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Preface

Programmed cell death is a normal and vital physiologic process, the aberrant
regulation of which is a cancer hallmark and is a causative factor for many diseases.
Knowledge of cell death mechanisms has expanded in the past years based on
extensive research in the basic and clinical arena. This book compiles the latest
research in the field and will be of interest to basic scientists, clinicians, and
graduate students.
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Chapter1

The Underlying Mechanisms of
Chinese Herbal Medicine-Induced
Apoptotic Cell Death in Human
Cancer

Feiyu Chen, Zhangfeng Zhong, Hor Yue Tan,
Ning Wang and Yibin Feng

Abstract

The high incidence of cancer is a global burden. Cancer cells acquire immortality,
which results in loss of control in cell proliferation and population expansion.
Cancer cells undergo a series of genomic instability, leading to mutated amplifica-
tion or deletion of certain genes that strictly control the cell fate. Programmed cell
death is a mechanism of cell fate control that is aberrantly regulated in cancer cells.
Apoptosis is the major form of programmed cell death regulated by both intrinsic
and extrinsic pathways. Discovering effective and specific alternative solutions
that can reprogram apoptosis in cancer cells is always a challenge. Chinese herbal
medicine has captured increasing attention from both researchers and manufac-
turers, as evidenced by observable curative effects from previous clinical experi-
ence. Hence, to clarify and reinforce the understanding of the effect of Chinese
medicine on cancer, in this chapter, we will retrospectively review the latest
5 years of literature and summarize the mode of action of Chinese herbal medicine
on apoptotic cell death in cancer. Both Chinese medicine-induced intrinsic and
extrinsic mechanisms of apoptosis will be discussed, and common compounds
from Chinese medicine with druggable potential as novel apoptosis-inducing
agents will be highlighted.

Keywords: cell apoptosis, Chinese herbal medicine, programmed cell death,
intrinsic and extrinsic pathways, human cancer

1. Introduction

Programmed cell death is a tight process mediated by an intracellular program,
whereby damaged or harmful cells and their organelles are recycled or disposed
of. The regulated cell death occurs along with morphological alterations. Biologists
have employed such morphotypes from functional and biochemical perspectives
to classify cell death routines. As provided by the Nomenclature Committee on
Cell Death, three major widely accepted definitions of terms include apoptosis,
autophagy, and necrosis [1]. Among them, apoptosis involves plasma membrane
blebbing, cytoplasmic shrinkage, nuclear fragmentation, and chromatin condensa-
tion. The process ends up with formation of apoptotic bodies that are being taken
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Programmed Cell Death

up by phagocytic cells [1]. Apoptosis has been orchestrated in detail as two basic
mechanism-oriented classifications: intrinsic pathway and extrinsic pathway.

Intrinsic apoptosis is initiated by multiple exogenous and endogenous stimuli
such as stress, DNA damage, and chemotherapy, whereby cytochrome c is increas-
ingly released from the mitochondria to the cytosol. Irreversible mitochondrial
outer membrane permeabilization (MOMP) hence occurs, followed by caspase-3
activation that mainly promotes the typical apoptosis features [2]. In striking
contrast, extrinsic apoptotic pathway is a modality of cell death driven by extracel-
lular microenvironmental perturbations, which are normally two types of plasma
membrane receptors: (1) death receptors consisting of a type of tumor necrosis
factor (TNF) receptor FAS and TNF-related apoptosis-inducing ligand (TRAIL)
receptors. The activation occurs when they bind to the cognate ligands; (2) depen-
dence receptors such as NTN1, whose presence of elevated level relies on the drop
in the levels of their specific ligands below a specific threshold. The process is then
propagated by caspase-8 and executed mainly by caspase-3 [3] (Figure1).

To our knowledge, programmed cell death provides an important function in
metazoan cells to eliminate the toxic accumulation of superfluous cells and organ-
elles and thereby to sustain the homeostatic cellular life. Due to loss of control of
cancer cells in proliferation and expansion, a major focus has been placed on the
association between defective regulation of apoptosis and immortality property
of cancer cells. A large body of experimental evidence has unveiled that the defect
in the physiological mechanism of apoptosis may promote tumorigenesis, while
regulated apoptosis contributes to the recovery from diseases. For example, MOMP
is one of the most common phenomena observed which is mediated by a variety of
protein interactions of B-cell lymphoma 2 protein (Bcl-2) family, representing a
total of 25 pro- and anti-apoptotic proteins. During the life of the cell, the balance
of Bcl-2 family proteins partly determines cellular health. Besides the presence of
decreased levels of pro-apoptotic proteins, the activation of anti-apoptotic fam-
ily members is an important mechanism of apoptosis disequilibrium in cancer.
Cellular inhibitors of apoptosis proteins (IAPs) represent a family of evolutionarily

Intrinsic Pathway Exirinsic Pathway
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Figure 1.
Intrinsic and extrinsic pathways of apoptosis.
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conserved apoptosis suppressors, which are known to be dysregulated in many
cancers; that said, cancer cells might use the disequilibrium to retard apoptotic
processes or stay in an apoptosis-resistant state [4, 5].

Therefore, seeking for sensitive and specific treatments that can restore the
perturbation of apoptosis to a state of equilibrium in cancer cells is a challenge.
Previous studies have focused on Chinese herbal medicine for its employment for
centuries in the treatment of patients as well as its positive effects on tumors. Rather
than focusing on the ablation of tumors per se, Chinese medicine focuses on cor-
recting the imbalance of apoptosis. Evidence has been accumulating over decades
that natural compounds of herbal medicine or formula are responsible for cor-
recting apoptotic disequilibriums or resetting of apoptotic thresholds. A range of
signaling pathways have been involved in the favorable effects of Chinese medicine
in the treatment of cancers. As the domain continues to develop and novel molecu-
lar mechanisms are still being characterized, we have retrieved the latest 5 years of
literature related to tumor apoptosis in response to herbal medicine. We also present
literature on natural compounds from Chinese medicine with druggable potential
as novel apoptosis-inducing agents.

2. Chinese herbal medicine that induces intrinsic apoptosis in human
cancers

The intrinsic apoptosis pathway is driven by intercellular and extracellular
perturbations such as oxidative stress, DNA damage, and chemo- and radiothera-
pies, which result in mitochondrial dysfunction and release of cytochrome c in
the cytoplasm. Initiator caspase-9 is then activated, and executioner caspase-3
precipitates the apoptotic process. During this process, Bcl-2 family proteins which
are involved in the activation of intrinsic apoptosis have been identified to play a
role by either activating pro-apoptotic pathways that cause the subsequent efflux of
cytochrome c or inhibit cytochrome c release. Pro-apoptotic proteins include Bax,
Bid, and Bad, among others. The other subtype presenting anti-apoptotic activity
contains Bcl-2 and Bcl-xL. When procaspase-9 forms, the caspase cascade will be
in turn activated and caspase-2, caspase-8, caspase-9, and caspase-10 initiate the
process of apoptosis, while caspase-6, caspase-7, and mainly caspase-3 precipitate
the cell apoptosis. This is totally different from extrinsic apoptosis, which is medi-
ated by death receptors. As membrane receptors such as Fas, TNF receptors will
interact with corresponding ligands to recruit relevant adaptor proteins, followed
by the recruitment of a series of downstream factors, in particular caspase-8, which
is the critical mediator to activate the caspase cascade [6, 7] (Figure1).

Evidence has been accumulating, across the last few decades, that dysfunctional
apoptosis in cancer partly leads to the immortality property of cancer cells [6]. With
well-reported observations of good curative effects on multiple cancers as well as
clinical application of centuries, attention has been extensively attracted to Chinese
herbal medicine. Substantial laboratory evidence has unveiled that Chinese herbal
medicine is able to recover the defective apoptosis via intrinsic apoptotic pathway,
which eventually is in favor of tumor suppression (Table 1). Interestingly, Chinese
herbal medicine that only involves the regulation of the extrinsic pathway has been
rarely reported.

Osteosarcoma is a type of cancer existing in a bone. Most cases occur among
children and adolescents. Polyphyllin I (PPI) is extracted from Paris polyphylla
rhizomes, which has been used for centuries in China for the treatment of infectious
diseases and cancer. In osteosarcoma cells, PPI has been shown to activate unfolded
protein response (UPR)/endoplasmic reticulum (ER) stress pathway, followed by
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Name of Chinese herbal medicine Cancer type Mechanism of Ref.
action
Paris polyphylla Smith var. yunnanensis Osteosarcoma UPR and ER stress [8,9]
(polyphyllin I)
Salvia miltiorrhiza (tanshinone ITA) Osteosarcoma Bcl-2 regulation [10]
Cervical cancer ER stress [11]
Epimedium (icaritin) Cervical cancer ROS stress [12]
Chinese bayberry (flavonoids) Ovarian cancer Bcl-2 regulation [13]
Psoralea corylifolia Breast cancer Bcl-2 regulation [14]
Pueraria (6"-O-xyloside) Colon cancer Bcl-2 regulation [16]
Ornithogalum caudatum Ait (OSW-1) Colon cancer Cytochrome c [17]
release
Ginkgo biloba (ginkgolic acids) Colon cancer ROS stress [18]
Macleaya covdata (sanguinarine) Colorectal cancer Bax regulation [20]
Cordyceps sinensis (cordycepin) Pancreatic cancer Bcl-2 regulation [22]
Angelica sinensis (N-butylidenephthalide) Gastric cancer MMP [23]
Lonicera japonica (luteolin) Gastric cancer Bax, Bcl-2 [24]
regulation
Tripterygium wilfordii (celastrol) Liver cancer ER stress [27]
HCC Bax, Bcl-2 [28]
regulation
Polygoni multiflora (ethanolic extract) HCC MMP [29]
Brucea javanica (dehydrobruceine B) Lung cancer MMP [30]
Cathavanthus roseus (cathachunine) Leukemia ROS stress [31]
Pulsatilla chinensis (saponins) Leukemia MMP [32]
Coptidis rhizoma (berberine) Melanoma Bax, Bcl-2 [33]
regulation
HCC Cytochrome c [34]
release

UPR, unfolded protein response; ER, endoplasmic veticulum; Bcl-2, B-cell lymphoma 2 protein; ROS, reactive oxygen
species; Bax, Bcl-2-associated X protein; MMP, mitochondrial membrane potential; HCC, hepatocellular carcinoma.

Table 1.
Chinese herbal medicines that induce intvinsic apoptosis in human cancer.

descending levels of anti-apoptotic proteins as well as ascending expressions of
pro-apoptotic proteins [8, 9]. With regard to osteosarcoma, tanshinone IIA (Tan
IIA) is one of the main phytochemical ingredients isolated from the roots of Salvia
miltiorrhiza (Danshen). Exposure of osteosarcoma cells to Tan ITA caused in vivo
tumor suppression and apoptosis induction in osteosarcoma cells. Huang et al.
investigated the mechanism of its inhibitory effect and found that Tan IIA treat-
ment elicited significant activation of caspase cascade by Bcl-2 family modulation,
as evidenced by a remarkable increase in the fission protein Drpl and a decrease

in mitochondrial fusion proteins Mfn1/2 and Opal. The study concluded that
mitochondrial dysfunction in combination with dynamic change was involved in
apoptosis of primary malignant bone tumors treated by Tan IIA [10]. More so, Tan
ITA exhibited strong inhibitory effects on cervical carcinoma CaSki cells through
promoting caspase cascades, whereas the phosphorylation of p38 and JNK signaling
was activated. Comprehensive proteomics revealed the global protein changes and
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the network analysis confirming that Tan ITIA administration activated ER stress
signaling cascade that eventually resulted in mitochondrial-related apoptosis [11].

Cervical cancer is the fourth most common female malignancy in the world.
Despite preventive vaccines against human papillomavirus (HPV) which are
now commercially available and which have been shown to be safe and effective,
there are still a large number of women, in particular in low- and middle-income
countries, who are less likely to have access to HPV vaccines or screening of cervi-
cal cancer due to geographical, economic, and political barriers. Icaritin, a native
compound derived from the Chinese herb Epimedium, was demonstrated to be
effective in repressing growth of human cervical cancer cells such as HeLa and
SiHa. The levels of pro-apoptotic protein Bax and activated caspase-3 and caspase-9
enzymes were upregulated, with concomitant downregulated levels of anti-
apoptotic proteins Bcl-2 and XIAP. The changeable expression of these proteins had
implications in remarkable induction of apoptosis in icaritin-treated cancer cells,
which suggested that cancer cell death via induction of extensive oxidative DNA
damage was promoted by icaritin-induced ROS overload that rendered activation of
the intrinsic apoptotic pathway [12].

Ovarian cancer and breast cancer are malignancies that commonly occur in
females. The treatment with Chinese bayberry leaf flavonoids increased the expres-
sion of cleaved caspase-3 and caspase-7, which induced intrinsic apoptosis with
the activation of Erk-dependent caspase-9, as well as increased expression of the
pro-apoptotic proteins Bad and Bax and decreased levels of anti-apoptotic proteins
Bcl-xL and Bcl-2 [13]. Bakuchiol is an active constituent of Chinese herb Psoralea
corylifolia which induced disturbed mitochondrial membrane potential in MCF-7
cells. Bakuchiol-induced apoptosis was associated with increased expression of
caspase family and Bcl-2 family proteins, suggesting that bakuchiol may induce
apoptosis via the intrinsic apoptotic pathway [14]. Another study evaluated the
function of Paeonia suffruticosa in triple-negative breast cancer cells. Bcl-2 expres-
sion was found to be decreased, while Bax levels remained relatively constant.
Small decrease in Fas ligand levels was observed in parallel with a lack of increase in
caspase-8 activity. The extract was able to induce intrinsic apoptosis which meant it
possessed the potential ability of reducing cancer burden [15].

Colon cancer is worldwide and is considered the third most commonly
diagnosed cancer clinically. To identify novel specific and effective therapeutic
strategies for colon cancer is extremely essential. Natural products have gained
increasing attention lately. Puerarin 6”-O-xyloside (PRX), a natural compound,
is derived primarily from the root of the Pueraria. PRX was found to significantly
upregulate cleaved caspase-3, cleaved caspase-9, Bcl-2, Bcl-2-associated X proteins,
and phosphorylated c-Jun terminal kinase and downregulate expression levels of
matrix metalloproteinase-3, metalloproteinase-9, and vascular endothelial growth
factor. The study suggested that PRX exerted antitumor activity against colon
cancer cell lines and the anticancer mechanisms of PRX may be associated with the
induction of mitochondria-mediated intrinsic apoptosis, which provides a scientific
basis for the clinical use of PRX in the treatment of colon cancer [16]. As a natural
compound, Ornithogalum caudatum Ait is primarily used as an anti-inflammatory
and antitumor agent in Chinese folk medicine. It was shown that with low toxicity
on normal colonic cells, an isolated compound OSW-1 suppressed colon cancer
cells in vitro via intrinsic apoptotic pathway, whereby it increased cellular calcium,
changed mitochondrial membrane potential, disrupted mitochondrial morphol-
ogy, and led to the release of cytochrome c and the activation of caspase-3 [17].
Ginkgolic acids (GA), a botanical drug extracted from the seed coat of Ginkgo
biloba L., possess various bioactive properties. The findings, for the first time, illus-
trated that GA suppressed colon cancer cell proliferation, migration, and invasion
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ability. Ginkgolic acids (GA) proved to trigger intrinsic apoptosis as evidenced by
the release of cytochrome c. Autophagy modulation mediated by ROS generation
was also observed in GA-treated colon cancer cells, elucidating that GA might be a
potential agent for colon cancer therapy [18].

Colorectal cancer and colon cancer are clearly related and often used inter-
changeably. These two terms are often believed to be the subset of the other or even
the same thing. In truth, despite similarities, there is still variation including sex
predilection, anatomy, disease recurrence, surgery, and invasion of nearby tissues,
not the least of which are the development ways of the two diseases. Macleaya
cordata is originally described in Ben Cao Shi Yi in Tang dynasty and is commonly
used in the treatment of various diseases for thousands of years [19]. Sanguinarine
is a major bioactive component of Macleaya cordata. Sanguinarine was shown to
decrease the tumor size of implanted colorectal BALB/c-nu mice model via the
intrinsic apoptosis pathway with significant increased cleavage of caspase-3 and
poly(ADP-ribose) polymerase (PARP) in orthotopical colorectal carcinoma. In
vitro experiments found that sanguinarine could increase mitochondrial ROS and
trigger mitochondrial membrane potential (MMP) in multiple colorectal cancer
cell lines. Furthermore, intrinsic apoptosis induced by sanguinarine was demon-
strated to be Bax-dependent [20]. Cordycepin is one of the main native constitu-
ents extracted from the traditional Chinese herbal remedy Cordyceps sinensis and
Cordyceps militaris. It has been extensively used as food, health supplement, and
herbal formulas from ancient times for health care [21]. Recent evidence demon-
strated that cordycepin has anti-inflammatory and antitumor activities. In human
MIA PaCa-2 and Capan-1 pancreatic cancer cells, cordycepin was found to inhibit
cell viability, proliferation, and colony formation ability and induce cell cycle arrest
and early apoptosis in a dose- and time-dependent manner, while the same effect
was observed in in vivo experiments. Further, the expression levels of Bax, cleaved
caspase-3, cleaved caspase-9, and cleaved PARP were upregulated, and Bcl-2
proteins were downregulated. The study suggested that either in vivo or in vitro the
intrinsic apoptotic pathway mediated by mitochondria was involved in the cordyce-
pin’s antitumor capacity [22].

Despite the fact that the incidence of gastric cancer has declined across the globe
over the past century, there is still a startling lack of effective therapeutics. Angelica
sinensis (Danggui) is one of the most famous medical herbs widely used in China.
Liao et al. investigated the function of a bioactive compound N-butylidenephthalide
(BP) from Danggui in gastric cancer. The results showed that BP inhibited gastric
cancer cell proliferation and induced apoptosis through activating mitochondrial
apoptotic pathway. These data provide the basis for a novel therapeutic approach
toward the management of gastric cancer [23]. Another active component named
luteolin from a traditional Chinese medicine exhibits potent antitumor properties.
The molecular events occurring in the process of tumor inhibition and the signal
transduction pathways involved were explored by Lu et al. They found increasing
levels of caspase-3, caspase-9, and cytochrome c in response to luteolin as well as an
increased ratio of Bax to Bcl-2, suggesting that luteolin induced apoptosis through
the intrinsic pathway [24].

Globally, liver cancer ranks as the sixth most common form of cancer. With the
growing prevalence of liver cancer, it remains a major killer worldwide. Patients’
status is dismayingly unsatisfying unless liver cancer is caught early and specific
therapeutic methods are being discovered [25]. Celastrol is a pharmacologically
active compound originally identified from the root bark of the Chinese herb
“Thunder of God Vine” (Tripterygium wilfordii and Celastrus regelii). Since old
times it has been used as a natural remedy for inflammatory conditions and autoim-
mune diseases [26]. Investigators demonstrated the inhibitory effects of celastrol on
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liver cancer HepG2 and Bel7402 cell lines. Induction of ER stress and UPR occurred
in cells exposed to celastrol, which subsequently activated the intrinsic apoptotic
pathway. They also reported that celastrol repressed H22 tumor growth in mice
model via ER stress induction [27]. Another report aimed to evaluate the antitumor
effects of celastrol against diethylnitrosamine (DEN)-induced hepatocellular
carcinoma (HCC) in rats. In addition, the underlying mechanism was explored,
and the data showed that celastrol activated the intrinsic mitochondrial apoptosis
pathway, inhibited anti-apoptotic Bcl-2 and Bcl-xL, and induced pro-apoptotic
Bax, cytochrome c, PARP, and caspases [28]. Zhiheshouwu (Polygoni Multiflori
Radix Praeparata) is a Chinese medicinal herb exhibiting inhibitory effects on
cancer cells. The study investigated the function of Zhiheshouwu ethanolic extract
(HSWE) and revealed the decreased mitochondrial membrane potential in HSWE-
treated Bel-7402 cells. The authors concluded that HSWE induced intrinsic apopto-
sis in hepatocellular carcinoma cells on the basis of the evidence that mitochondrial
injury is characterized as an intrinsic apoptotic cell death mechanism [29].

Lung cancer has been one of the leading causes of mortality in this era. With the
etiologic factors of lung cancer being more complex such as environmental pollu-
tion, industrialization, and urbanization, cases of lung cancer increase across the
world and account for nearly 20% of cancer-caused deaths. Studies on the new ways
of diagnosis and treatment have played an important role in the tertiary prevention
of lung cancer. Brucea javanica is an effective traditional medicine listed in Chinese
Pharmacopeia. It has long been used as a commercially available agent for cancer
treatment in practice. Dehydrobruceine B (DHB) is an active ingredient isolated
from Brucea javanica. Since the loss of MMP, the release of cytochrome c into
cytosol and the cleavage of caspase-9, caspase-3, and PARP were observed in lung
cancer cells exposed to DHB. Researchers suggested that DHB-induced apoptosis
was mediated through mitochondrial intrinsic pathway [30].

Leukemia is a group of life-threatening malignant disorders which often origi-
nate in the blood and bone marrow. The acute leukemia is more prevalent among
adolescent and young adult population. Catharanthus roseus, a species of flowering
plants, consists of dimeric indole alkaloids with significant antitumor activities. The
induction of apoptosis by cathachunine occurred along with the regulation of Bcl-2
protein family members. The observations further indicated that cathachunine
triggered ROS-dependent mitochondria-mediated intrinsic pathway in human
HL60 and K562 leukemia cells, which provided evidence for a natural source of an
antitumor agent [31].

Total saponins isolated from Pulsatilla chinensis has been identified to induce the
apoptosis of solid cancer cells. The rhizoma of the plant has virtually been used as
Chinese herbal remedy for thousands of years. 23-Hydroxybetulinic acid, one of
natural compounds from total saponins, upregulated Bax, cytochrome c, cleaved
caspase-9, and caspase-3 expressions and downregulated Bcl-2 and survivin levels,
suggesting that saponins induced intrinsic apoptosis via disrupting mitochondrial
membrane potential [32].

Coptidis rhizoma (CR) has been used in clinical practice from thousands of years
ago. A large body of research has placed attention on Coptidis rhizoma as well as
its extracts and major active chemical constituents. Berberine, the most famous
natural ingredient from CR, has been shown to have anticancer activities against
multiple cancers. Recent work investigated the effects of berberine in human
melanoma and reported that exposure of CR to human melanoma cells triggered
significant suppression of anti-apoptotic proteins including Bcl-2, Mcl-1, and
Bcl-w while upregulating the expression of pro-apoptotic proteins Bax and Bak
[33]. As berberine is one of the most active molecules from traditional Chinese
medicine, to better understand the natural product, our group has conducted
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several investigations over the years. Although berberine-induced cell death has
been extensively demonstrated in cancer, the underlying death mechanisms still
remain obscure. Exposure of hepatocellular carcinoma HepG2 and MHCC97-L
cells to berberine increased Bax expression, permeable transition pore formation,
cytochrome c release to cytosol, and subsequent execution of the caspase-3 and
caspase-9 [34]. Tumor suppressor p53 plays an important role in cancer inhibition.
It was verified to be involved in berberine’s antitumor action [35, 36]. Our group
found that human HCC cell miR-23a was upregulated upon berberine treatment,
and the upregulation of miR-23a could be blocked by inhibiting p53 expression. The
study suggested that miR-23a may be involved in regulating the antitumor effect
of berberine in HCC through p53-dependent mechanisms [37]. Baicalin is a natural
flavonoid from several medicinal herbs such as Scutellaria baicalensis Georgi. We
speculated that tumor-associated macrophages (TAM) had a key role in HCC. Our
findings revealed that TAM repolarisation contributed to suppressive function of
baicalin on HCC and autophagy-associated activation of RelB/p52 was essential in
the process [38]. Huanglianjiedu decoction (HLJDD) has been well documented
for the treatment of heat and dampness-related diseases thousands of years ago. As
clinical practice requires more specific and safe Chinese herbal formula, our group
members explored the inhibitory effect of this formula in HCC suppression. The
results showed the involvement of eEF2 inhibition in its mode of action [39].

3. Both intrinsic and extrinsic apoptotic pathways involved in Chinese
herbal medicine-induced apoptosis in human cancers

From a molecular standpoint, extrinsic apoptosis and intrinsic apoptosis are
strikingly different. But on the whole, the two pathways are sometimes related.
Receptor trimerization can lead to recruitments of several death domains and
subsequent recruitment and activation of caspase-8 and caspase-10, which then
either activate the intrinsic apoptotic pathway through cleavage of the BID or initi-
ate extrinsic apoptosis directly by activating executioner caspase-3, caspase-6, and
caspase-7 to induce efficient cell death (Figure 1). Previous efforts have reported
that both intrinsic and extrinsic apoptoses may coexist when cancer cells were
exposed to Chinese herbal medicine (Table 2).

Butein is a subtype of chalcones, which is widely biosynthesized in plants. Butein
has been identified to be extractable from Chinese herbal medicine and possess
different pharmacological activities. Recent works reported that butein owned
abilities of inhibiting proliferation and inducing apoptosis both in vivo and in vitro.
A finding suggested that butein could decrease cervical cancer cell viability via pro-
apoptotic effect, which involved inhibition of IAP proteins and activation of both
extrinsic and intrinsic pro-apoptotic pathways. Therefore, butein may be applicable
for cervical cancer treatment [40]. Tetrastigma hemsleyanum, named Sanyeqing in
Chinese, has long been used as a folk medicine to overcome cancer. A recent study
prepared petroleum ether fractions (PEF) of Sanyeqing and aimed to investigate the
possible mechanisms by which PEF presented antitumor activity against HeLa cells.
Caspase-9 and caspase-3 were activated, and mitochondrial membrane potential
decreased after PEF treatment. In addition, PEF administration was involved in
the extrinsic apoptotic pathway indicated by the activation of caspase-8 [41]. The
same observations were found in ovarian cancer cells upon exposure to butein.
Increased levels of cytochrome c, caspase-3, caspase-8, and caspase-9 in two types
of ovarian cancer cells, with concomitant downregulated levels of Bcl-2 and Bcl-xL
and upregulated proteins Bax and Bad, suggested that both extrinsic and intrinsic
pathways were involved in butein-induced apoptosis [42]. To treat ovarian cancer,
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Name of Chinese herbal medicine (active Cancer type Mechanism of action Ref.
constituent)
Dalbergia odorifera, Caragana jubata, Rhus Cervical cancer IAP; Fas [40]
verniciflua, Semecarpus anacardium (butein)
Tetrastigma hemsleyanum (petroleum ether Cervical cancer MMP; Fas [41]
fraction)
Dalbergia odorifera, Caragana jubata, Rhus Ovarian cancer Bcl-2, Bcl-xL; Fas [42]
verniciflua, Semecarpus anacardium (butein)
Chinese bayberry (prodelphinidins) Ovarian cancer Bcl-2, Bel-xL; DR5, [43]
Fas
Sanguisorbae (ziyuglycoside I) Breast cancer Bax, Bcl-2; Fas [44]
Paeonia moutan (paeonol) Prostate cancer Bax, Bcl-2, caspase-9; [45]
caspase-8
Ginkgo biloba (exocarp extracts) Lewis lung cancer Bax, Bcl-2; Fas, p-p38 [46]
Labiatae (Scutellaria barbata D) Lung cancer Cytochrome c; Fas [47]
Anisomeles indica (ovatodiolide) Lung cancer PUMA, Bax; DR5 [48]
Curcuma (curcuminoids) Lung cancer MMP, Fas [49]
Head and neck Caspase-9; caspase-8 [50]
squamous cell
Leukemia Bcl-2; FasL [51]
Tripterygium wilfordii (celastrol) Liver cancer Caspase-9; caspase-8 [52]
Mantle cell Caspase-9; caspase-8 [53]
lymphoma
Licorice (licochalcone B) Oral squamous cell ROS; DR4 [54]
carcinoma
Skin cancer Spl; Fas [55]
Magnolia officinalis (honokiol) Glioblastoma Bax, Bcl-2, caspase-9; [56]
caspase-8, Fas
Allium sativum (allicin) Glioblastoma MMP; Fas [57]
Phellinus linteus (hispolon) Leukemia Bax, Bcl-2, caspase-9; [58]
caspase-8
Jujube (extracts of jujube seed) Leukemia Caspase-9; caspase-8 [59]
Cordyceps kyushuensis Kob (aqueous Leukemia Bcl-2; Fas [60]

extracts)

IAP, inhibitor of apoptosis; MMPB, mitochondrial membrane potential; Bcl-2, B-cell lymphoma 2 protein; Bcl-xL,
B-cell lymphoma-extra large; DR5, death receptor 5; PUMA, p53-upregulated modulator of apoptosis; FasL, Fas
ligand; DR4, death veceptor 4; Spl, specificity protein 1; Bax, Bcl-2-associated X protein.

