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ARTICLE INFO ABSTRACT
Keywords: Given the problems with malignant cancer cells showing innate and acquired resistance to apoptosis, we need
Paraptosis alternative means to induce cell death in cancer. Paraptosis is a type of programmed cell death that is character-
Natural products ized by dilation of the endoplasmic reticulum (ER) and/or mitochondria. Although relatively little is known re-
Cancer garding the molecular basis of paraptosis, the underlying mechanism clearly differs from that of apoptosis.
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Recent studies have shown that various natural products, including curcumin, celastrol, 15d-PG]J,, ophiobolin
A, and paclitaxel, demonstrate anti-cancer effects by inducing the paraptosis-associated cell death, which was
commonly characterized by vacuolation derived from the ER. Perturbation of cellular proteostasis due to
proteasomal inhibition and disruption of sulfhydryl homeostasis, generation of reactive oxygen species, and/or
imbalanced homeostasis of ions (e.g., Ca>* and K™) appear to contribute to the accumulation of misfolded pro-
tein and proteotoxicity in this process. Given the pathophysiological importance of paraptosis and the debate re-
garding the importance of apoptosis in solid tumor, we need to collect the available knowledge regarding
paraptosis and suggest future directions in the field. Here, we review the morphological and biochemical features
of paraptosis, the natural products that induce paraptosis-associated cell death, their proposed mechanisms, and
the significance of paraptosis as a potential anti-cancer strategy. Such work and future clarifications should en-
able the development of new strategies for preventing cancer and/or combating malignant cancer.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Cancer is the second leading cause of mortality worldwide, and it is
expected to surpass heart diseases as the leading cause of death in the
next few years (Siegel et al., 2015). Since resistance to apoptosis is close-
ly linked to tumorigenesis and is assumed to be the cause of cellular
resistance to anti-cancer therapies (Jddtteld, 1999), apoptosis has been
a focus of cell death research. Although the available current data indi-
cate that successful tumor cell clearance depends on classical apoptotic
pathways, additional evidence suggests that upon failure of apoptosis,
non-apoptotic cell death modalities can be triggered and may contrib-
ute to tumor cell death (Blank & Shiloh, 2007; Tait et al., 2014; Ubah &
Wallace, 2014). In addition, the contribution of apoptosis to treatment
success in solid tumors has been debated (de Bruin & Medema, 2008).
Since the overall response of a tumor to cancer therapy is the cumula-
tive effect of various types of cell death in heterogeneous populations
of tumor cells (Kim et al., 2006), the identification and characterization
of additional cell death programs may suggest strategies that could
complement or offer alternatives to apoptosis-based therapeutic ap-
proaches (Mathiasen & Jddtteld, 2002).

Paraptosis is a programmed cell death mode that is accompanied by
the dilation of the endoplasmic reticulum (ER) and/or mitochondria
(Sperandio et al., 2000). Although we do not yet fully understand the
molecular basis of paraptosis, it appears to differ from that of apoptosis,
necrosis, and autophagy. Paraptosis occurs during development and
neurodegeneration and is seen in cancer cells treated with various
natural and synthetic anti-cancer agents (as we will describe in this
article). We need to improve our understanding of the mechanisms
of paraptosis-inducing natural products and their structure-activity re-
lationships, as this could facilitate the design of novel therapeutic
agents, including novel derivatives with improved abilities to induce
paraptosis.

2. The historical basis of the study of paraptosis

Apoptosis is often equated with the programmed cell death (PCD)
because of its widespread occurrence during development, its presence
in various experimental models, and the availability of many specific
markers. However, accumulating evidence indicates that many patho-
logical conditions are characterized by modes of cell death that do not
fulfill the criteria for apoptosis or necrosis. Sperandio et al. (2000) first
introduced the term “paraptosis” to describe a form of PCD that is mor-
phologically and biochemically distinct from apoptosis. The authors
used human insulin-like growth factor 1 receptor (IGF-IR) to stimulate
cell death in 293T cells and mouse embryonic fibroblasts and observed
a unique form of cell death. The main feature of paraptosis is extensive
cytoplasmic vacuolization that begins with progressive swelling of the
ER and/or mitochondria. Paraptosis typically does not involve the acti-
vation of caspases, the formation of apoptotic bodies, or other character-
istics of apoptotic morphologies; it is insensitive to apoptotic inhibitors
(e.g., caspase inhibitors and Bcl-xL) and requires protein synthesis
(Sperandio et al., 2000, 2004).

Interestingly, paraptosis-like forms of PCD have been described in
neural development (Schweichel & Merker, 1973; Pilar & Landmesser,
1976; Clarke, 1990). In neurodegenerative diseases (e.g., amyotrophic
lateral sclerosis and Huntington's disease) (Dal Canto & Gurney,
1994; Turmaine et al, 2000) and in other neurological conditions
(e.g., ischemic damage) (Majno & Joris, 1995), at least some of the
involved cell death may morphologically resemble paraptosis.
Paraptosis may also play an important role in the pathophysiology
of retina: it is the main mode of cell death in the corticosteroid-
induced death of retinal pigment epithelial cells (Valamanesh
et al., 2007) and the deaths of retinal ganglion cells in the early
stages of glaucoma (Y. Wang et al., 2014b) and after retinal ischemia/
reperfusion injury in rats (Wei et al,, 2015).

The known paraptosis-inducing stimuli include the ligand-receptor
pair of substance P and its receptor, neurokinin-1 receptor (Castro-
Obreg6n et al., 2002), TAJ/TROY, a member of the tumor necrosis factor
receptor superfamily (Wang et al., 2004), and epidermal growth fac-
tor (Fombonne et al., 2004, 2006). Moreover, human glioma cells
transfected with an expression vector encoding the membrane
form of macrophage colony-stimulating factor (mM-CSF) can be
killed by human monocytes via paraptosis (Jadus et al., 2003; Hoa
et al., 2007). The mechanisms underlying paraptosis are not well un-
derstood, but studies showed that IGF-IR-induced paraptosis required
transcription and translation (Sperandio et al., 2000) and was mediated
by the mitogen-activated protein kinase (MAPK) kinase, MEK-2, and
Jun N-terminal kinase (JNK) (Sperandio et al., 2004). The same authors
identified AIP-1/Alix (a protein that interacts with the cell death-related
calcium-binding protein, ALG-2) as an inhibitor of paraptosis.

3. Natural products as anti-cancer agents

Natural products (i.e., chemical compounds or substances that
are produced naturally by living organisms) have a long history in
preventing and treating cancer (Nobili et al., 2009). Curcumin is one of
the most highly studied natural products for the chemoprevention of
cancer (Johnson & Mukhtar, 2007), and many successful anti-cancer
drugs originated from natural sources, such as vinca alkaloids, taxanes,
podophyllotoxin, and camptothecins (Safarzadeh et al., 2014). More
than 3,000 plant species have reportedly been used in modern cancer
therapeutics (Cragg & Newman, 2005), and ~ 30 plant-derived com-
pounds, including curcumin and paclitaxel, have been tested to date in
cancer clinical trials (Butler et al., 2014). In the 1990s, the imminent
achievement of the genome project and the success of targeted thera-
pies using “imatinib” and “trastuzumab” led to announce that natural
products had become obsolete as therapeutics. However, most tumors
harbor multiple signaling pathway redundancies and adaptive mecha-
nisms rather than a single “targetable” oncogenic activation. Therefore,
many cancer patients continued to die from resistant disease, and the
treatment modalities (especially for solid tumors of advanced grades)
remained palliative and insufficient. Over the past 15 years, therefore,
pharmaceutical companies have reconsidered the potential of natural
products in oncology, and they have utilized various approaches
(e.g., molecular-modeling-based drug design) in the hopes of capitaliz-
ing on natural anti-cancer agents and their derivatives. With the ap-
proval of rapamycin, 12 novel natural product derivatives have been
brought to market (Basmadjian et al., 2014). Many natural products
can interfere with well-conserved cell signaling pathways at low con-
centrations. In addition, they may modulate multiple molecular targets
that are frequently deregulated in cancers (e.g., transcription factors,
growth factors, tumor cell survival factors, inflammatory cytokines, pro-
tein kinases, and angiogenesis factors) and thus could help overcome
the resistance of cancer cells to single-target pharmaceutical drugs
(Wondrak, 2009; Ahmad et al., 2012). Although apoptosis is the most
well-known and dominant type of cell death induced by natural and
traditional medicines (Safarzadeh et al., 2014), alternative modes of
cell death (autophagic cell death, necrosis, and cell death through mitot-
ic catastrophe) may also be induced by natural products (X. Wang et al.,
2014a; Gali-Muhtasib et al,, 2015).

4. Natural products that induce paraptosis-associated cell death

To date, various natural products have been reported to confer anti-
cancer effects by inducing paraptosis-associated cell death. Fig. 1 pre-
sents their chemical structures and major natural sources, as reported
through the end of October 2015. The different studies used terms
such as “paraptosis”, “paraptosis-like cell death”, or “cytoplasmic vacu-
olation death”. Curcumin-induced cell death in breast cancer cells was
designated as “paraptosis” (Yoon et al., 2010) because it met all the

paraptotic features observed in IGF-IR-induced paraptosis (Sperandio

dx.doi.org/10.1016/j.pharmthera.2016.01.003

Please cite this article as: Lee, D., et al., Paraptosis in the anti-cancer arsenal of natural products, Pharmacology & Therapeutics (2016), http://



http://dx.doi.org/10.1016/j.pharmthera.2016.01.003
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003

D. Lee et al. / Pharmacology & Therapeutics xxx (2016) XXx-Xxx 3

o O
oI Ll

Curcumin; R=H,
Dimethoxycurcumin; R = Me

Celastrol

:
WN@H
.

Curcuma longa

~— M
NN Y
CO,H Son
= lnzo z/
oH
-z
PG,
N
15-Deoxy-
A1214.p in J, o

Manumycin A

}-{ )—OH ‘ N
Sy HoC )\/39\3 e,\(COzH

NH,

T v

e

Seleno-DL-Cystine

Ferula dissecta

Dietary Sources

NHBz
Ph—" O o

\_qo OH
HO N

HO ZH
20 O
A

"
Oligomeric Procyanidins Grape Seeds

Ho OH

OH
Ha&go\go: @f
H
H

Hesperidin

Vegetable Oils Citrus Fruits Peels

¥- & 3-Tocotrienols

Taxus brevifolia

Paclitaxel (Taxol®)

Yessotoxin; R = SO;Na

Honokiol Magnolia i 1-D in; R=H

Fig. 1. Chemical structures of the paraptosis-inducing natural compounds and their major cellular sources.

et al,, 2000, 2004), including dilation of the ER and mitochondria, a re-
quirement for protein synthesis, activation of ERK1/2 and JNKs, and an
inhibitory role of AIP-1/Alix in cell death. Other reports used the terms
“cytoplasmic vacuolation cell death” [in the cases of that induced
by15d-PG]J, (Kar et al., 2009), manumycin A (Singha et al., 2013), and
curcumin in PC-3M cells (Lee et al., 2015)] or “paraptosis-like cell
death”, when cell death was accompanied by the dilation of only the
ER or the biochemical characteristics were not well matched with
those of IGF-IR-induced paraptosis. Notably, 15d-PGJ,, manumycin A,
and curcumin (in PC-3M cells) commonly triggered the dilation of the
ER. In addition, 15d-PGJ,-induced vacuolation and cell death were effec-
tively blocked by cycloheximide and MEK inhibition (Kar et al., 2009).
Thus, the previously reported instances of cytoplasmic vacuolation cell
death may be broadly regarded as being paraptosis-associated cell
death and they were included in the following discussion of the natural
products that have been shown to induce paraptosis. Table 1 presents
detailed information on the paraptosis-associated cell death induced
by the listed natural compounds, including the concentration(s) used
to induce cell death, the death mode assigned by the authors, the
organelle(s) dilated during cell death, the biochemical features of
death, the proposed death mechanism, and the tested cell type(s). To
get a general sense of their potentials as paraptosis markers, we priori-
tized the involvements of ERK1/2, JNKs, and Alix in the listed cell death
responses. Table 1 begins by listing the ER stress-inducing natural prod-
ucts, as nearly half of the listed natural products associated with
paraptosis were found to induce ER stress. In this review, we will
summarize and discuss the natural paraptosis-inducing products listed
in Table 1.

