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Summary

Camptothecin (CPT) is a potent antitumor antibiotic isolated from extracts
of Camptotheca acuminata, a tree native to China and Tibet which has been extensively used
in traditional Chinese medicine. The structure was determined to be that of a pentacyclic
alkaloid and was first reported in 1966. The success of CPT in preclinical studies led to
clinical investigations. Due to the negligible water solubility of CPT, these trials were
initiated using the water-soluble sodium salt. The discovery that the primary cellular target of
CPT is type I DNA topoisomerase (topo) created renewed interest in the drug. Advances in
the medicinal chemistry of CPT resulted in the semi-synthetic, more water-soluble analogues
topotecan and irinotecan which are used clinically for the treatment of colon and ovarian
cancers, respectively. Additional CPT analogues are under investigation, and are also of
interest in combination regimens as radiation sensitizers.

This dissertation is mainly focused on anti-cancer effect of CPT in different cancer cell
lines in vitro studies. This dissertation is divided in to six chapters based on the different
phases of signaling cascade in which the CPT activity is involved. In the first phase, we
investigated that CPT-induced an irreversible G2/M phase cell cycle arrest in LNCaP cells
which is associated with a marked decrease in the expression of G2/M regulating proteins
such as cyclin B, cell division cycle 25C (Cdc25C) at Ser?'®. Further we reported that cell
cycle arrest caused by the generation of reactive oxygen species and ataxia telangiectasia
mutated check point kinase 2-mediated phosphorylation of Cdc25C. Our finding
demonstrates that depletion of siNrf2 further induce the CPT induce S phase to G2/M phase
cell population mean that Nrf2 regulate the Go/M arrest at S phase. Thus present study opens

a clear view that inhibition of Nrf2 induces the oxidative stress lead to advanced DNA



damage and prominent G»/M arrest. These events are coordinated with the activation of
mitogen-activated protein kinases specially, extracellular-signal regulated kinase and c-jun-
N-terminal kinase. Finally, we showed that CPT protects cells from apoptosis through
autophagy, direct to the G2/M phase cell cycle arrest.

Second chapter illustrated that the molecular mechanisms underline the cell cycle
regulation activities of CPT in LNCaP cells. We analyze the role of Mad2 in CPT induce M
phase arrest. We report that CPT induces Mad2 expression through JNK dependent Spl
activity. Also our data show the Mad2 knockdown produced clear suppression of
prometaphase arrest, the important of Mad2 in up-regulation of cyclin B1 and Cdk1 protein
levels and the development of mitotic arrest. In addition to that transient transfection of
LNCaP cells with sip21 decreased the CPT-induced G2/M phase cell population but depletion
of p21 didn’t induce the sub G population. However, pretreatment of caspase 9 inhibitor and
autophagy inhibitor increased the apoptosis cell percentage combine treatment with CPT.
Importantly CPT has good potential as a novel class of cell cycle and microtubule pathway
for cancer therapy.

Next phase our aim to investigate the effect of CPT on autophagy for the cell survival or
death mechanism in different cancer cell lines. Depletion of c-Myc abrogated the level of
phosphorylation elF2a, PERK and also ATF4 in LNCaP cells suggest that cMyc-induced
UPR activation is ROS dependent in CPT-treated LNCaP cells. We found that CPT induced
c-Myc expression in LNCaP cells, which was induced UPR signaling mediated by ROS
leading to activation of JNK cascade as well as autophagy. Further CPT-induced autophagy
inhibited by the 3MA, a autophagy inhibitor increased the cell death in LNCaP cells. Our data
also showed phosphorylation of AMPK downregulated with the presence of those regulators.

Ca?" accumulation in the cytosol was required for phosphorylation of AMPK and induction
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of autophagy. Therefore, these data confirmed that CPT-induced autophagy as cytoprotection
mechanism in LNCaP cells.

Fourth phase we revealed the underlying mechanisms involved in CPT-induced
transcriptional control of hTERT using the luciferase gene expression system containing
hTERT gene promoter region. CPT significantly increased the promoter activities of hTERT
dose-dependent manner. CPT significantly induces the ROS formation in LNCaP cells
whereas pretreatment of antioxidant abolished the CPT-induced ROS production. Using
TRAP-ELISA kit, we found that CPT-induced telomerase activity was decreased in pre-
treatment of antioxidant. CPT treatment resulted in a significant increase of c-Myc and Spl
DNA binding activity in LNCaP cells and also CPT increases hTERT gene expression
through enhance of c-Myc- and Spl-binding on the regulatory regions of hTERT. These
results suggest that CPT increases phosphorylation of hTERT and thereby possibly inhibit its
translocation to the nucleus through the phosphorylation of Akt.

We, in the fifth phase, evaluated the effects of CPT on MMP-9 and VEGF expression and
activity. CPT significantly downregulates PMA- and TNF-o-induced MMP-9 mRNA and
protein expression. Additionally, CPT substantially downregulated the expression of PMA-
stimulated MMP-9 mRNA in human breast carcinoma MDA-MB-231 cells and bladder
carcinoma T24 cells, indicating that CPT suppresses MMP-9 expression in many different
types of cancer cells. Moreover, pretreatment with CPT significantly inhibited PMA- and
TNF-o-induced VEGF upregulation at the mRNA level in breast carcinoma MDA-MB-231
cells and bladder carcinoma T24 cells. We found that CPT reduces invasion of DU145 cells
accompanying with downregulation of MMP-9 and VEGF via NF-«B inhibition, which
indicates that CPT may be a good candidate to regulate cancer invasion. In this study, we

found that CPT increases the expression of HO-1 and CoPP, an HO-1 inducer inhibits PMA-
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induced MMP9 and VEGF expression, while the suppressive effect of those gene expression
due to CPT is significantly reversed by potent HO-1 inhibitor ZnPP, which indicates that
CPT-induced HO-1 expression is intimately associated with the downregulation of PMA-
induced MMP-9 and VEGF. We demonstrated that CPT leads induction of Nrf2 by a
mechanism dependent on HO-1 expression assuming that CPT reverses PMA-induced MMP-
9 and VEGF expression via Nrf2 dependent HO-1 expression. It is confirmed by silencing of
Nrf2 increases the MMP9 and VEGF expression accompanying with induction of HO-1.

Final chapter, we examined whether combined treatment with a sublethal dose of CPT
and TRAIL (CPT/TRAIL) induces cell death in human hepatocarcinoma Hep3B cells.
CPT/TRAIL effectively inhibits cell proliferation in TRAIL-resistant cells in a cell-type-
nonspecific manner, although the combined treatment induces different antiproliferation
rates. pretreatment with a caspase-8 inhibitor z-IETD-fmk significantly blocked apoptotic
characteristics, such as DNA fragmentation, the presence of an annexin-V" population, and
the sub-G; phase induced by CPT/TRAIL, indicating that CPT sensitizes Hep3B cells to
TRAIL-induced apoptosis in a caspase-dependent manner. We found that CPT/TRAIL
increases cell death via upregulation of DRS expression through the generation of reactive
oxygen species (ROS) and the activation of extracellular signal-regulated protein kinase

(ERK) and of p38 mitogen-activated protein kinases (MAPKs).
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Chapter 1

An introduction to anti-cancer mechanisms in vitro



1.1 Camptothecin as anticancer drug

Camptothecin (CPT), a naturally occurring cytotoxic alkaloid and novel effective
anticancer drug, was originally isolated from Camptotheca acuminate [Zhou et al., 2010] as a
strong inhibitor of the DNA-replicating enzyme topoisomerase I [Stewart and Schiitz1987].
CPT has a planar pentacyclic ring structure, that includes a pyrrolo [3,4-B]-quinoline
moiety, conjugated pyridone moiety and one chiral center at position 20 within the alpha-
hydroxy lactone ring with (S) configuration (Fig. 1). Initially, it was discovered that CPT
potentially targets topoisomerase I activity by inhibiting the rejoining step during the
cleavage and relegation of DNA, resulting in topoisomerase I-induced DNA single-strand
break repair pathways, ultimately leading to cell death [Pan et al., 2013; Strumberq et al.,
2000]. Research also suggests that CPT possesses promising antitumor activities against a
broad spectrum of cancer cell lines, such as those for melanoma, breast, colon, lung, and
ovarian cancers, because many cancer cells are defective in the downregulation of

topoisomerase I activity [Liu et al., 2010; Wang et al., 2008].

Fig. 1. Chemical structure of Camptothecin

Zeng et al., showed CPT induced apoptosis in cancer cells through targeting to the 3’'UTR
regions of Bakl, p53 and Mcll by miR-125b mediated mitochondrial pathways [Zeng et al.,
2012]. Park et al., report indicated the CPT induces Cdkl and cyclin E-associated kinase

activities in response to DNA-damaging [Park et al., 1997]. Nevertheless, no reports
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emphasize the CPT induce G2/M phase cell cycle arrest corresponding to the ROS/Nrf-2
signaling and MAPK cascades. Xiao reported that CPT induced s phase arrest which activate
Chkl and cause the rapid proteolysis of Cdc25A whereas elimination of Chkl expression
through knockdown abrogate s phase and protect Cdc25A degradation [Xiao et al., 2003]. It
is also documented that CDK-602, a synthetic water-soluble CPT derivative and
topoisomerase I inhibitor that has been shown to exert clinical anticancer effect on various
types of tumor [Kim et al., 2015].

Kalpper reported that treatment of topoisomerase II inhibitor increases telomerase
activity in HL60 cells and telosome reacts after DNA damage by upregulating telomerase
activity and TRF2 expression [Kalpper et al., 2003]. It is further mention that activation of
telomere increased the accumulation in the G2/M phase cells. Despite Murofushi discussed
the highest levels of hTERT expression and telomerase activity, seen in the Gi- and S-phases
in HepG2 cells which were 2-3-fold higher than the lowest levels in Go-phase and during
asynchronization [Murofushi et al., 2006]. According to Zeng data Camptothecin potentially
inhibited DNA synthesis, followed the same kinetics as DNA-PK activation and RPA2
phosphorylation [Zeng et al., 2012].

CPT exposure in LoVo cells resulted c-Myc overexpression and elevation of p53 protein
levels, suggesting a role of p53 in the c-Myc-imposed sensitization to the apoptotic effects of
CPT [Babcock et al., 2013]. Camptothecin also inhibited DNA synthesis, followed the same
kinetics as DNA-PK activation and RPA2 phosphorylation [Arango et al., 2003]. However,
there is no report that CPT-induced c-Myc increase the UPR, resulted in induction of

autophagy.



1.2 Cell cycle and check point control as anticancer target

The mitosis phase in normal human cells is initiated by the Cdkl/cyclin B1 complex
through regulation of Cdc25C, however in cancer cells, these proteins are deregulated, so that
normal growth control and checkpoints are evaded. Increased Cdc25C phosphatase activity
could lead to the activation of Cdkl/cyclin B, which results from the dephosphorylation of
Cdk1 by Cdc25C [Stanford et al., 2005]. In contrast, phosphorylation of Cdc25C on Ser-216
decreases its phosphatase activity through the cytoplasmic translocation of Cdc25C with 14-
3-3 from the nucleus [Stanford et al., 2005]. This is known to be an important regulatory
protein inducing delay or blocking mitotic entry.

The function of microtubules, other cytoskeletal components, has been frequently studied
in the Go/M cell cycle phase. For example, treatment with microtubulin-interfering agents,
such as nocodazole and taxol, induces tetraploidy arrest because sister chromatid segregation
is interrupted [Kim et al., 2008]. This mitotic failure state could result in an excessive
endoreduplication by prolonged exposure to microtubule-interfering agents. Additionally,
Topo II inhibitors such as etoposide, amsacrine, and merbarone can induce endoreduplication
by preventing the decatenation of replicated chromosomes, which subsequently fail to
complete normal segregation at mitosis [Cortes et al., 2003].

All aerobic organisms experience physiological oxidant stress as a consequence of
aerobic metabolism. In generating ATP, aerobic respiration releases the superoxide anion
radical as a byproduct. Once produced, superoxide anion can form other ROS, such as
hydrogen peroxide (H20>) or the highly reactive hydroxyl radical (OH") [Uttara et al., 2009].
In normal physiological states, these are produced through electron leakage and uncoupling
when molecular oxygen is consumed in the electron transport chain, although ROS can also

be generated in response to various exogenous stimuli, such as radiation, surgery, or



chemicals. It is well established that ROS are mediators of intracellular signaling cascades.
Excessive ROS generation can induce redox-signaling pathways, including those involved in
oxidative stress, loss of cell function, cell cycle arrest, and apoptosis [Liou et al., 2010]. An
accumulation of ROS can severely damage cellular macromolecules, especially DNA, and
induce G2/M phase arrest through ataxia telangiectasia mutant (ATM) activation [Nowsheen
et al., 2012]. Cytotoxic ROS signaling also induces mitochondrial-dependent apoptosis; this
occurs through the activation of apoptosis signal-regulating kinase 1 (ASKI1)/mitogen-
activated protein kinase (MAPK) pathways, and of the proapoptotic Bcl-2 proteins Bax or
Bak, with the subsequent effects of mitochondrial membrane permeabilization and cell death
[Kim et al., 2012].

Many cytotoxic agents and/or DNA-damaging agents arrest cell cycling at Gi, S or Go/M
phase. Progression from G2 to M phase is regulated by a number of the cyclin family
members, in particular cyclin Bl and Cdkl. cyclin B1, together with cyclin A, promotes the
G2/M transition. Meanwhile, Cdk1 is essential for the Gi/S and G2/M phase transitions of the
eukaryotic cell cycle. The phosphorylation and dephosphorylation of Cdkl have important
regulatory roles in the control of the cell cycle [Asghar et al., 2015]. Moreover, the
phosphatase activity of Cdc25C is also implicated in the regulation of the progression of
G2/M phase [Tyagi et al., 2005]. Nevertheless, no reports emphasize the CPT induce Go/M

phase cell cycle arrest corresponding to the ROS/Nrf-2 signaling and MAPK cascades.

1.3 Autophagy as a cell death and tumor suppressor mechanism

Autophagy is a homeostatic and evolutionarily conserved process that degrades cellular
organelles and proteins, and maintains cellular biosynthesis during nutrient deprivation or

metabolic stress [Leone et al., 2013]. Autophagy begins with the formation of double-



membrane vesicles, known as autophagosomes, that engulf cytoplasmic constituents. The
autophagosomes then fuse with lysosomes, where the sequestered contents undergo
degradation and recycling [Leone, et al., 2013]. Autophagy is important in all cells for the
removal of damaged or long-lived proteins and organelles. Autophagy defects are associated
with susceptibility to metabolic stress, genomic damage, and tumorigenesis in mice,
indicating a role for autophagy in tumor suppression [Yang, et al., 2011]. Monoallelic loss of
the essential autophagy gene, Beclin 1, has been found in 40 to 75% of human breast,
prostate, and ovarian cancers [Laddha et al., 2014], suggesting that autophagy may play a role
in preventing these tumors. Although autophagy is a mechanism of tumor suppression, it also
confers stress tolerance that enables tumor cells to survive under adverse conditions. Stress in
tumor cells is compounded by the high metabolic demand associated with rapid cell
proliferation [Phan et al., 2014]. Autophagy is induced in tumor cells within hypoxic tumor
regions. Stress-induced autophagy in tumor cells can lead to treatment resistance and tumor
dormancy, with eventual tumor regrowth and progression [Yang et al., 2011]. In preclinical
models, inhibition of prosurvival autophagy by genetic or pharmacological means was shown
to kill tumor cells and trigger apoptotic cell death [Sui et al., 2013]. However, autophagy has
been referred to as a double-edged sword because in certain cellular contexts, excessive or
sustained tumor cell autophagy may be prodeath, particularly in apoptosis-defective cells
[Kimmelman et al., 2011]. Understanding the role of autophagy in cancer treatment is critical,
because many anticancer therapies have been shown to activate autophagy, although the
consequences of autophagy activation in this context are unclear. The complex role of
autophagy in cancer continues to emerge, and it is important to elucidate the mechanisms by
which autophagy influences tumorigenesis as well as treatment response [Sui et al., 2013].

Analysis of autophagic signaling may identify novel therapeutic targets for modulation and



therapeutic advantage.

Consistent with previous reports, c-Myc activated the expression of genes involved in
multiple physiological functions, including control of cell cycle progression, apoptosis,
nucleotide biosynthesis and basal metabolism. c-Myc promote DNA damage correlated with
induction of reactive oxygen species without induction of apoptosis in human fibroblasts [Lu
et al., 2007]. In peculiar, deregulation of c-Myc controlled the p53-mediated DNA damage
response, enabling cells with damaged genomes to enter the cycle, resulting in poor
colonogenic survival [Cui et al., 2015]. Despite, c-Myc induces DNA double strand breaks
independent of ROS production of murine lymphocytes in vivo as well as normal foreskin
fibroblasts in vitro [Vafa et al., 2002]. Rapamycin treatment decreased bortezomib-induced
expression of c-Myc protein in Elt3 cells where exogenous expression of c-Myc overcome
the suppressive effect on ATF4/CHOP expression by c-Myc bound to ATF4 promoter [Ray et
al., 2006]. Camptothecin exposure in LoVo cells resulted c-Myc overexpression and elevation
of p53 protein levels, suggesting a role of p53 in the c-Myc-imposed sensitization to the
apoptotic effects of CPT [Babcock et al., 2013]. Camptothecin also inhibited DNA synthesis,
followed the same kinetics as DNA-PK activation and RPA2 phosphorylation [Arango et al.,
2003]. However, there is no report that CPT-induced c-Myc increase the UPR, resulted in

induction of autophagy.

1.4 Regulation of the telomerase hTERT gene as a target for cellular oncogenic
mechanisms

Telomeres are localized in the physical ends of eukaryotic chromosomes in a nucleic
acid-protein complex. Disruption of the telomere structure, by telomeric DNA cleavage or
loss of telomere binding protein functions, is associated with senescence and cell death,

whereas telomere dysfunction also induces a state of constant cell proliferation [Oulton et al.,
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2000]. Telomerase is a ribonucleoprotein complex with specialized reverse transcriptase
activity which plays a crucial role in sustainment of telomere length and inducing cell
immortalization, as found in many cancers [Hahn et al., 2001]. Therefore, telomerase activity
regulation has been considered as a strategy for control of senescence and cell death.
Telomerase is structurally composed of an RNA subunit known as human telomerase RNA
(hTR) and a protein subunit known as human telomerase reverse transcriptase (hTERT),
which plays an important enzymatic role in telomerase activity. Previous studies revealed that
knockdown of hTERT completely suppress cancer cell growth by telomerase inactivation,
while overexpression of hTERT results in a significant decrease of flavonoid-mediated
sensitivity in cancer cells [Janknecht et al., 2004]. There have been numerous studies focused
on hTERT regulation in inducing cancer cell apoptosis [Moon et al., 2010], because cancer
cells specifically express hTERT at much higher concentrations than normal cells.

Most cancer cells exhibit pronounced activation of telomerase which prevents telomere
shortening and subsequently leads to immortal cell characteristics and tumorigenesis [Hahn et
al., 2001]. This finding suggests that telomerase activity inhibition can act as a cancer
treatment strategy. Due to their biological activity, it has been demonstrated that natural
compounds possess chemotherapeutic functions including cell cycle arrest and induction of
apoptosis [Ramos et al., 2007]. In addition, published studies indicated that many flavonoids
target downregulation of telomerase in the apoptosis mechanism of cancer cells, without
concurrent cytotoxicity in normal cells [Kale et al., 2008]. These results demonstrate that
natural agents are good candidates for diminishing the occurrence of tumorigenesis by

telomerase activity suppression.



1.5 Anti-invasive mechanism of cancer cells

Tumor metastasis is a multistep process by which a subset of individual cancer cells
disseminates from a primary tumor initiation to distant secondary organs or tissues [Spano et
al., 2012]. Previous studies have shown that most of cancer cells have high metastatic ability
because of the constitutive expression of several angiogenic genes including vascular
endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP-9) [Sharma et al.,
2011]. In especial, VEGF is an interesting inducer of metastasis and invasion both in vivo and
in vitro, because it is a highly specific mitogen from endothelial cells to induce
vascularization and angiogenesis in a malignant tissue [Chen et al., 2012]. MMP-9 is also a
key effector molecule that promotes tumor cell invasion through type-IV collagen
degradation-dependent extracellular matrix remodeling [Deryugina and Quigley, 2006].
MMP-9 expression has been observed in tumors of various organs, including the prostate,
bladder, breast, brain, liver, and pancreatic carcinoma. Growing evidence shows that cancer
cells secrete high levels of growth factors and matrix-degrading proteases and thus attributed
to metastasis to distant organs including the liver, lungs, spine, bladder, bone, and lymph
node [Dasgupta et al., 2012]. Therefore, it is good strategy to reduce cancer angiogenesis by
inhibiting expression of VEGF and to suppress invasion by downregulate MMP-9 for
treatment of several cancers.