Table 2.
Chinese herbal medicines that induce both intrinsic and extrinsic apoptosis in human cancer.

increasing herbal medicines have been studied. Chinese bayberry leaves are rich in
prodelphinidins. Since the isolation and purification of prodelphinidins are difficult,
the association between the degree of prodelphinidin polymerization and their anti-
carcinogenic activity remains ambiguous. Recent findings reported that apoptosis
was executed through the intrinsic pathway by upregulating the expression of pro-
apoptotic proteins including p53-upregulated modulator of apoptosis (PUMA), Bax,
and Bcl-2-associated agonists of cell death. The extrinsic pathway was also observed
in the apoptotic process as evidenced by upregulation of death receptor 5 (DR5) and
Fas expression [43]. Triple-negative breast cancer (TNBC) is currently considered
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as one of the most severe malignancies due to poor prognosis and aggressive clinical
behavior. Recent work explored the cytotoxic effect of ziyuglycoside I, the major
component extracted from Sanguisorbae Radix, on a type of TNBC cell line. The
results showed that ziyuglycoside I triggered apoptosis of MDA-MB-231 cellsin a
dose-dependent fashion, as evaluated by the elevated expression of p53 and p21 and
upregulated Bax/Bcl-2 ratio, suggesting that these effects were mediated through
mitochondrial-initiated and Fas/FasL-initiated apoptotic pathways [44]. Paeonol
(Pae) is a main active ingredient from the root bark of Paconia moutan. Numerous
reports indicated that Pae effectively restrained several types of cancer lines. A
study lately reported that Pae inhibited cancer cell proliferation in prostate cancer.
Moreover, the study showed that antiproliferative effects of Pae may be closely
related to the activation of extrinsic and intrinsic apoptotic pathways [45].

Ginkgo biloba is known as an edible traditional Chinese medicine. The extracts
prepared from the exocarp of Ginkgo biloba (GBEE) have been identified to possess
capabilities of antitumor, antiaging, and immune promotion, among others. Lewis
lung cancer cells were used as a cell model to detect the effect of GBEE, and results
showed that Bax/Bcl-2 ratio and the release of cytochrome c from the mitochondria
to cytosol increased. In addition, GBEE upregulated the cleaved caspase-3 protein
expression as well as the protein levels of Fas, FasL, and p-p38. These data suggested
that GBEE induced apoptosis in Lewis lung cancer cells via death receptor-mediated
extrinsic pathways and mitochondrial-mediated intrinsic pathways [46]. Scutellaria
barbata D. Don (SB) is a well-known anti-inflammatory compound isolated from
dried whole plant of Labiatae. Chen et al. reported that the antitumor mechanism of
SB was mediated by P38/SIRT1-regulated cell apoptosis, which involved mitochon-
drial- and Fas/FasL-mediated pathways [47]. With regard to lung cancer, ovatodi-
olide, extracted from medicinal herb Anisomeles indica, was also explored due to its
effective antibacterial and anti-inflammatory properties. Recent work investigated
the antitumor activity of ovatodiolide, in which the mechanism was character-
ized by elevated levels of PUMA, Bax, and DRS5 proteins, decreased expressions of
Bcl-2 and Mcl-1, as well as activation of caspase-8, caspase-9, and caspase-3 [48].
Curcuminoids, a mixture of curcumin, demethoxycurcumin (DMC), and bisde-
methoxycurcumin (BDMC), are a primarily natural phenolic compound purified
from Curcuma species. The study found that BDMC decreased the levels of MMP
and promoted caspase-3, caspase-8, and caspase-9 activation while upregulating
the levels of Fas ligand and Fas. These results suggested that BDMC triggered cell
apoptosis via extrinsic and intrinsic signaling pathways [49]. Another group also
examined the anticancer activity of curcumin against head and neck squamous cell.
Treatment of FaDu and Cal27 cells with curcumin increased caspase-9 and caspase-8
protein expression, which meant that intrinsic and extrinsic apoptotic pathways
were both activated by curcumin in the treatment of head and neck squamous cell
carcinoma [50]. Besides, curcumin function was also investigated in leukemia cells.
The results of PCR and Western blotting analysis showed that curcumin increased
the FasL level; inhibited Bcl-2, NF-kB, and ERK expression; and activated P38
MAPK, JNK, and caspase-3. This study demonstrated that curcumin played its role
not only through intrinsic but also through extrinsic apoptosis pathways [51].

Celastrol is an active ingredient derived from Tripterygium Wilfordii, a type of
traditional Chinese medicinal herb, which has been reviewed for the treatment
of liver cancer as stated above. As of now, celastrol has gained great interest due
to its potential anti-inflammatory and antitumor properties in many cancers.

For instance, the long-term survival of osteosarcoma has stagnated over decades;
exposure of osteosarcoma to celastrol resulted in the activation of caspase-3,
caspase-8, and caspase-9, which suggested that celastrol-induced apoptosis was
mediated by extrinsic and intrinsic pathways [52]. Another report demonstrated
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that celastrol treatment markedly inhibited mantle cell lymphoma cells prolifera-
tion by stimulating apoptosis via extrinsic and intrinsic pathways while exerting
minimal cytotoxic effects on normal cells. The results provided support for the
clinical use of celastrol [53]. Licochalcone B (Lico B) belongs to retrochalcone fam-
ily and is normally isolated from the roots of Chinese licorice, which has long been
used in China with a variety of pharmacological properties such as antioxidant,
anti-inflammatory, and antibacterial. The underlying mechanism by which Lico

B plays a part in oral squamous cell carcinoma (OSCC) has been elucidated by Oh
et al. They reported that exposure of Lico B to oral cancer cells induced upregula-
tion of Bax as well as downregulation of Bid, Bcl-xL, and Mcl-1. The loss of MMP
led to the release of cytochrome c. Furthermore, Lico B promoted the generation
of ROS, which in turn induced DR4, DR5, and CHOP. Thereby, it is suggested that
Lico B triggered apoptotic cell death via intrinsic and extrinsic pathways [54]. Lico
B was also investigated in human skin cancer cells. Lico B induced apoptotic cell
death through the modulation of specificity protein 1 and apoptotic proteins includ-
ing death receptors, critical factors of the extrinsic pathway. Based on these facts,
conclusions could be made that Lico B treatment resulted in extrinsic and intrinsic
apoptotic cell death [55]. A natural bioactive compound honokiol that was isolated
from the Magnolia officinalis exhibited potent inhibitory activity against multiple
human cancer cells. Zhang et al. for the first time reported that the antineoplastic
effect of honokiol on glioblastoma cells was mediated through caspase-dependent
apoptosis that involved intrinsic and extrinsic signaling pathways [56]. Following
treatment with allicin, the expression levels of Fas/FasL increased and Bcl-2 protein
significantly decreased in glioblastoma cells, at both mRNA and protein levels. The
data demonstrated that allicin induced glioma cell apoptosis by both extrinsic Fas/
FasL-mediated and intrinsic mitochondrial pathways [57]. Hispolon was extracted
from Phellinus linteus and has been demonstrated to show strong anticancer, anti-
inflammatory, antioxidant activities. A study reported that exposure of human NB4
leukemia cells to hispolon resulted in upregulated expressions of apoptosis-related
proteins, including the cleavage form of caspase-3, caspase-8, and caspase-9, the
increased ratio of Bax/Bcl-2, and cytochrome c, with concomitant increased levels
of Fas and FasL. Therefore, it was demonstrated that both extrinsic and intrinsic
apoptotic pathways were involved in human leukemia cells treated with hispolon
[58]. Jujube (Zdo) is well known as a type of snack and has long been used as a
supplement in gynaecopathia. Seeds of jujube exhibit antineoplastic effects and
have been used in Chinese medicine for centuries. Recent work found that extracts
of jujube seed could increase caspase-8 and caspase-9 activities in human Jurkat
leukemia T cells through extrinsic and intrinsic apoptosis pathways [59]. Zhao and
colleagues measured the antitumor activity of aqueous extracts of Cordyceps kyush-
uensis Kob (AECK), which is a type of entomogenous fungi. The group reported
the upregulated amount of Ca’* and downregulated expression of Bcl-2, which
indicated that AECK triggered intrinsic apoptosis. Meanwhile, AECK gave rise to
extrinsic apoptosis via elevating the level of Fas death receptor in U937 cells [60].

4. Chinese herbal medicine that is favorable in reducing the drug
resistance in human cancers

Despite significant improvements in cancer treatment and emergence of a
substantial number of novel therapeutics, cure rates for most malignancies remain
suboptimal. Treatment resistance is less likely predicted for individual patients and
is being the largest obstacle to the success of recovery. The most targeted thera-
pies and chemotherapeutics for cancer disrupt cancer cells via the generation of
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pro-death signaling molecules and subsequent initiation of programmed cell death.
Based on facts mentioned previously, defects in apoptotic pathways that make
tumor cells fail to die are believed to be one of the reasons for resistance acquisition.
Successfully targeting apoptotic pathways with Chinese herbal medicines may shed
a new light on cancer therapy (Table 3).

Pterostilbene is a natural polyphenolic compound chemically related to
resveratrol, which has received FDA GRAS status in 2007. Pterostilbene exhibits
antitumor, antioxidant, and anti-inflammatory activities and is primarily found
in blueberries, almonds, grape leaves, and vines. Effects of pterostilbene on
cisplatin-resistant oral cancer cells and the mode of action were explored by
researchers. By using pan-caspase inhibitor and directly testing DNA breakage
of human oral CAR cells, pterostilbene was found to trigger caspase-dependent
apoptosis, suggesting that intrinsic apoptotic cascade was involved in the effect
of pterostilbene in oral cancer [61]. A heat-sensitive sesquiterpene named
furanodiene is extractable from the essential oil of Rhizoma Curcumae. In
doxorubicin-resistant MCF-7 cells, furanodiene was identified to preferentially
cause apoptotic cell death by interfering with abnormal intrinsic- and extrinsic-
dependent pathways [62]. As depicted in the introduction part, TRAIL hasa
specific antineoplastic property against malignancies. You and colleagues studied
the function of trichosanthin, a kind of traditional Chinese medicine isolated
from the root of Trichosanthes, on TRAIL resistance by using non-small cell
lung cancer TRAIL-resistant cells. The results showed that the expression levels
of extrinsic and intrinsic apoptotic proteins were modulated. They concluded
that trichosanthin rendered apoptosis by augmenting the sensitivity of TRAIL-
resistant cells through upregulating DR4 and DRS5 [63]. Oxaliplatin is an effective
alternative treatment of HCC after sorafenib treatment failure. The combination
treatment of oxaliplatin and huaier was verified to exhibit remarkable synergis-
tic antineoplastic effect through inhibition of expression of apoptosis-related
proteins and Yes-associated protein (YAP), which was demonstrated to reduce
the chemotherapeutic sensitivity of oxaliplatin. As such, huaier was considered
to enhance the oxaliplatin sensitivity by modulating Yap as well as apoptotic
processes [64]. Chinese people have used milky sap or the aboveground part
of Euphorbia lunulata to treat cancerous ailments since old times. The specific

Name of Chinese herbal medicine Cancer type Resistant drugs Ref.
(active constituent)

Blueberry (pterostilbene) Oral cancer Cisplatin [61]
Curcumae (furanodiene) Breast cancer Doxorubicin [62]
Trichosanthes (trichosanthin) Non-small cell lung cancer TRAIL [63]
Huaier (extracts) Hepatocellular carcinoma Oxaliplatin [64]
Euphorbia lunulate (extracts) Gastric cancer TRAIL [65]
Tanshinone (tanshinone I1A) Gastric Doxorubicin [66]
Wild mushroom (clitocine) Colon cancer TRAIL [67]
Curcuma longa (curcumin) Oral cancer Cisplatin [68]
Tripterygium wilfordii (celastrol) Oral cancer Vincristine [69]
Houpo (honokiol) Glioma cancer Temozolomide [70]

TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.

Table 3.
Chinese herbal medicines that reduce drug resistance in human cancer.
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mode of action remains obscure and was lately elucidated by researchers. Fu

et al. observed that Euphorbia lunulata extract significantly increased activities
of apoptotic indexes including caspase-3, caspase-8, caspase-9, and Bax while
downregulating Bcl-2 expression, suggesting that both extrinsic and intrinsic
pathways are involved in the mechanism of apoptosis induction [65]. Tanshinone
ITA has been verified to be effective for cancer suppression in osteosarcoma cells
and cervical carcinoma cells, which has been reviewed in detail in the preced-
ing part of the text. With regard to gastric cancer, it was found that tanshinone
ITA reinforced antineoplastic effect in doxorubicin-resistant gastric cancer

cell lines SNU-719R and SNU-610R. The inhibition of multidrug resistance-
associated protein 1 was verified to increase apoptosis and induce autophagic

cell death, which contributed to the potent anticancer effect of tanshinone IIA in
doxorubicin-resistant gastric cancer cells [66]. Clitocine is a naturally occurring
compound purified from wild mushroom and has been recently demonstrated as
an apoptosis initiator in multidrug-resistant human cancer cells. A study recently
found that clitocine treatment dramatically enhanced TRAIL lethality via induc-
tion of apoptosis in resistant human colon cancer cells. The disruption of the
binding between Mcl-1 and Bak and mitochondrial translocation of Bax medi-
ated by clitocine were identified as the key underlying mechanism, which in turn
generated MMP. These findings indicated that clitocine was an effective adjuvant
alternative in TRAIL-based cancer therapy [67]. The combination of Chinese
herbal medicines with standard therapeutics has been increasingly popular for
the potentiation of curative effects. Curcumin is extractable from a broad range
of traditional Chinese herbs and has long been used in clinic for its capabilities of
tumor inhibition. A group in the field found that compared with single treat-
ment, combination treatment of curcumin and cetuximab dramatically induced
the activation of caspase-3 and caspase-9, which are critical factors in apoptosis
process [68]. Besides, another type of herb, celastrol, was studied in oral cancer.
It was also studied in liver cancer, osteosarcoma, and mantle cell lymphoma

as reviewed in the preceding text. Here the authors reported that exposure

to celastrol led to upregulated expression of cleaved caspase-3, caspase-8,
caspase-9, and PARP and downregulated expression of Bcl-2, suggesting that
celastrol exerted antitumor capacity in multidrug-resistant oral cancer cells via
intrinsic and extrinsic pathways [69]. Honokiol is one of the main physiologically
bioactive constituents of the traditional Chinese medicine Houpo. A recent study
showed that exposure of human U87 MG glioma cells to honokiol significantly
enhanced temozolomide-induced apoptotic insults to glioma cells via an intrinsic
mitochondrion-dependent mechanism, as evidenced by the enhanced activity of
caspase-9 without affecting Fas and caspase-8 expression. In addition, honokiol
enhanced the changes of temozolomide-induced regulation in Bax transloca-
tion, MMP, mitochondrial complex I enzyme activity, intracellular ROS level,
and cytochrome c release. All these data suggested the therapeutic potential of
honokiol to attenuate temozolomide-induced side effects [70].

5. Derivatives of compounds from Chinese herbal medicine that are
explored for cancer treatment

Substantial native compounds are identified to possess inhibitory effects
against multiple cancers. To provide therapeutic alternatives for cancer therapy
and develop more efficient and specific cancer treatments, more similar com-
pounds are being produced from naturally occurring constituents of medicinal
herbs (Table 4).
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Name of Chinese herbal Cancer type Derivatives Ref.
medicine (active constituent)

Artemisia annua (artemisinin) Prostate, lung, cervical, Dihydroartemisinin [71]
ovarian, and breast cancers

Avdisia gigantifolia (triterpenoid Breast cancer AG36 [72]
saponin)

Pulsatilla (Pulsatilla saponin D) Non-small cell lung cancer Compound 14 [73]
Genera Hypericum and Garcinia Leukemia Compound 2 [74]
(guttiferone)

Citrus reticulata (benzofuran) Chondrosarcoma BL-038 [75]
Isodon rudescens (oridonin) Esophagus cancer Compound 19 [76]
White birch (betulinic acid) Prostate, gastric, and Compound 3k [77]

melanotic cancers

Table 4.
Derivatives of compounds from Chinese herbal medicines for cancer treatment.

The natural extract artemisinin has been gaining great attention in the medical
field since Chinese scientist Tu Youyou was granted Nobel prize for his discovery
of artemisinin. A study lately reported that derivatives of artemisinin have great
antineoplastic activities. Researchers synthesized dihydroartemisinin (DHA) and
applied it in the management of tumor cell lines including PC-3, A549, Hela,
OVCAR-3, and MCF-7. The results showed that combination of DHA and doxo-
rubicin markedly regulated the caspase cascade through the intrinsic apoptotic
pathway. DHA and doxorubicin also had a significant favorable effect in vivo.
This study suggested that DHA might be a potential therapeutic agent against
several types of cancer [71]. AG36 is the biotransformation product of triterpe-
noid saponin from Ardisia gigantifolia Stapf. The antitumor activity and underly-
ing molecular mechanisms of AG36 against human breast cancer cells including
cell lines MCF-7, MDA-MB-231, and SK-BR-3 were investigated. Researchers
found that compared with control group, the ratio of Bax/Bcl-2 and the release
of cytochrome c into cytoplasm were dramatically upregulated. Western blot
analysis showed that the death receptor-related proteins Fas/FasL, TNFR1, and
DR5 were modulated in different breast cancer cells. This study provided a novel
idea that AG36 could be used as a clinical medication against human breast cancer
with regulation of extrinsic death receptor and intrinsic mitochondrial pathways
[72]. A total of 17 derivatives was synthesized on the basis of molecular formula
of pulsatilla saponin D. The study indicated that compound 14 induced typical
cell cycle arrest and apoptosis in lung cancer A549 cells, and western blot assay
suggested the involvement of both intrinsic and extrinsic apoptosis pathways
in the mode of action. These data indicated that compound 14 was a potential
candidate for developing new anti-lung cancer agents in the future [73]. A team
recently synthesized three different types of polycyclic polyprenylated acylphlo-
roglucinol (PPAP). Compound 2 was found to activate the intrinsic pathway by
reducing the expression of anti-apoptotic protein Bcl-2 while enhancing the pro-
apoptotic protein Bax. Moreover, caspase-3 and PPRP1 levels were upregulated.
The present results suggested that compound 2 may merit further development
as a potential antileukemia agent [74]. BL-038, the novel benzofuran deriva-
tive, has been evaluated for its antitumor activity in human chondrosarcoma
cells. Chondrosarcoma is a highly malignant cartilage-forming bone tumor that
is intrinsically resistant to conventional chemotherapy or radiotherapy. Recent
research reported that intrinsic apoptosis response was elicited by BL-038 with
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the observation of release of cytochrome c, activation of caspase-9 and cas-
pase-3, as well as the cleavage of PARP [75]. Isodon rudescens is well known for its
antibacterial and antitumor activities and has also been regarded as a traditional
green tea for centuries. Oridonin is the major bioactive ent-kaurane diterpenoid
of this medicinal tea. Herein, 22 novel derivatives of oridonin were designed and
synthesized. Among these compounds, compound 19 was reported to induce
MOMP, which was probably involved in the intrinsic apoptotic pathway [76]. A
total of 25 derivatives of betulinic acid was synthesized at C-28 position after
structural modifications. The antitumor activities of these new products against
human cancer cell lines including MGC-803, PC3, Bcap-37, A375, and MCF-7 were
evaluated. Most of the derivatives possessed significant antiproliferative capaci-
ties. In addition, the study indicated that the apoptosis of MGC-803 cells induced
by compound 3 k was mediated by mitochondrial intrinsic pathway [77]. Natural
compounds have promising activities but are also quickly metabolized in the
human body, leading to limited therapeutic outcomes especially in the treatment
of cancer. The compound n-butylidenephthalide (BP) is isolated from Angelica
sinensis, which has long been used as a traditional Chinese herb to treat anemia
and gynecological dysfunctions. However, BP is quickly metabolized by the liver
within 24 h; here an investigation prepared BP through encapsulation with a novel
polycationic liposome containing polyethylenimine (PEI) and polyethylene glycol
complex (LPPC) in melanoma cells. The results demonstrated that compared with
BP alone treatment, BP/LPPC presented higher cytotoxicity in B16/F10 melanoma
cells. BP/LPPC-treated cells showed an increase in subG1 percentage and TUNEL
positive apoptotic morphology through induction of extrinsic and intrinsic
apoptosis pathways [78].

6. Conclusions and perspectives

Dysregulation of programmed cell death acts as a natural barrier in survival and
dissemination of cancer cells, whereas, malignant cells evolve many tricks to modify
or generate some key modulators to evade programmed cell death. Apoptosis is one
of the primary programmed cell death mechanisms, and extensive reports have
identified intrinsic and extrinsic apoptosis pathways in cells. Its role in tumor prolif-
eration is rather complex as different apoptotic pathways may cross talk or coexist
in cancer. The decision taken by a cell to undergo apoptosis is regulated by various
factors such as exogenous or endogenous damage.

For along time, complementary medicine, in particular traditional Chinese
medicine, has been extensively employed in practice due to good outcomes for
patients in the treatment of either serious diseases or ailments. Recent attention has
increasingly focused on the function of Chinese medicine on cancer and relevant
molecular mechanisms. Chinese medicinal herbs may be of great value in the
management of malignancies. This review retrospectively documented experimen-
tal data and precise effects of various herbs on tumor biology, especially the roles
of apoptotic pathways in modulatory processes. Chinese herbal medicine serves
to correct internal disequilibriums via the modulation of apoptosis and eventually
contributes to cancer repression.

As the field of Chinese herbal medicine develops rapidly and apoptosis is not
the only type of programmed cell death, which has expanded to include autophagy,
and necrosis, among others, novel mechanisms of action that may be favorable in
oncotherapy are still being characterized. We anticipate a major focus will be placed
on other programmed cell death mechanisms as well as investigating potential func-
tions of Chinese herbal medicines in such death pathways.
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Abstract

BCR-ABL1-negative myeloproliferative neoplasms are classically represented
by primary myelofibrosis, polycythemia vera, and essential thrombocythemia.
These entities are stem cell-derived clonal disorders characterized by hematopoietic
progenitor autonomy or hypersensitivity to cytokines, most of them presenting
mutations in Janus kinase 2 (JAK2), calreticulin (CALR), or myeloproliferative
leukemia virus oncogene (MPL). Deregulation of pro- and antiapoptotic genes is
also claimed as an important mechanism involved in cell resistance to cell death and
accumulation of myeloid cells in myeloproliferative neoplasms. Apoptosis, as one of
the best-characterized types of programmed cell death, has a clear role in hemato-
poiesis control. However, the exact pathways affected in BCR-ABL1-negative myelo-
proliferative neoplasms have not yet been fully clarified. This chapter will explore
the modifications affecting programmed cell death pathways involved in myeloid
proliferation and how these alterations might be exploited in single or combined
targeted therapeutic strategies.

Keywords: apoptosis, programmed cell death, cancer stem cells,
hematological disorders, cell death mechanisms, molecular interactions,
cytokine signaling, cell-cycle inhibitors

1. Introduction

Hematopoiesis is a highly controlled process that ensures the differentiation of
the hematopoietic stem cells (HSCs) into lymphoid and myeloid common progeni-
tors and further into all lineages of blood cells [1].

Programmed cell death (PCD) is one of the fundamental mechanisms of an
organism’ life cycle that controls every system, including hematopoietic system,
based on a precisely tuned signaling network. Apoptosis, the most important
type of PCD, maybe because it is the most analyzed type of death to date, is well
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described in hematopoietic differentiation [2]. Its deregulation in pathological
circumstances is potentially deleterious and may influence the fate of the entire
organism. Although different other types of PCD were described, apoptosis remains
one of the most important processes involved in differentiation and cell survival
regulation, while mechanisms as autophagy and necroptosis look like “backup”
mechanisms that share some “key players” and diverged from apoptosis at a certain
point, to assure the elimination of the malfunctioning system in case of “internal”
defect (mutations) or pathogens that inhibit the components of the apoptotic
network [3, 4].

Primary myelofibrosis (PMF), polycythemia vera (PV), and essential throm-
bocythemia (ET) are classic BCR-ABL1-negative myeloproliferative neoplasms
(MPNs) that are stem cell-derived clonal disorders characterized by hematopoietic
progenitor autonomy or hypersensitivity to cytokines, driven by acquired somatic
mutations in critical pathways, resulting in pathological expansion of the myeloid
lineages. In their natural course, MPNs could be exacerbated and transformed into
secondary acute myeloid leukemia (sAML) associated with treatment resistance
and poor clinical outcome [5].

This chapter will explore the most important modifications affecting pro-
grammed cell death pathways involved in myeloid proliferation, and how these
alterations might be exploited in single or combined targeted therapeutic strategies
in a classic BCR-ABL1-negative MPN.

2. Intrinsic and/or extrinsic apoptotic pathways involved in MPN
disease entities

Overall, the hematopoietic homeostasis requires a precise balance between
blood cell formation and maintenance of an adequate number of mature cells.
Although apoptosis is necessary to prevent the excessive accumulation of cells, the
hematopoietic progenitors need to be protected and preserved. A disruption of the
homeostatic balance in the hematopoietic system is relevant for many hematologi-
cal disorders, an increased cell death being involved in the etiology of immune
deficiencies and anemia, while an inappropriate resistance to apoptosis might lead
to hematological malignancies [6], such as MPNs.

As a particular form of PCD, apoptosis is activated via two convergent pathways:
the intrinsic and the extrinsic [7]. The intrinsic signaling pathway is triggered
at mitochondrial level in response to various stimuli such as genotoxic agents or
growth factor deprivation, and it is mainly regulated by the members of BCL-2
protein family that contain one or more BCL2 homology (BH) domains [8]. These
proteins are structurally and functionally classified into three groups. The first
group includes the critical effectors of the intrinsic pathway, namely BCL-2 antago-
nist killer 1 (BAK) and BCL-2-associated X protein (BAX). The second group is
represented by the prosurvival BCL-2 proteins (BCL-2, BCL-xL, MCL-1, BCL-W,
and Al) that hinder BAK and BAX activation, while the third group comprises
several structurally different proteins, known as “BH3-only” proteins (BIM, BID,
BAD, BIK, PUMA, and NOXA), which share solely a sequence called BH3-domain
[8, 9]. Cellular stress signals are sensed by the “BH3-only” proteins that directly
activate BAK and BAX or neutralize the prosurvival proteins. Once activated,
through conformational changes, BAK and BAX induce the permeabilization of
the mitochondrial membrane with subsequent release of apoptogenic factors, such
as cytochrome c and second mitochondrial activator of caspases/direct IAP bind-
ing protein with low pI (SMAC/DIABLO). Cytochrome c binds to the apoptotic
protease activating factor-1 (APAF-1) and forms the apoptosome, a heptameric
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complex that activates the initiator caspase-9, followed by activation of the effector
caspase-3, caspase-6, and caspase-7 that trigger final events of apoptosis [10, 11].

In the extrinsic apoptotic pathway, caspase activation is elicited at the level of
“death receptors” (DR), transmembrane proteins of the tumor necrosis factor
(TNF) receptor superfamily typically represented by FAS (CD95), TNF receptors,
and TNF-related, apoptosis-inducing ligand (TRAIL) receptors. Through interac-
tion with their corresponding ligands—FASL, TNF-«, and TRAIL, respectively—
DR become activated, leading to the recruitment of a death adaptor protein, such
as FAS-associated death domain (FADD) or TNFR-1-associated death domain
(TRADD). Death adaptors generate a death-inducing signaling complex (DISC), in
which procaspase-8 is recruited and activated, the death signal being subsequently
transduced to the effector caspases [2, 10].

A very early apoptosis event is the global and rapid mRNA degradation by a
mechanism that is not yet completely characterized [12].

Various factors associated with intrinsic and extrinsic apoptotic pathways have
been involved in the control of adult hematopoiesis under physiological as well as
pathological conditions [2]. In this respect, BCL-2 protein family members play
different roles across individual hematopoietic lineages during differentiation and
maturation. At the level of HSCs and early myeloid progenitors, MCL-1 is an essen-
tial prosurvival factor, being upregulated by stem cell factor and interleukin-3 via
JAK/STAT (Janus-activated kinase/signal transducers and activators of transcrip-
tion) and AKT signaling pathways [13, 14]. During erythropoiesis, erythropoietin
(EPO) ensures erythroid progenitor survival, proliferation, and differentiation by
acting on its cognate receptor (EPO-R) and inducing JAK2-STATS5 activation that
leads to upregulation of BCL-xL [10]. The development, maturation, and survival
of megakaryocytes (MKC) is strictly dependent on the presence of both BCL-xL
and MCL-1 proteins that are induced by thrombopoietin (TPO) signaling and
restrain intrinsic apoptosis, while platelet life span seems to be dictated only by
BCL-xL levels [7, 15, 16]. Similarly, MCL-1 is essential for granulocyte progenitor
survival and differentiation [16]. On the other hand, the receptor/ligand interac-
tions of the TNF family represent physiological mechanisms that exert a negative
regulation in the terminal stages of the hematopoietic differentiation, controlling in
this way the size of the expanding hematopoietic clones and maintaining heteroge-
neity in response to various demands [17].

PV is characterized by erythrocytosis accompanied by a suppressed endogenous
EPO production. It often associates thrombocytosis and/or leukocytosis with pan-
myelosis at bone marrow examination. The pattern of driver mutations is strikingly
dominated by JAK2 V627F that is present in more than 95% of patients, the rest
being represented by JAK2 exon 12 mutations [18].

A study that analyzed gene expression profile of granulocytes isolated from PV
patients showed an upregulation of protease inhibitors with affinity for proteases
inducing apoptosis in neutrophils (e.g., cystatin F and secretory leukocyte protease
inhibitor), as well as of several antiapoptotic and survival factors (e.g., p38 MAPK),
compared to granulocytes obtained from healthy subjects [19]. Also, unlike the
granulocytes of ET patients or normal controls, the granulocytes of PV patients
were found to express an increased amount of heat shock protein 70 (HSP70),
which counteracts apoptosis at different levels by preventing BAX translocation to
mitochondria, inhibiting APAF-1 and procaspase-9 recruitment to apoptosome,
and reducing caspase activation. As shown in primary cell cultures, an HSP-70
inhibitor was able to induce apoptosis in the erythroid lineage [20].