4.1. Curcumin

Curcumin, a natural polyphenolic compound extracted from the rhi-
zomes of Curcuma longa, has long been a popular dietary spice and herb-
al medicine in the Orient (Ammon & Wahl, 1991). This compound has
attracted significant research attention due to its surprisingly wide
range of beneficial properties, including anti-inflammatory (Fu et al.,
2008), anti-oxidant (Sharma, 1976), chemopreventive (Park et al.,
2013), chemosensitizing (Goel & Aggarwal, 2010), and radiosensitizing
activities (Gupta et al., 2012b). Much of the research into the cancer-
killing effects of curcumin has predominantly focused on the com-
pound’s ability to induce apoptosis (Karunagaran et al., 2005; 10-
50 uM curcumin). However, curcumin has also been reported to

induce non-apoptotic cell death, including mitotic catastrophe in
apoptosis-resistant Bcr-Abl-expressing cells (Wolanin et al., 2006;
20 UM curcumin), autophagic cell death in malignant glioma cells
(Aoki et al., 2007; 40 uM curcumin), and necrosis in prostate cancer
cells (Kang et al., 2013; 100 uM curcumin). These findings suggest
that curcumin may induce alternative cell death modes depending
on the administered concentrations and the genetic background of
the tested cells. Recently, Yoon et al. (2010) showed that 40 uM
curcumin induces paraptosis in malignant breast cancer cells, but
not in normal breast cells. Following the treatment of MDA-MB
435S breast cancer cells with curcumin, mitochondria swelled and fused
with each other, leading to the formation of a few megamitochondria
(MG) per cell; the ER was also swollen and fused, such that the cellular
space became filled with ER-derived vacuoles (Fig. 2). The features of ap-
optosis and autophagy were not observed in curcumin-treated breast
cancer cells; however, vacuolation and cell death were effectively blocked
by the protein synthesis blocker, cycloheximide. In addition, activation of
ERK2 or JNKs critically contributed to curcumin-induced vacuolation and
cell death. Furthermore, the protein levels of AIP-1/Alix were downregu-
lated by curcumin, and AIP-1/Alix overexpression alleviated curcumin-
induced vacuolation and cell death. Yoon’s group further identified a
novel underlying mechanism of paraptosis by showing that the gen-
eration of reactive oxygen species (ROS), including mitochondrial
superoxide, is critically involved in curcumin-induced paraptosis
(Yoon et al., 2010). In addition, curcumin was shown to induce
non-apoptotic and non-autophagic cytoplasmic vacuolation death
in PC-3M cells (Lee et al., 2015). In this process, the curcumin-
induced production of ROS triggered vacuolation-mediated cell
death via increased ER stress. During curcumin-induced paraptosis,
the progressive accumulation of poly-ubiquitinated proteins and inhibi-
tion of proteasomal activity was shown (Yoon et al., 2010, 2014a). Pre-
viously, curcumin was suggested to inhibit the ubiquitin isopeptidase
activity that arises from the 19S regulatory subunit of the 26S protea-
some, resulting in the accumulation of poly-ubiquitinated proteins
(Mullally & Fitzpartrick, 2002). However, the treatment of breast cancer
cells with high doses of proteasome inhibitors (1 pM MG132, 20 pM
lactacystin, or 20 M ALLN) was found to induce the formation of ER-
derived vacuoles, but the mitochondria were fragmented (not dilated)
in this case, and there was only slight reduction in cell viability (Yoon
etal., 2010, 2012). Thus, it seems that proteasomal impairment is main-
ly responsible for paraptosis-related ER dilation, and that another signal
is responsible for the mitochondrial dilation required for the effective
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Table 1

Involvement of MAP kinases, Alix, and ER stress and the proposed death signals in the paraptosis-associated cell death induced by natural products. Abbreviations : 1, upregulation; |, downregulation; 15d-PGJ,, 15-deoxy-A!>14-PGJ,; 2-APB, 2-
aminoethoxydiphenyl borate; CHX, cycloheximide; CuDIPS, Cu(II)2(3,5-diisopropylsalicylate )4; DMC, dimethoxycurcumin; ER, endoplasmic reticulum; GSH, glutathione; HMEC, human mammary epithelial cells; IPsR, inositol 1,4,5-trisphosphate
receptor; MCU, mitochondrial Ca?* uniporter; mito., mitochondria; MnTBAP, [5,10,15,20-Tetrakis(4-carboxyphenyl)-21H,23H-porphine]manganese(lll); NAC, N-acetyl cysteine; NMPG, N-(2-mercaptopropionyl)-glycine; ROS, reactive oxygen spe-
cies; RR, ruthenium red; RyR, ryanodine receptor.

Name of natural product  Assigned cell death mode  Dilated MAP kinases and Upregulation of ER stress  Inhibitors of vacuolation Proposed death Tested cancer cells and References
(used concentration) organelles Alix markers and death mechanisms normal cells
Curcumin (40 pM) Paraptosis ER and mito. p-ERK1/21, p-elF2a, GRP78/94, and CHX Proteasome inhibition MDA-MB 435S, MDA-MB Yoon et al.
p-JNKs t CHOP SP600125 (JNK), U0126 ROS and mito. 03 231, and Hs578T (2010, 2012)
Alix | Poly-ubiquitination (MEK) generation Safe in MCF-10A and HMEC
Alix overexpression Mitochondrial Ca?*
Antioxidants (NAC, GSH, overload
MnTBAP)
RR, Ru360 (MCU)
Dantrolene (RyR)
Cytoplasmic vacuolation ER CHOP CHX ROS generation PC-3M Lee et al. (2015)
death Poly-ubiquitination NAC LC3 upregulation In vivo xenograft
LC3 knockdown
DMC (20 uM) Paraptosis ER and mito. p-ERK1/2 1, p-JNKs 1 CHOP, ATF4, and KDEL CHX Proteasome inhibition MDA-MB 435S, MDA-MB Yoon et al.
Alix | Poly-ubiquitination U0126 (MEK) L-JNK ROS and mito. 03 231, Hs578T, and MCF-7, (2014a)
inhibitor generation in vivo xenograft
Antioxidants (NAC, Safe in MCF-10A and HMEC
MNTBAP, CuDIPS)
CHOP knockdown
Celastrol (1.2-2 uM) Paraptosis ER and mito. p-ERK1/2 1, p-JNKs ~ CHOP, ATF4, and KDEL CHX Proteasome inhibition MDA-MB 435S, MCF-7, Yoon et al.
1, p-p381 Poly-ubiquitination PD98059 (MEK), Mitochondrial Ca®* DLD-1, and RKO (2014b)
SP600125 (JNK) overload
RR, MCU knockdown,
2-APB (IP3R)
Paraptosis-like cell death,  ER p-ERK1/2 1, p-JNKs  Bip and PERK CHX Proteasome inhibition Hela Wang et al.
apoptosis, and autophagy 1 Poly-ubiquitination U0126 (MEK), SB203580 (2012)
p-p38 1 (p38)
15d-PGJ, (20 pM) Cytoplasmic vacuolation ER p-ERK1/2 1 Bip and CHOP CHX Disruption of sulfhydryl HCT116, DU145, and Kar et al. (2009)
death Poly-ubiquitination U0126, MEK inhibitor homeostasis MDA-MB 231
Thiol antioxidants (NAC, LC3 upregulation
NMPG)
LC3 knockdown
Manumycin A (5 uM) Cytoplasmic vacuolation ER - Bip and CHOP CHX Disruption of sulfhydryl MDA-MB 231 Singha et al.
death Poly-ubiquitination NAC homeostasis Safe in HMEC (2013)
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Cyclosporin A (20 pM)

Tunicamycin (10 ug/ml)

8-p-Hdroxybenzoyl
tovarol (18 uM)
Seleno-DL-cystine

(100 pM)
Ophiobolin A (1 uM)

Oligomeric procyanidins
(30 pg/ml)
Ginsenoside Rh2 (35 uM)

Protopanaxadiol (35 uM)

Paclitaxel (70 uM)

- and &-Tocotrienol
(15-60 pM
and 5-20 uM)
Hesperidin (1 mM)

Honokiol (20 uM for NB4;
40 puM for K562)
Yessotoxin (100 nM)

1-Desulfoyessotoxin
(100 nM)

Paraptosis-like

Paraptosis

Paraptosis-like cell death
and autophagy
Paraptosis-like cell death
and apoptosis
Paraptosis-like
Paraptosis-like
Paraptosis-like cell death
and apoptosis

Paraptosis-like

Paraptosis-like
Paraptosis-like

Paraptosis-like

Paraptosis-like
Paraptosis and apoptosis
Paraptosis-like

Paraptosis-like

ER

ER

ER and mito.

ER and mito.

ER (mainly) and
mito. (in part)
ER

ER and mito.

ER and mito.
ER
ER and mito.

ER and mito.

Alix |

p-ERK1/2 1, p-p38 1

MEK, p38, and JNK
(not involved)

p-ERK 1

p-INK 1

p-p38 1

Bip, CHOP, p-elF2t, IRE1qx,
PERK, and XBP1

Bip, CHOP, p-PERK and
IRE1

Bip, CHOP, IRE1¢, and
XBP1s

Bip and CHOP
poly-ubiquitination

LC3 knockdown LC3 upregulation

CHX Cyclophilin B | (critical
role)
CHX
CHOP knockdown (no
effect)
CHX
Misincorporation of
selenocystine
No ROS generation
CHX BKCa inhibition
CHX Extracellular Ca?™ influx
CHX

Removal of p53

NAC (death acceleration by
inhibiting ROS and NF-kB
CHX

NAC (death acceleration by
inhibiting ROS and NF-kB)
No effect of CHX

Wht signals | ([3-catenin,
cyclin D, c-Jun)

U0126 (ERK1/2,
vacuolation inhibition)

NAC (partially) ROS generation

SiHa

FRO

Hela

HeLa

U373-MG, T98G, and GL19
uU-87

HCT116

HCT116

ASTC-a-1

A549

In vivo xenograft
SW620

HepG2

NB4 and K562

BC3H1

BC3H1

Ram and
Ramakrishna
(2014)

Kim et al. (2014)

Zhang et al.
(2015)
Wallenberg et al.
(2014)

Bury et al.
(2013)

Zhang et al.
(2010)

Liet al. (2011)

C.Z. Wang et al.
(2013)

Chen et al.
(2008)

Wang and Chen
(2012)

Zhang et al.
(2011, 2013)

Yumnam et al.
(2014)

Y. Wang et al.
(2013)
Korsnes et al.
(2011)
Korsnes

et al.(2013)
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Oh

24 h

Fig. 2. Electron microscopy of curcumin-induced paraptosis. MDA-MB 435S cells were treated with 40 pM curcumin for the indicated time points and electron microscopy was performed.
Black arrow heads, normal mitochondria; white arrow heads, normal ER; black arrows, megamitochondria; white arrows, swollen and fused ER. Bars, 2 UM (reprinted From Free Radic Biol

Med 48(5); 713-726, Yoon et al. (2010) Copyright with permission from Elsevier).

induction of paraptosis. Yoon et al. (2012) found that mitochondrial
Ca?* overload plays a critical role in mitochondrial dilation during
curcumin-induced paraptosis. More specifically, curcumin-induced
stimulation of ryanodine receptors (RyRs) triggers the release of Ca®™
from the ER; this Ca®* is taken up via mitochondrial Ca>* uniporter
(MCU), causing an overload that contributes to mitochondrial dilation
and subsequent cell death. The importance of mitochondrial Ca?*
overload in paraptosis is supported by the observation that paraptosis
was induced by the simultaneous inhibition of proteasomes and the
mitochondrial Na*/Ca?™ exchanger (mNCX). Although proteasome
inhibition was not sufficient to induce paraptosis, co-treatment of
cells with 15 nM bortezomib (a proteasome inhibitor) and 50 pM
CGP-37157 (a mitochondrial NCX inhibitor), but not treatment with a
single agent, effectively induced the dilations of both the ER and mito-
chondria by triggering sustained mitochondrial Ca?>* overload. Ultimate-
ly, effective induction of paraptosis appears to require both proteasomal
inhibition and mitochondrial Ca?" overload, and mitochondrial dilation
and ER dilation seem to be interdependent during paraptosis. Although
bortezomib has been successfully used to treat multiple myeloma, its
anti-cancer effects are not satisfactory in solid tumors (Chen et al.,
2011). Therefore, induction of paraptosis may provide a novel therapeu-
tic strategy for overcoming the resistance of solid tumors against
proteasome-inhibitor-based cancer therapy in the future.

