraploid cells from both SP4 and BY474X
genetic backgrounds. For the BMA64 genetic background,
the difference was already significant between the haploid
and diploid cells (Figure S3D). As the observed relationship
between cell ploidy and the relative RNA content might
result from differences in cell size, the fluorescence inten-
sity values were segregated by cell size. This approach, in
which differences in cell size were considered, showed
quite a different outcome. The relative RNA content in
cells differing in ploidy was similar for all of the analyzed
genetic backgrounds (Figure S3E).

3.3. The Spontaneous Mutagenesis Level in Yeast Cells
Differing in Ploidy. Considering the significant shortening
of the postreproductive and total lifespans, especially in the
case of the tri- and tetraploid cells, we asked if discrepancies
in the mutagenesis level could be responsible for such effects.
For this reason, the spontaneous mutagenesis level was mea-
sured in all four strains from 1n to 4n in the BY474X genetic
background. This experiment was only possible for these par-
ticular strains out of all strains analyzed in this work. To per-
form the forward mutation assay, the strain should possess
the marker for mutagenesis in its genome. During the con-
struction of BY474X strains, two such markers were intro-
duced: CAN1 and URA3. The presence in the given strain
of only one functional copy of the gene, which serves as the
mutagenesis marker locus (e.g., CAN1 in haploid, CAN1/
can1 in diploid, and CAN1/can1/can1 in triploid), allows
tracking of the frequency of marker loss. Because CAN1
encodes arginine permease, growing the cells on the SC
medium devoid of arginine and containing canavanine,
the toxic analog of arginine, permits positive selection of

Table 2: The budding lifespan (number of generations), reproductive lifespan, postreproductive lifespan, and total lifespan of the yeast strains
of different ploidy 1n–4n. Data are presented as the means± SD from all tested cells during two independent experiments (80 cells). ∗P < 0 05;
∗∗P < 0 01; and ∗∗∗P < 0 001 compared to haploid (1n) strain (one-way ANOVA and Dunnett’s post hoc test).

Yeast strain
Budding lifespan Reproductive lifespan Postreproductive lifespan Total lifespan

Number of daughters Time (h) Time (h) Time (h)

SP4

1n 41.9± 14.9 73.2± 26.0 22.5± 25.5 95.7± 36.3
2n 48.4± 16.3∗∗ 75.6± 28.0 15.3± 31.4 90.7± 40.8
3n 44.7± 10.6 66.3± 15.2 5.1± 11.3∗∗∗ 71.4± 16.6∗∗∗

4n 38.3± 7.8 58.3± 12.4∗∗∗ 3.3± 5.0∗∗∗ 61.6± 12.8∗∗∗

BY474X

1n 20.8± 9.7 43.1± 19.7 63.0± 51.5 106.1± 49.2
2n 26.1± 8.7∗∗ 47.5± 19.7 46.0± 46.8∗ 93.5± 50.5
3n 37.9± 14.1∗∗∗ 73.6± 27.9∗∗∗ 23.4± 29.9∗∗∗ 96.9± 34.4∗

4n 30.5± 12.3∗∗∗ 56.3± 24.1∗∗∗ 17.1± 20.3∗∗∗ 73.43± 28.5∗∗∗

BMA64
1n 23.0± 7.0 47.4± 15.1 35.3± 29.3 82.7± 33.2
2n 21.0± 5.6∗ 32.9± 9.3∗∗∗ 5.4± 10.8∗∗∗ 38.3± 12.8∗∗∗
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mutants. Similar tests could be performed using the URA3
gene as a marker locus, except that the selection of mutants
is performed on the SC medium supplemented with 5-
fluoroorotic acid (5-FOA). The URA3 gene encodes an oroti-
dine-5′-phosphate decarboxylase, the enzyme that converts
5-FOA to toxic 5-fluorouracil. The results of the performed
mutagenesis tests are presented in Figure 2. In addition to
the already known difference of almost two orders of mag-
nitude in mutation frequency between haploid and diploid
strains [26], an additional increase in mutation frequency
with the rising ploidy was detected. However, this increase
was not as spectacular as between haploid and diploid
strains; the mutation levels doubled with each additional
genome copy.

3.4. Changes of Cell Size and Shape during the Reproductive
Phase of Cell Lifespan. The analyzed yeast strains exhibited
differences in cell morphology, which mainly concern cell
size. In each of the analyzed genetic backgrounds, the mean
cell size in a population increased in a straight line along with
cell ploidy. The differences between haploids and cells of
higher ploidy (from 2n to 4n) were statistically significant.
Moreover, differences were noted regarding the values of
the size parameter and the analyzed genetic backgrounds in
the ascending sequence from SP4 through BY474X to
BMA64 (Figure 3). However, the rate of cell size growth per
generation was a more important factor for regulating the
reproductive potential of yeast cells than the mean cell size
in a population. The analysis of this parameter has shown a
clear linear dependence (R2 in the 0.92 to 1 range) in the case
of each strain. For each genetic background, the formula
defining the behavior of individual cell types was the same,
but the slope of the curves was different, revealing the differ-
ences in the growth rate per generation. The cells with higher
ploidy showed a higher growth rate per generation. During
production of subsequent buds, that is, during the reproduc-
tive phase, the cells significantly increased in size. The maxi-
mum values reached by the cells were dependent on the time
of generation and cell size growth during a single cycle
(Figures 4(b), 4(d), and 4(f)). The increase in size may also
be accompanied by a change in the cell’s shape. For haploid
cells, a gradual increase in size was observed, although these
cells maintained the same regular shape during the whole
reproductive phase of life. By contrast, for diploid cells and
especially for tri- and tetraploid cells, an increase in size
was accompanied by a change in the shape from ellipsoidal,
which was dominant for the major part of the reproductive
phase, to spherical, which appeared at the end of that phase.
Such changes were observed for the strains in both SP4 and
BY474X genetic backgrounds. In turn, the BMA64 cells
showed a rapid increase in cell size while maintaining a reg-
ular spherical shape (Figure 5(a), Figure S5).

4. Discussion

The phenomenon of replicative lifespan of the Saccharomy-
ces cerevisiae yeast cells has been extensively analyzed but
usually only in the context of the aging process. Furthermore,
the replicative lifespan represents only a part of the total

lifespan, which may be divided into two phases: the repro-
ductive and the postreproductive [32]. Even though the most
commonly used explanation for the limited reproductive
capacity of these cells is the aging process, it can also be mod-
ulated by many aging-independent factors. In addition, both
phases may be regulated by these factors through a common
mechanism or each phase may be regulated by distinct fac-
tors [36]. Increase in genome copies can have an impact on
(i) enhanced biosynthetic capacity (physiological efficiency),
(ii) genetic stability, and (iii) cell size. Hence, studies based
on polyploid cells may provide important information con-
cerning the mechanism regulating the reproductive potential
as well as the total lifespan.

4.1. Physiological Efficiency and Genetic Stability in
Regulation of Reproductive Potential and Total Lifespan of
the Cells. Increase in genome copy number results in an
increase in cell productivity [25], which in turn suggests a
connection with the reproductive potential. It was confirmed
that doubling of the number of genome copies (comparison
between haploid and diploid cells) leads to an increase in
the reproductive capacities of the cell [9]. However, the
experimental data obtained for cells with higher ploidy
presented in this paper do not indicate that the reproductive
potential increases proportionally to the number of the
genome copies. Moreover, in this case, the genetic back-
ground may also be an important factor (Figure 1(a)).
Indeed, diploid and triploid cells do increase their repro-
ductive potential relative to haploid cells; tetraploid cells,
however, exhibit quite different behavior. The reproductive
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Figure 2: The spontaneous mutagenesis level in yeast cells depends
on their ploidy. The changes in spontaneous mutagenesis levels at
CAN1 and URA3 loci in cells of different ploidy (1n, 2n, 3n, and
4n) in the BY474X background. Spontaneous mutagenesis was
measured using a forward mutation assay. Forward mutations
leading to canavanine (CanR) or 5-fluoroorotic acid (5-FOAR)
resistance are median values from at least 30 independent cultures
of each strain in three separate experiments. The differences of
mutation frequencies between investigated strains were statistically
significant (P < 0 05).
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potential of these cells can be lower than that of haploid cells
or, at best, reach the values achieved by diploid cells depend-
ing on the genetic background. Especially intriguing is the
significant decrease of the reproductive potential of the
BMA64 diploid cells in contrast to the increase of the values
of this parameter for the SP4 and BY474X diploid cells
(Figure 1(a); Table 2).

Increased numbers of genome copies increase general
biosynthetic capabilities, which are an adaptation to the
higher demand for cellular constituents resulting from the

increase in cell size. Under optimum conditions, the mean
cell size in the population doubles with the doubling of ploidy
[22, 23], which was also confirmed by the results obtained in
these studies (Figure 3). Analysis of biochemical parameters,
such as uptake and metabolism of glucose and intracellular
ATP levels, which refer to energy metabolism, and the total
RNA level referring to the translation efficiency, indicates
that increased values of these parameters correlate with
increased ploidy, although not always in a proportional man-
ner (Figures S2 and S3). On one hand, the increase of general
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Figure 3: Mean cell size in a population of yeast cells differing in ploidy. (a) Shape and size diversity of yeast cells differing in ploidy. (b)
Volume of yeast cells differing in ploidy. Cell volume was estimated by analysis of microscopic images. Data are presented as the mean
values for at least 100 cells from each yeast strain. The bars indicate SD from all cells tested in two independent experiments. The stars
indicate values that are significantly different from values obtained for the haploid strain (1n) within the same genetic background
using one-way ANOVA and Dunnett’s post hoc test for SP4 and BY474X strains or t-test for BMA64 strain; ∗∗∗P < 0 001. (c) Cell
size of the yeast strains in the SP4, BY474X, and BMA64 backgrounds as measured by forward scatter (FSC histogram reflects the
cells size in the population). The cells were analyzed via FACS as described in the Materials and Methods. Histograms were
obtained for 10,000 cells per strain.
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biosynthetic capabilities, coupled with the increase in the
number of genome copies, may be a result of the coordina-
tion of intracellular processes to ensure stability in terms of
energy and metabolism and their adaptation to the needs

arising from the increased cell size [37–40]. On the other
hand, such increase may improve the reproductive capacity
of cells, especially in the case of tri- and tetraploid cells, as
almost 100% of the cells retain the ability to reproduce.
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Figure 4: Changes in the size of individual yeast cells during the reproductive phase of life. Reproductive potential of the yeast strains differing
in ploidy (from 1n to 4n) representing three genetic backgrounds (a) SP4, (c) BY474X, and (e) BMA64 was determined by the
micromanipulation method. Changes in the cell size during the reproductive phase of yeast cell life were estimated by analysis of
microscopic images recorded every fifth cell cycle during the determination of reproductive potential of (b) SP4, (d) BY474X, and (f)
BMA64. Data were obtained from two independent experiments of 40 cells each.
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Figure 5: Morphological changes of the yeast cells during the reproductive phase of growth. (a) Changes in the shape of the yeast cell during
the reproductive phase of life were assessed by analysis of microscopic images recorded during the reproductive potential determination
procedure. The images are representative of all cells analyzed in two independent experiments. (b) The ratio of surface area and cell
volume (A/V) changes depending on the shape and type of the cell growth. (1) The isotropic growth of spherical cells leads to fast
decrease in the A/V ratio value. (2) The elongational type of growth of ellipsoidal cells when their size is increased in the two axial planes
leads to fast decrease in the A/V ratio value. (3) The elongational type of growth of ellipsoidal cells when their size is increased only in
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in one axial plane, the cell may maintain an almost steady value of the A/V ratio. The red arrows show a growth direction.
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Examples of this can be observed mainly at the beginning of
the reproductive phase, when di-, tri-, and tetraploid cells
have a significant dominance compared to haploid cells
(Figures 1(a) and 4, Figure S4). However, this initial domi-
nance quickly wanes and is followed by a clear and rapid
decline in the reproductive possibilities of these cells. Such
cell behavior may be because the biosynthetic-physiological
efficiency of the cells has a significant effect on the reproduc-
tive potential but only up to the point at which another factor
becomes critical for further reproduction. For explaining this
phenomenon, two factors should be considered: genetic
stability and cell size.

Increasing the number of genome copies may be benefi-
cial, among other reasons, because of (i) cell protection in
the case of damage of one of the gene copies (gene redun-
dancy) [41]; (ii) higher growth rate; and (iii) greater adapt-
ability, including but not limited to higher frequency of
beneficial mutations and stronger fitness effects [42]. It is also
associated with certain disadvantages that are mainly con-
nected with cell division problems, increased chromosome
instability, and DNA repair defects [23, 43], reviewed in
[44]. Polyploidization may affect the genetic stability of the
cell. Although the frequency of point mutations (such as
frameshifts, transversions, or transitions) is the same for hap-
loid and diploid cells, there is as high as a hundredfold differ-
ence in the frequency of spontaneous mutagenesis between
these cells [26, 45]. This difference is due to various DNA
rearrangement events that lead to loss of heterozygosity in
diploid strains (namely, gene conversion, allelic crossover,
and chromosome loss) [45, 46]. The analysis of spontaneous
mutagenesis levels in triploid and tetraploid cells, measured
by the frequency of CAN1 or URA3 marker loss performed
in this work, revealed further increase in spontaneous muta-
genesis concomitant with rising cell ploidy (Figure 2). Thus,
increases in spontaneous mutagenesis, that is, higher genome
instability, likely contribute to the viability of the cells. Sur-
prisingly, a clear correlation between mutagenesis level and
reproductive potential of the yeast cells and their survival
rates cannot be seen. However, the mutagenesis frequency
can be counted only per viable cells in an analyzed popula-
tion. Therefore, it is highly probable that mutagenesis levels
are in fact higher, but some mutagenic events remain invisi-
ble because their effects are lethal.

In comparison to haploid cells, tetraploid cells are no
more sensitive to various environmental stresses [47]. This
is likely because DNA lesions induced by environmental
stress that affects an essential gene frequently lead to cell
death in haploids, while in diploids or in polyploids, the
redundant functional allele of the affected gene is available
from another copy of the genome. On the molecular level,
the accumulation of DNA lesions provoked by environ-
mental stress stimulates DNA damage response, which
encompasses not only recruitment of proper DNA repair
proteins to the lesion but also activation of DNA damage
checkpoint and cell cycle arrest [48, 49]. If the DNA
damage is not repaired properly until mitosis (G2/M
checkpoint), it can lead to permanent cell cycle arrest that
concludes with cell death (via, e.g., mitotic catastrophe) [44].
That certainly influences, although adversely, both the

reproductive potential of the cell and its postreplicative life-
span. The difference in the spontaneous mutagenesis level
between haploids and diploids in BY474X background is vast
(hundredfold), while between diploids and triploids or tetra-
ploids, it is much lower (about twofold and fourfold, resp.);
conversely, a remarkable difference in the reproductive poten-
tial is visible between diploids and haploids but not between
diploids and tetraploids in this background. This inconsis-
tency of results suggests that it is not genomic instability that
limits the reproductive potential of the analyzed cells. How-
ever, it is also worth noting that even if no clear relationship
is observed when particular factors are considered individu-
ally (e.g., impact of point mutation frequency on reproductive
potential), their interactions and the resulting additive effect
cannot be ruled out. This point of view is similar to that
presented byKaya et al. [50] with regard tomutation accumu-
lation as a cause of haploid yeast aging. The authors emphasize
the role of cumulative damage of nuclear and mitochondrial
genomes, as opposed to individual damage types, in the
regulation of the aging process. For that reason, it is highly
probable that both genomic instability and cell size
(hypertrophy) may contribute to the decrease of the cell’s
reproductive potential.

4.2. Cell Size as a Regulator of Reproductive Potential and
Total Lifespan. Cell size is an important biological trait that
both affects the internal architecture of the cell and deter-
mines the range of intracellular biological processes.
Increase in cell size results in the need to adjust individual
cell components (organelles and macromolecules) to keep
them in the right proportions appropriate to the size of
the cell [38, 51]. Exceeding a certain size limit may gener-
ate problems inter alia with intracellular transport and
ensuring of appropriate level of signaling or regulating
molecules (e.g., G1 phase cyclin level) necessary to con-
tinue reproduction. Processes such as cell growth and cell
division are usually closely coordinated to keep the size of
a given cell type constant. However, in the case of yeast,
the cell size increases along with the subsequent reproduc-
tive cycles. This phenomenon is the consequence of bud-
ding and the lack of the ability of the cell to reduce its
own size, favoring the achievement of an excessive size
that makes further reproduction impossible.

The analysis of the reproductive potential of yeast cells
shows that the mean value of this parameter does not
increase linearly along with the increase in the number
of genome copies (Figures 1(a) and 4). However, if we
look at the shape of the survival curve, we may notice that
along with an increase in ploidy, the part of the whole
reproductive phase when almost 100% cells maintain abil-
ity to reproduce also increases (Figure 1(a), Figure S4).
This suggests that in the absence of other regulators affect-
ing reproductive capabilities of cells, the relationship
between ploidy (which corresponds to the biosynthetic
abilities of the cells) and the reproductive potential of
the cell should be linear. Lack of such a relationship sug-
gests a significant contribution of another factor, such as
cell size, in the regulation of the reproductive potential.
When analyzing the potential impact of cell size on the

12 Oxidative Medicine and Cellular Longevity



regulation of reproductive potential, it is worth noting the
values of the threshold cell size, the rate of the cell size
increase per generation, and the maximum cell size, since
these values appear to be dependent on the biosynthetic
capabilities of cells. This is indicated by the slope of the
curve (Figure 4), which shows the rate of an increase in
cell size per generation under the reproductive phase of
life. These results also emphasize that there is no universal
or exact value of cell size causing reproduction cessation
because both the maximum cell size and the rate of
achievement of the hypertrophy state may be modified
through either genome changes or environmental condi-
tions. The maximum cell size allowing for reproduction
is higher for tri- and tetraploid cells in comparison to that
for haploid and diploid cells (Figure 4), which corresponds
to the biosynthetic abilities of these cells and explains the
higher reproductive capacity of these cells (except for
tetraploid cells). With regard to cells with a significant
reduction of the reproductive potential, as in the case of
tetraploid cells of the SP4 and BY474X genetic back-
grounds and especially the diploid cells of the BMA64
genetic background, a rapid reduction in reproduction
capabilities (these cells exhibited high fitness during almost
2/3 of their entire reproductive phase) may actually result
from the cell achieving its critical size not only in terms of
reproduction purposes but also in terms of cell integrity,
which ultimately leads to frequent cell lysis (Figure 4,
Figure S4). However, the increased levels of genomic
instability due to ineffectiveness of DNA damage response
or due to division problems (which might be the case for
BMA64 genetic background, which shows signs of endo-
duplication) (Figure S1) may have enhanced this effect
by influencing the rate at which the cells achieved the
hypertrophy state.

Cell size is, on the one hand, a physical parameter that, by
the surface to volume ratio, determines the size of the cell; on
the other hand, it undoubtedly influences the internal archi-
tecture and physiological capacity of the cell. The studies
conducted demonstrate the existence of two size thresholds:
the first leads to cessation of reproduction, but cells are still
alive; the second leads to cell death caused by bursting and
cell lysis. Hence, cell size may affect not only the reproductive
potential but also the total lifespan of cells by shortening the
postreproductive phase (Figures 1 and 4). The two size
thresholds are related to two distinct phenomena. One is of
a physiological nature, because many cellular processes
depend directly on cell size, for example, transport across
membranes and inside the cell, biosynthetic reactions, and,
importantly, the cell cycle. The cell cycle requires the cooper-
ation of many mechanisms to maintain growth homeostasis
and optimum cell size. It is therefore possible that a large cell
size could affect this cooperation and therefore the ability of
cells to reproduce. The other phenomenon occurs because
of the obvious lack of strength of the “cell envelope,” that
is, cell membrane (the lipid composition has an impact on
the physicochemical properties) and cell wall. Mechanical
strength of the cell wall relies on β-glucan and chitin [52].
During cell growth, the composition of β-glucan increases,
which in turn causes an increase in cell wall thickness [53];

however, wall thickness does not affect the elastic properties
[54]. Hence, the changes of the internal tension may have
an effect on maintaining the integrity of the cell. Diploid
BMA64 cells, which show the shortest postreproductive
phase, can be used as an example: bursting of these cells
occurs almost immediately after the last mitotic cycle. Cell
bursting involves almost 90% of all analyzed diploid cells
and many haploid cells of these strains. This phenomenon
may also explain the behavior of tetraploid yeast cells, which
also show a very short postreproductive phase. These cells
reach the critical size for reproduction and subsequently the
critical size for maintenance of cell integrity faster than
haploid cells, which is why their total lifespan is shorter than
that of haploid cells (Figures 1 and 4).

When analyzing the causes of cell achieving the size crit-
ical for maintaining cell integrity, attention should also be
paid to morphological aspects of the cell, that is, cell shape
and type of cell size increase. Cells that achieve the size that
is critical for their integrity, especially BMA64 strain cells,
show a relatively high increase in size during a single cell
cycle (slope of the curves, Figure 4(f)). In addition, these cells
maintain a very regular spherical shape, which does not
change throughout their reproductive and postreproductive
phases. In turn, the shape of polyploid yeast cells is more
elliptical due to ploidy-dependent cytoskeletal organization.
However, this shape may be changed to one that is more
spherical, which occurs at the end of the reproductive phase
of life (Figures 3(a) and 5(a), Figure S5). Maintenance of a
proper surface area and cell volume ratio (A/V ratio) seems
to protect the cell against loss of integrity (cell lysis). In gen-
eral, the A/V ratio is inversely correlated with cell ploidy [55];
however, without cell elongation, the decrease in this ratio
might be higher and might lead to reduction of cell function-
ality. This is confirmed by the data obtained from the analysis
of the A/V ratio of cells of different shapes and types of cell
size increase. The isotropic growth of spherical cells leads to
a rapid decrease in the A/V ratio value. A similar pattern is
noted for ellipsoidal cells, whose size is increased in two axial
planes. Only when elongational growth occurs in one axial
plane may the cell maintain an almost steady value of the
A/V ratio (Figure 5(b)). The results obtained by Müller [22]
do not indicate that the A/V ratio is the only factor responsi-
ble for limiting the reproductive potential of the cells but do
not rule out its impact as one of the factors. In turn, the
results presented in this paper point to a relevant impact of
this parameter to maintenance of proper functionality and
cell integrity and therefore the regulation of the reproductive
potential and cell death.

Based on these calculations and the observation of the
morphological changes of cells during the reproductive
phase (Figure 5, Figure S5), two different types of behavior
depending on the cell shape may be proposed: (1) the
spherical cell, which does not change its shape during
the reproductive phase of life; depending on the rate of
cell size increase per generation, spherical cells may reach
the size that is critical only for further reproduction, for
example, haploid cells, or also critical for maintaining cell
integrity, for example, diploid cells from the BMA64
strain; (2) the ellipsoidal cell, which at the end of the
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reproductive phase may either change its shape from
elliptical to spherical or maintain the elliptical shape
(Figure 6). That latter alteration of the cell shape may
favor a more rapid achievement of the size critical not
only for reproduction but also for maintaining cell integ-
rity. Therefore, in this case, cell lysis may occur, as in
the case of tri- and tetraploid cells. The tensile strength
of cell walls appears to be lower when the cell assumes a
spherical shape. The ellipsoidal cell, even of the same
volume as the spherical cell, is better protected against
bursting, as it is still able to increase its smaller diameter.
The phenomenon of cell bursting was also observed in the
case of the Sc. pombe yeast cells. For those cells, the
change of the cell shape from ellipsoidal to spherical was
observed after several mitotic cycles, which also resulted
in loss of integrity and cell lysis [56].

The analysis performed with the use of polyploid cells
shows a relevant impact of cell size on the regulation of
reproductive potential and total lifespan of yeast cells. The
total lifespan analysis of cells with the higher-than-haploid
number of genome copies has never been performed; there-
fore, it is an important aspect of discussion on the regulatory
role of cell size. The postreproductive phase has a particular
influence on the total lifespan [57]. As also shown in these
studies, the length of that phase shows an inverted relation-
ship with cell ploidy and is particularly short in the case of
tri- and tetraploid cells (or even diploid cells of the BMA64
strain), which may be due to the cell size. This does not mean
that accumulation of damage, genetic stability, or changes
resulting from the passage of time does not play any role in
the regulation of reproductive potential. However, the cessa-
tion of reproduction will largely be determined by whichever

Virgin cell “Mother” cell

Bud

Cell a�er finishing
the reproduction

“Bursted” cell

(1)

(2)

(3)

(4)

Low rate of cell size

increase per generation

High rate of cell size

increase per generation

Cell shape has changed

Cell shape has not changed

Figure 6: Possible size and shape changes of yeast cells during the reproductive phase of life. (a) The spherical cell with a regular shape. Cell
size increases gradually, but its shape does not change during the reproductive phase of life. Depending on the rate of cell size increase per
generation, spherical cells may reach the size that is critical only for further reproduction (no cell lysis occurs) (1) or that is also critical
for the strength of the cell wall (cell lysis generally occurs) (2). (b) The ellipsoidal cell. Cell size increases gradually during each subsequent
reproductive cycle. At the end of the reproductive phase, a cell may change its shape from elliptical to spherical (cell lysis may occur) (3)
or maintain the elliptical shape (no cell lysis occurs) (4).
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factor is first to achieve its critical value. Moreover, their
additive effect cannot be ruled out, which may enhance the
rate at which the cells achieve the hypertrophy state. The
maximum cell size value, which leads to cessation of repro-
duction, can be regulated among others by biosynthetic pos-
sibilities; therefore, its value may differ depending on the
number of genome copies. Moreover, the achievement of
an excessive size (hypertrophic state) may lead to two distinct
phenomena: cessation of reproduction without cell death and
cessation of reproduction with cell death by cell bursting.
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Supplementary Materials

Figure S1: DNA content of yeast cells differing in ploidy.
Cellular DNA content of the yeast strains in the SP4,
BY474X, and BMA64 genetic backgrounds. Propidium
iodide-stained cells were analyzed via FACS as described in
the Materials and Methods. Histograms were obtained for
10,000 cells per strain. Figure S2: ATP content and glucose
uptake in yeast cells differing in ploidy. (A) ATP content
was determined using BactTiter-Glo Microbial Cell Viability
Assay. Luminescence was recorded using the microplate
reader. The luminescent signal corresponded to the ATP
content, which was directly proportional to the number of
cells. (B) Glucose concentration was determined in YPD
medium supplemented with glucose (20mg/mL) using the
Somogyi-Nelson method. The YPD medium was collected
after 4 hours of cell incubation and used for analysis.
Absorbance was recorded using the microplate reader at
λ = 520 nm. The results are presented as the mean values
from three independent experiments. The bars indicate SD.
The stars indicate values that are significantly different from
values obtained for haploid strain (1n) within the same
genetic background using one-way ANOVA and Dunnett’s
post hoc test for SP4 and BY474X strains or t-test for
BMA64 strain; ∗P < 0 05; ∗∗P < 0 01; and ∗∗∗P < 0 001,
respectively. Figure S3: comparison of relative RNA content
in yeast differing in ploidy. Relative RNA content of yeast cells
was assessed with acridine orange. Fluorescence was exam-
ined under the fluorescence microscope at λex = 488 nm and
λem = 650 nm. For determination of the relative value of
RNA, images were separated into individual color channels;

fluorescence intensity was measured only for the red channel
using the cellSens Dimension software: (A) overlay; (B) red
channel; (C) green channel. The results are presented as
(D) the mean values of the fluorescence intensity for at least
100 cells from three independent experiments or as (E) cal-
culations of the fluorescence intensity per cell size. The bars
indicate SD. The stars indicate values that are significantly
different from values obtained for haploid strain (1n) within
the same genetic background using one-way ANOVA and
Dunnett’s post hoc test for SP4 and BY474X strains or t-test
for BMA64 strain; ∗P < 0 05; ∗∗P < 0 01; and ∗∗∗P < 0 001,
respectively. Figure S4: the impact of the number of genome
copies on the reproductive possibility of the yeast cells.
Calculations illustrating the part of the whole reproductive
phase of life when almost all cells (90–100 percent) maintain
the ability to reproduce. This value is strictly dependent on
the number of the genome copies. Figure S5: changes in yeast
cell shape during the reproductive phase of growth. Changes
in the shape of the yeast cell during the reproductive phase of
life were assessed by analysis of microscopic images recorded
every fifth cell cycle during the reproductive potential deter-
mination procedure. The images are representative of all cells
analyzed in two independent experiments. The analyzed
yeast strains differ in ploidy (from 1n to 4n) and represent
three genetic backgrounds: SP4, BY474X, and BMA64.
(Supplementary Materials)
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Cell-free DNA (cfDNA) is a circulating DNA of nuclear and mitochondrial origin mainly derived from dying cells. Recent studies
have shown that cfDNA is a stress signaling DAMP (damage-associated molecular pattern) molecule. We report here that the
expression profiles of cfDNA-induced factors NRF2 and NF-κB are distinct depending on the target cell’s type and the GC-
content and oxidation rate of the cfDNA. Stem cells (MSC) have shown higher expression of NRF2 without inflammation in
response to cfDNA. In contrast, inflammatory response launched by NF-κB was dominant in differentiated cells HUVEC,
MCF7, and fibroblasts, with a possibility of transition to massive apoptosis. In each cell type examined, the response for
oxidized cfDNA was more acute with higher peak intensity and faster resolution than that for nonoxidized cfDNA. GC-rich
nonoxidized cfDNA evoked a weaker and prolonged response with proinflammatory component (NF-κB) as predominant. The
exploration of apoptosis rates after adding cfDNA showed that cfDNA with moderately increased GC-content and lightly
oxidized DNA promoted cell survival in a hormetic manner. Novel potential therapeutic approaches are proposed, which
depend on the current cfDNA content: either preconditioning with low doses of cfDNA before a planned adverse impact or
eliminating (binding, etc.) cfDNA when its content has already become high.