Concerning the extrinsic apoptosis pathway, it was found that erythroblasts
isolated from PV patients carrying JAK2 V617F mutation exhibited an increased
resistance to death receptor-induced apoptosis being able to generate elevated red
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blood cell counts in the presence of CD95 and TRAIL receptor stimulation. In addi-
tion, the JAK2 mutation was correlated in PV erythroblasts with an overexpression
of c-FLIPshort, a potent cellular inhibitor of extrinsic apoptosis [21]. Also, Tognon
et al. reported a dysregulated expression of genes related to extrinsic apoptosis
(FAS, FASL, FAIM, C-FLIP, TRAILRI/DR4, and TRAILR2/DR5) in bone marrow
CD34+ cells and peripheral blood leukocytes obtained from patients with different
MPN phenotypes, including PV [22].

ET is defined by thrombocytosis associated with normocellular bone marrow
and hyperplasia of enlarged MKC. The molecular profile of ET consists of JAK2
V617F mutation (in 60-65% of patients), CALR exon 9 indels (in 20-25% of
patients), MPL exon 10 mutations (in about 4-5% of patients), and very rare non-
canonical MPL mutations (in less than 1% of patients). About 10% of ET patients
lack these mutations being considered triple-negative cases [18].

Before the discovery of JAK2 V617F, in order to gain insight into the molecular
mechanisms of ET megakaryopoiesis, Tenedini et al. have employed microarray
technology to study the gene expression profiles of bone marrow CD34-derived
MKC from ET and healthy individuals. They found in ET a downregulation of the
proapoptotic genes BAX, BNIP3, and BNIP3L, as well as of the genes encoding for
components of the mitochondrial permeability transition pore complex, along with
the upregulation of the antiapoptotic and survival genes IGFIR, CFLAR (C-FLIP),
and SDF1. Also, ET MKC exhibited in cell cultures an increased resistance to apop-
tosis, relative to their normal counterparts [23].

In a study that aimed to characterize the immunophenotypic apoptotic profiles
of MKC on bone marrow biopsy samples obtained from MPN patients, it was
observed that ET MKC displayed an antiapoptotic pattern, characterized by an
overexpression of BCL-xL and a lower expression of BAX, compared to those of
PMF patients [24]. Furthermore, Trelifiski et al. confirmed by flow cytometry the
antiapoptotic profile of ET MKC and bone marrow mononuclear cells (BMMC).
As opposed to controls, previously untreated ET patients presented significantly
lower percentages of apoptotic MKC and BMMCs, when assessed for the number
of annexin-V+ and caspase-3+ positive cells. These findings were accompanied
by markedly lower BAX levels and BAX/BCL-2 ratios, especially in JAK2 V617F-
negative cases [25].

Compared to PV and ET, PMF is a more heterogeneous disease, being character-
ized by clonal myeloproliferation, abnormal cytokine expression, early bone mar-
row fibrosis, anemia, splenomegaly, extramedullary hematopoiesis, constitutional
symptoms, and a lower overall survival rate. On the other hand, during the natural
course of the disease PV and ET patients might suffer a conversion into secondary
myelofibrosis (MF) that resembles PMF [26, 27]. PMF shares with ET a similar
profile of mutations in JAK2, CALR, and MPL [18].

Initially, it was suggested that bone marrow MKC in PMF might undergo an
increased apoptosis that could be responsible for the release of fibrogenic cytokines
[28]. However, further studies have demonstrated that PMF MKC displayed a high
proliferative capacity and resistance to apoptosis, explained by the overexpression
of BCL-xL [29]. Also, the gene expression analysis of laser-microdissected MKC
from PMF patients indicated a tendency toward an overall downregulation of
apoptosis-associated genes, especially of BNIP3 [30].

Chronic inflammation sustained by the continuous release of proinflammatory
cytokines and chemokines and subsequent bone marrow microenvironment altera-
tions are considered key factors in PMF pathogenesis. The abnormal production of
cytokines that occurs both in malignant and nonmalignant cells was related to an
increased JAK2-STAT3 activation and was found responsible for the inhibition of
apoptosis and increased myeloproliferation, creating an environment that favors
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MPN clone maintenance and expansion [31, 32]. Recently, it was shown that MF
cells downregulated the expression of X-linked inhibitor of apoptosis (XIAP) and
mitogen-activated protein kinase 8 (MAPK 8), a necessary component of TNF-
mediated apoptosis, viaa TNF/TNFR2-dependent autocrine loop. This was consid-
ered a mechanism to escape an apoptotic response and to increase NF-kB signaling
involved in inflammatory cytokine expression [33].

Overall, these data show the importance of the participation of both intrinsic
and extrinsic apoptosis pathways in the pathogenesis of MPNs.

3. Key PCD players in BCR-ABL1-negative MPN entities

Modifications occurred in the regulation of apoptosis, especially in expression of
pro- and antiapoptotic genes, have great contribution to the myeloaccumulation in
MPNs. Concerning the involvement of other types of PCD in myeloproliferations,
few data are available. Some key players are involved in apoptosis regulation and
also in autophagy or necroptosis. More often, it is a continuous process from apop-
tosis, autophagy to necroptosis. Increased death signals and stress levels can switch
cell death types in the attempt of eliminating the malfunctioning cells [34, 35].

BCL-2 family of proteins is a very important regulator of apoptosis and, at
the same time, is also a negative regulator of BECN1/Beclin-1, a key regulator of
autophagy [36, 37]. Autophagy was shown to be a major contributor to chemo-
therapy resistance in AML [38].

BCL-xL promotes cell survival, such as survival of erythroid cells and platelets,
and regulates their lifespan at a steady state. Inhibition of BCL-xL induces profound
thrombocytopenia by triggered BAK/BAX-mediated mitochondrial damage, cas-
pase activation, and premature death of MKC [39, 40]. In MPNs, a concerted effect
resulted from antiapoptotic BCL-xXL over-expression and proapoptotic BNIP-3
downregulation was clearly documented [41].

Bcl-2-associated death promoter (BAD) inhibits antiapoptotic proteins BCL-2
and BCL-xL and is involved in initiating the apoptosis process. In unphosphory-
lated form, BAD forms heterodimers with BCL-2 and BCL-xL, inhibiting their
antiapoptotic functions, and facilitates BAX/BAK activation in response to apop-
totic stimuli [42, 43], promoting apoptosis. After activation by phosphorylation,
BAD forms a heterodimer with 14-3-3 proteins, releasing BCL-2 that is free to block
apoptosis. BAD is a substrate of various kinases, such as AKT, protein kinase A
(PKA), and c-Jun NH2-terminal kinase (JNK).

Gene expression studies on CD34+ cells and peripheral leukocytes isolated from
ET and PMF patients indicated that mRNA levels of BAX, BAD, and BIK were lower
in JAK2 V617F-positive cases than in negative ones and, additionally, displayed a
negative correlation with the JAK2 V617F mutational load. Also, A1, MCL1, BCLW,
and BCL-XL genes have an increased expression in ET and PMF patients compared
to controls. As such, Tognon et al. hypothesized that deregulated expression of
apoptosis-related genes is linked to myeloaccumulation and pathogenesis of these
two disorders [44].

Studies focused on the apoptosis deregulation in PV identified an increased
expression of A1 and MCL-1 and a reduced expression of proapoptotic BAD and
BAX genes in PV CD34+ cells compared with controls. A1 expression was also
increased, whereas BAD and BAX mRNA levels were decreased in the leukocytes
of PV patients versus healthy subjects [45]. Rubert et al. evaluated the roles of
proapoptotic BIM and antiapoptotic MCL-1 in regulating JAK2 V617F-positive
cell survival. JAK?2 inhibition modified Bim-EL Ser69 phosphorylation, as well as
decreased MCL-1 level, inducing apoptosis. On the other side, MCL-1 depletion
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compromised cells’ viability and sensitized JAK2 V617F-positive cells to JAK2
inhibition [46]. Also, mutant JAK2 inhibits the BCL-xL deamidation pathway and
the apoptotic response to DNA damage in primary cells from patients PV [47]. JAK2
V617F-positive ET patients presented markedly higher activation of caspase-3, as
well as higher BAX expression than JAK2 V617F-negative ones [25]. Recent data
pointed out that in ET, the MKC exhibit a more proliferative profile, while in MF,
they display, in a larger proportion, a defective proapoptotic mechanism [24, 48].

Survivin is one of the inhibitors of apoptosis proteins (IAPs) that regulate cell
death through mitochondrial route by restricting the IAP-inhibitor DIABLO protein
and preventing it from activating caspase-9. A greater proportion of myeloprolifera-
tive MKC express survivin compared to its reciprocal inhibitor, DIABLO. Survivin
seems to be the key mediator of the MKC survival signature in the MPNs and might
be a potential therapeutic target [41]. Recently, new evidence suggested that survivin
may be involved in the evasion of cell death by manipulation of autophagy [49].

BNIP-3 (BCL2/adenovirus E1B 19 kDa protein-interacting protein 3), a pro-
apoptotic mitochondrial protein belonging to the BCL-2 family, is activated under
hypoxic conditions with hypoxia-inducible factor (HIF-1a) in normal and cancer
tissues. BNIP-3 is involved in the induction of hypoxic necrosis in tumors because
it activates caspase-independent necrosis-like cell death by opening the mito-
chondrial permeability transition pore. In MPNs, BNIP-3 expression is reportedly
low and this might indicate that the increased bone marrow cellularity is not only
because of proliferative signaling but also due to decreased apoptosis [50, 51].

CALR is a multifunctional endoplasmic reticulum (ER) chaperone involved
in the quality control of N-glycosylated proteins, calcium storage, and immune
responses [27, 52]. In relation to apoptosis, CALR is implicated in the specific activa-
tion of caspase-8, BAX, and BAK, and also in the BCL-2 cleavage [53].

Caspase-8, a key factor in the extrinsic pathway, together with caspase-9, a
key factor in the intrinsic pathway, is implicated in regulating MKC turnover [41].
CALR mutations particularly affect the MKC lineage as indicated by the higher
mean number of endogenous MKC colonies in CALR-mutant MPNs than those
found in JAK2 V617F-positive and triple-negative cases [54]. Immunohistochemical
studies proved that CALR-mutated MKC displayed a dysregulated apoptosis
with significant reductions in proapoptotic BNIP-3 that could explain the higher
platelet number observed in CALR-positive MPNs, in contrast to other molecular
subtypes [48]. Caspase-8 just like caspase-9 regulates MKC turnover in the MPNs.
Overexpression of caspase-8 induces TP53 gene transcription to produce p53, which
stimulates apoptotic cascade [41]. Caspase-8 uses proteolytic and nonproteolytic
functions to change cell behavior. Activated caspase-8 triggers caspase-3 activation
that commits cell to death [55]. (How does this relate to MPN? Is it upregulated or
downregulated?).

Immunohistochemistry studies showed that the percentage of MKC positive for
caspase-8 is higher in MPNs in comparison with controls, suggesting that MKC in
MPN tend to counteract the survival advantages acquired through inhibition of the
intrinsic apoptotic pathway by activating the caspase-8-mediated extrinsic apop-
totic cascade[41].

Caspase-9 is an inducible proapoptotic molecule, which acts relatively late in
apoptosis signaling becoming less susceptible to inhibition by apoptosis inhibi-
tors [56]. Caspase-9 is an apoptotic initiator caspase in MKC and platelets being
necessary for their efficient death, and it is not required for platelet generation and
function, as it was previously thought. Thus, caspase-9 loss is associated with an
increased MKC proliferative capacity. In MPNs, especially in the CALR-mutated
molecular subtype, caspase-9 dysfunction could play a role in the enhanced throm-
bocytosis [40, 41].
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SMAC/DIABLO controls apoptosis by negatively regulating IAPs and by acti-
vating caspases. Recently, it was shown that silencing of SMAC/DIABLO caused
decreased levels of phospholipids, suggesting that besides proapoptotic functions,
SMAC/DIABLO have nonapoptotic lipid synthesis-related function essential for
cancer growth and development. Therefore, it was assumed that SMAC/DIABLO
could be a promising therapeutic target in cancer [57]. On the other hand, SMAC/
DIABLO downregulation was found to be associated with progressive disease and
poor survival rate in hematologic malignancies, and DIABLO/SMAC mimetics were
proposed as a potential adjunct therapy to enhance DIABLO levels in MPN MKC
[41]. More studies are necessary to establish the proper therapeutic options in the
light of the new role of SMAC/DIABLO in the phospholipid synthesis.

The tumor suppressor gene TP53 plays many roles in apoptotic landscape by
suppressing or activating a large number of checkpoint and apoptotic genes [58].
Alterations in TP53 have not been linked to MKC hyperplasia although mutations
targeting TP53 do occur during leukemic transformation of MPNs. Mutated p53
could inhibit the wild-type p53 function or gain new oncogenic functions through
protein-protein interactions [59]. As a result, poor prognosis in hematologic
malignancies is correlated with mutations in TP53 due to mutant’s stability [58].
Elevated levels of MKC p53-positive are present more in PMF than in PV and ET
[41]. According to Malherbe et al., CALR-mutated cases compared to JAK2 V617F-
positive cases present more p53, but not caspase-8 positivity. It seems that CALR
lesions disrupt alternative apoptotic effectors and affected MKC attempt, a remedial
prodeath response dominated by overexpression of p53. Also, CALR-mutated MKC
display a minor caspase-9 upregulation that is unlikely to induce apoptosis due to
concurrent survivin overexpression, but rather promote thrombocytosis [41].

Cell surface death receptor-ligand interaction, such as FASL binding FAS,
TRAIL binding death receptor 5 (DR5) or TNFa binding TNFR1, executes extrinsic
pathway apoptosis.

The two major necroptotic death effector complexes, the necrosome and
ripoptosome, are induced by TNFR1 and toll like receptor 3 (TLR3) signaling,
respectively [60]. IFN-R activation, primarily by type-I IFN, is believed to involve
a caspase- and FADD-independent, receptor-interacting protein kinase (RIP)
3-dependent mode of cell death via the formation of the necrosome. Following
IFN-R activation, JAK/STAT signaling and the activity of RNA-responsive protein
kinase (PKR), upstream of RIP1/RIP3 necrosome formation is essential. TNFa
binding to TNFRI1 causes recruitment of TRADD and RIP1 via their death domains
resulting in the prosurvival complex I, which is stabilized by TNFa-bound TNFR2-
TRAF2. Internalization of the TNFR1-TRADD-RIP1 complex is required for recruit-
ment of caspase-8 and FADD, necessary for apoptosis. This is therefore a major
cell death checkpoint as the absence of NF-«B activation and prosurvival signaling
results in proapoptotic complexes or, alternatively, the pronecroptotic complex
known as the necrosome. The ripoptosome consists of FADD, cFLIP and caspase-8
and allows necroptosis to prevail if active cleavage of RIP1 by caspase-8 is prevented
by cFLIPL. In MPN, it was shown that blocking TNFR2 but not TNFR1 selectively
inhibits MPN cells over normal ones and the process involves XIAP, cIAP, and
MAPKS as key mediators of these differential responses to TNF. These data support
the potential therapeutic use of cIAP inhibitors and selective TNFR2 inhibitors in
the treatment of MF [33].

The TLR3-induced pathway converges with the TNFR1-induced pathway at the
necrosome. The execution phase of necroptosis starts with interaction between
RIP1 and RIP3. Following stabilization of the RIP1-RIP3 complex, mixed-lineage
kinase domain-like protein (MLKL) is recruited to form a functional necrosome.
MLKL activated upon phosphorylation by RIP3 results in the translocation of the
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MLKL necrosome to the plasma membrane, necroptotic membrane disruption, and
release of liposomes containing phosphatidylinositol phosphates (PIPs). This per-
meabilization, combined with MLKL-mediated calcium or sodium influx ion-pore
dysregulation, characterizes the model proposed for necroptosis execution [60].
Human cancers, including MPN and their exacerbated form, sAML, are known for
eluding apoptosis; therefore, therapeutic induction of necroptosis may represent a
better strategy for an efficient treatment. A series of compounds have been shown
to trigger necroptosis, particularly inhibitors of RIP1, RIP3 or MLKL, in leukemia
cells; however, a deeper understanding of the signaling network that regulates this
type of PCD is still necessary [35].

4. Major signaling pathways involved in apoptotic failure in molecular
subgroups of MPN

The constitutive activation of JAK-STAT pathway is a common feature of
MPNs irrespective of driving mutation, being observed even in so-called “triple-
negative MPNs” that lack known JAK2, MPL, and CALR mutations [41, 48, 61].
In contrast to the transient activation of the JAK-STAT signaling that occurs in the
physiological conditions, MPNs are characterized by a hyperactive JAK2 signaling
through dimeric myeloid cytokine receptors (EPO-R, TPO-R, and G-CSFR) even
in the absence of the ligand that promotes myeloproliferation and resistance to
apoptosis (Figure 1) via the JAK-STAT, PI3K (phosphatidylinositol 3-kinase)-AKT
signaling pathways, and ERK/MAPK pathways [62, 63]. While the most prevalent
MPN driver mutation, JAK2 V617F, induces the activation of all three myeloid
cytokine receptors, MPL and CALR mutations activate only TPO-R. This provides
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Major signaling pathways involved in apoptotic failure in molecular subgroups of MPN.
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an explanation for the association of JAK2 V627F mutation with all classical MPN
phenotypes (PV, ET, and PMF) and also for the preferential occurrence of MPL and
CALR mutations in ET and PMF.

In addition, loss-of-function or neomorph mutations in genes that are involved
in epigenetic regulation, splicing, and signaling can act as disease modifiers by
cooperating with MPN driver mutations [52].

The JAK/STAT is the major pathway (Figure 1a) involved in MPN pathology
[64-66]. JAK2 V617F mutation promotes constitutive activation of JAK-STAT
signaling, erythrocytosis and MKC proliferation, extensive cellular hyperplasia,
and abrogated apoptosis [67, 68]. In response to JAK2 V617F mutation, extensive
proliferation conduces to accumulation of irreparable DNA damage. As a con-
sequence, internal apoptotic cascade is triggered with higher BNIP-3 positivity
that stimulates MKC apoptosis [69, 70]. This is counteracted by the antiapoptotic
effects conferred by excess BCL-XL expression induced by phosphorylated STAT5
(pSTAT5) and pSTAT3. BCL-xL expression is essential to maintain megakaryoblast
lineage survival and platelet production, preventing lethal hemorrhage [15].

The MAPK/ERK signaling pathway activation (Figure 1b) is required in MKC
differentiation, with TPO as signal for induced maturation via MPL receptor
[71]. JAK2 V617F can activate MAPK signaling pathway via receptor tyrosine
kinase-Grb2-SOS, continuing with RAS GTPase and RAF-1, which activates MEK,
followed by ERK activation [72]. Phosphorylated extracellular signal-regulated
kinase (ERK) activates BCL-2 and BAD, both of which have the effect of inhibiting
apoptosis.

An increased activation of RAS/RAF/ERK pathway was showed in MPN
patients, especially in erythroid precursor cells and MKC (Figure 1b). It was
shown that ERK is constitutively activated by the JAK2 V617F mutation. Laubach
JP et al. demonstrated an increased activation of RAS/ERK pathway in PV, associ-
ated with a dysregulated erythropoiesis and apoptosis resistance of erythroid
precursor cells [73]. ET, PV, and PMF patients with JAK2 V617F mutation demon-
strated an increase of ERK phosphorylation level in MKC. Phosphorylated ERK
activates BAD, which release apoptosis inhibitor BCL-2, resulting in an overall
inhibition of apoptosis that may be the cause of MKC hyperplasia and bone mar-
row hypercellularity [50].

The PI3K/AKT signaling pathway (Figure 1c) may be activated by the JAK2
V617F mutation or pSTATS. PI3K/AKT pathway is involved in several cellular
processes including cell proliferation and differentiation, protein synthesis,
and apoptosis. AKT pathway is known to be active in AML [74, 75]. Dai C et al.
showed that increased erythroid progenitor proliferation from PV is associated
with increased phosphorylation of AKT [76]. Khan I et al. confirmed that PI3K/
AKT signaling pathway was activated in MPN by the JAK2 V617F and MPL W515 L
mutations [77]. Moreover, Koopmans et al. demonstrated an increase of pAKT
level in the cytoplasm and nucleus of immature myeloid cells and in MKC of MPN
patients. Immunohistochemical staining showed that pAKT expression was signifi-
cantly higher in MKC of ET compared to PV and PMF. Recently, the AKT activation
was demonstrated to be a feature of CALR-mutant myeloproliferative neoplasms
[78]. The higher platelet counts reported in MPN with CALR mutations may be due
to greater dysregulation of MKC apoptosis [48]. Consequently, AKT was considered
a potential target in MPN therapy. Several studies have shown that targeting AKT
with specific inhibitors reduced cell growth in vitro [77] and induced prolonged
survival of the immunodeficient mice injected with JAK2 V617F-mutated cells,
along with reducing spleen size [79].

The activation of AKT upregulates BCL-xL and inactivates BAD, suppressing
apoptosis and promoting cell survival. This was observed in MPN patients, where
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the activation of pAKT was higher in MKC and associated with the inhibition

of MKC apoptosis [50]. pAKT is also known to induce activation of BNIP-3 and
caspase-9 through mammalian target of rapamycin (mTOR)—a serine/threonine
kinase that is an effector protein of AKT—via activation of HIF-1. Data related

to BNIP-3 expression are conflicting; some groups reported a reduced BNIP-3
expression [30], whereas others have shown its upregulation in MPNs [50]. In the
study of Koopmans et al., the immunohistochemical expression of BNIP-3, with
proapoptotic function, was lower in total bone marrow cells of ET, PV, and PMF
patients, compared with the control group. This suggests that a decreased apoptosis
might also contribute to the increased bone marrow cellularity observed in MPNs.
However, in contrast to total bone marrow cells, the MKC of MPN patients were
found to display a high level of BNIP-3 [50]. On the other hand, the most pro-
nounced reductions in BNIP-3 were observed in PMF, suggesting a loss of proapop-
totic potential during progression to the “accelerated” phase of MPNs [80].

JAK2 exon 12 mutations, exclusively associated with PV, consist of deletions/
insertions, duplications, and point mutations, which affect a conserved region in
the proximity of JAK2 pseudokinase domain (residues F537 through E543) and have
functional consequences similar to those induced by JAK2 V617F, however with
some quantitative and qualitative differences [81]. Thus, exon 12 mutations cause a
constitutive activation of EPO-R (Figure 1a) with erythroid hyperplasia, and lesser
involvement of other hematopoietic lineages [82, 83]. Unlike JAK2 V6217F, that is
commonly homozygote in PV, at least in a proportion of colonies, exon 12 mutations
are predominantly heterozygous, suggesting a stronger activation of JAK2 signaling
[82, 84, 85]. As indicated by the levels of pAKT in the erythroid colonies, JAK2 exon
12 mutations are associated with a weaker activation of AKT signaling compared to
JAK2 V617F. Both JAK2 V617F and JAK2 exon 12 mutations block the DNA damage-
mediated apoptosis through inhibition of the BCL-xL deamidation pathway [81].

MPL exon 10 mutations induce an increased TPO-R signaling (Figure 1d)
resulting in the activation of STATS, STAT3, ERK, and AKT with associated throm-
bocytosis [86]. The most prevalent MPL mutations include substitutions of the jux-
tamembrane tryptophan W515, mainly by leucine (W515 L) or lysine (W515K) and
rarely by alanine (W515A) or arginine (W515R). As tryptophan W515 is part of the
amphipathic helical motif RWQFP that prevents TPO-R self-activation, these sub-
stitutions cause a cytokine-independent activation of the receptor [87, 88]. In this
respect, in vitro expression studies of MPL mutants indicated that MPL W515K/L
mutations were able to induce spontaneous cell proliferation and activation of JAK/
STAT, RAS/MAPK, and PI3K/AKT pathways. In addition, an antiapoptotic effect
was observed after cytokine withdrawal in MPL W515K/L-expressing cell lines,
characterized by high levels of BCL-XL expression [89]. A second type of exon 10
MPL driver mutations, S505 N [52], was initially described as a germline mutation
in a Japanese family suffering from hereditary thrombocytosis. Functional studies
revealed that cell lines expressing S505 N presented growth factor-independent
survival capacity accompanied by a constitutive phosphorylation of MEK1/2 and
STATSb. Furthermore, an autonomous phosphorylation of MEK1/2 was also noticed
in the platelets obtained from the affected family members [90]. Later on, the same
MPL mutation was reported as somatic in less than 1% ET cases [91].

Noncanonical MPL mutations (outside exon 10) of somatic or germline origin
have been identified by whole-exome sequencing (WES) in approximately 10% of
triple-negative ET or PMF cases [92]. By performing several functional assays, it
was shown that all MPL mutations were gain-of-function resulting in activation of
JAK2-STATS signaling. In a different study, the MPL somatic mutation S204P could
induce TPO-independent growth, resistant to cytokine deprivation and constitutive
STAT activation, although less efficient than MPL W515K mutation [93].
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CALR mutations are located in the exon 9 of the gene and induce a + 1 base-
pair frameshift, resulting in a new C-terminus that loses the ER retention motif
(KDEL). Although more than 50 CALR mutations have been described so far, the
mutation profile is dominated by a 52-bp deletion (type 1 mutation) and a 5-bp
insertion (type 2) [94]. Functionally, both type 1 and type 2 CALR mutants bind
to the extracellular domain of TPO-R and cause its activation (Figure le), lead-
ing to constitutive JAK2/STAT/PI-3 K and MAPK signaling and protecting cells
from apoptosis [95]. Recently, by using gene expression analysis of K562 cells that
lack TPO-R and stably express either CALR WT or the two most common CALR
mutants, Salati et al. have identified a novel potential role of CALR mutations in
MPN development, independent of TPO-R activation. Thus, CALR mutants seemed
to diminish the proapoptotic signals downstream the unfolded protein response,
generating the accumulation of misfolded proteins in ER and promoting resistance
to ER stress-induced apoptosis [96].

Taking into account the above-mentioned cellular and molecular effects of
MPN driver mutations, we can assume that megakaryocytic and erythroid progeni-
tor expansion in MPNs results from a combination of increased proliferation and
attenuated apoptosis.

5. PCD resistance in myeloid proliferation exploited in single or
combined targeted therapeutic strategies

As shown previously, deregulation of the JAK/STAT pathway is central to MPN
development and is driven in most cases by activating mutations in JAK2, CALR, or
MPL. Signaling through other pathways (RAS/RAF/MEK/ERK, PI3K/AKT/mTOR,
and LNK) and alterations in other cellular processes such as DNA methylation (e.g.,
TET2 and DNMT3A mutations), histone modification (ASXL1 and EZH2 muta-
tions), and RNA splicing (U2AF1, SF3B1, and SRSEF2 mutations) further contribute
to initiation, progression of myeloproliferation, and resistance to apoptosis [52, 97].

Understanding molecular mechanisms of MPN pathogenesis has stimulated
drug development in the field.

Reduction of thrombotic risk is the major goal of therapy in patients with
PV and ET, and hydroxyurea (HU) is normally the first-line drug for achieving
cytoreduction [98, 99]. In addition, most patients should receive aspirin, if they
have no contraindications. In PV, maintaining hematocrit values <45% is an impor-
tant therapeutic target. Second-line drugs of choice are interferon-a (IFNa) and
busulfan [99].

The clinical efficacy of IFNa has been reported since 30 years ago and was
improved with the development of pegylated forms [100, 101]. Furthermore, sig-
nificant reductions of the JAK2 V617F allele burden (% JAK2 V617F) was observed
in IFNa-treated patients [102, 103], suggesting that IFNa is able to target the
malignant clone. The mechanism of action of IFNa in MPNs is not clearly eluci-
dated, but several studies confirmed a targeted effect against JAK2 V617F mutant
clones. Ropeginterferon alpha-2b (Ropeg) is a long-acting pegylated-IFNa-2b,
recently shown to be safe and well tolerated in phase 1-2 studies in PV patients.
Both hematological and molecular responses have been reported in a phase 2 trial
[104]. The discovery of JAK2 V617F mutation and its role in constitutive activation
of downstream signaling pathways and MPN pathogenesis triggered the search for
specific JAK2 kinase inhibitors as potential targeted therapy. One of the first mol-
ecules approved for targeted treatment of MPN patients, ruxolitinib/jakafi (RUX),
a selective JAK2 and JAK1 inhibitor, is currently used in PV resistant or intolerant to
HU, and in intermediate and high risk PMF [99, 105]. RUX, approved in 2014 based
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on the results of the RESPONSE trial [106, 107], inhibits ATP-binding catalytic site
of JAK kinase domain (both in mutant and wild type JAK), thus leading to a reduc-
tion of phosphorylation level of STAT-3/5, ERK, and AKT [108, 109]. Initial studies
showed that RUX treatment of JAK2 V617F-positive Ba/F3 cells inhibited cell
proliferation and induced apoptosis [108]. The drug was able to cause apoptosis by
decreasing BCL-xL, as well as proviral integrations of Moloney virus (PIM) 1 and 2
at transcriptional level, and consequently by inhibiting BAD phosphorylation [110].