NF-kB is maintained in the cytoplasm as an inactive heterodimer form between p50 and
p65 bound to its inhibitory factor kB (IkB) [DiDonato et al., 2012]. Upon stimulation, IkB
results in a rapid phosphorylation by IkB kinase a/f, and subsequent ubiquitination as well as
degradation by proteasome complex [Magnani et al., 2000]. In consequence, free NF-kB
subunits move into the nucleus and bind their specific promoter regions to regulate gene

expression such as MMP-9 and VEGF. Pahl ef al., (1999) showed obvious evidence that the
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NF-xB pathway is closely involved in the expression of MMP-9 and VEGF in several types
of cancer cells. A recent study also showed that the inhibition of NF-xB activity in human
cancer cells decreases their tumorigenic and metastatic abilities by suppressing angiogenesis
and invasion by suppression of MMP-9 and VEGF. These studies suggest that NF-xB-
mediated VEGF and MMP-9 play important roles in the regulation of cell proliferation,
invasion, and angiogenesis. Therefore; NF-«kB is considered a good target to suppress NF-xB-

dependent VEGF and MMP-9 expression to inhibit the invasion and metastasis.

1.6 TRAIL-induced apoptosis: a relevant tool for anticancer therapy

Apoptosis plays critical roles in a wide variety of physiological processes during fetal
development and in adult tissues, and the characteristics of the apoptotic cells represent
chromatin condensation and nuclear fragmentation, plasma membrane blebbing, and cell
shrinkage [Reed ET AL., 2000]. The molecular machinery responsible for apoptosis has been
elucidated, revealing a family of intracellular proteases and effector caspases, which are
directly or indirectly responsible for the morphological and biochemical changes that
characterize the phenomenon of apoptosis. TRAIL initiates apoptosis, upon binding to its
death ligand DR4 or/and DRS5 with a homotrimeric structures by inducing the recruitment of
specific cytoplasmic proteins such as FADD to the intracellular DD of the receptors, which
form DISC [Srivastava et al., 2001]. In addition to their carboxy-terminal DD, FADD
contains an amino terminal death effect or domain (DED), which recruits DED-containing
apoptosis initiating proteases, caspase-8, and caspase-10 to the receptors for the complete
formation of DISC [Hellwig et al., 2012]. Both FADD and procaspase-8 contain these DED,
and it is likely that aggregation of procaspase-8 molecules results in enzymatic conversion to

active caspase-8 and further activation of the caspase cascade of enzymes. The recruitment of
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caspase-8 can be inhibited by another DED containing protein called FADD-like IL-1B-
converting enzyme (FLICE) inhibitory protein (c-FLIP) [Srivastava et al., 2001]. The cellular
homologue c-FLIP can also inhibit apoptosis by preventing the recruitment and activation of
proximal caspases. In the DISC, caspase-8 and -10 are cleaved through autoproteolysis and
thus become enzymatically active and therefore initiate apoptotic cell death through cleavage
of downstream effectorcaspase-3 and -7 [Festjens et al., 2006]. In contrary, DcRs could
prevent apoptosis signaling via complex formation with TRAIL-R1 and/orTRAIL-R2,
resulting in an ineffective DISC [Munoz-Pinedo et al., 2006]. Nevertheless, activation of
caspase-8 is sufficient for subsequent activation of the effector caspase-3 to execute cellular
apoptosis in some cell type (known as the intrinsic pathway or the type I apoptotic pathway).
Additionally, cells move to the intrinsic pathway (mitochondria-dependent pathway) by
causing changes in the inner mitochondrial membrane that results in a loss of the
mitochondrial transmembrane potential and release of cytochrome ¢, Smac/DIABLO, and the
serine protease HtrA2/Omi pro-apoptotic proteins from the intermembrane space into the
cytosol [Shiozaki et al., 2002]. It is initiated by cleavage of Bcl-2 inhibitory BH3-domain-
containing protein Bid by caspase-8, is required for cellular apoptosis [Bansal H., et al.,
2012]. The truncated Bid (tBid) in turn interacts with Bax and Bak, and induces the
oligomerization of Bax and Bak in mitochondrial membrane, which leads to the change of the
mitochondrial membrane potential and release above molecules to the cytoplasm [Munoz-
Pinedo et al., 2006]. Cytochrome c facilitates the interaction of apoptotic protease activating
factor 1 (Apaf-1) with caspase-9 as an initiator caspase resulting in the formation of
apoptosome in whichcaspase-9 is activated [Shiozaki et al., 2002]. In a parallel, Smac
interacts with X-linked inhibitor of apoptosis protein (XIAP), releasescaspase-3 cleavage and

thereby allows encountering the TRAIL-induced extrinsic pathway. Activation of caspase-9, -
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3, and -7 can be blocked by inhibitor of apoptosis proteins (IAP), an evolutionarily conserved
family of caspase inhibitory protein such as XIAP, c-IAP1, c-IAP2, and survivin.
Proapoptotic members of the Bcl-2 family such as Bax, or its homologue Bak, which contain
threeBcl-2 homology domains (BH3), are counteracted by the anti-apoptotic family members
Bcl-2 or Bel-xL, which contain an additional BH4 domain [Munoz-Pinedo, et al., 2006]. In
previous, ectopic Bcl-xL overexpression conferred to acquire resistance against TRAIL in
pancreatic cancer cell lines [Shiozaki, et al., 2002]. Hepatocytes also provide an example of
cells that become resistant to Fas-induced apoptosis in vivo when Bid, or both Bax and Bak,
are deleted [Chen et al., 2007]. Thus, the intrinsic pathway was required for TRAIL-mediated
apoptosis through activation of proapoptotic Bel-2 family such as Bid, Bax, and Bak which
being essential for induction of the mitochondrial events.

Natural products have played a highly significant role as sources new drugs in recent
decades. Therefore, natural products with strong synergistic activity with TRAIL, but
minimal toxicity in normal cells are thought to be sources for new chemotherapeutic tools for
TRAIL-based cancer therapy [Roberts et al., 2011]. Initially, it was discovered that CPT
potentially targets topoisomerase I activity by inhibiting the rejoining step during the
cleavage and relegation of DNA, resulting in topoisomerase I-induced DNA single-strand
break repair pathways, ultimately leading to cell death [Strumberq et al., 2000; Pan et al.,
2013]. To date, most studies have been focused on topoisomerase I activity in CPT-induced
cancer cell death. However, the anticancer mechanisms of CPT in TRAIL-mediated cell death

remain unclear.
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1.7 Aims of this study

The principal goal of this thesis was to establish molecular evidence for the anti cancer
mechanism and signaling pathway in human cancer cells upon the CPT treatment. The
consecutive signaling molecules involved in anticancer mechanism are investigated from the
transcription and translation levels. The main objectives of the study were

» To characterized the molecules involved in cell cycle pathways to response CPT in

prostate cancer cells

» To identify the autophagy as cytoproctive mechanism under genomic stress condition

» To investigate the role of telomerase activity in CPT-induced cancer cells

» To identify the CPT as anti-invasive agent in prostate cancer cells

» To identify the CPT as sensitizer for various cancer cells to TRAIL-mediated cell

death

» To develop the CPT as anticancer drug for the cancer patient
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Chapter 2

Camptothecin induces G2/M phase cell cycle arrest resulting from

autophagy-mediated cytoprotection: Implication of reactive oxygen species
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Abstract

Camptothecin (CPT) is a quinolone alkaloid which inhibits DNA topoisomerase I that
induces cytotoxicity in a variety of cancer cell lines. We previously showed that CPT
effectively inhibited invasion of prostate cancer cells and also combined treatment with
subtoxic doses of CPT and TNF-related apoptosis-inducing ligand (TRAIL) potentially
enhanced apoptosis in a caspase-dependent manner in hepatoma cancer cells. Here, we found
that treatment with CPT caused an irreversible cell cycle arrest in the Go/M phase. CPT-
induced cell cycle arrest was associated with a decrease in protein levels of cell division cycle
25C (Cdc25C) and increased the level of cyclin B and p21. The CPT-induced decrease in
Cdc25C was blocked in the presence of proteasome inhibitor MG132, thus reversed the cell
cycle arrest. In addition to that treatment of CPT-increased phosphorylation of Cdc25C was
the resulted of activation of checkpoint kinase 2 (Chk2), which was associated with
phosphorylation of ataxia telangiectasia-mutated. Interestingly CPT induce G2/M phase of the
cell cycle arrest is reactive oxygen species (ROS) dependent where ROS inhibitors NAC and
GSH reversed the CPT-induced cell cycle arrest. These results further confirm by using
transient knockdown of nuclear factor-erythroid 2-related factor 2 (Nrf2) since it regulates the
production of ROS. Our data reveal that treatment of siNrf2 increased the ROS level as well
as further increased the CPT induce G2/M phase cell cycle arrest. Our data also indicate CPT-
enhanced cell cycle arrest through the extracellular signal-regulated kinase (ERK) and the c-
Jun N-terminal kinase (JNK) pathway. Inhibitors of ERK and JNK more decreased the
Cdc25C expression and protein expression of p21 and cyclin B. These findings indicate that

Chk2-mediated phosphorylation of Cdc25C plays a major role in G2/M arrest by CPT.
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2.1 Introduction

Cell cycle checkpoints are important machineries in eukaryotic cells which accurately
serve intact cell division by monitoring defects in the cell cycle [Bertoli et al., 2014]. Thus,
the checkpoints permit uncontrolled cells to repair DNA damage or to consequently die by
blocking cell division after DNA damage [Hartwell et al., 1989]. In particular, ataxia
telangiectasia mutated (ATM), and ATM and Rad3 related (ATR) protein kinases are well
known to exert cell cycle delay in the response to genotoxic stress by inducing
phosphorylation of a various kinase checkpoint kinase 1 (Chkl) and Chk2 [Mazouzi et al.,
2014]. For instance, Chkl is phosphorylated at Ser’'’ and Ser*** by ATM, followed by

autophosphorylation of Ser**

in response to various types of DNA damage which can be
induced by ionizing radiation, and prevents damaged cells from entering into mitosis by
inactivating Cdc25 phosphatases or directly abrogate mitotic spindle formation by activating
aurora B and BubR1 [Lossaint et al., 2011]. Chk2 is also activated by ATM in response to
single or double-strand DNA breaks through dimerization and autophosphorylation, and
consequently targets Cdc25C phosphatase by stabilizing p53 responsible for regulating
activation of cyclin-dependent kinase 2 (Cdk2) and cyclin B1 to facilitate the Go/M phase cell
cycle arrest under DNA damage [Stolz et al, 2011; Ito et al., 2007]. Therefore, ATM-mediated
Chk1/2 is a main axis by generating reactive oxygen species (ROS) whether the damaged
cells will be repaired or undergo G2/M phase arrest/apoptosis, suggesting that the pathway is
a good therapeutic strategy as a drug target for cancer [Garber et al., 2005].

Nrf2 is a transcription factor that plays a pivotal role in activating an antioxidant
response that decreases generation of reactive oxygen species (ROS) and induction of Nrf2-

related genes are imperative for defected cells to counteract ROS-mediated oxidative damage

[de Vries et al., 2008]. Additionally, disruption of Nrf2 causes the oxidant-mediated acute
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lung injury and inflammation in mice and Nrf2 knockout mice are greatly predisposed to
chemical-induced DNA damage [Reddy et al., 2009]. Previous study also reported that
inhibition of Nrf2 by excessive ROS generation caused DNA damage, specifically DNA
single or double strand breaks, leading to activating ATM [Chen et al., 2015]. Upon the ROS
production, the activation of cell-cycle checkpoints in response to oxidative damage-
mediated ATM phosphorylation is also essential for maintenance of genomic integrity and
tumor suppression [Kim et al., 2012; Swift et al., 2014]. In particular, several kinds of cyclin
and cyclin-dependent kinase (Cdk) complexes are well known to be implicated in DNA
single or double strand breaks-induced the checkpoint responsible for cell cycle progression.
Cyclin D and Cdk4/6 complex is active in early G phase, whereas cyclin E-Cdk2 is required
for entry into S phase [Asghar et al., 2015]. At oxidative stress involving DNA damage, p21-
mediated cell cycle arrest would be also activated to interval for DNA repair and indeed p21
is an inhibitor of Cdk that regulates many cellular processes in a p53-depedent and
independent manner [Piccolo et al., 2012]. Recent publication also showed that p21 protected
the cells against oxidative stress through upregulation of Nrf2 by competing interacts with the
motifs in Nrf2 and thus competes Keap1-Nrf2 binding, compromising ubiquitination of Nrf2
(Asghar et al., 2015). Therefore, ROS-mediated Nrf2 could be an important response to
regulate cell cycle and apoptosis as a cell cycle checkpoint.

Camptothecin (CPT) specifically inhibits eukaryotic DNA topoisomerase I (topo I) by
trapping a covalent enzyme-DNA intermediate [Chen et al., 2009]. Zeng et al., showed that
CPT induced apoptosis in cancer cells through targeting to the 3' untranslated (UTR) region
of Bakl, p53, and Mcll by miR-125b mediated mitochondrial pathways [Pommier et al.,
2006]. Park et al., reported that CPT induced Cdc2 and cyclin E-associated kinase activities

in response to DNA damage [Pommier et al., 2006]. Huang et al., suggested that CPT-
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induced DNA single-strand breaks are differentially involved in homologous recombination
repair by Chkl and Chk2 [Huang et al., 2008; Zuco et al., 2010]. Nevertheless, no detail
reports emphasize whether CPT induces G2/M phase cell cycle arrest corresponding to the
ROS/Nrf2-mediated cell cycle arrest and autophagy-mediated cytoprotection. In this study,
we investigated that CPT induced an irreversible G2/M phase cell cycle arrest in LNCaP cells
through the ROS-dependent Chk2/Cdc25C and the ATM-dependent Chk2/Cdc25C pathway
by activating extracellular-signal regulated kinase (ERK) and c-jun-N-terminal kinase (JNK).
Furthermore, CPT-induced autophagy protects cells from apoptosis and directs to the Go/M

phase cell cycle arrest.

2.2 Materials and methods

Regents and antibodies

CPT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), propidium
iodide, glutathione (GSH), N-acetyl-L-cysteine (NAC), MG132, 3-methyladenine (3MA), and
bafilomycin Al (BAF) were purchased from sigma (St. Louis, MO) and an enhanced
chemiluminescence (ECL) kit was purchased from Amersham (Arlington Heights, IL). RPMI
1640 medium, fetal bovine serum (FBS), and antibiotics mixture was purchased from
WelGENE (Daegu, Republic of Korea). PD98059, SP600125, and SB239063 were purchased
from Calbiochem (San Diego, CA). Antibodies against Cdk2, cyclin B1, p21, B-actin, Nrf2,
nucleolin, phospho (p)-ATM (Ser'*®"), ATM, Chkl, Chk2, p-Chk2 (Thr®®), Cdc25c, p-
Cdc25C (Ser'®), ubiquitin, procaspase-3, procaspase-9, Cdk2, Bad, Beclin-1, LC3-II, and
Atg-7 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against
p-histone (H)-3, p-ERK, ERK, p-p38, p38, p-JNK, and JINK were purchased from Cell Signal

(Beverly, MA). Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse immunoglobulin
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were purchased from Koma Biotechnology (Seoul, South Korea).

Cell culture and viability assay

Human prostate cancer cell lines LNCaP and DU145, human hepatoma carcinoma cell
line Hep3B, and human leukemia cancer cell line U937 were obtained from the American
Type Culture Collection. Cells were cultured at 37°C in a 5% COz-humidified incubator and
maintained in RPMI 1640 medium containing 10% heat-inactivated FBS and 1% antibiotics
mixture. The cells were seeded (4 x 10* cells/ml) and then incubated with CPT for 24 h. MTT

assays were performed to determine relative cell viability.

DNA fragmentation assay

After treatment with CPT for 24 h, LNCaP cells were lysed in DNA fragmentation lysis
buffer containing 10 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% Triton X-100
for 1 h on ice. Lysates samples were vortexes and separated centrifugation at 13,000 g for 15
min. Fragmented DNA in the supernatant was extracted with equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) mixture and analyzed electrophoretically on

1.5 % agarose gels.

Flow cytometric analysis

Cells were fixed in 1 U/ml of RNase A (DNase free) and 10 pg/ml of propidium iodide
overnight in the dark at room temperature. To assess whether apoptosis had occurred, the
cells were incubated with annexin-V (R&D Systems). A FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA) was used to determine the number of apoptotic cells, i.e.,

cells with sub-G; DNA that were annexin-V ™.
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Measurement of ROS

Cells were plated at a density of 5 x 10* cells/ml, allowed to attach for 24 h, and exposed
to 5 mM NAC alone, 5 mM GSH alone, 4 uM CPT alone, or NAC or GSH plus CPT for 1 h.
The cells were stained with 10 uM H>DCFDA for 10 min at 37°C and flow cytometry was

used to determine the fluorescence intensity.

Western blot analysis

Whole-cell lysates were prepared by PRO-PREP protein extraction solution (iNtRON
Biotechnology, Sungnam, Republic of Korea). Cytoplasmic and nuclear protein extracts were
prepared using NE-PER nuclear and cytosolic extraction reagents (Pierce, Rockford, IL). The
cell lysates were harvested from the supernatant after centrifugation at 13,000 g for 20 min.
Total cell proteins were separated on polyacrylamide gels and standard procedures were used
the transfer them the nitrocellulose membranes. The membranes were developed using an

ECL reagent.

Electrophoretic mobility shift assay (EMSA)

Transcription factor-DNA binding activity assays were carried out with nuclear
protein  extract. Synthetic complementary anti-oxidant response element (5°-
TMANNRTGAYNNGCRWWWW-3") binding oligonucleotides was 3'-biotinylated utilizing
the biotin 3'-end DNA labeling kit (Pierce) according to the manufacturer’s instructions, and
annealed for 30 min at 37°C. Samples were loaded onto native 4% polyacrylamide gels pre-
electrophoresed for 60 min in 0.5X Tris borate/EDTA (TBE) buffer on ice, in the presence of
transferred onto a positively charged nylon membrane (Hybond™-N+) in 0.5X TBE buffer at

100 V for 1 h on ice. The transferred DNA-protein complex was cross-linked to the
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membrane at 120 mJ/cm?. Horseradish peroxidase-conjugated streptavidin was utilized

according to the manufacturer’s instructions to monitor the transferred DNA-protein complex.

Small interfering RNA (siRNA)

Cells were seeded on a 24-well plate at a density of 1 x 10° cells/ml and transfected
Nrf2-, Chkl-, and Chk2-specific silencing RNA (siRNA, Santa Cruz Biotechnology) for 24 h.
For each transfection, 450 pl growth medium was added to 20 nM siRNA duplex with the
transfection reagent G-Fectin (Genolution Pharmaceuticals Inc., Seoul, Republic of Korea)

and the entire mixture was added gently to the cells.