1. Introduction

Cell-free DNA (cfDNA) is circulating DNA of both nuclear
and mitochondrial origins. Dying cells are the major source
of cfDNA [1–4]. For a long time, cfDNA has been studied
as a passive marker of cell death after various influences, such
as irradiation, and pathologies, especially oncologic [5, 6], or
an object for noninvasive diagnostics (liquid biopsy), includ-
ing prenatal [7–9]. Recently, a novel approach emerged to

consider cfDNA as a signaling molecule, which is biologically
active regardless of its nucleotide code sequence [1, 10, 11].
The signaling properties of cfDNA depend on two factors.
First, it was shown that the GC-content of cfDNA differs
from that of the source genomic DNA and depends on the
pattern of cell death. In case of a chronic process, circulating
cfDNA is enriched with CG-pairs due to the fact that GC-
rich regions are more resistant to the endonuclease action
[12, 13]. Second, cfDNA is prone to oxidation, mostly
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through the formation of 8-oxodG, and the oxidized
cfDNA exerts a stronger signaling action in an oxidation
degree-dependent manner [10, 14, 15].

The cfDNA is a DAMP (damage-associated molecular
pattern) signaling molecule [16]. The DAMP signaling mol-
ecules are hypothesized to serve as messengers of infection
or strongly hostile conditions/trauma provoking oxidative
stress and cell death. The best-studied receptors for cfDNA
are cytosolic AIM2, RIG-1, and DAI and some other DNA
sensors [17–26], as well as TLR9 [27, 28]. It is commonly
supposed that intrinsic DNA does not activate TLR9; how-
ever, our earlier studies have shown that TLR9 reacts for
GC-rich endogenous cfDNA [29]. The activation of TLR9
evokes an inflammatory response that implicates the translo-
cation of the transcription factor NF-κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) from the
cytoplasm to the nucleus with the subsequent launch of tran-
scription of the NF-κB-driven genes [30–33]. This is a tissue-
level reaction.

At cellular level, an expression of 100+ genes providing
for the cell protection in stress conditions is triggered by
another transcription factor, NRF2 (nuclear factor- (ery-
throid-derived 2-) like factor 2) [34–36]. NRF2 is a master
regulator of the antioxidative and anti-inflammatory cell
responses [37–39] via the inducible expression of ARE- (anti-
oxidant response element-) driven genes [40]. Thus, NRF2
can provide for the protection against stresses of chemical,
infections, and other nature.

The interaction between NF-κB and NRF2 is predomi-
nantly antagonistic [40–43]. The underpinning mechanisms
are thoroughly reviewed in Discussion. At the same time, a
number of stimuli such as reactive oxygen species (ROS),
bacterial lipopolysaccharides (LPS), and oxidized low-
density lipoproteins induce a simultaneous activation of both
NRF2 and NF-κB [44].

In case of protection failure at cellular level, the mecha-
nism of programmed cell death is launched, because the evo-
lutionarily formed strategy prefers to sacrifice the part for the
benefit of the whole organism [45]. Both elevated and
reduced cell death rates are deleterious and can entail certain
pathologic conditions.

The proteins of the BCL2 family play a key role in the
regulation of cell death and survival [46, 47]. The BCL-2
protein and four homologous proteins (Bcl-XL, Bcl-W,
A1, and Mcl-1) favor cell survival [46].

The inhibitors of apoptosis proteins (IAP) repress cas-
pases 3, 7, and 9 [48]. Under the stress conditions, when

the cell survival-oriented processes are activated, expres-
sion of the antiapoptotic genes is induced [49].

The aim of this study was to explore the time dynamics of
expression of the NF-κB and NRF2 protective factors in
response to the action of various kinds of cfDNA and in dif-
ferent cell types and to investigate the effect of cfDNA on cell
survival and death.

2. Materials and Methods

Diverse aspects of the biological action of cfDNA were stud-
ied on histologically different cultivated cells with different
proliferative capacity:

(1) Mesenchymal stem cells (MSC) (N = 17) were
derived from various sources and characterized by
surface markers (Table 1) [15]: normal adipose tissue
of surgical material after partial mastectomy (MSC
AT), material of umbilical vein and umbilical blood
(MSC V), and subcutaneous adipose tissue (MSC
AT). The obtained profile of CD markers (Table 1)
was typical for MSC [29].

The expression of surface proteins by the cells was stud-
ied with the help of flow cytofluorometry using the corre-
sponding antibodies at CyFlow (PARTEC, Germany) [15].

(2) Cultures of human umbilical vein endothelial cells
(HUVEC) (N = 9) were derived from 9 different spec-
imens of umbilical vein (normal course of pregnancy,
successful birth, and healthy newborns) [50]. The
HUVEC were characterized by the CD31+ marker.

(3) Human breast adenocarcinoma cells (MCF7) were
derived from the cell culture bank of Federal State
Budgetary Institution “Research Centre for Medical
Genetics” (RCMG), Moscow, Russia. The distinctive
molecules of estrogen receptors (ER+) were located
on the MCF7 surface [51].

2.1. Model cfDNA Fragment Samples. Based on the conclu-
sions made from the results of our studies of cfDNA proper-
ties, we determined the most significant cfDNA parameters,
which can evoke biological responses in different cell types:

(1) Elevated GC-rich DNA content of the cfDNA,
in particular, elevated ribosomal DNA (rDNA)
content [14, 52].

Table 1: Surface marker profiles of MSC used in the study. Cell culture bank of Federal State Budgetary Institution “Research Centre for
Medical Genetics.”

Number Cells Source Surface markers

1
MSC AT
(N = 9) Breast adipose tissue

CD34−, CD45−, HLA-ABC+, HLA-DR−, CD44+, CD29+,
CD49b low, CD54 low, CD90+, CD106−, CD105+, CD117−

2
MSC V
(N = 5) Umbilical blood and vein

CD34–, CD45–, HLA-ABC+, HLA-DR−, CD44+, CD29+,
CD90+, CD105+, CD117−

3
MSC AD
(hMADs)
(N = 3)

Adipose tissue
CD34−, CD15−, HLA-ABC low, HLA-DR−, CD44+, CD13+,

CD49b+, CD133−, CD90+, CD105+, CD117−
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(2) Increased content of oxidized DNA fragments
[15, 53].

In order to study the response to the presence of cfDNA
in different cell types, model cfDNA fragments were used.

2.1.1. Oxidized Forms of DNA. In case of pathologies and
impacts deleterious for the genome, cfDNA contains an
increased quantity of oxidized bases. Therefore, to investigate
the action of oxidized DNA upon the cells of different types,
we prepared in vitro samples of model oxidized forms of
DNA (Table 2) [15]. We chose gDNA, which had been oxi-
dized by Н2O2 in vitro, as a model molecule in order to
exclude the action of other possible factors, such as a changed
methylation rate or shifted contents of various motifs that
could exert influence on cfDNA properties.

The conditions of gDNA oxidation were chosen in such a
way that the final content of the oxidation marker 8-oxo-
deoxyguanosine in the oxidized gDNAoxy approximately
corresponded to the real 8-oxo-deoxyguanosine content
detected in the cfDNA in case of disorders accompanied by
oxidative stress. Using mass spectrometry (ESI-MS/MS), we
analyzed the 8-oxo-deoxyguanosine content in plasma
cfDNA derived from patients with breast cancer and acute
myocardial infarction and detected 800 and 2100 8-oxodG,
respectively, per 106 cfDNA nucleosides [15].

The specimens of oxidized DNA for the experiment were
prepared using two methods: either treatment of a genomic
DNA (gDNA) sample with 300mM Н2O2/Fe

2+/EDTA
(gDNAoxy 1) or combined treatment of a gDNA sample with
300mM Н2O2 and ultraviolet radiation at a wavelength of
λ = 312 nanometers, which induced intense H2O2 decompo-
sition and ROS production (gDNAoxy 2) [14]. The content
of the oxidation marker 8-oxodG in the obtained DNA spec-
imens was measured using mass spectrometry (ESI-MS/MS)
(quantification of 8-oxodG was conducted by Galina V.
Baidakova, a senior researcher of Federal State Budgetary
Institution “Research Centre for Medical Genetics”) [15].

The 8-oxo-deoxyguanosine content in an intact gDNA
was below the threshold sensitivity of the method, which
was equal to 0.1 (8-oxodG)/106 nucleosides, while the first
gDNAoxy1 specimen contained ~400 (8-oxodG) per 106

nucleosides (lightly oxidized DNA) and the second
gDNAoxy2 specimen contained ~2900 (8-oxodG)/106 nucle-
osides (highly oxidized DNA) [15].

When H2O2 is applied as an oxidizing agent, not only
8-oxodG but also some other oxidative modifications can

be found in the DNA molecule after treatment, because
H2O2 is a nonspecific oxidant. DNA can be oxidized with
the formation of 8-oxodG only, if an oxidation technique
based on methylene blue is used [54]. DNA oxidized in this
way (DNA8-oxodG) contains solely 8-oxodG in a quantity
of ~700 (8-oxodG)/106 nucleosides, and we considered this
a better model to explore the contribution of the 8-oxodG
oxidative modification to the effects evoked by oxidized
cfDNA in vivo. In addition, we oxidized the sequence of
p(rDNA) in order to obtain GC-rich oxidized DNA with a
very high oxidation rate of 50,000 per 106 nucleosides [15].

2.1.2. GC-Rich Model Fragments, Ligands for TLR9 and TLR9
Blockers. Earlier, we determined that in case of pathology,
pregnancy, or damaging exposure, GC-rich rDNA fragments
accumulate in the total pool of cfDNA, while the fraction of
AT-rich satellite III (SatIII) fragments decreases. The corre-
sponding model fragments were designed as plasmids con-
taining rDNA or SatIII inserts.

A CpG-rich fragment of the transcribed region of
the rDNA (from base pair 515 to 5321 in accordance
with HSU13369, GeneBank) embedded in pBR322 vector
(p(rDNA)) was used as the model GC-DNA. The GC-
motif was 9504 bp long [55].

The model DNA samples underwent the same procedure
of additional cleaning from lipopolysaccharides via a treat-
ment with Triton Х-114 [52] with a subsequent gel filtration
on the HW-85 carrier [55].

A computer-aided analysis of the nucleotide composi-
tion of p(rDNA) revealed unmethylated CpG motifs within
rDNA, which are binding sites for TLR9, a TLR family
receptor [55]. We conducted a thorough computer-aided
analysis of the model plasmid samples used in the experi-
ments for the existence of TLR9 binding sites and TLR9
blocking sequences.

The ligand for human TLR9 is the sequence GTCGTT
and/or TCGTA [56–58]. Generally, R1R2CGY1Y2 is deemed
to be an immunostimulating CрG-motif, where R1 stands for
a purine (preferably G), R2 is a symbol for a purine or Т, and
Y1 and Y2 are pyrimidines, which form a complex with
human TLR9 having an association constant less than
GTCGTT motif [57, 59]. TLR9 blockers can be the motifs
Gn (n> 5), CCN(A/G/T)(A/G/T)NNGGGN, and CC(A/G/
T)(A/G/T)NGGGNN [58, 60, 61].

The plasmid DNA we have chosen carries the pBR322
vector that harbors seven sites being the ligands for human
TLR9. The plasmid p(rDNA) carries a CpG-rich fragment
of the ribosomal repeat (which contains both binding sites
and blocking sequences) [55].

2.2. Cultivation of MSC (Mesenchymal Stem Cells). The tech-
nical problem of MSC cultivation is a requirement of the
elimination of cells belonging to other tissues, which contam-
inate the MSC. If the selected cultivation conditions are opti-
mum, the contaminant cells derived from other tissues are
eliminated during subsequent passages [29]. The MSC were
derived from the adipose tissue of the surgical material of
patients with breast adenocarcinoma delivered from Federal
State Budgetary Institution N. N. Blokhin Russian Cancer

Table 2: Content of the oxidation marker 8-oxodG in DNA
samples.

Number Denomination
Content of 8-oxodG per 106

DNA nucleosides

1 gDNA (control) Less than 0.01

2 DNAoxy1 400

3 DNAoxy2 (or DNAoxy) 1400

4 DNA8-oxodG 700

5 p(rDNA)oxy 50,000
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Research Center (Moscow) in one hour after partial mastec-
tomy [29]. An informed consent for the use of the surgical
material was obtained from each patient. The specimen was
mechanically disintegrated in DMEM medium (PanEco,
Moscow) containing gentamicin at 250μg/ml, penicillin at
60 units/ml, and streptomycin at 60 units/ml (PanEco); enzy-
matic dissociation was conducted in DMEM medium by
incubating the preparation in the presence of 10% fetal
bovine serum (PAA, Austria), 0.04% collagenase (Sigma),
and the above-mentioned antibiotics for 16 h at 37°C [29].
The cells were centrifugated at 200g for 10min, transferred
into vials, and cultivated at 37°C in AmnioMax С-100 Basal
Medium (Gibco) that contained AmnioMax Supplement C-
100, 20μmol/l HEPES (PanEco) and the antibiotics [29].

2.3. Cultivation of HUVEC (Human Umbilical Vein
Endothelial Cells). Endothelial cells were isolated from the
umbilical cord (healthy women, normal course of the preg-
nancy, birth in time and without complications, and healthy
newborns). Material sampling and cell isolation were per-
formed in sterile conditions pursuant to an adapted tech-
nique [62]. Cultivation was conducted in 199 medium
(PanEco, Russia) with penicillin (50 units/ml), streptomycin
(50μg/ml), gentamicin (10μg/ml), HEPES (20μl, PanEco,
Russia), and growth factors at +37°C (starting density was
500,000 cells per 25 cm2).

2.4. Cultivation of MCF7 (Human Breast Adenocarcinoma
Cells). MCF7 were cultured in DMEM medium supple-
mented with 10% (v/v) fetal calf serum, 2mM L-glutamine,
100 units/ml of penicillin, and 100μg/ml of streptomycin.
Cells were grown in a humidified atmosphere with 5% CO2
in air at 37°C. Before treatment with DNA probes, cells were
grown for 24 h or 72 h in slide flasks.

2.5. Measuring Gene Expression Levels Using Real-Time
PCR. Expression levels of the genes NFKB1, NRF2, BAX,
BCL2, BCL2A1, BCL2L1 (BCL-X), BIRC2 (c-IAP1), BIRC3
(c-IAP2), ТВР, and GAPDH were measured using real-
time PCR.

After the exposure of the cells to extracellular DNA frag-
ments, RNA was extracted from the cells using YellowSolve
kits (Clonogen, Russia) or Trizol reagent (Invitrogen) pur-
suant to the technique attached (http://tools.lifetechnologies.
com/content/sfs/manuals/trizol_reagent.pdf) with the subse-
quent phenol-chloroform extraction and precipitation with
chloroform and isoamyl alcohol (49 : 1). RNA concentrations
were determined with the help of the dye Quant-iT Ribo-
Green RNA reagent (MoBiTec, Germany) at a plate reader
(EnSpire equipment, Finland) (λexcit = 487nm,λ

flu = 524nm).
The reverse transcription reaction was carried out using
chemical reagents supplied by Sileks company (Russia)
according to the standard procedure.

PCR was carried out using the corresponding primers
(Syntol) and the intercalating dye SybrGreen at StepOnePlus
instrument (Applied Byosystems, USA). The used primers
were as follows (written in the same order (F; R)): NFKB1
(CAGATGGCCCATACCTTCAAAT; CGGAAACGAAAT
CCTCTCTGTT); NRF2 (TCCAGTCAGAAACCAGTGG

AT; GAATGTCTGCGCCAAAAGCTG); ТВР (5′-GCCCG
AAACGCCGAATAT-3′; 5′-CCGTGGTTCGTGGCTCTCT
-3′); GAPDH (GAAGGTGAAGGTCGGAGTC; GAAGAT
GGTGATGGGATTTC); BAX (CCCGAGAGGTCTTTTT
CCGAG; CCAGCCCATGATGGTTCTGAT); BCL2 (TTTG
GAAATCCGACCACTAA; AAAGAAATGCAAGTGAAT
GA); BCL2A1 (TACAGGCTGGCTCAGGACTAT; CGCA
ACATTTTGTAGCACTCTG); BCL2L1 (CGACGAGTT
TGAACTGCGGTA; GGGATGTCAGGTCACTGAATG);
BIRC2 (GAATCTGGTTTCAGCTAGTCTGG; GGTGGG
AGATAATGAATGTGCAA); and BIRC3 (AAGCTACCT
CTCAGCCTACTTT; CCACTGTTTTCTGTACCCGGA).

The composition of the PCR reaction mix in a volume of
25μl was the following: 2.5μl of PCR buffer (700mM/l Tris-
HCl, pH8.6; 166mM/l ammonia sulphate, 35mM/l MgCl2),
2μl of 1.5mM/l dNTP solution, and 1μl of 30 picomol/l
solution of each primer and cDNA. The conditions of PCR
were chosen individually for each primer pair. The standard
conditions for most primers were the following: after dena-
turation (95°C, 4min), 40 amplification cycles were con-
ducted in the following mode: 94°C for 20 sec, 56 to 62°С
for 30 sec, 72°С for 30 sec, and then, 72°С for 5min. The
PCR procedures were performed at StepOnePlus (Applied
Biosystems, USA).

Gene expression levels were analyzed in a series of
independent experiments on cells from different donors.
Statistical processing of the results was performed using
a calibrating curve taking into account the PCR efficiency;
the standard error was 2%.

The expression levels of pro- and antiapoptotic genes of
interest were normalized to the expression levels of the
respective standard gene (TBP) in each cell line analyzed.

Flow cytometry was applied to measure the content of
8-oxo-deoxyguanosine in nuclear DNA using primary
(Sc-66036, Santa Cruz, USA) and secondary (anti-mouse-
FITC, SC-2010, Santa Cruz, USA) monoclonal antibodies,
double-strand DNA break rate via the analysis of gamma
focuses of the phosphorylated form of H2AХ histone
using antibodies to H2AX histones (NB100-78356G, Novus-
Bio, USA), and protein expression level using the corre-
sponding monoclonal antibodies BCL2 (Sc-783), BRCA2
(NBP1-88361), NOX4 (SC-30141), NRF2 (ab194984), p53
(sc-126-f), and PCNA (ab2426) according to the common
protocol: the exposed cells and control cells were collected
from the underlayer, washed with 1% albumin solution in
PBS, fixed with 3.7% formaldehyde for 10min at 37°C,
washed off, and permeabilized in 90% methanol at −20°C.
Then the cell suspension was incubated with primary anti-
bodies (1μg/ml) overnight at +4°C (1μg/ml in PBS in the
presence of 1% albumin) and, if necessary, with secondary
antibodies (anti-rabbit-FITC Sc-2012, Santa Cruz, USA) for
1 h at room temperature in the dark and assayed with a flow
cytofluorometer (СyFlow, Partek, Germany).

2.6. Fluorescence Microscopy. Fluorescence microscopy was
conducted using fluorescence microscope AxioImagerA2
(Carl Zeiss). The cultured cells were fixed with 3.7% form-
aldehyde for 20min at +4°C and permeabilized with 0.1%
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Triton X-100 in PBS (phosphate-buffered saline) with sub-
sequent washing and blocking with 1% albumin solution
in PBS and incubated overnight with primary antibodies to
NRF2 and р65 subunit of NF-κB at +4°C (1μg/ml in PBS
in the presence of 1% albumin) and then, after washing with
PBS, incubated for 1 h with secondary antibodies (Santa
Cruz, USA) at room temperature, washed off with PBS and,
if required, stained with DAPI.

2.7. Image Analysis. Image processing software “Image 6”
was developed in our laboratory and applied in order to mea-
sure the fluorescence intensity in and around the nuclei and
to calculate the content as compared to controls (in arbitrary
units (arb.un.)).

The data were verified with the use of the multifunction
system for cell imaging and subsequent automatic processing
of the obtained data CyTell (GE Healthcare).

2.8. Annexin V Binding Assays. Cells were detached and
washed with PBS. 10,000–50,000 cells were collected by cen-
trifugation, washed in binding buffer (BB) (140mM NaCl,
4mM KCl, 0.75mM MgCl2, 10mM CaCl2, and 10mM
HEPES), and resuspended in 100μl of BB.

Annexin V-FITC/propidium iodide staining solution
(to 10 samples: 4μl Annexin V-FITC (ab14082), 10μl of PI
(50μg/ml), and 90μl BB, mixed well) was prepared and
immediately added to the samples, then incubated at room
temperature for 15min in the dark. After staining, cells were
immediately analyzed by flow cytometry using CyFlow Space
(Partec, Germany). Annexin V-FITC binding (Ex= 488nm;
Em=530nm) was analyzed using the FITC signal detector
(FL1) and PI staining by the phycoerythrin emission signal
detector (FL2).

2.9. Statistical Analysis. The statistical data analysis was con-
ducted using MS Excel, Statistica 6.0, StatGraph software.
The null hypotheses of the absence of the difference between
the compared samples were tested with the Mann–Whitney
U test. Samples were deemed to be distinct at p < 0 05.

2.10. Ethics. The study design was reviewed and approved
by the Local Ethics Committee of RSMG (Research Centre
for Medical Genetics) to meet the requirements of the
Helsinki Declaration of 1975 as revised in 2013. An informed
consent for the use of the surgical material had been obtained
from each patient, from whom an anonymous cell culture
was derived.

3. Results

3.1. Nuclear Translocation of NF-κB and NRF2 after
Exposure to cfDNA. The induction of the NF-κB transcrip-
tion factor by cfDNA fragments is followed by its nuclear
translocation with the subsequent activation of target gene
expression. The data for NF-κB induction in MSC are
shown in Figures 1(a) and 1(b). The translocation of the
NRF2 factor under the action of oxidized cfDNA has a simi-
lar pattern (Figure 1(c)).

3.2. Profiles of NF-κB and NRF2 Expression in Cells Exposed
to cfDNA. Analysis of the dynamics of the expression of
NRF2 and NF-κB transcription factors (Figures 2, 3, and 4)
corroborates the regularity of mutual inhibition of NF-κB
and NRF2 [40–43]. The expression of both factors starts
almost simultaneously; however, the expression of NRF2
demonstrated a faster growth followed by NF-κB suppres-
sion. Later, NF-κB expression begins to increase, while
NRF2 expression decreases. The expression profiles of the
two factors overlap to a greater or lesser degree. The dynam-
ics of these processes depends on the types of cells examined
and cfDNA used for the induction of expression.

Interestingly, MSC demonstrated the early activation of
transcription of NFKB1 and NRF2 genes in the presence of
oxidized DNA fragments. However, the expression level of
the NFKB1 gene transcription factor only slightly increased
in 30 minutes after the start of exposure and then the growth
finished soon (in 1 hour), whereas the level of NRF2 tran-
scription increased (Figure 2(b)).

After the exposure of MSC to GC-rich fragments, the
activation of NFKB1 and NRF2 gene transcription occurs
later. The expression of NFKB1 gene elevates in 3–24 hours.
In contrast, transcription of NRF2 begins to grow after 10
hours. In this case, we also observed a partial overlapping
of the expression profiles of NFKB1 and NRF2 genes
(Figure 2(a)).

After the exposure of human umbilical vascular endo-
thelial cells (HUVEC) to GC-rich and oxidized fragments,
the level of NRF2 gene increased rapidly in 2-3 hours
(Figure 3).

NFKB1 gene transcription during exposure to GC-rich
fragments was activated by 3 hours, with the expression level
of this gene being approximately twofold higher than the
level of transcription of NRF2 gene—in this case, expression
profiles of the two transcription factors under examination
markedly overlapped (Figure 3(a)). Under the action of oxi-
dized fragments, the level of NFKB1 gene transcription
peaked much later after 24 hours at the stage of the decreased
transcriptional activity of NRF2 gene (Figure 3(b)).

The human breast adenocarcinoma cells (MCF7)
exposed to fragments of oxidized cfDNA and nonoxidized
DNA showed a short-time increase in NRF2 gene expression
with the maximum level by 2 hours; then the content of
RNANRF2 decreased (Figure 4).