RUX showed efficiency in spleen size reduction and symptomatology allevia-
tion, improving quality of life, and overall survival; however, no significant
decrease in allele burden was achieved [11, 111, 112]. RUX effects on the malignant
clone are modest, side effects (such as anemia and thrombocytopenia) are reported,
and drug resistance may appear. Other therapeutic strategies have been developed;
they include the discovery of new inhibitors that target specifically mutant JAK2
and the combination of current therapies with other molecules that inhibit compo-
nents of signaling pathway [105].

Early studies provided some evidence for the increased resistance to apoptosis
of PV erythroid progenitor cells: overexpression of BCL-xL in the absence of EPO
and a higher sensitivity to the antiapoptotic growth factor IGF-1 [113]. Moreover,
Zeuner et al. have shown that erythroid precursors in PV patients with average and
high JAK2 V627F mutational load often expressed elevated levels of BCL-2 and
BCL-xL and were very susceptible to the apoptosis induced by the BH3 mimetic
ABT-737 (a small-molecule that inhibits BCL-2, BCL-xL, and BCL-W and causes
apoptosis of the leukemic cells) compared to JAK2 V617F-low or normal erythro-
blasts [114]. Later, the combination of ABT-737 with a JAK inhibitor proved to be
efficient in reducing the number of PV JAK2 V617F +EPO-dependent and inde-
pendent erythroid colonies, and BIM was identified as a key mediator of apoptosis
induced by JAK?2 inhibition [115].

In susceptible cells, apoptosis is caused by exposure to a JAK inhibitor, which
leads to dephosphorylation of BAD, enabling BAD to bind and sequester the anti-
apoptotic protein BCL-xL. On the other side, in potent cells, RAS effector pathways
keep BAD phosphorylation in the presence of JAK inhibitors, maintaining a specific
dependence on BCL-xL for survival. So, downstream regulation of BCL-xL, more
precisely BCL-xL inhibition, might be the key against resistance to JAK inhibition
by either co-inhibition of JAK and RAS effector in AKT and ERK pathways or by
direct inhibition of BCL-xL inducing apoptosis [116].

At present, there are over 1500 clinical trials evaluating various drug effects on
myeloproliferative neoplasms registered at clinicaltrials.gov. Some of them might be
successful due to targeting different apoptotic pathways or by targeting simultane-
ously different types of PCD.

Plitidepsin is a synthetically produced anticancer agent [117], a cyclodepsipep-
tide related to didemnins, commercialized as Aplidin® (PharmaMar, S.A., Madrid,
Spain). Plitidepsin induces dose-dependent cell-cycle arrest and an acute apoptotic
process. These effects rely on the induction of early oxidative stress, the rapid acti-
vation of Racl GTPase, and the sustained activation of JNK and p38/MAPK, which
finally result in caspase-dependent apoptosis [118, 119]. JNK phosphorylation can
be seen as early as 5-10 minutes after exposure to the compound. The activation
of JNK and p38/MAPK is associated with increase in reactive oxygen species and a
decrease in reduced form of glutathione [120].

Recent studies have led researchers to hypothesize that the primary target
of plitidepsin could be the eukaryotic elongation factor 1A2 (eEF1A2), which is
overexpressed in tumors and supports tumor cell proliferation while inhibiting
apoptosis [121]. eEF1A2 seems to be an interesting target for therapy and may also
be a biomarker predicting drug sensitivity. Aplidin®/Plitidepsin was investigated for
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its effect (safety and tolerability) on bone marrow or peripheral blood cells as well as
assessed the response rate in patients with PMF, post-PV MF, or post-ET MF, in phase
I1/open label single agent clinical trial (NCT01149681). Although the drug was well
tolerated, the trial was prematurely terminated due to the low response rate [122].

Navitoclax is an orally active, synthetic small molecule and an antagonist of the
apoptosis suppressor proteins BCL-2, BCL-xL, and BCL-w, which are frequently
overexpressed in a wide variety of cancers, including myeloid ones, and are linked
to drug resistance. Inhibition of these apoptosis suppressors prevents their binding
to the apoptotic effectors BAX and BAK proteins, thereby triggering apoptotic pro-
cesses in cells overexpressing BCL-2, BCL-xL, and BCL-w. This eventually reduces
tumor cell proliferation. Navitoclax (ABT-263) and RUX are currently evaluated in
combination for efficacy, safety, and tolerability on spleen volume as assessed by
magnetic resonance imaging (MRI) in participants with MF in a phase II/open label
clinical trial (NCT03222609).

Obatoclax (GX15-070) is a BH3-mimetic designed to target and counteract anti-
apoptotic BCL-2 proteins. Obatoclax is an MCL-1 antagonist [123] and downregu-
lates p53, and it has a dual mechanism of action, being capable to induce apoptosis
or autophagy [124]. On the other side, obatoclax accumulates in lysosomes inducing
their alkalinization and inhibiting their function [125]. Parikh et al. conducted a
multicenter, open-label, noncomparative phase II study (NCT00360035) of obato-
clax in patients with MF. Unfortunately, obatoclax exhibited no significant clinical
activity at the tested dose and schedule [126].

Other phase I trial (NCT02436135) investigated the combination of RUX with
idelalisib, a PI3K delta inhibitor, as therapy for intermediate to high-risk PMF, post-
PV MF, or post-ET MF with progressive or relapsed disease [127].

PIM inhibitors have shown preclinical synergy with JAK inhibitors, as well as the
ability to overcome JAK inhibitor resistance in MPN cell lines. PIM regulate JAK/
STAT signaling and are involved in oncogenesis through phosphorylation of cell
cycle regulators, activation of antiapoptotic proteins, and enhancement of MYC
expression [97]. A phase 1b study of RUX plus PIM inhibitor PIM447, or RUX plus
CDK4/6 inhibitor ribociclib (LEE011), or the combination of all three is underway
in several non-U.S. countries (NCT02370706).

As PI3K/AKT/mTOR signaling is markedly activated in MPNs, small molecule
inhibitors of the proteins involved in this pathway have been tested in MF with
promising results. Thus, mTOR inhibitor everolimus, as single therapeutic agent,
was able to induce responses, in terms of reducing constitutional symptoms and the
degree of leukocytosis, thrombocytosis, and anemia, in 23% of patients in a phase I/
II clinical trial. Due to the preclinically proved synergic effects of PI3K/AKT/mTOR
inhibitors and JAK inhibitors, several clinical studies were initiated: PI3K inhibitor
TGR-1202 in combination with RUX (NCT02493530), PI3K inhibitor buparlisib
with RUX (NCT01730248), PI3K inhibitor INCB050465 and RUX (NCT02718300),
and selective PI3K$ inhibitor TGR-1202 and RUX (NCT02493530). Preliminary
results of buparlisib and RUX phase 1b study indicated that this drug association
was well tolerated, and > 50% reduction in splenomegaly was observed in 70% of
JAK-inhibitor naive patients and 54% of patients who did not previously respond to
JAK?2 inhibitor monotherapy [97, 127].

RAF/MEK/ERK pathway is another signaling cascade activated in MPNs by the
increased JAK/STAT signaling. Therefore, MEK inhibitors were tested in different
murine models, either alone or in combination with JAK inhibitors, showing a
decrease in bone marrow fibrosis, inhibition of malignant cell growth, and HSC
function recovery, associated with a prolonged survival. Moreover, a new trial that
combines the MEK inhibitor selumetinib with the DNA hypomethylating agent
azacitidine is soon expected [97].
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Preclinical studies reveal a central role for tumor necrosis factor alfa (TNF-a) in
promoting clonal dominance of JAK2 V617F-expressing cells in MPN [101]. JAK2
V617F appears to confer TNF-a resistance to a preneoplastic TNF-a-sensitive cell,
while creating a TNF-a-rich environment at the same time.

SMAC-mimetics are novel apoptosis-inducing agents that stimulate the ubiqui-
tinylation and proteasomal degradation of cellular inhibitors of apoptosis (IAPs)
[102], proteins that play an important role in tumor cell resistance to cytotoxicity
mediated by TNF superfamily cytokines. These agents have been shown to sensitize
cancer cells to TNF family-induced apoptosis [103]. Results from a phase II trial of
the SMAC-mimetic LCL-161 in patients with intermediate or high-risk MF intoler-
ant of, ineligible for, or relapsed/refractory to JAK inhibitors were recently pre-
sented. Six of sixteen evaluated patients (38%) had objective responses, obtaining
clinical improvement and in one case cytogenetic remission [128].

Resistance of hematologic malignancies to PCD significantly limits the efficacy
of chemotherapy. As the majority of chemotherapeutic drugs trigger apoptosis,
the observed resistance may indicate that novel therapeutic strategies to reactivate
nonapoptotic PCD or at least combined therapeutic strategies able to attack simul-
taneously different mechanisms might be better approaches to eradicate malignant
cells.

6. Conclusion

Deregulation of pro- and anti-PCD genes involved in cell resistance to cell
death and accumulation of myeloid cells in MPNs is continuously clarified by
intense exploration of the modifications affecting different types of PCD pathways
involved in myeloid proliferation. At the same time, comprehension of the network
of signaling pathways involved in etiology and drug resistance of these disorders
facilitate a more efficient exploitation of the knowledge, using combined and
synergic, targeted therapeutic strategies.
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Chapter 3

Endoplasmic Reticulum
Stress-Mediated Cell Death

Mehtap Kara and Ezgi Oztas

Abstract

In normal functioning cells, endoplasmic reticulum (ER) is the major control site
for folding, modification, and trafficking of secretory and cell-surface proteins. ER
also plays a crucial role in the maintenance of cellular calcium homeostasis. Since
ER is a key organelle in the cell; ER stress-mediated cell death can be associated with
numerous diseases including Alzheimer disease, Parkinson disease, neuronal dam-
age-induced ischemia, prion disease, cystic fibrosis, and diabetes mellitus. ER stress
is a consequence of complex mechanisms which several cellular pathways interact
with each other simultaneously. The two most important initiating points for ER
stress-mediated cell death are; transcription factor CHOP/GADD153 and ER mem-
brane protein kinase (IRE1). ER stress triggers proteolytic cleavage of caspase-12 and
caspase-4, both of which are localized at the cytoplasmic side of the ER membrane
to initiate the mechanism of cell death. Thus, ER stress and mitochondrial apoptosis
are linked via caspase-12, which is seen in several degenerative diseases.

Keywords: endoplasmic reticulum stress, unfolded protein response signaling,
autophagy, endoplasmic reticulum stress mediator proteins,
endoplasmic reticulum stress-mediated diseases

1. Introduction

The endoplasmic reticulum (ER) is an intracellular organelle which has many
roles in calcium storage, protein synthesis, degradation and transport, and carbohy-
drate and lipid metabolism. The ER has different types of domains in its specialized
units to ensure its multifunction. The main function of the ER is the synthesis
of secreted, cytosolic and membrane proteins. These processes are controlled by
ribosomes that are localized in the cytosolic site of the ER. Initially, ribosomes
and mRNA are united to form a translational complex on the inner surface of the
cytosolic site of the ER. The protein synthesis starts in the cytosol and continues
in mRNA-ribosome-signal recognition particle (SRP) complexes that are located
on the ER membrane. Proteins classified simultaneously with protein synthesis are
guided to the membrane or Golgi apparatus for secretion. The terminal step of the
protein synthesis is the cleavage of the signal peptide; after this phase, proteins are
secreted from the ER membrane to the cytosol via ribosomes [1, 2]. Between syn-
thesis and secretion, exocrine proteins require folding and modifications through
folding enzymes and chaperons. N-linked glycosylation, disulfide bond formation
and oligomerization of proteins are determinants of the secretory proteins which
indicates if they are or not [3, 4]. Hereby, the ER is one of the most crucial and
multifunctional organelles for cell survival.
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Since alterations of the ER’s functions leads to unfolded and/or misfolded pro-
teins in the cell, ER stress-mediated cell death underlie several serious diseases such
as cardiovascular disease, neurodegeneration, ischemia and diabetes. Stress condi-
tions are captured by transmembrane receptors which are localized on the ER and
unfolded protein response (UPR) initiated by these receptors. Under chronic stress
conditions, the adaptive response of the ER fails and the cells undergo mechanisms
of cell death. In the ER stress conditions ATP, calcium and oxidizing environment
are important factors for protein folding and disulfide bond formation. UPR is
the major protective mechanism against deleterious and toxic effects of ER stress.
Protein RNA-like ER kinase (PERK), activating transcription factor 6 (ATF6) and
inositol-requiring enzyme 1 (IREla) are the tree main modulators of the ER stress
response pathway [5, 6].

In a normal functioning cell PERK, ATF6 and IRE1 are in an inactive phase that
is maintained by a specific ER chaperone, GRP78. When the ER stress is triggered,
GRP78 is released to activate these three receptors as UPR. Unfolded protein stress has a
crucial role in cell survival. However, the internal ribosomal entry site (IREs) bypasses
the eukaryotic translation initiation factor 2« (eIF2a) controlling pathway. In the
PERK-elF2 pathway, activating transcription factor 4 (ATF4) is the key element which
encodes cAMP response element-binding transcription factor (C/EBP) and promotes
cell survival via modulation of redox reactions, stress response, protein synthesis and
secretion. On the other hand ATF4 promotes C/EBP homologous protein (CHOP)
which triggers apoptotic cell death. In the ER stress-mediated cell death, mitochondrial
apoptotic pathway initiates the autophagy while other cell death mechanisms play a
smaller role (Figure1). It has been concluded that the ER stress-mediated cell death is
associated with severe diseases including nervous system disorders, diabetes
and cancer [7-10].
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Figure 1.
ER stress-mediated pathways via PERK, IRE10 and ATF6 which stimulates apoptosis and suppress
anti-apoptotic proteins.
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2. Unfolded protein response (UPR) signaling

Several endogenous and exogenous factors may interfere with the ER protein
folding mechanism and generate stress conditions which have been an issue of
importance, strongly focused on in recent years. Chronic stress conditions may
result with pathological perturbations in different systems in the organisms.
Once the ER stress is triggered, UPR mechanisms strive to restore the ER homeo-
stasis. If the UPR system does not be sufficient, apoptosis inducing signals are
increased in the cell; and ultimately, cell death signaling pathways are activated
[9, 10]. Enduring unfolded protein response (UPR) and ER stress in the cell
cause dysfunctions of some mechanistic pathways which may in turn stimulate
cell death. In the center of the UPR and ER stress response mechanism, IREla
is placed as a key regulatory molecule. It has been demonstrated that IREla can
directly bind to unfolded proteins and start signaling. IRE1a and its signaling
pathway determine the fate of the cell between survival and death based on the
longevity of ER stress [12].

PERK, ATF6 and IRE1 are the three main initiating proteins of UPR signaling
due to ER stress. ATF6 is synthetized as an inactive precursor, and it contains
bZIP transcription factor in its cytoplasmic domain. Under stress conditions,
ATF6f, which is the active component of ATF6s, is released in the Golgi appa-
ratus after cleavage by S1P and S2P proteases. ATF6f plays an important role as
a transcription factor on ER homeostasis genes which include ER chaperons and
ER-associated protein degradation (ERAD) [12-14]. PERK which is a transmem-
brane protein kinase gets in dimerization and auto-phosphorylation under ER
stress conditions and phosphorylates eIF2a. Phosphorylated elF2a have effects
on initiating the selective translation of ATF4, protein folding factors genes
expression regulation and plays a role in oxidative stress and amino acid
metabolisms [14-16].

IRE1 is the most conserved signaling pathway in the ER stress mechanism.
IREla and IRE1f are the main two isoforms of the IRE1. These isoforms have
kinase and endoribonuclease activities at their cytoplasmic domain. Under
stress conditions IREla goes into dimerization and auto-phosphorylation with
a conformational change in its cytoplasmic part and activates the endoribo-
nuclease domain. Active IREla catalyzes the splicing of X box-binding protein
1 (XBP-1) in its 26-nucleotide intron that result with active transcription factor
XBP-1s which regulates protein folding, targeting to ER, ERAD and biogenesis
of Golgi etc. [9, 16, 17]. IRElax is a transmembrane protein that includes an
N-terminal sensor domain, single transmembrane domain and C-terminal
cytosolic effector domain. The C-terminal domain of IREla has both protein
kinase and endoribonuclease activities. IREla oligomerization is induced by
unfolded protein stress in the cell and following this cytosolic domain auto-
phosphorylation occurs. With UPR control, IREla has an important cytoprotec-
tive effect [18, 19].

UPR signaling in the cell play an important role for restoring cellular homeo-
stasis; however, chronic ER stress may result with cell death [11]. Apoptosis is
the main cell death mechanism in ER stress; however, other types of cell death,
such as necrosis, necroptosis or deregulated autophagy may contribute to ER
stress too. Also autophagy that is a mechanism which enables the elimination
of unfolded or misfolded proteins under ER stress conditions is one of the most
studied issues in recent studies [20]. mRNA of IRE1la is regulated through X-box
binding protein as well IREla controls its own mRNA expression by self-
cleavage [21].
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3. Cell death under endoplasmic reticulum stress conditions
3.1 PERK Signaling pathway

Under ER stress conditions, after activation of PERK, elF2a phosphorilated by
PERK and this phosphorylated eIlF2a trigger translational arrest as a pro-survival
response. This prosurvival response is important checkpoint step before cell death.
Deficiencies of PERK expression or phosphorylation problems of eIF2a make cells
more sensitive to ER stress conditions. PERK associated signaling pathway regulates
important mechanisms such as autophagy, ATF4-mediated transcription pathway,
and protein folding and redox metabolism [22, 23].

In different cell types it has been demonstrated that cell death is induced via
the PERK signaling pathway under chronic stress conditions. The key molecule for
initiating cell death is C/EBP homologous protein (CHOP), also named as growth
arrest and DNA-damage-inducible 153 (GADD153). The expression of CHOPs
is increased by ATF4. PERK activation induces eIF2a phosphorylation which
in turn increases the selective transcription of ATF4 that increases CHOP level.
Pro-apoptotic proteins such as GADD34, EROlx (ER oxidase 1 alpha) and BH3-
only proteins (BIM, PUMA and NOXA) expressions is increased by CHOP. PERK
signaling pathway initiates mitochondrial apoptotic pathway. GADD34 and Erola
increase cellular ROS production and calcium. Calcium release is regulated by IPR3
and the increase of cytosolic calcium triggers PTP related apoptosis in the cell. On
the other hand, BIM, PUMA and NOXA induction cause cytochrome-c release from
mitochondria via BAX and BAK activation [23-26].

CHOP, main member of Bcl-2 family, is one of the ER stress associated regulator
molecule which downregulates Bcl-2. Another member of Bcl-2 family is BH3-only
proteins which are pro-apoptotic proteins and upregulated by CHOP. Moreover,
CHOP induces BIM, PUMA and NOXA expression levels [27-29]. CHOP has another
important role in the ER as a modulator of oxidative status in the organelle. Increase
in the level of CHOP and ERO1a in the cell causes a decrease of the glutathione
(GSH) level which leads to ROS formation. ERO1a induces reduction of hydrogen
peroxide (H,0,) in the ER lumen via reconstitution of the active state of proteins
through re-oxidation of protein disulfide isomerases (PDIs). Increased ROS condi-
tions in the cell via ER stress make cells sensitive to cell death. Moreover, CHOP
increase in the cell triggers the activation of inositol- 1,4,5-trisphosphate receptor
(IP3R) through EROl1x and calcium release from ER to cytosol which contribute to
apoptosis. Thus, PERK plays a key role in inducing cell death via ROS production and
calcium release. It has been demonstrated that, apoptosis can be induced without
activation of the PERK signaling pathway; because, there are several triggers of
apoptosis in different conditions. It has been reported in different studies that, PERK
signaling deficiencies may play a role in different types of diseases such as Parkinson
disease, diabetes, atherosclerosis, ALS, cardiac dysfunction and liver damage
induced by alcohol. Further and detailed studies are needed to clarify the full mecha-
nism of the ER stress dependent disease occurrence [24, 26, 30-35].

3.2 IRE1 signaling pathway

IRE1a/XBP-1 pathway plays a balancing role in survival-cell death homeostasis
and also takes part in the gene regulation of the protein folding elements. With ER
stress ASK1/JNK or NF-kB signaling pathways get activated by IRE1a-TRAF2 com-
plex and afterwards cell death processes as apoptosis or autophagy starts in the cell
[36-39]. IREla-dependent decay (RIDD) is IREla’s endoribonuclease activity on
several mRNAs. RIDD mechanism has a defensive role for degradation of proteins
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which have a misfolding potential and also RIDD takes part in pro-apoptotic mecha-
nisms too. RIDD mechanism shows its pro-apoptotic effects through ER chaperons
BiP/Grp78 mRNA degradation, effecting JNK signaling pathway or XBP-1 mRNA
splicing. Thus, RIDD is placed in the center of the ER stress-mediated cell death and
cell survival. It has been recently demonstrated that IREla show its endoribonucle-
ase activity on different microRNAs (miRNA), caspase-2 and TXNIP which have role
in cell death processes [40-42].

Dimerization, auto-phosphorylation and endoribonuclease domain engaging of
IREla occurs under stress conditions. Active IREla activates transcription factor
XBP1 which is named as XBP1s. XBP1 has a regulative role in protein folding [11, 12].

IRE1 contains a serine-threonine kinase and an endoribonuclease domain. With
its endonuclease activity, IRE1 splices the 26-nucleotide intron from ATF6-induced
XBP1 mRNA which generates the frameshift splice variant as sXBP1 and this vari-
ant encodes stable and active transcription factor. zZXBP1 targets are ER chaperons
and P58IPK which belongs to the HSP40 family. P58IPK plays a role in the negative
feedback mechanism of PERK through binding and inhibiting PERK. P58IPK
activity has the power to finish the UPR if the UPR could evade the ER stress, if not,
the P58IPK activity gets suppressed and the apoptotic mechanism starts in the cell.
Generally, IRE1 release has a strong pro-survival effect during stress conditions
via UPR; however, long term active IRE induces kinase activities through the c-Jun
N-terminal kinase (JNK) pathway and recruitment of TNF-receptor-associated fac-
tor 2 molecule (TRAF2). The IRE1-TRAF2 complex causes recruitment of apopto-
sis-signal-regulating kinase (ASK1) which in turn activates MAPKs JNK and p38.
JNK activation associated with Bcl2 family members’ regulation in different stress
conditions. During ER stress JNK phosphorylates the Bcl2 and inhibits its anti-
apoptotic function, however while JNK phosphorylates Bcl-2 homology domain 3
(BH3) and Bim, their pro-apoptotic features gets activated. As an important initia-
tor of apoptosis, IRE1 is the last resorts for the ER stress regulated UPR after PERK
and ATF6. IRE1 is the top step for modulation of pro-surviving or cell-death in the
cell via ASK1 and JNK [5, 43].

3.3 ATF6 signaling pathway

GRP78 is one of the main regulatory proteins for the ER stress pathways, while
ATF6 is separated from GRP78, ATF6 translocate to Golgi apparatus to get spliced
from its active sites. Active ATF6 in turn enhance the gene expressions of stress
response elements in the nucleus. GRP78, GRP94, protein disulfide isomerase,
CHOP and XBP1 are some of the targets of ATF6. However, ATF6-mediated cell
death mechanism has not been clarified yet and further studies are needed to
explain detailed intracellular protein interactions [5].

ATF6 proteins ATF6a and ATF6p are regulatory proteins which belong to the
bZIP transcription factor family. ATF6 binds to the ER membrane via its hydropho-
bic sequence. The ATF6 activation process during ER stress is different from the
PERK and IRE1 activation processes. After GRP78 releases from ATF®6, it translo-
cates to the Golgi apparatus from the ER and the sitel and site2 proteases splice the
ATF6s juxtamembrane site. After that, ATF6 translocates to the nucleus as a tran-
scription factor for gene expression regulation. ATF6 stimulates homodimerization
or heterodimerization of the ER stress related genes such as XBP1, IRE1, PDI,
a-mannosidase-like protein 1 (EDEM]1) as a result of misfolded protein degrada-
tion. In the literature it has been not clarified yet whether AFF6 regulates calcineu-
rin 1 (RCAN1) which has calcium dependent pro-apoptotic functions [44, 45].

RCANT’s important substrates are pro-apoptotic Bcl-2 family members and Bcl-2
antagonist of cell death (BAD). Calcineurin dephosphorylates BAD and in turn
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BAD dimerizes with the anti-apoptotic protein Bcl-XI and inhibits its function.
Cyclic AMP responsive element binding proteins such as CREB3I1 (oasis), CREB3I2,
CREB3 (luman), CREB4, CREB-H are the other known ER stress transcription
factors, however their mechanisms are not yet well detailed [46].

4. Endoplasmic reticulum stress mediator proteins
4.1 CHOP

C/EBP homologous protein (CHOP or DDIT3 or GADD153) is a bZIP transcrip-
tion factor that regulates IRE1, PERK and ATF6 under ER stress conditions. ATF4,
ATF6 and XBP1, important elements of UPR signaling, can bind to the CHOP gene
promoter sequences to regulate its transcription [43, 44].

It has been demonstrated that with knock-out PERK and ATF4, CHOP induction
was disrupted under ER stress, and also ATF2 and IRE1-ASK-p38 signaling pathways
upregulated the activity of CHOP. CHOP induces apoptosis via inhibition of Bcl-2.
CHOP and ERola together enhance the ER stress dependent protein loading in the
cell which also enhances the apoptosis mechanism. Moreover, CHOP interacts with
pro-apoptotic Bim to activate it and also inhibits Bcl-2, thus apoptosis occurs under
ER stress condition. However, CHOP is not the main protein for ER stress-mediated
cell death, it was demonstrated that ER stress-mediated apoptosis can occur without
CHOP expression in PERK ™'~ and EIF2a (Ser51Ala) knock-in cells [27, 30, 46-48].

4.2 GADD34

GADD34 expression in the cell is associated with apoptotic cell death. Asa
protein phosphatase 1 (PP1)-interacting protein GADD34, dephosphorylates elF2a
which results with protein translation inhibition. The detailed mechanistic pathway
which lays under GADD34-induced apoptosis has not been clarified yet. GADD34
expression may increase the pro-apoptotic proteins. It has been demonstrated
in studies that blocking the GADD34 pathway in the cell can cause inhibition of
R-stress-mediated apoptosis [5, 24].

4.3 BCL-2 proteins, calcium and caspases

Bcl2 family members are regulatory proteins of apoptosis which especially mod-
ulate the mitochondrial apoptotic pathway. In resting cells, on the mitochondria and
ER membrane, the Bcl2 protein interacts with the pro-apoptotic proteins Bax and
Bak and inhibits their functions. Moreover, dynein interacts with the pro-apoptotic
protein Bim and inhibits its function. ER stress affects mitochondria and follows
the same mechanism of the mitochondrial apoptotic pathway. During prolonged
ER stress after activation of CHOP and JNK, Bim phosphorylates and releases from
dynein. At the same time Bax and Bak unbound from Bcl2 and the execution phase
of apoptosis initiates. During ER stress-mediated apoptosis cytochrome-c releases
from mitochondria and apoptosome formation occurs [49, 50].

Detailed molecular information about the ER stress modulated apoptosis
mechanism needs further investigations to clarify the different genes and proteins
which play role in this mechanism, thus, new generation therapy models genera-
tion can be designed for ER stress-mediated apoptosis related diseases. It has been
well known that CHOP and JNK play a central role in the activation of ER stress-
mediated apoptosis. Bcl2 gene expression is inhibited by CHOP, which leads to the
pro-apoptotic Bcl2 family members’ activation. The functions of the Bcl2 family
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members also are regulated by JNK through phosphorylation. The IRE1-ASK1
pathway activates the JNK and JNK first phosphorylates the Bcl2 which is localized
on the ER membrane. The BH3-only proteins on ER membrane gets activated and
thus intracellular calcium flux become uncontrollable [51]. On the other hand JNK
targets to BH3-only proteins are known as the “orchestrators of apoptosis.” It has
been reported that, the p53-upregulated modulator of apoptosis (PUMA), Noxa
and Bim play roles in ER stress-mediated cell death. The Bim protein have three
isoforms as short (BimS), and long (BimL and BimEL). Bim tethers dynein in the
cell via its long isoforms BimL and BimEL under normal conditions, however under
ER stress JNK phosphorylates Bim and stimulates its release from dynein leading
to apoptosis initiation. Moreover, IRE1 induction directly activates Bax and Bak
during ER stress-mediated apoptosis [52, 53].

All these activation processes are figured out with caspase activation. However,
the caspase activation phase has not been defined clearly yet. It has been reported in
different studies that caspases 12, 3, 6, 7, 8 and 9 do not play role in ER stress-mediated
cell death. It has been speculated that caspase-4 maintains caspase-12’s function in
mammalians; however, it is not clarified yet [5]. It has been recently reported that in
mammalians caspase-4, which is activated by ER stress, induces Bap31 and Bap20 pro-
teins which play a role in the activation of the mitochondrial apoptotic pathway [54].

The Bcl2 family members (BCL-2 and BCL-XL) and transmembrane BAX
inhibitor motif (TMBIM) (BI-1/TMBIM6 and GRINA/TMBIM3) interact and
regulate IP3R activity. While cytosolic calcium level increases, BAX/BAX oligomer-
ization (MOMP) occurs in the mitochondria and promotes the apoptotic pathway.
ER foldase enzymes such as BiP and Protein disulfide isomerases (PDIs) translocate
to the cytosol through BAX/BAX pores and in turn affect the plasma membrane
pro-apoptotic protein Par-4 which results with apoptosis [11].