4.2. Dimethoxycurcumin

Dimethoxycurcumin (DMC; a methylated analog of curcumin in
which the phenolic-OH groups are replaced by methoxy groups) was
identified to demonstrate a more potent anti-cancer effect than
curcumin, with improved bioavailability and stability (Tamvakopoulos
et al., 2007; Yoon et al., 2014a). Yoon et al. (2014a) reported that
20 uM DMC-induced paraptosis in breast cancer cells (similar to
curcumin, but at a much lower concentration) and reduced tumor
growth in a xenograft model in vivo. The authors proposed that DMC in-
duces paraptosis based on the following morphological and biochemical
characteristics: (a) DMC induced the swelling and fusion of the ER and
mitochondria; (b) DMC-induced vacuolation and cell death was
completely inhibited by cycloheximide; (c) ERK1/2 and JNKs were acti-
vated by DMC, whereas the inhibition of ERK1/2 or JNKs attenuated
DMC-induced cell death; (d) AIP-1/Alix protein levels were downregu-
lated by DMC; and (e) DMC increased mitochondrial superoxide levels,
whereas antioxidants significantly blocked DMC-induced cell death.
Yoon et al. (2014a) showed that the more potent anti-cancer activity
of DMC (compared to curcumin) was associated with stronger inhibition
of proteasome activity, providing additional evidence that proteasomal
inhibition critically contributes to the paraptosis-mediated anti-cancer
effect of curcumin and its derivatives. Mechanistically, curcumin and
DMC are both Michael acceptors having an o,3-unsaturated [3-diketone
group that can react with sulfhydryl groups (Dinkova-Kostova et al.,
2001) (Figs. 1 and 3A). This can induce oxidative stress by altering the
cellular redox balance and potentially elevating the levels of ROS (Raja

et al.,, 2011). Consistent with this notion, DMC was found to increase mi-
tochondrial superoxide levels to a greater extent than curcumin during
the progression of paraptosis (Yoon et al., 2014a). Furthermore, Yoon
et al. (2014a) showed that CHOP plays a critical role in DMC-induced
paraptosis, particularly in the context of ER dilation, indicating the possi-
ble involvement of CHOP in paraptosis-related ER dilation.

4.3. Celastrol

Celastrol is a quinone methide triterpenoid isolated from the Chi-
nese medicinal plant, Thunder God Vine (Tripterygium wilfordii) (Setty
& Sigal, 2005). Multiple reports have suggested that it could have anti-
cancer effects (Yadav et al.,, 2010). Yoon et al. (2014b) recently showed
that 2 pM celastrol induces paraptosis accompanied by the expansion of
ER-derived vacuoles and the formation of MG in breast and colon cancer
cells. Neither apoptosis nor autophagy was critically involved in this
celastrol-induced cell death. Interestingly, celastrol-induced paraptosis
has been shown to share the key signals involved in curcumin-
induced paraptosis (Yoon et al., 2010, 2012, 2014b). For example, the
celastrol-induced accumulation of poly-ubiquitinated proteins and ER
stress marker proteins (e.g., ATF4, CHOP, and KDEL), vacuolation, and
subsequent cell death were completely blocked by cycloheximide
pretreatment. ERK1/2 and JNKs were activated by celastrol, and the in-
hibition of ERK1/2 and JNKs significantly attenuated celastrol-induced
cell death. Celastrol treatment induced mitochondrial Ca®>™ overload,
and the resulting mitochondrial dilation was effectively attenuated by
the inhibition of MCU. The celastrol-induced increases in Ca®™ levels
arose from the ER, and the celastrol-triggered upregulation of IPsR
was found to mediate the release of Ca>* from the ER. The latter finding
indicates that the IP;R-mediated release of Ca®>* from the ER and its
subsequent MCU-mediated influx of Ca?* into mitochondria critically
contribute to the extensive dilation of the ER and mitochondria and sub-
sequent celastrol-induced paraptotic cell death. Wang et al. (2012)
showed that 1.2 uM celastrol-induced extensive cellular vacuolization
derived from dilated cisternae of ER in HeLa cells, which thus showed
a paraptosis-like morphology. Paralleling the induction of paraptosis-
like cell death, both apoptosis and autophagy were induced in celastrol-
treated HeLa cells. Comparing the results that paraptosis was the pre-
dominant cell death mode induced by celastrol in breast cancer cells
(Yoon et al., 2014a), these results indicate that celastrol may induce
different cellular fates depending on the cell types and/or cellular
context. Structurally, the electrophilic character of the quinone
methide substructure of celastrol allows it to react with the thiol
groups of protein cysteine residues to form covalent protein adducts
(Trott et al., 2008) (Fig. 3B) and promote proteotoxic stress (Boridy
et al.,, 2014). In addition, celastrol was proposed to potently inhibit
the proteasome by interacting through its conjugated ketone car-
bons, C2 and C6 (Yang et al., 2006). Therefore, the accumulation of
misfolded proteins and failure of proteostasis may contribute to
celastrol-induced paraptosis.
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44. 15-Deoxy-A">"*-Prostaglandin J,

The cyclopentenone prostaglandin derivative, 15-deoxy-A'%14-PG],
(15d-PGJ,), has been found to have potent anti-proliferative activities
(Butler et al., 2000). Kar et al. (2009) have shown that 15d-PGJ, induces
non-apoptotic and non-autophagic cell death mode in breast and colon
cancer cells, characterized by extensive cytoplasmic vacuolation derived
from the ER dilation. These effects were completely blocked by actino-
mycin D and cycloheximide, which is consistent with paraptosis
(Sperandio et al., 2000). 15d-PGJ, increased the protein levels of the I
and II forms of the autophagy-related protein, LC3, and knockdown of
LC3 significantly protected cells against 15d-PGJ,-induced vacuolation
and death, suggesting that LC3 plays a role in this non-autophagic,
paraptosis-like cell death. The PPARY-independent effects of 15d-PGJ,
were shown to be mediated by either ROS production (Cernuda-
Morollon et al., 2001) or covalent protein modification governed by
the a,B-unsaturated ketone in the cyclopentenone ring of 15d-PG]J,
(Perez-Sala et al., 2003) (Fig. 3C). The cytoplasmic vacuolation and cell
death induced by 15d-PGJ, was effectively blocked by thiol antioxi-
dants, but not by other ROS scavengers (Kar et al., 2009). This
suggests that the effects of 15d-PGJ, may be mediated through its
ability to covalently modify the free sulfhydryl groups of proteins
and not through ROS production. The disruption of sulfhydryl ho-
meostasis by 15d-PGJ, may lead to the accumulation of misfolded
and subsequently ubiquitinated proteins. This could then trigger cy-
toplasmic vacuolation due to ER dilation and subsequent cell death.

4.5. Manumycin A

Manumycin A, a naturally occurring antibiotic, reduces the viability
of triple-negative breast cancer cells by inducing non-apoptotic, non-
autophagic cytoplasmic vacuolation cell death, while sparing normal
human mammary epithelial cells (Singha et al., 2013). This cytoplasmic
vacuolation and cell death was associated with the expressions of LC3,
p62, and the ER stress markers, Bip and CHOP, as well as the accumula-
tion of ubiquitinated proteins. Manumycin A contains sulfhydryl (-SH)-
reactive, o,,3-unsaturated ketones in its structure and NAC, a thiol
antioxidant, blocked these effects of manumycin A, suggesting that
this natural product may target sulfhydryl homeostasis.

4.6. Cyclosporin A

Cyclosporin A, which is a cyclic undecapeptide initially isolated from
the fungus, Tolypocladium inflatum (Liu et al., 1991), has been widely

used as an immunosuppressant. Ram and Ramakrishna (2014) showed
that this agent induces non-apoptotic cell death accompanied by
ER-derived vacuolation in SiHa cervical cancer cells. Cyclosporin A-
induced vacuolation was prevented by cycloheximide and salubrinal,
indicating that active protein synthesis is required for the formation of
these vacuoles. Moreover, cyclosporin A downregulated AIP-1/Alix-1,
suggesting that this treatment triggers paraptosis-like responses. The in-
hibition of calcineurin activity did not result in either ER stress or cellular
vacuolation. However, the downregulation of cyclophilin B was found to
precede cyclosporin A-induced vacuolation, and cyclophilin B knockdown
was shown to induce ER stress and vacuolation. This suggests that cyclo-
sporin A may induce paraptosis-like cell death via ER stress and vacuola-
tion, and cyclophilin B inhibition plays a key role in this process.

4.7. Tunicamycin

Tunicamycin (TM) is a naturally occurring antibiotic that blocks the
cellular biosynthesis of N-linked oligosaccharide (Ron, 2002). TM was
shown to induce cell death by activating intrinsic apoptosis via ER
stress, and to enhance autophagy-mediated cell death (Szegezdi et al.,
2006; Yorimitsu et al., 2006). In addition, TM was reported to induce
paraptosis (characterized by ER swelling, retention of plasma mem-
brane integrity, a lack of apoptotic bodies and independence from
caspase activity) in FRO anaplastic thyroid carcinoma cells (Kim et al.,
2014). TM increased the expression of ER stress markers, but knock-
down of CHOP (an effector of ER stress) did not alter cellular vacuolation
or cell death, suggesting that ER stress is not a major event in the TM-
induced paraptosis of FRO cells.

4.8. 8-p-Hdroxybenzoyl tovarol

8-p-Hdroxybenzoyl tovarol (TAW) is a germacrane-type
sesquiterpenoid that can be isolated from the roots of Ferula
dissecta (Ledeb.). TAW was shown to induce paraptosis-like cell
death accompanied by extensive swelling of the ER and mitochondria
in Hela cells (Zhang et al., 2015). In these cells, TAW was found to induce
ER stress, and TAW-induced vacuolation and cell death was effectively
inhibited by cycloheximide treatment. Alongside this paraptosis-like
cell death, TAW was also found to induce cytoprotective autophagy in
Hela cells.

4.9. Seleno-DL-cystine

Seleno-DL-cystine ((+)-3,3’-dithiobis(2-aminopropionic acid)) is a
naturally occurring selenoamino acid, which plays an essential role in

dx.doi.org/10.1016/j.pharmthera.2016.01.003

Please cite this article as: Lee, D., et al., Paraptosis in the anti-cancer arsenal of natural products, Pharmacology & Therapeutics (2016), http://



http://dx.doi.org/10.1016/j.pharmthera.2016.01.003
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003

8 D. Lee et al. / Pharmacology & Therapeutics xxx (2016) Xxx—-XxX

the selen biochemical cycle (da Silva et al., 1997). Treatment of HeLa
cells with seleno-pL-cystine at an ICsqo concentration of 100 uM induced
morphologically two distinct different types of cell death, one with
apoptosis-like phenotype and the other is paraptosis-like cell death, in-
ducing the dilation of the ER (Wallenberg et al., 2014). Treatment with
seleno-pL-cystine did not induce ROS formation, but the amount of
protein-bound selenium significantly increased. They proposed that
random misincorporation of selenocystine into the proteins, in place
of cysteine, may induce the accumulation of misfolded proteins, con-
tributing to ER stress and cytoplasmic vacuolation.

4.10. Ophiobolin A

The sesterterpenoid phytotoxin, ophiobolin A (OP-A) belongs to a
large family of over 25 natural ophiobolins that have been mainly
isolated from phytopathogenic fungi of genus Bipolaris (Sugawara
etal., 1987). Recently, Bury et al. (2013) showed that OP-A inhibited
the proliferation of glioblastoma multiforme (GBM) cells and in-
duced paraptosis-like cell death, potentially via the swelling and fu-
sion of mitochondria and/or the ER. Cycloheximide pretreatment
effectively decreased this OP-A-induced cell death, suggesting that
protein synthesis is required for this process. The authors showed
that the expression of big conductance Ca?"-activated K™ channel
(BKCa) colocalized with both mitochondria and the ER, and that
OP-A treatment inhibited BKCa channel activity. The authors
hypothesized that OP-A-induced blockade of big potassium (BK)
channels in the ER and mitochondria could increase intracellular
K™ concentration, causing water to enter the cell and triggering
swelling/vacuolization. Recently, Dasari et al. (2015) reported that
eliminating the C5, C21-1,4-dicarbonyl function of OP-A significantly
reduced its anti-proliferative effects in various cancer cells. The
unique reaction of OP-A with primary amines suggests that covalent
modification of target proteins (i.e., through the use of active-site ly-
sine residues to form pyrrole) may contribute to the anti-cancer
activity of this agent.