Under the action of GC-rich fragments, a late elevation
of NFKB1 gene expression level occurred to have reached
the maximum by 24 hours and persisted for a long time
(Figure 4(a)). After the exposure to oxidized fragments, the
maximum expression was registered in 3 hours, and partial
overlapping of theNFKB1 andNRF2 gene expression profiles
was observed (Figure 4(b)).

3.3. Apoptosis and Expression of Antiapoptotic Proteins under
the Action of cfDNA. We observed no signs of massive cell
death via necrosis in the cell culture exposed to cfDNA.
Therefore, we studied the process of programmed cell death
via apoptosis, a long-duration process estimated by specific
markers. One of the most frequently used markers of apopto-
sis intensity is annexin V [63].
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Figure 1: Continued.
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Control gDNAgDNAoxy

(d)

Figure 1: (a) Intracellular location of the р65 component of NF-κB during cell incubation with GC-rich model DNA (p(rDNA)) and a
plasmid vector carrying ribosomal repeats (pBR322) in a concentration of 50 ng/ml. The magnification was ×40; the exposure duration for
NF-κB is indicated in the figure. (b) Fraction of cells containing NF-κB in the nucleus. The data were obtained using the Image 6
computer program for image analysis. The expression level of NF-κB was calculated in relation to the control cells cultivated without
adding cfDNA fragments. The control cells were taken as a unit. ∗р < 0 05. The experiment was conducted on two MSC cultures.
For each culture, multiple measurements (three or more) were performed by different technicians. (c) Reads of the CyTell cell imaging
system (GE Healthcare). The red sectors indicate the fraction of NF-κB-positive nuclei, while the blue sectors indicate the fractions
of NF-κB-negative cell nuclei. The time of cultivation with p(rDNA) fragments and the vector (50 ng/ml) are indicated in the figure.
(d) Intracellular location of NRF2 during cell incubation with oxidized cfDNA fragments (gDNAoxy) and genomic DNA (gDNA) in
a concentration of 50 ng/ml. The exposure duration for NRF2 was 1 hour; the magnification was ×100.
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Figure 2: NFKB1 and NRF2 expression curves under the action of (a) GC-rich and (b) oxidized fragments in mesenchymal stem cells (MSC).
The expression levels were determined every 5 minutes after adding the corresponding fragments (model GC-rich fragments, model oxidized
fragments) using real-time PCR. For each gene, the expression level was calculated relating to the internal standard gene ТВР, with a spread in
values at every point not exceeding 5%. ∗Significant difference (p < 0 05) between the relative values of NRF2 and NFKB1.

7Oxidative Medicine and Cellular Longevity



In 30 minutes after adding DNA fragments in the
HUVEC culture medium, the fraction of cells with the signs
of apoptosis (fraction R framed in Figure 5(a)) diminishes,
and this effect is especially prominent in case of exposure to
GC-rich DNA (Figure 5(b)). Nonetheless, 3 hours later, the
fraction of apoptotic cells increases after the exposure to
any type of DNA.

The fraction of MSC with the signs of apoptosis after the
exposure to nonoxidized, GC-rich, and oxidized cfDNA

fragments was also estimated by the detection of annexin V
protein on the cell surface (Figure 6).

A combination of oxidized and nonoxidized cfDNA
fragments reduced the level of apoptosis in MSC regis-
tered in 3 hours by 40–50%. After a three-hour-long
exposure, GC-rich oxidized and nonoxidized fragments
(p(rDNA) and p(rDNA)oxy) caused a decrease in the fre-
quency of cells with the signs of apoptosis in a greater
degree by 70–80%.
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Figure 3: Interaction of two signaling pathways, NRF2 and NFKB1, in human umbilical vascular endothelial cells (HUVEC) exposed to (a)
GC-rich and (b) oxidized cfDNA fragments. The expression levels were determined every 5minutes after adding the corresponding fragments
(model GC-rich fragments, model oxidized fragments) using real-time PCR. For each gene, the expression level was calculated relating to the
internal standard gene ТВР, with a spread in values at every point not exceeding 5%. ∗Significant difference (p < 0 05) between the relative
values of NRF2 and NFKB1.
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Figure 4: Interaction of two signaling pathways, NRF2 and NFKB1, in human breast adenocarcinoma cells (MCF7) exposed to (a) GC-rich
and (b) oxidized cfDNA fragments. The expression levels were determined every 5 minutes after adding the corresponding fragments (model
GC-rich fragments, model oxidized fragments) using real-time PCR. For each gene, the expression level was calculated relating to the internal
standard gene ТВР, with a spread in values at every point not exceeding 5%. ∗Significant difference (p < 0 05) between the relative values of
NRF2 and NFKB1.
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A decrease in the fraction of dying cells in the cultures
exposed to GC-rich and oxidized DNA is proved by a
decrease several times in the content of endogenous extracel-
lular DNA in the cell culture medium. During cultivation,
endogenous DNA can be normally found in the medium.
The contents are 23± 6ng/ml in HUVEC cultures (a mean
for three different cultures), 6± 5ng/ml inMSC lines (a mean
for six different cultures), and 140± 20ng/ml in MCF7 cul-
tures. This kind of cfDNA is derived from naturally dying
cells during cultivation [16, 52].

Cells from a culture or from a body bind the endogenous
extracellular/circulating DNA [64]. Cells seem to adapt to
extracellular DNA in the medium and to be in an inactive
state. We suppose that potential DNA binding sites, which
are not blocked by endogenous DNA, remain on the cell sur-
face in an inactive state. When the cfDNA content increases
several times (it occurs in vitro after adding exogenous DNA
to the culture medium or in vivo in case of massive cell death
during acute pathologic processes), more DNA will bind to
the cell surface. The process of cfDNA binding to the cell sur-
face is rapid. Within the first 30 minutes after emerging the
exogenous DNA in the medium, almost the entire amount
of cfDNA is located on/in the cells, while the cfDNA content

in the culture medium decreases below the control values. In
the presence of oxidized (gDNAoxy, p(rDNA)oxy) and unox-
idized GC-rich DNA (in a concentration of 50 to 100ng/ml),
the cfDNA content in the culture medium will decrease in 30
minutes by a factor of 2 and 1.5 (HUVEC, N = 3), 3.5 and
2 (MSC, N = 6), and 3 and 1.8 in the culture (MCF7) in
relation to the baseline values measured before the cell expo-
sure to the cfDNA fragments. We are of opinion that unoxi-
dized cfDNA interacts with the cell surface during this
process, while oxidized cfDNA is transported to the cytoplasm.

Fragments of GC-rich and oxidized cfDNA also reduced
the strength of the apoptotic enzyme caspase 3 in HUVEC,
MSC, and lymphocytes (p < 0 05). The influence of cfDNA
on the strength of caspase 3 depends on the concentration
and oxidation degree of the cfDNA fragments: low concen-
trations of oxidized cfDNA inhibited apoptosis in a greater
degree than highly oxidized cfDNA. Fragments of GC-rich
cfDNA inhibited apoptosis within a concentration interval
of 5 to 100 ng/ml.

We studied the activation of the expression of genes for
antiapoptotic proteins of the BCL-2 family (BCL2, BCL2A1,
and BCL2L1), BIRC2 (c-IAP1), and BIRC3 (c-IAP2) after
the exposure of different cell types to cfDNA.
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Figure 5: Time profiles of the fraction of apoptotic cells in HUVEC. (a) Annexin V fluorescence is plotted along the y-axis, and PI
fluorescence is along the x-axis. From top to bottom: controls, after 1 hour and after 3 hours of exposure to p(rDNA) in a concentration
of 50 ng/ml. (b) Temporal course of the frequency of apoptotic cells (cells belonging to the framed R fraction, i.e., with low PI and high
annexin V fluorescence) in HUVEC culture according to the detection of cell surface levels of annexin V, a marker of early apoptosis
during the cultivation with cfDNA fragments. Every curve significantly differs from the control (p < 0 05). gDNA: genomic DNA;
p(rDNA): ribosomal repeat on a plasmid; gDNAoxy: oxidized genomic DNA; p(rDNA)oxy: oxidized ribosomal repeat.
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The analysis of the amount of mRNA for BCL2,
BCL2A1 (Bfl-1/A1), BCL2L1 (BCL-X), BIRC2 (c-IAP1),
and BIRC3 (c-IAP2) in HUVEC showed that in response
to an elevated cfDNA content, processes aimed to apoptosis
prevention are considerably activated in the cells. This fact
agrees with the data on the absence of significant changes
of the total cell count, despite the proliferation arrest. The
expression of BCL2 and BIRC family genes increases in 3
hours and remains elevated by a factor of 1.5 to 3 within
72 hours (Figure 7(a)). The activation of the antiapoptotic
gene expression was also observed after the exposure of
MCF7 culture to cfDNA.

In the presence of oxidized fragments (gDNAoxy and
p(rDNA)oxy) and GC-rich fragments of p(rDNA) upon
MCF7, the level of mRNA for BCL2, BCL2A1, and BCL2L1
increases by a factor of 1.5 to 2 as early as in 0.5 hours, with
a 2-fold to 4-fold increase by 48 hours (Figure 7(b)). Nonox-
idized gDNA significantly (by a factor of 1.9 to 3.5) induced
an increase in the expression of BCL2 family genes in
MCF7 as late as 48 hours (Figure 7(b)). GC-rich and oxidized
cfDNA fragments heightened BIRC2 (c-IAP1) and BIRC3
(c-IAP2) gene expression by a factor of 2 to 3 (Figure 8(b)).
Under the action of cfDNA upon MCF7, the level of
expression of the proapoptotic gene BAX does not increase
or slightly decreases. The facts of the activation of the antia-
poptotic genes and suppression of the proapoptotic gene
BAX agree with the findings suggesting an augmentation of
the fraction of the MCF7 pool under the exposure to cfDNA

fragments. In MCF7, as well as in HUVEC, cfDNA blocks the
process of apoptosis.

The expression of antiapoptotic genes also increases
after an exposure of MSC to cfDNA. The expression of
ВCL2 gene increased in 1 hour by a factor of 1.5 to 2 on
the average after adding oxidized and GC-rich cfDNA frag-
ments; by 3 hours, the expression of ВCL2 gene increased
by a factor of 3.5 to 5 and remained on the same level in
24 hours (Figure 8(a)). The level of BCL2, BCL2A1,
BCL2L1, BIRC2 (c-IAP1), and BIRC3 (c-IAP2) gene expres-
sion in MSC was heightened by a factor of 3 to 6 in 3 hours
after the beginning of exposure of MSC to gDNAoxy and
GC-rich p(rDNA); an exposure to gDNA increased the
expression of the above-mentioned genes, on the average,
two times only. Notably, MSC cultures that harbor muta-
tions in BRCA1 (5382insC) and TP53 (missense mutation
L145p in the fifth exon) genes showed more active expres-
sion of the antiapoptotic genes BCL2, BCL2A1, and
BCL2L1: the level of expression of these genes raised
approximately two times higher than in the MSC cultures
carrying no mutation in BRCA1 and TP53 genes (data not
shown). Apparently, such a strong antiapoptotic response
in MSC cultures with mutations in BRCA1 and TP53 genes
and the activation of the DNA repair gene BRCA1 are
aimed at the survival of cells with the defects in the
genes of DNA repair and apoptosis regulation.

Highly oxidized DNA at a high concentration (300 ng/ml
and higher) and high contents of p(rDNA) (>350ng/ml)
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Figure 6: The exposure to cfDNA reduces apoptosis frequency in MSC. (a) Annexin V fluorescence is plotted along the y-axis, and PI
fluorescence is along the x-axis. From top to bottom: controls, after 3 hours of exposure to p(rDNA) in a concentration of 50 ng/ml. R
area contains cells with low PI and high annexin V fluorescence, that is, apoptotic cells. (b) The percentage frequency of cells belonging to
the framed R fraction, that is, with the signs of apoptosis. ∗Significantly different from the control (p < 0 05). gDNA: genomic DNA;
gDNAoxy1 and gDNAoxy2: oxidized genomic DNA with two different levels of oxidation; p(rDNA): ribosomal repeat; p(rDNA)oxy:
oxidized ribosomal repeat.
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in the composition of cfDNA-induced cell death processes.
So using Countess II FL Automated Cell Counter (Termo-
Fisher) and cell staining with propidium iodide and annexin
V-FITC, it was shown that the fraction of apoptotic cells in
the MSC pool increased by 40% in 24 hours after the begin-
ning of exposure to highly oxidized DNA in a high concen-
tration (350 ng/ml and higher).

4. Discussion

Every complex metazoan organism maintains its homeo-
stasis at several hierarchic levels: molecular, cellular, and
tissue/organ. When the protection at a certain level is
insufficient, the protection is activated at the higher level,
while the lower level defense mechanisms are switched
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Figure 7: Expression levels of BCL2 family genes BCL2, BCL2A1, BCL2L1, BIRC2 (c-IAP1), and BIRC3 (c-IAP2) after an exposure of HUVEC
(a) and MCF7 (b) to oxidized and nonoxidized GC-rich fragments of model cfDNA (50 ng/ml, see the exposure duration in the figure).
Averaged values of three independent tests on HUVEC cultures derived from three different donors, and SD values are shown. As an
internal standard gene, ТВР gene was used. The horizontal green lines show the mean gene expression level of intact endothelial cells
(1± 0.2 arb.un.). ∗Values are significantly different from the control (p < 0 05, Mann–Whitney U test). gDNA: genomic DNA; gDNAoxy:
oxidized genomic DNA; p(rDNA): ribosomal repeat.
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off in order to avoid excessive resource expenditures, and
“broken” elements of the lower level are sacrificed in order
to save the whole system. Similarly, the transition to the
lower level of protection inactivates the higher level defense
mechanisms and entails saving the lower level elements of
the system. A good example of this “save-or-kill” strategy
can be the well-investigated crosstalk between NRF2 (cellular
level) and NF-κB (tissue/organ level) defense pathways.

Most authors report the operation of the NF-κB and
NRF2 signaling pathways in opposition [41, 44, 65, 66].
The published articles propose a variety of mechanisms
underpinning the mutual suppression of NRF2 and NF-κB.
Some of them are reviewed below.

Binding sites for NF-κB were discovered in a rat Nrf2
gene promoter [67]. NF-κB binding to the Nrf2 gene pro-
moter is characterized by a feedback loop: after a long enough
period of NF-κB activity, the transcriptional activity of Nrf2
increases thus suppressing NF-κB [67].

KEAP1 was shown to have some homology to IKB. IKKβ
contains an ETGE motif [68]; therefore, it can bind KEAP1
and be targeted for ubiquitination [69]. Sequestration of the
IKKβ pool via KEAP1 binding reduces IKBα degradation
and may be the elusive mechanism by which NRF2 activation
is known to inhibit NF-κB activation. When NRF2 is released
due to oxidative signals, it results in an augmentation of the
intracellular pool of unbound KEAP1, which can recruit
more molecules of intracellular IKKβ thus inhibiting the
NF-κB-driven gene expression. A mild oxidative stress
entails a reversible KEAP1 alkylation; however, this reaction
becomes irreversible under more oxidative conditions thus
prohibiting most KEAP1 molecules from returning to the
protein-binding conformation [70, 71]. In consequence of
that, an abolishment of IKKβ inhibition by KEAP1 is

logically expected, which results in growing NF-κB activation
as more KEAP1 molecules lose their inhibitory properties.
An additional argument in favor of this scheme is an experi-
mentally established fact that the genetically determined
decomposition of a KEAP1/CUL3/RBX1 complex with an
E3-ubiquitin ligase that regulates both NRF2 and NF-κB
signaling pathways appeared to be the key mechanism trig-
gering NF-κB activation in human lung cancer cells [72].
KEAP1 has been shown to physically associate with NFKB-
p65 in vitro and in vivo, and the signal from NF-κB inhibits
the NRF2 signaling pathway through the interaction between
p65 and KEAP1 [73].

There is evidence for NRF2 modulating the NF-κB sig-
naling pathway at posttranslational level. This response
involves IKB kinase and is mediated by the RAC1 signaling
protein activated by the TLR4 receptor. This is a small
GTPase of the RHO family, which is involved in innate
immunity and triggers the NF-κB signaling pathway, as well
as activating the NRF2/ARE pathway, which in turn blocks
the RAC1-dependent NF-κB activation thus forming a nega-
tive feedback loop [74].

Seemingly, NF-κB can repress the NRF2 gene transcrip-
tion by a mechanism connected with CREB: NF-κB competes
with NRF2 for a transcription coactivator CREB-binding
protein (a protein that binds to CREB) [66].

Another scheme accounts for the antagonism because of
an interaction of NF-κB with histone deacetylase SIRT1
(Figure 9) [42]. In turn, SIRT1 is an upstream inductor of
NRF2 [75–80].

Finally, direct sequestration of free radicals by the NRF2-
driven enzymes weakens the action of NF-κB [81].

Major NRF2 functions are xenobiotic detoxification and
protection against oxidative stress. The oxidative stress is

⁎

⁎
⁎⁎

⁎

⁎

⁎
⁎

⁎

MSC
BCL2

gDNAp(rDNA) gDNAoxy

BC
L2

 g
en

e e
xp

re
ss

io
n 

le
ve

l (
ar

b.
un

.)

0.3 1 3 0.3 1 3 0.3 1 3 h0

1

2

4

5

3

24 24 24

(a)

⁎

⁎

⁎
⁎⁎

⁎ ⁎ ⁎ ⁎

⁎
⁎

⁎⁎

⁎
⁎

MSC

3: BCL2A1
2: BCL2L1 (BCL-X)

gDNAp(rDNA) gDNAoxy
G

en
es

 ex
pr

es
sio

n 
le

ve
l (

ar
b.

un
.)

1

4

5
0

2

3

6

8

3 3

1: BCL2 4: BIRC2 (c-IAP1)
5: BIRC3 (c-IAP2)

14 52 14 52 42

(b)

⁎

⁎

⁎ ⁎

⁎

⁎

1 2

12

10

2 3

4

0

2

6

8

1 3

G
en

es
 ex

pr
es

sio
n 

le
ve

l (
ar

b.
un

.)

p(rDNA) p(rDNA)

2

8

0

4

6

10

12

MSC MSC
BRCA1mut p53mut

3: BCL2A1
2: BCL2L1
1: BCL2

3: BCL2A1
2: BCL2L1
1: BCL2

(c)

Figure 8: Expression level of BCL2 gene (a) and BCL2, BCL2A1, BCL2L1, BIRC2 (c-IAP1), and BIRC3 (c-IAP2) genes (b) after an
exposure of MSC to oxidized and nonoxidized GC-rich cfDNA fragments (50 ng/ml, see the exposure duration in the figure).
Averaged values of three independent tests on MSC cultures derived from three different donors are shown. As an internal standard, ТВР
gene was used. (c) Expression of BCL2, BCL2A1, and BCL2L1 genes in MSC cultures with heterozygous mutations in BRCA1 (5382insC)
and TP53 (L145p) genes. ∗Values are significantly different from the control (p < 0 05, Mann–Whitney U test). gDNA: genomic DNA;
p(rDNA): ribosomal repeat.
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involved in the pathogenesis and progress of various diseases.
Reactive oxygen species (ROS) alter the reductive-oxidative
balance in the cells and apply oxidation-sensitive mecha-
nisms in order to regulate the expression and activity of the
transcription factors and genes regulated by the latter [82].
ROS trigger the NF-κB signaling pathway resulting in ele-
vated expression of a large quantity of proinflammatory cyto-
kines such as TNFα, IL-1, IL-2, IL-6, IL-12, and adhesion
molecules. The cytokines can induce ROS synthesis to form
a vicious circle between oxidative stress and production of
the proinflammatory cytokines [67]. This vicious circle can
be broken by NRF2 released from the complex with its inac-
tivator KEAP1 [65]. The activated free NRF2 translocates to
the nucleus and launches the expression of genes for phase
II detoxification enzymes and antioxidative enzymes, includ-
ing NADP-H:quinone oxidoreductase 1 (NQO1), glutathi-
one S-transferase (GST), heme oxygenase 1 (HO-1),
glutathione peroxidase (GSH-Px), glutamate cysteine ligase
(GCL), and peroxiredoxin 1 (PRX 1), which play an impor-
tant role in cell protection by ROS quenching [67, 83]. The
NRF2-KEAP1 system is acknowledged as the key mechanism
of protection of the cell against oxidative stress. Besides,
NRF2 inhibits the expression of proinflammatory cytokines,
chemokines, adhesion molecules, matrix metalloproteinase
(MMP-9), cyclooxygenase-2, and iNOS [67]. NRF2 modu-
lates a cascade of anti-inflammatory cytokines via NF-κB
inhibition and regulates the antioxidant cellular responses
[65]. Inducing NRF2 or inhibiting NOX4 as a source of
ROS demonstrated therapeutic effectiveness in vivo in the
therapy of diseases caused by cell senescence [84] or malig-
nant transformation [85], via inhibiting NF-κB.

When the NF-κB-mediated attempt to restore homeo-
stasis fails and oxidative stress rises to extreme levels,

AP-1-mediated apoptosis is triggered (Figure 10) [86, 87].
Thus, the organism successively implements the “save-or-
kill” strategy firstly at the cellular level and, if it failed, then
at the tissue level.

We studied the time profiles of activity of the transcrip-
tion factors NF-κB and NRF2 at the level of expression of
their genes. Incubation with cfDNA was accompanied by
an apparent increase in NRF2 expression in MSC and
HUVEC at the levels of transcription and translation. The
maximum effect was observed in case of action of oxidized
DNA upon MSC, when the level of RNANRF2 showed a
12-fold increase and the protein level showed a 2-fold aug-
mentation. In cancer cells, NRF2 plays an insignificant role
in the response for a change of the parameters of cfDNA.
The increased expression of NRF2 in MSC and HUVEC is
followed by its nuclear translocation suggesting its activation
as a transcription factor.
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Figure 9: A schematic presentation of the antagonistic regulation between SIRT1 and NF-κB signaling in the control of inflammation and
metabolic responses. The major signaling pathways mediating this antagonistic regulation are shown.
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Our findings demonstrate a different intensity of the
NRF2-based response in the cells of different types. We
hypothesized that the organism’s evolutionarily established
readiness to sacrifice affected or damaged cells in order to
save the tissue integrity depends on the degree of differentia-
tion of the cells. Stem cells are more valuable as a cell depot;
therefore, they showed the highest expression of NRF2 in
response to model cfDNA exposure. Perhaps, these peculiar-
ities of MSC determine the anti-inflammatory effect in the
MSC-based therapy of autoimmune diseases [88]. Unlike
MSC, HUVEC are already differentiated cells; therefore, they
easily develop an NF-κB-mediated inflammatory response
with the possible transition to massive apoptosis. The same
picture was observed in other experiments on fibroblasts
(data not shown). In the fibroblasts after serum withdrawal
or an exposure to oxidized DNA, the levels of RNANRF2
and NRF2 protein increased fivefold.

As far as cancer cells are concerned, they are charac-
terized by a secondary loss of specialization. The cancer cells
are known to have constitutive activation of NRF2 expres-
sion [89–93]; therefore MCF7 demonstrated the minimum
response of NRF2 expression to cfDNA, while the NF-κB-
mediated proinflammatory response prevailed.

The second regularity, which can be found in all the three
cell type studies, consists in different responses for simple
GC-rich cfDNA and for oxidized cfDNA. Probably, the evo-
lutionarily established difference of these response patterns is
caused by the fact that GC-rich cfDNA accumulates in the
body during chronic cell death on a small scale. We showed
earlier that under the above-mentioned circumstances, for
example, in case of occupational exposure to low-dose
ionizing radiation [13] or in case of a disease accompanied
by elevated cell death [94], an activation of cfDNA-cleaving
nucleases occurs. As a result, total blood cfDNA paradoxi-
cally decreases, while the fraction of GC-rich cfDNA with
immunostimulatory properties increases. Oxidized cfDNA
is a marker of the strong oxidative stress typical for acute
conditions. Thus, GC-rich nonoxidized cfDNA is a signal
of chronic mild cell death, while cfDNA with high 8-oxodG
content is a hallmark of acute and massive cell death. We
believe this difference underpins the observed diversity in
the expression patterns. In every cell type studied, the
response for oxidized cfDNA was more acute, that is, which
started earlier and was more intensive, but returned faster
to the baseline. GC-rich nonoxidized cfDNA evoked a
weaker and elongated response with a predominance of the
inflammatory component (NF-κB). It is indeed quite reason-
able that an acute oxidative stress requires a cytoprotective
response, which can be provided by NRF2-driven genes,
whereas the conditions of a chronic stress will transfer the
response to the upper tissue level (inflammation).

The exploration of apoptosis rates after adding cfDNA
showed that cfDNA with moderately increased GC-content
and lightly oxidized DNA promoted cell survival.

The dose survival curves for various types of cfDNA
(e.g., Figure 5(b)) are typical hormetic curves. Hormesis is a
dose-response phenomenon characterized by a low-dose
stimulation and a high-dose inhibition by the same signal
[95]. Hence, the strategies of eventual modulation of the

cfDNA effect for future therapeutic purposes should be dif-
ferent depending on the current cfDNA concentration: either
preconditioning with low doses before a massive impact or
measures intended to elimination (binding, etc.) of cfDNA
in cases when the cfDNA concentration has become high.

In particular, the revealed effect of low cfDNA concentra-
tions upon MSC suggests an alternative strategy to increase
the viability of MSC used in transplantology and therapy
of disorders followed by tissue degeneration, a short-time
(3 to 24 hours) pretreatment (preconditioning) of MSC cul-
ture with a plasmid p(rDNA) in a low concentration
(50 ng/ml). The benefits of the plasmid application are low
active concentration and high resistance to nuclease cleavage.

Highly oxidized DNA at a high concentration (250 ng/ml
and higher) and high contents of GC-rich DNA fraction
in the composition of cfDNA induced apoptosis. We have
supposed that the introduction of specific antibodies to
cfDNA or blocking the cfDNA signal at the level of recep-
tors will be able to neutralize the negative action of high
cfDNA concentrations.
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A disturbed homeostasis of cellular lipids and the resulting lipotoxicity are considered to be key contributors to many
human pathologies, including obesity, metabolic syndrome, type 2 diabetes, cardiovascular diseases, and cancer. The yeast
Saccharomyces cerevisiae has been successfully used for uncovering molecular mechanisms through which impaired lipid
metabolism causes lipotoxicity and elicits different forms of regulated cell death. Here, we discuss mechanisms of the
“liponecrotic” mode of regulated cell death in S. cerevisiae. This mode of regulated cell death can be initiated in response to a
brief treatment of yeast with exogenous palmitoleic acid. Such treatment prompts the incorporation of exogenously added
palmitoleic acid into phospholipids and neutral lipids. This orchestrates a global remodeling of lipid metabolism and transfer in
the endoplasmic reticulum, mitochondria, lipid droplets, and the plasma membrane. Certain features of such remodeling play
essential roles either in committing yeast to liponecrosis or in executing this mode of regulated cell death. We also outline four
processes through which yeast cells actively resist liponecrosis by adapting to the cellular stress imposed by palmitoleic acid and
maintaining viability. These prosurvival cellular processes are confined in the endoplasmic reticulum, lipid droplets,
peroxisomes, autophagosomes, vacuoles, and the cytosol.