Caspase 12 and its polymorphic variant caspase 4 play an important promoting
step role for ER stress-induced apoptosis. Caspase 12 activates pro-caspase-9, which
belongs to the mitochondrial apoptotic pathway, without cytochrome-c release.
Cytoplasmic calcium-activated protease calpain can activate caspase-12 by its cleav-
age and IRE1a also activates caspase-12 directly. Caspase-12 is located in the cell as
a high molecular weight complex that includes apoptosis-linked gene-2 protein and
p97 (ERAD mediator). P97 plays a crucial role for this pro-apoptotic stabilization
of caspase-12. Once caspase-12 is activated, it activates the downstream caspases
such as caspase-9 and caspase-7 which ultimately activates caspase-3; and hereby,
apoptosis execution phase starts [55, 56].

5. Endoplasmic reticulum stress and autophagy

Endoplasmic reticulum (ER) stress is also closely related to the autophagy
mechanism in the cell to maintain cellular homeostasis. Generation of autophago-
somes occurs during the ER stress-induced autophagy process which encapsulates
protein and damaged protein aggregates. As in the apoptosis process, PERK, IRE1
and ATF6 signaling pathways have role in initiating autophagy during ER stress, in
addition Atg40/FAM134B takes part too [57]. Autophagy has crucial roles in main-
taining optimum cellular activity, elimination of unfolded and misfolded proteins,
elimination of defective organelles, protection against pathogens, balancing cellular
energy storage, tumor suppression, biosynthesis of new molecules and cell death
mechanisms [58].

ER stress UPR activating molecules PERK and IREla also activates the autophagy
process by activating autophagy-related genes (Atg). Autophagosome formations
generated by Atg proteins interact with the LC3II-PE complex. IRE1la-JNK pathway
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Figure 2.

ER stress-mediated autophagy induction via PERK, IRE1a, ATF6 and IPR3. PERK induce autophagy through
elF2a with Atg12 and Atgs intevaction, however ATF6 dependent pathway have not been clarified yet.
Autophagy initiate by another pathway as Ca** influx through IPR3 transmembrane protein which inhibits
mTOR. IRE1a pathway induce beclin-1 during autophagy induction processes.

activates Bcl2 by phosphorylation and subsequently stimulates Beclinl, ATG5 and
ATGT. Thus, the Bcl2-Beclin complex dissociates and protein kinase-C activation
phosphorylates LC3 and other autophagosome proteins. Another regulative pro-
cess for autophagy is the mTOR pathway through AMP-dependent protein kinase
(AMPK) that in turn induces the autophagy activating genes [59].

Autophagy process initiates EIF2AK3 activation which results with mTOR inhibi-
tion. Active EIF2AK3 upregulates ATF4 and subsequently SESN2, DDIT3 and DDIT4
are upregulated. These three active proteins inhibit the mTOR activity. AMPK path-
way is activated via several types of metabolic stress, especially cellular energy state
disorders and intracellular Ca level imbalance. AMPK pathway induces ULK1 and at
the same time AMPK inhibits mTOR which has an inhibitory role on ULK1. MAPKS
and DAPK1 induction processes include formation of PtdIns3K and phosphorylation
of the Bcl2-Beclinl complex (Figure 2). All UPR sensory proteins have the potential to
induce Beclinl and Atg proteins for autophagy initiation. All UPR initiating molecules
(IRE1, PERK, ATF4 and ATF6) activate the autophagy related protein Atg5-Atgl2-
Atg16 through CHOP activation. In mammalians, the ER stress-mediated autophagy
mechanism is well defined and as an interesting point, under normal conditions
the autophagy process plays a role for maintaining cellular homeostasis, however
under stress conditions cellular mechanisms may inhibit the autophagy process with
unknown regulative pathways. To understand the whole mechanism which takes part
in ER stress-mediated autophagy, further studies are needed [57, 58].

6. Discussion

ER is pivotal organelle for cellular protein, lipid synthesis and Ca storage. During
cell cycle process, ER is very active due to these physiological processes and addition
due to its highly powerful stress response mechanism as UPR [60]. ER stress induces
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several different complex molecular pathways in the cell which may conclude
physiological or pathological conditions. UPR signaling mechanism is one of the
important cell protective homeostasis provider factor. UPR signaling rapidly initiate
with IREl« signaling after stress stimulus, secondly ATF6 pathway become a part

of activity because of its slow kinetics and finally PERK mechanism step in. UPR
mechanism have balancing role between cytoprotective and proapoptotic systems.
Molecular features of ER stress and UPR mechanism is crucial for delivering targeted
drugs for diseases which are associated with these signaling pathways [35]. There are
several ongoing studies about ER stress mechanism to clarify signaling pathways,
however many unknown mechanisms about pathway remain. As discussed in this
chapter different signaling mechanisms play role in ER stress-mediated cell death
however; pro-apoptotic mechanism components different from PERK, CHOP, Bcl-2
family members are not identified fully yet [11, 61, 62].

The ER stress mechanism plays an important role in several different diseases
such as neurodegenerative diseases, ophthalmology disorders, inflammation
diseases, viral infections, cancer, metabolic diseases, and atherosclerosis. It is
important to understand the detailed mechanism which plays a role in ER stress-
mediated diseases to provide more effective therapeutics. Alzheimer disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), prion
diseases, retinitis pigmentosa, glaucoma, macular degeneration, as inflammatory
bowel diseases, multiple sclerosis, rheumatoid arthritis, heart failure, cardiac
hypertrophy, myocardial infraction and type I autoimmune diabetes are ER stress
dependent diseases. In AD, mutant presenilin 1 interferes with the UPR mecha-
nism and causes disruption in IREla, PERK and ATF6 signaling pathway and
increase CHOP activity as a consequence of amyloid p-precursor protein (APP)
accumulation in the neuron cells. Parkin is an important E3 ubiquitin ligase and
it is also associated with ER stress-mediated cell death. The Mutant parkin gene
causes accumulation of Lewy bodies in neurons that associated with defective
UPR mechanism which result as Parkinson disease. ER stress mechanism depres-
sion is a very important strategy for cancer therapy. ER stress mechanism helps
the tumor cells to adapt to its microenvironment. UPR plays a protective role for
tumor cells and thus inhibition of ER stress could provide reducing in tumori-
genesis. IRE1a/XBP1 has a crucial role in tumor angiogenesis. Considering all this
together, ER stress and UPR pathways are important targets for chemotherapeu-
tics [8, 44, 63].

7. Conclusion

ER stress-mediated cell death has a crucial role in several diseases pathophysiol-
ogy. In recent years several studies have been done on the mechanism of ER stress,
pathway details, its role in diseases and therapy. However, all these information are
just the tips of the iceberg. To put forward effective therapeutic strategies, mecha-
nistic pathway details should be defined well with further studies. ER stress seems
to be a central mechanism to cell survival and cell death. Pathway associations
with the other intracellular mechanisms are also needed to be clarified in order to
understand the complexity.
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Abstract

The polyphenolic hydrolyzable tannin, gallotannin (GT), also known as tannic
acid, possesses interesting anticarcinogenic properties. An evidence from experi-
mental studies suggests that GT is effective against multiple cancer types.
Gallotannin has been shown to induce programmed cell death in a wide variety of
cancers including colon, breast, prostate, and liver, among others. Apoptosis, cellu-
lar senescence, autophagy, and necrosis are the main mechanisms by which GT can
suppress cancer progression. In addition, GT is a potent inhibitor of many prolifer-
ation pathways. Herein, this chapter provides a summary of our current knowledge
about GT’s programmed cell death mechanisms against cancer.

Keywords: programmed cell death, apoptosis, autophagy, necroptosis, cellular
senescence, polyphenols, gallotannin, cancer

1. Introduction

Over the past decade, cancer was considered as the major public health concern
and one of the leading causes of death worldwide with 9.6 million cancer deaths
reported in 2018. The main recurrent cancers are lung, colorectal, stomach, liver,
prostate, and breast. Various external (tobacco, radiation, infections, nutrition) and
internal (mutations, hormones, and immune conditions) factors contribute to can-
cer incidence. Described as a group of diseases characterized by uncontrolled pro-
liferation and growth of abnormal cells, cancer is mainly characterized by its
resistance to cell death and sustained activation of proliferation pathways.
Throughout life, there is a balance between cell death and cell proliferation [1]. Any
imbalance favoring one process over the other would contribute to the development
of significant disorders such as autoimmune diseases, cancer, AIDS, neurodegener-
ative disorders, myocardial infarctions, atherosclerosis, and insulin-dependent dia-
betes. Furthermore, cell death can be divided into two forms: regulated and
accidental. Unlike regulated cell death which relies on the activation of signal
transduction cascades and can be modulated pharmacologically or genetically, acci-
dental cell death occurs immediately in response to physical (high pressure, osmotic
forces, temperatures, etc.), chemical (extreme pH variations, etc.), or mechanical
(shear forces, etc.) cues that occur in an uncontrollable form [2]. Besides apoptosis,
there are many forms of programmed cell death, namely, necroptosis, cellular
senescence, autophagy, slow cell death, and paraptosis [3].
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One third of all cancers can be prevented by a healthy lifestyle which includes an
appropriate and balanced nutrition [4]. There is a growing interest in using dietary
compounds as preventive and therapeutic agents in cancer due to their relative
safety, their immediate action on target tissues, and their specific action against
cancer cells [5]. The protective effects of dietary compounds are a consequence of
different modes of action such as their ability to neutralize carcinogens, hamper the
transcription of oncogenes, activate detoxifying enzymes, and trigger cell death in
mutated and cancerous cells.

Polyphenols are a group of phytochemicals that when consumed decrease the
risk of chronic diseases especially cancer. They are effective in treating solid tumors
by inducing a cohort of effects such as cell cycle arrest and cell death [6]. The
polyphenolic hydrolyzable tannin, gallotannin, and penta-1, 2, 3, 4, 6-O-galloyl--
beta-D-glucose (PGG), a precursor of GT, have been shown to exert various bio-
logical effects ranging from anti-inflammatory to anticancer effects in various
tumor cells [7]. Thus, current research aims at developing therapeutic approaches
that would benefit from the interconnected matrix of signaling pathways and the
ability of natural compounds to induce programmed cell death processes that could
prevent and restrain tumor development.

2. Programmed cell death mechanisms
2.1 Apoptosis

Each day, our body eliminates, via apoptosis, billions of unwanted cells. In
addition to being essential for development and homeostasis, apoptosis is the major
mechanism of programmed cell death. During apoptosis, apoptotic cells undergo
characteristic changes in cell morphology, including shrinkage of nuclei, nuclear
chromatin condensation, cytoplasmic shrinkage, dilated endoplasmic reticulum,
membrane blebbing, and the exposure of specific phagocytic signaling molecules on
the cell surface [8]. The contents of the cell are englobed in apoptotic bodies which
are then recognized by the phagocytic cells and digested in lysosomes. In most cells,
apoptosis leads to the activation of caspases which mediates the auto destruction of
the cell. Caspases, a family of cysteine proteases, exist as inactive precursors (pro-
caspases) and are activated upon cleavage. The C-terminal side of a four amino acid
motif, X-X-X-Asp (where X can be any amino acid) is the preferred cleavage site
for the known caspases. Activated caspases in turn cleave various intracellular and
cytoplasmic membrane substrates, leading to cellular disintegration [9].

2.1.1 Apoptotic pathways

In the mammalian system, two major pathways lead to apoptosis: the intrinsic
pathway which involves the mitochondria and the extrinsic pathway which is
initiated by death receptors [10]. The intrinsic pathway of apoptosis is mediated by
the Bcl-2 family protein (also known as mitochondrial or stress pathway). Bcl-2
family, composed of both anti-apoptotic and pro-apoptotic proteins, is generally
divided into three subgroups based on their roles in apoptosis and the BH regions
they share: one anti-apoptotic group and two pro-apoptotic groups. The anti-
apoptotic group includes Bcl-2, Bcl-xL, Bel-w, Bcl-B, A1, and Mcl-1, which share
three or four BH regions. The pro-apoptotic Bcl-2 family members include Bax,
Bak, Bcl-xs, Bok, and Bcl-GL, which have two or three BH domains. Another pro-
apoptotic group contains the BH3-only proteins, including Bad, Bid, Bim, Bik,
Noxa, Puma, Bcl-Gs, Blk, Bmf, and Hrk, which share only the BH3 domain. A key
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event of the intrinsic pathway is the mitochondrial outer membrane permeabilization
(MOMP) process, which is considered the point-of-no return in apoptosis induction.
Normally, the anti-apoptotic members of the Bcl2 family prevent MOMP [11]. In
response to stress stimuli such as oncogenes, direct DNA damage, oxidative stress,
and starvation, two pro-apoptotic proteins, Bax and Bak, become activated by BH3-
only proteins that serve as sensors for apoptotic stimuli. Once activated, Bax and Bak
permeabilize the outer membrane of mitochondria, causing the release of pro-
apoptotic factors such as cytochrome c. In the cytosol, cytochrome ¢ binds to mono-
meric apoptotic protease activating factor-1 (APAF-1) at its WD40 domain and
induces a conformational change in APAF-1 promoting APAF-1 oligomerization and
initiating the formation of the apoptosome. APAF-1 then binds to pro-caspase 9
resulting in its auto-cleavage and release of active caspase 9. Active caspase 9 then
cleaves the effector caspases, such as caspase 3 and caspase 7, resulting in their
activation and promoting the cell death process. The extrinsic pathway or death
receptor pathway involves the binding of ligands to cell surface “death receptors”
which in turn initiate the caspase cascade. Death receptors, located on the cell mem-
brane, are members of the TNFR family and are characterized by the presence of a
death domain (DD) that plays a crucial role in apoptotic signal transduction [12]. The
best characterized ligands and their corresponding death receptors include TNF-
a/TNF-R1, FasL/FasR, APO3L/DR3, TRAIL/TRAIL-R1, TRAIL/TRAIL-R2, and
TRADD/DR6. The binding of death ligands results in the oligomerization and the
activation of the death receptors. Oligomerization of the receptors is followed by
binding of specific adapter proteins (FADD, TRADD) to their receptor, which in turn
leads to the activation of the caspase signaling pathway. FADD binds to pro-caspase 8
through its dead effector domain (DED) allowing the formation of DISC, the death-
inducing signaling complex, and the autocatalytic activation of pro-caspase-8. Active
caspase-8 executes the apoptotic process through direct cleavage and activation of
effector caspases (caspases 3, 6, and 7) [13].

2.1.2 Apoptosis and cancer

The evasion of apoptosis is one of the prominent hallmarks of cancer cells. This
is the result of mutations in apoptosis-related genes. The Bcl-2 family members, Fas,
P53, and c-Myc are the common mutated genes in cancer. Overall, malignant cells,
in different kinds of cancers, have an anti-apoptotic phenotype with low level of
pro-apoptotic proteins such as Bax and high level of anti-apoptotic proteins such as
Bcl-2 and Bcl-xL. The tumor suppressor p53 is mutated in most cancers including
colorectal carcinoma, brain and lung cancer, mammary carcinoma, and skin and
bladder carcinomas. The overexpression of inhibitor apoptosis proteins (IAP) and
downregulation of surface death receptors (CD95, DR4, and DR5) were also
detected in cancer cells [14].

2.2 Cellular senescence

Senescence is a normal process caused by telomere shortening after successive cell
divisions of normal somatic cells. This process irreversibly halts the cell from prolif-
eration. In addition to being a normal process, senescence can be activated in
response to oncogenic activation, oxidative stress, and DNA damage. Morphologi-
cally, senescent cells can be distinguished by their enlarged, flattened, and granular
morphology; nuclear enlargement; and altered chromatin structure [15]. Biochemi-
cally, cellular senescence is characterized by an enhanced f-galactosidase activity,
inhibition of cyclin-dependent kinases (CDKs), the absence of proliferation markers,
and the presence of senescence-associated heterochromatin foci (SAHF) [2].
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2.2.1 Pathways of cellular senescence

The molecular pathways of senescent cells are not unique but differ between
cells from different species and among different cell types from the same species.
The heterogeneous pathways of senescence, however, meet at p53 and p-Rb [16]. In
the p53-p21 pathway, p53 is the important player of the senescence response. The
expression of the phosphorylated form of p53 increases in senescent cells leading to
an increase in its transcriptional activity. P53 is activated in response to shortened
telomeres that activate a DNA damage cascade through ATM/ATR and Chk1/Chk2
resulting in G1 phase arrest. P53 is also activated in response to DNA damage,
oxidative stress, and activation of Ras oncogene leading to telomere-independent
premature senescence. One of the most important targets of p53 is p21 which can
also be expressed in a p53-independent manner [17]. Some cell types have been
found to undergo senescence upon overexpressing p21 and escape senescence upon
its deletion. Mouse embryonic fibroblasts lacking p21 undergo senescence
suggesting that senescence can occur in a p21-independent manner in these rodent
cells [18]. In the p16-pRb pathway, p53 and p-Rb are thought to act simultaneously
to achieve senescence because their concomitant inactivation is needed to terminate
the senescence response in human cells. The phosphorylation state of Rb controls
the progression through the cell cycle. When phosphorylated by cyclin-dependent
kinases, p-Rb liberates E2F transcription factor that transcribes target genes
responsible for DNA replication and progression through the cell cycle. Inhibition
of CDKs by cyclin-dependent kinase inhibitors prevents the phosphorylation of Rb.
When hypophosphorylated, Rb binds E2F, thus preventing the transcription of E2F
target genes [19]. CDKIs belong to two families: the CIP/KIP family including p21,
p27, and, p57 and the INK4 family including p15, p16, p18, and p19. P16 expression
is found to be high in senescent cells driven to cell cycle arrest by stressful stimuli
such as DNA damage, oxidative stress, and oncogenic Ras activation. Both p53-p21
and p16-pRb senescent pathways converge on inhibiting the phosphorylation of Rb
[20]. In some cases, senescence is hindered by the inhibition of either p53 or p-Rb
which suggests a sole p53 and p-Rb signaling pathway. In other cases, inhibiting
senescence requires the inactivation of both p53 and p-Rb supporting the existence
of two simultaneous pathways. This variation in the molecular mechanisms of the
senescence signaling pathway depends on several factors including p16 expression,
the type of cell line, culture conditions, and the amount of stress [21].

2.2.2 Cellular senescence and cancer

Senescence represents a fail-safe mechanism that guards against oncogenic
transformation [22]. Cancer arises after a normal cell accumulates several mutations
that are inherited with each replicative cycle. Senescence helps limit the accumula-
tion of mutations by restricting the replicative ability of normal cells, thereby
preventing cancer development [23]. Furthermore, it has been shown that initial
oncogenic events will lead to senescence, and at that point the senescence-
associated secretory phenotype will induce immune clearance limiting early tumor
growth [24]. But many cancerous cells acquire indefinite proliferation by escaping
senescence through different mechanisms that inhibit telomere shortening such as
triggering telomerases or increasing telomere length by homologous recombination
or inhibiting tumor suppressors. In fact, various tumor suppressors and oncogenes
have been shown to regulate senescence in normal cells, and senescence bypass
appears to be an important step in the development of cancer [25]. For instance,
inhibiting BRAF-induced senescence by the loss of the tumor suppressor PTEN will
lead to melanoma progression [18]. Thus, evading senescence is an important step
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toward full malignancy and metastasis. Tumor cells may escape senescence indi-
rectly by acquiring mutations that affect senescence-related proteins such as the
tumor suppressor proteins p53 and p-Rb which are frequently mutated in cancer
[26]. Furthermore, many studies detected senescent cells in premalignant mice and
human tumors and not in the malignant tumors. This senescence response was
thought to have an antitumorigenic role in cancer-predisposed tissues [27].

Although most cancer cells bypass oncogene-induced senescence, various stud-
ies described the anticancer ability of chemotherapeutic drugs to induce senescence
in those cancer cells, an event which was termed as therapy-induced senescence.

2.3 Autophagy

In response to starvation, hypoxic conditions and high temperatures, and DNA
and organelle damage, the autophagy cell death process is activated. Double-
membrane cytoplasmic vesicles called autophagosomes engulf cytoplasmic organ-
elles and fuse to lysosomes to form autolysosomes when the cellular components are
digested [28].

2.3.1 Pathways of autophagy

Autophagy is driven by Atgs proteins and is regulated by PI3 kinase types I and
I1I. PI3K type 1 inhibits autophagy through PDK1 and AKT which regulate mTOR.
Atg6 (Beclinl) is part of PI3K type 3 complex which promotes the nucleation of
autophagic vesicles. In resting conditions, mTOR phosphorylates and inactivates
ULK1 (Atgl). Metabolic stress activates AMPK which inhibits mTOR activity and
activates ULK1 leading for the activation of the autophagy function of PI3K type 3
through Beclinl phosphorylation [29]. The proteins Atgl and Atgl3 allow the
membrane isolation. Elongation is then mediated by Atg10, Atg5, and ATG12. The
recruitment of the cytoplasmic protein LC3 by Atg7, Atg4, and Atg3 to the nascent
autophagosome is necessary for the expansion and fusion events. The formation of
autolysosomes is not only sufficient for autophagic cell death; additional death
signals are still needed. Enhanced expression of c-Jun N-terminal kinase (JNK)
generates such signals and rapidly induces autophagy cell death [30].

2.3.2 Autophagy and cancer

Decreased rate of autophagic activity is related to tumorigenesis, and autophagic
cell death does not occur in most cancer cells. Beclinl is downregulated in many
cancer types including prostate, breast, and ovarian cancer [31]. Mutations of Atg5
and LC3 (microtubule-associated protein 1 light chain 3B) promote myeloma and
glioblastoma, respectively [32]. JNK activation is significantly decreased in cancer
cells [33].

2.4 Necrosis

Although most scientists considered necrosis as accidental cell death and an
uncontrolled process, several studies showed that some forms of necrosis are
programmed [34]. Necroptosis is controlled by receptor interacting protein (RIP)
kinases, NADPH oxidases, poly(ADP-ribose) polymerase-1 (PARP1), and calpains
[35]. During necroptosis, the disruption of the cellular membrane integrity leads to
the release of the intracellular materials in the extracellular environment which
induce a local inflammatory response. These perturbations are detected by specific
death receptors such as FAS and TNFR1 or pathogen recognition receptors (PRRs)
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such as TLR3 and TLR4 [2]. The activation of receptors allows the activation of
RIPK1 which in turn activates RIPK3. The signaling complex formed by RIPK1 and
RIPK3 is known as necrosome and leads to the phosphorylation of mixed lineage
kinase domain-like pseudokinase (MLKL). The activation of MLKL results in the
formation of MLKL oligomers that upon translocation to the plasma membrane
trigger its permeabilization [30].

2.4.1 Necroptosis and cancer

Cancer cells evade necroptosis by downregulation or functional mutations of
RIP1, RIP3, and MLKL genes [36]. Colon cancer cells showed decreased levels of RIP1
and RIP3 expression [37]. A hypermethylation in the promoter region of RIP3 was
detected in lung cancer cells resulting in the loss of RIP3 expression [38]. Mutations in
RIP1, RIP3, and MLKL were observed in human cancer tissues which modulate the
RIP kinase interaction with other proteins or decrease their activity [39].

3. Polyphenols

Higher plants are found to have thousands of molecules with polyphenol struc-
tures, and edible plants are also found to contain several hundreds of these poly-
phenolic molecules. Plants generate these molecules as secondary metabolites that
have crucial roles in plant development, reproduction, and pigmentation. They also
have other roles like providing protection against diseases, parasites, ultraviolet
radiation, and predators [40]. Collectively, these chemicals are known as phyto-
chemicals which are categorized into five groups: carotenoids, phenolics, alkaloids,
nitrogen-containing compounds, and organosulfur compounds. Tannin, a subgroup
of phenolics and to which GT belongs, is further categorized into two biologically
and chemically distinct subtypes, the condensed and hydrolyzable tannins [41].
Condensed tannins, depending on their size, could be either soluble or insoluble,
whereby the oligomers are soluble, and the polymers are not. On the other hand, the
hydrolyzable tannins, also referred to as galloyl and hexahydroxydiphenol esters,
are composed of a B-D-glucose unit, linked to at least five galloyl groups through
ester bonds. GT, or tannic acid, belongs to this last group that is also characterized
by the presence of digalloyl residues consisting of meta-depside bonds between two
galloyl groups [42].

3.1 Polyphenols and cancer

Plant polyphenols were found to suppress tumor invasion and metastasis, such is
the case of green tea polyphenols, hydrolyzable tannins, grape seed, curcumin, and
resveratrol [43]. This inhibition potential is due to the downregulation of the matrix
metalloproteases (MMPs) by the natural phenolics [44]. Also, epigallocatechin
gallate (EGCG), the most abundant polyphenol found in tea, has been reported to
decrease the vascular endothelial growth factor (VEGF), thus inhibiting tumor
angiogenesis [45]. Indeed, there has been increased evidence over the years of the
effect of polyphenols on the fate of cancer cells leading to growth, differentiation,
and apoptosis. Phytochemicals contribute to cancer prevention by interfering in the
different stages of cancer development from tumor initiation and throughout all the
hallmarks of cancer [4]. Thus, one of the most studied and acclaimed biological
effects of polyphenols relates to its antioxidant properties; indeed polyphenols are
able to scavenge reactive oxygen species (ROS) including radical and nonradical
oxygen species such as O, , HO™, NO™, H,0,, O, and HOCI, as well as oxidatively
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generated free radicals ROC and ROOC such as those derived from biomolecules
such as low-density lipoproteins (LDLs), proteins, and oligonucleic acids (DNA and
RNA) [46]. Different human intervention studies on the health potential of poly-
phenols were conducted in healthy volunteers or on high-risk developing cancer
individuals. A one-dose diet rich in polyphenols, such as fruit juices, chocolate,
strawberries, and grape seed concentrate, was able to reduce the antioxidant status
and protect from oxidative stress [39]. In another study, hemodialysis patients
consumed 200 mL/day of red fruit juice, and the results showed a significant
decrease in DNA oxidation damage and NF-kB binding activity. In summary poly-
phenols exert their preventive effects on cancer cells via different mechanisms,
mainly via their antioxidant effects, antiproliferation and antisurvival effects,
induction of cell cycle arrest, induction of apoptosis, anti-inflammatory effects, and
inhibition of metastasis and angiogenesis [47].

4, Gallotannin

Gallotannin or tannic acid is a hydrolyzable tannin that is characterized by the
formation of meta-depside bonds between two galloyl groups resulting in digalloyl
residues [42].

4.1 Bioavailability, biodegradation, and absorption

Gallotannin is mainly present in mangoes, pomegranate, acorns, walnuts, and
beverages such as wine [48]. The metabolism of tannic acid was studied in a rat
model system [49]. Based on this study, the authors proposed that administered
tannic acid was not hydrolyzed by the acidity of the stomach but rather by tannase
enzymes produced by intestinal bacteria. Upon hydrolysis, tannic acid released
glucose and small phenolic acids which include gallic acid (GA), 4-O-methylgallic
acid (4-OMGA), resorcinol (RE), pyrogallol (PY), and ellagic acid (EA) [50]. It has
been postulated that GT hydrolysis could be measured by the release of gallic acid.
Gallic acid is further metabolized by the colon microflora into pyrogallol which is
ready to be absorbed by the intestinal cells [51].

4.2 Biosafety and toxicity

Dietary polyphenols are considered as safe and well-tolerated compounds. Only
few studies have reported toxicity and adverse effects induced by plant polyphenols
[52]. Tested on human epithelial and fibroblast cells, PGG did not show any toxicity
at concentrations below 50 pM [53]. Galla Rhois is the excrescence formed by
parasitic aphids, primarily Schlechtendalia chinensis Bell, on the leaf of sumac. The
gallotannin-enriched extract isolated from Galla Rhois (GEGR) was administered
orally to ICR mice using three different concentrations (250, 500, and 1000 mg/kg
body weight) for 14 days to evaluate its hepatotoxicity and nephrotoxicity. No
toxicity on the liver and kidney organs was detected in the mice when GT was used
at less than 1000 mg/kg [54]. The Chinese medicinal plant rich in PGG, Galla
chinensis, was also studied for its acute and subchronic oral toxicity. No acute oral
toxicity was produced in rats using the oral dose of 5760 mg/kg. The no-observed--
adverse-effect level was lesser than 1500 mg/kg body weight/day in the subchronic
oral toxicity study. This dose is three times higher than the recommended dose for
clinical application. In addition, the Galla chinensis serum did not show any side
effects to rats in the central nervous system, cardiovascular system, and respiratory
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system [55]. Although these findings consider that GT and PGG are nontoxic com-
pounds, further investigations are needed to prove their biosafety.