4.11. Oligomeric procyanidins

F2, an oligomeric procyanidin fraction isolated from grape seeds, in-
duced paraptosis-like non-apoptotic cell death in U-87 gliobalstoma
cells (Zhang et al., 2009). Subsequently, the same authors reported
that F2 triggered the activation of ERK1/2 and p38 and promoted intra-
cellular Ca®>* mobilization via the G;/G, protein-mediated influx of
extracellular Ca?* (Zhang et al., 2010).

4.12. Ginsenoside Rh2 and protopanaxadiol

Rh2, a main bioactive component in steamed American ginseng ex-
tracts (Wang et al., 2009), was shown to induce both paraptosis-like cell
death (characterized by the accumulation of cytoplasmic vacuoles) and
caspase-dependent apoptosis in HCT116 colon cancer cells (Li et al.,
2011). Although the authors did not address the origin of Rh2-induced
vacuoles, they showed that vacuolization was significantly inhibited
by cycloheximide and U0126 (the MEK1/2 specific inhibitor), consistent
with the results shown in IGF-IR-induced paraptosis (Sperandio
et al., 2004). Interestingly, removal of p53 significantly blocked
both vacuole formation and cell death in Rh2-treated cells, suggest-
ing that paraptosis-like cell death and apoptosis are mediated by
p53 activity. In addition, Rh2 treatment increased ROS levels and
activated the NF-kB survival pathway. Blockage of ROS by NAC or
catalase inhibited the activation of NF-kB signaling and enhanced
cell death in Rh2-treated cells, suggesting that the anti-cancer
effects of Rh2 might be enhanced by antioxidants.

Rh2 can be converted to the triterpenoid protopanaxadiol (Bae et al.,
2002), which was reported to induce paraptosis-like cell death in colon
cancer cells. Moreover, protopanaxadiol-induced cytoplasmic vacuolation

was effectively inhibited by cycloheximide treatment (C. Z. Wang et al.,
2013a). These results suggest that, similar to Rh2, protopanaxadiol may
possess the potential to act as an anti-cancer agent via paraptosis-like
cell death.

4.13. Paclitaxel (Taxol®)

Paclitaxel (Taxol®), which was isolated from bark of the Pacific yew,
Taxus brevifolia, is a potent anti-cancer drug (Ofir et al., 2002; Park et al.,
2004) that shows great promise for the treatment of previously unre-
sponsive breast, ovary, and non-small cell lung carcinomas (Crown &
O’Leary, 2000; Selimovic et al., 2008). Paclitaxel can induce different
types of cell death, although the exact mechanism underlying its
cytotoxicity against tumor cells is still under extensive investigation.
Previous reports showed that paclitaxel induces apoptosis at lower con-
centrations (5-50 nM) and necrosis at higher concentrations (0.1-50
uM) (Yeung et al., 1999; Pushkarev et al., 2008). At doses of 10 or 20
UM, paclitaxel was reported to induce mitotic catastrophe in HeLa cells
(Michalakis et al.,, 2005), whereas 70 uM paclitaxel was shown to induce
a paraptosis-like cell death that included cytoplasmic vacuolization de-
rived from swelling of the ER and (to a small extent) mitochondria in
ASTC-a-1 lung cancer cells (Chen et al., 2008). The authors speculated
that the paclitaxel-induced disappearance of the ER dissepiment may
reflect ER fusion. Moreover, the paclitaxel-treated cells underwent
caspase-independent cell death without apoptotic bodies or membrane
disruption, and thus fit the criteria of paraptosis. However, this
paclitaxel-induced paraptosis-like cell death differed from IGF-IR-
induced paraptosis in that it did not require protein synthesis and was
independent of MEK and JNK (Sun et al, 2010). These results suggest
that a high concentration of paclitaxel activates an alternative
paraptotic cell death pathway. In addition to these in vitro results, pacli-
taxel was also found to suppress tumor growth by inducing paraptosis-
like cell death via rough-ER-derived vacuolization in A549 tumor-
xenograft mice in vivo (Wang & Chen, 2012), suggesting that induction
of paraptosis-like cell death by paclitaxel could be a promising thera-
peutic strategy for the treatment of apoptosis-resistant cancer.

4.14. -y-Tocotrienol and -tocotrienol

The tocotrienols, which are members of the vitamin E family, are
natural compounds that are abundant in rye, barley, oats, and palm oil
(Sookwong et al., 2010). This group comprises «, 3, vy, and & homologs
that differ in their numbers of methyl groups and their therapeutic func-
tions, which include anti-cancer, anti-inflammatory, and anti-oxidant
activities (Aggarwal et al., 2010). Zhang et al. (2011, 2013) showed
that both 6- and y-tocotrienol effectively induced paraptosis-like cell
death in SW620 cells (a human colon cancer cell line), exhibiting ICsq
values of 15.2 and 31.4 uM, respectively. In SW620 cells treated with
&- or y-tocotrienol, vacuolation preceded cell death and might result
from the swelling and fusion of mitochondria and/or the endoplasmic
reticulum (ER). Both 6- and +y-tocotrienol inhibited the expression
levels of B-catenin, cyclin D1, and c-jun in SW620 cells, suggesting
that the paraptosis-like cell death induced by &- and <y-tocotrienol
may be associated with suppression of the Wnt signaling pathway.

4.15. Hesperidin

Hesperidin, a flavanone glycoside of Citrus fruits, was shown to in-
duce paraptosis-like cell death accompanied by swelling of mitochon-
dria and the ER without apoptotic features in HepG2 cells at the
concentration of 1 mM, whereas the use of higher concentrations in-
creased the apoptotic cell populations (Yumnam et al., 2014). ERK1/2
was activated during hesperidin-induced vacuolation and blockade of
the ERK pathway inhibited hesperidin-induced vacuolization.
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4.16. Honokiol

Honokiol, an active compound isolated from the Chinese traditional
herb Magnolia officinalis, has shown promise for multiple medicinal ap-
plications (including anti-inflammatory, anti-anxiety, and anti-tumor
effects) in preclinical studies, without detectable toxicity at therapeutic
doses (Tian et al., 2012). Although honokiol is most commonly associat-
ed with apoptosis in tumor cells, it can also induce necrosis (Li et al.,
2007) and paraptosis (Wang et al., 2010). Wang et al. (2010) showed
that the treatment of leukemia cell lines with lower concentrations of
honokiol induced paraptosis with ER-derived vacuolization, whereas
higher concentrations induced both paraptosis and apoptosis. Y. Wang
et al. (2013) subsequently showed that honokiol predominantly in-
duced paraptosis and partially induced apoptosis in NB4 cells, whereas
the reverse was seen in K562 cells. Taken together, these results suggest
that paraptosis and apoptosis may be complementary cell death pro-
gram in leukemia cells, and that the major cell death mode induced by
honokiol may depend on both the concentration and the cell type.
Honokiol can therefore be considered a potential novel drug that simul-
taneously activates multiple death pathways, and thus could potentially
help overcome multidrug resistance.

4.17. Yessotoxin and 1-desulfoyessotoxin

Yessotoxin, a polycyclic ether compound produced by dinoflagellates,
can induce multiple cell death pathways at nanomolar concentrations in
different model systems (Korsnes, 2012). In the BC3H1 myoblast cell
line, yessotoxin treatment induced paraptosis-like cell death, which
was found to be accompanied by extensive cytoplasmic vacuolation
derived from dilation of the ER and mitochondria (Korsnes et al.,
2011). The yessotoxin-induced death of these cells was insensitive to
several caspase inhibitors. Similarly, a desulfated analog of yessotoxin,
1-desulfoyessotoxin, also induced paraptosis-like cell death (Korsnes
et al,, 2011, 2013). At the molecular level, JNK activation was reported
during yessotoxin-induced paraptosis-like cell death (Korsnes et al.,
2011), whereas p38 activation was detected in 1-desulfoyessotoxin-
induced cell death (Korsnes et al., 2013).

5. Non-natural products that induce paraptosis-associated cell death

In addition to the above-described natural products, a number of
chemicals and synthetic derivatives of natural products have been
reported to induce paraptosis or paraptosis-like cell death in various
cancer cells. The chemicals include 1-nitropyrene (Asare et al.,
2008), thioxotriazole copper (II) complex AO (Tardito et al., 2009),
VER155008 (an hsp70 inhibitor) (Kim et al., 2014), and MCB-613
(an agonist of steroid receptor coactivator) (Wang et al., 2015), while
the synthetic derivatives of natural products include WIN55,212-2
(a synthetic cannabinoid) (Wasik et al., 2011), everolimus (an mTOR
derivative) (Baraz et al,, 2014), and benfotiamine (a thiamine analog)
(Sugimori et al., 2015).

6. Signals believed to be involved in natural-product-induced
paraptosis-associated cell death

Table 1 shows that cycloheximide typically blocks the ER-derived
vacuolation and cell death induced by most of the above-listed natural
products. This is consistent with the belief that protein synthesis is re-
quired for paraptosis, although exceptional case of paclitaxel-induced
paraptosis-like cell death (that was not inhibited by chcloheximide)
was also reported (Chen et al., 2008). AIP-1/Alix was found to be
downregulated by curcumin, dimethoxycurcumin, and cyclosporin
A (Yoon et al., 2010, 2014a; Ram & Ramakrishna, 2014). In terms
of the MAP kinases, the activations of ERK1/2 and JNKs critically
contribute to curcumin- (Yoon et al., 2010), dimethoxycurcumin-
(Yoon et al., 2014a), or celastrol- (Yoon et al., 2014b) induced

paraptosis . In addition, ERK1/2 was found to be positively involved
in 15d-PGJ,-induced cytoplasmic vacuolation cell death (Kar et al.,
2009) and hesperidin-induced paraptosis-like cell death
(Yumnam et al., 2014). In contrast, MEK, JNK, and p38 are not in-
volved in paclitaxel-induced paraptosis-like cell death (Chen et al.,
2008), suggesting that the importance of a given MAP kinase differs
depending on the stimulus.

As shown in Table 1, during paraptosis-associated cell death induced
by various natural products, ER stress was commonly observed, as
reflected by the upregulation of ER stress marker proteins, including
Bip and CHOP (e.g., in cells treated with curcumin, dimethoxycurcumin,
celastrol, 15d-PGJ,, manumycin A, seleno-pL-cystine, cyclosporin A,
tunicamycin, and 8-p-hdroxybenzoyl tovarol) and accumulation of
poly-ubiquitinated proteins (e.g., in cells treated with curcumin,
dimethoxycurcumin, celastrol, 15d-PGJ,, manumycin A, and seleno-pL-
cystine). These results suggest that paraptosis may be closely linked to
ER stress due to the accumulation of misfolded proteins. Therefore, cy-
cloheximide (as an inhibitor of protein synthesis) might thus potently
inhibit paraptosis-associated cell death by reducing the burden on the
homeostastic protein-folding mechanisms.

ER dilation is the most common morphological feature triggered
during the paraptosis-associated cell death induced by natural products
listed in Table 1. Yoon et al. (2010, 20143, 2014b) showed that impair-
ment of proteasome activity is the key underlying mechanism of ER-
derived vacuolation during paraptosis (Fig. 4). Mimnaugh et al. (2006)
proposed that overload of misfolded proteins within the ER lumen
could exert an osmotic force, drawing water from the cytoplasm to dis-
tend the ER lumen. Since cancer cells highly depend on optimal
proteasomal function, the inhibition of proteasomal machinery can
lead to further accumulation of misfolded proteins in the ER and cyto-
plasm (Ustundag et al., 2007). This can overwhelm cells, leading to fail-
ure of the UPR and ER-associated degradation (ERAD), both of which
protect cells from proteotoxicity. Ultimately, severe alterations in ER
structures lead to irreversible functional impairments and shift the cel-
lular balance toward death.