Statistical analysis

The images were visualized with Chemi-Smart 2000 (VilberLourmat, Marine, Cedex,
France). Images were captured using Chemi-Capt (VilberLourmat) and transported into
Photoshop. All bands were shown a representative obtained in three independent experiments
and quantified by Scion Imaging software (http://www.scioncorp.com).Statistical analyses
were conducted using SigmaPlot software (version 12.0). Values were presented as mean =+
standard error (S.E.). Significant differences between the groups were determined using the
unpaired one-way and two-way ANOVA test. Statistical significance was regarded at “ and ?,

p<0.05.
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2.3 Results

2.3.1 CPT irreversibly induces G2/M phase arrest in various cancer cell lines

CPT was known to inhibit tumor cell growth through the induction of apoptosis via p53
dependent and mitochondrial dependent pathways [Pommier et al., 2006]; however,
mechanism by which CPT contributes to cell cycle progression is not known in detail.
Therefore, we first investigated the effect of CPT on cell cycle distribution using propidium
iodide. Treatment with CPT resulted in a significant increase in G2/M phase cells at 24 h
which was accompanied by decreased in Go/G; phase cells in all cell lines studied such as
LNCaP, DU145, HCT116, and Hep3B cells (Fig. 1A). Treatment of 4 uM CPT strongly
induced over 55% G2/M phase arrest in all the cell lines. Additionally, the sub-G; population
which indicates apoptotic cell death slightly increased in DU145 and HCT116 cell lines. In
order to more clearly evaluate the G2/M phase arrest, the expressional changes of proteins
that control the cell cycle transition were observed in LNCaP and Hep3B cells. As shown in
Fig. 1B, gradual decrease of Cdk2 expression suggested that treatment with CPT moves the
cells from Gi/S phase to Go/M phase because Cdk2 is most active in the S phase and
decreases in G2/M phase. Our data also confirmed that CPT induced G2/M phase arrest by
inducing p21 and cyclin B1 expression, which functions as tumor suppressor and initiates cell
cycle arrest by inhibiting Cdk activity in G2/M phase in response to DNA damage [Abbas et
al., 2009]. Additionally, treatment with CPT resulted in a significant increase of p-H3
expression which is considered to be a crucial event in onset of mitosis [Hartwell et al.,
1989]. Finally, in order to elucidate whether CPT-induced G2/M phase arrest was irreversible,
the cells were treated with CPT for 24 h and then either checked out cell cycle distribution
after exposure to CPT-free fresh media for the indicated times. Treatment with CPT increased

the G2/M phase after 24 h compare to that of the untreated control and CPT-induced G»/M
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phase arrest was sustained by 48 h (Fig. 1C), indicating that CPT irreversibly induces G»/M

phase arrest. Taken together, these results indicate that CPT-induced G»>/M arrest was

irreversible.
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Fig. 2. Camptothecin (CPT)-induced G2/M phase arrest. Cells were seeded at 1 x 10° cells/ml

and were treated with 4 uM CPT for the indicated times. (A) Cells were harvested, stained

with propidium iodine and analyzed for the cell cycle. (B) LNCaP cells and Hep3B cells were

treated with 4 uM CPT for the indicated time points. Cell extracts were prepared for western

blot analysis for anti-cyclin B1, anti-p-H3, anti-p21, anti-Cdk2, and anti-Cdc2. Cells were

treated with 4 uM CPT for 24 h and subsequently the cells were processed for analysis for
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cell cycle distribution or rest of the cells cultured in drug free culture media for another 24 h
and cell cycle distribution was checked. Data from three independent experiments are

presented.

2.3.2 ROS are potential initiators of CPT-induced G2/M phase arrest

Recent publication shows that some chemical oxidant-mediated intracellular
accumulation of ROS leads to DNA damage and checkpoint activation consequently induces
cell cycle arrest [Guo et al., 2014]. Therefore, we monitored ROS generation in CPT-treated
LNCaP cells using H2DCFDA which oxidized with the presence of ROS. CPT significantly
induced the ROS formation in a time-dependent manner (Fig. 2A). Next, we measured the
level of ROS generation and the cell cycle progression with the presence of ROS inhibitor
GSH. Treatment with CPT significantly increased the G2/M phase by approximately 80% of
cell population with high ROS generation, whereas pretreatment with GSH reversed CPT-
induced G2/M phase arrest to approximately 55% while increasing the S phase cell portion
with low ROS level, which indicated that GSH could not completely inhibit CPT-induced
G2/M phase arrest, but delayed cell cycle or stop in the S phase (Fig. 2B). These data indicate

that ROS are important regulators in CPT-induced G2/M phase arrest.
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Fig. 3. Camptothecin (CPT)-induced reactive oxygen species (ROS) mediates G2/M phase
cell cycle arrest. (A) Effect of CPT on ROS production. LNCaP cells were treated with 4 uM
CPT for the indicated time points. H-DCFDA-based fluorescence detection was done through
flow cytometry. (B) LNCaP cells were treated with 5 uM glutathione for 30 min and then
incubated with 4 pM CPT for 24 h. Cell cycle distribution was analyzed through flow
cytometry after cells stained with propidium iodine. (C) Similar treatment was done and cells

were stained with H_DCFDA-based fluorescence and detected through flow cytometry.

2.3.3 CPT-induced Nrf2 in the early stage delays cell cycle at the S phase

Nrf2 plays a pivotal role in activating an anti-oxidant response that counteracts the ROS
to protect against cellular damage [de Vries et al., 2008]. Therefore, we investigated whether
Nrf2 regulates CPT-induced G2/M phase arrest by inhibiting ROS generation. Western blot

analysis revealed that treatment with CPT gradually increased Nrf2 expression in the
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cytosolic compartment from at 18 h; however, nuclear translocation of Nrf2 significantly
increased in the early stages before at 12 h and was suppressed from at 18 h (Fig. 3A). EMSA
data also confirmed that CPT gradually induced the specific DNA-binding activity of Nrf2 at
the early stage (at 6 h and 12 h) after CPT treatment and then the Nrf2 activity was
completely decreased at 18 h (Fig. 3B), which indicated that Nrf2 at the early stages naturally
occurred to alleviate ROS-mediated damage; however, Nrf2 at the late stages was completely
downregulated by CPT-induced ROS. Similar to CPT-induced Nrf2 downregulation, GSH
significantly inhibited the Nrf2-binding activity at the early stage. Next, we investigated
whether CPT-induced Nrf2 at the early stage (at 12 h) influences ROS-mediated G2/M phase
arrest. Nrf2-specific silencing siRNA (siNrf2) significantly reduced the Nrf2 protein level,
compared to that of the control siRNA (Fig. 3C). In a parallel experiment, siNrf2
significantly increased CPT-induced G2/M phase arrest (approximately 53% to 70%) with
high levels of ROS compared to those of CPT treatment alone; however, control siRNA
(siCON) at 12 h delayed cell cycle at the S phase, suggesting that Nrf2 delays cell cycle at the
S phase to slowly move into Go/M phase (Fig. 3D). As presumed, western blot analysis
showed that siNrf2 sustained CPT-induced cyclin B1 and p21 expression because siNrf2
accelerates into G2/M phase arrest; however, Cdk2 surprisingly sustained at the early stage (at
12 h) under the same condition, resulting from that S phase cell population also increased in
CPT-induced G2/M phase arrest in the presence of siNrf2 (Fig. 3E). In order to in detail
confirm whether CPT/siNrf2-induced G>/M phase arrest directly involved in the ROS
generation, we analyzed the cell cycle in the presence of ROS inhibitors, NAC and GSH. As
shown in Fig. 3F, CPT/siNrf2 significantly increased G>/M phase cell cycle arrest by
approximately 80%; however, NAC and GSH markedly downregulated the G2/M phase arrest

by approximately 40% and 50%, and increased to sustain the cells in the S phase (Fig. 3F).
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Taken together these results indicate

regulated by the presence of Nrf2.

that CPT induces ROS-mediated G2/M phase arrest
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Fig. 4. Camptothecin (CPT)-induced the expression of Nrf2 level. (A) LNCaP cells were

incubated with 4 uM CPT for the indicated time, cytosol and nuclear lysates were resolved on

SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed with

antibodies against Nrf2. (B) In a parallel experiment, nuclear extracts were prepared to

analyze ARE-binding of Nrf2 by EMSA. (C) Cells were transiently transfected with siNrf2
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and then check the expression level of Nrf2 by western blot analysis. (D) (at 12 h)
Representative histograms for effect of CPT treatment on cell cycle distribution in LNCaP
transfected with Nrf2 specific siRNA and control transfections. Parallel experiment was used
to check out the level of ROS production by staining cells with H.DCFDA-based
fluorescence under similar condition. (E) Effect of siRNA-based Nrf2 protein depletion on
cell cycle protein. LNCaP cells were incubated with 4 uM CPT for indicated time, cytosol
and nuclear lysates were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose
membranes, and probed with antibodies against p21, Cdk2, and cyclin B1. B-Actin was used
as the internal controls for western blot analysis. (F) Effect of siNrf2 on cell cycle distribution
with the presence of ROS inhibitor. LNCaP cells were transiently transfected with siNrf2 for
24 h and then treated with 5 mM ROS inhibitors NAC and GSH for 1 h prior to incubate with
4 uM CPT for 12 h. Representative histograms for effect of CPT treatment on cell cycle

distribution were determined by flow cytometry.

2.3.4 ATM-mediated Chk2 is a key checkpoint in CPT-induced G2/M phase arrest

ATM is an upstream kinase implicated in phosphorylation and activation of Chkl and
Chk2, and is known to be activated in response to genotoxic stress-induced cellular
senescence through the DNA damage response pathway in eukaryotic cells [Tyagi et al.,
2005]. Western blot analysis revealed that phosphorylation of ATM increased in CPT-treated
cells in a time-dependent manner, accompanied with significant expression of downstream
molecules of ATM such as Chkl and Chk2 which are important cell cycle checkpoint in
G2/M phase (Fig. 4A). In order to further confirm whether ATM phosphorylation directly
regulates Chk1 and Chk2-mediated G2/M phase arrest, LNCaP cells were pretreated with an

ATM inhibitor. Western blot analysis showed that both CPT-induced expression of Chk1 and
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Chk2 was significantly inhibited in response to an ATM inhibitor (Fig. 4B); an ATM inhibitor
also abolished CPT-induced G2/M phase arrest (from approximately 72% to 47%) and
increased Go/G1 phase cell populations (Fig. 4C), which suggest that ATM is a key regulator
of CPT-induced G2/M phase arrest. To in detail verify the role of Chkl and Chk2 in CPT-
induced G2/M phase arrest, we used knockdown of Chk1 and Chk2 using siRNA and analysis
cell cycle distribution. Western blot analysis indicated that transient transfection of siChkl
and siChk?2 significantly reduced the Chkl and Chk2 protein level, compared with those of
siCON (Fig. 4D). In further study, siChk1 and siChk2-tranfected cells were treated with CPT
and then cell cycle distribution were assessed after 24 h. siChk1l with CPT was not shown in
any changes of G2/M phase cell population, comparted to that of siCON; however, siChk2
significantly attenuated CPT-induced G2/M phase arrest, suggesting that Chk2 functions a
cell cycle checkpoint in G2/M phase arrest (Fig. 4E). These data indicate that CPT-mediated

G2/M phase arrest is influenced by ATM-Chk?2 axis.
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Fig. S. Effect of camptothecin (CPT) on ATM and Chks activation in LNCaP cells. LNCaP
cells were cultured in the presence of 4 uM CPT for 24 h. (A) Western blot analysis for the
effects of CPT on protein level of phosphorylation of ATM and Chks. B-actin were used as
the internal controls for western blot analysis. (B) Effect of ROS inhibitors on CPT induced
ATM and Chk activation. LNCaP cells were pretreated with ROS inhibitors NAC and GSH
prior to incubate with 4 pM CPT for 24 h. Total protein was subjected to 10% SDS-PAGE
followed by western blot analysis with antibodies specific for phosphorylated forms of ATM
and Chkl1/2. (C) Effect of ATM inhibitors on CPT-induced Chks activation. LNCaP cells
were pretreated with an ATM inhibitor prior to incubate with 4 uM CPT for 24 h. Western
blot analysis was done with antibodies specific for Chkl and Chk2. (D) In a parallel
experiment, cells were harvested, stained with propidium iodine and analyzed for the cell

cycle distribution. (E) Effect of Chks on CPT induces cell cycle arrest. LNCaP cells were
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transiently transfected with siChk1/2 and then check the expression level of Chkl/2 by
western blot analysis. (F) After LNCaP cells were transfected with Chk-targeted siRNA
(siChk), the cells were treated with 4 uM CPT and DNA content was analyzed using a flow

cytometer.

2.3.5 CPT-induced Cdc25C degradation requires the proteasome pathway in G2/M
phase arrest

Two checkpoint kinases, Chk1 and Chk2, are known to phosphorylate Cdc25C on Ser?'®
and consequently induced ubiquitination-mediated degradation of Cdc25C, which are
required for entry into Go/M by activating the mitotic kinases Cdc2/cyclin B1 [Tyagi et al.,
2005]. As shown in Fig. 5A, the level of Ser?!®-phosphorylated Cdc25C was significantly
upregulated by treatment with CPT; however, total Cdc25C gradually decreased in response
to CPT, which indicates that CPT induces phosphorylated-dependent Cdc25C degradation.
Thus, we in detail investigated the increases of p-Cdc25C expression by CPT using anti-p-
Cdc25C antibody conjugated-FITC staining. Our results showed that CPT significantly
increased the intracellular phosphorylation of Cdc25C after 24 h treatment, accompanied with
becoming bigger cells (toward high FSC) (Fig. 5B), suggesting that CPT suppresses
cytokinesis. Next, we analyzed whether Cdc25C is regulated by CPT-induced Chk2 as a

downstream molecule in LNCaP cells. CPT-induced Ser>'®

phosphorylation of Cdc25C was
more pronounced in siCON-transfected cells than the cells transfected with siChk2 and
siChk2 recovered Cdc25C expression compared to that of siCON-transfected cells (Fig. 5C).
Additionally, siChk2 downregulated CPT-induced cyclin B1 and p21, which indicate that
siChk2 reduces the G2/M phase check point proteins such as cyclin B1 and p21 by restoring

Cdc25C expression (Fig. 5C). In order to address whether the expression and phosphorylation

of Cdc25C are regulated by its ubiquitination, we investigated the functional effect of
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MG132, a specific proteasome inhibitor, in CPT-induced G2/M phase arrest. Upon treatment
with CPT, the decline of CPT-induced Cdc25C protein level was blocked in the presence of
MG132 (Fig. 5D); pretreatment with MG132 reversed CPT-induced G2/M phase arrest in
LNCaP cells (approximately 20%) and Hep3B cells (approximately 10%) (Fig. SE),
suggesting that CPT regulates ubiquitination of Cdc25C in G/M phase arrest. In a parallel
experiment, we found that no apoptotic sub-Gi phase was seen in CPT which induced Go/M
phase arrest; however, combine treatment with CPT and MG132 significantly sensitized to
induce DNA fragmentation as an apoptotic marker in LNCaP cells (Fig. 5F). Thus, we
assumed whether combine treatment with CPT and MGI132 could synergistically induce
apoptosis in LNCaP cells. As shown in Fig 5G, treatment of LNCaP cells with a combination
with CPT and MG132 for 24 h significantly increased the accumulation of sub-Gi phase cells
accompanied with a substantial decrease of G/M phase cell population. Additionally,
treatment with CPT and MG132 decreased the level of procaspase-3 and procaspase-9
indicated that CPT activates caspase dependent apoptosis (Fig. SH). These data confirm that

LNCaP cells sensitize the apoptosis in combine effect of CPT and MG132.
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Fig. 6. Camptothecin (CPT)-induced Cdc25C degradation is mediated by a ubiquitin-
proteasome pathway. (A) Western blot analysis for Cdc25C using lysates from control and
CPT-treated LNCaP cells. LNCaP cells were cultured in the presence of 4 uM CPT for 24 h.
Total protein was subjected to 10% SDS-PAGE followed by western blotting with antibodies
specific for phosphorylated forms of Cdc25C. (B) LNCaP cells were cultured in the presence
of 4 uM CPT for 24 h. Cells were measured by dual analysis of p-Cdc25C and DNA content
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in control and CPT-treated cells. (C) Effect of Chk2 depletion on CPT-induced
phosphorylation of Cdc25C and cell cycle protein. siChk2-transfected cells were treated with
4 uM CPT for 24 h, harvested and process for western blot analysis using antibodies against
Cdc25C, p-Cdc25C, cyclin B, and p21. B-Actin was used as the internal controls for western
blot analysis. (D) Effect of proteasome inhibitor MG132 on CPT-induced decline in Cdc25C
protein level. LNCaP cells were treated with 4 uM CPT in the presence or absence of MG132
for 24 h. Cell lysates prepared for western blot analysis using antibodies against anti-
ubiquitin antibody to determine the high molecular weight polyubiquitin conjugates. (E)
Effect of MG132 on CPT-induced cell cycle arrest. LNCaP and Hep3B cells were treated
with 4 uM CPT in the presence or absence of MG132 prior to processing analysis for cell
cycle distribution. (F) Effect of treatment with combination of CPT and MG132 on DNA
fragmentation. After treatment of LNCaP cells as indicated for 24 h, fragmented DNAs were
extracted from the treated cells and analyzed on 1.5% agarose gel. (G) Cells with sub-G
phase DNA content was detected by flow cytometry. The percentages of cells with sub-Gj
DNA content are represented in each panel. (H) Effect of treatment with a combination of
CPT and MG132 on levels of pro-apoptotic and anti-apoptotic protein. LNCaP cells were
treated with 2 uM MG132 alone, 4 uM CPT alone, or a combination of both for 24h. Cell
extracts were prepared for Western blotting for caspase-8, caspase-3 and Bad. B-Actin was
used as the internal controls for western blot analysis. Data from three independent
experiments are expressed as the overall mean + S.E. Statistical significance was determined

by one-way ANOVA (“ and ?, p < 0.05 vs. control and CPT-treated group).
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2.3.6 ERK and JNK regulate Cdc25C-mediated cyclin B and p21 expression in CPT-
induced G2/M phase arrest
In order to investigate whether mitogen-activated protein kinases (MAPKSs) lead to

regulate cell cycle progression, we exposed LNCaP cells with CPT for different times and
determined the phosphorylation and activation of MAPKSs. Our results showed that CPT
increased the phosphorylation of JNK, ERK, and p38 at different time point (Fig. 6A). Thus,
we investigated the protein expression of cell cycle upon the treatment of MAPK inhibitors.
Pretreatment with a JNK inhibitor SP600125, an ERK inhibitor PD98059, and a p38 inhibitor
SB203580 resulted in decreasing CPT-induced expression of p21 and cyclin B1 levels (Fig.
6B). Finally, we investigated the functional effects of MAPKs in CPT-induced G2/M phase
arrest at 12 h and 24 h. Treatment with CPT alone showed S phase arrest at 12 h and moved
into G2/M phase arrest at 24 h. However, pretreatment with SP600125 and PD98059 resulted
in a greater decrease of S phase and G2/M phase cell population at both time points; in
particular, SP600125 significantly induced apoptotic sub-G; phase population (Fig. 6C).
However, a p38 inhibitor, SB203580, slightly affects the CPT-induced S phase arrest and
G2/M phase arrest. These data indicate that the ERK and JNK signaling pathway in an

important regulator in CPT-induced S phase arrest at 12 h and G2/M phase arrest at 24 h.
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Fig. 7. Camptothecin (CPT)-induced G2/M phase arrest through JNK and ERK activity. (A)
LNCaP cells were treated with 4 uM CPT for the indicated time. Cell lysates were resolved
on SDS-polyacrylamide gels, transferred to nitrocellulose membranes and probes with
antibodies against p-ERK, ERK, p-p38, p38, p-JNK, and JNK. (B) The LNCaP cells were
stimulated with 4 uM CPT for indicated time after pretreatment with 20 uM SP600125, 20
uM PD98059, and 10 pM SB203580 for 1 h. Cell lysates were resolved on SDS-
polyacrylamide gels, transferred to nitrocellulose membranes, and probes with antibodies
against Cdc25C, p-Cdc25C, Cdk2, cyclin B, and p21. B-Actin was used as the internal
controls for western blot analysis. LNCaP cells were stimulated with CPT 4uM for indicated
time after pretreatment with SP600125 (10 and 20 uM), PD98059 (10 and 20 uM), and
SB203580 (5 and 10 uM) for 1h. The cells were stained with propidium iodine and analyzed

by flow cytometry at 12 h (top panel) and 24 h (bottom panel).
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2.3.7 CPT decreases cell viability, but not induces cell death

To determine the effect of CPT on cell viability and proliferation, human prostate cancer
LNCaP and DU145 cells were treated with different concentrations of CPT and incubated for
24 h. Cell viability and growth were determined by MTT and trypan blue exclusion assays.
As shown in Fig. 7A and 7B, CPT treatment resulted in a decreasing of cell viability
percentage and proliferation, respectively. However, no apoptotic annexin V' populations
were seen while LNCaP cells were treated with CPT until 24 h compared to the positive
H>O»-treated group (Fig. 7C). Similarly, light microscopy results further proved that LNCaP
cells showed apoptotic shrinkage in H>O»-treated group, but CPT-treated cells were intact
(Fig. 7D). These data indicate that CPT inhibits proliferation of LNCaP cells, but not induces

apoptosis.
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Fig. 8. Camptothecin (CPT)-decreased the cell proliferation in prostate cancer cells. Effect of

treatment with CPT on cell viability. Human prostate cancer LNCaP and DU145 cells were

treated with CPT at the indicated concentrations for 24 h. (A) MTT assay assessed cellular

viability. (B) In a parallel, experiment cell number was counted using hemocytometer counts

of trypan blue-excluding cells. (C) The cells are stained with annexin V' and analyzed by

flow cytometry (D) The cellular morphology was examined under light microscopy. Data

from three independent experiments are expressed as the overall mean + S.E. Statistical

significance was determined by one-way ANOVA (4, p < 0.05 vs. untreated control).
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2.3.8 CPT-induced autophagy blocks cell death and leads to G2/M phase arrest