4.3 Functional properties

Regarding its pharmacological potential, GT has been suggested to prevent several
diseases and possess different activities [56]. Gallotannin inhibited microbial growth
of both Gram-positive and Gram-negative pathogens through its antimicrobial activ-
ity [57]. Gallotannin precursor, PGG, had an antiviral activity versus Herpes simplex
virus type 1 (HSV-1) [58] and a high anti-inflammatory effect against atherosclerosis
[59]. This effect was mediated by poly(ADP-ribose) glycohydrolase (PARG) path-
way, whereby GT was found to inhibit PARG and thus trigger nuclear accumulation
of poly (ADP-ribose) (PAR). Poly ADP-ribosylation is a posttranslational modifica-
tion of proteins operated by poly (ADP-ribose) polymerases (PARPs). Studies have
shown that inhibition of PAR formation impairs the expression of several genes
involved in the inflammatory response. The antioxidant activity of PGG was associ-
ated with the inhibition of prooxidant enzymes [60]. The antidiabetic effect of PGG
was mediated by the activation of insulin receptor associated with the transportation
of glucose in the adipocytes and the reduction of blood glucose and insulin level in
diabetic animals [61]. The anticancer effect of GT will be discussed in detail in the
next section. Figure 1 summarizes the mechanisms of action of GT on cancer cells.

4.4 Mechanisms of anticancer activity of gallotannin

Gallotannin is a polyphenol that possesses interesting anticarcinogenic proper-
ties. The effect of GT in different cancer cell lines was explored by many
researchers. Different programmed death mechanisms by GT were detected in
different kinds of cancers and even in different cell lines of one type of cancer.
Table 1 represents GT anticancer effect.

4.4.1 Gallotannin and apoptosis

Gallotannin has the ability to induce apoptosis in HCT116 (p53—/—) and
HCT116 (p21—/—) colon cancer cell lines through the induction of Bax/Bcl-1
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Figure 1.
Schematic diagram of the anticancer mechanisms of Gallotannin. GT induces apoptosis, senescence and
autophagy and inhibits cellular proliferation and angiogenesis.
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Cancer type Cell lines Cell death Molecular mechanism Reference
type

Colon HCT116 p537/7 Apoptosis Increased Bax/Bcl2 ratio [65]
HCT116 p21~/~
HCT116 p53’/ ~  Senescence Enhanced ROS [64]
HCT116 p21~/~
HCT116 p53*/*

Liver HepG2 Apoptosis Pro-caspase3/9; Bcl2; PARP [68]

cleavage

HepG2 Senescence SA-B-gal activity; p21; [71]
SK-Hep1 IL6 [81]
SK-Hep1l Autophagy LC3; LC3B-II; Beclinl [81]
HepG2

Lung A549 Apoptosis Caspase3; p53 [69]
A549 Senescence 1IL6 [81]
A549 Autophagy LC3-1I

Prostate DU145 Apoptosis Caspases; Mcl-1 [70]
PC-3, m2182 UPR pathway [72]
TRAMP-C2 Autophagy  AKT; S6K; 4EBP1 [84]
PC-3

Leukemia T-cells Jurkat Apoptosis Bax [73]

Breast MDA-MB-231  Apoptosis Caspase3 [74]
MCF-7 Bak; FADD [75]
MCF-7 Senescence IL6 [81]
SKBr3 ROS [82]
MCF-7 Autophagy LC3-1I [81]

Cervical HeLa Apoptosis Loss of MMP [76]

Necrosis Increase sub-G1 cells

Leukemia HL-60RG Apoptosis ROS [77]

Esophageal TE-2 Apoptosis Bax; Bcl2; XIAP [62]

Gingival GSCC Apoptosis Bcl2; Bax; cytochrome ¢ [63]

Acute myeloid HL-60 Apoptosis Caspases; PARP cleavage; [78]

leukemia cytochrome c

Glioma (brain) HS 683 Apoptosis Caspases3/9; PARP; ROS [79]

Table 1.
Anticancer effects of GT and its programmed cell death mechanisms and molecular targets.

protein level [65]. Gold nanoparticle formulated tannic acid (AuNP-TA) was also
used against colorectal cancer, and apoptosis was detected in HCT116 cell line
through the upregulation of the expression of caspase3 and 9, Bak, and Bax; loss
of mitochondrial membrane potential; and release of cytosolic cytochrome c [66].
In liver cancer HepG2 hepatocellular carcinoma cell line, GT attenuated the expres-
sion of pro-caspase9, pro-caspase3, Bcl2, and integrin p1 and cleaved poly(ADP)-
ribose polymerase [68]. Gallotannin dramatically induced apoptosis through the
expression of p53 and active caspase-3 and fragmented DNA in A549 human lung
carcinoma cells [69]. In DU145, PC-3, and M2182 prostate cancer cell lines, the
inhibition of Mcl-1 and activation of caspases were critically involved in GT-
induced apoptosis [70]. Another study using prostate cancer cell lines showed that
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tannic acid can promote apoptosis via the ER stress-mediated UPR pathway [72].
The inhibition of the proteasome by TA in Jurkat T cells was associated with Kip1l
accumulation of the cyclin-dependent kinase inhibitor p27 and pro-apoptotic pro-
tein Bax and was accompanied by the induction of G; arrest and apoptosis [73].
Gallotannin regulates apoptosis via increased expression of active caspase-3 and
cyclooxygenase-2 (COX-2) expression through PI3-kinase and p38 kinase pathway
in MDA-MB-231 human breast cancer cells [74]. In the human breast adenocarci-
noma MCF-7 cells, GT was able to cause apoptosis by increasing the percentage
ratios of apoptotic proteins Bak and FADD [75]. Gallic acid induced apoptosis and/
or necrosis in cervical cancer HeLa cell line, which was accompanied by the loss of
mitochondrial membrane potential (MMP; DeltaPsi(m)) [76]. Intracellular ROS
induced by gallic acid, especially H202, plays an important role in eliciting an early
signal in apoptosis in leukemia HL-60RG cells [77]. Gallic acid induced apoptosis in
esophageal cancer cells (TE-2) via the upregulation of Bax and downregulation of
anti-apoptosis proteins such as Bcl2 and XIAP [62]. Tannic acid induced apoptosis
in gingival squamous cell carcinoma (GSCC) via the inhibition of Bcl-2 and increase
of the mitochondrial localization of Bax leading to the loss of mitochondrial mem-
brane potential, resulting in the release of cytochrome c to the cytosol [63]. The
combination of tannic acid with As,03 induced apoptosis in acute myeloid leukemia
(AML) HL-60 cell line through the activation of the caspase cascade, cleavage of
poly (ADP-ribose) polymerase, disruption of mitochondrial membrane potential,
and release of cytochrome c [78]. Treated with GT, HS 683, a glioma cell line,
showed an activation of pro-caspase 3 and caspase 9, cleavage of poly (ADP-ribose)
polymerase, loss of mitochondrial membrane potential, and increased intracellular
ROS production [79].

4.4.2 Gallotannin and cellular senescence

In HCT116 human colon cancer cells wildtype for p53 and p21 and null for these
genes, GT caused senescence independent of p21 and p53 with the partial involve-
ment of ROS in this senescence effect [64]. Gallotannin increased the subG1 popu-
lation and induced senescence via upregulation of p21 and caused G1 arrest and
higher SA-B-gal activity in hepatocellular carcinoma (HCC) HepG2 and SK-Hep1l
cell lines [71]. The GT precursor (PGG) was found to induce S-phase and G1 cell
cycle arrest in breast [80] and prostate cancer cells [67]. HepG2 human liver cancer
cells, MCF-7 human breast cancer cells, and A549 human lung cancer underwent
senescence upon treatment with PGG. These cells acquired enlarged and flattened
morphology which was associated with a significant increase in the level of both
IL6 mRNA and its secretory protein which is the key component of senescence-
associated secretory phenotype (SASP) [81]. Senescence like S response, also
known as premature senescence, is mediated by the intracellular ROS generation.
PGG induced senescence like S phase arrest in HepG2, Huh-7 human hepatoma cells
and SKBr3 human breast cancer [82].

4.4.3 Gallotannin and autophagy

In SK-Hep1 hepatocellular carcinoma cell line, GT induced autophagic features
by increasing LC3 punctate, LC3B-II conversion, autophagic vacuoles, and
decreased expression of Beclinl [71]. HepG2 human liver cancer cells, MCF-7
human breast cancer cells, and A549 human lung cancer cells treated with PGG
increased the LC3-II level, a sign of autophagy [81]. A new molecular nanoparticle
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based on iron(III)-tannic complexes (Fe—TA NPs) induced autophagic cell death in
HepG2 cells via upregulation of LC3 mRNA expression and autophagosome forma-
tion [83]. Autophagic responses were observed in human DU145 and PC-3 prostate
cancer xenografts in nude mice detected by the formation of autophagosomes. As
for molecular changes, a rapid inhibition of the phosphorylation of mammalian
target of rapamycin-downstream targets S6K and 4EBP1 was observed by PGG in
PC-3 and TRAMP-C2 cells but not that of mammalian target of rapamycin itself,
along with increased AKT phosphorylation [84].

4.4.4 Gallotannin and necrosis

Ammar et al. showed a necrotic effect of the crude extract of Terminalia chebula
retz., fruit containing tannic acid. Tested on many cancer cell lines derived from
many cancer types such as breast, prostate, and osteosarcoma, the extract induced
necrosis when used at higher concentrations [85]. A similar effect was detected
when GT was used at higher doses in HeLa cells whereby cell death was marked by
an increase of sub-G1 cells [76].

4.4.5 Antiangiogenic effect of gallotannin

Angiogenesis is defined as a process by which new blood vessels are formed and
is a crucial process for tumor progression. The activation of VEGFR-2 is specific for
vascular endothelial cells to promote migration during angiogenesis. Gallotannin
effectively inhibited this process through downregulation of VEGF leading to the
inhibition of endothelial cell angiogenesis. The inhibition of VEGF was correlated
with the reduction of eNOS, a mediator of vasodilatation [86]. An upregulation of
SDF-1 and inhibition of CXCR4 allowed the mobilization of pro-angiogenic hema-
topoietic cells. Gallotannin dramatically decreased the SDF-1/CXCR4 interaction
which suppressed tumor angiogenesis [87].

4.4.6 Antiproliferation effects of gallotannin

Gallotannin was found to interfere with the activation of the proliferation path-
ways including NF-kB, PI3K/AKT/mTOR, JAK/STAT, and many others. In colon
cancer, GT inhibited NF-xB pathway [88]. In breast cancer, GT caused ROS-
dependent upregulation of AMPK and downregulation of the AKT/mTOR pathway
[89] and PI3K/AKT pathway [90], while it inhibited EGFR/STAT1/3 and enhanced
p38/STAT1 signaling pathway [91]. Gallotannin also inhibited JAK2/STATS3 path-
way in gingival squamous cell carcinoma [63]. Ras/MAPK is also suppressed by GT
[87]. Gallotannin was found to inhibit JAK/STAT pathway in HCT116 colon cancer
cells by our group (Gali-Mubhtasib et al., unpublished findings).

5. Conclusion

With its pleiotropic molecular mechanisms of action on cells ranging from
apoptosis, senescence, autophagy, necrosis, antiproliferative, and antiangiogenic
effects, Gallotannin seems to be an interesting compound from natural sources with
minimal side effects and high effectivity against different types of cancer. Further
research including preclinical and clinical studies may propose the use of
gallotannin as an anticarcinogenic drug.
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Chapter 5

Autophagy and Cell Death:
Antitumor Drugs Targeting
Autophagy

Hai Zhang and Zhinan Chen

Abstract

Autophagy, a degradation mechanism conserved among eukaryotes, plays an
important role in cellular homeostasis by maintaining nutrients and energy balance.
It is not surprising that autophagy has been associated with various pathological
conditions such as neurodegeneration, aging, infection, and cancer. Its roles in can-
cer are complex and context-dependent. In this chapter, we will give an overview
of regulation of autophagy with an emphasis in cancer and summarize the recent
efforts in developing cancer therapeutics targeting autophagy.

Keywords: autophagy, autophagic cell death (ACD), autophagy-related genes (ATGs),
signaling transduction pathway, antitumor drugs

1. Introduction

Autophagy derives from the Greek word “auto” and “phagein,” auto means “self,”
and phagein means “eating,” so autophagy refers to a “self-eating” physiological
phenomenon.

The concept was first proposed in the 1960s, when de Duve observed that
intracellular components are encased in membranes to form cystic structures
and transported to a small compartment, the lysosome, which is responsible
for recycling to degrade these ingredients [1]. Further studies show cell com-
ponents, even organelles, are transported to the lysosome for degradation by
cytoplasmic vesicles. Thus, the term autophagy was used for the first time
to describe this process. But not until the early 1990s, the seminal work by
Yoshinori Ohsumi on Saccharomyces cerevisiae resolved its molecular mechanism
[2]. Now it is well-known that autophagy is the mechanism which maintains
cellular homeostasis; damaged organelles or misfolded proteins are digested
in lysosomes through autophagy for cellular energy recycling. However,
autophagy is involved in the occurrence of cancer, neurodegenerative diseases,
aging, and infection under pathological status. In this chapter, we focus on the
formation and biological function of autophagy in cancer and discuss the appli-
cation of antitumor drugs that target autophagy-related molecules or regulate
autophagic activities.
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2. Molecular mechanisms and biological functions of autophagy
2.1 Molecular mechanisms of autophagy

Autophagy is a lysosomal-mediated self-degradation process of intracellular
components. Under normal physiological conditions, autophagy degrades damaged
organelles and nonfunctional proteins in cells to provide energy and nutrients to
maintain intracellular homeostasis. However, autophagy may be induced to partici-
pate in disease processes during fasting, drug interactions, nutritional deficiencies,
hypoxia, or other stress reactions. Autophagy is divided into three stages: initiation,
phagophore membrane formation and extension, and maturation. When the cellular
sensation is subjected to external pressure, the signal-transduction molecules are
activated, which regulates autophagy-related genes (ATGs) and promotes autophagy.
The molecular mechanisms of the autophagy process are summarized in Figure 1 [3].

The energy receptor, AMP-activated protein kinase (AMPK), is activated to
rapidly induce the upregulation of autophagy levels when cells are under nutrient
and energy deficiency, protein accumulation, and stress. Autophagy induction is
mainly achieved by the interaction between the Unc-51 like autophagy activat-
ing kinase 1 (ULK1) complex (including Atgl/ULK1, Atgl7/FIP200, and Atg13)
and mammalian target of rapamycin complex 1 (mTORC1) [4]. First, nTORC1
is activated when cellular energy is sufficient, which then phosphorylates ULK1
and Atg13 to inhibit autophagy. In contrast, mTORC1 activity is inhibited when
cellular energy is deficient, and the resultant dephosphorylated Atgl3 forms a
complex with ULK1 and interacts with FIP200 to initiate autophagy [5]. The
initiation of autophagy is closely related to the Class III PI3K (Vps34)-Atg6/Beclinl
complex [6, 7]. The Beclinl-PI3K complex recruits Atgl2-Atg5 and Atgl6L multim-
ers and Atg8/microtubule-associated protein light chain 3 (LC3), which promotes
the stretching and extension of autophagosome membranes [8]. The expansion of
autophagosomes mainly depends on two ubiquitin-like conjugation systems: Atgl2
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Figure 1.
Schematic diagram of the molecular mechanisms of autophagy.
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binding and LC3-modification processes [9]. Atgl2 binding is a ubiquitin-like
process that requires the participation of ubiquitin-activating enzymes, E1 and
E2. Atg12 is firstly activated by Atg7 (E1-like enzyme) and is then transported to
Atg5 through Atgl0 (E2-like enzyme), which subsequently binds to Atg16 to form
a multibody complex and participates in the expansion of the autophagosome
[10-12]. The LC3-modification process also requires the participation of ubiquitin-
activating enzymes, E1 and E2. After the formation of the LC3 precursor, it is
processed into cytosolic soluble LC3-I by Atg4 and is then covalently linked to
phosphatidylethanolamine (PE) by Atg7 (E1-like enzyme) and Atg3 (E2-like
enzyme) to form a fat-soluble LC3-II-PE that participates in the extension of the
autophagosome membrane. LC3-II binds to the newly formed autophagosome
membrane until the formation of the autolysosome. Therefore, LC3-II is often
used as a marker for autophagy [11, 13]. After formation, autophagosomes fuse
with lysosomes through the microtubule cytoskeleton under the action of the
endosomal-sorting complex required for transport (ESCRT), as well as through
monomeric GTPase (RabS), to form autolysosomes. The autophagy-receptor
protein, P62/SQSTMI, recognizes and binds to autophagy-substrate proteins by
binding to the ubiquitin-associated (UBA) domain, either dependently or inde-
pendently. P62/SQSTM1 also anchors to the autophagosome membrane through
the LC3/Atg8 interaction region (LIR); ultimately fusion between autophagosomes
and lysosomes leads to P62/SQSTM]1 entering into autolysosomes, together with
the corresponding substrates and their degradation [14].

In addition to the direct involvement of the Atg gene in autophagy, some
important signaling pathways also regulate autophagy. Among these pathways,
the PI3k/Akt/mTOR pathway is a classical signal-transduction pathway associated
with autophagy. Under nutrient-rich conditions, PI3k/Akt signaling activates the
downstream mammalian target of rapamycin (mTOR) to form the mTOR complex
consisting of ULK1/2, mATG13, FIP200, and Atg101. Once the mTOR complex is
formed, phosphorylation of ULK1 and Atg13 results in ULK1 inactivation, which
suppresses autophagy. In the absence of nutrients, the LKB/AMPK pathway is
activated, and the binding of mTORC1 to ULK is blocked, thereby suppressing
mTOR activity. Subsequently, ULK1 phosphorylates Atg13 and FIP200 to form
autophagosomes, ultimately inducing autophagy [15]. The AMPK pathway is a
cellular energy sensor, and it regulates the occurrence of autophagy. In the absence
of nutrients, AMPK senses the changes in AMP levels and is activated, thereby
phosphorylating tuberous sclerosis 2 (TSC2) and aggravating the inhibition of Rheb
GTPase by TSC1/2, which ultimately inhibits mTOR activity and induces autoph-
agy. In addition, AMPK activates ULK1 through phosphorylation, thereby promot-
ing autophagy. Under nutrient-rich conditions, mTOR phosphorylates ULK1 to
prevent AMPK from activating ULK1, which ultimately suppresses ULK1 activity
and thereby inhibits autophagy [16]. The Hedgehog (Hh) signaling pathway also
regulates autophagy. After Sonic hedgehog (SHh) in the Hh signaling pathway
senses signaling stimulation, it transfers and binds to PATCHED-1 (PTCH) recep-
tor, thereby releasing inhibition of the G-protein-coupled receptor (GPCR)-like
protein Smoothened (Smo). The activation of Smo ultimately leads to the activation
of the downstream Gli transcription factor. Gli has three homologues, of which Glil
is involved in autophagy and inhibition of Glil induces autophagy. However, the
mechanism by which Glil induces autophagy has not been well clarified [17, 18].

2.2 Autophagic cell death (ACD)

Programmed cell death is an orderly process, and, once this process is initiated,
it proceeds automatically. Programmed cell death can be classified into at least three
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types: type I (apoptosis), type II (ACD), and type III (necrosis or lysosomal death).
Type I programmed cell death is accompanied with typical morphological changes
of the cells—such as cell shrinkage, chromatin condensation, and apoptotic-body
formation—following the initiation of apoptosis (Figure 2a). The morphological
features of cells undergoing type II programmed cell death are not as obvious, and
only autophagic vacuoles can be observed under electron microscopy (Figure 2b).
Necrosis is a form of cell death characterized by organelle swelling, cytoplasmic-
membrane rupture, and leakage of cellular contents (Figure 2c). Therefore, ACD
should be defined according to the following three features: (1) apoptosis is not
triggered; (2) there is an increase in autophagic flux before or during cell death,
rather than a mere elevation in autophagy marker; and (3) application of pharma-
ceutical inhibitor, like 3-MA, chloroquine, etc., or small interfering RNA (siRNA)
against autophagy-related genes (Beclinl or Atg5) inhibits cell death [19-21]. In
short, ACD is a type of cell death caused by autophagy. Autophagy may also be
involved in other types of cell death. Therefore, it is necessary to distinguish the dif-
ference between cell death that occurs with autophagy and cell death that is caused
by autophagy. If inhibition of autophagy only changes cell morphologies but not the
fate of cell death, then the death in question is cell death with autophagy. If inhibi-
tion of autophagy leads to alleviation or inhibition of cell death, then the death in
question is cell death by autophagy [22].

The discovery of ACD has provided new ideas and strategies for anticancer
therapy. It is well-known that autophagy plays a role as a “double-edged sword” in
tumorigenesis (i.e., as a promoter and a suppressor of tumors). In terms of promot-
ing tumorigenesis, autophagy is a protective mechanism that protects tumor cells
from being killed. However, ACD breaks the protective mechanism of autophagy.
Drug and hypoxia-mediated ACD converts the autophagy that originally benefits
tumor-cell survival to become harmful to tumor cells and inhibits tumor-cell prolif-
eration. In addition, there is a relationship between ACD and apoptosis, and autoph-
agy has been considered to be essential for the occurrence of apoptosis. Autophagy
usually occurs before apoptosis, with apoptosis being initiated after autophagy,
which leads to accelerated cell death. Some researchers believe that the occurrence
of autophagy inhibits apoptosis and, thus, protects tumor cells. In addition, apop-
tosis can coexist with autophagy to collectively promote cell death [23]. Therefore,
regardless of the single role of ACD or the combined effect of ACD and apoptosis,
the above studies provide an important theoretical basis for the development of
antitumor drugs. In fact, many antitumor drugs, either newly developed ones or old
drugs with a new target, share the same mechanism in anticancer therapy by target-
ing programmed cell death.

Since the discovery of autophagy, especially its role in tumorigenesis and tumor
development, the use of autophagy to regulate the programmed cell death of tumor
cells has become a useful tool for anticancer therapy. Drug-induced ACD is also a

L. J
e, - & e

a

Figure 2.
Types of programmed cell death. a) apoptosis, b) autophagy and c) necrosis [22].
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primary mechanism for antitumor drugs. Therefore, autophagy has been widely
studied as a drug target in antitumor research. First, this new research strategy of
old drugs provides ideas for autophagy-targeted drug discovery. Some repurposing
drugs—such as the antimalarial drug chloroquine, the antifungal drug bafilomy-
cin Al, and the immunosuppressant rapamycin—had not had their autophagy
functions revealed when they were discovered. However, subsequent studies have
revealed their other functions, which do not only induce autophagy but also inhibit
tumor-cell proliferation through regulating autophagic activity. These old drugs are
good candidates for being repurposed into antitumor drugs. Additionally, in the
past few years with the development of omics technologies, a number of small-
molecule compounds targeting autophagy molecules or autophagy pathways have
been discovered by high-throughput screening methods. These drugs also inhibit
tumor-cell proliferation through the ACD pathway. The following section sum-
marizes drugs that control tumor proliferation by regulating autophagy activity in
cancer stem cells (CSCs) and tumor cells, as well as their mechanisms of action.

3. Antitumor drugs that regulate autophagy to target cancer stem cells

Cancer stem cells (CSCs) are a type of cell with stem cell characteristics in
tumors that exhibit strong self-renewal and proliferative ability and play an
important role in tumor survival, proliferation, metastasis, and recurrence. Taken
together, CSCs maintain the vitality of tumor-cell populations through self-renewal
and infinite proliferation [24]. CSCs in tumor tissues in microenvironments
with insufficient nutrients increase the recycling of intracellular substances by
autophagy to continuously survive. Apoptosis, proliferation, and differentiation of
CSCs are regulated by many factors, and autophagy and its signaling pathways play
an important role in the apoptosis and differentiation of CSCs [25, 26]. A previous
study has shown that the autophagy activity regulated by autophagy-related genes
or autophagy pathways promotes the survival of CSCs. High Beclinl expression
promotes the survival and tumorigenicity of breast CSCs [27]. Chloroquine inhibits
autophagy via the Janus kinase 2 (JAK2) and Hh pathways and kills breast and pan-
creatic CSCs [28, 29]. Nevertheless, another study has shown that autophagy also
promotes the death of CSCs. CSCs from malignant gliomas cause cell death due to
the accumulation of autophagy-related proteins and autophagosomes [30]. In addi-
tion, CSCs adapt to the changes of the microenvironment simultaneously through
autophagy, and a large number of autophagosomes are found in damaged blood
vessels and hypoxic parts of tumors. Autophagy induced by hypoxia-inducible fac-
tor (HIF) promotes metastasis of CD133+ pancreatic CSCs. Inhibition of autophagy
reduces the viabilities of pancreatic cancer cells with stem cell characteristics and
CD133+ liver CSCs under oxygen/nutrition deprivation [31]. Multi-regulation of
autophagy on CSCs has prompted researchers to explore the feasibility of autophagy
as a drug target for anticancer therapy. Numerous studies have demonstrated that
some chemical synthetic drugs or natural extracts have a clear therapeutic effect on
CSCs through regulating autophagy activity and may be used as novel antitumor
treatments.

Small-molecule compounds induce programmed cell death in tumor cells
through apoptosis and autophagy as their main antitumor mechanisms. After
the concept of CSCs was proposed, researchers began to continuously explore
small-molecule compounds and their effective targeting of CSCs. In 2009, Gupta
et al. screened more than 16,000 compounds to discover that salinomycin has
strong killing activity against breast CSCs and that the killing activity is >100-fold
higher than that of paclitaxel [32]. Further studies have shown that salinomycin
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has an inhibitory effect on a variety of CSCs. Salinomycin does not only induce
apoptosis in CSCs but also inhibits DNA repair of CSCs. Interestingly, the prolifera-
tion of CSCs is inhibited by the increase or decrease of autophagic activity after
the action of salinomycin [33]. On the one hand, after the action of salinomycin,
the increase of reactive oxygen species (ROS) activates c-Jun N-terminal kinase
(JNK) and AMPK signaling pathways to induce an increase of autophagy activity;
on the other hand, salinomycin also affects the process of autophagosome and
lysosome fusion and reduces the level of autophagic flux. These factors are the
mechanisms by which salinomycin inhibits the proliferation of CSCs [34-36]. PI3k/
Akt/mTOR is a key pathway for autophagy regulation. When cells sense signs of
starvation and hypoxia, they inhibit the activity of the PI3k/Akt/mTOR pathway
and promote autophagy by phosphorylating Akt at amino-acid position 473 and
mTOR at amino-acid position 2448. NVP-BEZ235 is a dual ATP-competitive

PI3K and mTOR inhibitor, and its induced autophagy and apoptosis enhance the
radiosensitivity of glioma stem cells [37]. Rottlerin, a small-molecule compound
that acts as a protein kinase C-8 (PKC-8) inhibitor, regulates the PI3k/Akt/mTOR
pathway to activate autophagy. Rottlerin promotes the death of pancreatic CSCs
through an endogenous apoptotic pathway after the activation of autophagy [38].
The same phenomenon is also observed in Rottlerin-treated prostate CSCs [39].
Nearly all malignant tumors have epigenetic abnormalities. Antitumor drugs
targeting histone deacetylase (HDAC) are a primary focus in epigenetic research.
Small-molecule inhibitors that target HDAC have a clear inhibitory effect on the
proliferation of CSCs. Givinostat (ITF2357) and suberoylanilide hydroxamic acid
(SAHA) are currently the most studied HDAC small-molecule inhibitors. Studies
have shown that givinostat and SAHA can induce autophagy in lung and glioma
CSCs, respectively, leading to cell death [40-42].

Autophagy is associated with drug resistance and metastasis of CSCs. Autophagy
inhibitors or silencing of autophagy-related genes also affect the self-renewal and
differentiation of CSCs or enhance the sensitivity of CSCs to chemotherapeutic
drugs, thereby killing CSCs. The autophagy inhibitor, chloroquine, not only does
inhibit autophagy activity of breast CSCs but also reduces the cell number and
metastasis of breast CD44+/CD24—/low CSCs; this effect is damaging to the
mitochondrial membrane structure, which leads to decreased cytochrome-c activity
and increases oxidative stress. This process also leads to increased expression of the
double-stranded DNA damage marker, y-H2AX, which reduces the repair capacity
of double-stranded DNA breaks, thereby inhibiting the proliferation of breast CSCs
[43]. Drug resistance is a challenge for antitumor therapy. The small-molecule com-
pound, baicalein competitively binds to the GTPase SAR1B protein, guanosine tri-
phosphate, which is required for autophagy and inhibits autophagy activity, thereby
selectively enhancing the sensitivity of mice liver CD133+ tumor-initiating stem
cell-like cells (TICs) to mTORCI inhibitors [44]. The autophagy inhibitor, quina-
crine, which can pass through the blood-brain barrier, also increases the sensitivity
of glioblastoma stem-like cells (GSCs) to the chemotherapeutic drug, temozolomide
(TMZ). The combination of quinacrine and TMZ promotes iron-dependent cell
death (ferroptosis) in GSCs [45]. The bromodomain and extra-terminal domain
(BET) inhibitor, JQ1, is ineffective for drug-resistant CD34+ CD8- leukemia stem
cells (LSCs) and hardly induces apoptosis in drug-resistant LSCs. However, JQ1
increases the expression of autophagy-related molecules, such as Beclinl and
LC3-II, through the AMPK-ULK1 pathway to promote autophagosome formation.
The AMPK inhibitor, compound C, and AMPKa siRNA inhibit autophagy to further
promote the apoptosis of drug-resistant CD34+CD8— LSCs [46].