1. Introduction

Some forms of cell death are classified as “programmed” cell
death subroutines; they involve molecular machineries dedi-
cated to commit cellular “suicide” that is aimed at providing
certain benefits for development and/or survival of the entire
organism [1–6]. Other forms of cell death are actively driven
by molecular machineries that attempt to protect cells against
certain stresses (without providing benefits for organismal
development and/or survival); these forms are known as
“regulated” cell death (RCD) subroutines [1, 3]. Cells commit
RCD executed by a discrete molecular machinery because (1)
the capacity of a molecular machinery dedicated to cell pro-
tection against a certain kind of stress is not sufficient to
maintain cell viability if the intensity of such extracellular
and/or intracellular stress exceeds a threshold and/or (2)
molecular machineries driving some cellular processes that
(directly or indirectly) contribute to cell protection against

a certain kind of exogenous and/or endogenous stress are
excessively activated, thereby generating products of these
processes in concentrations that are lethal to the cell [1, 3, 7].

S. cerevisiae is a model organism most commonly and
productively used for studying different forms of RCD
elicited by perturbations in lipid metabolism [8–37]. The
detailed knowledge of mechanisms underlying the molecular
pathways of various modes of lipotoxic RCD in this yeast is
therefore instrumental to our understanding of many human
pathologies that are causally linked to dysregulated lipid
metabolism, unbalanced lipid homeostasis, lipotoxicity, and
lipid-induced cell death [31, 34, 37–41]. Among these human
pathologies are obesity, metabolic syndrome, type 2 diabetes,
insulin resistance, cardiovascular diseases, hepatic steatosis,
liver cirrhosis, and cancer [34, 38–56].

The scope of this review is to analyze mechanisms
underlying one of the modes of lipotoxic RCD. It has been
discovered in the yeast S. cerevisiae and called “liponecrosis.”
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Liponecrotic RCD can be elicited by a short-term (for 2 h)
treatment of yeast cells with exogenous palmitoleic acid
(POA), a 16-carbon monounsaturated fatty acid (16 : 1 n-7)
[57–59]. We describe different cellular processes that yeast
cells exposed to POA use for stress adaptation and viability
maintenance. We critically evaluate mechanisms (including
POA-induced oxidative stress) through which yeast cells that
are exposed to POA die of liponecrosis if the capacities of
cellular processes for protection against POA-imposed stress
become insufficient to maintain cell viability. We outline the
most important unanswered questions and suggest directions
for future research.

2. How Do Yeast Cells Die If Treated with POA
and How Do They Mount a Protective Stress
Response to Survive Such Treatment?

Amodel for the mechanism of liponecrotic RCD elicited by a
short-term treatment of yeast with POA and for the mecha-
nism protecting yeast from such RCD is schematically
depicted in Figure 1.

Yeast cells that are briefly exposed to exogenous POA use
the lipid-synthesizing and lipid-transporting enzymatic
machineries of the endoplasmic reticulum (ER), mitochon-
dria, lipid droplets (LDs), and the plasma membrane (PM)
to incorporate this fatty acid into copious amounts of two
classes of lipids [34, 59]. One of these POA-containing classes
are the so-called “neutral” (uncharged) lipids triacylglycerols
(TAGs) and ergosteryl esters (EEs), both of which are first
produced in the ER and then deposited in LDs (Figure 1)
[37, 40, 60, 61]. The other class are POA-containing phos-
pholipids (Figure 1); they include (1) phosphatidic acid
(PA), phosphatidylserine (PS), phosphatidylcholine (PC),
and phosphatidylinositol (PI), all of which are synthesized
only in the ER and then transferred to mitochondria through
mitochondria-ER junctions and to the PM through PM-
ER junctions [62–70]; (2) phosphatidylethanolamine (PE),
which is produced from ER-derived PS in the inner and outer
mitochondrial membranes (IMM and OMM, resp.) and then
transferred to the ER through mitochondria-ER junctions
and from the ER to the PM through PM-ER junctions
[62, 63, 65, 69, 71–75]; and (3) cardiolipin (CL), a signature
mitochondrial phospholipid which is generated from ER-
derived PA in a series of reactions confined to the IMM
and OMM [71, 74, 76–78]. It needs to be emphasized that
genetic interventions weakening the incorporation of exoge-
nously added POA into POA-containing phospholipids
within the ER have been shown to increase cell resistance to
POA-induced liponecrotic RCD [34, 59]. Thus, such incor-
poration is a pro-death process essential for the commitment
of yeast to liponecrotic RCD in response to treatment with
exogenous POA.

After being synthesized in the ER, the bulk quantities
of POA-containing phospholipids in yeast cells committed
to liponecrotic RCD amass in the PM (Figure 1) [34, 59].
Such accumulation of POA-containing phospholipids in
the PM activates the alkaline pH- and lipid asymmetry-
responsive Rim101 signaling pathway, which orchestrates
a series of endocytic internalization and traffic events

ultimately promoting transcription of the nuclear RSB1 gene
[79–87]. A protein product of this gene, Rsb1, is known to
regulate the bidirectional active transport of PE across the
PM bilayer; specifically, Rsb1 stimulates the Lem3-driven
transport of PE from the outer monolayer of the PM to its
inner monolayer and also slows down the Yor1-driven trans-
port of PE in the opposite direction [86, 88–91]. These effects
of Rsb1 elicit a depletion of PE in the outer monolayer of the
PM, thereby markedly rising the permeability of the PM to
small molecules (Figure 1) [34, 59]. Such increase in the per-
meability of the PM to small molecules has been shown to
play an essential role in committing yeast to POA-induced
liponecrotic RCD (Figure 1) [34, 59].

The bulk quantities of POA-containing phospholipids
initially synthesized in the ER of yeast cells that are commit-
ted to liponecrotic RCD accumulate not only in the PM but
also in both membranes enclosing mitochondria (Figure 1)
[34, 59]. This buildup of POA-containing phospholipids in
the IMM and OMMmarkedly weakens mitochondrial respi-
ratory capacity, uncouples mitochondria respiratory chain
fromATP synthesis, and lowers the electrochemical potential
across the IMM (Figure 1) [34, 59]. The resulting decline in
mitochondrial functionality plays an essential role in com-
mitting yeast to POA-induced liponecrotic RCD, likely
because these dysfunctional mitochondria cannot produce
enough ATP to support the energy-demanding, prosurvival
process of incorporating exogenous POA into neutral lipids
(see text below for discussion of this prosurvival process)
(Figure 1) [34, 59].

The buildup of POA-containing phospholipids in the
IMM and OMM of yeast committed to liponecrotic RCD
not only impairs mitochondrial functionality but also consid-
erably increases the intracellular concentration of reactive
oxygen species (ROS) that are produced in mitochondria as
by-products of respiration (Figure 1) [34, 59]. This rise of
ROS concentrations elicits an oxidative damage to different
types of molecules in two cellular locations, namely, to (1)
protein and lipid components of mitochondria and other
cellular organelles and (2) proteins in the cytosol, thereby
causing their unfolding and aggregation (Figure 1) [34, 59].
Both these types of cellular oxidative damage are essential
contributing factors either to the commitment of yeast
to POA-induced liponecrotic RCD or to an execution of
this RCD subroutine. Specifically, a massive breakdown of
numerous oxidatively damaged and dysfunctional organelles
through a nonselective macroautophagic degradation (which
is choreographed by the phagophore assembly-specific ser-
ine/threonine protein kinase Atg1, adapter protein Atg11,
and scaffold protein Atg17 [58, 59, 92–94]) plays a crucial
role in executing POA-induced liponecrotic RCD (Figure 1)
[34, 58, 59]. Moreover, the buildup of oxidatively damaged,
dysfunctional, unfolded, and aggregated proteins in the cyto-
sol of yeast cells treated with POA impairs cellular proteosta-
sis, thus committing these cells to POA-induced liponecrotic
RCD (Figure 1) [34, 59].

If the stress imposed by an exposure to POA does not
exceed a toxic threshold, yeast cells can use at least four
different processes to cope with this stress and maintain
viability (Figure 1).
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Figure 1: A model for how yeast cells exposed to exogenous palmitoleic acid (POA) either mount a protective stress response and survive or
commit to POA-induced regulated liponecrosis and die. Yeast cells briefly exposed to POA can employ four different prosurvival processes to
cope with the POA-induced cellular stress and maintain viability. These prosurvival cellular processes include the following: (1) an
assimilation of POA into neutral lipids (triacylglycerols (TAGs) and ergosteryl esters (EEs)), in the endoplasmic reticulum (ER) and the
subsequent deposition of these neutral lipids in lipid droplets (LD); (2) POA oxidation in peroxisomes (PER); (3) a macroautophagic
degradation of dysfunctional or damaged mitochondria (MIT); and (4) a proteolytic degradation of oxidatively damaged, dysfunctional,
unfolded, and aggregated proteins that accumulate in the cytosol of yeast cells. Arrows and names displayed in blue color denote
prosurvival processes, metabolites, and proteins that protect yeast from POA-induced liponecrotic regulated cell death (RCD). Yeast cells
briefly treated with POA can use four different pro-death processes to commit to POA-induced liponecrotic RCD and to execute this RCD
subroutine. These pro-death cellular processes include the following: (1) a buildup of POA-containing phospholipids (PLs) in the PM and
the ensuing increase in the permeability of the PM to small molecules; (2) the accumulation of POA-containing PLs in both
mitochondrial membranes and the resulting decline in mitochondrial functionality, which is needed to support the prosurvival process of
incorporating exogenous POA into neutral lipids; (3) a ROS-inflicted oxidative damage to mitochondria and other cellular organelles,
which stimulates a nonselective macroautophagic degradation of many kinds of organelles; and (4) a ROS-imposed oxidative damage to
cytosolic proteins, which impairs cellular proteostasis because it promotes an accumulation of oxidatively damaged, dysfunctional,
unfolded, and aggregated proteins in the cytosol. Arrows and names displayed in red color denote pro-death processes, metabolites, and
proteins that commit yeast to POA-induced RCD or execute this RCD subroutine. The up or down arrows in red color denote processes
or metabolites whose intensities or concentrations are increased or decreased (resp.) in yeast cells briefly exposed to exogenous POA. See
text for more details. ETC, mitochondrial electron transport chain; PE, phosphatidylethanolamine; PLs, phospholipids; PM, plasma
membrane; ROS, reactive oxygen species; ΔΨ, electrochemical potential across the inner mitochondrial membrane.

3Oxidative Medicine and Cellular Longevity



One of these prosurvival cellular processes is an assimi-
lation of POA into neutral lipids (TAGs and EEs), which
occurs in the ER and is followed by a buildup of POA-
containing neutral lipids in LDs (Figure 1) [34, 58, 59]. This
process lowers the extreme cellular stress caused by the accu-
mulation of POA-containing phospholipids in the PM,
IMM, and OMM because it attenuates the flow of POA into
the pathways for the synthesis of POA-containing phospho-
lipids [34, 58, 59]. The assimilation of POA into neutral
lipids is essential for protecting yeast from POA-induced
liponecrotic RCD, as demonstrated by the finding that
genetic interventions weakening the incorporation of exoge-
nously added POA into POA-containing neutral lipids
increase the susceptibility of yeast to this subroutine of
RCD [58].

Another prosurvival cellular process is the β-oxidation of
POA in peroxisomes of yeast exposed to this monounsatu-
rated free fatty acid (Figure 1) [34, 57–59]. Peroxisomal oxi-
dation of POA mitigates POA-induced liponecrotic RCD
because it weakens the incorporation of POA into phospho-
lipids, thereby relieving the excessive cellular stress instigated
by the buildup of POA-containing phospholipids in the PM,
IMM, and OMM [34, 58, 59]. In support of an essential role
of peroxisomal oxidation of POA in the protection of yeast
from POA-induced liponecrotic RCD, yeast strains that carry
the single-gene-deletion mutations pex5Δ and fox1Δ attenu-
ating oxidative degradation of POA in peroxisomes are more
susceptible to this mode of RCD than an otherwise isogenic
wild-type strain [34, 57–59].

Macromitophagy, a macroautophagic degradation of
dysfunctional or damaged mitochondria, is also a prosurvival
process that allows yeast to cope with the POA-induced cel-
lular stress [34, 58, 59]. Macromitophagy protects yeast from
POA-induced liponecrotic RCD because, by selectively
degrading dysfunctional mitochondria, it helps to maintain
a population of functionally active mitochondria that are
needed to generate enough ATP to support the prosurvival
process of assimilating POA into neutral lipids (Figure 1)
[34, 58, 59]. The Atg32Δ-dependent mutational block of
macromitophagy impairs the accumulation of LD-deposited
neutral lipids and sensitizes yeast to POA-induced lipone-
crotic RCD [58]; thus, macromitophagy plays an essential
role in protecting yeast from this subroutine of RCD.

The degradation of oxidatively damaged, dysfunctional,
unfolded, and aggregated proteins that accumulate in the
cytosol of yeast cells treated with POA is another prosurvival
process in these cells; this proteolytic degradation is catalyzed
by the metacaspase Yca1 and serine protease Nma111,
two protein components of the caspase-dependent apoptotic
RCD pathway (Figure 1) [34, 59, 95–97]. This Yca1- and
Nma111-driven proteolysis of oxidatively damaged, dys-
functional, unfolded, and aggregated proteins slows down
a progression of POA-induced liponecrotic RCD because
it allows to sustain efficient cellular proteostasis, thereby
weakening proteostatic cellular stress (Figure 1) [34, 59].
In support of an essential role of such proteolysis in the
protection of yeast from POA-induced liponecrotic RCD,
lack of Yca1 or Nma111 increases the susceptibility of yeast
to this mode of RCD [34, 59].

3. What Are the Relations among Different
Processes Involved in Cell Death or Cell
Adaptation in Yeast Treated with POA and
How Is a Balance between Pro-death and
Prosurvival Processes Regulated?

As outlined in the previous section, pro-death cellular pro-
cesses in yeast treated with POA are direct or indirect due
to the initial incorporation of this fatty acid into bulk quanti-
ties of POA-containing phospholipids. Two direct pro-death
processes include the following: (1) the buildup of POA-
containing phospholipids in the PM and the ensuing increase
in the permeability of the PM to small molecules and (2) the
accumulation of POA-containing phospholipids in both
mitochondrial membranes and the resulting decline in mito-
chondrial functionality, which is needed to support the pro-
survival process of incorporating exogenous POA into
neutral lipids (Figure 1). Two other pro-death processes only
indirectly caused the buildup of POA-containing phospho-
lipids in both mitochondrial membranes because such
buildup elicits a rise in the intracellular concentration of
ROS initially produced in mitochondria. These indirect
pro-death processes are as follows: (1) the ROS-inflicted oxi-
dative damage to mitochondria and other cellular organelles,
which stimulates a nonselective macroautophagic degrada-
tion of many kinds of organelles and (2) the ROS-imposed
oxidative damage to cytosolic proteins, which impairs cellu-
lar proteostasis because it promotes the accumulation of oxi-
datively damaged, dysfunctional, unfolded, and aggregated
proteins in the cytosol (Figure 1). Thus, the four pro-death
processes relate because they all are initiated in response to
the buildup of POA-containing phospholipids. We hypothe-
size that (1) the direct pro-death processes may precede in
time the indirect ones and (2) the relative contribution of
each direct or indirect pro-death process into POA-induced
liponecrotic RCD may be defined by the relative rates with
which POA-containing phospholipids are transferred from
the ER to the PM and mitochondria, mitochondria generate
ROS, mitochondria and other cellular organelles undergo
ROS-inflicted oxidative damage, oxidatively damaged cellu-
lar organelles are subjected to nonselective macroautophagic
degradation, cytosolic proteins are oxidatively damaged by
mitochondrially produced ROS, and oxidatively damaged
cytosolic proteins unfold and aggregate. In our hypothesis,
none of the pro-death processes may be considered as an
individual pro-death pathway. In contrast, our hypothesis
posits that all four pro-death processes are likely to be
nodes of a branched subnetwork that integrates the flow
of POA-containing phospholipids from the ER to the
PM and mitochondria, mitochondrial ROS formation, the
ROS-imposed oxidative damage to organelles and cytosolic
proteins, the nonselective macroautophagic breakdown of
different kinds of oxidatively damaged organelles, and the
unfolding and aggregation of oxidatively damaged proteins
in the cytosol.

Our hypothesis further suggests that prosurvival pro-
cesses are likely to be nodes of the same branched subnet-
work integrating the four pro-death processes. Two direct
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prosurvival processes relieve the extreme cellular stress by
preventing the buildup of POA-containing phospholipids
in the PM and mitochondria; they include the following:
(1) the assimilation of POA into neutral lipids in the ER
and the subsequent buildup of POA-containing neutral lipids
in LDs and (2) peroxisomal oxidation of POA (Figure 1).
Two indirect prosurvival processes are activated to lower
the extreme cellular stress created by the buildup of POA-
containing phospholipids in both mitochondrial membranes
and by the resulting decline in mitochondrial functionality
and rise in mitochondrially produced ROS; they are as fol-
lows: (1) the selective macroautophagic degradation of oxida-
tively damaged and dysfunctional mitochondria, which helps
to maintain a population of functionally active mitochondria
generating sufficient quantities of ATP and producing ROS
in nontoxic concentrations and (2) the Yca1- and Nma111-
driven proteolysis of oxidatively damaged and aggregated
cytosolic proteins, which allows to sustain efficient cellular
proteostasis (Figure 1). Akin to pro-death processes, the four
prosurvival processes relate because they all are stimulated in
attempt to relieve the extreme cellular stress that is generated
(directly or indirectly) by the initial incorporation of POA
into POA-containing phospholipids. Our hypothesis posits
that (1) the direct prosurvival processes may occur earlier
than the indirect ones and (2) the relative contribution of
each direct or indirect prosurvival process into cell protection
from POA-induced liponecrosis may depend on the relative
rates with which POA is assimilated into neutral lipids in
the ER, POA-containing neutral lipids are transferred from
the ER to LDs, POA is oxidized in peroxisomes, oxidatively
damaged and dysfunctional mitochondria are subjected
to selective macroautophagic degradation, and oxidatively
damaged and aggregated cytosolic proteins undergo proteo-
lytic degradation.

In sum, the above hypothesis posits the following: (1)
the balance between different pro-death and prosurvival
processes may be regulated by their relative rates and (2)
these relative rates may be defined by the extracellular and/
or intracellular concentrations of POA, nutrient availability,
the metabolic state of a yeast cell, and the chronological age
of a yeast cell.

4. Is the Subnetwork of Liponecrotic RCD
Integrated into a Signaling Network
Orchestrating Different RCD Scenarios in
Yeast Cells?

Yeast cells undergoing POA-induced liponecrotic RCD
exhibit characteristic morphological and biochemical traits
[34, 58, 59]. Some of these traits are unique to liponecrotic
RCD, whereas other traits are shared by this and certain
other modes of RCD (Table 1).

While yeast cells committed to POA-induced lipone-
crotic RCD do not display such characteristic traits of apo-
ptotic RCD as nuclear fragmentation and PS externalization
within the PM bilayer, the metacaspase Yca1 and serine pro-
tease Nma111 play essential roles in both liponecrotic and
caspase-dependent apoptotic modes of RCD [34, 59]. How-
ever, the roles Yca1 and Nma111 play in each of these two
RCD modes are quite different (Table 1). As mentioned
above, the Yca1- and Nma111-dependent proteolysis of oxi-
datively damaged, dysfunctional, unfolded, and aggregated
proteins in the cytosol of yeast cells is a prosurvival process
in POA-induced liponecrotic RCD [34, 59]. Such prosurvival
role of Yca1 in sustaining efficient cellular proteostasis is well
known [98–105]. In contrast, the Yca1- and Nma111-driven
degradation of various cellular proteins is an executing, pro-
death process in several caspase-dependent modalities of
apoptotic RCD in yeast exposed to certain exogenous
stimuli [95–97, 106–110].

While yeast cells undergoing POA-induced liponecrotic
RCD do not display such hallmark trait of autophagic RCD
as extreme cytoplasmic vacuolization instigated by a buildup
of double-membrane vesicles called autophagosomes [34, 58,
59], both liponecrotic and autophagic modes of RCD (1)
exhibit a nonselective massive degradation of various cellular
organelles and (2) depend on the phagophore assembly-
specific serine/threonine protein kinase Atg1 for executing
these RCD modes (Table 1) [1, 58, 59, 111–113].

While yeast cells undergoing POA-induced liponecrotic
RCD do not exhibit such hallmark feature of necrotic
RCD as a severe fracture of the PM [34, 58, 59], both

Table 1: Some of the morphological and biochemical traits characteristic of palmitoleic acid- (POA-) induced liponecrotic regulated cell
death (RCD) are unique to this mode of RCD, whereas other traits are shared by this mode and other (i.e., caspase-dependent apoptotic,
autophagic, and necrotic) RCD modes. LDs, lipid droplets; PM, plasma membrane; PS, phosphatidylserine.

Trait
Caspase-dependent

apoptotic
RCD [references]

Autophagic RCD
[references]

Necrotic RCD
[references]

POA-induced
liponecrotic

RCD [references]

Nuclear fragmentation + [126] − − − [58]

PS externalization within the PM + [126] − − − [58]

Role of Yca1 and Nma111
+ (pro-death role)

[106, 107]
− − + (prosurvival role) [59]

Excessive cytoplasmic vacuolization − + [127] − − [58]

Massive degradation of various cellular organelles − + [127] − + [58]

Rupture of the PM − − + [114] − [58]

Permeability of the PM to small molecules − − + [114] + [59]

Excessive accumulation of LDs − − − + [58]
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liponecrotic and necrotic modes of RCD display substan-
tially increased permeability of the PM to small molecules
(Table 1) [31, 58, 59, 114–116].

A trait which is unique to POA-induced liponecrotic
RCD is a buildup of POA-containing neutral lipids in
numerous LDs, a feature that has not been reported for apo-
ptotic, autophagic, or necrotic subroutine of RCD (Table 1)
[1, 58, 59, 96, 111–113, 115].

Because POA-induced liponecrotic RCD has several
different traits in common with apoptotic, autophagic, and
necrotic modes of RCD, we hypothesize that the molecular
subnetwork of POA-induced liponecrotic RCD is integrated
into a signaling network that orchestrates different RCD
scenarios in yeast cells. Other pathways and subnetworks
integrated into this signaling network may include apoptotic,
autophagic, and necrotic pathways and subnetworks of
RCD. In our hypothesis, the molecular subnetwork of
POA-induced liponecrotic RCD only partially overlaps with
apoptotic, autophagic, and necrotic RCD pathways and sub-
networks of the network. Our hypothesis satisfactorily
explains the observed existence of several proteins that are
common to liponecrotic, apoptotic, autophagic, and necrotic
modes of RCD [34, 58, 59]. Furthermore, as our hypothesis
suggests, some of the morphological and biochemical traits
characteristic of POA-induced liponecrotic RCD are shared
by this mode of RCD and other (i.e., apoptotic, autophagic,
and necrotic) RCD modes integrated into the network
[34, 58, 59]. Moreover, in agreement with our hypothesis
on only a partial overlap between liponecrotic and other
pathways and subnetworks of RCD, at least one trait charac-
teristic of liponecrotic RCD is unique to this mode of RCD;
this trait is the accumulation of POA-containing neutral
lipids in many LDs [34, 58, 59].

Our hypothesis on the existence of an RCD signaling net-
work orchestrating different RCD scenarios in yeast cells is
reminiscent of the hypothesis on the global programmed cell
death (PCD) network that has been proposed and then con-
firmed for mammalian cells [117–120]. A systems biology
platform has been developed for defining the topology of
such network operating in mammalian cells; this platform
employs cell biological and computational approaches for
measuring and computing the effects of single and double
genetic interventions on the molecular events characteristic
of different PCD modes that are integrated into the network
[119]. The use of such platform, possibly in combination
with powerful tools of proteomic and metabolomic analyses
recently applied for molecular analyses of RCD in yeast
[104, 105], will allow to test our hypothesis on the global
RCD signaling network in yeast and, perhaps, to dissect the
architecture of such network in the near future.

5. Does Liponecrotic RCD Contribute to Yeast
Chronological Aging?

POA-induced liponecrotic RCD is an age-related mode of
RCD, as the susceptibility of a population of yeast cells to
POA-induced liponecrosis increases with the chronological
age of this population [34, 58, 59, 121]. Furthermore, the sus-
ceptibility of yeast cells to POA-induced liponecrotic RCD

can be significantly decreased by some aging-delaying dietary
and pharmacological interventions. These interventions
include caloric restriction (CR) and lithocholic bile acid
(LCA), each implemented at the time of cell inoculation into
growth medium [57, 60, 121].

Our recent unpublished findings indicate that in yeast
cultured under non-CR conditions on 1% or 2% glucose,
the risk of age-related death depends not only on the POA-
induced liponecrotic mode of RCD but also on ROS-
induced apoptotic RCD mode. Moreover, we found that the
liponecrotic and apoptotic modes of RCD have different rel-
ative contributions to age-related death of non-CR yeast at
different periods of chronological lifespan (CLS). The apo-
ptotic mode of RCD predominates during diauxic (D) phase,
apoptotic and liponecrotic RCD modes equally increase the
risk of death during post-diauxic (PD) phase, whereas the
liponecrotic mode of RCD prevails during stationary (ST)
phase of culturing under non-CR conditions (our unpub-
lished data). The longevity-defining mode of liponecrotic
RCD is elicited by the accumulation of POA and other free
fatty acids in chronologically aging non-CR yeast cells that
progress through PD and ST phases of culturing (our unpub-
lished data). In contrast, the longevity-defining mode of
apoptotic RCD is caused by the rapid decline of mitochon-
drial functionality and rise of mitochondrially generated
ROS in chronologically aging non-CR yeast cells progressing
through D and PD phases of culturing (our unpublished
data). CR diet, which is implemented by culturing yeast on
0.2% or 0.5% glucose, decreases the risk of age-related death
by attenuating liponecrotic and apoptotic RCD modes
during D, PD, and ST phases; these effects of CR are due to
its abilities to (1) decrease free fatty acid (including POA)
concentrations during PD and ST phases of culturing and
to (2) improve mitochondrial functionality and to lessen
concentrations of mitochondrially generated ROS during
D and PD phases of culturing (our unpublished data).