Since CPT had no apparent apoptotic death on LNCaP cells, we investigated the effect of
CPT on induction of autophagy. Western blot analysis showed that CPT significantly induced
the expression of autophagy-related proteins, Beclin-1, active LC3-II, and Atg-7 in a dose-
(Fig. 8A) at 24 h and a time-dependent manner (Fig. 8B), respectively, indicating that CPT
induces autophagy in LNCaP cells. Further, we investigated whether autophagy regulates
CPT-induced inhibition of cell viability. For the functional study of autophagy, we pretreated
with 3MA which inhibits LC3-I to LC3-II and BAF which blocks the fusion of
autophagosomes and lysosomes in the presence of CPT. 3MA and BAF slightly decreased
CPT-induced inhibition of cell viability (Fig. 8C). Next, we analyzed whether 3MA and BAF
increased CPT-induced inhibition of cell viability without any apoptosis or changed the
viability inhibition to apoptosis. Additionally, our data revealed that combine treatment with
CPT and 3MA significantly increased the annexin-V* cell populations, indicating that CPT-
induced autophagy blocks to move into apoptotic death (Fig. 8D). Western blot analysis
confirmed that CPT has ability to decrease procaspases-3 and increased proapoptotic Bid
which are apoptotic inducers (Fig. 8E). Finally, 3MA-induced inhibition of autophagy
gradually increased DNA fragmentation in response to concentration-dependent CPT (Fig.
8F). Taken together, these results indicate that CPT-induced autophagy blocks cell death and

increases G2/M phase arrest.
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Fig. 9. Camptothecin (CPT)-induced autophagy as cytoprotection mechanism in LNCaP

cells. LNCaP cells were treated with CPT at the indicated concentrations for 24 h (A) and 4
uM CPT at the indicated time points (B). Cell lysates were resolved on SDS-polyacrylamide
gels, transferred to nitrocellulose membranes and probes with antibodies against beclin 1,
LC3II and Atg7. B-Actin was used as the internal controls for immunoblot. (C) LNCaP cells
were pretreated with autophagy inhibitors 3-methyladenine (3MA) and bafilomycin (BAF)
prior to incubate with 4 pM CPT for 24 h. (C) Cellular viability was assessed by MTT
treatment. (D) LNCaP cells were pretreated with autophagy inhibitors 3-methyladenine
(BMA) and cells are stained with annexin V' and analyzed by flow cytometry. CPT induces
apoptosis in U937 leukemia cancer cells. (E) U937cells were treated with 4 uM CPT at the
indicated time points. Cell lysates were resolved on SDS-polyacrylamide gels, transferred to

nitrocellulose membranes and probes with antibodies against caspases-3 and bid. (F) In a
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parallel, experiment fragmented DNAs were isolated from the U937 cells and analyzed on
1.5% agarose gel. Data from three independent experiments are expressed as the overall
mean £ S.E. Statistical significance was determined by one-way ANOVA (4, p <0.05 vs. each

CPT-treated control).
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Fig. 10. Scheme of Camptothecin (CPT)-induced G2/M phase cell cycle arrest. Model for the
proposed CPT-induced cell cycle regulation. CPT-caused the G2/M cell cycle arrest through
activation of the ATM/Chk2/Cdc25C and ERK/JNK/cyclin B1 pathways. CPT-increased the
ROS generation thus induce the phosphorylation of ATM, which turn phosphorylate Chks.
Activated Chk2 caused phosphorylation of Cdc25C. CPT also increased the phosphorylation
of ERK and JNK lead to increase the level of cyclin B and p21 expression which induced the
G2/M phase arrest. Induction of ROS increased the autophagy mechanism which prevents
cells from apoptosis, direct to cell cycle arrest. Induction of ROS also enhanced the Nrf2

translocation to activate the antioxidant genes and regulated the cell cycle.
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2.4 Discussion

Previous data confirmed that CPT forms a ternary complex with DNA and topo I which
unwinds DNA while replication and transcription, and blocks to rewind of cleaved DNA
[Chen et al., 2009]. Consequently, the ternary complex, topo I-CPT-DNA, derives S and G2
phase arrest-mediated cytotoxicity by inducing DNA-strand breaks [Cliby et al., 2002].
Therefore, CPT became a promising candidate for treating various malignant cancers;
however, clinical use of CPT was limited because of poor solubility along with some side
effects such as myelosuppression, diarrhea, and hemorrhagic cystitis [Muggia et al., 1972].
Nevertheless, CPT derivatives and analogues have been studied and designed for clinical
practice because unique characteristics of CPT targeting topo I is attractive for the treatment
of a broad spectrum of cancers [Jameson et al., 2013; Perez-Soler et al., 1996]. Therefore, we
suggest that detail studies should be continued to elicit the molecular action of CPT, which
will help to design new types of topo I-targeting drugs with lesser cytotoxicity. In this sense,
we previously reported that CPT effectively inhibited phorbol myristate acetate (PMA)-
induced prostate cancer invasion by inhibiting matrix metalloprotease-9 (MMP-9) and
vascular endothelial growth factor (VEGF) expression, which are regulated by upregulating
Nrf2-mediated heme oxygenase-1 (HO-1), indicating that CPT suppresses cancer cell
invasion without direct cytotoxicity [Jayasooriya et al., 2015]. Moreover, combined treatment
with CPT and TNF-related apoptosis-inducing ligand (TRAIL) sensitized apoptotic cell death
in human hepatocarcinoma Hep3B cells by upregulating death receptor 5 (DRS) expression
through the generation of ROS and the activation of ERK and of p38 MAPK, which suggests
that sub toxic dosage of CPT can be used to kill cancer cells as a TRAIL sensitizer [28].
Above two our previous studies showed the new possibility of CPT for treatment of cancer

cells with low concentrations which do not have direct cytotoxicity. Addition, we, in this
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current, found that CPT induced S- and G>/M phase arrest by regulating cell cycle check
point proteins.

Cell cycle checkpoints are central mechanisms in eukaryotic cells which control DNA
replication, mitosis, and cytokinesis; however, harmful stresses potentially halt cell cycle and
switch on checkpoint proteins to cure, if not, cells consequently reach to die [Mazouzi et al.,
2014]. Therefore, cell cycle-targeting topo I inhibitors are fascinating pharmaceutics to treat
cancers, resulting from turning on the checkpoint proteins. In particular, the topo I-targeting
drugs reveals specific to the S phase which is the stage of DNA replication [Wang et al.,
2002]. In the current study, we first found that CPT sustained the S phase arrest along with
induction of Nrf2 at early stage (at 12 h) and transient knockdown of Nrf2 swiftly moved cell
cycle distribution into G2/M phase arrest, suggesting that CPT-mediated Nrf2 compromises
the S phase arrest at early stage. Even though CPT potentially stops S phase in the cell cycle
because CPT targets topo I which induces double-strand DNA breaks, CPT-induced S phase
arrest transits into G2/M phase arrest at late stage (at 24 h). This result indicates that other
factors activated by DBS are involved in moving into CPT-induced G2/M phase arrest.
Surprisingly, inhibition of ROS generation restored CPT-induced G2/M phase arrest into S
phase arrest, not into normal cell cycle distribution, indicating that CPT induces the S phase
arrest by inducing topo I inhibition-mediated DBS, leading to ROS generation, which
influences on G2/M phase arrest. However, still question exists how ROS are generated and
when ROS are working for G2/M phase arrest. Kurz et al., reported that ROS could induce
topo I-mediated oxidative DNA damage in a ATM-dependent manner, leading to cell death
[Kurz et al., 2004]. Recently, Ito et al., reported that ATM-deficient patients or ATM” mice
displayed a significant increase of ROS generation, suggesting that that impaired ATM

function leads to defects in controls of ROS regardless of DNA damage [Ito et al., 2007]. In
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the current study, we showed that ROS and ATM are key check point regulators of S and
G2/M phase arrest; further studies will be necessary to analyze whether DBS-mediated ATM
or DBS itself regulate ROS generation and vice versa. Macip et al., previously reported that
p21 caused to increase ROS levels in both normal and tumor cells [Macip et al., 2002] and
Inoue et al., showed that transfection of p21 in LoVo and HCT 116 cells triggered the level of
ROS in the senescence or apoptotic cells [Inoue et al., 32]. In contrary, p21 stabilizes for
diminishing oxidative stress, resulting from directly binding to Nrf2 and blocking its
ubiquitination-dependent degradation [Chen et al., 16]. In the light of current study, p21-
mediated Nrf2 at early stage (at 12 h) exerts to attenuate oxidative damage through S phage
arrest; however, accumulated ROS overcomes Nrf2-mediated antioxidant effect at the late
stage (at 24 h). In this sense, we cannot rule out the possibility that ROS play a different role
in the different time points by regulating cell cycle checkpoint proteins.

S or G2/M phases are severely regulated by two checkpoint proteins, Chkl and Chk2,
which are activated by DNA damage-mediated phosphorylation of ATM and ATR [Inoue et
al., 2009]. Chkl is phosphorylated at Ser*** or Ser’!” by ATM and/or ATR, which
phosphorylates Cdc25A/C, leading to S or G2/M phase arrest [Mailand et al., 2000]. Chk2 is
activated by phosphorylation of Thr®® in an ATM-dependent manner [Ahn et al., 2000].
Previous data also showed that Chk1 and Chk?2 are differentially regulated in cell cycle arrest
in response to DNA-double-strand breaks induced by CPT, suggesting that Chk1 inhibition is
attractive therapeutic strategy in CPT-driven DNA damage response [Huang et al., 2008].
Our data showed that CPT increased the expression of Chkl and Chk2 in an ATM-dependent
manner; however, transient knockdown of Chk2, but not Chk1, completely restored cell cycle
distribution from G»/M phase arrest. Additionally, no S phase arrest was seen by Chk2

knockdown in response to CPT, suggesting that CPT-induced Nrf2 which stop cell cycle
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distribution at S phase, is a upstream regulator of Chk2 because Chk2 broadly resides in S
and G2/M phase. Under genomic stress, the activation of Chks renders inactive Cdc25C via

phosphorylation at Ser?!®

and ubiquitination-dependent degradation, leading to block the
downstream signal pathway related to p21 and cyclin Bl activation which is required for
entry into G»/M phase [Lee et al., 2010]. Our data also revealed that Chk2 induced

phosphorylation at Ser?!¢

and ubiquitination-mediated degradation of Cdc25C, which led to
downregulation of p21 and cyclin B1, leading to CPT-induced G2/M phase arrest.

MAPKSs are a highly conserved serine/threonine protein kinases involved in a variety of
fundamental cellular processes such as environmental stress response, proliferation,
differentiation, survival, and apoptosis. In particular, activation of JNK and p38 pathways is
responsible for the apoptotic response induced by some DNA-damaging agents whereas
activation of ERK pathway associated with proliferation and differentiation [Lee et al., 2006].
Under UV irradiation, JNK activation causes phosphorylation of Cdc25C at Ser'®® during
DNA damage-mediated G»/M phase arrest [Gutierrez et al., 2010]. Furthermore, ERK is
required to regulate Go/M progression by disrupting cyclin B1-Cdc2 complex [Dumesic et al.,
2009] and p38 MAPK also regulates mitotic stage by activating Cdc25C toward cyclin B1-
Cdc2 interaction [Cha et al., 2007]. These above results indicated that MAPKSs are essential
to regulate cell cycle distribution; however, each number elicits against different stresses and
drugs in a dissimilar manner. In the current study, we found that inhibition of JNK and ERK
activity arrested CPT-induced G2/M phase arrest along with a significant decrease of Cdc25C
phosphorylation at Ser?'®; p38 inhibition sustained CPT-induced phosphorylation of Cdc25C
and has no influenced cell cycle distribution. Nevertheless, downstream molecules of

Cdc25C such as Cdkl, cyclin Bl, and p21 decreased in response to all MAPK inhibitors,

suggesting that unknown mechanisms are involved in MAPK-mediated cell cycle
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distribution. Additionally, recent study revealed that autophagy is a key player between
apoptosis and cell cycle regulation and, in DNA damage, checkpoint proteins enhances
autophagy in mitosis stage by inducing MAPK activation, suggesting that autophagy delays
cell cycles to determine cell fate [Filippi-Chiela et al., 2011; Dotiwala et al., 2013]. Given the
specific role of autophagy, MAPKs could regulate cell cycle distribution via autophagy. In
this study, CPT inhibits cell proliferation, but not cell death; however, autophagy inhibition
moved CPT-mediated G2/M phase arrest to apoptosis, which suggest that CPT-induced
autophagy triggers cytoprotective effect, leading to residing G2/M phase arrest. Nevertheless,
we did not show direct interaction between MAPKSs and autophagy; therefore, we need to
further study how MAPKSs, especially JNK and ERK, interplay between G2/M phase arrest

and autophagy in response to CPT.

2.5 Conclusion

CPT promotes G2/M phase arrest along with Chk2 and Cdc25C, resulting from
coordinative DNA damage-mediated ATP and ROS generation. The JNK and ERK signal
pathway also involved CPT-induced G2/M phase arrest accompanied by autophagy. These
converging views may offer great opportunities for pharmacological intervention of CPT in

cell cycle regulation and apoptosis.
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Chapter 3

Camptothecin induces mitotic arrest in LNCaP cells,
resulting from Mad2-mediated cyclin B1 and Cdk1l

expression: Implication of tubulin polymerization
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Abstract

Camptothecin (CPT) was first discovered as a topoisomerase I inhibitor, thus expanding
to use clinical trial; however, its use has been limited because of adverse effect. Nevertheless,
CPT is a prominent therapeutic model because CPT accurately targets topoisomerase [ which
is consistently active in cancer cells. Therefore, we investigated how CPT regulates cell cycle
progression in human prostate cancer LNCaP cells. Our finding showed that treatment with
CPT induced microtubule polymerization, not actin polymerization, resulting in remarkable
upregulation of histone H3 phosphorylation which is a mitotic-specific marker and complex
between Mad2 and Cdc20 known as mitotic checkpoint proteins, and thereby may increase
mitotic prometaphase arrest. CPT also enhanced expression and activity of cyclin B1 and
cyclin-dependent kinase 1 (Cdkl); thus, depletion of Mad2 completely restored cell cycle
progression from CPT-induced mitotic arrest, accompanied by loss of cyclin Bl and Cdkl,
suggesting that Mad-mediated cyclin B1 and Cdkl complex is an important axis in CPT-
induced mitotic arrest. Moreover, we found that c-Jun N-terminal kinase (JNK) is an
upstream molecule for transcription factor Spl in response to CPT, which regulates p21-
mediated mitotic arrest; however, knockdown of p21 slightly restored cell cycle progression
from CPT-induced mitotic arrest. Nevertheless, inhibition of Cdks which are downstream
targets of p21 completely restored from CPT-induced mitotic arrest. During mitotic arrest in
response to CPT, we made a hypothesis that some cell survival signals block apoptosis,
leading to enhance mitotic arrest. As presumed, a caspase-9 inhibitor, z-LEHD-FMK, and an
autophagy inhibitor, 3-methyladenine (3MA), significantly diminished CPT-induced mitotic
arrest with no apoptosis, suggesting that capase-9 and autophagy are associated to with CPT-
induced mitotic arrest. On the other hand, in depletion of Mad2, z-LEHD-FMK and 3MA

remarkably increased apoptosis, accompanied by restoration from CPT-mediated cell cycle
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progression. Taken together, these results indicate that CPT may be promising for decoding

the molecular modes of topoisomerase [-mediated tubulin targeting drugs.

3.1 Introduction

The spindle assembly checkpoints (SACs) ensure cell cycle to delay until all duplicated
chromosomes align and attach to the spindle, which guarantee genomic stability during
mitosis (M) [Lara-Gonzalez et al., 2012]. Once mitotic spindles tightly bind to kinetochores
through tubulin polymerization from prometaphase to metaphase, the spindle assembly
checkpoints are inactivated, which allows tubulin depolymerization at anaphase [ Wang et al.,
2014]; when microtubule polymerization and depolymerization are incorrectly regulated,
kinetochores trigger the spindle assembly checkpoint signal pathway, which halt cell cycle
distribution in M phase. Therefore, microtubule-targeting strategy which disrupts or hyper-
stabilizes spindle microtubules, has been anti-mitotic therapeutics to treat various cancers. In
particular, microtubule polymerization inhibitors such as colchicines and vinblastine, and
microtubule depolymerization inhibitor such as paclitaxel are intensively used for binding to
tubulins, which disrupt microtubule dynamics and induce M phase arrest [Jordan et al.,
2004]. Additionally, recent studies showed that microtubule-targeting drugs has been
successfully used in clinical trial with much interest because their action is totally different
from other DNA-targeting drugs [Tsimberidou et al., 2011; Field et al., 2014]. In fact, SACs
arrest cell cycle distribution in M phase in response to signal from kinetochores as a results of
impaired binding to spindle microtubules due to lack of microtubule-kinetochore attachment
or improper tension imposed on sister kinetochores [Musacchio et al., 2015]. In particular,
improper tension of microtubules on kinetochores renders catalytic site for Mad2, which

inhibits anaphase onset by suppressing the anaphase promoting complex APC with Cdc20
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[Zhou et al., 2002]. Interaction among mitotic checkpoint complex such as Mad2 and Cdc20
inhibits the APC-mediated ubiquitination of securin and cyclin B1 [Tian et al., 2012].
Cyclin-dependent kinases (Cdks) are associated with different stages where cyclins
regulate cell cycle distribution by inducing nuclear localization, phosphorylation, and
dephosphorylation of the Cdks and degradation of the regulatory cyclin subunits [Dash et al.,
2005]. Cyclins and Cdks bind p21 through the CRRL consensus site at N-terminal end
required for inhibition of cell cycle progression [Rousseau et al., 1999]. In particular, p217-
mice have markedly decreased the number of mitotic embryonic fibroblasts cells with cyclin
B1, suggesting which value of p21 promotes late Go/M phase arrest by regulating cyclin B1-
Cdk1 activity [Dash et al., 2005]. Induction of chromosomal instability by depletion of Mad2
reduces the time available to proper oriented chromosome in metaphase leading to activate
JNK signaling to tolerate chromosomal instability induced by spindle checkpoint defects
[Wong et al., 2014]. This activation and phosphorylation of JNK regulates of the stability of
transcription factor Spl during mitosis [Chuang et al., 2008]. Phosphorylated p21 binds to
cyclin B1 and Cdc2 phosphorylation on Y15 and phosphorylation on T161 promotes Cdc2
binding to the p21/cyclin B1 complex activated as a kinase which required Spl transcription
[Dash et al., 2005; Kim et al., 2014]. Additionally, transient knockdown of cyclin B or Cdk1
inhibit or decreased the cells in M phase. Similarly, treatment with tubulin polymerization
inhibitors nocodazole or tubulin depolymerization inhibitor paclitaxel also regulate the Go/M
phase with marked induction of cyclin B1 and Cdkl [Dash et al., 2005; Chadebech et al.,
2000]. Choi et al. reported that selective knockdown of Mad2 resulted in degradation of
cyclin B in nocodazole-treated G2/M stage; whereas the accumulation of cyclin B1 and Cdc2
is trigger the development of chromosomal condensation and segregation in prometaphase

arrested cells [Choi et al., 2011].
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Xiao et al., reported that camptothecin (CPT)-induced S phase arrest which activate
Chkl and cause the rapid proteolysis of Cdc25A, whereas elimination of Chkl expression
through knockdown abrogate S phase and protect Cdc25A degradation [Choi et al., 2011].
CPT also induced apoptosis in cancer cells by miR-125b mediated mitochondrial pathways
via targeting to the 3’UTR regions of p53, Bakl, and Mcll [Zeng et al., 2012]. Nevertheless,
a little has been known on the molecular action of CPT in G2/M phase. In the present study,
we investigated the molecular mechanisms underline activities of CPT in M phase of LNCaP
cells. Additionally, we found that CPT-induced M phase arrest is regulated by Mad2-Cdc20

complex through JNK-dependent Sp1 pathway.