In addition to small-molecule compounds, plant extracts also have an inhibi-
tory effect on CSCs. Curcumin is a chemical component extracted from the roots
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Drugs Cancer stem cells Autophagy Mechanism of References
activity autophagy regulation
Chloroquine Breast Autophagy Jak2, DNMT1 [27, 42]
inhibition
Pancreatic Autophagy CXCR4 [28]
unchanged
Salinomycin Breast Autophagy ROS [33]
increasing
Breast Autophagy Apoptotic pathway [35]
inhibition
Colon Autophagy ROS [33]
induction
NVP-BEZ235 Gliomas Autophagy PI3k/Akt/mTOR [36]
induction
Rettlerin Pancreatic Autophagy Apoptotic pathway [37]
induction
Prostate Autophagy Apoptotic pathway [38]
induction
Givinostat Lung Autophagy HDAC [39]
induction
Glioblastoma Autophagy HDAC [40]
inhibition
SAHA Glioblastoma Autophagy HDAC [41]
induction
Baicalein Mice liver tumor Autophagy GTPase SARI1B protein [43]
inhibition
Quinacrine Glioblastoma Autophagy Lipid peroxides [44]
inhibition
JQ1 Leukemia Autophagy AMPK-ULK1 pathway [45]
induction
Curcumin Colon Autophagy DCLK1 [46]
induction
Resveratrol Breast Autophagy Wnt/B-catenin [47]
induction pathway
Colonadenocarcinoma Autophagy Wnt pathway [48]
induction
Bitter-melon Colon and progenitor Autophagy AMPK pathway [49]
fruit extracts cells induction

Abbreviations: Jak2: Janus kinase 2; DNMT1: DNA (cytosine-5)-methyltransferase 1; CXCR4: CX-C chemokine
receptor type 4; ROS: reactive oxygen species; HDAC: histone deacetylases; DCLK1: Doublecortin like kinase 1; ULK1:
Unc-51 like autophagy activating kinase 1

Table 1.

Antitumor drugs that tavget cancer stem cells by regulating autophagy.

of some plants in the Zingiberaceae and Araceae families. Among the numerous
biological activities of curcumin, its antitumor activity has aroused the attention
of tumor biologists. Studies have shown that curcumin has an inhibitory effect on
liver and ovarian CSCs. Autophagy induced by curcumin treatment in the DCLK1+
colon CSCs inhibits cell proliferation via apoptosis [47]. Resveratrol not only does
inhibit the proliferation of breast CSCs by autophagy [48] but also increases the
trans-differentiation of colon CSCs into endothelial cells [49]. Bitter-melon whole
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fruit (BMW) and skin (BMSk) extracts significantly inhibit the proliferation

and colonization of colon CSCs, and the BMW-treated colon CSCs also cause the
upregulated expression of LC3-II, Beclinl, Atg7, and Atgl2 to promote autophagy
[50]. Table 1 summarizes the recent progress of mechanism, targets, and references
of drugs in anticancer stem cells.

4. Antitumor drugs that regulate autophagy to target tumor cells

In the processes of tumorigenesis and tumor progression, autophagy has dual
roles, and inhibition or promotion of autophagy is related to tumorigenesis.
Some important signaling pathways—such as PI3K/Akt/mTOR, MAPK, JNK,
and Hh pathways—do not only regulate tumor-cell growth and proliferation but
also affect tumorigenesis by regulating autophagic activity. In addition, autoph-
agy-related molecules—such as Atg5, Atg7, and Beclinl—are associated with
tumorigenesis. Therefore, research in recent years regarding autophagy-targeted
antitumor drugs includes not only autophagy-related signaling pathways but also
autophagy-related molecules. In this section, antitumor drugs, like compounds
and nature extracts, which target the signaling pathway (Table 2) or autophagy-
related molecules (Table 3), are introduced, and their antitumor mechanisms are

discussed.
Drugs Cancer cell Autophagy Mechanism of autophagy References
activity regulation
Metformin Myeloma Autophagy AMPK [50]
induction
Rat liver carcinoma Autophagy AMPK, p38/MAPK [51]
inhibition
Cannabinoids Pancreatic cancer Autophagy AMPK [52]
induction
Safingol Colon carcinoma Autophagy PI3K/Akt/mTOR [54]
induction
Compound 6 Lung carcinoma Autophagy PI3K/Akt/mTOR [55]
induction
Cabazitaxel Lung carcinoma Autophagy PI3K/Akt/mTOR [56]
induction
Ophiopogon Lung carcinoma Autophagic PI3K/Akt/mTOR [57]
Japonicus cell death
Capsaicin Nasopharyngeal Autophagy PI3K/Akt/mTOR [58]
cancer cell induction
NVP-BEZ235 T-cell acute Autophagy PI3K/Akt/mTOR [59]
lymphoblastic induction
leukemia
CYT-Rx20 Breast cancer Autophagy MAPK [60]
induction
AJ-5 Melanoma Autophagic MAPK [61]
cell death
Arsenic-trioxide Glioma Autophagic PI3K/Akt, ERK1/2 [62]
cell death
Fangchinoline Liver cancer Autophagic p53/sestrin2/AMPK [63]
cell death
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Drugs Cancer cell Autophagy Mechanism of autophagy References
activity regulation
PEITC Liver cancer Autophagy P53 [64]
induction
Bafilomycin A1l B-cell acute Autophagy Autophagosome-lysosome [66]
lymphoblastic inhibition fusion inhibition

leukemia cell

DQ661 Melanoma Autophagy Autophagosome-lysosome [67]
inhibition fusion inhibition
lys05 Glioblastoma Autophagy Autophagosome-lysosome [68]
inhibition fusion inhibition
Itraconazole Breast and liver Autophagic Hh [17]
cancer cell death
GANT61 Breast and liver Autophagic Hh [17]
cancer cell death
HhAntag Embryonal Autophagy Hh [69]
rhabdomyosarcoma induction
Sonidegib Mantle cell Autophagy Hh [70]
lymphoma inhibition
SAHA Colon and liver Autophagy HDAC inhibitor [71]
cancer induction
Panobinostat Colon cancer Autophagy HDAC inhibitor [72,73]
induction
MGCD0103 B-cell chronic Autophagy HDAC inhibitor [74]
lymphocytic inhibition
leukemia

Abbreviations: AMPK: 5' AMP-activated protein kinase; MAPK: mitogen-activated protein kinase; PEITC: phenethyl
isothiocyanate; SAHA: Suberoylanilide hydroxamic acid; HDAC: histone deacetylases; Hh: Hedgehog

Table 2.
Antitumor drugs that target cancer cells by regulating autophagy.

4.1 Autophagy pathways
4.1.1 Drugs that target AMPK pathway

AMPK is a metabolism and energy receptor of cells. The intracellular balance
of energy and metabolism in tumor cells is often chaotic, leading to changes in
AMPK activity to further cause activity changes of a series of downstream signal-
ing pathways, which affect the autophagy process. In addition to its therapeutic
effect on type II diabetes, metformin has also been found to have a therapeutic
effect on tumors. Wang et al. has shown that metformin targets the molecules of
AMPK/mTORC1 and mTORC2 pathways in the tumor cells of multiple myeloma.
Activation of AMPK signaling inhibits mMTORC1 and mTORC2 to further induce
autophagy and inhibit myeloma cell proliferation [51]. In contrast, metformin also
inhibits autophagy and promotes apoptosis through AMPK and p38/MAPK signal-
ing pathways in the glucose-deprived H4IIE rat hepatocellular-carcinoma cell line
[52]. Cannabinoids have a variety of biological activities, of which tumor inhibi-
tion has aroused attention from researchers. AMPK pathways activate autophagy
after ROS-dependent activation in cannabinoid-treated pancreatic cancer cells,
while ROS promotes GAPDH nuclear translation, leading to reduced glycolysis and
NADH accumulation to block the Krebs cycle after blocking the respiratory-chain
function. Simultaneously with the activation of the AMPK pathway, cannabinoids
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also inhibit the Akt/c-Myc pathway, resulting in the reduction of pyruvate kinase
isoform M2 (PKM2) activity, glycolysis, and glutamine uptake. Therefore, can-
nabinoids inhibit the proliferation of pancreatic cancer cells through autophagy and
cellular-metabolic pathways regulated by the AMPK pathway [53].

4.1.2 Drugs that target PI3K/Akt/mTOR pathway

The PI3K/Akt/mTOR pathway is directly involved in tumor-cell proliferation,
and small-molecule drugs or natural extracts act on the PI3K/Akt/mTOR path-
way to regulate tumor cell proliferation through autophagy. Specifically, 3-MA,
LY294002, and wortmannin are classic inhibitors of the PI3K/Akt/mTOR pathway
to suppress autophagy, which have killing effects on various tumor cells [54]. In
addition, many compounds that regulate autophagy and inhibit tumor cells via the
PI3K/Akt/mTOR pathway have been discovered in recent years. Protein kinase C
and the sphingosine kinase inhibitor, Salingol, inhibit the phosphorylation level of
key molecules of the PI3K/Akt/mTOR pathway—such as Akt, p70S6k, and rS6—to
induce ACD in colon cancer cells [55]. A novel hybrid of the 3-benzyl coumarin
seco-B-ring derivative and phenylsulfonylfuroxan (compound 6) reduces the phos-
phorylation levels of mTOR-S2448, Akt-S373, and the downstream p70s6K-S371
and 4EBP1-pT45 proteins in a concentration-/time-dependent manner to induce
autophagy and apoptosis of A549 cells [56]. The antiprostate-cancer drug, cabazi-
taxel, also inhibits proliferation of A549 cells through autophagy which is regulated
by the PI3K/Akt/mTOR pathway [57]. Ophiopogon japonicus is a traditional medici-
nal plant, and its main components are flavonoids and steroidal saponins. A previ-
ous study has shown that O. japonicus inhibits PI3K/Akt/mTOR signaling to induce
ACD in A549 lung cancer cells [58]. Similarly, the inhibitory effect of capsaicin in
the nasopharyngeal carcinoma cell line, NPC-TWO01, is also achieved by autophagy
regulated by the PI3K/Akt/mTOR pathway [59]. Specifically, mTORC1 is a key sig-
naling molecule in the PI3K/Akt/mTOR pathway. Some small-molecule drugs, such
as rapamycin and NVP-BEZ235, inhibit mTORC1 activity and induce autophagy
and have a killing effect on T-cell acute lymphoblastic leukemia cells [60].

4.1.3 Drugs that target the MAPK pathway

The MAPK pathway plays an important role in the process of tumor-cell prolif-
eration, growth, apoptosis, and cell-to-cell functional synchronization. The MAPK
family members, ERK, p38 MAPK, JNK, and ERKS are also involved in the regula-
tion of autophagy. CYT-Rx20, a derivative of p-nitrostyrene, inhibits proliferation
in the breast cancer cell lines, MDA-MB-231 and MCF-7 [61]. A new binuclear pal-
ladacycle complex, AJ-5, does not only induce apoptosis in melanoma cells but also
inhibit Akt/mTOR activity and activate p38 and ERK1/2 MAPK signaling to induce
ACD, with dual roles in apoptosis and ACD to inhibit the proliferation of melanoma
cells [62]. Similar to AJ-5, arsenic-trioxide and ionizing-radiation combination
treatment on glioma cells also inhibits Akt/mTOR activity and activates ERK1/2
MAPK signaling to promote ACD [63].

4.1.4 Drugs that target the p53 pathway

P53 is a tumor-suppressor protein that regulates the expression of multiple
genes involved in apoptosis, growth inhibition, and DNA repair. Studies have
shown that the regulation of autophagy by p53 is bidirectional depending on its
localization. Cytoplasmic p53 inhibits autophagy in a transcriptional-independent
manner, while nuclear p53 enhances autophagy by transactivation target gene.
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Drugs Cancer cell Autophagy Mechanism of Refs.
activity autophagy regulation

SBI-0206965 Lung cancer cell Autophagy ULK1 inhibitor [75]
inhibition

MRT67307 Mouse embryonic Autophagy ULK1 inhibitor [76]

fibroblast inhibition
MRT68921 Mouse embryonic Autophagy ULK1 inhibitor [76]
fibroblast inhibition

LYN-1604 Breast cancer cell Autophagy ULK1 inhibitor [77]
induction

SAR405 Renal tumor Autophagy Vps34 inhibitor [78]
inhibition

Spautin-1 Cervical cancer Autophagy Vps34 inhibitor [80]
inhibition

$130 Colon cancer Autophagy Atg4B inhibitor [81]
inhibition

NSC185058 Saos-2 osteosarcoma cell Autophagy Atg4B inhibitor [82]
inhibition

Obatoclax Lymphoblastic leukemia Autophagic cell Bcl-2 inhibitor [87]
death

ABT-737 Cervical cancer Autophagy Bcl-2 inhibitor [86]
induction

ABT-737 Colon cancer Autophagy Bcl-2 inhibitor [87]
inhibition

gossypol Glioma Autophagic cell Bcl-2 inhibitor [88,
death 89]

Verteporfin Prostate cancer cell Autophagy p62/SQSTM1 inhibitor [90]
inhibition

Table 3.

Small molecular inhibitors of autophagy-velated molecules.

P53 in human hepatocellular-carcinoma cells treated with fangchinoline is trans-
ported from the cytoplasm to the nucleus through nuclear translocation and selec-
tively activates sestrin2 to initiate autophagy and promote ACD [64]. Numerous
studies have shown that cruciferous-vegetable-derived phenethyl isothiocyanate
(PEITC) reactivates the normal activity of mutant p53 molecules in tumor cells
and has an antitumor effect. PEITC has growth-inhibitory activity on tumor cells
expressing p53R175H and restores the wide-type conformation and transcriptional

activity of p53. In addition, PEITC enables p53R175H tumor cells to be sensitive
to proteasome and autophagy-mediated degradation processes. Analysis of the

mechanism showed that PEITC activates the classical p53 downstream target gene,
causing tumor cells to arrest in the S phase and G2/M phase of the cell cycle and to
undergo apoptosis [65].

4.1.5 Drugs that target the autophagosome-lysosome fusion pathway

The fusion of autophagosomes and lysosomes forms autolysosomes, which
degrade the encapsulated materials. The degradation activity can be evaluated

by autophagic flux. A previous study has shown that antimalarial drugs—such as
quinine, chloroquine, and its derivatives—block the fusion processes of autophago-
somes and lysosomes to reduce the autophagic flux and kill tumor cells by inhibiting
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autophagy activity [66]. Bafilomycin Al is a vesicular H"-ATPase proton-pump
inhibitor that inhibits autolysosome activity to promote tumor cell killing by
inhibiting the activity of vacuolar V-ATPases [67]. In addition to the above drugs,
studies in recent years have shown that some small-molecule drugs, such as lys05
and DQ661, share similar antitumor mechanisms [68, 69].

4.1.6 Drugs that target the Hh pathway

The Hh pathway plays an important role in embryonic development and tis-
sue regeneration. Abnormal expression of SMO, PTCH, and Glil molecules in the
Hh pathways is associated with tumorigenesis. The Glil small-molecule inhibitor,
GANT®61, does not only inhibit the proliferation of human hepatocellular-carci-
noma cells but also synergize with itraconazole to kill breast cancer cells through
the ACD pathway [18]. HhAntag, a small-molecule inhibitor of downstream ele-
ment of Hh pathway, inhibits embryonal rhabdomyosarcoma (ERMS) proliferation
through autophagy induction [70]. SMO antagonist, Sonidegib, selectively targets
cell migration and adhesion of mantle cell lymphoma (MCL) and suppresses the
proliferation of MCL via autophagy inhibition [71].

4.1.7 Drugs that target the epigenetic pathways

Epigenetic modification can regulate the occurrence of autophagy, includ-
ing histone acetylation and DNA methylation, which play an important role in
regulating the biological function of autophagy. Inhibition of HDAC activity to
induce cell death has been the research strategy of antitumor drugs. Development
of small-molecule inhibitors targeting HDAC has become a primary focus in
this field. The small-molecule inhibitor, SAHA, does not only induce a killing
effect on CSCs but also promote colon cancer and liver cancer cell death by
FoxO1-dependent autophagy [72]. Panobinostat (LBH589) induces autophagy in
a tumor-suppressor death-associated protein kinase (DAPK)-dependent manner
and inhibits colon cancer cell proliferation. The combination of panobinostat and
sorafenib significantly improves the therapeutic outcomes of liver cancer treat-
ment [73, 74]. MGCDO0103 not only induces apoptosis in B-cell chronic lym-
phocytic leukemia (CLL) but also inhibits tumor-cell protective autophagy and
promotes CCL cell death through the activation of the PI3K/AKT/mTOR signaling
molecules and caspase pathways [75].

4.2 Small molecular inhibitors of autophagy-related molecules
4.2.1 Atg1/ULK1

The autophagy-related gene, Atgl homologue, ULK1, is an unc-51-like serine/thre-
onine kinase that plays an important role in initiating autophagy. When cells are under
nutrient deficiency, hypoxia, and other stresses, the upstream molecules of ULK1,
mTORC1, and AMPK are activated, and the phosphorylation of ULK1 and Atg13
molecules regulates autophagy. In recent years, ULK1 has been a popular molecule in
the research of autophagy-targeted drugs. ULK1 not only is a promoter of autophagy
but is also an important kinase, which is more favorable for the study of small-mole-
cule inhibitors. The high-throughput screening of Egan et al. [76] has shown that the
small-molecule compound, SBI-0206965, inhibits ULK1 activity through the mTOR
pathway, leading to a decrease in autophagy and inhibition of A549 cell proliferation.
Unlike SBI-0206965, MRT67307 and MRT68921 inhibit both ULK1 and ULK?2 activi-
ties and block autophagy [77]. The small-molecule compound, LYN-1604, and ULK1
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reactive proteins—ATF3, RAD21, and caspase 3—activate autophagy to inhibit the
proliferation of MDA-MB-231 triple-negative breast cancer cells [78].

4.2.2 Vps34

Vps34 is a Class III phosphoinositide-3 kinase (PI3K-III), and its 3-phos-
phophosphatidylinositol (PI3P), which catalyzes the formation of the substrate
phosphatidylinositol (PI), is necessary for autophagosome formation. The small-
molecule inhibitor, SAR405, inhibits the catalytic activity of PIK3C3/Vps34, blocks
the transport of vesicles from late endosomes to lysosomes, and inhibits autophagy,
which suppresses tumor-cell proliferation [79]. In addition, PIK-III and Vps34-IN1
are also Vps34 inhibitors, which inhibit autophagy and have killing effects on tumor
cells [80]. Spautin-1 is a potent and specific small-molecule inhibitor. It inhibits two
ubiquitin-specific peptidases, USP10 and USP13, and promotes ubiquitination and
degradation of the Vps34-PI3K complex, thereby inhibiting autophagy [81].

4.2.3 Atg4B

Atg4 is a key molecule in autophagy that cleaves the C-terminal arginine of
Atg8/LC3 to expose the C-terminal glycine residue for covalent attachment to
phosphatidylethanolamine (PE). This process induces Atg8/LC3-PE to be anchored
to the membrane of autophagosomes to regulate autophagy. Fu et al. [82] identi-
fied a novel ATG4B small-molecule inhibitor, S130, through in silico screening
and in vitro high-throughput screening system for fluorescence resonance-energy
transfer and showed that S130 did not affect the autophagosome function and
autophagosome fusion with lysosomes. Instead, S130 inhibited the delipidation
process of LC3-PE and ultimately blocked autophagy. An antitumor study has
shown that S130 effectively inhibits the growth of colon cancer cells, and nutrient
deficiency further enhances the antitumor effect of S130; however, Atg4 overex-
pression partially counteracts the tumor-cell death process caused by S130. Similar
to S130, NSC185058 is also a newly discovered small-molecule inhibitor that acts on
the Atg4B target and inhibits autophagy after LC3B lipidation, leading to the death
of the Saos-2 osteosarcoma cells [83].

4.2.4 B-cell lymphoma/leukemia-2 (Bcl-2)

Bcl-2 is an antiapoptotic protein containing multiple Bcl-2 homology (BH)
domains. Under starvation conditions, activation of JNK1 phosphorylates Bcl-2
protein and causes the separation between Bcl-2 and Beclinl, thereby inducing
autophagy [84]. In addition, multiple Bcl-2 homology 3 (BH3) mimetics can disrupt
the interaction of Bcl-2/xl with Beclinl to induce autophagy by competing for the
BH3 domains [7]. Obatoclax (GX15-070) is a pan-Bcl2 inhibitor that induces apop-
tosis in various tumor cells. It also induces ACD in acute lymphoblastic leukemia
cells in an Atg-dependent manner [85]. ABT-737, as a BH analogue, binds to the BH3
binding groove of Bcl-2 and Bel-xl. A study by Maiuri et al. [86] has shown that the
degree of polymerization of Beclinl, Bcl-2, and Bcl-xl is significantly reduced in
ABT-737-treated cells, which enhances the autophagy level. However, ABT-737 also
enhances the sensitivity of colon cancer cells to the chemotherapeutic drug, ixazo-
mib, through downregulation of Mcl-1 and autophagy inhibition [87]. Similarly,
gossypol is a small-molecule inhibitor of Bcl-2. Under natural conditions, gossypol
is a mixture of (+)-gossypol and (—)-gossypol, and compared with (+)-gossypol,
(—)-gossypol has higher antitumor activity. Gossypol and (—)-gossypol induce
autophagy by inhibiting the response of Beclinl and Bcl-2 in different tumor cells.
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They can inactivate cytoprotective autophagy to cause tumor cells to escape [88],
promote pro-survival autophagy, and initiate ACD [89].

4.2.5p62

p62, also known as SQSTM1 protein, plays an autophagy and apoptotic role
in tumor cells. The LIR domain of four domains of the p62 protein is responsible
for binding to the autophagy-receptor protein, Atg8/LC3, while the UBA domain
can recruit ubiquitinated proteins to mediate autophagic degradation. Verteporfin
is an inhibitor of p62 and has no effect on cell growth under normal conditions.
However, verteporfin reduces the survival of MCF-7 cells during nutrient depriva-
tion. In vivo experiments have shown that verteporfin also inhibits tumor formation
frequency of PC-3 prostate cancer cells in a xenograft model [90].

In addition to small-molecule drugs and natural extracts, some macromolecular-
antibody drugs and noncoding miRNAs (miR)—such as anti-EGFR monoclonal
antibody panitumumab, anti-20 monoclonal antibody rituximab, miR-22, and
miR-101—have been reported to inhibit tumors in recent years through regulating
autophagy activity [91, 92]. Although the emergence of autophagy provides a new
idea for the development of antitumor drugs, anticancer treatments still encounter
many challenges. Screening for drugs that target autophagy activity in cells may be
the solution to some of these problems in the future.

5. Conclusion

The molecular mechanism and biological function of autophagy are now basi-
cally clear, and Janus role of autophagy determines that it plays an important role in
the antitumor process. Some compounds, plant extracts killing tumor cells through
the regulation of autophagy activity, especially induced autophagic cell death has
also become an important strategy against tumor. However, there are still many
obstacles to overcome in order to develop autophagic drugs; for example, there is a
lack of specific biomarkers to distinguish autophagic cell death from other types of
cell death. There is also a need to clarify which type of autophagy, cytoprotective,
or cytotoxic should be targeted. Moreover it is difficult but important to determine
to what extent autophagy should be induced before the cells reach the point of no
return and undergo autophagic cell death.
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Chapter 6

Autophagy and Cell Death in
Alzheimer’s, Parkinson’s and Prion
Diseases

Samo Ribaric¢ and Irina Milisav Ribari¢

Abstract

Neurodegenerative brain disorders (NBD) impair brain cells’ proteostasis
with the accumulation of normal, mutant, misfolded or unfolded proteins in the
endoplasmic reticulum (ER). The increased ER burden of these proteins elicits the
unfolded protein response (UPR) and stimulates autophagy (AUT). In the short
term, UPR and AUT attenuate ER’s burden. With prolonged ER stress, the UPR
changes from supporting cell survival to promoting apoptosis. The failure of the
UPR, to meet the increased protein burden, leads to an increase in cytosolic protein
accumulation that initially further stimulates AUT. Over time, the accumulated
proteins in the cytosol undergo post-translational changes into toxic monomers and
oligomers that repress AUT at multiple levels and promote cell death. This review
describes the interlinked signalling pathways of AUT, apoptosis and necroptosis
and their modulation by Alzheimer’s, Parkinson’s and prion diseases and outlines
the pharmacological strategies for targeting AUT, apoptosis and necroptosis signal-
ling pathways.

Keywords: Alzheimer’s disease, apoptosis, autophagy, necroptosis,
neurodegenerative brain disorders, Parkinson’s disease, prion diseases, proteostasis

1. Introduction
1.1 Proteostasis in neurodegenerative brain disorders (NBD)

Proteostasis integrates synthesis, folding, trafficking and degradation of
proteins. It is perturbed in the early stages of neurodegenerative brain disorders
(NBD), before clinical manifestations [1-3]. Mutant, misfolded or unfolded pro-
teins (P) or increased P production increases the endoplasmic reticulum (ER) pro-
tein burden in NBD such as Alzheimer’s (AD), Parkinson’s (PD) and prion diseases
(PrD). This increased ER burden stimulates the unfolded protein response (UPR)
and autophagy (AUT). The UPR response to ER stress is dichotomous [4-7]. During
acute ER stress, UPR supports cell survival, by reducing ER’s protein folding load
and increasing ER’s protein folding capacity. With prolonged ER stress, the UPR
preferentially represses cell survival and triggers apoptosis. The failure of ER’ stress
responses (i.e. increased protein folding capacity and enhanced removal of mutant,
misfolded or unfolded proteins by the UPR pathway) to attenuate the P burden
leads to an increase in cytosolic P accumulation that further stimulates AUT. Over
time, these P undergo post-translational changes and produce toxic monomers and
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Figure 1.

Prfteostasis in human neurodegenerative brain disorders (NBD). Abbreviations: P (proteins), ER
(endoplasmic veticulum), UPR (unfolded protein response), ROS (reactive oxygen species); red lines and
arrows indicate progressive failure of proteostasis ultimately leading to NBD. Green arrows and lines indicate
appropriate responses of proteostasis to altered P that prevent or slow down the progress of NBD.

oligomers; their production is stimulated by chronic inflammation and increased
reactive oxygen species (ROS) production. These monomers and oligomers repress
AUT and trigger either apoptosis or necroptosis (Figure 1) [4, 6-8].

1.2 Autophagy changes in selected NBD

An efficient autophagy (AUT) delays or attenuates the progression of AD, PD
and PrD [9-12]. A summary of AUT changes in selected NBD is shown in Figure 2.
Post-translationally modified proteins (PTMP)—such as soluble amyloid p-peptide
42 with a single oxidised methionine residue at position 35 (Ap42-MET35-0X) in
Alzheimer’s disease, alpha-synuclein oxidised on methionine residues (MET-OX-
aSYN) in Parkinson’s disease and oxidised, self-propagating infectious isoforms of
prion protein (MET-OX-PRP%) in prion diseases (PrD)—inhibit (a) AUT, in AD,
PD and PrD, and also (b) mitochondrial (MITO) function [13-23]. MET-OX-PRP%
indirectly damage MITO function. The normal prion protein (PrP) binds with
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Summary of AUT changes in selected NBD. Abbreviations: AKT (protein kinase B), GSK3 (glycogen synthase
kinase 3), JNK (c-Jun N-terminal kinase), TAU (TAU protein), TAU-P (phosphorylated TAU protein,).

avariety of molecules, including copper ions [24, 25], and PrP® expression levels
correlate with Cu/Zn superoxide dismutase, glutathione reductase and cytochrome
c oxidase activities [26]. These observations support the hypothesis that PrP¢ is (a)
an important endogenous scavenger, protecting structural and signalling proteins
from oxidation, due to its high number of methionine residues, and (b) vital for
the intracellular transport of copper to superoxide dismutase, which is dependent
on copper binding for its antioxidant function. Loss of PrP*, due to conversion to
PrP% and MET-OX-PrP%, which do not bind copper and have a reduced antioxidant
activity, reduces the cell’s intracellular antioxidant and copper transport capacity
and precipitates MITO dysfunction, due to an increased oxidation of cytochrome ¢
oxidase and other MITO proteins [27-30].

AUT is inhibited at the stage of protein digestion (during autolysosome cargo
degradation) by the undigestible PTMP and is diverted to the formation of large
endocytic vacuoles that rupture and release the undigested PTMP into the cytosol,
thus progressively increasing their intracellular concentration. PTMP of AD and PD
accelerate microtube cytoskeletal depolarisation, thus blocking autolysosome retro-
grade trafficking and accelerating loss of neurites, synapses and synaptic transmission
[31-39]. PTMP inhibition of MITO function leads to (a) a reduced ATP production
and an increased MITO release of ROS and Ca** into the cytosol [38, 40-44] and
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(b) activation of inflammasomes with an increased release of cytokines interleukin 1
(IL1), from microglia, and tumour necrosis factor alpha (TNFa), from astrocytes and
neurons, and finally apoptosis or necroptosis [38, 45-52]. Apoptosis or necroptosis

of nerve cells and astrocytes releases PTMP and their oligomers into the extracellular
space, thus contributing to the spread of inflammation and neurodegenerative disor-
der in the brain. The physiological process of apoptosis that normally prevents the spill
of cell's molecules to the extracellular space is perturbed by the altered proteostasis into
a pathological one in NBD. This transformation is sustained by several intracellular
processes including the accumulation of undigestible PTMP, increased oxidative stress,
and distorted expression of apoptotic proteins [53-56].