LCA is a geroprotective chemical compound that delays
yeast chronological aging mainly under CR conditions [57].
LCA exhibits the following effects on yeast susceptibility to
POA-induced liponecrotic RCD: (1) it decreases such sus-
ceptibility only if added to growth medium at the time of cell
inoculation, during logarithmic (L) or D phase of culturing;
(2) it increases such susceptibility if added during PD phase;
and (3) it has no effect on such susceptibility if added during
ST phase [121]. Taken together, these findings suggest that
liponecrotic RCD may be an essential longevity-limiting
(i.e., proaging) factor in chronologically “young” yeast, may
somehow contribute to longevity extension (i.e., aging delay)
in chronologically “middle-aged” yeast, and may have no
influence on longevity (i.e., on the pace of aging) of chrono-
logically “old” yeast. Noteworthy, all these age-related varia-
tions in yeast susceptibility to POA-induced liponecrotic
RCD coincide with age-related changes in yeast resistance
to chronic oxidative, thermal, and osmotic stresses [121]. In
the future, it would be important to explore mechanisms that
underlie the observed age-related coincidence between yeast
susceptibility to POA-induced liponecrotic RCD and yeast
resistance to long-term stresses. Moreover, it remains to be
determined if and how the concentrations of endogenously

6 Oxidative Medicine and Cellular Longevity



produced free fatty acids (including POA) influence the
extent of liponecrotic RCD at different stages of yeast chro-
nological aging.

Of note, LCA decreases yeast susceptibility to the mito-
chondria-controlled, ROS-induced mode of apoptotic RCD
if added to growth medium at the time of cell inoculation
and during L, D, PD, or ST phase of culturing [121]. In yeast
cultured under CR conditions, exogenous LCA enters cells,
is sorted to mitochondria, amasses primarily in the IMM
and also resides in the OMM, alters the concentrations of
certain mitochondrial membrane phospholipids, elicits a
major enlargement of mitochondria, significantly decreases
mitochondrial number, prompts an intramitochondrial
accumulation of cristae disconnected from the IMM, triggers
substantial alterations in mitochondrial proteome, decreases
the frequencies of deletion and point mutations in mitochon-
drial DNA, and leads to changes in vital aspects of mitochon-
drial functionality [66, 68, 122, 123]. In the future, it would be
important to explore how all these aging-delaying effects of
LCA are linked to yeast susceptibility to the mitochondria-
controlled, ROS-induced mode of apoptotic RCD at different
stages of chronological aging.

In sum, it is conceivable that liponecrotic and apoptotic
modes of RCD may have different effects on yeast CLS at
different periods of life. This is similar to the “P” (“big P”)
and “p” (“small p”) modes of death in the nematode Caenor-
habditis elegans, which define lifespan earlier or later in life
(resp.) [124]. The P mode of death is manifested as a substan-
tial enlargement of the posterior pharyngeal bulb caused by
intensified pharyngeal pumping, whereas the p mode of
death is due to the complete atrophy of pharynx [124].

6. How Does Liponecrotic RCD Differ from
Other Modes of Lipotoxic RCD in Yeast?

Several exogenously added lipids [8–16], as well as different
genetic [11–13, 15–25] and pharmacological [24, 26–30]
interventions that impair certain aspects of lipid metabolism,
have been shown to elicit apoptotic and/or necrotic modes of
lipotoxic RCD in yeast. These modes have been extensively
reviewed elsewhere [31, 32, 37, 41, 125]. In brief, yeast cells
committed to POA-induced liponecrotic RCD exhibit a
unique combination of morphological and biochemical traits
that is not characteristic of any of these other modes of
lipotoxic RCD. Moreover, some of these other modes of
lipotoxic RCD differ from each other with respect to (1)
structural and/or functional features of yeast committed to
a particular mode of RCD; (2) classes of lipids whose concen-
trations are altered (or are expected to be altered) in yeast
committed to a particular mode of RCD; and (3) proteins
that are involved in committing to and/or executing a partic-
ular mode of RCD [8–32, 37, 41, 125].

Altogether, these findings further support our hypothesis
(which is outlined in Section 4) on the possible existence of a
global signaling network that integrates partially overlapping
molecular pathways and subnetworks of lipotoxic RCD, each
pathway and subnetwork being differently responsive to cer-
tain perturbations in diverse aspects of lipid metabolism
within a yeast cell. The key challenge for the future is to

explore mechanisms through which such perturbations in
lipid metabolism (1) modulate individual molecular path-
ways and subnetworks of lipotoxic RCD and (2) orchestrate
the integration of these individual pathways and subnet-
works into the global signaling network of lipotoxic RCD.
To address this challenge, the systems biology platform
(which is discussed in Section 4) exploited for mammalian
cells [119] can be used in combination with proteomic and
metabolomic analyses of molecular signatures [104, 105]
characteristic of different lipotoxic RCD modes.

7. Conclusions

To cope with the lipotoxic stress imposed by an exposure to
POA, S. cerevisiae cells use several different mechanisms to
mount a protective stress response and maintain viability.
This complex stress response consists in remodeling of at
least four cellular processes. If the POA-induced lipotoxic
stress exceeds a threshold, yeast cells commit suicide that is
assisted by a complex molecular machinery. This molecular
machinery alters the spatiotemporal dynamics of several cel-
lular processes to execute a liponecrotic subroutine of RCD.
The liponecrotic mode of POA-induced RCD plays an essen-
tial role in defining longevity of chronologically aging yeast,
likely in coordination with an apoptotic mode of RCD. The
molecular subnetwork of POA-induced liponecrotic RCD
may be integrated into a global signaling network of partially
overlapping molecular pathways and subnetworks, each exe-
cuting a different mode of lipotoxic or nonlipotoxic RCD.
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We present the spatiotemporal metabolic differentiation of yeast cell subpopulations from upper, lower, and margin regions of
colonies of different ages, based on comprehensive transcriptomic analysis. Furthermore, the analysis was extended to include
smaller cell subpopulations identified previously by microscopy within fully differentiated U and L cells of aged colonies. New
data from RNA-seq provides both spatial and temporal information on cell metabolic reprogramming during colony ageing and
shows that cells at marginal positions are similar to upper cells, but both these cell types are metabolically distinct from cells
localized to lower colony regions. As colonies age, dramatic metabolic reprogramming occurs in cells of upper regions, while
changes in margin and lower cells are less prominent. Interestingly, whereas clear expression differences were identified between
two L cell subpopulations, U cells (which adopt metabolic profiles, similar to those of tumor cells) form a more homogeneous
cell population. The data identified crucial metabolic reprogramming events that arise de novo during colony ageing and are
linked to U and L cell colony differentiation and support a role for mitochondria in this differentiation process.

1. Introduction

Yeast colonies are multicellular communities of cells that
organize themselves in space and have the ability to differen-
tiate and form specialized subpopulations that fulfill specific
tasks during colony development and ageing [1–5]. Despite
the fact that mechanisms driving colony development and
differentiation are largely unknown, indications exist that
the formation of gradients of nutritive compounds such as
oxygen and metabolites (including low Mw compounds
and waste products) released by cells localized in different
positions within the structure contributes to the formation
of specialized cell subpopulations [6–8].

Saccharomyces cerevisiae colonies that are grown on
complete respiratory medium periodically alter the pH of
their surroundings, switching from an acidic phase to a

period of alkalization and back. Alkali phase is accompanied
by production of volatile ammonia, which functions as a
signal that contributes to colony metabolic reprogramming
[9–11]. Ammonia (produced by a neighboring colony or
even coming from an artificial source) is able to prematurely
induce ammonia production (and thus the transition to alkali
phase) in acidic-phase colonies [10, 12]. Using microarray
transcriptomic analysis and different biochemical and molec-
ular biology approaches, we have previously characterized
two major morphologically distinct cell subpopulations that
are formed within S. cerevisiae colonies during the alkali
developmental phase. These subpopulations are differently
localized in central areas of the colonies: the U cell subpopu-
lation forms upper-cell layers, whereas L cells form lower
layers of these colonies [6, 13]. Despite the fact that U/L cell
colony differentiation occurs in relatively old colonies (older
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than 12 days) that are composed of mostly stationary-phase
cells, U cells behave as metabolically active cells, display a
longevity phenotype, and exhibit specific metabolism. For
example, U cells activate the TORC1 pathway, which is not
typical of stationary-phase cells. These cells also display
decreased mitochondrial activity compared with L cells.
Several metabolic features of U cells are similar to those of
cells of solid tumors [6]. In contrast, L cells, despite being
localized from the beginning of colony growth close to nutri-
tive agar, behave as starving and stressed cells that begin
losing viability earlier than U cells [6]. These earlier studies
showed that L cells release nutritive compounds that are
consumed by U cells and are important to U cell survival
and long-term viability. In addition to direct measurements
of the release and consumption of amino acids and sugars
by U and L cells, we showed that mutants with increased via-
bility of L cells often have decreased viability of U cells [6, 7].
Despite prominent differences in the physiology and mor-
phology of U and L cells, we discovered recently that L cells
are not homogeneous, but include two subpopulations that
differ in the specificity of mitochondrial retrograde signaling.
Retrograde signaling, identified in S. cerevisiae, mammals,
and other organisms [14], is a pathway that signals decreased
mitochondrial functionality to the nucleus, where it activates
expression of specific genes. Activation, by RTG gene-
dependent retrograde signaling (RTG signaling), of expres-
sion of genes (such as CIT2) involved in anaplerotic
pathways was described many years ago in yeast cells grown
in liquid cultures [15, 16]. However, we recently showed that
RTG signaling in colonies is more complex than that
described previously and activates expression of different
genes in differentiated cells [17]. We identified three
branches of RTG signaling that are specific to U cells
(the Ato branch), the upper subpopulation of L cells (the
Cit2 branch), and the lower subpopulation of L cells (the
cell-viability branch). These signaling branches regulate
different gene targets and/or contribute differently to viability
of each of the three subpopulations [17].

Toextendourknowledgeof the similarities anddifferences
ofdifferentiatedcolonycells and, inparticular, thedynamicsof
their formation, we performed detailed genome-wide tran-
scription profiling by RNA sequencing of cell subpopulations
isolated from different areas of acidic- and alkali-phase
colonies.We show that upper cells are unique in terms of tran-
scription changes in time and space and also that U cells are a
rather homogeneous subpopulation from thepoint of the view
of transcription. Although U cells have significant expression
similarities with cells localized to marginal regions, several
differences, including those related to mitochondrial func-
tions, contribute to their unique properties. In contrast, lower
cells exhibit little temporal transcription dynamics. Further-
more,Lcells appear toconsist of twosubpopulations thatdiffer
dramatically in expression, the upper one being in some ways
similar toUcells.Altogether, these newfindings point towards
additional, yet to be identified levels of colony complexity and
support the hypothesis of an important role for mitochondria
and related signaling in the differentiation of ageing colonies
and the escape of specific subpopulations from the stress
caused by nutrient depletion.

2. Results and Discussion

2.1. Genome-Wide Transcription Profiling of Cell
Subpopulations Separated from 6- and 15-Day-Old Colonies.
Three cell subpopulations were separated from 15-day-old
alkali-phase giant colonies grown on GMA agar: U cells
from the central upper (U15 cells) parts of the colonies, L
cells from the central lower (L15 cells) parts of the colonies,
and cells that localize to marginal regions (M15 cells)
(Figure 1(a)). Similarly, we also separated 6-day-old acidic-
phase colonies, that is, colonies in the stage before U/L cell
differentiation, into 3 cell subpopulations: cells from the
upper (U6 cells) and cells from the lower (L6 cells) regions
of the colony centre and cells from the colony margin (M6
cells). To study the composition of fully differentiated U15
and L15 cells, we further separated both U15 and L15 cells
into two smaller cell subpopulations: U1 cells from upper
and U2 cells from lower layers of U15 cells and L1 cells
from upper and L2 cells from lower layers of L15 cells
(Figure 1(b)). Total RNA extracted from these ten cell
subpopulations was used for RNA sequencing. Altogether,
we sequenced 30 transcriptomic libraries, representing
three biological replicates of these ten subpopulations
(see Materials and Methods for details).

Differential expression (DE) was detected for 7055 loci,
reflecting expression differences among the differently local-
ized cell subpopulations and changes in major subpopula-
tions during colony development. Small fold transcription
differences between cell types (even if statistically significant
in robust sequencing data) usually do not reflect a significant
difference in protein/metabolite levels, so we restricted our
analysis of differential expression to those genes with an
adjusted p value below 0.05 (padj < 0 05) with expression fold
changes of 1.8 or greater. Across 31 comparisons, we found
43,488 differential expressions (DE) involving 5036 unique
protein-coding genes fulfilling these criteria. Of these DEs,
32,898 (76%) retain significance when applying the most
stringent Bonferroni correction (p value< 4.8E−06, [18]).
The equivalent results for lncRNA are 11,354 (padj value)
and 3599 (Bonferroni correction). The differences in expres-
sion of selected genes were confirmed by RT-PCR (Figure 2).

2.2. Differential Expression in Upper, Lower, and Margin
Subpopulations and Functional Analysis. Differentially
expressed genes were identified in pairs of compared cell
subpopulations. To assess overall differences/similarities
between the subpopulations, we compared datasets of DE
genes using Intervene’s UpSet module [19], which visualizes
the intersection of multiple datasets in UpSet plots. For
clarity, we compared subpopulations of 6- and 15-day-old
colonies separately, and, to estimate time-differences, we
also compared cells localized to the same position in
6- and 15-day-old colonies (Figures 3–5). Comparison of
both U6, L6, and M6 cells (Figure 3) and U15, L15, and
M15 cells (Figure 4) revealed at both developmental times
the most prominent expression differences between upper
and lower cells (2346 and 2594 genes, resp.) and between
margin and lower cells (1861 and 1900 genes, resp.). Differ-
ences between upper and margin cells were moderate and
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more prominent in 15-day-old (420 genes) than in 6-day-old
(257 genes) colonies, indicating that upper and margin
subpopulations are similar to each other but different from
lower cells. Upregulated genes common to both upper and
marginal cells relative to lower cells numbered 1554 (6 days)
and 1512 (15 days) genes. Unique differences in expression
between upper and lower cells were represented by 616 DE
genes at day 6 and 711 genes at day 15. Those genes uniquely
differing between margin and lower cells numbered 150
genes at day 6 and 180 genes at day 15. Only a few unique
DE genes were identified between upper and margin cells in
both times (20 and 48 genes, resp.).

Examination of temporal changes in respective colony
regions showed (Figure 5) that major changes occur during
differentiation from upper cells of 6-day-old colonies to U
cells of 15-day-old colonies (1120 DE genes, 703 of which
were unique to upper cells). In marginal cells, temporal
changes concern the expression of 429 genes, 292 of which
were changed in both upper andmarginal cells and 67 unique
to marginal cells. Temporal changes in lower cells were
relatively moderate and regard 245 DE genes, 120 of which
were unique to lower cells and 55 jointly changed in lower
and upper cells.

Subsequently, we performed global functional grouping
of DE genes using gene ontology analysis and hierarchical
clustering, further controlled by manual assessment of
individual gene functions based upon information in the
SGD (http://www.yeastgenome.org/) and the literature. This
analysis clustered genes to different functional gene catego-
ries (FC) that were upregulated in upper, lower, and margin
cell subpopulations as well as during temporal changes in
cells localized to particular positions (Figures 3–5). It is
worth noting here that the term “upregulation”/“downregu-
lation” of gene expression used throughout the text is usually
relative to the opposite subpopulation and does not imply
that a gene expression difference is due to an increased rate
of transcription in one subpopulation or decreased rate in
the other. This functional categorization of DE genes helped
us to further identify similarities/differences among the sub-
populations and their developmental changes. In parallel
with this cluster analysis, we performed statistically sup-
ported enrichment analysis of functional categories in our
datasets, which confirmed FC enrichment (compared with
the genome) in most cases (Figure 6).

In both 6- and 15-day-old-colonies, several prominent
FCs were similarly up- and downregulated in upper and mar-
gin cells versus lower cells. This finding indicates that cell
diversification leading to fully differentiated U and L cells
in 15-day-old colonies has already begun in younger colo-
nies, in which cells cannot be clearly distinguished according
to morphology. Prominent FCs, the genes of which were
upregulated in both upper and margin cells when compared
with lower cells at both time points, include genes with func-
tions in vitamin/cofactor metabolism, protein modifications,
ribosome biogenesis, translation and tRNA/mRNA process-
ing and modifications, or encoding ribosome or polymerase
subunits (Figures 3 and 4). On the other hand, lower cells
at both time points upregulated genes involved in metabo-
lism of reserves (storage compounds), respiration and
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L15
U15
L15 M15M15

(a)

U
 ce

lls
L 

ce
lls

U1

U2

L1

L2

20 �휇m 

10 �휇m

(b)

Figure 1: Subpopulations in 15-day-old colonies. (a) Schematic of
subpopulations in 15-day-old colonies. (b) Small subpopulations
separated from the central part of the colony. (left) Vertical
cross section of a 15-day-old colony. (right) Cell subpopulations
separated from the colony for RNA sequencing. Cells were
visualized by Nomarski contrast. U: upper; L: lower; U1: upper
U cells; U2: lower U cells; L1: upper L cells; L2: lower L cells.
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mitochondrial ATP synthesis, protein folding and protein
quality control, oxidative and other stress responses, protea-
some functions, and other protein degradation genes and
retrotransposons. The repression of polymerase, ribosome
and protein biosynthesis genes on one hand, and induction
of protein folding and degradation, respiration and stress
response genes on the other, in lower cells compared with
upper or marginal cells, is typical of cells subject to environ-
mental stress or the diauxic shift [20, 21]. These data are in
agreement with the higher level of reactive oxygen species
and other stress-related features of L cells [6] and may indi-
cate that lower cells are already more stressed than upper
cells in 6-day-old colonies. Other large FCs of genes, DE at
both day 6 and day 15, include genes involved in amino acid,
carbohydrate, and lipid metabolism; genes for different
transporters; and genes involved in the cell cycle. Each of
these FCs is not typical of any particular subpopulation; it
includes some genes upregulated in upper/margin cells but
also other genes upregulated in lower cells. Often, these FCs
also include genes differentially expressed between days 6
and 15 (Figure 5), indicating high spatiotemporal dynamics
in expression of genes involved in these cellular processes.
Enrichment analysis (Figure 6) confirmed most of the FCs
that were differently expressed between different cell types:
FCs that are enriched against the background in U/M
versus L cell comparisons include those involved in vita-
min/cofactor metabolism, protein modification, ribosome
biogenesis/subunits, translation, polymerase subunits, and
amino acid/purine/pyrimidine metabolism. FC groups that
are enriched in L versus U/M cell comparisons include those
involved in cell wall, respiration/ATP synthesis, protein fold-
ing, stress response, proteindegradation, carbohydratemetab-
olism, other transports and retrotransposons. Interestingly,
some FCs (mainly proteinmodification and ribosome biogen-
esis/subunit FCs) are significantly underrepresented under-
represented among genes upregulated in L cells versus U and
M cells not only that genes from the functional category are
repressed but that the functional category itself is generally
repressed in L cells versus U or M cells.

2.3. Expression Differences among Small Subpopulations of U
and L Cells from Differentiated 15-Day-Old Colonies. In

addition to comparing major subpopulations, differential
expression results were collected from comparisons of
expression data of U1, U2, L1, and L2 subpopulations sepa-
rated from 15-day-old colonies (Figure 1). At first glance,
these comparisons revealed relatively large expression differ-
ences between L1 and L2 cells, whereas no DE genes fulfilling
our criteria (padj < 0 05; fold change 1.8) were identified
between U1 and U2 subpopulations, indicating that in
contrast to L cells, U cells are relatively homogeneous. For
this reason, we extended our analyses and compared all small
subpopulations with U15 and L15 datasets comprising
results for major colony subpopulations. Dataset compari-
sons were then analyzed using Intervene’s UpSet module
and gene ontology (GO) functional clustering as indicated
above. Further statistical analysis confirmed the enrichment
of FCs in selected datasets versus the genome (Figure 6).
The data obtained provided us with a complex view of the
differences/similarities among the subpopulations, as sum-
marized in Figures 6 and 7 and described below.

Comparison of U1 and U2 cells with L15 cells (Figure 7)
revealed that most of the genes differentially expressed
betweenU1 and L15 andU2 and L15 are the same 2002 genes.
1627 of these genes were also differentially expressed between
U15 and L15 cells. Functional categorization of DE datasets
U1/L15 and U2/L15 and their comparison with the U15/L15
dataset showed a high level of FC similarity among both
up- and downregulated genes. As expected, comparison of
U1 and U2 cells with U15 cells revealed a much lower total
number of DE genes (1290 genes) than comparison of U1
and U2 cells with L15 cells (4744 genes) and showed higher
expression differences between U2 and U15 (965 genes) than
between U1 and U15 (325 genes) cells. Functional categori-
zation of the datasets showed 242 genes upregulated and 83
genes downregulated in U1 versus U15 cells. Of the upregu-
lated genes, 204 genes overlapped with genes upregulated in
U2 versus U15 cells. In addition to the largest category of
unknown genes/dubious ORFs (55 genes), genes of amino
acid, carbohydrate and lipid metabolism (altogether 40
genes), transporter genes (36 genes), and genes related to cell
wall function (35 genes) fall into this group. Differences
between U2 and U15 were more prominent and regard 336
upregulated and 629 downregulated genes. The largest
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Figure 2: RT-qPCR verification of RNA-seq results. RNA-seq results for selected genes were verified using RT-qPCR. First-strand cDNA was
synthesized from total RNA using random primers and RT-qPCR carried out in triplicate on 5-fold diluted cDNA. ΔΔCT values were
normalized to those of housekeeping genes (up to 5 genes) to compare fold differences between samples.
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functional category of unique U2-upregulated genes (132
genes) again includes unknown/dubious genes (40 genes).
Interestingly, some groups of genes, repressed in U2 versus

U15 (567 genes), comprise FCs also typically repressed
in L15 versus U15, such as genes for ribosomal subunits
(37 genes), ribosome biogenesis (51 genes), translation,
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Figure 3: Comparing cell subpopulations in 6-day-old colonies. UpSet plot of datasets of DE genes in upper (U6), lower (L6), and marginal
(M6) cells from 6-day-old colonies (upper part). Horizontal black bar chart indicates numbers of genes, DE in each individual comparison.
Intersect “connectors” indicate comparisons in which a given number of genes (vertical blue bar chart) were DE. Only major intersections are
shown. Heat map of genes assigned to functional categories and clustered according to FC and DE in different sample comparisons (lower
part). Number in heat map cell = number of genes from FC, up- or downregulated in sample comparison. The higher the number of up-/
downregulated genes, the more intense the color. Arrows indicate upregulation/downregulation in the respective subpopulation ratio(s);
asterisk indicates categories of genes that are differently up-/downregulated in the respective subpopulation ratios.
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Figure 4: Comparing cell subpopulations in 15-day-old colonies. UpSet plot of datasets of DE genes in upper (U15), lower (L15), and
marginal (M15) cells from 15-day-old colonies (upper part). Only major intersections are shown. Heat map of genes assigned to
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Figure 5: Time point comparisons. UpSet plot of datasets of DE genes in upper (U6 and U15), lower (L6 and L15), and marginal (M6 and
M15) cells from 6- and 15-day-old colonies, respectively (upper part). Only major intersections are shown. Heat map of genes assigned to
functional categories and clustered according to FC and DE in different sample comparisons (lower part). The higher the number of up-/
downregulated genes, the more intense the color. Number in heat map cell = number of genes from FC, up- or downregulated in sample
comparison. Red cell highlighting: FC upregulated at day 15 relative to day 6. Blue cell highlighting: FC upregulated at day 6 relative to
day 15. Arrows indicate upregulation/downregulation in the respective subpopulation ratio(s).
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and tRNA/mRNA modification (31 genes). On the other
hand, other genes repressed in U2 cells belong to func-
tional categories repressed in U15 versus L15, such as
genes involved in respiration (24 genes) and proteasome
function (31 genes). These data indicate that U2 cells have
more marked downregulation of some functions typically
repressed in all U cells, such as respiration. In addition,
U2 cells activate, to a lesser extent than U1 cells, some
FCs typically upregulated in U15 versus L15 cells, such
as those involved in ribosome functions and translation.
These data also confirmed that expression differences
observed between U2 and L15 cells are not simply caused
by U2 sample contamination by L cells.