3.2 Materials and method

Regents and antibodies

CPT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), propidium
iodine, MG132, Cdk inhibitor (CdklI), 3-methyladenine (3MA), z-LEHD-FMK, and z-IETD-
FMK were purchased from sigma (St. Louis, MO) and an enhanced chemiluminescence
(ECL) kit was purchased from Amersham (Arlington Heights, IL). RPMI 1640 medium, fetal
bovine serum (FBS), and antibiotics mixture were purchased from WelGENE (Daegu,
Republic of Korea). Antibodies against Cdc20, Mad2, B-actin, cyclin B, Cdkl, Spl,
nucleolin, p21, phosphor (p)-21, Cdk1, a-tubulin (polymeric), caspase-8, caspase-9, and Bax
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against p-
histone 3 (p-H3), p-JNK, INK, p-c-Jun, p-PTEN, and PTEN were purchased from Cell Signal
(Beverly, MA). Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse immunoglobulin

were purchased from Koma Biotechnology (Seoul, South Korea).

51



Flow cytometric analysis

DNA was stained with propidium iodine and mitotic cells were quantified by measuring
the expression of a mitotic-specific marker p-H3 or Mad2. In brief, the cells were trypsinized,
washed once with PBS, fixed with ice-cold 70% ethanol for overnight and immune stained
with a rabbit anti-p-H3 or anti-Mad2 antibody followed by a FITC-conjugated goat anti-
rabbit antibody. The cells were then stained with 3 pg/ml propidium iodine in PBS containing
1% Triton X-100 and 0.1 mg/ml RNase A. p-H3 or Mad2 levels and the DNA content of
individual cells were analyzed using a fluorescence-activated cell sorting cater-plus flow

cytometry.

Western blot analysis

Whole-cell lysates were prepared by PRO-PREP protein extraction solution (iNtRON
Biotechnology, Sungnam, Republic of Korea). Cytoplasmic and nuclear protein extracts were
prepared using NE-PER nuclear and cytosolic extraction reagents (Pierce, Rockford, IL). The
cell lysates were harvested from the supernatant after centrifugation at 13,000 g for 20 min.
Total cell proteins were separated on polyacrylamide gels and standard procedures were used
the transfer them the nitrocellulose membranes. The membranes were developed using an

ECL reagent.

Isolation of total RNA and reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated from LNCaP cells using Easy-Blue (iNtRON Biotechnology,
Sungnam, Republic of Korea.) according to the manufacturer’s instruction. RNA extracts was
reverse-transcribed by M-MLV reverse transcriptase kit (BioNEER, Daejeon, Republic of

Korea). In brief, cDNA synthetic was amplified via PCR using specific primer GAPDH

52



(forward 5-TAC TAG CGG TTT TAC GGG CG-3' and reverse 5'-TCG AAC AGG AGG
AGC AGA GAG CGA-3"), p21 (forward 5'-GTA AAT CCT TGC CTG CCA GA -3’ and
reverse 5’-GGC TCC ACA AGG AAC TGA CT-3') and Mad? (forward 5'-CAT CCA CGC
TGT TTT GAC CTC ACG-3' and reverse 5'-GGC TTT CTG GGA CTT TTC TCT-3'). The
following PCR conditions were used: GAPDH, 27 cycles of denaturation at 94°C for 30 s,
annealing at 60°C for 30 s, and extended at 72°C for 30 s; p21, 28 cycles of denaturation at

94°C for 30 s, annealing at 59°C for 30 s, and extended at 72°C for 30 s.

Immunoprecipitation (IP)

Cells were lysed in RIPA buffer containing 1 mM phenylmethylsulfonyl fluoride and
protein inhibitor cocktail by sonication. After preclearing, 3 pul of antibodies was added for
overnight and 20 pl of pierce protein A/G agarose was also added for 1 h. After
centrifugation wash resin with 200 pl IP lysis/wash buffer (Thermo Scientific) in each wash.
Bound proteins were separated by 10% SDS-PAGE gel electrophoresis and then analyzed by

western blot analysis.

Small interfering RNA (siRNA)

Cells were seeded on a 24-well plate at a density of 1 x 10° cells/ml and transfected
Mad?2-, JNK-, and p2I-specific silencing RNA (siRNA, Santa Cruz Biotechnology) for 24 h.
For each transfection, 450 pl growth medium was added to 20 nM siRNA duplex with the
transfection reagent G-Fectin (Genolution Pharmaceuticals Inc., Seoul, Republic of Korea)

and the entire mixture was added gently to the cells.
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Cdkl kinase activity

Cdk1 kinase activity was measured by instructor protocol (MESACUP Cdkl1 kinase
assay kit, MBL International Corporation, Woburn MA). After the cells treated with CPT for
24 h sample were mixture with reaction mixture for 30 min. The absorbance of each well was

taken at 492 nm using ELISA plate reader.

Immunofluorescence staining and confocal microscopy

Cells were seeded on glass coverslips and incubated for 24h at 37°C with or without CPT
washed twice with PBS and fixed with 90% methanol at 37°C for 30 min. The cells were
again washed with PBS and blocked in 10% normal goat serum for 1 h and incubated with
anti-a-tubulin antibody (1:200, Santa Cruz Biotechnology) overnight at 4°C. Primary
antibody was removed by washing the membranes in PBS containing Triton-X (0.3%) and
incubated for 1 h with Alexa 488-conjugated anti-mouse secondary antibody (1:200,
Molecular Probes, Eugene, OR). Fluorescent signals were imaged using a confocal laser

scanning microscope.

Electrophoretic mobility shift assay (EMSA)

Transcription factor-DNA binding activity assays were carried out with nuclear protein
extract. Synthetic complementary Spl (5-ATT CGA TCG GGG CGG GCC GAG C-3/,
Santa Cruz Biotechnology) binding oligonucleotides was 3'-biotinylated utilizing the biotin
3’-end DNA labeling kit (Pierce) according to the manufacturer’s instructions, and annealed
for 30 min at 37°C. Samples were loaded onto native 4% polyacrylamide gels pre-
electrophoresed for 60 min in 0.5X Tris borate/EDTA (TBE) buffer on ice, in the presence of

transferred onto a positively charged nylon membrane (Hybond™-N+) in 0.5X TBE buffer at
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100 V for 1 h on ice. The transferred DNA-protein complex was cross-linked to the
membrane at 120 mJ/cm?. Horseradish peroxidase-conjugated streptavidin was utilized

according to the manufacturer’s instructions to monitor the transferred DNA-protein complex.

Tubulin polymerization in vitro assay

Five mg/ml pure tubulin (cytoskeleton; Denver, CO) were brought to a steady state G-
PEM bufter (100 mM PIPES (pH 6.9), | mM EGTA, 1 mM MgCl,, and 1 mM GTP) plus 10%
glycerol in a 96-well plate by incubation at 37°C for 1 h. The effects on
polymerization/depolymerization were quantified by measuring the absorbance at 340 nm

(A340) with time.

Biding of FITC-phallodin to actin polymer
Cells were stained with phallodin-FITC at a concentration of 0.05 mg/ml to determine

the amount of F-actin. Next cells were analyzed using a FACSCalibur flow cytometer.

Cell culture and MTT assays

Human prostate cancer cells were obtained from the American Type Culture Collection.
Cells were cultured in RPMI 1640 medium supplemented with 10% FBS and antibiotics
mixture. Cells were cultured at 37°C in a 5% CO>-humidified incubator in the presence or
absence of CPT. The cytotoxicity was assessed by an MTT assay. Briefly, the cells were
seeded in each well containing 500 pl of the RPMI medium supplemented with 10% FBS in a
24-well plate. After overnight, various concentrations of the indicated chemicals were added.
After 24-h incubation, 70 ul MTT (5 mg/ml stock solution) were added and the plates were

incubated for an additional 4 h. The medium was discarded and the formazan blue, which
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was formed in the cells, was dissolved with 600 pul dimethyl sulfoxide. The optical density

was measured at 540 nm.

Statistical analysis

The images were visualized with Chemi-Smart 2000 (VilberLourmat, Marine, Cedex,
France). Images were captured using Chemi-Capt (VilberLourmat) and transported into
Photoshop. All bands were shown a representative obtained in three independent experiments
and quantified by Scion Imaging software (http://www.scioncorp.com).Statistical analyses
were conducted using SigmaPlot software (version 12.0) Values were presented as mean +
standard error (S.E.). Significant differences between the groups were determined using the
unpaired one-way and two-way ANOVA with Bonferroni post test. Statistical significance

was regarded at *and ®, p < 0.05.
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3.3 Results

3.3.1 Mad2 is a key M phase check point in CPT-induced cell cycle arrest

In order to assess if CPT regulates cell cycle arrest as shown in previous study [Zeng et
al., 2012], we analyzed cell cycle progression of LNCaP cells. Florescence integration of
G2/M phase significantly increased in a time-dependent manner in response to CPT, whereas
G1 phase markedly decreased (Fig. 1A). In peculiar, the cells stop S phase at 12 h after
treatment with 2 pM of CPT and reached maximum G2/M phase arrest at 24 h. Nevertheless,
apoptotic sub-G; phase was little seen in the presence, suggesting that CPT induces G2/M
phase arrest with short stop at S phase, but not apoptosis. To identify in detail whether which
stages, G2 phase or M phase, are regulated, we examined phosphorylation of H3 because H3
is phosphorylated on Ser'® during early mitosis which is relevant to chromatin condensation
and a hall marker of M phase [Hirota et al., 2005]. We found that intracellular H3
phosphorylation significantly occurred at 24 h, which means that CPT-induced G: phase
arrest appears at 18 h followed by M phase arrest at 24 h (Fig. 1B). Western blot analysis also
confirmed that H3 undertook phosphorylation at Ser'” at 18 h and significantly increased at
24 h (Fig. 1C). We next investigated the possibility that CPT regulates Mad2 expression
because Mad2 monitors the kinetochore attachment to the spindle at M phase whereas the
level of Mad?2 increases with the unattached kinetochore [Saitoh et al., 2005]. Similar to the
data of CPT-induced M phase arrest and H3 phosphorylation (Fig. 1A and 1B), CPT started
in accumulation of intracellular Mad2 from at 12 h and maximum at 24 h, which may
indicate that increase of Mad2 is consequence of cell cycle arrest or regulates M phase arrest
(Fig. 1D). We also found that CPT gradually increased Mad2 expression in transcriptional
and translational levels (Fig. 1E and 1F). Because, in addition to Mad2, Cdc20 is also known

as a key component of spindle checkpoint machinery, which ensure proper attachment of
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sister chromosome to kinetochores at the metaphase [Tian et al., 2012], we investigated
binding activity Cdc20 to Mad2. CPT substantially enhanced Mad2 and Cdc20 binding
complex at 12 h (Fig. 1G), which indicates that CPT enhances the formation of mitotic
inhibitory checkpoint complex of Mad2/Cdc20 in LNCaP cells. In order to further understand
the functional role of Mad2 in M phase arrest, endogenous level of Mad2 was transiently
knock downed by siMad2. Transient knockdown of Mad2 completely reversed CPT-induced
M phase arrest to untreated-cell cycle distribution (Fig. 1H). These results indicate that CPT-

induced Mad?2 is a key player in M phase arrest.
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Fig. 11. Camptothecin (CPT)-induced Mad2 expression in LNCaP cells. LNCaP cells were
seeded at 1x 10° cells/ml and were treated with 2 uM CPT for the indicated times. (A) Cells
were harvested, stained with PI, and analyzed for the cell cycle progression. (B) Cells stained
with FITC-conjugated p-H3 antibody and analyzed by flow cytometer. (C) Total protein of p-
H3 was subjected to 10% SDS-PAGE followed by western blotting with antibodies specific
for p-H3. (D) LNCaP cells were cultured with 2 uM CPT for 24 h. Cells were measured by
dual analysis of Mad2 and DNA content (PI staining). (E) Western blot analysis for Mad2
using total protein lysates from control and CPT-treated LNCaP cells. LNCaP cells were
cultured with 2 uM CPT for 24 h. Total protein was subjected to 10% SDS-PAGE followed
by western blotting with antibodies specific for Mad2. (F) In a parallel experiment, RNA was
harvested and RT-PCR was performed for Mad2. (G) Cells were lysed and the cell lysates
were immunoprecipitated with anti-Cdc20 antibody and precipitated with protein-G agarose.

Bound protein were separated by gel electrophoresis and analyzed by western blot analysis.
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(H) Effect of Mad2 on CPT-induced mitotic arrest. After cells were transfected with Mad2-
targeted siRNA, the cells were treated with 2 uM CPT, and DNA content was analyzed using
a flow cytometer. B-Actin and GAPDH were used as the internal controls for western blot

analysis and RT-PCR, respectively.

3.3.2 CPT-induced Mad2 regulates cyclin B1 and Cdkl1

Mad2 delays metaphase progression by associating with Cdc20, thereby inhibiting
APC/C activity resulting in an inability to degrade securin/cyclin B1 which is evidenced that
accumulation of cyclin Bl in M phase arrest [Zeng et al., 2010]. Western blot analysis
showed that treatment with CPT significantly increased in Cdkl1 and cyclin B1 levels from at
6 h (Fig. 2A). Then, we studied that transient depletion of Mad2 expression by siMad2
inhibits CPT-induced Cdkl and cyclin Bl levels. siMad2-transfected cells markedly
decreased CPT-induced Cdkl and cyclin B1 levels (Fig. 2B). Next, we were interested in
measuring Cdkl1 activity in response to CPT. Cdkl activity upregulated 6 h after treatment
with CPT and maximally reached at 24 (Fig. 2C). We also examined the subcellular
localization of cyclin B1 using the immunofluorescence staining to identify the upregulation
of cyclin B1 level in the absence of Mad2. Cyclin B1-GFP drastically increased by treatment
with CPT compared to the untreated control (Fig. 2D). However, transient knockdown of
Mad?2 completely decreased the intensity of cyclin B1-GFP. These results indicate that CPT-

induced Mad2 regulates cyclin B1 expression and Cdk1 activity.
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at 1x 10° cells/ml and were treated with 2 uM CPT for the indicated times. Cell extracts were
prepared for western blot analysis for cyclin B and Cdkl. (B) After LNCaP cells were
transfected with Mad2-targeted siRNA, cells were treated with 2 uM CPT, and then western
blot analysis was performed with anti-cyclin B and anti-Cdk1. (C) LNCaP cells were seeded
at 1x 10° cells/ml and were treated with 2 uM CPT for the indicated times. Cdk1 activity was
measured using an MESACUP Cdkl1 kinase assay kit. (D) In a parallel experiment, cyclin Bl
level was analyzed by immunofluorescence staining. LNCaP cells were fixed, permeabilized,
and stained with anti-cyclin B monoclonal antibody. Monoclonal antibody was detected using
an anti-rabbit secondary antibody conjugated with FITC under confocal microscopy. B-Actin
was used as the internal controls for western blot analysis. Statistical significance was

determined by one-way ANOVA (“, p <0.05 vs. 0 h).
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3.3.3 CPT increases Mad2 expression by inducing JNK-mediated Sp1 activation

Recent data suggest that the JNK signaling pathways may be involved in controlling
mitotic phase to tolerate chromosomal instability induced by spindle checkpoint defects
[Hirota et al., 2005]. Therefore, we sought to evaluate the role of JNK in CPT-induced
mitotic arrest in LNCaP cells. Treatment with 2 pM CPT induced phosphorylation of JNK in
a time-dependent manner. It clearly appeared after 12 h and peaked at 18 h in CPT-treated
cells and the total JNK level was not altered. Another study showed that JNK led to
phosphorylation and activation of several transcription factors including Sp1 during M phase
[Chuang et al., 2008]. On the basis of above evidence, to evaluate activation of Spl, we
analyzed the nuclear translocation of Spl using CPT-treated nuclear extracts. The result
showed that CPT induced translocation of Spl to the nucleus (Fig. 3B) and CPT also
enhanced DNA-binding activity of Sp1 (Fig. 3C). To clarify the role of JNK in CPT-induced
M phase arrest, we used siRNA approach to suppress JNK expression in LNCaP cells. siJNK
significantly decreased CPT-induced DNA-binding activity of Spl, which confirms that
CPT-induced JNK activates Spl (Fig. 3D). Furthermore, transient knockdown of JNK
(stJNK) abrogated CPT-induced increase of c-Jun phosphorylation compared to cells
transfected with control siRNA (siCON) (Fig. 3E). Similarly, knockdown of JNK abrogated
the CPT-induced upregulation of cyclin Bl, Mad2, and p21, suggesting that JNK
phosphorylation contributes to CPT-induced mitotic arrest by inducing Mad2-mediated
cyclin BI/Cdkl1. In order to verify whether CPT-induced JNK influence M phase arrest, we
analyzed cell cycle progression. siJNK completely reversed CPT-induced M phase arrest with
no apoptotic sub-Gi phase. These data suggest that CPT-induced JNK is an important

regulator resulting to Sp1 activation, which upregulates p21, Mad2, and cyclin B1.
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Fig. 13. Effect of camptothecin (CPT) on JNK dependent-Sp1 activation. LNCaP cells were
seeded at 1x 10° cells/ml and were treated with 2 uM CPT for the indicated times. (A and B)
Equal amount of cell lysates were resolved on SDS-polyacrylamide gels, transferred to
nitrocellulose membranes, and probed with antibody against p-JNK, JNK, and Spl. (C) In a
parallel experiment, nuclear extracts were prepared to analyze DNA-binding of Spl by
EMSA. (D) After LNCaP cells were transfected with JNK-targeted siRNA (siJNK), the cells
were treated with 2 uM CPT and then nuclear extracts were prepared to analyze DNA-
binding of Spl by EMSA. (E) After cells were transfected siJNK, LNCaP cells were
incubated with 2 uM CPT for indicated time, lysates were resolved on SDS-polyacrylamide
gels, transferred to nitrocellulose membranes, and probed with antibodies against p-c-Jun,
p21, Mad2, and cyclin B1. B-Actin and nucelolin were used as the internal controls for

western blot analysis.
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3.3.4 CPT-induced phosphorylation of p21 promotes Mad2 expression

In order to determine relationship between increased p21 and CPT-induced M phase
arrest, we analyzed expression and phosphorylation level of p21. CPT significantly induced
the expression and phosphorylation level of p21 in transcription and translation stages (Fig.
4A and 4B). Treatment with CPT promoted the significant accumulation of p21 at 24 h after

145 and Ser!'* sites by inducing survival kinase

exposed. p21 is directly phosphorylated on Thr
PI3K and Akt, which are target molecules of PTEN. We also found that CPT increased the
phosphorylation of PI3K and Akt in a time-dependent manner (unpublished data). Lin et al.,
showed that attenuation of PTEN increased p21 stability by knockdown of PTEN; in
contrary, inhibition of PTEN increased resistance to cisplatin-induced apoptosis associated
with increased level of p21 [Lin et al., 2007]. Therefore, we demonstrated that CPT regulates
expression and phosphorylation of PTEN. As presumed, treatment with CPT time-
dependently resulted in downregulation of phosphorylated PTEN with total expression of
PTEN (Fig. 4C). Next, we attempted to determine the precise role of p21 on M phase arrest.
Transient transfection of sip21 slightly decreased the CPT-induced M phase cell population,
but induced no sub-G; population (Fig. 4D); however, no normal cell cycle progression was
recovered in response to sip21 transfection, suggesting that p21 is partially associated to
CPT-induced M phase arrest. Nevertheless, transient knockdown of p21 (sip21) decreased
CPT-induced Mad2 and cyclin B1 (Fig. 4E) as well as Cdk1 activity (Fig. 4F), which means
that p21 is an upstream regulator in Mad2-meidated cyclin B1 and Cdkl. Finally, a CdkI
completely restored CPT-induced M phase arrest to normal untreated cell cycle progression

(Fig. 4G). These data indicate that p21 is partially associated to CPT-induced M phase arrest

via Mad2-mediated cyclin B1 and Cdkl.
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Fig. 14. Effect of camptothecin (CPT) on phosphorylation of p21 in LNCaP cells. (A and C)
LNCaP cells were treated with 2 uM CPT for the indicated times. Total protein was subjected
to 10% SDS-PAGE followed by western blotting with antibodies specific for phosphorylated
forms of p21(A) and PTEN (C). (B) Total RNA was isolated and RT-PCR analysis for p21
was performed. GAPDH was used as a loading control. (D) LNCaP cells were transiently
transfected with sip21, the cells were treated with 2 uM CPT, and DNA content was analyzed

using a flow cytometer. (E) LNCaP cells were harvested at 24 h and whole-cell protein
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lysates were prepared for detection of the indicated proteins by western blot analysis. (F) In a
parallel experiment, Cdk1 kinase activity was measured using an MESACUP Cdk1 kinase
assay kit. (G) LNCaP cells were pretreated with Cdk inhibitors (Cdkl) and DNA content was
analyzed using a flow cytometer 24 h after treatment with 2 uM CPT. B-Actin and GAPDH
were used as the internal controls for western blot analysis and RT-PCR, respectively.
Statistical significance was determined by two-way ANOVA (a, p < 0.05 vs. untreated

control and b, p <0.05 vs. CPT-treated group).