As the critical underlying mechanism of ER-derived vacuolization in
15d-PGJ,-induced cytoplasmic vacuolation cell death, the disruption of
sulfhydryl homeostasis was proposed (Kar et al., 2009). Interestingly,
literature suggests that the pharmacological effects of 15d-PGJs,
curcumin, and celastrol involve covalent binding (-S-C-) to cellular
target proteins, although they do not resemble in structural terms

Proteasome

@ Ubiquitin

Fig. 4. Hypothetical model for ER-derived vacuolation by proteasome inhibition in
paraptosis. Proteasomal inhibition by curcumin, dimethoxycurcumin, or celastrol
induces the accumulation of misfolded proteins within the ER, triggering an osmotic
imbalance that causes water to enter from the cytoplasm, thereby distending the ER
luminal space into vacuoles.
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(Perez-Sala et al., 2003; Trott et al., 2008; Gupta et al., 2011). This pre-
sumably reflects the highly electrophilic nature of the substructures
contained in these natural products, such as the o,3-unsaturated car-
bonyls of 15d-PGJ, (Perez-Sala et al., 2003), curcumin (Gupta et al.,
2011), and the quinone methide within the A and B rings of celastrol
(Trott et al.,, 2008). These substructures readily react with substances
containing nucleophilic groups [e.g., the sulfhydryl (-SH) groups of pro-
teins and glutathione (GSH), or the hydroxyl (-OH) groups of proteins]
to form covalent bonds with cellular proteins via the conjugated addi-
tion reaction (Fig. 3). The disruption of sulfhydryl homeostasis and for-
mation of covalent adducts by these natural products may trigger
misfolding of target proteins and their accumulation, leading to ER-
derived vacuolation. Similar to curcumin (Milacic et al., 2008) and
celastrol (Yang et al., 2006), 15d-PGJ, was also shown to inhibit protea-
some activity (Wang et al., 2006). Therefore, thiol-reactivity of these
agents may be directly associated with their inhibitory activity of
proteasome.

Mitochondria are also dilated during paraptosis. This highly dynamic
organelle continuously fuses, divides, and moves within a cell. These
dynamic morphological changes are essential for maintaining the mito-
chondrial DNA, ensuring respiratory activity, controlling cellular pro-
cesses (e.g., calcium homeostasis and signaling), and regulating cell
death (Vannuvel et al.,, 2013). During paraptosis, mitochondria exhibit
disorganization of the cristae, take on a balloon-like shape, and then
undergo vacuolation (Fig. 2). In addition, during curcumin-, celastrol-,

and y-tocotrienol-induced paraptosis-associated cell death, the forma-
tion of megamitochondria (MG) via the fusion of swollen mitochondria
was reported (Yoon et al., 2010, 2014b; Zhang et al., 2013). Although
the detailed mechanisms and pathophysiological meanings of MG for-
mation are unknown, it has been postulated to be an adaptive process
undertaken in response to unfavorable environmental conditions
(Wakabayashi, 2002). Mitochondrial swelling, mitochondrial fusion,
and an abundance of MG were also observed in axon terminals at the
neuromuscular junctions of aged rats (Garcia et al., 2013). As the
fusion-mediated formation of a mitochondrial network may facilitate
the buffering of Ca®>* released from the ER or extracellular stores
(Frieden et al., 2004), mitochondrial fusion and MG formation during
paraptosis may protect cells from cell death at an early phase. However,
the Ca?* concentration later comes to exceed the loading capacity of the
MG, potentially triggering an irreversible sequence that leads to the loss
of mitochondrial function and eventual cell death.

To explain the simultaneous dilation of the ER and mitochondria
during paraptosis, Yoon et al. (2012) proposed that there may be posi-
tive reciprocal regulation between ROS generation and mitochondrial
Ca®™ overload (Fig. 5). ROS are known to open ER Ca?™ channels
(e.g., ryanodine receptors and IPsR) to release Ca®™ from the ER (Cao
& Kaufman, 2014). Mitochondria and the ER are interconnected physi-
cally and functionally by mitochondria-associated ER membrane
(MAMs), and the Ca®* released from the ER is taken up by mitochondria
via MCU (Bravo et al., 2012). An increase of Ca®* in the mitochondria

S

Fig. 5. Hypothetical model for the induction of paraptosis by vicious cycle between mitochondrial Ca>* overload and ROS generation. Curcumin induces the RyR-mediated release of Ca®*
from the ER, whereas celastrol induces the IP;R-mediated release of Ca?*. This leads to an MCU-mediated Ca*>* influx and subsequent mitochondrial swelling. The resulting increase in
mitochondrial ROS activates RyR or IPsR to trigger further release of Ca>* from the ER. In addition to affecting mitochondria, Ca®>* depletion from the ER enhances protein misfolding,
contributing to ER dilation. In this process, a reciprocal positive-regulatory relationship may exist among Ca?* influx, ROS generation, and accumulation of misfolded proteins.
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was reported to stimulate Krebs cycle dehydrogenases, further boosting
0, consumption and ROS production (Brand, 2010). Therefore,
curcumin-induced mitochondrial ROS production and release of Ca™
from the ER is presumed to create a vicious cycle that simultaneously
impairs the structures and functions of the ER and mitochondria, lead-
ing to paraptotic cell death. Celastrol also induces paraptosis though a
similar mechanism of curcumin-induced paraptosis regarding to the in-
volvement of Ca®™ and ROS, except that IPsR is involved for the release
of Ca®* from the ER, instead of RyR (Yoon et al., 2014b). Therefore,
paraptosis may be a cell death requiring a close communication of the
ER and mitochondria via mediation of Ca?* in MAM structure.

7. Paraptosis as a potential anti-cancer therapeutic strategy

Cancer drug resistance is a complex, dynamic, and elusive issue, and
it has proven difficult to restore the efficacy of chemotherapy by simply
reactivating apoptosis. Accumulating evidence has shown that cancer
cells that are resistant to one kind of cell death mode (such as apoptosis)
may be susceptible to others (Blank & Shiloh, 2007; Tait et al., 2014;
Ubah & Wallace, 2014), reflecting differences in the molecular mecha-
nisms of these cell death pathways. In this regard, paraptosis may act
as an important backup cell death pathway that comes into play when
the apoptotic machinery is hindered. A deeper understanding of
paraptosis may provide a basis for developing new therapeutic strate-
gies against human cancers that prove refractory to conventional
chemotherapeutic drugs.

The primary challenge in cancer therapy is the need to selectively kill
transformed cells, while sparing normal cells. To do this, we must un-
derstand the detailed differences between tumor and normal cells.
Tumor cells exhibit deregulation of organelles, including mitochondria
and the ER, and the involvement of these organelles in various cell
death modes makes them attractive therapeutic targets. In rapidly pro-
liferating tumor cells, the ER tends to be overloaded with unfolded and
misfolded proteins due to the imbalance between a high metabolic de-
mand and a limited protein-folding capacity. Therefore, tumor cells
often suffer from higher ER stress than normal cells (Suh et al.,, 2012).
In addition, it has been estimated that over 90% of human solid tumors
are aneuploid and protein synthesis is often imbalanced in aneuploid
cancer cells, with excess production of proteins encoded on the extra
chromosomes (Deshaies, 2014). The assembly of stable protein
complexes may be negatively affected in aneuploid cancer cells,
making such cells highly dependent on protein quality-control
mechanisms, including protein chaperones and the ubiquitin-
proteasome system (UPS) (Whitesell & Lindquist, 2005; Luo et al.,
2009; Williams & Amon, 2009). Furthermore, many of the mutated
proteins expressed in cancer cells are likely to present folding chal-
lenges and require a high level of degradation. Therefore, the regula-
tion of proteostasis at the ER may be an appropriate target for cancer
therapy.

A common characteristic of many cancer cells is an elevation of ROS,
and the hypoxic environment created by rapidly proliferating tumor
cells further facilitates ROS production (Gogvadze, 2011). Cancer cells
exhibit greater oxidative stress than normal cells due (at least in part)
to oncogenic stimulation, increased metabolic activity and mitochondri-
al malfunction (Gupta et al., 2012a). Since this state of oxidative stress
makes cancer cells vulnerable to agents that further augment ROS
levels, the use of pro-oxidant agents is emerging as an attractive strate-
gy for the selective targeting of tumor cells (Martin-Cordero et al.,
2012).

As shown in Table 1, many natural products that induce
paraptosis-associated cell death induce ER stress. Perturbation of
cellular proteostasis via proteasomal inhibition and disruption of sulf-
hydryl homeostasis is believed to contribute to these paraptosis-
inducing activities. Several natural products (including curcumin)
known to induce paraptosis-associated cell death appear to enhance
both ER and oxidative stress beyond the threshold levels at which

they become toxic to cancer cells, which already have elevated levels
of protein synthesis/folding and ROS. In addition, there may be a vicious
cycle between ER and oxidative stress in cancer cells treated with
paraptosis-inducing natural products that induce the dilation of both
the ER and mitochondria. Therefore, therapeutic strategies aimed at
using these natural products to induce paraptosis could offer a two-
pronged attack strategy for selectively killing cancer cells.

8. Perspectives and future directions

Despite the broad pathophysiological relevance of paraptosis, its in-
cidence may have been underestimated in the literature due in part to a
poor understanding of its biochemical mechanisms and a lack of specific
markers. Other than the general agreement that paraptosis involves
dilation of the ER and/or mitochondria, there has been no clear consen-
sus regarding its molecular basis. The nomenclature and classification
criteria for this cell death mode have included terms such as “paraptosis”,
“paraptosis-like cell death”, and “cytoplasmic vacuolation cell death”,
which has confused the issue. Furthermore, paraptosis-like morphologies
are often found along with other types of cell death (e.g., apoptosis, necro-
sis, and occasionally autophagy) when an inducer targets multiple cell
death pathways. In such situations, it is impossible to identify common
molecular markers of paraptosis. In future studies, it will be important
to choose appropriate model systems that will enable researchers to se-
lectively induce paraptosis without involving other cell death modes.
Such systems should be extensively studied using genomic, proteomic,
and systems biology techniques both in vitro and in vivo.

In light of the published data related to natural-product-induced
paraptosis, additional studies in various models are needed to corrobo-
rate the significance of Alix (as an inhibitor) and ERK1/2 and JNKs (as
mediators). Although a proteomic analysis of IGF-IR-induced paraptosis
identified phosphatidylethanolamine binding protein (PEBP-1) as an
inhibitor and prohibitin as a candidate mediator (Sperandio et al.,
2010), their involvements in paraptosis also warrant further testing in
different experimental settings. Notably, cycloheximide effectively
blocked the ER-derived vacuolation and cell death induced by most of
natural products listed in Table 1, suggesting that it may be a useful
chemical inhibitor of paraptosis. In addition, the signals that are thought
to be responsible for the paraptosis-associated cell death induced by
natural products (e.g., proteasome inhibition, disruption of sulfhydryl
homeostasis, ROS generation, and imbalanced homeostasis of ions
such as Ca?™ and K™) should be investigated further and may prove
useful as candidate markers for paraptosis.

Further studies focusing on novel natural products and their deriva-
tive chemical libraries should seek to identify more effective inducers of
paraptosis and clarify the common key signals that modulate this mode
of cell death.

Grant support

Supported by the National Research Foundation of Korea (NRF)
grants (2015R1A2A2A1006966 (Mid-Career Researcher Program) and
2011-0030043 (SRC)) funded by the Korean government (MSIP).
Conflicts of interest

The authors declare that there are no conflicts of interest.

Acknowledgment

We would like to thank Woo-Shin Cho for drawing the figures and
Chan-Mee Jeong for preparing this manuscript.

dx.doi.org/10.1016/j.pharmthera.2016.01.003

Please cite this article as: Lee, D., et al., Paraptosis in the anti-cancer arsenal of natural products, Pharmacology & Therapeutics (2016), http://



http://dx.doi.org/10.1016/j.pharmthera.2016.01.003
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003

12 D. Lee et al. / Pharmacology & Therapeutics xxx (2016) Xxx—-Xxx

References

Aggarwal, B.B., Sundaram, C,, Prasad, S., & Kannappan, R. (2010). Tocotrienols, the vitamin
E of the 21st century: Its potential against cancer and other chronic diseases. Biochem
Pharmacol 80, 1613-1631.

Ahmad, A, Sakr, W.A,, & Rahman, K.M. (2012). Novel targets for detection of cancer and
their modulation by chemopreventive natural compounds. Front Biosci (Elite Ed) 4,
410-425.

Ammon, H.P., & Wahl, M.A. (1991). Pharmacology of Curcuma longa. Planta Med 57,
1-7.

Aoki, H., Takada, Y., Kondo, S., Sawaya, R., Aggarwal, B.B., & Kondo, Y. (2007).
Evidence that curcumin suppresses the growth of malignant gliomas in vitro
and in vivo through induction of autophagy: Role of Akt and extracellular
signal-regulated kinase signaling pathways. Mol Pharmacol 72, 29-39.