Comparison of L1 and L2 expression data identified 2144
DE genes, indicating prominent differences in these two cell
subpopulations (Figure 8). Further comparison of L1 and
L2 with L15 and U15 expression datasets revealed that
expression characteristics of L2 cells are similar to those of
L15. L2 and L15 cells differ in expression of only 184 genes,
whereas, as expected, comparison of L2 and U15 datasets
identified 2813 DE genes, which is a number similar to that
for the L15/U15 comparison (2595 DE genes). On the other
hand, comparison of L1 and L15 datasets identified 1997
DE genes, whereas comparison of L1 and U15 datasets
identified only 648 DE genes, indicating more similarities
between L1 and U15 than between L1 and L15. Mutual
comparison of expression datasets of L1 and L2 with U1
and U2 further supported this conclusion (Figure 9). To
gather more information about metabolic differences
between L1 and L2 cell subpopulations, we performed func-
tional categorization of expression datasets and compared
them with the L15 and U15 functional groups (Figure 8).
Comparison of FCs of genes differentially expressed among
L1, L2, U15, and L15 confirmed similarity between L2

and L15 functional datasets. Differences between L2 and
L15 datasets were small and, apart from unknown genes
(41 genes), regard only individual genes spread among
different functional groups. In accordance, comparison of
L2 with U15 showed a similar profile of up- and downreg-
ulated FCs to the comparison of L15 and U15 (Figure 8).
Functional categorization of the large number of genes
differentially expressed in L1 versus L15 showed an exten-
sive overlap with FCs differentially expressed in L1 versus
L2 (1470 genes, 742 up- and 728 downregulated) as well
as overlap with FCs up- and downregulated in U15 versus
L15 cells (1616 genes, 654 up- and 962 downregulated)
(Figure 8) supporting the prediction that L1 cells, in some
metabolic aspects, resemble U15 cells. Comparison of L1
and U15 datasets further revealed 72 downregulated genes
and 575 upregulated genes; 366 of the latter being also
upregulated in L2 versus U15. These data show that cells
in upper layers of the L cell subpopulation repress almost
no specific genes when compared with U cells, but they
increase expression of many L cell typical genes. L cell
genes that are upregulated in both L1 and L2 versus U15
cells include genes involved in amino acid, carbohydrate
and lipid metabolism, and respiration (altogether 46
genes); genes for several transporters (33 genes); and genes
involved in cell wall function (26 genes), protein folding
(11 genes), cell cycle (24 genes), signaling and transcription
regulation (49 genes), and retrotransposons (33 genes). How-
ever, in addition, L1 cells versus U15 partially upregulate FCs
comprised of genes that are typically downregulated in L15
cells versus U15 cells, such as genes involved in ribosome
biogenesis (27 genes, 24 of which are downregulated in L2
versus U15 and/or L1) and translation and tRNA/mRNA
modification (27 genes, 13 of which are downregulated in
L2 versus U15 and/or L1). 72 genes downregulated in L1

Functional categories U6/L6 M6/L6 U15/L15 M15/L15 L6/U6 L6/M6 L15/U15 L15/M15 L2/U15 L2/L1 L1/L2 U15/L2 L1/U15 L1/U2 U2/L1 U15/L1
Vitamin/coenzyme/cofactor metabolism 7.7E−09 5.3E−09 4.3E−06 9.4E−07 0.2281 0.3614 0.1911 0.8672 0.5961 0.4150 0.0067 3.1E−06 1.0000 1.0000 0.0002 9E−15
Protein modification 5.5E−13 1.4E−11 1.3E−15 1.8E−13 2.4E−15 2.4E−15 1.6E−15 2.4E−15 2.4E−15 2.4E−15 1.2E−15 1.2E−15 2.3E−14 1.0000 0.0616 0.1618
Ribosome biogenesis 4.3E−12 4.2E−07 1.3E−15 2.3E−12 3E−08 2.1E−07 1.6E−09 2.2E−07 9.3E−09 2.7E−07 1.2E−15 1.2E−15 0.8567 0.2244 0.9259 0.4840
Translation−tRNA and mRNA processing/modification/localization 2.4E−15 2.4E−15 1.3E−15 7.9E−13 0.1025 0.2178 0.0808 0.1366 0.1000 0.0731 1.2E−15 1.2E−15 1.0000 0.3236 1.0000 0.4840
Ribosome subunit 2.4E−15 2.4E−15 1.3E−15 4.8E−15 2.4E−15 2.4E−15 1.6E−15 2.4E−15 2.4E−15 2.4E−15 1.2E−15 1.2E−15 2.3E−08 2.5E−05 0.9259 0.4840
Polymerase subunit 0.0025 0.0408 0.0351 0.0278 0.0538 0.0257 0.0045 0.0289 0.0105 0.0185 0.0001 0.0037 0.2606 1.0000 1.0000 1.0000
Metabolism—reserves 0.3275 0.0904 0.4226 0.5126 6E−05 0.0013 0.0099 0.0011 0.0021 0.0008 0.0761 0.4032 0.6038 0.2242 1.0000 0.4840
Respiration/ATP synthesis 0.0017 0.1575 0.2816 0.2680 3.6E−12 4.7E−14 1.6E−15 4.5E−11 1.4E−13 3.9E−12 0.0977 1.9E−05 5E−05 1.5E−05 1.0000 0.4840
Cell wall—assembly, integrity, and GPI anchor 0.1395 0.1585 0.7511 0.8827 0.0256 0.0083 5.3E−05 0.0003 2.9E−07 8.3E−05 0.9226 1.0000 6.3E−09 0.6496 4.5E−06 0.7399
Protein folding, chaperones, quality control, and aggregate removal 0.0163 0.0949 0.4226 0.6009 0.0154 0.0065 0.0226 0.0098 0.1000 0.0667 0.4558 0.3627 0.0885 0.0003 0.9259 0.7399
Stress response—oxidative/others 0.7398 0.5148 0.5354 0.6811 3.6E−12 6.7E−10 2.2E−09 1.5E−08 1.4E−08 1.5E−05 0.4558 0.0912 0.0158 3.6E−06 0.9234 0.3214
Protein degradation/proteasomes/others 0.0756 0.1217 0.5853 0.0018 1.1E−10 4.5E−07 4.8E−09 1.3E−07 0.0005 0.0010 0.9226 0.0670 1.0000 3.4E−05 0.6844 0.4840
Retrotransposons 2.1E−05 4.3E−05 2.1E−06 2.8E−05 0.0003 5.2E−07 0.0016 3.4E−06 4.5E−05 1.9E−05 1.6E−05 3.8E−07 2.7E−09 1.5E−08 0.9259 0.7399
Amino acid/purine−pyrimidine metabolism 4.9E−07 7.8E−07 0.0001 2.3E−07 1.0000 1.0000 0.0447 0.2965 0.0289 0.4150 4.3E−10 0.0002 0.0370 1.0000 0.5005 0.7399
Carbohydrate metabolism 0.7398 0.7566 0.7511 0.7611 2.9E−08 5E−07 1.4E−10 4.6E−09 1.6E−14 4.1E−13 0.4383 0.5948 0.0026 0.0014 7.8E−08 1.2E−05
Lipid metabolism 0.1314 0.0104 0.8725 0.4837 0.1397 0.7497 0.0605 0.7458 0.0279 0.0271 0.5781 0.7764 0.0255 0.0841 1.0000 0.7510
Transport—amino acids/purine−pyrimidine 0.4346 0.9213 0.3480 0.7611 0.4995 0.9240 0.6455 1.0000 0.8550 0.6946 0.6840 0.2599 0.0129 1.0000 0.9234 0.6156
Transport—sugar/carbohydrate 0.7398 1.0000 0.7511 0.4837 0.1817 0.0825 0.0028 0.2074 1.5E−05 0.0070 0.2652 0.2266 0.0033 0.3542 1.0000 0.4856
Nitrogen transport 0.7398 0.5148 1.0000 0.7611 0.3361 0.0040 0.0229 0.0289 0.0035 0.3151 0.7898 1.0000 0.0002 0.0764 1.0000 1.0000
Ion transport 1.0000 0.9370 0.7511 0.8338 0.8520 0.9390 0.4938 0.7668 0.5576 0.4150 0.4558 0.9165 1.0000 0.2244 0.0671 0.0802
Other transports (lipids, vitamins, drugs, and others) 0.0211 0.0004 0.3476 0.1054 0.0006 0.0001 5.8E−06 1E−05 2.7E−08 3.8E−05 0.0190 0.0349 8.3E−06 0.0034 0.0091 0.3027
Cell cycle 0.3007 0.6161 0.5446 0.4671 0.0017 0.0113 0.7805 0.0524 0.8016 0.2219 0.0334 0.7951 0.6904 1.0000 0.1039 0.4840
Total number of genes in the data set 1154 904 1168 945 1192 957 1414 943 1174 1029 1221 1540 557 328 82 72

Enrichment in dataset, padj < 0.01
Enrichment in dataset, 0.01< padj < 0.05

Underrepresentation in dataset, padj < 0.01
Underrepresentation in dataset, 0.01< padj < 0.05

Figure 6: Statistical analysis of FC enrichment/underrepresentation among DE genes. Fisher’s exact test was used to determine whether the
percentage of genes in an upregulated dataset that was mapped to a particular FC was significantly higher or lower than the percentage of
genes in the yeast genome that was mapped to the same functional category. p values, adjusted for multiple testing using the Benjamini-
Hochberg procedure (padj), are shown for selected FCs of genes, up- or downregulated in individual sample comparisons. Significantly
enriched: pink (FDR 0.05) and dark pink (FDR 0.01). Significantly underrepresented: green (FDR 0.05) and dark green (FDR 0.01).
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versus U15 are dispersed across many FCs, apart from a clus-
ter of 14 genes involved in vitamin/cofactor metabolism. As
expected, FCs upregulated in L1 versus U1 and L1 versus
U2 (Figure 9) are similar to those upregulated in L1 versus
U15. Interestingly, some FCs such as amino acid and lipid
metabolism, cell cycle, signaling, proteasomal function, and
unknown gene groups include more upregulated genes in
L1 versus U2 than in the L1 versus U1 datasets. In accor-
dance with this, the total number of upregulated genes is
higher between L1 and U2 (329 genes) than between the L1
and U1 (208 genes) datasets. This indicates slightly greater
expression differences between U2 and L1, despite these

subpopulations being localized more closely within the col-
ony than L1 and U1.

2.4. Spatiotemporal Gene Expression in Ageing Colonies.
The expression data obtained provide an in-depth view
of the functional gene groups, differentially expressed in
time and space. In the following paragraphs and in the
model (Figure 10), we summarize the major conclusions
from these comparisons.

Comparison of the three major cell types (upper, lower,
and margin cells) in young acidic-phase and older fully dif-
ferentiated alkali-phase colonies clearly revealed the most
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Figure 7: Comparing small upper-cell subpopulations. UpSet plot of datasets of DE genes in small upper-cell subpopulations (U1 and U2)
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prominent temporal changes in cells localized to upper
colony layers (1120 genes), that is, in cells that differentiate
during the colony transition from acidic- to alkali-phase into
U cells, and which exhibit specific physiology and regulation
as described previously [6, 13, 17, 22]. Most of these temporal
changes regard genes whose expression changes neither in
margin cells nor in lower cells during ageing (~700 genes).
Interestingly, about twice as many of these U cell unique
genes were repressed than activated in 15-day-old colonies

compared to upper cells of younger, 6-day-old acidic-phase
colonies. The repressed genes include those involved in respi-
ration, that is, in a process previously shown to be dampened
in U cells [6, 13], and are likely involved in determining some
of the specific properties of U cells, such as activation of indi-
vidual branches of RTG signaling subsequently causing
changes in gene expression [17]. In contrast to upper cells,
many fewer temporal expression changes were observed at
the colony margin (442 genes) despite the fact that these cells
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exhibit extensive similarities with U cells as shown by
upper-/margin-/lower-cell comparisons in both develop-
mental times. In addition, most of the expression changes
occurring in marginal cells between days 6 and 15 also occur
in upper cells or in both upper and lower cells over the same
time period. Unique temporal changes in margin cells thus

concern only ~70 genes, that is, ten times fewer genes than
changes in U cells. The lowest number of temporal expres-
sion changes occur in lower cells (258 genes in total), but,
as in upper cells, many of these changes (~120 genes) involve
unique genes that do not change expression in upper and
marginal cells during the time period. In contrast to U cells,
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three times as many of these unique DE genes were upregu-
lated than downregulated in L cells of 15-day-old colonies.
These findings indicate that in contrast to U cells (and, to a
lesser extent, also to L cells), marginal cells, which are the
most efficiently growing cell subpopulation even in older
colonies [23], undergo almost no margin-cell-type-specific
changes during colony ageing.

Temporal differences in gene expression of upper, lower,
and marginal cells were in agreement with observed differ-
ences among these cell subpopulations at individual time
points. At both time points (day 6 and day 15), the most
prominent cell-type-specific differences were seen between
upper and lower cells, where 616 differentially expressed
genes were identified only in U6 versus L6 and 711 only in
U15 versus L15 cells. On the other hand, a much smaller
number of genes exhibited differential expression uniquely
between marginal and lower cells (150 and 180 genes at day
6 and day 15, resp.) and negligible expression differences
were identified uniquely between upper and marginal cells
(20 and 48 genes at days 6 and 15, resp.). The most promi-
nent differences occurring among subpopulations at both
time points concerned genes differentially expressed between
lower cells and the rest of the colony (i.e., both upper and
marginal cells) (1554 and 1512 genes at days 6 and 15, resp.).
This finding argues that the greatest similarity exists between
upper and marginal cells, which is in accordance with the

observation that several protein markers of U cells are also
produced in marginal cells, but not in L cells [6, 13, 24].
Although 2.5 times fewer genes were DE relative only to
U cells as relative to both U and M, several important
FC categories were overrepresented in the former dataset.
Examples include genes involved in cell wall function, pro-
teasomes, and meiosis and among U cell-repressed genes
involved in respiration, vitamin metabolism, vesicular
transport, and cell cycle.

Comparison of small subpopulations derived from U
cells (U1 and U2 cell) and from L cells (L1 and L2), to each
other and with U15 and L15 cells, provided additional insight
into colony complexity (Figure 10). L1 and L2 cells, although
morphologically similar, with large vacuoles and other typi-
cal characteristics [6, 13, 17], exhibited distinct profiles of
DE genes indicating that these cell subpopulations differ
significantly. Whereas L2 cells are similar to L15 cells, L1 cells
differ from both L2 and L15 in many parameters similar to
differences between U15 and L15; L1 cells were thus, to some
extent, similar to U15 cells. The L1 to U15 similarity was
particularly evident when comparing L1 versus U15
repressed genes, among which only one prominent func-
tional category of genes (involved in vitamin metabolism)
was detected. On the other hand, genes belonging to several
FCs typically upregulated in L15 cells were also upregulated
in L1 cells, including the categories of respiration, cell wall
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function, protein folding, proteasomes, and retrotranspo-
sons. Thus, L1 cells combine several L cell-specific features
with some features typical of U cells, such as expression of
many genes encoding ribosome subunits or involved in
ribosome biogenesis, translation, and tRNA/mRNA modifi-
cation. Similar to U and L cells, functional categories of
metabolic genes (amino acid, carbohydrate, and lipid metab-
olism) are active in both L1 and L2 cells and differ regarding
the expression of individual genes. In contrast to L1 and L2
cells, differences between U1 and U2 cells were small and
no DE genes were identified by direct comparison of these
subpopulations. However, comparison of U1 and U2
subpopulations with larger subpopulations of U15 and L15
cells as well as with L1 and L2 revealed some significant
differences. The identified U1 and U2 differences in particu-
lar concern FCs of genes that are repressed in U2 versus U15
(but not repressed in U1 versus U15). These FCs include on
one hand those that are also typically repressed in U15 cells
versus L15 cells, such as respiration, protein folding, and
proteasomal functions, but on the other hand, also those that
are typically repressed in L15 cells versus U15 cells, such as
ribosomal subunits or ribosome biogenesis, translation, and
mRNA/tRNA modification. Hence, these data show that U2
cells repress some genes similarly to L cells but that, on the
other hand, some processes typically repressed in U cells
but active in L cells, such as respiration, are more effectively
repressed in U2 cells than in U1 (and U15) cells.

2.5. Respiration and Stress-Related Process Exhibit Similar
Spatiotemporal Profiles within Developing Colonies. Previous
study of the dynamics and development of fully differentiated
and morphologically distinct U and L cells [6] showed that
the differentiation process lasts several days, starting at about
9-10 days and resulting in fully developed and sharply
separated U and L cell layers at ~day 14. Here, we show that
metabolic diversification, especially of cells located in upper
colony parts, has already started in younger colonies that
are in late acidic phase and formed of cells that are still
morphologically relatively homogeneous. This concerns
particularly the expression of genes involved in ribosome
function and translation in upper cells, and genes for protea-
somal functions, retrotransposons, and stress response in
lower cells of 6-day-old colonies. These differences persist
and become more pronounced in fully differentiated U and
L cells of 15-day-old colonies, despite the large variation in
expression of individual genes being observed within these
groups over time. This finding shows that cellular features
are to a certain extent determined by cell position within
the colony as early as late acidic phase, in which colonies
are still linearly growing [23]. This finding also shows that
in colonies as young as 6 days, cells located in lower positions
closer to agar with better access to nutrients than upper cells
already exhibit some features of starvation and stress, such as
activation of heat shock genes, stress-defense genes, and
genes for proteasomes. Concurrently, colony cells start to
diversify the expression of FCs including genes involved in
oxidative phosphorylation (OXPHOS) and in respiration-
dependent ATP synthesis in mitochondria. When compared
with lower cells, most of the DE genes belonging to this FC

are downregulated in both upper and marginal cells, indicat-
ing reduced mitochondrial activity, despite the facts that both
upper and marginal cells have good access to air (and
oxygen), that the colonies were grown on complete respira-
tory medium, and that marginal (and to some extent upper)
cells are still dividing in colonies during this developmental
stage. Thus, already in 6-day-old colonies, mitochondria
may be less active in upper cells that do not exhibit stress
features, than in lower cells that are becoming stressed. Sim-
ple oxygen consumption experiments (Figure 11) confirmed
decreased oxygen consumption by upper cells relative to
lower cells of 6-day-old acidic-phase colonies, but did not
identify differences between margin and lower cells.

Later on in colony development, U cells of 15-day-old
alkali-phase colonies downregulate most of the DE genes of
the OXPHOS/ATP synthesis functional category, compared
with L cells. This is in agreement with previous findings con-
cerning the differences in mitochondrial morphology and
oxygen consumption measured in separated U and L cells
as well as in OXPHOS gene expression determined by
microarrays [6, 13]. However, the current study revealed a
more complex view of the expression of OXPHOS/ATP syn-
thesis genes in differentiated U, M, and L cells and their sub-
populations. Expression of these genes was observed in the
following degrees: U15<M15<L15. Oxygen consumption
experiments (Figure 11) confirmed reduced oxygen con-
sumption by U cells compared with both L and M cells of
15-day-old colonies but, similarly to 6-day-old colonies, did
not identify significant differences between M and L cells.
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Time-line comparison of cells from 6-, 13-, and 15-day-old
colonies showed, in addition, a gradual decrease in oxygen
consumption by all subpopulations as colonies aged. Tran-
scriptomic comparison of smaller subpopulations showed
that U2 cells (which are localized nearer to L1 cells) are the
subset of U cells that exhibits the absolutely lowest expression
level of OXPHOS/ATP synthesis genes, whereas L2 cells
exhibited highest expression (Figure 10(c)). Whether these
differences are reflected in differences in oxygen consump-
tion remains to be resolved as our currently used measure-
ments are not suitable for tiny subpopulations. The
observed pattern of expression of the FC including
OXPHOS/ATP synthesis genes overlaps with that of other
FC groups, including a group of stress-related genes (genes
involved in protein folding and stress response). This in turn
indicates that metabolic reprogramming, leading to a
decrease in respiration when nutrients start to be limited
(as what happens during colony ageing), may alleviate the
stress. Our new data also indicate that the cells at the bound-
aries of U and L cells (i.e., U2 and L1) differ significantly in
the expression of genes belonging to these FCs, as they differ
in other prominent features, including cell morphology
which shows a sharp demarcation border between U and L
cells [6, 13, 17]. On the other hand, the data indicate that
at least some of the FCs that are already upregulated in
upper cells in late acidic-phase colonies and that continue
to be upregulated in alkali-phase colonies, such as FCs
related to ribosome functions and translation, exhibit a
gradual gradient-like pattern of expression, being most
highly upregulated in the upper-most colony cell layers
(U1 cells) and decreasing expression towards lower-cell
layers (L2 cells) (Figure 10(c)).

In summary, the major differences between cells located
near the demarcation border between morphologically dis-
tinct U and L cells represent functional gene categories that
are upregulated in all L cells and repressed most in U2 cells,
such as genes involved in respiration. Expression data of
these FCs indicate a gradient of gene repression in U cells
in the direction U1 → U2 and conversely a gradient of gene
activation in L cells in the direction L1 → L2. On the other
hand, L1 cells do not differ dramatically from U2 cells in
terms of the expression of functional groups typically
upregulated in U cells, such as groups of ribosome and
translation-specific genes. The observed pattern of expres-
sion of OXPHOS/ATP synthesis genes in 15-day-old colo-
nies indicates that mitochondrial properties may differ not
only among U and L cells as described previously [6, 13],
but potentially also among the cell layers within these sub-
populations. Subsequently, divergent mitochondria may be
involved in different cellular processes including the activa-
tion of different branches of RTG signaling that contribute
to the colony differentiation processes [17]. A link between
mitochondrial properties and RTG pathway specificities is
also supported by the observation that, despite OXPHOS/
ATP synthesis gene expression and oxygen consumption
being lowest in upper cells (compared with both lower and
marginal cells), oxygen consumption and the expression of
genes of this FC differ between days 6 and 15: OXPHOS/
ATP synthesis genes are more highly repressed and oxygen

consumption reduced in U15 cells (that activate the Ato
branch and in parallel repress the Cit2 branch of RTG signal-
ing) compared to U6 cells that have an active Cit2 branch. In
addition, the expression of respiratory genes is highest in L2
cells in 15-day-old colonies, that is, in a subpopulation that
activates the cell-viability branch of RTG signaling (unrelated
to Cit2 and Ato branches) that is necessary for longevity of
L2 cells (Figure 10(b) and [17]). Nevertheless, expression
data and physiology data do not always correlate, as demon-
strated by margin and lower-cell comparisons. Further anal-
yses of the biochemistry and activities of mitochondria from
differentiated cell subpopulation, and of their relationship
with other specific cellular properties, are therefore needed
to demonstrate potential functions of differently altered
mitochondria in RTG signaling and in other cellular pro-
cesses during the colony differentiation process.

3. Conclusions

Genome-wide expression profiling provided us with a com-
plex view of the spatiotemporal changes that occur during
chronological ageing of S. cerevisiae colonies passing through
distinct acidic and alkali developmental phases and undergo-
ing ammonia signaling-related U/L cell differentiation [6, 9,
13]. Major morphological and physiological differences
between the U and L cell subpopulations become fully devel-
oped within alkali-phase colonies, and U and L cells are
sharply demarcated within these colonies [6, 13]. However,
new data provides evidence that some of the features typical
of U and L subpopulations have already started to develop in
earlier phases and that, while prominent expression changes
exist in individual genes between day 6 and day 15, especially
in upper cells, major DE functional gene categories are rela-
tively preserved. Functional categorization thus shows which
metabolic and other processes are important in each of the
colony subpopulations, what the relationships between the
particular cell types are, and what their similarities and differ-
ences are in relation to their age and position within the col-
ony. However, more detailed analyses of individual genes
combined with additional biochemical analyses will be
needed to understand the dynamics of changes within partic-
ular functional groups and thus changes related to particular
metabolic processes and functions of individual genes.

4. Materials and Methods

4.1. Strains and Cultivation. S. cerevisiae strain BY4742
(MATa, his3Δ, leu2Δ, lys2Δ, and ura3Δ) was obtained
from the EUROSCARF collection. Yeast giant colonies
(6 per plate) were grown at 28°C on GMA (1% yeast
extract, 3% glycerol, 2% agar, 1% ethanol, 10mM CaCl2,
0.05% glucose, and 0.002% uracil) with pH dye indicator
bromocresol purple.

4.2. Separation of Cell Subpopulations and RNA Isolation.
Individual cell layers were harvested from colonies by micro-
manipulation as described previously [17]. Three particular
cell populations were separated from 6-day-old acidic-
phase colonies (samples M6, U6, and L6) and from fully
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differentiated 15-day-old colonies in the alkali phase
(samples M15, U15, and L15). Biomass of each cell sample
was harvested from at least 60 colonies (day 6) or 24 colonies
(day 15). Cells from 15-day-old colonies were stepwise
separated into four smaller subpopulations called U1 (“U
upper” cells), U2 (“U lower” cells), L1 (“L upper” cells), and
L2 (“L lower” cells), that is, U and L cell layers were equally
divided into two individual cell subpopulations. Biomass of
each small subpopulation was harvested from at least 24
differentiated colonies. The RNA was isolated from three
independent biological replicates. The purity of the cell frac-
tions was controlled by Nomarski contrast microscopy. Total
RNA was extracted using the hot-phenol extraction proce-
dure as previously described [25]. To verify the quality
and quantity of the RNA extracted, spectrophotometric
and electrophoretic analyses were performed. The absor-
bance of the samples was analyzed at 230, 260, and
280nm. The total RNA (20μg) from each replicate was
DNase treated using a GenElute™ Mammalian Total
RNA Miniprep Kit (Sigma-Aldrich).

4.3. cDNA Library Preparation and RNA Sequencing. Total
RNA (4μg) from each replicate was spiked with 1μl of ERCC
RNA Spike-In Control Mix 1 (Life Technologies) according
to manufacturer’s instructions. Ribosomal RNAwas depleted
from all samples using the Ribo-Zero Gold (yeast) rRNA
Removal Kit (Illumina Inc., San Diego, CA) followed by
purification using Agencourt RNAClean XP reagents
(Beckman Coulter, Brea, CA). Efficient rRNA removal was
confirmed using a 2100 Bioanalyzer system (Agilent Tech-
nologies, Santa Clara, CA). Strand-specific sequencing
libraries were prepared from 50% of the depleted rRNA
(equivalent to 2μg total RNA starting material) using a
TruSeq Stranded Total RNA Library Prep Kit (Illumina
Inc., San Diego, CA) with dual-indexed adapters, employing
15 PCR amplification cycles. A single pool of all samples was
sequenced on two lanes of an Illumina HiSeq 3000 system
(Illumina, San Diego, CA) with 150 bp paired-end reads,
yielding a high-quality, high-coverage transcriptome library
with ~12.6 to 23 million sequencing reads per replicate.
96–98% of reads were mapped to 10,409 coding and non-
coding loci or to intergenic regions of the yeast genome.
For all replicates, 52–72% of mapped reads were mapped
to coding or noncoding loci, 16–33% to 5′ and 3′ UTRs,
9–15% to intergenic regions, and 0.3–1% to introns
(Figure S1A). 54–82% of reads, mapping to genomic loci,
mapped to coding genes and 18–45% to lncRNA (long
noncoding RNA) loci (Figure S1B). Retention of strand
information was confirmed by visual inspection using the
Integrative Genomic Viewer [26].

4.4. Read Mapping, Counting, and Differential Expression
Analysis. Reads were mapped to the SacCer3 reference
genome and to a custom transcriptome (GTF file), incorpo-
rating the coding loci of S. cerevisiae build R64 (Ensembl
release 76, [27]), ERCC spike-in transcript loci [28], and
deduplicated lncRNA loci longer than 200 bp from previ-
ous studies [29–33]. Mapping was carried out using the
STAR aligner [34]. Mapped reads were counted using

“featureCounts” [35] from the Bioconductor RSubreads
package v1.22.2. Read counts for technical replicates were
added together to produce biological replicate counts.
DESeq2 v1.12.3 [36] within R version 3.3.1 was used
for differential expression analysis, and normalization/
removal of unwanted variation (arising from technical
effects) was carried out using RUVseq package v1.10.0 [37]
from Bioconductor, using 36 spike-in transcripts, with inter-
replicate standard deviation/mean count ratios below 0.3, as
negative controls.

4.5. Validation of RNA-seq Analysis by qPCR. qPCR was
designed to verify the differences in gene expression of
selected target genes identified by RNA-seq analysis. A 1μg
sample of RNA (the same as that used for RNA-seq) was used
to synthesize first-strand cDNA. The reverse transcription
reactions were performed with Random Primer Mix
(S1330S, NEB) using the SuperScript™ III Reverse Transcrip-
tase (Invitrogen) following the manufacturer’s instructions.
The mRNA levels of target genes were quantified by real-
time PCR analysis on LightCycler®480II (Roche) using
SYBR® Select Master Mix (Applied Biosystems) with 2μl of
template cDNA (5-fold dilution after RT reaction) in 10μl
reaction volume according to the manufacturer’s protocol.
All reactions were run in triplicate and cycle threshold (CT)
values for target genes were normalized to up to 5 housekeep-
ing genes (RPB2, TAF6, COG1, RAD52, and RDN25-1)
selected according to their expression profiles in cell popula-
tions. 15 genes with different expression in different cell pop-
ulations were selected as targets. Primers designed for each
gene are given in Table S1. The fold change in the expression
of the target genes was calculated using the formula: 2−ΔΔCT,
where ΔCT= average CT of the target gene− average CT of
endogenous control (housekeeping gene), and ΔΔCT=ΔCT
of the target sample (cell population 1)−ΔCT of the calibra-
tor sample (cell population 2). The mean of normalized
values was used for comparison with RNA-seq data.

4.6. Respiration Rate Measurement. The oxygen consump-
tion of 2mg of freshly isolated U6, M6, L6, U15, M15,
and L15 wet cell biomass was determined at 30°C in 1ml of
water using a 782 oxygen meter with a 1ml MT-200A cell
(Strathkelvin Instruments) as described previously [7].