3.3.5 CPT stimulates Mad2 expression resulting from tubulin polymerization

In order to investigate whether CPT activates Mad2 via actin or tubulin dysfunction in
human LNCaP cells, we treated the cells with 2 uM of CPT for 48 h. Treatment with CPT
increased the nuclear structure size and enhanced an intensity of a-tubulin staining measured
by laser scan confocal microscopy (Fig. SA, top); and treatment with CPT also increased cell
size (Fig. 5A, bottom) compared to that of the untreated controls. Flow cytometric data also
showed that treatment with CPT resulted in a significant increase of forward scatter (FSC)
which means cell size and side scatter (SSC) which means granularity of cells (Fig. 5B),
which indicates that CPT-induced M phase arrest results in cell division followed by bigger
cell size and large granularity. Additionally, we found that long-term treatment with CPT
increased M phase arrest resulting in endoreduplicated cell population which blocks cell
division (Fig. 5C). Therefore, in order to attempt to find targets to induce M phase arrest and
endoreduplication, we investigated whether CPT regulates tubulin or actin polymerization
and/or depolymerization which are main target cytoskeletal dynamics for cell division.
Addition of CPT induced significant tubulin polymerization from at 3 min compared to

untreated control, similar to that of paclitaxel-treated positive control, suggesting that CPT
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enhances tubulin polymerization (Fig. 5D). However, nocodazol caused to decrease tubulin
polymerization. As shown in western blot analysis, CPT results in an increase of polymeric o-
tubulin to the level of paclitaxel. In a parallel experiment, treatment with CPT induced Mad2
expression was observed, which means that CPT-induced tubulin polymerization is a hall
marker to block cell division with M checkpoint protein, Mad 2. Palloidin-FITC staining data
showed that actin polymerization and/or depolymerization is not a target of CPT. Taken
together these data indicate that CPT-induced tubulin polymerization block cell division,

resulting in endoreduplication.
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Fig. 15. Effect of camptothecin (CPT) on tubulin polymerization. LNCaP cells were seeded at

1x 10° cells/ml and were treated with 2 pM CPT for the indicated times. (A) LNCaP cells

were stained with a-tubulin monoclonal antibody and analyzed by fluorescence microscopy.

The morphology of cells was examined under a light microscopy. (B) Cell size (FSC) and

intracellular granules (SSC) were detected by flow cytometric analysis 48 h after treatment

with CPT. (C) LNCaP cells were treated with 2 uM CPT for 48 h. The cells were stained with

microtubulin polymerization. Microtubule associated protein-rich tubulin (1 mg/ml) was

incubated at 37°C for 0-30 min and treated with 2 uM CPT, 3 uM nocodazole (Noc), and

3 uM paclitaxel (Tax). (E) LNCaP cells were harvested and whole-cell protein lysates were

prepared for detection of the Mad2 and a-tubulin by western blot analysis. (F) LNCaP cells
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were treated with CPT for the indicated concentrations. Cells stained with phalloidin-FITC
and then analyzed using flow cytometer. Statistical significance was determined by one-way
ANOVA (¢, p <0.05 vs. untreated group at each time point). 3-Actin was used as the internal

controls for western blot analysis.

3.3.6 Accumulation of procaspase-9 and autophagy regulates CPT-induced M phase
arrest

Recent studies showed that accumulation of several procaspases in M phase blocks the
apoptosis [Matthess et al., 2010; Allan et al., 2007]. Therefore, we confirmed a hypothesis
that CPT enhances M phase arrest by blocking apoptosis through accumulation of
procaspases in the LNCaP cells. Western blot analysis confirmed that CPT time-dependently
increased the expression of procaspase-9 and procaspase-8 (Fig. 6A). Next, we investigated
cell viability in the presence of z-LEHD-FMK (a capase-9 inhibitor), z-LETD-FMK (a
caspase-8 inhibitor), and 3MA (an autophagy inhibitor). z-LEHD-FMK only but not z-LETD-
FMK decreased relative cell viability in the presence of CPT (Fig. 6B); 3MA also showed
similar action to z-LEHD-FMK, which suggest that accumulation of procaspase-9 and
autophagy increases cell viability. Transfection of siMad2 did not significantly decrease z-
LEHD-FMK and 3MA-induced cell viability in response to CPT. In order to verify in detail
whether caspase-9 and autophagy regulate apoptosis in CPT-induced M phase arrest, we
investigated cell cycle progression. CPT-induced M phase arrest decreased in the presence of
z-LEHD-FMK and 3MA, which did not induce apoptosis, suggesting that accumulation of
procaspase-9 and autophagy retain CPT-induced cell cycle progression in M phase. However,
transfection of siMad2 replaced z-LEHD-FMK- and 3MA-induced restoration of cell cycle
progression induced by CPT to apoptosis (Fig. 6C). Western blot analysis finally showed that

transfection of siMad2 downregulated procaspase-9 and upregulated Bax in response to z-
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LEHD-FMK and 3MA with CPT (Fig. 6D). Intriguingly, these data indicated that inhibition
of caspase-9 and autophagy decreased CPT-induced M phase arrest in the presence of Mad2;
however, the depletion of Mad2 increased CPT-mediated apoptosis in the presence of z-

LEHD-FMK and 3MA.
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Fig. 16. Effect of camptothecin (CPT) on accumulation of caspase-9 and autophagy. LNCaP
cells were seeded at 1x 10° cells/ml and were treated with 2 uM CPT for the indicated times.
(A) LNCaP cells extracts were prepared for western blot analysis for caspase-8 and caspase-
9. (B) Cells were pretreated with z-LEHD-FMK or z-IETD-FMK, 3-methyladenine (3MA)
and siMad2, according to the indicated proportion, and cell viability was measured using an
MTT assay. (C) LNCaP cells were transiently transfected with siMad2. The cells were treated
with incubate with z-LEHD-FMK and 3-methyladenine (3MA) 2 uM before treatment with

CPT and DNA content was analyzed using a flow cytometer. (D) In a parallel experiment,
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LNCaP cells extracts were prepared for western blot analysis for Bax, caspase-8, and
caspase-9. Statistical significance was determined by one-way ANOVA (¢, p < 0.05 vs. CPT-

treated group). B-Actin was used as the internal controls for western blot analysis.
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Fig. 17. Schematic explanation of camptothecin (CPT)-induced mitotic arrest. CPT directly
binds to the topoisomerase I and DNA complex, resulting in a ternary complex and
irreversibly stabilizing it, suggesting that unlike other direct tubulin-targeting drugs such as
nocodazole and paclitaxel, CPT indirectly targets tubulin polymerization by chromosome
instability. During CPT-induced chromosome instability, kinetochores lose equal tension of
microtubule by tubulin polymerization, leading to engagement of Mad2, which prevents the
cell cycle progression from prometaphase to metaphase and anaphase by inducing cyclin Bl
and Cdkl complex. Moreover, c-Jun-N-terminal kinase (JNK) partially stimulates Spl-
mediated p21 in Mad2-induced mitotic arrest in response to CPT. Additionally, accumulation
of procaspase-9 and autophagy is required for the rapid increase of CPT-induced mitotic
arrest. Following a prolonged prometaphase arrest, the CPT-treated cells are expected to

undergo endoreduplication before apoptosis.
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3.4 Discussion

Previous study showed that CPT is a novel anticancer drug as a strong inhibitor of the
DNA-replicating enzyme topoisomerase [ [Kim et al., 2015] which possesses
immunomodulatory, anti-cancerous, and anti-proliferative effects [Mirakabadi et al., 2012].
We also published that CPT inhibited the invasion of cancer cells by inhibiting matrix
metalloprotease-9 (MMP-9) and vascular endothelial growth factor (VEGF) expression via
nuclear factor erythroid-derived 2-like 2 (Nrf2)-mediated heamoxygenase-1 (HO-1), and
sensitized TNF-a-related apoptosis inducing ligand (TRAIL)-induced apoptosis [Jayasooriya
et al., 2014; Jayasooriya et al., 2015]. Additionally, much evidence determined that CPT-
induced cell cycle arrest was occurred in the different stages of various cell types [Shao et al.,
1997; Park et al., 1997]. Recently, Kim et al., reported that a synthetic water-soluble CPT
derivative, CKD-602, induced G2/M phase arrest in oral squamous cancer cells [Kim et al.,
2015]. Nevertheless, basic mechanism of CPT-induced cell cycle arrest has not been
elucidated so far. CPT is a prominent therapeutic to treat cancers because CPT targets
topoisomerase I which highly activated in cancer cells; however, CPT has not been used in
clinical trial because of its low solubility and severe side effect such as diarrhea and
hemorrhagical cystitis. Notwithstanding adverse effect of CPT, because of a promising
capacity and specific-targeting ability of CPT in cancer cells, many scientists have been
attempting to find CPT derivatives so far. In above respect, continuous studies on molecular
mechanism of CPT might render basic information on molecular action of CPT derivatives
because they aim a same molecular target, topoisomerase I, which shows similar pattern in
anti-cancer effect. In the present study, we first investigated that the molecular mechanism
responsible for CPT-induced M phase arrest by inducing Mad2, resulting in upregulation of

Cdkl and cyclin B1. Furthermore, CPT-induced Mad2 expression required JNK activation
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which switches on the transcription factor Sp-1 (Fig. 7). Additionally, we found that CPT-
induced accumulation of caspase-9 and autophagy render M phase arrest with Mad2 by
blocking apoptosis.

SACs consistently monitors the integrity of spindle kinetochore attachment at
prometaphase and/or metaphase for attain bipolar attachments [Gregan et al., 2011]. Mad2,
BubR1, and other checkpoint components form an inhibitory ternary complex with E3 ligase,
APC/C, and Cdc20. Once sister kinetochores correctly attach to bipolar region at metaphase,
SACs are disabled and APC/Cdc20-meadiated ubiquitination of securin and cyclin B required
for the onset of anaphase [Foster et al., 2012]; however, after sister chromosome are
inaccurately attached to kinetochores by microtubules at metaphase, SACs such as Mad2 is
turned on, which delays cell cycle progression to enter from metaphase to anaphase [Allan et
al., 2007]. The present study showed that Mad?2 is upregulated in transcription and translation
level in response to CPT, which indicates that CPT deregulated kinetochore attachment by
inducing Mad2. We also found that CPT increased phosphorylation of H3 as an M phase
maker, suggesting that CPT induces M phase arrest. Additionally, transient knockdown of
Mad2 completely unraveled CPT-induced M phase arrest. Taken together, we concluded that
CPT caused misconnection of microtubule to kinetochores of sister chromosomes, resulting
in switching on SACs and consequently delayed or halted prometaphase or metaphase. In this
study, we also found that depletion of Mad2 abrogated CPT-induced enhancing of cyclin Bl
and Cdkl, suggesting that Mad2 mediates the upregulation of cyclin B1 and Cdk1. Transition
from G2 to M phase is triggered by the activation of the cyclin B1/Cdkl complex which are
sustained from prometaphase to metaphase and are totally destroyed in anaphase; in contrary,
low cyclin B1/Cdk1 activity arrests cell cycle progression in S phase [Castedo et al., 2002].

Additionally, we showed that silencing of Mad2 significantly reduced CPT-induced M phase
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accumulation without apoptotic sub G; phase. Taken together, our data indicate that CPT
results in prometaphase or metaphase arrest without apoptosis by inducing the Mad2-
mediated cyclin B1/Cdk1 pathway, resulting from instability of microtubules to kinetochores
of sister chromosomes.

Recent study reported that JNK induced prometaphase and metaphase arrest by inducing
JNK-mediated cyclin B1 and Cdkl expression through phosphorylation and inhibition of
Cdc25C, accompanied by chromatin abnormalities [Ribas et al., 2012]. Additionally, Gartel et
al., determined that JNK stabilized Spl via phosphorylation at Thr?’® @4 73 Jeading to
activate p21 which has six Spl binding sites at the core promoter region [Gartel et al., 2000].
Our earlier study showed that JNK inhibitor SP600125 inhibited the increase in the cellular
content of p21 imply that important of JNK in p21 expression [Moon et al., 2011]. In the
present study, CPT-induced Mad2 requires JNK activation, which in turn phosphorylates the
transcription factor Spl, thereby increasing Spl DNA-binding activity. Nevertheless, further
experiment will be needed to identify other Mad2-regulating transcription factors because
many transcription factors such as AP1, ATF-2, c-Jun, NF-«B directly bind to Mad2 promoter
region and it is partly regulated by p53, Bracal and Tax [Idikio et al., 2006]. We also found
that knockdown of p21 slightly restored CPT-induced M phase arrest, but not completely;
these data indicate that the JNK/Spl/p21 pathway is partially involved in CPT-induced M
phase arrest. p21 is well-known as a Cdk inhibitor 1 which directly binds and inhibits cyclin
B1-Cdkl complex in the transition from G2 to M phase, and functions G2/M phase arrest
[Abbas et al., 2009]; however, we found, in the present study, that p21 and cyclin B1-Cdkl1
complex are simultaneously upregulated in response to CPT, suggesting that CPT regulates M
phase arrest, not transition from G2 to M phase. As the same of our data, previous studies

confirmed that the treatment of cancer cells with microtubule inhibitors such as vinblastine,
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paclitaxel, and nocodazole causes upregulation of cyclin B1 and Cdkl complex, and Mad2
[Choi et al.,, 2012; Dumontet et al., 2010] however, there was no mention why p21
simultaneously upregulated. Charrier-Savournin et al., clearly determined that p21 strictly
sequestered cyclin Bl and Cdkl complex, resulting in inactivation of the complex and
consequently maintained G» phase arrest [Charrier-Savournin et al., 2004; Duli¢ et al., 1998].
Interestingly, Lindgvist et al., proposed that mitotic cyclin BI1-Cdkl activity gradually
increased after M phase entry and sustained by metaphase, allowing to efficient mitotic
progression and beginning of mitotic exit [Lindgvist et al., 2007]. Moreover, microtubule
inhibitors dramatically stabilized p21 in M phase, mainly sustaining in the cytosol, not in the
nucleus, thus assisting cell survival signal [Kreis et al., 2015]. Though we need additional
experiment whether p21 is in the cytosol and the nucleus of M phase arrest, CPT-induced p21
might be in the cytosol to trigger cell survival signal and CPT-induced free cyclin B1-Cdkl
complex monitors M phase progression.

Alenzi previously reviewed that cell cycle progression and apoptosis may be closely
linked and thus cell cycle checkpoint molecules are requisite for apoptosis; in peculiar, during
mitotic phase arrest, apoptosis seems to be restrained [Alenzi et al., 2004]. We also found that
apoptosis appeared not to be seen in response to CPT; however, CPT remarkably increased
mitotic phase arrest, thus promoting endoreduplication. Surprisingly, the new function of
cyclin B1-Cdk1l complex during mitosis showed that key regulators which induce apoptosis
such as caspases (caspase-8 and -9) are phosphorylated, leading to their inactivation by
inhibiting active cleavage of caspases [Parrish et al., 2013]. Procaspase-8 is phosphorylated
by Cdkl/cyclin Bl on Ser*®’ in mitotic cells, which protect mitotic cells against extrinsic
death stimuli [Matthess et al., 2010]. Caspase-9 is also phosphorylated at Thr'?* in mitosis by

a Cdkl/cyclin B1, thus inducing mitotic arrest by microtubule dysfunction and a
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nonphosphorylatable mutant of caspase-9 became sensitive to apoptosis [Allan et al., 2007].
In the present study, CPT treatment induced accumulation of procaspases-8 and -9 in mitotic
arrest; unlike what we had thought, a caspase-9 inhibitor only decreased CPT-induced mitotic
arrest through an unclear mechanism. An autophagy inhibitor, 3MA, also showed the same
molecular pattern with a caspase-9 inhibitor, z-LEHD-FMK, which suggesting that
accumulation of procaspase-9 and autophagy protects apoptosis, leading to CPT-induced
mitotic arrest. Moreover, under transient knockdown of Mad2, z-LEHD-FMK and 3MA
enhanced apoptosis with restoration of cell cycle progression from CPT-induced mitotic
arrest, indicating that depletion of Mad2 induced apoptosis in the inhibition of capase-9 and
autophagy in response to CPT. Taken together, our data indicate that CPT induces Mad2-
mediated cyclin Bl and Cdkl, leading to accumulation of procaspase-9 and autophagy, and

thus induced mitotic phase arrest against apoptosis.

3.5 Conclusion

In summary, our findings indicate that microtubule dynamic instability in response to
CPT leads to prometaphase arrest by inducing Mad2-mediated cyclin B1 and Cdkl1 via the
INK/Sp1/p21 pathway. Moreover, CPT-induced delay apoptosis was related to accumulation
of procaspase-9 and autophagy. These novel biological properties of CPT may be attractive

for understanding the molecular action of topoisomerase [-mediated tubulin targeting drugs.
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Chapter 4

Camptothecin enhances c-Myc-mediated endoplasmic

reticulum stress, leading to autophagy
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Abstract

Camptothecin (CPT) is known to selectively inhibit the nuclear enzyme DNA
topoisomerase I which catalyzes the relaxation of negatively supercoiled DNA, leading to
cell cycle arrest and apoptosis through DNA damages. However, whether CPT induces
endoplasmic reticulum (ER) stress and autophagy has not been clearly understood. Therefore,
the present study first reported that CPT enhanced expression and DNA-binding activity of c-
Myc in LNCaP cells and transient knockdown of c-Myc completely abrogated reactive
oxygen species (ROS) generation, resulting ER stress-regulating proteins such as PERK,
elF2a, ATF4, and CHOP, which suggests that CPT-induced c-Myc triggered ER stress along
with the PERK-elF20-ATF4-CHOP pathway by increasing ROS generation. Moreover, CPT
promoted autophagy formation accompanied by increase of autophagic proteins such as
beclin-1 and Atg7, and decrease of p62 which is degraded in autophagosomes. Transfection
of elF2a-targeted siRNA attenuated CPT-induced beclin-1 and Atg7 expression, and restored
the level of p62. Treatment with autophagy inhibitors such as 3-methyladenine and
bafilomycin A1 downregulated relative cell viability in response to CPT, indicating that CPT
induces ER stress-mediated cytoprotective autophagy. Additionally, CPT significantly
released intracellular Ca2+ and upregulated Ca2+-mediated AMPK phosphorylation. is
involved in CPT-mediated autophagy. A Ca2+ chelator, ethylene glycol tetra acetic acid
(EGTA) and a CaMKII inhibitor, K252a remarkably decreased CPT-induced beclin-1 and
Atg7, accompanied by downregulation of AMPK phosphorylation, which suggests that CPT-
induced Ca2+ release leads to activate autophagy through CaMK-mediated AMPK
phosphorylation. Moreover, CPT significantly phosphorylated JNK and activated DNA-
binding activity of AP-1; knockdown of JNK abolished the expression level of beclin-1 and

Atg7, implying that the INK-AP-1 pathway is a potent mediator on CPT-induced autophagy.
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Our findings indicate that CPT promotes ROS-mediated ER stress through the PERK-elF2a-
ATF-4-CHOP pathway, which enhances cytoprotective autophagy, resulting from the Ca2+-

AMPK pathway and the JNK-AP-1 pathway.