Asare, N., Landvik, N.E., Lagadic-Gossmann, D., Rissel, M., Tekpli, X., Ask, K., et al. (2008).
1-Nitropyrene (1-NP) induces apoptosis and apparently a non-apoptotic pro-
grammed cell death (paraptosis) in Hepalc1c7 cells. Toxicol Appl Pharmacol 230,
175-186.

Bae, E.A,, Han, MJ,, Choo, M.K,, Park, S.Y., & Kim, D.H. (2002). Metabolism of 20(S)- and
20(R)-ginsenoside Rg3 by human intestinal bacteria and its relation to in vitro bio-
logical activities. Biol Pharm Bull 25, 58-63.

Baraz, R,, Cisterne, A., Saunders, P.O., Hewson, ], Thien, M., Weiss, ]., et al. (2014). mTOR
inhibition by everolimus in childhood acute lymphoblastic leukemia induces
caspase-independent cell death. PLoS One 9, e102494.

Basmadjian, C., Zhao, Q., Bentouhami, E., Djehal, A., Nebigil, C.G., Johnson, RA., et al.
(2014). Cancer wars: Natural products strike back. Front Chem 2(20), 1-18.

Blank, M., & Shiloh, Y. (2007). Programs for cell death: Apoptosis is only one way to go.
Cell Cycle 6, 686-695.

Boridy, S., Le, P.U., Petrecca, K., & Maysinger, D. (2014). Celastrol targets proteostasis and
acts synergistically with a heat-shock protein 90 inhibitor to kill human glioblastoma
cells. Cell Death Dis 5, e1216.

Brand, M.D. (2010). The sites and topology of mitochondrial superoxide production. Exp
Gerontol 45, 466-472.

Bravo, R, Gutierrez, T., Paredes, F., Gatica, D., Rodriguez, A.E., Pedrozo, Z., et al. (2012). En-
doplasmic reticulum: ER stress regulates mitochondrial bioenergetics. Int | Biochem
Cell Biol 44, 16-20.

Bury, M., Girault, A., Megalizzi, V., Spiegl-Kreinecker, S., Mathieu, V., Berger, W., et al.
(2013). Ophiobolin A induces paraptosis-like cell death in human glioblastoma cells
by decreasing BKCa channel activity. Cell Death Dis 4, e561.

Butler, R., Mitchell, S.H., Tindall, D.J., & Young, C.Y. (2000). Nonapoptotic cell death asso-
ciated with S-phase arrest of prostate cancer cells via the peroxisome proliferator-
activated receptor gamma ligand, 15-deoxy-deltal2,14-prostaglandin J2. Cell
Growth Differ 11, 49-61.

Butler, M.S., Robertson, A.A., & Cooper, M.A. (2014). Natural product and natural product
derived drugs in clinical trials. Nat Prod Rep 31, 1612-1661.

Cao, S.S., & Kaufman, RJ. (2014). Endoplasmic reticulum stress and oxidative stress in cell
fate decision and human disease. Antioxid Redox Signal 21, 396-413.

Castro-Obreg6n, S., Del Rio, G., Chen, S.F.,, Swanson, R.A., Frankowski, H., Rao, R.V,, et al.
(2002). A ligand-receptor pair that triggers a non-apoptotic form of programmed
cell death. Cell Death Differ 9, 807-817.

Cernuda-Morollon, E., Pineda-Molina, E., Canada, F.J., & Perez-Sala, D. (2001). 15-Deoxy-
Delta 12,14-prostaglandin J2 inhibition of NF-kappaB-DNA binding through covalent
modification of the p50 subunit. ] Biol Chem 276, 35530-35536.

Chen, D,, Frezza, M., Schmitt, S., Kanwar, J., & Dou, Q.P. (2011). Bortezomib as the first pro-
teasome inhibitor anticancer drug: Current status and future perspectives. Curr
Cancer Drug Targets 11, 239-253.

Chen, T.S., Wang, X.P.,, Sun, L., Wang, L.X., Xing, D., & Mok, M. (2008). Taxol induces
caspase-independent cytoplasmic vacuolization and cell death through endoplasmic
reticulum (ER) swelling in ASTC-a-1 cells. Cancer Lett 270, 164-172.

Clarke, P.G. (1990). Developmental cell death: Morphological diversity and multiple
mechanisms. Anat Embryol (Berl) 181, 195-213.

Cragg, G.M., & Newman, DJ. (2005). Plants as a source of anti-cancer agents. |
Ethnopharmacol 100, 72-79.

Crown, J., & O'Leary, M. (2000). The taxanes: An update. Lancet 355, 1176-1178.

da Silva, M.R,, Olivas, R.M., Donard, O.F.X., & Lamotte, M. (1997). Determination
of the deprotonation constants of seleno-pL-cystine and seleno-pL-
methionine and implication to their separtaion by HPLC. Appl Organomet
Chem 11, 21-30.

Dal Canto, M.C,, & Gurney, M.E. (1994). Development of central nervous system pathology
in a murine transgenic model of human amyotrophic lateral sclerosis. Am J Pathol 145,
1271-1279.

Dasari, R., Masi, M,, Lisy, R., Ferderin, M., English, LR., Cimmino, A, et al. (2015). Fungal
metabolite ophiobolin A as a promising anti-glioma agent: In vivo evaluation, struc-
ture-activity relationship and unique pyrrolylation of primary amines. Bioorg Med
Chem Lett 25, 4544-4548.

de Bruin, E.C, & Medema, J.P. (2008). Apoptosis and non-apoptotic deaths in cancer de-
velopment and treatment response. Cancer Treat Rev 34, 737-749.

Deshaies, RJ. (2014). Proteotoxic crisis, the ubiquitin-proteasome system, and cancer
therapy. BMC Biol 12, 94.

Dinkova-Kostova, AT., Massiah, M.A., Bozak, R.E., Hicks, RJ., & Talalay, P. (2001). Potency
of Michael reaction acceptors as inducers of enzymes that protect against carcinogen-
esis depends on their reactivity with sulfhydryl groups. Proc Natl Acad Sci U S A 98,
3404-3409.

Fombonne, J., Padron, L., Enjalbert, A., Krantic, S., & Torriglia, A. (2006). A novel paraptosis
pathway involving LEI/L-DNasell for EGF-induced cell death in somato-lactotrope
pituitary cells. Apoptosis 11, 367-375.

Fombonne, ], Reix, S., Rasolonjanahary, R., Danty, E., Thirion, S., Laforge-Anglade, G., et al.
(2004). Epidermal growth factor triggers an original, caspase-independent pituitary
cell death with heterogeneous phenotype. Mol Biol Cell 15, 4938-4948.

Frieden, M., James, D., Castelbou, C., Danckaert, A., Martinou, ].C., & Demaurex, N. (2004).
Ca(2+) homeostasis during mitochondrial fragmentation and perinuclear clustering
induced by hFis1. ] Biol Chem 279, 22704-22714.

Fu, Y, Zheng, S., Lin, J,, Ryerse, J., & Chen, A. (2008). Curcumin protects the rat liver from
CCl4-caused injury and fibrogenesis by attenuating oxidative stress and suppressing
inflammation. Mol Pharmacol 73, 399-409.

Gali-Muhtasib, H., Hmadi, R., Kareh, M., Tohme, R., & Darwiche, N. (2015). Cell death
mechanisms of plant-derived anticancer drugs: Beyond apoptosis. Apoptosis 20,
1531-1562.

Garcia, M.L,, Fernandez, A., & Solas, M.T. (2013). Mitochondria, motor neurons and aging. J
Neurol Sci 330, 18-26.

Goel, A., & Aggarwal, B.B. (2010). Curcumin, the golden spice from Indian saffron, is a
chemosensitizer and radiosensitizer for tumors and chemoprotector and
radioprotector for normal organs. Nutr Cancer 62, 919-930.

Gogvadze, V. (2011). Targeting mitochondria in fighting cancer. Curr Pharm Des 17,
4034-4046.

Gupta, S.C,, Hevia, D., Patchva, S., Park, B., Koh, W., & Aggarwal, B.B. (2012a). Upsides
and downsides of reactive oxygen species for cancer: The roles of reactive oxygen
species in tumorigenesis, prevention, and therapy. Antioxid Redox Signal 16,
1295-1322.

Gupta, S.C, Patchva, S., Koh, W., & Aggarwal, B.B. (2012b). Discovery of curcumin, a com-
ponent of golden spice, and its miraculous biological activities. Clin Exp Pharmacol
Physiol 39, 283-299.

Gupta, S.C., Prasad, S., Kim, J.H., Patchva, S., Webb, L]J., Priyadarsini, LK., et al. (2011).
Multitargeting by curcumin as revealed by molecular interaction studies. Nat Prod
Rep 28, 1937-1955.

Hoa, N.T., Zhang, ].G., Delgado, C.L., Myers, M.P., Callahan, L.L,, Vandeusen, G, et al. (2007).
Human monocytes kill M-CSF-expressing glioma cells by BK channel activation. Lab
Invest 87, 115-129.

Jddtteld, M. (1999). Escaping cell death: Survival proteins in cancer. Exp Cell Res 248,
30-43.

Jadus, M.R,, Chen, Y., Boldaji, M.T., Delgado, C., Sanchez, R., Douglass, T., et al. (2003).
Human U251MG glioma cells expressing the membrane form of macrophage
colony-stimulating factor (mM-CSF) are killed by human monocytes in vitro and
are rejected within immunodeficient mice via paraptosis that is associated with in-
creased expression of three different heat shock proteins. Cancer Gene Ther 10,
411-420.

Johnson, JJ., & Mukhtar, H. (2007). Curcumin for chemoprevention of colon cancer. Cancer
Lett 255, 170-181.

Kang, D., Park, W, Lee, S., Kim, ].H., & Song, ]J. (2013). Crosstalk from survival to necrotic
death coexists in DU-145 cells by curcumin treatment. Cell Signal 25, 1288-1300.

Kar, R,, Singha, P.K., Venkatachalam, M.A,, & Saikumar, P. (2009). A novel role for MAP1
LC3 in nonautophagic cytoplasmic vacuolation death of cancer cells. Oncogene 28,
2556-2568.

Karunagaran, D., Rashmi, R., & Kumar, T.R. (2005). Induction of apoptosis by curcumin
and its implications for cancer therapy. Curr Cancer Drug Targets 5, 117-129.

Kim, R., Emic, M., & Ranbe, K. (2006). The role of apotosis in cancer cell survival and ther-
apeutic outcome. Cancer Biol Ther 5, 1429-1442.

Kim, S.H., Shin, H.Y., Kim, Y.S., Kang, ].G., Kim, C.S., Ihm, S.H., et al. (2014). Tunicamycin in-
duces paraptosis potentiated by inhibition of BRAFV600E in FRO anaplastic thyroid
carcinoma cells. Anticancer Res 34, 4857-4868.

Korsnes, M.S. (2012). Yessotoxin as a tool to study induction of multiple cell death path-
ways. Toxins (Basel) 4, 568-579.

Korsnes, M.S., Espenes, A., Hermansen, L.C., Loader, J.I,, & Miles, C.0. (2013). Cytotoxic re-
sponses in BC3H1 myoblast cell lines exposed to 1-desulfoyessotoxin. Toxicol In Vitro
27,1962-1969.

Korsnes, M.S., Espenes, A., Hetland, D.L., & Hermansen, L.C. (2011). Paraptosis-like cell
death induced by yessotoxin. Toxicol In Vitro 25, 1764-1770.

Lee, WJ., Chien, M.-H., Chow, ].M., Chang, J.L., Wen, Y.C,, Lin, Y.W., et al. (2015).
Nonautophagic cytoplasmic vacuolation death induction in human PC-3M prostate
cancer by curcumin through reactive oxygen species -mediated endoplasmic reticu-
lum stress. Sci Rep 5, 10420.

Li, L, Han, W,, Gu, Y., Qiu, S, Lu, Q,, Jin, ]., et al. (2007). Honokiol induces a necrotic cell
death through the mitochondrial permeability transition pore. Cancer Res 67,
4894-4903.

Li, B., Zhao, J., Wang, C.Z., Searle, J., He, T.C,, Yuan, CS,, et al. (2011). Ginsenoside Rh2 in-
duces apoptosis and paraptosis-like cell death in colorectal cancer cells through acti-
vation of p53. Cancer Lett 301, 185-192.

Liu, J., Farmer, J.D., Jr., Lane, W.S., Friedman, J., Weissman, ., & Schreiber, S.L. (1991). Cal-
cineurin is a common target of cyclophilin-cyclosporin A and FKBP-FK506 complexes.
Cell 66, 807-815.