The AUT capacity of brain cells is important in the regulation of immune
responses and inflammation that occur in NBD [57, 58]. Protein aggregates
(aggresomes), present in age-related NBD, activate inflammasomes. Activated
inflammasomes lead to a low-grade inflammation associated with a declined
autophagic capacity [59]. On the other hand, autophagy attenuation leads to
inflammasome precipitated excessive caspase-1 activation and elevated IL-1p
secretion in response to lipopolysaccharide (LPS) stimulation [10, 60, 61]. Also,
ER stress and inflammation coexist in NBD, for example, in AD, and are inter-
twined [57]. Chronic neuroinflammation (CNI) develops into a self-damaging
process and is an important factor in sustaining NBD including AD, PD and
PRD. CNI includes activation of microglia and astrocytes and infiltration of
peripheral immune cells. Transient activation of microglia, accompanied by the
release of inflammatory cytokines that amplify the inflammatory response by
activating and recruiting astrocytes and peripheral immune cells to the brain
lesion, ensures the brain’s integrity by removing foreign bodies and cell debris.
CNI is toxic to neurons due to sustained release of inflammatory cytokines (e.g.
ILs 1B and 6, TNFa) and ROS and microglial phagocytosis of neighbouring intact
nerve cells, thus contributing to the development and progression of NBD. The
progressive loss of neurons further contributes to generation of cell debris and
sustains microglial hyperactivation [62].

The detrimental effects of PTMP, sustained inflammation and increased ROS
production are further exacerbated by the formation of AUT-resistant soluble A
oligomers (ApPO) in AD and AUT-resistant aSYN oligomers in PD that further
stimulate chronic inflammation and increased cytosolic ROS, contributing to apop-
tosis or necroptosis of neurons. Therefore, activation of apoptosis or necroptosis in
AD, PD or PrD is triggered by a positive feedback loop between chronic inflamma-
tion in the brain (to which astrocytes and microglia are the main contributor) and
the production of PTMP. In addition to high levels of ROS, the production of PTMP
in the cytosol is facilitated by copper ions in AD [63] and by iron ions, dopamine
and accumulation of alpha-synuclein (the precursor of oxidised xSYN monomer)
in PD [17]. Although chronic brain inflammation contributes to the process of
PrP* production, it is not necessary to sustain it, since the PrP* only needs the PrP*
molecules for its propagation [64].

2. Crosstalk among AUT, apoptosis and necroptosis signalling pathways
in selected NBD

AUT, apoptosis and necroptosis have interlinked signalling pathways. Examples
of key signalling molecules that regulate the transition among these three processes
are presented in Section 2.1. The crosstalk among AUT, apoptosis and necrop-
tosis signalling pathways, with the potential sites of modulation by Alzheimer,
Parkinson’s and prion diseases (PrD), is summarised in Figure 3.
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Figure 3.
Crosstallk among AUT, apoptosis and necroptosis signalling pathways with the potential sites of modulation by AD,
PD and PrD. Abbreviations: aSYN (alpha-synuclein); ApO (amyloid p oligomers); APP (amyloid  monomers
with 39 to 42 amino acid vesidues); AIF (apoptosis-inducing factor); AKT (protein kinase B); AMPK (5’ AMP-
activated protein kinase); AP-1 (activator protein 1); APAF-1 (apoptotic protease activating factor 1); APO-3L
(APO3 ligand); ASK-1 (apoptosis signal-regulating kinase 1); ATG-5 (AUT-related 5); BAD (Bcl2-associated
agonist of cell death); BAK (Bcl-2 homologous antagonist/killer); BAX (apoptosis regulator BAX); BCL-2 (B-cell
lymphoma 2); BCL-XL (B-cell lymphoma-extra lavge); Beclin-1 (mammalian ortholog of the yeast AUT-related
gene 6 (ATG-6)); BID (BH3 interacting domain death agonist); BIP-P (phosphorylated binding immunoglobulin
protein); C-FLIP (FADD-like IL-1f-converting engyme-inhibitory protein); calpain (proteolytic enzyme, a protein
belonging to the family of calcium-dependent, non-lysosomal cysteine proteases); CASP-3, CASP-8/10, CASP-9
(caspase-3, caspase-8/10, caspase-9); cIAP-1 (cellular inhibitor of apoptosis protein 1); CL-ATG5 (cleaved AUT-
related 5 (ATG5) protein); CL-BAX (cleaved apoptosis regulator BAX); CL-Beclin-1 (cleaved mammalian ovtholog
of the yeast AUT-related gene 6); Complex-I (TNFa bound to TNFa receptor that is associated with TRADD
(tumour necvosis factor receptor type 1-associated death domain protein), RIPK1 (veceptor-interacting serine/
threonine-protein kinase 1), TRAF2 (TNF receptor-associated factor 2) and cIAP-1/2 (cellular inhibitor of apoptosis
protein 1 and 2) ); Complex-Ila (pro-caspase-8, RIPK1, FADD (FAS-associated protein with death domain));
Complex-IIb (pro-caspase-8, RIPK1, RIPK3 (veceptor-intevacting serine/threonine-protein kinase 3), FADD, MLKL
(mixed lineage kinase domain-like pseudokinase)); CYT-C (cytochrome c); DAMPs (damage-associated molecular
patterns); DCAP-AKT (activation of toll/IL-1R (TIR) domain-containing adaptor proteins (eg. mal, TRIF,
TRIF-velated adaptor molecule, IL-1R-associated kinase-1, IL-1R-associated kinase-M, MAPK, TNFR-associated
factor 6, toll-interacting protein) ); FAS (apoptosis antigen 1); HMGB-1 (high-mobility group box 1 protein); IKK
(IkB kinase enzyme complex, part of the upstream NF-kB signal transduction cascade); IL-1f (intevleukin-1 beta);
JAK (Janus kinase); INK (c-Jun N-terminal kinase); JNK-P (phosphorylated c-Jun N-terminal kinase); MITO
(mitochondrial); MITO MP (mitochondrial membrane permeability); MITO ROS (mitochondrial reactive oxygen
species); MKK7 (MAP kinase kinase 7); MLKL-O (MLKL oligomerisation with translocation and insertion into
cell’s and organelles’ membranes with increased permeability); MLKL-P (phosphorylated pseudokinase mixed
lineage kinase domain-like protein); mTORC1 (mammalian target of vapamycin complex 1); NF-kB (nuclear factor
kappa-light-chain-enhancer of activated B cells protein complex); NOXA (adult T cell leukaemia-derived PMA-
responsive); OMI alias HtrAz2 (serine protease HTRA2); ORG (cell ovganelles); p53 (cellular tumour antigen p53);
p62 (nucleoporin p62 protein complex associated with the nuclear envelope); PRO CASP 8/10 (pro-caspase-8/10);
PRPC (normal form of prion protein); PRP* (self-propagating, protease-resistant, infectious isoforms of prion
protein); PTM (post-translationally modified); PUMA (p53 upregulated modulator of apoptosis); RIP-1 (veceptor-
intevacting serine/threonine-protein kinase 1); ROS (veactive oxygen species, e.g. peroxides, superoxide, hydroxyl
radical or singlet oxygen); SMAC (second mitochondria-derived activator of caspases); STAT (signal transducer and
activator of transcription 3/5); tBID (truncated BID protein); TLR-4 (toll-like receptor 4, member of the pattern
recognition receptor (PRR) family); TNFa (tumour necrosis factor alpha); TNFaR (tumour necrosis factor alpha
receptor); TNFRS (tumour necrosis factor veceptor superfamily); TRAF (TNF receptor-associated factor); TRAIL
(TNF-velated apoptosis-inducing ligand); UBIQ PROT (ubiquitinated proteins); ULK1 (serine/threonine-protein
kinase ULK1); XIAP (X-linked inhibitor of apoptosis protein,).
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2.1 Examples of signalling molecules that regulate crosstalk among AUT,
apoptosis and necroptosis pathways in selected NBD

Intracellular adenosine triphosphate (ATP) promotes either apoptosis or
necroptosis in a concentration-dependent manner; high ATP levels promote
apoptosis, and low ATP levels promote necroptosis [65, 66]. Therefore, ATP
production in the MITO determines the type of cell death. The best understood
inflammation- and necroptosis-promoting cytokine that modulates mitochon-
drial ATP and ROS levels is TNFa [67]. As explained above, PTMP inhibition of
MITO function leads to activation of inflammasomes with an increased release of
tumour necrosis factor alpha (TNFa) from astrocytes and neurons [38, 45-52].
The sustained TNFa stimulation in NBD is the result of two mechanisms. (a) The
PTMP of AD, PD and PrD are not digested by AUT; they accumulate in affected
cells by their release into the cytosol from endolysosomal and autolysosomal
compartment together with proteolytic enzymes [68]. (b) The PTMP in PD and
PrD spread through the brain by a prion-like mechanism [69, 70]. The sustained
TNFa stimulation can lead to over-activation of PARP1, a nuclear DNA repair
enzyme that is activated by DNA damage, due to an increased MITO ROS produc-
tion. PARP1 over-activation precipitates an acute depletion of NAD", inhibition of
oxidative phosphorylation with a severe drop in ATP production and a subsequent
activation of necroptosis [65, 71-73].

AUT-velated 5 (Atg5) protein stimulates elongation of autophagosome mem-
branes that envelope PTMP into autophagosomes [74-76] and also regulates the
balance between AUT and apoptosis [77]. The neurons’ cytosolic Ca** is increased
in NBD due to the PTMP elicited (a) ER and MITO release of Ca® into the cytosol
[4-7, 78] and (b) an increased Ca** entry through the N-methyl-D-aspartate
(NMDAR) glutamate receptor and ion channel proteins from the extracellular space
[79-81]. Increased cytosolic Ca** promotes calpain-1- and calpain-2-mediated
cleavage of ATG5, with aloss of pro-AUT function and concomitant triggering of
cytochrome c-/caspase-mediated apoptosis due to the inhibition of Bcl-xL in the
MITO by the cleaved ATGS5 [82]. The calpain-1- and calpain-2-mediated cleavage
of ATGS is attenuated by decreased levels of cytosolic Ca” [83]. Cytosolic HMGB1
attenuates apoptosis by protecting the AUT proteins beclin 1 and ATG5 from
calpain-mediated cleavage during inflammation [84].

Beclin 1 stimulates AUT [16, 85, 86]; an enhanced AUT has a concomitant anti-
apoptotic effect by clearing apoptosis-associated molecules, for example, active
caspase-8 [87-89]. Beclin 1 is cleaved by caspases, thus losing its pro-AUT function,
and the cleaved beclin 1 (i.e. C-terminal beclin 1 fragment) promotes apoptosis by
triggering the release of MITO cytochrome c [90-92].

B-cell lymphoma 2 (Bcl-2) family of proteins regulate MITO apoptotic pathway
and also AUT; for example, Bcl-2 and Bcl-xL inhibit AUT and apoptosis [93, 94].
Bcl-2 and Bcl-xL proteins have an anti-apoptotic effect, whereas Bax, Bad, Bid,
Bim, Bmf, PUMA and NOXA promote apoptosis. Calpain-mediated cleavage of
Bax, induced by high cytosolic Ca2+, mediates apoptosis [82]. The interactions
between anti-apoptotic and pro-apoptotic Bcl-2 family members determine the
activation of apoptosis [95-104]. Bcl-2 and Bcl-xL associate with beclin 1 and
supress the beclin 1-dependent autophagic activation [105]. This AUT suppression
can be abolished by the pro-apoptotic Bcl-2 family proteins (e.g. Bad, Bid) [106].
The inhibition of Bcl-2 on beclin 1 is also attenuated by phosphorylation of Bcl-2 by
JNK-1 or Beclin-1 by DAPK1, thus promoting AUT [107, 108]. Increased expression
of Bak, Bad, Bcl-2 and Bcl-x was observed in AD [109]. Cytosolic PrPc protects
human primary neurons from Bax-mediated apoptosis [110-112]; therefore the
PrP*-precipitated reduction should facilitate apoptosis in PrD.
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Caspase-8 activity is changed in NBD. It has been suggested that an increased
caspase-8 activity, associated with an increased caspase-3 activity in the same
hippocampal tissue sections from patients with AD, contributes to the development
of AD in humans. Recently, two caspase-8 variants, with a reduced activity and
associated with an increased risk for development of AD in human, were identified.
This finding is consistent with the multiple AD-related changes in the human brain,
including loss of synaptic plasticity and memory function and increased microglia
pro-inflammatory activation [113]. Caspase-8, within the death-inducing complex
I, triggers either apoptotic or necroptotic cell death. Activated caspase-8 promotes
apoptosis and also inhibits necroptosis by cleaving RIPK1, RIPK3 and CYLD
[114-116], thus preventing CYLD-mediated deubiquitylation of RIPK1 and subse-
quent RIPK1 kinase activation and necroptosis [117]. The association of caspase-8
with pseudo-caspase cFLIP suppresses apoptosis and also necroptosis, since the
residual levels of caspase-8 activity are still sufficient to cleave and inactivate RIPK1
and RIPK3 [118].

c-Jun N-terminal kinase (JNK) promotes either apoptosis or necroptosis,
depending on its upstream signalling pathways. JNK is required for apoptosis of
central nervous system neurons [119]. JNK promotes apoptosis by several signal-
ling pathways that were characterised in different cell experimental models. It is
unlikely that all of the observed JNK’s pro-apoptotic effects are present in all of the
cells at the same time [120]. However, it is important to be aware of the JNK’ ability
to modulate apoptosis at different levels. To summarise, the known pro-apoptotic
effects of JNK are: (a) Activated MAP2Ks phosphorylate JNK and phosphorylated
JNK translocates to the nucleus and phosphorylates c-Jun [121, 122] that promotes
AP-1 expression; AP-1 promotes transcription of pro-apoptotic proteins TNF-a,
Fas-L and Bak [123-125]. (b) JNK phosphorylates p53, enhancing the expression
of pro-apoptotic genes Bax and PUMA [126-128]; the increased Bax expression
and translocation to mitochondria is sufficient to promote MITO outer membrane
permeabilization, the consequent release of cytochrome ¢ and caspase-9 and
caspase-3 activation [129-133]. (c) JNK phosphorylates 14-3-3-associated Bad, thus
promoting its translocation into MITO and subsequent release of cytochrome c
[134, 135]. (d) JNK phosphorylates pro-apoptotic proteins Bim and Bmf, and these
phosphorylated proteins activate Bax and/or Bak [136-140]. (e) Phosphorylated
Bim binds to and inhibits the Bcl2’s anti-apoptotic activity, thus increasing the prob-
ability of MITO-activated apoptosis [141, 142]. (f) JNK inhibits the anti-apoptotic
Bcl2 by phosphorylation, to induce apoptosis [143, 144]. (g) JNK has the ability
to promote apoptosis by stimulating the activity of many pro-apoptotic signalling
molecules. (h) Activation of TNFRS (e.g. TNFR1, DR3-6) can lead to apoptosis
[144, 145]. (i) Activation of DRs and TNFa receptors stimulates JNK activation that
promotes apoptosis by increased expression of DRs [146, 147]; increased expression
of pro-apoptotic proteins Bak, Bim and Bax [148, 149]; inhibition of anti-apoptotic
proteins XIAP (caspase-3, caspase-7 and caspase-9 inhibitor) and cIAP1 (caspase-8
inhibitor) [150, 151]. JNK’s role in NBD is best understood in AD; JNK activation
is positively correlated with AD progression [152]. Amyloid-p protein fragments
activate JNK [153, 154]. Also, JNK phosphorylates tau, thus promoting (a) microtu-
bule cytoskeleton breakdown, (b) attenuation of intracellular transport and (c) loss
of synaptic terminals [155-166].

Activation of tumour necvosis factor receptor superfamily (e.g. TLRs or TNFaR)
or DNA damage can trigger necroptosis by activation of the Complex I-Ila-IIb-
phosphorylated pseudokinase mixed lineage kinase domain-like protein (MLKL)
signalling pathway; the final steps are (a) RIP3-dependent phosphorylation of
MITO proteins PGAMS5 and Drp-1 (increasing MITO ROS production); (b) inser-
tion of phosphorylated MLKL into the MITO membrane with the cumulative effects
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of increased MITO membrane permeability, loss of membrane potential, decreased
ATP and increased ROS production [120, 167-169]; and (c) phosphorylated MLKLs
translocation to the plasma membrane and activation of Ca** influx through
plasma membrane channels with concomitant plasma membrane breakdown

[169]. Increased cytosolic ROS production inactivates MAP kinase phosphatase 1,
enabling sustained activation of phosphorylated JNK; phosphorylated JNK pro-
motes necroptosis by (a) stimulating MLKL phosphorylation and by (b) promoting
cytochrome c release from MITO via activation of BID [170, 171].

FLICE inhibitory proteins (FLIPs). Under stress-free conditions, FLIPs (FLICE
inhibitory proteins) attenuate LC3’s binding with ATG3, thus preventing ATG3-
mediated elongation of autophagosomes and AUT. During stress, FLIPs allow for
ATG3-LC3 interaction and stimulate AUT. Therefore, FLIPs (e.g. C-FLIP) can
inhibit apoptosis and also AUT [172].

The high-mobility group box protein 1 (HMGB1) is a nuclear protein released by
glia and necrotic or hyper-excitatory neurons after inflammasome activation; it
activates receptors for advanced glycation end products (RAGE) and the toll-like
receptor (TLR) 4 on neurons and microglia [173, 174]. When HMGB1 binds to
TLR4 on neurons, it phosphorylates MARCKS via MAP kinases and induces neurite
degeneration, present in AD [173]. The disulphide form of HMGBI1 potentiates the
microglia pro-inflammatory response; therefore, repeated releases of HMGB from
damaged nerve cells during chronic neuroinflammation in PD and AD could lead to
an exacerbated neuroinflammatory response of microglia [175-177]. HMGB1, in a
rat model of AD, caused (a) inhibition of microglial amyloid p-peptide 42 clearance
and enhanced amyloid p-peptide 42 neurotoxicity [178] and (b) dysfunction of
microglial amyloid B-peptide 40 phagocytosis [179].

The nuclear factor kappa-light-chain-enhancer of activated B cells protein complex
(NF-xB) signalling pathway was repressed in a prion-infected cell line and animal
brain tissues as evidenced by a decreased level of transcription factor p65/nuclear
factor NF-kappa-B p65 subunit (p65) and downregulation of phosphoinositide
3-kinase (PI3K) and protein kinase B (PKB/Akt) in both experimental models
[180]. In AD cell models, the exposure to amyloid p-peptide or amyloid precursor
protein induced NF-kB activation [181, 182], and inhibition of NF-«B transcrip-
tional activity increased neuronal death in the presence of amyloid B-peptide [183].
NF-xB activation can protect neurons against amyloid p-peptide-induced cell death
[184]. Patients with PD have an increased percentage of dopaminergic neurons
in the substantia nigra with nuclear p65 immunoreactivity [185]. NF-kB is one of
the several factors that regulate Beclin-1 expression; Beclin-1 promotes AUT by
stimulating autophagosome formation [186-188]. Increased NF-kB activation in the
brain, in addition to stimulating AUT, protects nerve cells against NBDs’ mediated
injury by several mechanisms including increased transcription of MITO antioxi-
dant enzyme manganese superoxide dismutase (MnSOD) and Bcl-xL genes [189].

Sirtuins (SIRTs), NAD*-dependent protein deacetylases, modulate apoptosis and
necroptosis [190]. For example, SIRT1 promotes AUT by deacetylation of ATGS,
ATG7 and ATG8 [191]. Following TNFa receptor stimulation, SIRT2 promotes the
association of RIP1 and RIP3, the subsequent formation of complex II and necrop-
tosis [192]. In animal and cell culture models of AD, SIRT1 reduces neurodegenera-
tion in mouse hippocampus and promotes primary neuronal survival [193]. The
reduced SIRT1 mRNA and protein levels are associated with an accumulation of
amyloid p-peptide 42 and tau in the brains of AD patients [194].

Tumour protein p53 (p53) modulates AUT and apoptosis. It promotes apoptosis
by Bax activation in the cytoplasm; BAX initiates apoptosis by triggering mitochon-
drial cyt c release and caspase-3 activation [195]. In the nucleus, p53 activates tran-
scription of Bax, PUMA and Noxa [196]. PUMA displaces cytoplasmic p53 from
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the Bcl-xL-p53 complex, promoting p53 activation of the apoptotic pathway [197].
In the nucleus, p53 also stimulates AUT through transcription activation of ULK1,
sestrin1/2 and damage-regulated AUT modulator (DRAM) [198, 199]. Indirectly,
p53 promotes AUT by mTOR inhibition, via activation of AMP-dependent kinase
and tuberous sclerosis (TSC) 1/TSC2 complex pathway [200]. It was suggested
that DRAM has a dual role of promoting either AUT- or p53-mediated apoptosis
[201]. In a Drosophila model of AD tauopathy, p53 prevented neurodegenera-

tion by increased expression of amphiphysin, clathrin light chain, clathrin heavy
chain, RAS oncogene family and synaptotagmin p synaptic genes [202]. p53 levels
are significantly increased in brains of patients with AD [203] and are correlated
with brain MITO dysfunction [204]. Recently, it was suggested that tau oligomers
sequester and downregulate functional phospho-p53 in an AD mouse model and in
patients with AD [205].

Ubiquitin-binding protein p62 (p62) modulates cell death switching between
apoptosis and necroptosis. In a cell model, p62 promotes either necroptosis, when
p62 is associated with the necrosome (i.e. complex II), or apoptosis when the P62-
necrosome association is blocked [206]. The p62 regulates apoptotic and autophagic
processes [207]. P62 mediates AUT degradation by first binding polyubiquitinated
proteins with the ubiquitin-associated domain and then to autophagosomes through
the LC3-interacting region [208, 209]. In response to tumour necrosis factor recep-
tor stimulation, P62 promotes apoptosis by stimulating activation of caspase-8
[210, 211]. The levels of p62 are increased in NBD, for example, in PrD [212, 213].
Autophagy disposal of aberrant proteins is stimulated by the p62-Keapl-NRF2 sig-
nalling pathway [214]. For example, in a mouse model of AD, increased brain p62
expression improved cognition by an autophagy-mediated mechanism that reduced
amyloid p-peptide 40/42 levels [215].

2.2 Summary of similarities/differences in the mechanistic pathways between
selected NBD

Beclin-1, ATG-5, NF-xB, JNK, p53, p62, HMGB1 and ROS are the key signalling
molecules that mediate crosstalk among AUT, apoptosis and necroptosis. ATG5
and Beclin-1 in conjunction with ULK-1 and BAX promote AUT by initiating
phagophore induction and nucleation steps. Cleavage of ATG-5 and Beclin-1 by
calpain, caspase-3 or increased cytosolic free calcium changes their function from
stimulating AUT to promoting apoptosis via increased MITO membrane perme-
ability. Cleaved ATGS inhibits the anti-apoptotic activity of BCL2 and BCL-XL on
BAX and BAK, further promoting increased MITO membrane permeability and
apoptosis. P53 activation plays a dual role by promoting apoptosis (via activation
of PUMA and NOXA) and AUT by ULK1 activation. The JNK signalling kinase
blocks the binding of BCL-2 to Beclin-1, thus enabling Beclin-1 to participate
in AUT initiation, and also activates the apoptosis-triggering proteins BAX and
BAK. Phosphorylated JNK promotes necroptosis by stimulating MLKL phosphory-
lation and apoptosis by caspase-8 activation. p62 promotes AUT and apoptosis.
HMGB-1 is released during AUT, apoptosis and necroptosis, and by inhibiting the
cleavage of ATG-5, BAX and Beclin-1 simultaneously promote AUT and inhibit
apoptosis. Mild increases in cytosolic ROS act as signalling molecules that promote a
physiological balance between AUT, apoptosis and necroptosis, which favour AUT;
moderate and high increases in cytosolic ROS concentrations favour apoptosis and
necroptosis over AUT. The products of post-translational protein modifications
in AD, PD and PrD favour apoptosis and necroptosis over AUT by (a) increasing
the activation of apoptosis (e.g. by increasing MITO membrane permeability)
and necroptosis, by chronic activation of TRL4 and TNFa receptors [216-234],

117



Programmed Cell Death

(b) promoting moderate to high increases in cytosolic ROS concentrations and

(c) attenuating AUT [42, 62, 235-240]. In contrast to PD and AD, PrP*“-infected
cells are more likely to respond with necroptosis and then apoptosis. For example,
a significant upregulation of necroptosis signalling molecules phosphorylated
MLKL, MLKL and receptor-interacting serine/threonine-protein kinase 3 (RIP3)
was measured in the post-mortem cortical brains of patients with various types of
human PRD [241].

3. Pharmacological strategies targeting AUT, apoptosis and necroptosis
signalling pathways

At present, most of the studies, devoted to the development of pharmacological
interventions for NBD, are focused on the crosstalk of AUT and apoptosis signalling
pathways in neurons. Future research should also include development of pharma-
cological interventions that target other cells involved in the development of NBD,
including microglia, astrocytes, endothelial cells and pericytes [242]. The develop-
ment of pharmacological interventions for NBD should be guided by several key
questions: (a) How to modulate the role of AUT from pro-death to pro-survival?
(b) How is the information from the crosstalk among AUT, apoptosis and necrop-
tosis integrated? (c) How to modulate the crosstalk among AUT, apoptosis and
necroptosis? and (d) How is the information from the crosstalk among AUT,
apoptosis and necroptosis (e.g. inflammation-promoting molecules) shared among
different cells involved in the development of NBD? [242]. Examples of pharmaco-
logical strategies are given below:

Pharmacological strategies to ameliorate MITO dysfunction include:

(a) Targeting excessive ROS production:
(al) Mercaptamine that increases levels of glutathione in human [78].
(a2) Antioxidant vatiquinone used in clinical trials [243].

(a3) RTA-308 stimulates Nrf2 to enhance the expression of pro-oxidant
genes and to repress inflammatory genes in an animal model [244].

(a4) Antioxidants coenzyme Q, lipoic acid and green tea polyphenol epigallo-
catechin gallate attenuate the effects of NBD in animal models [245-248].

a eria nanoparticles are scavengers that localise in and sup-
(a5) Ceri particl ROS gers that localise in MITO and sup
press neuronal death in an AD mouse model [249].

(b) Targeting mitochondrial biogenesis: stimulation of PGC1-o’s ROS scavenging
activity with SIRT1 could attenuate ROS-induced damage in AD [250].

AUT inducers are (a) mTOR inhibitors, either ATP-competitive inhibitors (e.g.
Torinl and related compounds) or non-ATP-competitive inhibitors (e.g., rapamy-
cin and rapalogs), and (b) acting by mTOR-independent targets [238]. The most
promising AUT inducers, acting by mTOR inhibition, are the non-ATP-competitive
inhibitors rapamycin and rapalogs that are mMTORC1 selective and induced AUT in
animal models of AD, PD and PrD [251-258]. The AMPK signalling pathway is acti-
vated by mTOR-independent AUT activators, for example, by trehalose. Trehalose
inhibits GLUT proteins, thus eliciting AMPK activation [259]. Trehalose-induced
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AUT induction, with concomitant therapeutic effects, was demonstrated in mouse
models of NBD, including AD, PD and PrD [260-265].

TNFa signalling pathway is the focus of pharmacological interventions target-
ing neuroinflammation in NBD with a variety of compounds [57]: (a) serotonin
binds to microglial receptors and has anti-inflammatory effects; serotonin
treatment reduced TNF release in cultured primary microglia cells exposed to
ABO and in mouse brains infused with ABO and also prevented AD-associated
behavioural changes [266]; (b) etanercept, a decoy TNF receptor and IgG1 Fc
fusion protein that inhibits the binding of soluble TNF to cell-surface TNF recep-
tors, was evaluated in several clinical trials on patients with AD; no statistically
significant results were reported; however, the drug was well tolerated, and large-
scale trials are expected [57]; and (c) infliximab, a human monoclonal antibody
that binds TNFa and was used to treat human auto-immune and inflammatory
diseases, prevented elF2a phosphorylation and long-term memory loss in a mouse
model of AD [7, 267].

4, Conclusions

Neurodegenerative brain disorders (NBD) change brain cell proteostasis due
to the accumulation of normal, mutant, misfolded or unfolded proteins in the
endoplasmic reticulum (ER). The increased ER burden elicits the unfolded protein
response (UPR) and stimulates AUT. In the short term, these responses tend to
attenuate ER’s stress, by reducing the ER’s protein load and increasing the ER’s
folding capacity. In the long term, with prolonged ER stress, the UPR changes
from supporting cell survival to promoting apoptosis. The failure of the ER stress
response to meet the increased protein burden is reflected in an increased cyto-
solic protein accumulation that initially further stimulates AUT. Over time, the
accumulated proteins in the cytosol undergo post-translational changes into toxic
monomers and oligomers that repress AUT at multiple levels and promote either
apoptosis or necroptosis. Apoptosis and necroptosis of the affected cells lead to
the release of toxic proteins into the surrounding tissue and trigger the response of
microglia and astrocytes. Chronic neuroinflammation, sustained by the spread of
progressive failure of AUT among brain cells, due to the release of toxic monomers
and oligomers from dying cells and their uptake by initially healthy cells and by the
persistent activation of microglia and astrocytes by toxic monomers and oligomers,
also contributes to nerve apoptosis or necroptosis. The signalling pathways of
apoptosis, AUT and necroptosis are interlinked. A better understanding on how
chronic neuroinflammation, Alzheimer’s, Parkinson’s and prion diseases modulate
the crosstalk among these signalling pathways could contribute to the development
of new therapeutic interventions for these NBD.
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