4.1 Introduction

The endoplasmic reticulum (ER) is a major site of protein synthesis in the eukaryotic
organisms, which belongs to diverse machinery to ensure correct folding and assembly
[Ellgaard et al., 2013]. Accumulation of unfolded or misfolded proteins due to redox
environment alterations triggers the unfolded protein response (UPR), which causes
evolutionally conserved stress in the lumen of ER (ER stress) [Teske et al., 2011]. In the
basal ER state, ER chaperones such as BiP are sequester the UPR sensor proteins (PERK,
IRE1, and ATF6), which represses the ER stress signal pathway, whereas the accumulation of
misfolded proteins in the lumen of ER causes the saturation of ER chaperones, leading to ER
stress [Hetz et al., 2014]. Under ER stress condition, three major the UPR sensor proteins
fulfill three different signal pathways. First, PERK (PEK/EIF2AK3) mediates the
translational control arm of the UPR by enhancing phosphorylation of elF2a inhibiting cap-
mediated eukaryotic translation initiation [Joyce et al., 2013; Han et al., 2013]. Stress
inducible transcription factor ATF4 is preferentially upregulated upon EIF2S1/elF2a
phosphorylation, leading to activate CHOP [Masuda et al., 2013]. Second, IRE1 activates c-
Jun-NH>-terminal kinase (JNK), accompanied by scaffold proteins and induces splicing of
XBP1, which enhances ER chaperones [Chen et al., 2014]. Third, activated ATF6 moves into
Golgi complex where is the machinery to cleave the cytoplasmic domain of ATF6 by site-1
protease and site-2 protease [Walter et al., 2011]. The ER stress basically prevents cells

against UPR stress by increasing much ER chaperones; however, excessive ER stress
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enhances apoptosis by interplaying between ER and mitochondria [Xu et al., 2005].
Therefore, ER stress is an important interplayer between cell survival and cell death.

Accumulation evidence suggested that reactive oxygen species (ROS) generation is
integral component between ER stress and mitochondria, which effectively induces apoptosis
by activating the intrinsic apoptotic pathway [Bhandary et al., 2013; Tabas et al., 2011]. In
peculiar, the PERK/elF2/ATF4/CHOP pathway transports well-tuned cell death signal by
inducing apoptotic genes such as Puma and Noxa; CHOP which is also a downstream
molecule of ATF6, inhibits expression of anti-apoptotic genes such as Bcl-2 and Bel-XL; and
IRE1 prevent the expression of anti-apoptotic genes by activating JNK [lurlaro et al., 2015].
Moreover, it is suggested that, during ER stress, Ca®" transits apoptotic signal from ER to
mitochondria via the various signal pathways such as GRP78 and p53 [Hammadi et al., 2013;
Giorgi et al.,, 2015]. In contrary, ER stress activates autophagy to overcome the stress
compensatory pathway for ER-associated degradation, resulting in cell survival [Ishida et al.,
2009]. Moreover, Shen et al., reported that ROS-mediated JNK switches from ER stress-
mediated apoptosis to autophagy by activating the PERK-dependent ATF4 pathway [Shen et
al., 2015]. elF2a and ATF4 are also essential for ER stress-mediated autophagy by
upregulating expression of autophagic gene such as beclin-1, Atg7, Atgl2, and p62 [B’chir et
al., 2013]. Additionally, activation of IRE1 connects autophagy to ER stress by activating
JNK, which is known to control the key autophagy regulator beclin-1 expression [Cheng et
al., 2014]. However, excessive ER stress fails to trigger apoptosis, the stress massively
increases, leading to cell damage and necrotic death [Cheng et al., 2011]. Therefore,
accumulation of much evidence suggests that survival and death are regulated by modulating
the implication between autophagy and ER stress.

c-Myc is a transcription factor that activates expression of many genes involved in
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multiple physiological functions, including control of cell cycle progression, apoptosis,
nucleotide biosynthesis, and basal metabolism [Dang et al., 1999]. A previous study showed
that c-Myc promotes mitochondrial gene expression and biogenesis, leading to ROS
generation from mitochondria, which results in oxidative damage-mediated genomic
instability [Dang et al., 2005]. On the other hand, during ER stress, hyperactive c-Myc-
mediated elF2a phosphorylation enhances total protein synthesis and simultaneously
accumulates unfolded or misfolded proteins in the lumen of ER and the active elF2a also
induces autophagy by joining ATF4, which also transcribes CHOP by means of c-Myc [Dey
et al., 2013]. Taken together, these discrepancy shows that c-Myc is a messenger between ER
stress-mediated autophagy and apoptosis. Recently, camptothecin (CPT) derivatives,
hydroxycamptothecin, stimulates expression of the UPR sensor proteins such as PERK,
ATF6, and IRE1, leading to increase apoptosis via the mitochondrial apoptotic pathway,
accompanied by S phase arrest [Yin et al., 2013]. Accordingly, c-Myc enhances CPT-induced
apoptosis by inducing protein kinase C delta (PKC9) [Albihn et al., 2007]. However, there is
no evidence whether CPT-induced c-Myec is a mediator in the ER stress response, resulting in
induction of autophagy. Here, we found that c-Myc is an important factor to downregulate
expression of the UPR sensor proteins in LNCaP cells accompanied by ROS generation;

which induces autophagy formation via the Ca?" and the JNK signal pathway.
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4.2 Materials and methods

Regents and antibodies

CPT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), glutathione
(GSH), 3-methyladenine (3MA), bafilomycin Al (BAF), ethylene glycol tetraacetic acid
(EGTA), and K252a were purchased from Sigma (St. Louis, MO) and an enhanced
chemiluminescence (ECL) kit was purchased from Amersham (Arlington Heights, IL). RPMI
1640 medium, fetal bovine serum (FBS), and antibiotics mixture was purchased from
WelGENE (Daegu, Republic of Korea). Antibodies against CHOP, PERK, phospho (p)-
PERK, elF2a, p-e-1F2a, ATF4, AMPK, p-AMPK, beclin 1, and B-actin were purchased from
Santa Cruz Biotechnology (Santa Cruz Biotechnology, San Diego, CA). Antibodies against c-
Myec, Atg7, p62, p-JNK, JNK, and p-c-Jun were purchased from Cell Signaling (Beverly,
MA). 2',7'-Dichlorodihydrofluorescein diacetate (H2ZDCFDA), Fluo3-AM, ER-tracker, and
acridine orange were purchased from Molecular Probes (Eugene, OR). SP600125 was
purchased from Calbiochem (San Diego, CA). Peroxidase-labeled donkey anti-rabbit and
sheep anti-mouse immunoglobulin was purchased from Koma Biotechnology (Seoul, South

Korea).

Cell culture and viability assay

Human prostate cancer LNCaP cells were obtained from the American Type Culture
Collection. The cells were cultured at 37°C in a 5% COz-humidified incubator and
maintained in RPMI 1640 culture medium containing 10% FBS and antibiotics mixtures. The
cells were seeded (4 x 10* cells/ml) and then incubated for 24 h with CPT. MTT assays were

done to assess cell viability.
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Isolation of total RNA and RT-PCR

Total RNA was isolated from LNCaP cells using Easy-Blue (iNtRON Biotechnology,
Sungnam, Republic of Korea.) according to the manufacturer’s instruction. RNA extracts was
reverse-transcribed by M-MLV reverse transcriptase kit (BioNEER, Daejeon, Republic of
Korea). In brief, cDNA synthetic was amplified via PCR using specific primer c-Myc
(Forward: 5-AAT GAA AAG GCC CCC AAG GTA GTT ATC C-3', Reverse: 5-GTC GTT
TCC GCA ACA AGT CCT CTT C-3’) and GAPDH (forward 5'-TAC TAG CGG TTT TAC
GGG CG-3" and reverse 5-TCG AAC AGG AGG AGC AGA GAG CGA-3'),. The following
PCR conditions were used: GAPDH, 27 cycles of denaturation at 94°C for 30 s, annealing at
60°C for 30 s, and extended at 72°C for 30 s; c-Myec, 28 cycles of denaturation at 94°C for 30

s, annealing at 59°C for 30 s, and extended at 72°C for 30 s.

Western blot analysis

Total cell extracts were prepared using the PRO-PREP protein extraction solution
(iINtRON Biotechnology; Sungnam, Republic of Korea). Cell lysates were centrifuged at
16,000 x g at 4°C for 20 min to gain supernatants. Cytoplasmic and nuclear protein extracts
were prepared using NE-PER nuclear and cytosolic extraction reagents (Pierce, Rockford, IL).
Total cell extracts were separated on polyacrylamide gels and standard procedures were used
to transfer them to the nitrocellulose membranes. The membranes were developed using an

ECL reagent.

Electrophoretic mobility shift assay (EMSA)
DNA binding activity assays were carried out with nuclear protein extract. Synthetic

complementary c-Myc -binding oligonucleotides (5'-GGA AGC AGA CCA CGT GGT CTG
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CTT CC-3', Santa Cruz Biotechnology) was 3'-biotinylated using a biotin 3-end DNA
labeling kit (Pierce) according to the manufacturer’s instructions, and annealed for 30 min at
37°C. Samples were loaded onto native 4% polyacrylamide gels pre-electrophoresed for 60
min in 0.5x Tris borate/EDTA (TBE) buftfer on ice and transferred onto a positively charged
nylon membrane (Hybond™-N*) in 0.5x TBE buffer at 100 V for 1 h on ice. The transferred
DNA-protein complex was cross-linked and horseradish peroxidase-conjugated streptavidin
was utilized according to the manufacturer’s instructions to monitor the transferred DNA-

protein complex.

Transfection of small interfering RNA (siRNA)

Cells were seeded on a 24-well plate at a density of 1 x 10° cells/ml and transfected c-
Myc-, JNK-, and elF2a-specific silencing RNA (siRNA, Santa Cruz Biotechnology) for 24 h.
For each transfection, 450 pul growth medium was added to 20 nM siRNA duplex with the
transfection reagent G-Fectin and the entire mixture was added gently to the cells.
Transfected cells were maintained in culture for 24 h before harvesting for further analysis.
The efficiency of the siRNA knockdown for each gene was determined by western blot

analysis.

Immunofluorescence staining and confocal microscopy

LNCaP cells were seeded on glass coverslips and incubated for 24 h at 37°C with or
without CPT, washed twice with PBS, and fixed with 90% methanol at 37°C for 30 min. The
cells were again washed with PBS, blocked in 10% normal goat serum for 1 h, and incubated
with p-PERK and beclin overnight at 4°C. Primary antibody was removed by washing the

membranes in PBS containing Triton-X (0.3%) and incubated for 1 h with Alexa 488-
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conjugated anti-mouse secondary antibody (Molecular Probes, Eugene, OR, 1:200).

Fluorescent signals were imaged using a confocal laser scanning microscope.

Measurement of reactive oxygen species

LNCaP cells were seeded on 24-well plate at a density of 2 x 10° cells/ml and sic-Myc
transfected for 24 h. Then cells were preincubated with cell-permeable HoDCFDA
florescence dye for 1 h and then treated the indicated concentrations of CPT for 24 h. The
cells were lysed with Triton X-100 and supernatant was analyzed for ROS production using a
GLOMAX luminometer (Promega, Madison, WI). In a parallel experiment, DCFDA
fluorescence intensity was also analyzed by a FACSCalibur flow cytometry (Becton

Dickinson, San Jose, CA).

Measurement of autophagy
Cells were plated at a density of 2 x 10° cells/ml and exposed for the 2 uM CPT for
indicated time points. The cells were stained with acridine orange for 30 min at 37°C and

flow cytometry was used to determine the fluorescence intensity.

Ca*" influx assay
The intracellular free Ca?* was measured with Flu3-AM dye. The cells were stained with
Flu3-AM for 30 min at room temperature, cells were treated with the indicated concentration

of CPT and fluorescence intensity was obtained using flow cytometry.

Statistical analysis

The images were visualized with Chemi-Smart 2000 (VilberLourmat, Marine, Cedex,
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France). Images were captured using Chemi-Capt (VilberLourmat) and transported into
Photoshop. All bands were shown a representative obtained in three independent experiments
and quantified by Scion Imaging software (http://www.scioncorp.com).Statistical analyses
were conducted using SigmaPlot software (version 12.0) Values were presented as mean =+
standard error (S.E.). Significant differences between the groups were determined using the
unpaired one-way and two-way ANOVA with Bonferroni post test. Statistical significance

was regarded at *and ®, p < 0.05.

4.3 Results
4.3.1 CPT induces c-Myc-mediated ROS generation, accompanied by CHOP expression
Because CPT induces apoptosis by inducing DNA damage [Shen et al., 2015; B’chir et
al., 2013], we first investigated whether CPT regulates c-Myc-mediated ROS generation in
response to the damage. RT-PCR and western blot analysis showed that CPT enhanced
expression of c-Myc at the transcription (Fig. 1A) and the translation (Fig. 1B) levels in a
time-dependent manner. An EMSA also confirmed that CPT induced c-Myc translocation to
the nucleus and enhanced DNA-binding activity of c-Myc when cells exposed to the c-Myc
response element containing oligonucleotide (Fig. 1C). Because recent study also showed
that transfection of c-Myc elevated the ROS levels [Shen et al., 2015], we, therefore,
analyzed that CPT-induced c-Myc is involved in ROS generation in LNCaP cells. As
presumed, CPT significantly increased ROS generation compared to that of untreated control;
however, transient knockdown of c-Myc completely downregulated CPT-induced ROS
generation (Fig. 1D). In order to verify interrelationship between c-Myc and ROS in response
to CPT, we also examined CPT-mediated ROS generation in c-Myc-transfected LNCaP cells.

As same to the result of Fig. 1D, depletion of c-Myc alleviated the intensity of DCFDA
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fluorescence in response to CPT (Fig. 1E). Next, we investigated whether CPT regulates
expression of CHOP in LNCaP cells, because c-Myc-mediated ROS increases CHOP
expression accompanied with ATF4, which induces ER stress [B’chir et al., 2013]. Western
blot analysis showed that CPT gradually increased CHOP expression in a time-dependent
manner (Fig. 1F). Moreover, knockdown of ¢c-Myc downregulated the CPT-induced CHOP
expression, which suggests that CPT multiplies c-Myc-mediated ROS generation, leading to

increase CHOP expression which may increase ER stress.
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Fig. 18. Effect of camptothecin (CPT) on c-Myc dependent reactive oxygen species (ROS)
production. (A) LNCaP cells were treated with 2 pM CPT for the indicated time point. Total
(B) Equal amount of cell lysates were resolved on SDS-polyacrylamide gels, transferred to
nitrocellulose membranes and probed with antibodies against c-Myc. (C) In a parallel
experiment, nuclear extracts were prepared to analyze DNA-binding activity of c-Myc by

EMSA. (D) LNCaP cells were transiently transfected with c-Myc siRNA (sic-Myc) and then
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ROS production was measured at 24 h using a fluorometer. (E) Cells were stained with
H>DCFDA and ROS level was analyzed for flow cytometer. (F) Equal amount of cell lysates
were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes and
probed with antibodies against CHOP. (G) In a parallel experiment equal amount of cell
lysates were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes
and probed with antibodies against c-Myc and CHOP. B-Actin and GAPDH were used as the
internal controls for western blot analysis and RT-PCR, respectively. Statistical significance
was determined by two-way ANOVA (¢, p < 0.05 vs. untreated control and 2, p < 0.05 vs.

siCON-treated group). N.S.; nonspecific.

4.3.2 c-Myc regulates CPT-induced ER stress by inducing ROS generation

In order to assess in detail whether CPT induces ER stress because CPT stimulates c-
Myc-mediated ROS generation, resulting in CHOP expression which is a key transcription
factor of ER stress, we verify expression of PERK, elF20, and ATF4. Treatment with CPT
increased phosphorylation of PERK and elF2a, and expression of ATF4 in a time-dependent
manner, which means that CPT activates the PERK-elF20-ATF4 pathway (Fig. 2B). Next,
live cells were stained with ER-tracker-FITC dye, which increased the intensity according to
the concentrations of CPT, leading to ER stress (Fig. 2B). Immunofluorescent staining results
showed that CPT-treated cells exhibited significant increase of p-elF2a-FITC intensity
compared that of untreated control, suggesting that CPT increased ER stress (Fig. 2C).
However, transfection of sic-Myc completely reduced the intensity of p-elF2a-FITC, which
may imply that CPT-induced phosphorylation of elF2a are regulated by c-Myc (Fig. 2D).
Moreover, as presumed, depletion of c-Myc abrogated CPT-induced phosphorylation of

PERK and elF20, and expression of ATF-4. Then, we examined the effect of inhibition of
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ROS with the presence of antioxidant on ER marker protein. Treatment with GSH
significantly downregulated the level of elF2a phosphorylation and ATF4 expression in
LNCaP cells. Taken together, these results indicate that CPT stimulates the PERK-elF2a-

ATF4 pathway, resulting from c-Myc-induced ROS generation, which lead to ER stress.
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Fig. 19. Effect of camptothecin (CPT) on endoplasmic reticulum (ER) stress. LNCaP cells
were treated with 2 uM CPT for the indicated time point. (A) Equal amount of cell lysates
were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes and
probed with antibodies against indicated protein. (B) LNCaP cells were treated with 2 uM
CPT at the indicated times and then stained with FITC-conjugated ER-Tracker. The
fluorescence intensity of the ER Tracker was analyzed by a flow cytometer. (C) After LNCaP
cells were transfected with c-Myc-targeted siRNA (sic-Myc), the cells were treated with 2
uM CPT and then p-elF2a level was analyzed by immunofluorescence staining. The cells
were fixed, permeabilized, and stained with anti-p-eIF2a monoclonal antibody. Monoclonal
antibody was detected using an anti-rabbit secondary antibody conjugated with FITC under

confocal microscopy. (D) LNCaP cells were preincubated with GSH prior to treatment with 2
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uM CPT for 24 h. Equal amount of cell lysates were resolved on SDS-polyacrylamide gels,
transferred to nitrocellulose membranes, and probed with antibodies against indicated protein.
(E) After cells transfected with sic-Myc, cells were treated with 2 uM CPT and the indicated
proteins were analyzed using western blot analysis. B-Actin was used as the internal control

for western blot analysis.

4.3.3 CPT promotes autophagy formation, resulting from ER stress

Since CPT had no morphologically apparent apoptotic effect on LNCaP cells (data not
shown), we investigated the effect of CPT on induction of autophagy. Flow cytometry data
confirmed that LNCaP cells stained with acridine orange time-dependently increased the
fluorescent intensity, which indicates that CPT increases autophagy in LNCaP cells (Fig. 3A).
Fig. 3B showed that the expression levels of autophagy related proteins beclin-1 and Atg7
markedly increased in response to CPT in a time-dependent manner. Western blot analysis
also revealed that CPT concomitantly abrogated the autophagy initiating p62 expression.
Additionally, intensity of FITC-conjugated beclin-1 was observed under laser scan confocal
microscopy. Fluorescent intensity of beclin-1 dose-dependently increased in LNCaP cells in
response to CPT. Recent study showed that UPR activation results in ER expansion and the
formation of autophagosomes, leading to cell survival [Dang et al., 2005]. Therefore, we
investigated whether inhibition of ER stress using sielF2a has effect on autophagy-regulating
proteins. As shown in Fig. 3D, knockdown of elF2a downregulated the level of beclin-1 and
atg7, whereas upregulated the level of p62. These data indicate that CPT induces autophagy
formation in LNCaP cells, resulting from ER stress. Because dual function of autophagy
interplays between cell survival and cell death, we needed to elucidate the role of CPT-

induced autophagy. To address the function of autophagy in response to CPT, we measured
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the cell viability in the presence of autophagy inhibitors, 3MA and BAF. Pretreatment with
autophagy inhibitors diminished the cell viability, but the effect was slight than our
expectation. Taken together, these results suggest that CPT promotes autophagy as partial

cytoprotection by stimulating ER stress.
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Fig. 20. Effect of camptothecin (CPT) on autophagy formation. LNCaP cells were treated
with 2 uM CPT for the indicated time point. (A) Equal amount of cell lysates were resolved
on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed with
antibodies against the indicated protein. (B) LNCaP cells were treated with 2 uM CPT and

cells were treated with beclin 1 as primary antibody. Monoclonal antibody was detected using
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an anti-rabbit secondary antibody conjugated with FITC under confocal microscopy. (C)
Cells were stained with acridine orange and analyzed for flow cytometer. (D) After cells
transfected with elF2a-targeted siRNA (sielF2a), cells were treated with 2 uM CPT, equal
amount of cell lysates were resolved on SDS-polyacrylamide gels, transferred to
nitrocellulose membranes, and probed with antibodies against indicated protein. (E) Cells
were pretreated with 3-methyladenine (3MA) and bafilomycin A1 (BAF) before treatment
with 2 pM CPT and cellular viability was determined by an MTT assay. -Actin was used as
the internal control for western blot analysis. Statistical significance was determined by one-

way ANOVA (%, p <0.05 vs. each CPT-treated control).