Luo, J., Solimini, N.L,, & Elledge, S.J. (2009). Principles of cancer therapy: Oncogene and
non-oncogene addiction. Cell 136, 823-837.

Majno, G., & Joris, I. (1995). Apoptosis, oncosis, and necrosis. An overview of cell death.
Am ] Pathol 146, 3-15.

Martin-Cordero, C., Leon-Gonzalez, AJ., Calderon-Montano, .M., Burgos-Moron, E., &
Lopez-Lazaro, M. (2012). Pro-oxidant natural products as anticancer agents. Curr
Drug Targets 13, 1006-1028.

Mathiasen, LS., & Jadtteld, M. (2002). Triggering caspase-independent cell death to com-
bat cancer. Trends Mol Med 8, 212-220.

Michalakis, J., Georgatos, S.D., Romanos, ]., Koutala, H., Georgoulias, V., Tsiftsis, D., et al.
(2005). Micromolar taxol, with or without hyperthermia, induces mitotic catastrophe
and cell necrosis in Hela cells. Cancer Chemother Pharmacol 56, 615-622.

dx.doi.org/10.1016/j.pharmthera.2016.01.003

Please cite this article as: Lee, D., et al., Paraptosis in the anti-cancer arsenal of natural products, Pharmacology & Therapeutics (2016), http://



http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0005
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0005
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0005
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0010
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0010
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0010
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0015
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0015
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0020
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0020
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0020
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0025
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0025
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0025
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0030
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0030
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0030
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0035
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0035
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0035
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0040
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0045
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0045
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0050
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0050
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0050
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0055
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0055
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0060
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0060
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0060
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0065
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0065
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0070
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0070
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0070
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0070
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0075
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0075
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0080
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0080
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0085
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0085
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0090
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0090
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0090
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0095
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0095
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0095
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0100
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0100
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0100
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0105
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0105
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0110
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0110
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0115
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0130
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0120
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0120
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0120
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0125
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0125
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0125
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0125
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0135
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0135
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0140
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0140
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0145
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0145
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0145
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0145
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0150
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0150
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0150
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0155
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0155
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0160
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0160
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0165
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0165
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0165
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0170
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0170
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0170
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0175
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0175
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0180
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0180
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0180
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0185
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0185
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0190
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0190
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0190
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0190
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0195
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0195
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0195
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0200
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0200
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0205
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0205
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0210
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0210
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0215
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0215
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0215
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0215
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0215
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0220
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0220
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0225
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0225
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0230
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0230
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0230
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0235
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0235
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0245
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0245
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0250
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0250
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0250
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0255
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0255
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0260
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0260
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0260
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0265
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0265
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0270
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0270
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0270
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0280
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0280
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0280
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0275
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0275
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0275
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0285
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0285
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0285
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0290
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0290
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0295
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0295
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0300
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0300
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0305
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0305
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0310
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0310
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003

D. Lee et al. / Pharmacology & Therapeutics xxx (2016) XXx-Xxx 13

Milacic, V., Banerjee, S., Landis-Piwowar, K.R., Sarkar, F.H., Majumdar, A.P., & Dou, Q.P.
(2008). Curcumin inhibits the proteasome activity in human colon cancer cells
in vitro and in vivo. Cancer Res 68, 7283-7292.

Mimnaugh, E.G., Xu, W., Vos, M., Yuan, X., & Neckers, L. (2006). Endoplasmic reticulum
vacuolization and valosin-containing protein relocalization result from simultaneous
hsp90 inhibition by geldanamycin and proteasome inhibition by velcade. Mol Cancer
Res 4, 667-681.

Mullally, J.E., & Fitzpatrick, F.A. (2002). Pharmacophore model for novel inhibitors of
ubiquitin isopeptidases that induce p53-independent cell death. Mol Pharmacol 62,
351-358.

Nobili, S., Lippi, D., Witort, E., Donnini, M., Bausi, L., Mini, E., et al. (2009). Natural com-
pounds for cancer treatment and prevention. Pharmacol Res 59, 365-378.

Ofir, R., Seidman, R,, Rabinski, T., Krup, M., Yavelsky, V., Weinstein, Y., et al. (2002). Taxol-
induced apoptosis in human SKOV3 ovarian and MCF7 breast carcinoma cells is
caspase-3 and caspase-9 independent. Cell Death Differ 9, 636-642.

Park, W., Amin, AR, Chen, Z.G., & Shin, D.M. (2013). New perspectives of curcumin in
cancer prevention. Cancer Prev Res (Phila) 6, 387-400.

Park, S.J., Wu, CH., Gordon, ].D., Zhong, X., Emami, A., & Safa, A.R. (2004). Taxol induces
caspase-10-dependent apoptosis. ] Biol Chem 279, 51057-51067.

Perez-Sala, D., Cernuda-Morollon, E., & Canada, F.J. (2003). Molecular basis for the direct
inhibition of AP-1 DNA binding by 15-deoxy-Delta 12,14-prostaglandin J2. ] Biol Chem
278, 51251-51260.

Pilar, G., & Landmesser, L. (1976). Ultrastructural differences during embryonic cell death
in normal and peripherally deprived ciliary ganglia. J Cell Biol 68, 339-356.

Pushkarev, V.M., Starenki, D.V., Saenko, V.A,, Pushkarev, V.V., Kovzun, O.L, Tronko, M.D.,
et al. (2008). Differential effects of lo and high doses of Taxol in anaplastic thyroid
cancer cells: Possible implication of the Pin1 prolyl isomerase. Exp Oncol 30, 190-194.

Raja, S.M., Clubb, RJ., Ortega-Cava, C., Williams, S.H., Bailey, T.A., Duan, L., et al. (2011).
Anticancer activity of Celastrol in combination with ErbB2-targeted therapeutics
for treatment of ErbB2-overexpressing breast cancers. Cancer Biol Ther 11,
263-276.

Ram, B.M., & Ramakrishna, G. (2014). Endoplasmic reticulum vacuolation and unfolded
protein response leading to paraptosis like cell death in cyclosporine A treated cancer
cervix cells is mediated by cyclophilin B inhibition. Biochim Biophys Acta 1843,
2497-2512.

Ron, D. (2002). Translational control in the endoplasmic reticulum stress response. J Clin
Invest 110, 1383-1388.

Safarzadeh, E., Sandoghchian Shotorbani, S., & Baradaran, B. (2014). Herbal medicine as
inducers of apoptosis in cancer treatment. Adv Pharm Bull 4, 421-427.

Schweichel, J.U., & Merker, HJ. (1973). The morphology of various types of cell death in
prenatal tissues. Teratology 7, 253-266.

Selimovic, D., Hassan, M., Haikel, Y., & Hengge, U.R. (2008). Taxol-induced mitochondrial
stress in melanoma cells is mediated by activation of c-Jun N-terminal kinase (JNK)
and p38 pathways via uncoupling protein 2. Cell Signal 20, 311-322.

Setty, AR., & Sigal, LH. (2005). Herbal medications commonly used in the practice of
rheumatology: Mechanisms of action, efficacy, and side effects. Semin Arthritis
Rheum 34, 773-784.

Sharma, O.P. (1976). Antioxidant activity of curcumin and related compounds. Biochem
Pharmacol 25, 1811-1812.

Siegel, R.L.,, Miller, K.D., & Jemal, A. (2015). Cancer statistics, 2015. CA Cancer J Clin 65,
5-29.

Singha, P.K,, Pandeswara, S., Venkatachalam, M.A., & Saikumar, P. (2013). Manumycin A
inhibits triple-negative breast cancer growth through LC3-mediated cytoplasmic vac-
uolation death. Cell Death Dis 4, e457.

Sookwong, P., Nakagawa, K., Yamaguchi, Y., Miyazawa, T., Kato, S., Kimura, F,, et al. (2010).
Tocotrienol distribution in foods: Estimation of daily tocotrienol intake of Japanese
population. J Agric Food Chem 58, 3350-3355.

Sperandio, S., de Belle, 1., & Bredesen, D.E. (2000). An alternative, nonapoptotic form of
programmed cell death. Proc Natl Acad Sci U S A 97, 14376-14381.

Sperandio, S., Poksay, K., de Belle, I, Lafuente, M.]., Liu, B., Nasir, J., et al. (2004). Paraptosis:
Mediation by MAP kinases and inhibition by AIP-1/Alix. Cell Death Differ 11,
1066-1075.

Sperandio, S., Poksay, K. S., Schilling, B., Crippen, D., Gibson, B. W., & Bredesen, D. S.
(2010). Identification of new modulators and protein alterations in non-apoptotic
programmed cell death. J Cell Biochem 111, 1401-1412.

Sugawara, F., Strobel, G., Strange, R.N,, Siedow, ].N,, Van Duyne, G.D., & Clardy, J. (1987).
Phytotoxins from the pathogenic fungi Drechslera maydis and Drechslera sorghicola.
Proc Natl Acad Sci U S A 84, 3081-3085.

Sugimori, N., Espinoza, J.L., Trung, L.Q., Takami, A., Kondo, Y., An, D.T., et al. (2015).
Paraptosis cell death induction by the thiamine analog benfotiamine in leukemia
cells. PLoS One 10, e01207009.

Suh, D.H., Kim, M.K,, Kim, H.S., Chung, H.H., & Song, Y.S. (2012). Unfolded protein re-
sponse to autophagy as a promising druggable target for anticancer therapy. Ann N
Y Acad Sci 1271, 20-32.

Sun, Q., Chen, T., Wang, X., & Wei, X. (2010). Taxol induces paraptosis independent of
both protein synthesis and MAPK pathway. | Cell Physiol 222, 421-432.

Szegezdi, E., Logue, S.E., Gorman, A.M., & Samali, A. (2006). Mediators of endoplasmic re-
ticulum stress-induced apoptosis. EMBO Rep 7, 880-885.

Tait, SW.,, Ichim, G., & Green, D.R. (2014). Die another way-non-apoptotic mechanisms of
cell death. J Cell Sci 127, 2135-2144.

Tamvakopoulos, C., Dimas, K., Sofianos, Z.D., Hatziantoniou, S., Han, Z., Liu, Z.L., et al. (2007).
Metabolism and anticancer activity of the curcumin analogue, dimethoxycurcumin.
Clin Cancer Res 13, 1269-1277.

Tardito, S., Isella, C., Medico, E., Marchio, L., Bevilacqua, E., Hatzoglou, M., et al. (2009). The
thioxotriazole copper(Il) complex A0 induces endoplasmic reticulum stress and
paraptotic death in human cancer cells. J Biol Chem 284, 24306-24319.

Tian, W,, Xu, D., & Deng, Y.C. (2012). Honokiol, a multifunctional tumor cell death inducer.
Pharmazie 67, 811-816.

Trott, A., West, ].D., Klaic, L., Westerheide, S.D., Silverman, R.B., Morimoto, R.L, et al.
(2008). Activation of heat shock and antioxidant responses by the natural product
celastrol: Transcriptional signatures of a thiol-targeted molecule. Mol Biol Cell 19,
1104-1112.

Turmaine, M., Raza, A., Mahal, A., Mangiarini, L., Bates, G.P., & Davies, S.W. (2000).
Nonapoptotic neurodegeneration in a transgenic mouse model of Huntington's dis-
ease. Proc Natl Acad Sci U S A 97, 8093-8097.

Ubah, 0.C., & Wallace, H.M. (2014). Cancer therapy: Targeting mitochondria and other
subcellular organelles. Curr Pharm Des 20, 201-222.

Ustundag, Y., Bronk, S.F., & Gores, GJ. (2007). Proteasome inhibition-induces endoplasmic
reticulum dysfunction and cell death of human cholangiocarcinoma cells. World |
Gastroenterol 13, 851-857.

Valamanesh, F., Torriglia, A., Savoldelli, M., Gandolphe, C., Jeanny, J.C., BenEzra, D, et al.
(2007). Glucocorticoids induce retinal toxicity through mechanisms mainly associat-
ed with paraptosis. Mol Vis 13, 1746-1757.

Vannuvel, K., Renard, P., Raes, M., & Arnould, T. (2013). Functional and morphological im-
pact of ER stress on mitochondria. J Cell Physiol 228, 1802-1818.

Wakabayashi, T. (2002). Megamitochondria formation - physiology and pathology. J Cell
Mol Med 6, 497-538.