4.7. FC Enrichment/Reduction among DE Genes. Fisher’s
exact test was used to assay the significance of FC
enrichment/underrepresentation among genes, up- or down-
regulated in a particular comparison and the Benjamini-
Hochberg procedure used to control the false discovery rate.
These steps were carried out using rcompanion package
1.10.1 [38]. A FC was deemed to be enriched/underrepre-
sented among an upregulated gene dataset if the percentage
of upregulated genes that were included in the FC was signif-
icantly higher/lower (padj < 0 05) than the percentage of
genes in the yeast genome that belong to the same FC.
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Amphotericin B (AmB) induces oxidative and nitrosative stresses, characterized by production of reactive oxygen and nitrogen
species, in fungi. Yet, how these toxic species contribute to AmB-induced fungal cell death is unclear. We investigated the role
of superoxide and nitric oxide radicals in AmB’s fungicidal activity in Saccharomyces cerevisiae, using a digital microfluidic
platform, which enabled monitoring individual cells at a spatiotemporal resolution, and plating assays. The nitric oxide synthase
inhibitor L-NAME was used to interfere with nitric oxide radical production. L-NAME increased and accelerated AmB-induced
accumulation of superoxide radicals, membrane permeabilization, and loss of proliferative capacity in S. cerevisiae. In contrast,
the nitric oxide donor S-nitrosoglutathione inhibited AmB’s action. Hence, superoxide radicals were important for AmB’s
fungicidal action, whereas nitric oxide radicals mediated tolerance towards AmB. Finally, also the human pathogens Candida
albicans and Candida glabrata were more susceptible to AmB in the presence of L-NAME, pointing to the potential of AmB-L-
NAME combination therapy to treat fungal infections.

1. Introduction

Pathogenic fungi, including Candida albicans and Candida
glabrata, encounter diverse environmental stresses when
colonizing human tissues. During the infection process,
they are exposed to potent reactive oxygen and nitrogen
species (ROS and RNS, resp.), including nitric oxide radical
(NO•), peroxynitrite (ONOO−), superoxide anion radical
(O2

−•), and hydroxyl radical (•OH), generated by the respira-
tory burst of phagocytic cells [1–3]. ROS and RNS cause
damage to DNA, proteins, and lipids and are toxic to most
fungi [4, 5]. In contrast to most nonpathogenic fungi, fungal
pathogens such as several Candida species have developed
responses to neutralize these toxic radicals and repair the

potential molecular damage [6]. In this respect, various pro-
teins that protect the fungus from oxidative and nitrosative
stresses have been identified and include signalling proteins,
transcription factors, and a variety of other enzymes such
as catalases, superoxide dismutases, peroxidases, and nitric
oxide dioxygenase [1, 7]. Hence, antifungals (or combina-
tions thereof) inducing an excess ROS and/or RNS in a path-
ogenic fungus that cannot be neutralized by its endogenous
protection mechanisms are of great interest [8].

Many antifungal agents are reported to induce oxidative
(excess ROS) stress in pathogenic fungi. These agents
include small molecules, such as miconazole [9, 10], flucona-
zole [11, 12], amphotericin B (AmB) [12–16], and caspofun-
gin [17], but also antimicrobial peptides, such as protonectin
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[18], baicalin [19], and various plant defensins [20–23]. To
date, the induction of nitrosative (excess RNS) stress in
fungal species has only been demonstrated for AmB in the
pathogenic fungus Cryptococcus gattii [24] and for the plant
defensins NaD1 and PvD1 in C. albicans [23, 25]. AmB
belongs to the polyene class of antifungals and induces fungal
cell death through apoptotic and nonapoptotic pathways
[26–29]. Hence, based on the above reports, it seems that
AmB can induce both excess ROS and RNS in pathogenic
fungi. How the production of these different types of radicals
would contribute to AmB’s fungicidal action is hitherto not
known. Moreover, increased insight in these AmB-induced
events may lead to more efficient AmB-based therapies, as
exemplified in the current study.

In this study, we further investigated the potential of
AmB to induce ROS and RNS and looked at the interplay
between these toxic radicals and their accumulation kinetics,
thereby linking these events to AmB’s killing capacity. To
investigate the kinetics of the AmB-induced ROS and RNS,
we used a digital microfluidic platform (DMF) in which sin-
gle cells were captured and monitored over time using time
lapse fluorescence microscopy. This DMF platform has been
previously optimized for seeding of Saccharomyces cerevisiae
cells and subsequently for assessing the rate by which AmB-
induced membrane permeabilization events occurred at the
single cell level [30]. S. cerevisiae has been widely used to
investigate the mechanisms of action of antifungal agents,
including that of AmB [14, 31–35]. Hence, also in this study,
we used S. cerevisiae as a model organism to better under-
stand the mode of action of AmB and translated the most
prominent findings to the fungal pathogens C. albicans and
C. glabrata.

2. Methods

2.1. Strains and Chemical Reagents. Saccharomyces cerevisiae
strain BY4741, Candida albicans strain SC5314, and Candida
glabrata strain BG2 were used in the cytotoxicity assays. All
culture media were purchased from LabM Ltd. (Lancashire,
England), unless stated otherwise. Media used were YPD
(1% yeast extract; 2% peptone; and 2% glucose), 1/5 YPD
(YPD diluted in distilled water), and RPMI-1640 (Roswell
Park Memorial Institute-1640 medium; pH7) with L-
glutamine and without sodium bicarbonate (purchased from
Sigma-Aldrich, St. Louis, MO, USA), buffered with MOPS
(Sigma-Aldrich, St. Louis, MO, USA).

Amphotericin B (AmB), Nω-Nitro-L-arginine methyl
ester hydrochloride (L-NAME), S-nitrosoglutathione, propi-
dium iodide (PI), and dihydroethidium (DHE) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
4-Amino-5-methylamino-2′,7′-difluorofluorescein diacetate
(DAF-FM DA) was supplied by Life Technologies (Carlsbad,
CA, USA). Peroxide was purchased from VWR chemicals
(Radnor, PA, USA).

Fluorinert FC-40 was purchased from 3M (St. Paul,
MN, USA), and chemicals for photolithopgraphy were
supplied by Rohm and Haas (Marlborough, MN, USA).
Fluoroalkylsilane Dynasylan® F 8263 was supplied by Evonik
(Essen, Germany). AZ1505 photoresist and Teflon-AF® were

obtained from Microchemicals GmbH (Ulm, Germany)
and Dupont (Wilmington, DE, USA), respectively. Parylene
C dimer and Silane A174 were purchased from Plasma
Parylene Coating Services (Rosenheim, Germany).

2.2. Cell Culture Conditions. S. cerevisiae, C. albicans, or C.
glabrata, grown overnight in YPD at 30°C and 250 rpm,
were diluted to an optical density (OD) of 0.15 measured
at λ = 600nm in a flask containing 50mL of fresh YPD and
further cultured for 5 h at 30°C and 250 rpm (S. cerevisiae)
or 37°C and 200 rpm (Candida spp.), to obtain exponentially
growing cells. Cells were then pelleted by centrifugation
(3min, 4000 rpm), washed and resuspended in 1/5 YPD for
S. cerevisiae or RPMI-1640 medium for C. albicans and C.
glabrata to an OD of 3 for further use in the experiments.

2.3. Cytotoxicity Assays in Bulk. Exponentially growing cells
were supplemented with PI, DHE, or DAF-FM DA to a final
concentration of 3μM, 17μM, and 5μM, respectively, and
subsequently treated either with DMSO or water (controls),
a range of AmB dosages (0.625μM–10μM, dissolved in
DMSO), 200mM L-NAME (dissolved in water), or a combi-
nation of the above, with a final DMSO concentration of 1%
(v/v%). After mixing, the cell suspensions were transferred to
Eppendorf tubes, covered with a layer of silicon oil, placed on
a horizontal shaker at 5 rpm, and incubated in the dark for
3 h at room temperature to be compliant with the DMF
setup. In case of C. albicans and C. glabrata, however, the
assays were performed at 37°C to be clinically relevant. A
plating assay was carried out at the start of the treatment to
account for the number of cells at this point. After 3 h, cells
were pelleted (3min, 4000 rpm), washed and resuspended
in phosphate buffered saline (PBS), and subsequently plated
or subjected to flow cytometry on a BD Influx™ cell sorter.
In the plating assay, a 10-fold dilution series of the cell sus-
pensions was prepared in PBS and appropriate cell suspen-
sions were spread in YPD agar plates, after which the plates
were allowed to dry for 10min and incubated for 48h at
30°C to visualize the number of colony forming units (CFUs).
For flow cytometry, cells were monitored for fluorescence
at 540/608 nm (FL3 610_20), 485/515 nm (FL1 580_30),
or 495/515 nm (FL2 530_40) for detection of membrane
permeabilization with PI, detection of superoxide radical
accumulation with DHE, or detection of nitric oxide radical
accumulation with DAF-FM DA, respectively.

2.4. Cell Cycle Analysis. Aliquots of cells were collected at the
indicated time points and cells were pelleted, washed, and
fixed with ethanol (70% v/v) for at least 30min at 4°C. Cells
were then resuspended in sodium citrate buffer (50mM
sodium citrate, pH7.5), sonicated and treated with RNAse
for 1 h at 50°C, followed by subsequent incubation with
20μg/ml proteinase K for 1 hour at 50°C. Cell DNA was then
stained overnight with SYBR Green 10,000 x (Molecular
Probes/Invitrogen, Carlsbad, CA), diluted 10-fold in Tris-
EDTA (pH8.0), and incubated overnight at 4°C. Before flow
cytometry analysis, samples were diluted 1 : 4 in sodium cit-
rate buffer. The SYBR signals were measured using a BD LSR
II™ (Becton Dickinson, NJ, USA) with a 488nm excitation
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laser. Signals from 30,000 cells/sample were captured in FITC
channel (530 nm± 30 nm), at a flow rate of about 1000 cells/s.
The percentage of cells in each phase of the cell cycle was
determined offline with ModFit LT software (Verity Software
House, Topsham, ME).

2.5. Checkerboard Antifungal Assays. AmB (dissolved in
DMSO), L-NAME (dissolved in water), and S-
nitrosoglutathione (dissolved in water) were 2-fold serially
diluted across the columns and rows of a 96-well microtiter
plate. Subsequently, AmB dilutions were further diluted 10-
fold in 1/5 YPD. Next, 20μl volumes of these dilutions were
transferred to a microtiter plate, allowing the analysis of
unique combinations of two compounds. Exponentially
growing S. cerevisiae cells were diluted to an OD of 0.10,
measured at λ = 600nm, in 1/5 YPD, and subsequently,
80μl was added to the microtiter plate, resulting in a final
DMSO concentration of 1% (v/v %). In parallel, the number
of colony forming units (CFU) of this exponential culture
was determined by plating assay. After 24 h of incubation at
30°C, the OD of the checkerboard plate was measured at
λ = 600nm, to examine the growth of S. cerevisiae cells.
Subsequently, a plating assay was performed of specific wells
of the checkerboard assay to assess cell viability of specific
AmB-L-NAME combinations. Based on preliminary data
of this experiment, we have performed power calculations
(α = 0 05; b = 0 8) for an AmB concentration of 0.313μM,
which is the tested value closest to the IC50 (0.282μM
AmB for S. cerevisiae). These calculations indicated that we
needed 2 biological replicates to assure a power of b = 0 8.
Recalculations of the power calculations, based on data of
the 2 biologically independent experiments, confirmed the
previously executed power calculations.

2.6. Fabrication of Digital Microfluidic Plates. Digital micro-
fluidic plates were fabricated as described previously [30].
The assembly consists of an actuation plate and a grounding
plate, as presented in Supplemental Information S3 Figure
available online at https://doi.org/10.1155/2017/4064628.
For fabricating the actuation plate (S3 Figure A), cleaned
glass wafers (1.1mm) were sputter coated with chromium
(100nm) and patterned using standard photolithographic
processes. After cleaning the plates with acetone and iso-
propyl alcohol twice, the surface was plasma activated
(O2 plasma, 150 mtorr, 100W) and the plates were primed
with Silane A174 to promote adhesion of the parylene C
layer (3μm) that was subsequently coated using chemical
vapour deposition. Next, a thin layer of Teflon-AF
(200 nm, using 3% w/w in Fluorinert FC-40) was spin-
coated (1200 rpm) on top of the parylene C layer and baked
for 5min at 110°C and 5min at 200°C. Crenelated actuation
electrodes with dimensions of 2.8mm× 2.8mm were selec-
tively actuated to manipulate individual droplets of 2.7μL,
using customized software.

For fabrication of the grounding plate (Supplemental
Information S3A Figure) of the DMF device, cleaned glass
wafers (1mm) were coated with an aluminium layer (40 nm)
using thermal evaporation, leaving two 2.5× 2.5mm visu-
alization windows. Fluoroalkylsilane Dynasylan F 8263

was coated on the aluminium to improve adhesion of the
subsequent spin-coated Teflon-AF layer (3μm). Microwells
were patterned in the Teflon-AF layer following a hard con-
tact masking procedure, developed by depositing parylene C
(1μm) and aluminium (60–80 nm) layers. A thin layer of
AZ1505 photoresist was spin-coated on the aluminium layer,
and the aluminium was patterned and etched using standard
photolithography processes. The pattern was then trans-
ferred from the aluminum to the Teflon-AF using O2 plasma
(150 mtorr, 100W) for 10min. Finally, using a dry lift-off
method, the aluminium-parylene C mask was peeled off
using a pair of forceps, revealing two microwell arrays
(1.9mm× 1.9mm) on a single grounding plate, consisting
of 22,000 microwells each, arranged in a hexagonal pattern
with a pitch distance of 14μm [36]. The dimensions of the
microwells were measured to be approximately 5.5μm in
width and 3μm in depth.

2.7. Cytotoxicity Assays on DMF Platform. A schematic over-
view of the cytotoxicity assays on the DMF platform is given
in Supplemental Information S3B Figure. Exponentially
growing cells were supplemented with PI or DHE to a final
concentration of 3μM and 17μM, respectively, and subse-
quently treated either with DMSO or water (controls), a
range of AmB dosages (5μM and 10μM, dissolved in
DMSO), 200mM L-NAME (dissolved in water), or a combi-
nation of the above, with a final DMSO concentration of 1%
(v/v %). After 5min, two droplets, one containing the mixed
cell suspension and one containing the corresponding com-
position without cells, were placed on two separate electrodes
of the actuation plate. The actuation and grounding plate
were assembled, thereby aligning the microwell array with
the cell droplet and sandwiching it between the plates. To
prevent sticking and evaporation of the droplets, 80μL of
silicon oil was added between the plates by pipetting. The
assembled plates were placed in the DMF chip holder, and
the device was flipped upside down and incubated for
10min to allow sedimentation of the cells. This step was
followed by automated shuttling of the cell droplet over the
microwell array for 15 times, that is, 15 seeding cycles, using
software-assisted electrowetting-on-dielectric (EWOD) actu-
ation. After seeding, the cell droplet was actuated away from
the array and a droplet without cells was transferred to the
array. The cell responses, that is, membrane permeabilization
detected by PI or superoxide radical accumulation detected
by DHE, were monitored at room temperature for 3 h in
15min intervals using an inverted fluorescence microscope
(IX-71, Olympus, Tokyo, Japan) equipped with a CCD
camera. The whole array was scanned in 9 overlapping
frames in approximately 15 seconds, in which a single frame
covered approximately 4100 wells, using a 20x lens magni-
fication. Both fluorescence and bright field images were
collected using the same excitation/emission wavelengths
as described above.

2.8. Calculation of Fluorescence Intensity per Cell. The DMF
array was imaged for 3 h in 15min intervals (i.e., 12 time
points), and images were processed in ImageJ (v1.47, NIH,
MD) for background correction using rolling ball algorithm
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with a radius of 50 pixels. Salt-and-pepper noise was
removed using the despeckle option in ImageJ. Next, the
images were loaded in MATLAB (The Mathworks, Natick,
MA), and a custom MATLAB code was executed. The single
image captured at 180min was processed by MATLAB to
identify the single fluorescent cells in contrast with the
background. The MATLAB code detected the area of a single
cell, and a unique numerical digit was allotted to each cell.
Within the detected area of a single cell, the maximum pixel
value was registered together with its respective coordinate
in a vector array. Next, the MATLAB code was executed
on all the images captured between 15min and 165min.
The fluorescence intensity of each individual cell in differ-
ent time frames was monitored by detecting the pixel
values for the registered coordinates. The final output
was tabular data with pixel intensities of single cells identified
with unique numerical digits, as detected in 12 consecutive
time points.

2.9. Data Analysis. Flow cytometric data were normalized to
the control data, and DMF data were normalized to the first
data point, that is, 15min. For plating assays, the number of
CFUs per mL was displayed in Log scale. Data were analysed
with GraphPad Prism 6 SPPS (GraphPad Software, Inc., CA,
USA). Two-way ANOVA followed by Dunnett multiple
comparison test was performed to analyse statistically signif-
icant differences in the number of PI-, DHE-, and DAF-FM
DA-positive cells and cells able to proliferate between control
and different AmB treatments in S. cerevisiae, C. albicans,
and C. glabrata. Pearson’s product-moment correlation was
performed to analyse the relation between the results
obtained in the bulk and the DMF experiments. Survival
analyses (Kaplan-Meier) using the Log-rank test were per-
formed on DMF data to compare survival curves and analyse
whether treatment significantly affects survival. Two-way
ANOVA and subsequent Tukey or Dunnett multiple com-
parison tests were performed to analyse differences between
bulk results for treatment with AmB in the presence or
absence of L-NAME for each AmB concentration or to
analyse differences in bulk results between the first data
point and other data points within the same treatment,
respectively. Two-way ANOVA followed by Tukey multiple
comparison test was performed to analyse statistically signif-
icant differences between different treatments in the cell cycle
analyses. Two-way ANOVA followed by Tukey multiple
comparison test was performed to analyse statistical differ-
ences between the OD measurements for treatment with dif-
ferent concentrations of AmB in the absence or presence
of 200mM L-NAME or 2mM S-nitrosoglutathione. In all
cases, P < 0 05 was considered statistically significant. When
multiple comparisons were performed, multiplicity-adjusted
P values for each comparison are presented, taking into
account the total number of groups in the ANOVA and the
data in all groups.

3. Results

3.1. Amphotericin B Induced Nitric Oxide and Superoxide
Radical Accumulation in Saccharomyces cerevisiae. First, we

assessed whether AmB induces accumulation of superoxide
and nitric oxide radicals in S. cerevisiae. To this end, yeast
cultures were treated with AmB for 3 h at room temperature
to be compliant with the DMF setup and subjected to flow
cytometry to analyse the number of cells with increased
superoxide and nitric oxide radical levels using DHE and
DAF-FM DA dyes, respectively. The fluorescent probe
DHE is typically used for detecting O2

−• due to its relative
specificity for this ROS, with minimal oxidation induced by
H2O2 or hypochlorous acid [37, 38]. Furthermore, in contrast
to other intracellular dyes, there is little capacity for the for-
mation of superoxide by DHE due to redox cycling [38].
However, nonspecific oxidation of DHE from other nonsu-
peroxide sources, such as cytochrome c [38], was not elimi-
nated in this study. The number of cells with compromised
plasma membranes was analysed using PI. As PI only enters
cells with compromised plasma membrane, it was used as a
marker to identify nonapoptotic cell death [39]. To quantify
the fungicidal activity of AmB, the treated cultures were sub-
jected to plating assays, thereby assessing the number of cells
that was able to proliferate after AmB treatment.

The number of cells that accumulated superoxide
(Figure 1(a)) and nitric oxide radicals (Figure 1(b)), as well
as the number of cells with permeabilized membranes
(Figure 1(c)), was significantly increased by AmB treatment
in a dose-dependent manner (P < 0 05), while the prolifer-
ative capacity of the cells was decreased, yet, not statisti-
cally significant (Figure 1(d)). This dose dependency was
different for the tested responses: a maximum number of
cells producing nitric oxide radicals in AmB-treated yeast
cultures were found at AmB concentrations as low as
2.5μM (P < 0 0001) (Figure 1(b)), whereas the highest num-
ber of cells with increased superoxide radical accumulation
and compromised membranes was observed at 10μM AmB
(P < 0 0001) (Figures 1(a) and 1(c), resp.). Hence, it seemed
that the production of nitric oxide radicals could be induced
at AmB doses that did not trigger the accumulation of super-
oxide radicals or membrane permeabilization, while this
resulted in a reduced proliferative capacity of cells.

3.2. Inhibition of Nitric Oxide Radical Production Resulted in
Increased Superoxide Radical Accumulation and Loss of
Proliferative Capacity by Amphotericin B. As it was previ-
ously shown that superoxide radicals react with nitric oxide
radicals, resulting in strongly oxidizing RNS causing damage
to proteins and nucleic acids [40–42], we investigated
whether the AmB-induced superoxide radical levels could
be increased by blocking the production of nitric oxide radi-
cals. To this end, L-NAME was used. L-NAME inhibits nitric
oxide synthases in mammalian cells and thus prevents the
generation of nitric oxide radicals [43]. Although in yeast,
only nitric oxide synthase-like enzymes are identified to date,
L-NAME was shown to reduce the levels of nitric oxide rad-
icals in yeast [44–46]. Reduction of the levels of nitric oxide
radicals by L-NAME in S. cerevisiaewas microscopically con-
firmed (data not shown).

In the presence of L-NAME, the number of cells with
AmB-induced accumulation of superoxide radicals signifi-
cantly increased as compared to that after AmB treatment
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alone, in the case of 2.5μM or 10μM AmB (Figure 2(a);
P = 0 05 and P < 0 0001, resp.). Moreover, treatment of
yeast with 1.25μM or 2.5μM AmB supplemented with L-
NAME significantly reduced the number of cells that were
able to proliferate, as compared to treatment with AmB alone
(Figure 2(c); P = 0 01 and P < 0 0001, resp.). In contrast, only
10μM AmB with L-NAME increased the number of cells
with a compromised membrane in a significant manner
(P = 0 02), as compared to that after treatment with AmB
alone (Figure 2(b)), suggesting that the combination of low
concentrations of AmB with 200mM L-NAME did not affect
membrane permeabilization by AmB. In addition, inhibition
of nitric oxide radical production resulted in an increased
number of cells that accumulated superoxide radicals and
was characterized by membrane permeabilization and inabil-
ity to proliferate. These findings point towards a potential
role of nitric oxide radical production in mediating tolerance

towards AmB in yeast. Moreover, we have performed cyto-
toxicity assays with peroxide in the presence and absence of
200mM L-NAME and found that L-NAME can only
increase the killing activity of AmB but not that of peroxide,
implying an AmB-specific effect of L-NAME (Supplemental
Information S4 Figure).

3.3. Inhibition of Nitric Oxide Radical Production Resulted in
Faster and Increased Superoxide Radical Accumulation and
Faster Membrane Permeabilization by Amphotericin B. To
gain more insights into the action of L-NAME on the
kinetics of AmB-induced superoxide radical accumulation,
time lapse experiments were performed on a DMF platform
(for a schematic representation of the experimental setup,
see Supplemental Information S3 Figure), as described in
our previous study [30]. To this end, yeast was treated with
either 0μM (control), 5μM, or 10μM AmB in the presence
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Figure 1: AmB induced accumulation of superoxide and nitric oxide radicals and membrane permeabilization in S. cerevisiae. Yeast cultures
were treated with different concentrations of AmB for 3 h and subjected to flow cytometry or plating assays. (a) Levels of superoxide radical
detected by dihydroethidium (DHE) fluorescence and flow cytometry. (b) Levels of nitric oxide radical detected by 4-amino-5-methylamino-
2′,7′-difluorofluorescein diacetate (DAF-FM DA) fluorescence and flow cytometry. (c) Membrane permeabilization events detected by
propidium iodide (PI) fluorescence and flow cytometry. (d) Number of CFU/mL in Log-scale, assessed by plating assays and CFU
counting. Means and standard errors of the means (SEM) of at least 3 independent biological experiments (n ≥ 3) are presented. Two-way
ANOVA followed by Dunnett multiple comparison test was performed to analyse statistically significant differences in the number of PI-,
DHE-, and DAF-FM DA-positive cells and cells able to proliferate between control treatment and treatment with different concentrations
of AmB. ∗∗∗ and ∗∗∗∗ represent P < 0 001 and P < 0 0001, respectively.
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or absence of 200mM L-NAME, as these concentrations
were shown to have the most profound effect on membrane
permeabilization and accumulation of superoxide radicals
in the bulk experiments. During treatment, each cell was
monitored over time at room temperature for 3 h in 15min
intervals for DHE or PI fluorescence. Validation of the
DMF platform to monitor DHE and PI fluorescence at single
cell level was performed prior to the assays described above
(Supplemental Information S1 Figure).

We found an increased number of DHE- (Figure 3(a))
and PI- (Figure 3(b)) positive cells when yeast was treated
with AmB supplemented with 200mM L-NAME as
compared to treatment with AmB alone, starting from
30min to 45min incubation, respectively. This observa-
tion was in line with the bulk results after 3 h of incu-
bation at room temperature that were obtained by flow
cytometry (Figure 2).

Survival analyses were performed to test the hypothesis
that different treatments (i.e., AmB in the presence or
absence of L-NAME) affect survival in a significantly differ-
ent manner, in which survival is defined as the occurrence
of a specific event [47]. Here, we analysed whether the occur-
rence of superoxide radical accumulation and membrane
permeabilization upon treatment with AmB in the presence
and absence of L-NAME was significantly different. The sur-
vival curves for treatment with 10μM AmB in the presence
or absence of 200mM L-NAME were significantly different
in both DHE and PI experiments (P < 0 0001) (Figures 3(a)
and 3(b)), indicating that L-NAME significantly affected
the number of superoxide radical accumulating cells and
the number of membrane permeabilization events induced
by AmB over time. When cells were treated with 10μM
AmB in combination with 200mM L-NAME, a median sur-
vival of 45min was observed in the DHE experiments, that is,
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Figure 2: AmB-induced superoxide radical accumulation, membrane permeabilization, and loss of proliferative capacity can be increased by
blocking nitric oxide radical production using L-NAME. Exponential yeast cultures were treated with different concentrations of AmB
in the presence or absence of 200mM L-NAME for 3 h. (a) Levels of superoxide radical detected by dihydroethidium (DHE)
fluorescence and flow cytometry. (b) Membrane permeabilization events detected by propidium iodide (PI) fluorescence and flow
cytometry. (c) Number of CFU/mL in Log-scale, assessed by plating assays and CFU counting. Means and standard errors of the means
(SEMs) of at least 3 independent biological experiments (n ≥ 3) are presented. Black bars represent treatment with AmB alone; white bars
represent treatment with AmB supplemented with 200mM L-NAME. Two-way ANOVA followed by Tukey multiple comparison test was
performed to analyse significant differences between the two treatments. ∗ and ∗∗∗∗ represent P < 0 05 and P < 0 0001, respectively.
Multiplicity-adjusted P values are presented in the text.
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Figure 3: L-NAME increased and accelerated AmB-induced superoxide radical accumulation, membrane permeabilization, and intracellular
superoxide radical levels. (a-b) Accumulation of superoxide radicals (a) and membrane permeabilization (b) in S. cerevisiae cells treated either
with 0μM (black), 5 μM (orange), or 10μM (blue) AmB in the presence (dashed lines) or absence (solid lines) of 200mML-NAME during 3 h
in 15min intervals. Log-rank tests were performed to analyse significant differences between AmB treatment and treatment of AmB in
combination with 200mM L-NAME for each AmB dose. Data of at least 3 independent biological experiments is presented (n ≥ 3). ∗ and
∗∗∗∗ represent P < 0 05 and P < 0 0001, respectively. (c-d) Intracellular DHE fluorescence in S. cerevisiae cells treated with 10μM AmB
in the absence (c) or presence (d) of 200mM L-NAME. Single cells were monitored for their DHE fluorescence during treatment
for 3 h in 15min intervals using fluorescence microscopy and the DMF platform. The fluorescence intensity of each cell is presented as
arbitrary units (AU), and each dot represents a single cell. Means and standard errors of the means (SEMs) of at least 3 independent
biological experiments (n ≥ 3), with at least 780 cells each, are presented. Two-way ANOVA followed by Tukey multiple comparison test
was performed to analyse significant differences in DHE fluorescence intensity. ∗ , ∗∗∗ , and ∗∗∗∗ represent P < 0 05, P < 0 001, and
P < 0 0001, respectively. (e) DHE fluorescence intensity of individual cells over time. A selection of 35 cells was randomly chosen and is
representative for more than 3000 cells that were analysed in this study. Each plot represents the DHE fluorescence intensity, measured
every 15min, of one representative cell over the whole duration of the experiment, that is, 180min.