Wallenberg, M., Misra, S., Wasik, A.M., Marzano, C., Bjornstedt, M., Gandin, V., et al.
(2014). Selenium induces a multi-targeted cell death process in addition to ROS for-
mation. J Cell Mol Med 18, 671-684.

Wang, Z., Aris, V.M., Ogburn, K.D., Soteropoulos, P., & Figueiredo-Pereira, M.E. (2006).
Prostaglandin J2 alters pro-survival and pro-death gene expression patterns and
26 S proteasome assembly in human neuroblastoma cells. J Biol Chem 281,
21377-21386.

Wang, C., & Chen, T. (2012). Intratumoral injection of taxol in vivo suppresses A549
tumor showing cytoplasmic vacuolization. J Cell Biochem 113, 1397-1406.

Wang, X, Feng, Y., Wang, N., Cheung, F., Tan, H.Y., Zhong, S, et al. (2014a). Chinese med-
icines induce cell death: The molecular and cellular mechanisms for cancer therapy.
Biomed Res Int 2014, 530342.

Wang, W.B,, Feng, L.X,, Yue, Q.X,, Wu, W.Y., Guan, S.H.,, Jiang, B.H., et al. (2012). Paraptosis
accompanied by autophagy and apoptosis was induced by celastrol, a natural com-
pound with influence on proteasome, ER stress and Hsp90. J Cell Physiol 227,
2196-2206.

Wang, Y., Li, X., Wang, L, Ding, P., Zhang, Y., Han, W., et al. (2004). An alternative form of
paraptosis-like cell death, triggered by TAJ/TROY and enhanced by PDCD5 overex-
pression. J Cell Sci 117, 1525-1532.

Wang, CZ, Li, XL, Wang, Q.F,, Mehendale, S.R., Fishbein, A.B., Han, AH,, et al. (2009). The
mitochondrial pathway is involved in American ginseng-induced apoptosis of SW-
480 colon cancer cells. Oncol Rep 21, 577-584.

Wang, CZ, Li, B, Wen, X.D., Zhang, Z., Yu, C., Calway, T.D., et al. (2013a). Paraptosis and
NF-kappaB activation are associated with protopanaxadiol-induced cancer chemo-
prevention. BMC Complement Altern Med 13, 2.

Wang, Y., Xu, K, Zhang, H,, Zhao, J., Zhu, X.,, Wang, Y., et al. (2014b). Retinal ganglion cell
death is triggered by paraptosis via reactive oxygen species production: A brief liter-
ature review presenting a novel hypothesis in glaucoma pathology. Mol Med Rep 10,
1179-1183.

Wang, Y., Yang, Z., & Zhao, X. (2010). Honokiol induces paraptosis and apoptosis and ex-
hibits schedule-dependent synergy in combination with imatinib in human leukemia
cells. Toxicol Mech Methods 20, 234-241.

Wang, L, Yu, Y., Chow, D.C,, Yan, F., Hsu, C.C, Stossi, F,, et al. (2015). Characterization of a
steroid receptor coactivator small molecule stimulator that overstimulates cancer
cells and leads to cell stress and death. Cancer Cell 28, 240-252.

Wang, Y., Zhu, X,, Yang, Z., & Zhao, X. (2013b). Honokiol induces caspase-independent
paraptosis via reactive oxygen species production that is accompanied by apoptosis
in leukemia cells. Biochem Biophys Res Commun 430, 876-882.

Wasik, A.M., Almestrand, S., Wang, X., Hultenby, K., Dackland, A.L, Andersson, P., et al.
(2011). WIN55,212-2 induces cytoplasmic vacuolation in apoptosis-resistant MCL
cells. Cell Death Dis 2, e225.

Wei, T., Kang, Q., Ma, B., Gao, S., Li, X., & Liu, Y. (2015). Activation of autophagy and
paraptosis in retinal ganglion cells after retinal ischemia and reperfusion injury in
rats. Exp Theor Med 9, 476-482.

Whitesell, L., & Lindquist, S.L. (2005). HSP90 and the chaperoning of cancer. Nat Rev
Cancer 5, 761-772.

Williams, B.R., & Amon, A. (2009). Aneuploidy: Cancer's fatal flaw? Cancer Res 69,
5289-5291.

Wolanin, K., Magalska, A., Mosieniak, G., Klinger, R., McKenna, S., Vejda, S., et al. (2006).
Curcumin affects components of the chromosomal passenger complex and induces
mitotic catastrophe in apoptosis-resistant Bcr-Abl-expressing cells. Mol Cancer Res
4, 457-469.

Wondrak, G.T. (2009). Redox-directed cancer therapeutics: Molecular mechanisms and
opportunities. Antioxid Redox Signal 11, 3013-3069.

Yadav, VR, Prasad, S., Sung, B,, Kannappan, R., & Aggarwal, B.B. (2010). Targeting inflam-
matory pathways by triterpenoids for prevention and treatment of cancer. Toxins
(Basel) 2, 2428-2466.

Yang, H., Chen, D., Cui, Q.C,, Yuan, X., & Dou, Q.P. (2006). Celastrol, a triterpene extracted
from the Chinese “Thunder of God Vine,” is a potent proteasome inhibitor and sup-
presses human prostate cancer growth in nude mice. Cancer Res 66, 4758-4765.

Yeung, T.K,, Germond, C,, Chen, X., & Wang, Z. (1999). The mode of action of taxol: Apo-
ptosis at low concentration and necrosis at high concentration. Biochem Biophys Res
Commun 263, 398-494.

Yoon, M.J,, Kang, YJ., Lee, J.A, Kim, LY., Kim, M.A,, Lee, Y.S., et al. (2014a). Stronger
proteasomal inhibition and higher CHOP induction are responsible for more effective

dx.doi.org/10.1016/j.pharmthera.2016.01.003

Please cite this article as: Lee, D., et al., Paraptosis in the anti-cancer arsenal of natural products, Pharmacology & Therapeutics (2016), http://



http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0315
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0315
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0320
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0320
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0320
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0320
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0325
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0325
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0325
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0330
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0330
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0335
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0335
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0335
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0345
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0345
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0340
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0340
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0350
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0350
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0350
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0355
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0355
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0360
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0360
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0365
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0365
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0365
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0370
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0370
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0370
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0370
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0375
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0375
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0380
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0380
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0385
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0385
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0390
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0390
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0390
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0395
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0395
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0395
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0400
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0400
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0405
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0405
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0410
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0410
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0410
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0415
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0415
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0420
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0420
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0425
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0425
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0425
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf9000
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf9000
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0430
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0430
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0435
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0435
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0440
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0440
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0440
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0445
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0445
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0450
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0450
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0455
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0455
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0460
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0460
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0465
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0465
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0465
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0470
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0470
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0475
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0475
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0475
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0480
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0480
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0485
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0485
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0490
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0490
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0490
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0495
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0495
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0500
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0500
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0505
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0505
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0510
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0510
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0565
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0565
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0565
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0515
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0515
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0540
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0540
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0540
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0535
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0535
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0535
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0535
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0545
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0545
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0545
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0525
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0525
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0525
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0520
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0520
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0520
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0550
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0550
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0550
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0550
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0555
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0555
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0555
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0530
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0530
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0530
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0560
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0560
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0560
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0570
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0570
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0575
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0575
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0575
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0580
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0580
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0585
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0585
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0590
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0590
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0590
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0595
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0595
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0600
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0600
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0600
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0605
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0605
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0605
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0610
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0610
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0610
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0615
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0615
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003

14 D. Lee et al. / Pharmacology & Therapeutics xxx (2016) Xxx—-XxX

induction of paraptosis by dimethoxycurcumin than curcumin. Cell Death Dis 5,
ell12.

Yoon, MJ,, Kim, E.H., Kwon, T.K,, Park, S.A., & Choi, K.S. (2012). Simultaneous mitochon-
drial Ca>* overload and proteasomal inhibition are responsible for the induction of
paraptosis in malignant breast cancer cells. Cancer Lett 324, 197-209.

Yoon, MJ., Kim, E.H., Lim, J.H., Kwon, T.K., & Choi, K.S. (2010). Superoxide anion and
proteasomal dysfunction contribute to curcumin-induced paraptosis of malignant
breast cancer cells. Free Radic Biol Med 48, 713-726.

Yoon, MJ., Lee, AR, Jeong, S.A., Kim, Y.S., Kim, J.Y., Kwon, YJ., et al. (2014b). Release of
Ca®™" from the endoplasmic reticulum and its subsequent influx into mitochondria
trigger celastrol-induced paraptosis in cancer cells. Oncotarget 5, 6816-6831.

Yorimitsu, T., Nair, U, Yang, Z., & Klionsky, DJ. (2006 ). Endoplasmic reticulum stress trig-
gers autophagy. J Biol Chem 281, 30299-30304.

Yumnam, S., Park, H.S., Kim, M.K,, Nagappan, A., Hong, G.E., Lee, HJ., et al. (2014). Hesper-
idin induces paraptosis like cell death in hepatoblatoma, HepG2 cells: Involvement of
ERK1/2 MAPK. PLoS One 9, e101321.

Zhang, C,, Jiang, Y., Zhang, J., Huang, J., & Wang, J. (2015). 8-p-Hdroxybenzoy! tovarol in-
duces paraptosis like cell death and protective autophagy in human cervical cancer
Hela cells. Int ] Mol Sci 16, 14979-14996.

Zhang, J.S,, Li, D.M,, He, N,, Liu, Y.H., Wang, C.H,, Jiang, S.Q., et al. (2011). A paraptosis-like
cell death induced by delta-tocotrienol in human colon carcinoma SW620 cells is as-
sociated with the suppression of the Wnt signaling pathway. Toxicology 285, 8-17.

Zhang, J.S., Li, D.M,, Ma, Y., He, N., Gu, Q., Wang, E.S,, et al. (2013). gamma-Tocotrienol in-
duces paraptosis-like cell death in human colon carcinoma SW620 cells. PLoS One 8,
e57779.

Zhang, FJ., Yang, J.Y., Mou, Y.H., Sun, B.S., Ping, Y.F,, Wang, ].M,, et al. (2009). Inhibition of
U-87 human glioblastoma cell proliferation and formyl peptide receptor function by
oligomer procyanidins (F2) isolated from grape seeds. Chem Biol Interact 179,
419-429.

Zhang, FJ., Yang, J.Y., Mou, Y.H., Sun, B.S., Wang, ].M., & Wu, C.F. (2010). Oligomer
procyanidins from grape seeds induce a paraptosis-like programmed cell death in
human glioblastoma U-87 cells. Pharm Biol 48, 883-890.

Please cite this article as: Lee, D., et al., Paraptosis in the anti-cancer arsenal of natural products, Pharmacology & Therapeutics (2016), http://

dx.doi.org/10.1016/j.pharmthera.2016.01.003



http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0615
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0615
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0620
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0620
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0620
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0620
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0625
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0625
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0625
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0630
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0630
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0630
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0630
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0635
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0635
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0640
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0640
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0640
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0645
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0645
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0645
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0660
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0660
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0660
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0665
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0665
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0665
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0650
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0650
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0650
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0650
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0655
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0655
http://refhub.elsevier.com/S0163-7258(16)00004-8/rf0655
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003
http://dx.doi.org/10.1016/j.pharmthera.2016.01.003

	Paraptosis in the anti-�cancer arsenal of natural products
	1. Introduction
	2. The historical basis of the study of paraptosis
	3. Natural products as anti-cancer agents
	4. Natural products that induce paraptosis-associated cell death
	4.1. Curcumin
	4.2. Dimethoxycurcumin
	4.3. Celastrol
	4.4. 15-Deoxy-Δ12,14-Prostaglandin J2
	4.5. Manumycin A
	4.6. Cyclosporin A
	4.7. Tunicamycin
	4.8. 8-p-Hdroxybenzoyl tovarol
	4.9. Seleno-DL-cystine
	4.10. Ophiobolin A
	4.11. Oligomeric procyanidins
	4.12. Ginsenoside Rh2 and protopanaxadiol
	4.13. Paclitaxel (Taxol®)
	4.14. γ-Tocotrienol and δ-tocotrienol
	4.15. Hesperidin
	4.16. Honokiol
	4.17. Yessotoxin and 1-desulfoyessotoxin

	5. Non-natural products that induce paraptosis-associated cell death
	6. Signals believed to be involved in natural-product-induced paraptosis-associated cell death
	7. Paraptosis as a potential anti-cancer therapeutic strategy
	8. Perspectives and future directions
	Grant support
	Conflicts of interest
	Acknowledgment
	References