7Oxidative Medicine and Cellular Longevity



50% of the cells was DHE positive after 45min of treatment.
In contrast, when AmB was applied alone, 50% of DHE-
positive cells in the treated yeast culture was not reached after
180min (median survival> 180min), which implied that
AmB-induced superoxide radical accumulation occurred fas-
ter in cells treated in the presence of L-NAME. Additionally,
a hazard ratio (Log-rank) of 4.21 was found when comparing
the survival curve of cells treated with 10μM AmB supple-
mented with 200mM L-NAME to that of cells treated with
10μM AmB, indicating that the rate by which superoxide
radicals were formed is 4.21 times faster in the combination
treatment, compared to treatment with AmB alone. The
same was true for membrane permeabilization events
induced by AmB supplemented with L-NAME; upon treat-
ment with the latter, a median survival of 180min was
observed, as compared to >180min for treatment with
AmB alone, and when comparing both survival curves, a haz-
ard ratio of 1.56 was found. This suggested also that mem-
brane permeabilization occurred faster when cells were
subjected to AmB in the presence of L-NAME, as compared
to treatment with AmB alone.

We further confirmed that the fast increase in superoxide
radical levels during AmB-L-NAME combination treatment
was linked to a block in the production of nitric oxide
radicals. As we were unable to monitor nitric oxide radicals
over time using the DMF platform due to an incompatibility
of the DAF-FM DA dye and the DMF setup, we opted to
further investigate the kinetics of nitric oxide radical produc-
tion by flow cytometry. Indeed, upon AmB treatment, yeast
cells started to produce nitric oxide radicals from 30min
onwards (P < 0 0001), and a similar trend was observed to
that of superoxide radical accumulation during treatment
with AmB supplemented with L-NAME (Supplemental
Information S2 Figure).

To further elucidate the variation of superoxide radical
levels when cells were subjected to AmB treatment in the
presence of L-NAME, we analysed the fluorescence intensity
of individual cells. To this end, single cells were monitored
over time in 15min intervals, and hence the fluorescence
intensity of each cell, represented by one dot, was reanalysed
every 15min. We found that the DHE fluorescence intensity
of cells during AmB treatment gradually increased over
time, and the highest fluorescence intensity was measured
at 180min, the end point of this study (Figure 3(c)). Com-
pared to the DHE fluorescence at 15min, the DHE fluores-
cence intensity was significantly different from 135min
onwards. In contrast, the DHE fluorescence intensity of cells
treated with 10μM AmB supplemented with 200mM L-
NAME showed two subpopulations, suggesting that superox-
ide radical accumulation took place in a biphasic manner; the
first and highest superoxide radical accumulation peak was
observed at approximately 75min, followed by a rather slow
decrease and a second peak at approximately 150min
(Figure 3(d)). Here, the DHE fluorescence intensity was
statistically significant from 60min onwards (compared to
DHE fluorescence at 15min). The kinetics of DHE fluores-
cence of 35 individual cells, representative for more than
3000 analysed cells, showed different subsets of cells in ROS
readouts over time. Some subsets showed an increase in

DHE fluorescence, followed by a decrease in fluorescence at
certain time points, while other subsets showed a gradual
increase in fluorescence over time (Figure 3(e)). Hence, it
seemed that not only the number of cells accumulating
superoxide radicals increased when subjected to AmB treat-
ment in the presence of L-NAME, but also the intracellular
levels of superoxide radicals were altered in a time-
dependent manner, as compared to treatment of cells with
AmB alone.

Moreover, to further support the data of the single cell
analysis via the DMF platform, we performed additional
time lapse experiments in bulk via FACS and analysed the
subpopulations of DHE- and PI-positive cells of cultures
treated with 10μM AmB in the presence and absence of
200mM L-NAME for 30, 60, 90, and 180min. We found
an increased number of DHE- and PI-positive cells when
yeast was treated with 10μM AmB supplemented with
200mM L-NAME as compared to treatment with AmB
alone, starting from 30min to 90min incubation, respec-
tively (Supplemental Information S5 Figure). These bulk
data showed faster and increased ROS accumulation and fas-
ter membrane permeabilization by AmB when coincubated
with L-NAME and corroborated the data of the single cell
analysis via the DMF platform. Note that the number of
PI-positive cells induced by AmB in the presence of L-
NAME is higher when assessed in bulk as compared to the
DMF setup.

3.4. Inhibition of Nitric Oxide Radical Accumulation Resulted
in Faster Arrest of Proliferative Capacity of Saccharomyces
cerevisiae Cells by Amphotericin B. The results described
above indicate that AmB-induced superoxide radical accu-
mulation and membrane permeabilization were significantly
altered upon the addition of L-NAME. This tempted us to
further investigate whether the proliferative capacity of cells
was affected in a time-dependent manner, when comparing
both treatments. To this end, plating of S. cerevisiae cultures
subjected to both treatments was carried out every 15min,
and the number of cells that were able to proliferate (and
form CFU) was determined.

At all time points, the proliferative capacity of cells
treated with 10μM AmB and 200mM L-NAME was signifi-
cantly reduced as compared to cells treated with 10μMAmB
alone (P < 0 0001) (Figure 4(c)). In addition, it seemed that
the proliferative capacity of cells subjected to AmB-L-
NAME treatment was reduced very fast, that is, within
15min (P < 0 0001), whereas the proliferative capacity of
cells upon treatment with AmB alone decreased in a signifi-
cant manner from 45min onwards (P = 0 003). This sug-
gested that the fast decrease in proliferative capacity of cells
within 15min upon incubation with AmB and L-NAME
was independent of superoxide radical accumulation and
membrane permeabilization. Similar observations were
made in the survival analyses for superoxide radical accumu-
lation and membrane compromising events (Figures 3(a)
and 3(b)) and were supported by a second statistical analysis
(Two-way ANOVA followed by Dunnett multiple compari-
son test). Specifically, a significant difference in the number
of cells accumulating superoxide radicals (Figure 4(a)) and
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showing membrane permeabilization (Figure 4(b)) was
found at earlier time points (i.e., 45min versus 105min for
superoxide radical accumulation and 60min versus 105min
for membrane permeabilization) when cells were treated
with AmB in the presence of L-NAME, as compared to cells
treated with AmB alone.

However, although approximately 99.5% of the treated
population was not able to proliferate from 15min onwards
(Figure 4(c)) when subjected to AmB-L-NAME treatment,
they were still able to accumulate superoxide radicals at
that point, which resulted in a superoxide radical boost
starting at 30min (Figure 4(a)). Hence, it seemed that
these cells were still metabolically active and possibly used
increased intracellular superoxide radical levels to enter a
programmed cell death pathway. In contrast, loss of prolifer-
ative capacity of cells treated with AmB alone (Figure 4(c))
might be explained by the gradual increase in the number

of membrane permeabilization events; a similar trend in both
curves was observed (Figure 4(b)).

To further confirm the crucial role of nitric oxide in
modulating AmB’s fungicidal activity, we performed
checkerboard assays with AmB and the nitric oxide
donor, S-nitrosoglutathione. We found that 2mM S-
nitrosoglutathione reduced the activity of AmB (Figure 5).
Hence, nitric oxide plays an important role in modulating
AmB’s activity.

3.5. Amphotericin B Induced Cell Cycle Arrest in
Saccharomyces cerevisiae Independently of L-NAME.We fur-
ther analysed whether the increased loss of proliferative
capacity upon combined AmB and L-NAME treatment
within 15min of treatment can be attributed to cell cycle
arrest. To this end, we analysed the fraction of cells in the
G0/G1, S, and G2/M cell cycle phases at the beginning and
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Figure 4: L-NAME decreased the proliferative capacity of cells during AmB treatment, which seems independent of superoxide radical
accumulation. Exponential yeast cells were treated with 10 μM AmB in the presence (white bars) or absence (black bars) of 200mM L-
NAME for 3 h. Cells were analysed for their DHE and PI fluorescence in the DMF setup (a and b) or subjected to bulk plating assays (c)
every 15min. Means and standard error of the means (SEMs) of at least 3 independent biological experiments (n ≥ 3) are presented. Two-
way ANOVA followed by Tukey multiple comparison test was performed to analyse significant differences between the two treatments;
Two-way ANOVA followed by Dunnett multiple comparison test was performed to analyse significant differences between the first data
point (i.e., 0min (in (c)) or 15min (in (a) and (b))) and other data points within the same treatment (only the primary significant
difference is presented to avoid overcrowding of the figure); ∗ , ∗∗ , and ∗∗∗∗ represent P < 0 05, P < 0 01, and P < 0 0001, respectively.
A dotted line is shown at 15min to point out the clear differences between the responses at this time point.
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after 7.5 and 15min of incubation with either AmB alone or
AmB supplemented with L-NAME.

AmB induced cell cycle arrest in the G2/M phase in
yeast at 15min of treatment, as compared to control cells
(P < 0 0001) (Figure 6). Interestingly, treatment with L-
NAME alone resulted in a decrease in the amount of cells
in the S phase at 7.5 and 15min (P = 0 03 and P = 0 0009,
resp.) and an increase in the amount of cells in the G2/M
phase at 15min (P = 0 03), compared to control-treated
cells. Yet, L-NAME alone did not increase the other cell
cycle phase distributions in a significant manner at both
time points, compared to control-treated cells (P > 0 05 at
7.5min and 15min of treatment). Treatment with AmB-L-
NAME did not significantly alter cell cycle phase distribu-
tions as compared to those in treatment with AmB alone,
suggesting that the observed increased loss of proliferative
capacity of yeast cells treated with the AmB-L-NAME combi-
nation, compared to AmB treatment alone, was not due to
increased cell cycle arrest.

3.6. Candida albicans and Candida glabrata Were More
Susceptible to Amphotericin B Treatment in the Presence of
Nitric Oxide Radical Production Inhibitors. To validate the
results obtained in yeast and in support of the clinical rel-
evance of AmB treatment in the presence of L-NAME, we
investigated the effects of this treatment on the human
pathogen Candida albicans. We confirmed that AmB
induced superoxide and nitric oxide radical accumulation
(P < 0 0001 at 10μM AmB), associated with loss of prolifer-
ative capacity, in C. albicans, in a similar dose-dependent
way as was observed for S. cerevisiae (Figure 7). These results
indicated that the range of AmB concentrations used for S.
cerevisiae was applicable for C. albicans as well. Further-
more, we assessed whether treatment at 37°C with AmB
in the presence of L-NAME also significantly affected the
number of cells that are able to proliferate as compared

to treatment with AmB alone. At 37°C, we found that
5μM AmB resulted in killing of the C. albicans culture
by 2 Log units (99.00%) and 10μM AmB by 4 Log units
(99.99%). These values are in line with the reported minimal
fungicidal concentration (MFC) of AmB (8.66μM) in a sim-
ilar experimental setup [48]. Coincubation of 200mM L-
NAME and 5μM AmB significantly reduced the number of
CFUs as compared to treatment with AmB alone (P < 0 05)
(Figure 8(a)), indicating that L-NAME also enhanced
AmB’s fungicidal activity against C. albicans. Also, in case
of C. glabrata, we found that 10μM AmB resulted in killing
of C. glabrata by 4 Log units (99.99%). These values are in
line with the reported MFC of AmB against C. glabrata
(17μM) [49]. Also here, 200mM L-NAME significantly
increased AmB’s fungicidal activity against C. glabrata
(Figure 8(b)). All these data point to the clinical potential of
combining AmB with L-NAME.

4. Discussion

The aim of this study was to investigate and understand
how AmB-induced oxidative and nitrosative stresses (char-
acterized by excess of superoxide radicals and nitric oxide
radicals, resp.) are linked to fungal cell death. To inhibit
the generation of nitric oxide radicals and nitrosative stress
in cells, we used the nitric oxide synthase inhibitor L-
NAME. From the bulk studies, we found that superoxide rad-
ical accumulation increased when nitric oxide production
was inhibited, thereby increasing AmB’s antifungal activity.
We then further assessed the kinetics of superoxide radical
accumulation, membrane permeabilization, and loss of pro-
liferative capacity using a DMF platform in which individual
S. cerevisiae cells were captured and monitored for their
responses over time during treatment. As seeding of C. albi-
cans was problematic due to the presence of hyphae, we first
tested our hypotheses on S. cerevisiae and translated the most
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standard errors of the means (SEMs) of at least two independent biological experiments (n ≥ 2) are presented. The number of CFU/mL for
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of the experiment. Two-way ANOVA followed by Tukey multiple comparison test was performed to analyse significant differences
between the two treatments; ∗ and ∗∗∗∗ represent P < 0 05 and P < 0 0001, respectively.
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prominent findings to C. albicans and C. glabrata afterwards
using bulk assays. We showed that L-NAME increased and
accelerated the effect of AmB on the accumulation of super-
oxide radicals, membrane permeabilization, and loss of pro-
liferative capacity in S. cerevisiae. Moreover, we showed
that the data obtained via time lapse experiments in bulk cor-
roborates the data of the single-cell analysis via the DMF
platform (Supplemental Information S5 Figure). We revealed
that superoxide radicals are important mediators for AmB-
induced fungal cell death. However, L-NAME could only
increase the killing potential of AmB, but not that of

peroxide. This implies an AmB-specific effect of L-NAME
and might point to L-NAME’s effects via an ergosterol-
dependent pathway. Indeed, ROS generation by AmB has
been described as a consequence of AmB’s spontaneous
insertion into ergosterol-containing membranes [50, 51]. In
contrast, nitric oxide radicals seemed to play a role in medi-
ating tolerance towards AmB, pointing to a beneficial role
of nitric oxide radicals in the yeast response towards AmB.
We found that cellular responses are classified into two
groups based on the time point that they occur, that is, within
15min and from 30 to 45min onwards (Figure 9).
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Figure 6: Amphotericin B induced cell cycle arrest in the G2/M phase in yeast. Exponential yeast cultures were treated with either control (1%
DMSO; 10%mQ), 200mM L-NAME (dissolved in mQ), 10 μMAmB (dissolved in DMSO), or a combination of the above for 7.5min (a) and
15min (b). After treatment, cells were washed with PBS, fixed in 70% EtOH, stained with PI, and subjected to flow cytometry for cell cycle
analysis. White bars represent cells in the G0/G1 phase, black bars represent cells in the S phase, and pixelated bars represent cells in the G2/M
phase. Means and standard error of the means (SEMs) of 3 independent biological experiments (n = 3) are presented. Two-way ANOVA
followed by Tukey multiple comparison test was performed to analyse differences between the cell cycle distributions of control treatment
and AmB, L-NAME, or AmB+L-NAME treatment and between cell cycle distributions of AmB treatment and AmB+L-NAME
treatment. ∗ , ∗∗ , ∗∗∗ , and ∗∗∗∗ represent P < 0 05, P < 0 01, P < 0 001, and P < 0 0001, respectively. Multiplicity-adjusted P values
are presented in the main text.
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Upon treatment of S. cerevisiae with AmB in the presence
of L-NAME, not only an increased level of superoxide radi-
cals was found as compared to treatment with AmB alone,
but also an accelerating effect on these levels was observed
(Figures 3(a) and 3(b)). Our DMF approach, allowing a
detailed kinetic study at a single-cell level, showed that super-
oxide radicals accumulated in a biphasic manner during
AmB treatment in the presence of L-NAME, resulting in
two superoxide radical accumulation peaks at 75min and
150min, respectively. This was not observed for cells
treated with AmB in the absence of L-NAME, where a super-
oxide radical accumulation peak seemed to manifest at
180min, the endpoint of this study (Figures 3(c) and 3(d)).
Interestingly, all cell responses, being superoxide radical
accumulation, membrane permeabilization, and loss of pro-
liferative capacity, presented themselves significantly faster,
as compared to these responses during treatment with AmB

alone. Therefore, it might well be that L-NAME solely accel-
erated AmB action with respect to superoxide radical accu-
mulation and membrane permeabilization, and hence,
similar outcomes might be expected for treatment with
AmB alone over a longer period of time (i.e., >180min).
Whether, this is the case that requires further investigation.
This hypothesis is supported by the fact that L-NAME acts
fungistatic (MIC against S. cerevisiae of 250mM), however
not fungicidal when administered alone (Supplemental
Information S6 Figure), and does not affect the level of super-
oxide radicals, membrane permeabilization, and proliferative
capacity of control cells (Figure 2), suggesting that the
observed effect on cell responses is not caused by a similar
and dual action of L-NAME and AmB, as is often the case
for synergistic interactions.

Secondly, and most notably, L-NAME had a strong
enhancing effect on AmB-induced loss of proliferative
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Figure 7: AmB induced accumulation of superoxide and nitric oxide radicals in C. albicans and decreased the number of cells that are able to
proliferate. Exponential C. albicans cultures were treated with different concentrations of AmB for 3 h at room temperature and subjected to
flow cytometry or plating assays. (a) Levels of superoxide radical detected by dihydroethidium (DHE) fluorescence and flow cytometry. (b)
Levels of nitric oxide radical detected by 4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM DA) fluorescence and flow
cytometry. (c) Number of CFU/mL in Log-scale, assessed by plating assays and CFU counting. Means and standard errors of the means
(SEMs) of at least 3 independent biological experiments (n ≥ 3) are presented. Two-way ANOVA followed by Dunnett multiple
comparison test was performed to analyse statistically significant differences in the number of DHE- and DAF-FM DA-positive cells and
cells able to proliferate between control treatment and treatment with different concentrations of AmB. ∗ and ∗∗∗∗ represent P < 0 05
and P < 0 0001, respectively.
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capacity in yeast: within 15min, approximately 99.5% of the
cells lost their proliferative capacity when subjected to AmB
treatment in the presence of L-NAME. In contrast, treatment
with AmB alone did not reach a similar negative impact on
proliferative capacity of cells within 180min (Figure 4(c)).
This suggest also that here nitric oxide radicals play an
important, beneficial, role in the response towards AmB.
Yet, we showed that nitric oxide radicals only accumulated
from 30min onwards (Supplemental Information S2 Figure).
Hence, L-NAME seemed to have an additional effect apart

from inhibiting nitric oxide radical production, resulting in
enhancement of AmB fungicidal activity, and this effect
occurred within 15min of treatment (event Y in Figure 9).
Interestingly, cells receiving treatment with AmB and L-
NAME were able to accumulate superoxide radicals only
after 30min, suggesting that these accumulated positive cells
were still metabolically active and that AmB-L-NAME-
treated cells might use increased levels of superoxide radicals,
and thus oxidative stress, to enter a programmed cell death
pathway. In addition, as the rapid loss of proliferative
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Figure 8: L-NAME significantly decreased the number of AmB-treated cells that are able to proliferate in C. albicans (a) and C. glabrata (b).
Exponential C. albicans and C. glabrata cultures were treated with different dosages of AmB in the presence (white bars) or absence (black
bars) of 200mM L-NAME for 180min at 37°C and subjected to plating assays. Means and standard errors of the means (SEMs) of 3
independent biological experiments (n = 3) are presented. Two-way ANOVA followed by Tukey multiple comparison test was performed
to analyse significant differences between the two treatments; ∗ , ∗∗ , and ∗∗∗ represent P < 0 05, P < 0 01, and P < 0 001, respectively.
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capacity of cells upon combined treatment with AmB and
L-NAME could not be explained by superoxide radical
accumulation and membrane permeabilization, it seems
that mechanisms other than these underlie the negative
effect on the proliferative capacity of cells during the first
15min of AmB treatment in the presence of L-NAME
(i.e., event X in Figure 9). A plausible explanation for the loss
of proliferative capacity, independent of oxidative stress and
nonapoptotic cell death, is cell cycle arrest. We showed that
AmB induced cell cycle arrest in the G2/M phase in yeast
within 15min of treatment. These data are in line with
other reports on the effect of AmB on the cell cycle in
mammalian cell lines [52, 53]. However, this effect was
found to be independent of L-NAME, indicating that cell
cycle arrest could not account for the observed increased
loss of proliferative capacity when cells were treated with
the AmB-L-NAME combination.

Overall, it seems that nitric oxide radicals play a benefi-
cial role in AmB antifungal activity, as further demonstrated
by the S-nitrosoglutathione-induced inhibition of AmB’s
killing activity (Figure 5). Nitric oxide radicals were previ-
ously shown to protect bacteria against a wide spectrum of
antibiotics by alleviating the oxidative stress imposed by
them [54]. In addition, nitric oxide radicals were reported
to affect fungal cell death, both in beneficial and destructive
manners. Specifically, increased intracellular nitric oxide rad-
ical levels are suggested to play a cytoprotective role in yeast
during stress from heat-shock and hydrostatic pressure [55].
In contrast, PAF26-induced production of nitric oxide radi-
cals was correlated to its antifungal activity, and administer-
ing L-NAME partially restored yeast growth in the presence
of PAF26, indicating that nitric oxide radicals play an impor-
tant role in PAF26-induced cell death [44]. In line, Almeida
and colleagues showed that nitric oxide is a crucial mediator
of H2O2-induced apoptosis in yeast and that blockage of
nitric oxide radical production by L-NAME decreased the
intracellular levels of ROS, thereby increasing survival [46].
Interestingly, in our study, L-NAME increased the accumula-
tion of superoxide radicals during AmB treatment, while
decreasing the proliferative capacity of cells in the presence
of AmB, and thus decreasing survival. It seems that a nitric
oxide radical-dependent tolerance system is switched on
upon AmB treatment in yeast, perhaps similar to the system
recently described by Nasuno and colleagues [56]. In that
study, a downstream pathway of nitric oxide radicals
involved in high-temperature stress tolerance in yeast was
unravelled. They showed that nitric oxide radicals activated
the transcription factor Mac1 that on its turn induced the
CTR1 gene and resulted in increased cellular copper levels,
which then resulted in activation of Sod1, a superoxide
dismutase [56]. Alternatively, it could also be that nitric oxide
activates, potentially via S-nitrosylation, AmB tolerance
pathways such as the yeast HOG pathway [57, 58]. How
exactly tolerance to AmB via nitric oxide production is
mediated requires further investigation.

We further translated the most prominent findings to the
human pathogens, Candida albicans and Candida glabrata,
and found that treatment of C. albicans or C. glabrata with
AmB in the presence of L-NAME significantly increases the

loss of proliferative capacity, as compared to treatment with
AmB alone, suggesting that treatment of AmB in the pres-
ence of L-NAME might have a clinical relevance. L-NAME
has been extensively studied in in vitro, ex vivo, and in vivo
systems (reviewed in [59]). It was shown to inhibit corneal
angiogenesis under chemical growth factor stimulation in
rabbits [60] and improve leucocyte adherence and emigra-
tion to venular endothelium, characteristic of acute inflam-
mation, in cat jejuni [61]. In addition, L-NAME was found
to modulate hemodynamics in dogs [62], ewes [63], and
guinea pigs [64] and was shown to reverse sepsis-associated
hypotension in various animal models [65]. In humans, L-
NAME was tested to treat hypotension, asthma, and sepsis.
In view of the latter, L-NAME increased the systemic vascu-
lar resistance and blood pressure in septic patients [66, 67].
In treatment of asthma, no adverse effects were found in
healthy volunteers and patients with asthma, and results on
exhaled nitric oxide levels indicated that L-NAME might be
used for treatment of asthma [68]. Finally, L-NAME
increased the mean arterial pressure and cerebral blood flow,
treating hypotension in patients with tetraplegia. No adverse
effects on healthy volunteers or patients were found [69–71].
Hence, although L-NAME as such is not used in a clinical
setting to date, it has been studied extensively in humans dur-
ing the past decades.

AmB, on the other hand, is used in clinical settings to
treat invasive fungal infections. However, its applicability is
limited due to its nephrotoxicity and hence, it must be used
with care [26]. Recent findings indicated that AmB exerts
its antifungal action by extracting ergosterol from the plasma
membrane, resulting in loss of cell membrane integrity, inter-
ference with ergosterol-depending cellular processes, and
ultimately cell death [29]. In addition, AmB treatment causes
a significant loss of fungal replication competency and
numerous morphological and physiological effects on sus-
ceptible yeast cells, including cytoplasm shrinking, abnormal
nuclear and mitochondrial morphologies, and oxidative
stress [72]. Finally, Teixeira-Santos and colleagues showed
that pathogenic and nonpathogenic yeast cells develop com-
pensatory responses towards AmB treatment, related to
membrane polarization, metabolic activity, and ROS produc-
tion, depending on the drug concentration and the duration
of the treatment [14]. Likewise, we found that treatment of
yeast cells with clinically relevant AmB concentrations (i.e.,
0.1μM to 21.6μM AmB [14, 73]) induces the accumulation
of superoxide radicals, in addition to nitric oxide radicals,
in S. cerevisiae and C. albicans. Furthermore, we found that
clinically relevant AmB concentrations significantly increase
the loss of proliferative capacity of S. cerevisiae, C. albicans,
and C. glabrata in the presence of L-NAME.

5. Conclusions

In conclusion, we showed that L-NAME can increase and
accelerate AmB-induced superoxide radical accumulation
and loss of proliferative capacity in S. cerevisiae, the latter
was confirmed in the human pathogens C. albicans and C.
glabrata. Moreover, we found that the production of nitric
oxide radicals seems to constitute a tolerance mechanism
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that is induced by AmB treatment and partially counteracts
AmB activity. Moreover, the combinatorial action of AmB
and L-NAME induced an additional, yet to be elucidated,
event that further enhanced AmB’s fungicidal activity. The
effects of both AmB and L-NAME have been extensively
studied in various in vitro and in vivo models, pointing
towards the potential of AmB-L-NAME combination treat-
ment. However, further research on pharmacology and
toxicology of the AmB-L-NAME combination needs to be
performed in order to assess its potential clinical relevance.
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