4.3.4 CPT promotes autophagy by increasing intracellular Ca?* release

It previously demonstrated that CPT activates the calcium channel and induces the influx
of calcium to intracellular cytosol (23). However, the CPT-induced Ca®" signal pathway has
not to be fully understood. As shown in Fig. 4A, CPT gradually increased the intensity of
Ca®" fluorescence dye, Fluo 3-AM. Moreover, confocal microscopy images clearly
demonstrated that intracellular Ca®* concentration increased in response to CPT; however, the
level of intracellular Ca** was further decreased when pretreatment with a Ca*' chelator,
EGTA (Fig. 4B). The phosphorylation of AMPK, a metabolic master switch that regulates
several intracellular systems, is controlled by two Ca’'-dependent kinases, LKB1 and
CaMKK. Since CPT regulated intracellular Ca®>" release, we next examined that the
phosphorylation level of AMPK is regulated in response to CPT. As presumed, CPT increased
the AMPK phosphorylation in a time-dependent manner (Fig. 4C). Furthermore, in order to
investigate Ca’"-dependent AMPK phosphorylation, LNCaP cells were pretreated with a

calcium chelator, EGTA and an ROS inhibitor, GSH and then we analyzed AMPK
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phosphorylation. Our data showed that CPT-induced AMPK phosphorylation remarkably
downregulated in the presence of EGTA and GSH (Fig. 4D), indicating that Ca?>" and ROS
regulates AMPK phosphorylation. Because Ca*" accumulation in the cytosol is required for
phosphorylation of AMPK, leading to induction of autophagy, we analyzed expression of
autophagy proteins in the presence of EGTA and CaMKII inhibitor, K252a. EGTA and K252a
completely abrogated CPT-induced beclin 1 and Atg7 (Fig. 4E), suggesting that CPT-induced
Ca’" release promotes autophagy via the CAMKII-AMPK pathway. Taken together, these
results suggest that CPT activates CaMKII-mediated AMPK phosphorylation by

accumulating intracellular Ca**, leading to autophagy formation.
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Fig. 21. Effect of camptothecin (CPT) for intracellular Ca** release. (A and B) LNCaP cells
were treated with 2 uM CPT at the indicated times and then stained with Fluo 3-AM. The
fluorescence intensity of the Fluo 3-AM and was analyzed by a flow cytometer and a
confocal microscopy. (C) LNCaP cells were treated with 2 uM CPT for the indicated time
point and equal amount of cell lysates were resolved on SDS-polyacrylamide gels, transferred
to nitrocellulose membranes and probed with antibodies against p-AMPK and AMPK. (D) To
examine the effect of EGTA and K252a on autophagy protein, cells were pretreated with
2 uM EGTA or K252a for 1 h, further treated with 2 uM CPT for 24 h, and western blot
analysis was performed to detect indicated protein. (E) To examine the effect of EGTA and
ROS inhibitor GSH on phosphorylation of AMPK, cells were pretreated with indicated
concentration of EGTA or GSH for 1 h and further treated with 2 uM CPT for 24 h and
western blot analysis was performed to detect indicated protein. B-Actin was used as the

internal control for western blot analysis.
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4.3.5 CPT induces JNK-dependent autophagy by enhancing AP-1 activity

Recently published work provided new insights on the JNK pathway to control the
balance of autophagy and apoptosis in response to genotoxic stress. Here, we sought to
evaluate the role of JNK in CPT-induced autophagy in LNCaP cells. As we can see in Fig.
SA, treatment with CPT gradually increased phosphorylation of JNK in a time-dependent
manner. The phosphorylation of INK clearly appeared at 12 h and maximally reached at 24 h
after exposure of CPT; however, no total JNK level was altered. The JNK pathway is a
potential mediator of ROS response by activating AP-1, resulting in autophagy formation
[Cheng et al., 2011]. Therefore, we attempted to analyze CPT-induced JNK expression
through AP-1 activity. CPT treatment resulted in a significant increase of DNA-binding
activity of AP-1 in LNCaP cells; however, pretreatment of JNK inhibitor, SP600125, and
siJNK transfection abolished CPT-induced AP-1 activity (Fig. 5B), suggesting that the JNK-
AP-1 pathway is generated in response to CPT. Pretreatment with antioxidant GSH also
abolished phosphorylation of CPT-induced c-Jun, which implies that CPT-induced ROS
activates the JNK-AP-1 signaling pathways in LNCaP cells (Fig. 5C). Moreover, knockdown
of JNK significantly abolished the expression level of beclin-1 and Atg7, accompanied by
dephosphorylation of c-Jun (Fig. 5D). Taken together, these data indicate that CPT-induced

ROS generation is a potential mediator of the INK-AP-1 pathway, resulting in autophagy.
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Fig. 22. Effect of camptothecin (CPT) on JNK-dependent AP1 activity. LNCaP cells were
treated with 2 pM CPT for the indicated time point. (A) Equal amount of cell lysates were
resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed
with antibodies against JNK and p-JNK. (B) In a parallel experiment, nuclear extracts were
prepared to analyze DNA-binding activity of AP-1 by EMSA. (C) LNCaP cells were
pretreated with GSH for 1 h prior to treatment 2 uM CPT and western blot analysis was
performed for indicated protein. (D) After LNCaP cells transfected with JNK-targeted siRNA
(siJNK), the cells were treated with 2 puM CPT for 24 h. Equal amount of cell lysates were
resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed
with antibodies against indicated protein. -Actin was used as the internal control for western

blot analysis. N.S.; nonspecific.
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Fig. 23. CPT-induced unfolded protein response (UPR) signal pathways. CPT regulates c-
Myc-mediated ROS generation in response to the DNA damage. CPT enhances c-Myc-
mediated ROS generation, leading to increase CHOP expression which increases ER stress.
Treatment of CPT increased phosphorylation of PERK and elF2a, and expression of ATF4,
which indicated that CPT activates the PERK-elF2a-ATF4 pathway. CPT also induces
autophagy as cytoprotection mechanism in LNCaP cells, resulting from ER stress. CPT also
increased the intracellular Ca®" concentration which target phosphorylation AMPK dependent
autophagy. Additionally, JNK signaling is a potential mediator of ROS response via AP-1

transcription activation, resulting in autophagy induction.
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4.4 Discussion

In the present study, we demonstrated that CPT enhanced c-Myc-mediated ROS
generation in LNCaP cells, which stimulates the PERK-elF2a-ATF-4 route during ER stress-
induced autophagy. In previous, the PERK-elF20-ATF-4 pathway is well-tuned responsible
not only for translational attenuation, but also for activation of their target genes such as
CHOP during ER stress [Teske et al., 2011]. We found that CPT activates the PERK-eIF2a-
ATF-4 pathway, resulting from ROS generation, whereas the presence of antioxidant
abolished CPT-induced ER stress. Nevertheless, detail study on ROS production may be
performed in CPT-induced ER stress, because the molecular mechanism of ROS generation
remains unclear and may involve multiple pathways. JNK is an important member of the
MAPK superfamily, the members of which are readily activated by many environmental
stimuli. Recently, Shen et al., reported that ROS-mediated JNK switches from apoptosis to
autophagy via ER stress, accompanied by AP-1 activation [West et al., 2012]. Zhou et al.,
intensively supported that autophagy was attributed to induction of ROS, whereas inhibition
of JNK or expression of dominant negative c-Jun and a ROS scavenger prevented autophagy,
indicating that ROS-mediated activation of the JNK signaling pathway contributed to
autophagy [Zhou et al., 2014]. In the present study, we also verified that CPT regulates JNK-
dependent autophagy by inducing AP-1 activation. Nevertheless, another study showed that
other MAPKSs such as ERK and p38 MAPK play a pivotal role in ER stress and autophagy
[Zhou et al., 2015]. Therefore, further studies will be needed to find out the possibility of
other MAPKs to regulate CPT-induced ER stress-mediated autophagy. Additionally, no
another potential could be ignored, because ER stress transit cellular signal to IRE1, which
leads to phosphorylation of INK [Teske et al., 2011]. During ER stress, intracellular Ca®*

remarkably involves the onset of autophagy via CaMKII-AMPK pathway [Pfisterer et al.,
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2011]. Zhang et al., reported that CPT induced autophagy through the AMPK pathway,
leading to cell survival [Hart et al., 2012]. Nevertheless, no study has been shown on relation
between ER stress and autophagy. In the current study, we found that CPT-induced ER stress
plays an indispensable role in promoting Ca’"-mediated autophagy formation by establishing
c-Myc-mediated ROS generation (Fig. 6).

c-Myc is a target of chromosomal translocation and central oncogenic switch for
oncogenes during cell growth, apoptosis, and metabolism [Dang et al., 20]. Recent study also
showed that c-Myc activation is associated with robust upregulation of protein synthesis
related to ER stress, leading to a significant increase of cell survival through cytoprotective
autophagy [Hart et al., 2012]. On the other hand, Kagaya ef al., reported that c-Myc induced
cell death associated with activation of JNK and caspase-3 through nucleosomal DNA
degradation [Kagaya et al., 1997]. Additionally, excessive loading of unfolded or misfolded
proteins transit into apoptosis by upregulation of c-Myc-mediated CHOP [Benbrook et al.,
2012]. Interestingly, our data revealed that CPT increased c-Myc-dependent ER stress, which
activates beclin-1 and Atg7, leading to autophagy. The discrepancy on the role of c-Myc
between cell survival and cell death might be further studying; nevertheless, we found that
CPT-induced c-Myc is an important upstream molecule for ER stress-mediated
cytoprotective autophagy through ROS generation. Wang et al., also reported that rapid
elevation of intracellular Ca®" resulted in the cell death, suggesting that the release of Ca®*
from ER plays a crucial role in apoptosis [Wang et al., 2008]. In peculiar, intracellular free
Ca?" irritates mitochondrial membrane potential and permeability transition, which increases
the release of cytochrome C into the cytosol, resulting in activation of the caspase cascade
and consequent apoptosis [Gogvadze et al., 2006]. Resveratrol-induced apoptosis was also

mediated by the process of autophagy via Ca*/AMPK-mTOR signaling pathway [Zhang et
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al., 2013]. However, our data showed that CPT-induced autophagy through the Ca**/AMPK
pathway promoted cytoprotective function; the phenomenon is attributable to CPT-induced
G2/M phase arrest (data not shown), suggesting that CPT boosted G2/M phase arrest by

blocking cell death through autophagy-mediated cell survival.

4.5 Conclusion

The present study demonstrated that activation of c-Myc increased ER stress through the
ROS-mediated PERK-elF2a-ATF-4 pathway, leading to autophagy accompanied by the JNK
and Ca?" routes. These data are the first established on the relationship between ER stress and

autophagy in response to CPT and would be potentially beneficial in cancer therapy.
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Chapter 5

CPT induces c-Myc- and Spl-mediated hTERT expression
in LNCaP cells: involvement of reactive oxygen species

and PI3K/Akt
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Abstract

Camptothecin (CPT) is a potentially interesting candidate for use in cancer chemotherapy
because its specific molecular target is topoisomerase I which constitutively increases in
cancer cells, not normal cells. However, the molecular mechanisms responsible for CPT-
induced telomerase inhibition remain to be poorly known. In this study, we examined the
effects of CPT on human telomerase reverse transcriptase (hTERT) expression and
telomerase activity in LNCaP cells. In this study, we found that CPT caused upregulation of
hTERT expression and a concomitant increased of telomerase activity. Transfection of
hTERT-targeting siRNA has no effect on CPT-induced G2/M phase arrest, suggesting that
increased hTERT expression prevents the cells against apoptosis, leading to promote survival
rate and consequently delay cell cycle progression. CPT enhanced hTERT expression by
inducing c-Myc and Spl. As we presumed, treatment with CPT increased the level of
intracellular reactive oxygen species (ROS), whereas pretreatment with antioxidants, V-
acetyl-cysteine (NAC) or glutathione (GSH), completely attenuated ROS generation
accompanied by downregulation of hTERT. Moreover, c-Myc stimulated ROS generation in
response to CPT, leading to Spl activation, which promotes hTERT expression. Treatment
with CPT also enhances phosphorylation of PI3K and Akt which are upstream regulator in
controlling hTERT phosphorylation for translocation into the nucleus. These findings
demonstrate the effectiveness of CPT in controlling telomerase activity by upregulating

hTERT expression.
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5.1 Introduction

Telomerase is a specialized ribonucleoprotein that functions reverse transcription in
maintaining telomeric repeats at the ends of eukaryotic chromosomes [Romaniuk et al.,
2014]. Activation of telomerase is important for the continued growth of several human
tumors, resulting in a critical role in cell cycle and tumorigenesis [Ferguson et al., 2015].
Cancer cells and spontaneously immortalized cells elevates telomerase activity to preserve
the telomeric ends of chromosomes; however, most normal human somatic cells
progressively lose their telomeres with each cell division because of functional inactivation of
telomerase, which suggests that the enzyme offers potentially valuable target for
chemotherapy [Shay et al., 2013]. The telomerase complex is composed of a catalytic
subunit, including human telomerase reverse transcriptase (h"TERT), telomerase RNA (TR),
chaperone proteins (p23 and Hsp90), and telomerase-associated proteins (TEP1) [Shay et al.,
2013]. TR, TEPI1, p23, and Hsp90 are ubiquitously expressed in a wide variety of cells
irrespective of telomerase activity, which indicates that those catalytic proteins are not
promising target; however, there have been numerous studies focused on hTERT regulation in
controlling apoptosis of cancer cells because cancer cells specifically express hTERT, but not
normal cells. Previous studies revealed that knockdown of hTERT completely suppressed
cancer cell growth by inactivating telomerase capability, whereas overexpression of hTERT
results in a significant decrease of anti-cancer drug sensitivity [Li et al., 2015, Xue et al.,
2015]. Therefore, many scientists have been attempting to find specific hTERT-targeting
drugs for cancer chemotherapy.

The hTERT promoter region is located within the 1375 bp upstream of the transcription-
starting site and is rich in variety of transcription factor binding sites [Zhang et al., 2006].

The region includes two typical E-boxes and several GC-boxes for binding with transcription
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factors such as c-Myc and Spl, respectively [8]. c-Myc directly binds with E-box and
remarkably induces hTERT transcription, leading to subsequent cell proliferation [Kyo et al.,
2008]. In addition, activation of c-Myc potentiates hTERT expression accompanied by
FOXO3a, which recruits c-Myc to the hTERT promoter through c-Myc-mediated histone
acetylation [10]. Moreover, mutations of two E-boxes in the hTERT promoter blocked DNA-
binding activity of c-Myc, leading to decrease hTERT promoter activity, and inhibited its
activity induced by overexpressing c-Myc; however, hTERT promoter activity still
maintained in direct knockdown of c-Myc [Zhao et al., 2014], which suggests that c-Myc
prevents accessibility of repressive transcription factor for hTERT promoter, not regulating
direct increase of hTERT. The core promoter of hTERT also contains Sp1/Sp3 binding sites,
which are necessary for hTERT expression [Liu et al., 2012]. In peculiar, Zhao et al., reported
Spl silencing completely inhibited telomerase activity by suppressing hTERT expression,
leading promotes apoptosis. Taken together, c-Myc and Spl cooperatively regulates hTERT
promoter; nevertheless, direct targeting c-Myc and Spl would be bad strategy in modulating
hTERT expression for cancer therapy because the transcription factors are ubiquitously
expressed in not only cancer cells, but also normal cells. Posttranslational modification of
hTERT is also required for telomerase activity for nuclear translocation by phosphorylating
hTERT at Ser*?’ via the Akt pathway, which increases binding affinity of hTERT to importin-
o [Bisson et al., 2015]. Accordingly, hTERT overexpression reduces the basal level of
intracellular reactive oxygen species (ROS) and suppresses ROS-mediated apoptosis [Indran
et al., 2011]. Nuclear factor erythroid 2-related factor 2 (Nrf2) binds to antioxidant response
elements (AREs) and stimulates transcription of antioxidant proteins, leading to decrease
ROS generation [Kovac et al., 2015]. However, little is known the mechanism behind the

Nrf2 regulates hTERT expression.
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Camptothecin (CPT) is a potent topoisomerase I inhibitor by binding with topoisomerase
I-DNA complex responsible for apoptosis of cancer cells [Zeng et al., 2012]. Our previous
data also showed that CPT triggered tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) and inhibited cancer cell invasion by suppressing matrix metalloproteinase-9
[Jayasooriya et al., 2014]. CPT also regulated G>/M arrest, resulting from cell cycle
checkpoint modulation [Huang et al., 2008]. Murofushi et al., found that the highest levels
of hTERT expression and telomerase activity were observed from G to S phase, which were
2-3-fold higher than the lowest levels in Go phase [Murofushi et al., 2006]. Kalpper et al.,
reported that treatment with topoisomerase II inhibitor increased the telomerase activity after
DNA damage [Kalpper et al., 2003]. Even though no report has been whether CPT regulates
G2/M arrest, resulting from alleviating of hTERT, above studies verified that most DNA-
targeting topoisomerase including CPT regulates cell cycle progression and telomerase
activity.

In the present study, we found that CPT promoted c-Myc- and Spl-mediated hTERT
activity, which did not regulate G»/M phase arrest. Moreover, CPT induced posttranslational

phosphorylation of hTERT through the PI3K and Akt pathway.
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5.2 Materials and method

Reagent and antibodies

CPT, N-acetylcysteine (NAC), glutathione (GSH), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), propidium iodide, and 2’,7'-Dichlorodihydrofluorescein
diacetate (H.DCFDA) were purchased from Sigma (St. Louis, MO) and an enhanced
chemiluminescence (ECL) kit was purchased from Amersham (Arlington Heights, IL). RPMI
1640 medium, fetal bovine serum (FBS), and antibiotics mixture was purchased from
WelGENE (Daegu, Republic of Korea). SP600125 and Watmannin were purchased from
Calbiochem (San Diego, CA). Antibodies against hTERT, cyclin E, cyclin B1, Cdkl, Spl,
nucleolin, p21, Nrf2, and B-actin were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Antibodies against c-Myc, PI3K, p-PI3K, JNK, and p-JNK were purchased from
Cell Signal (Beverly, MA). Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse

immunoglobulin were purchased from KOMA Biotechnology (Seoul, South Korea).

Cell culture and viability assay

Human prostate cancer LNCaP cells and human leukemia U937 cells were purchased
from American Type Culture Collection (Rockville, MD). Cells were cultured at 37°C in a
5% COz-humidified incubator and maintained in RPMI 1640 medium containing 10% heat-
inactivated FBS and 1% antibiotics mixture. The cells were seeded (1 x 10° cells/ml) and
then incubated with CPT for 24 h. MTT assays were performed to determine relative cell

viability.

RNA extraction and RT-PCR

Total RNA was isolated using Trizol reagent (GIBCO-BRL; Gaithersburg, MD)
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according to the manufacturer's recommendations. Genes of interest were amplified from
cDNA that was reverse-transcribed from 1 pg total RNA using the One-Step RT-PCR Premix
(iNtRON Biotechnology; Sungnam, Republic of Korea). Primers for A”TERT sense (5'-CCG
AAG AGT GTC TGG AGC AA-3"); hTERT antisense (5'-GGA TGA AGC CGA GTC TGG
A-3"); and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) sense (5'-CCA CCC ATG
GCA AAT TCC ATG GCA-3"); GAPDH antisense (5'-TCT AGA CGG CAG GTC AGG
TCC ACC-3’) have been described previously. PCR reaction was initiated at 94°C for 2 min
followed by 28 cycles of 94°C for 1 min, 1-min annealing temperature, 72°C for 1 min
followed by final extension at 72°C for 5 min. Annealing temperatures for hTERT and
GAPDH were 58°C and 60°C, respectively. After amplification, PCR products were
separated on 1.5% agarose gels and visualized by ethidium bromide fluorescence using

Chemi-Smart 2000 (VilberLourmat; Marine, Cedex, France).

Western blot analysis

Whole-cell lysates were prepared by PRO-PREP protein extraction solution (iNtRON
Biotechnology, Sungnam, Republic of Korea). Cytoplasmic and nuclear protein extracts were
prepared using NE-PER nuclear and cytosolic extraction reagents (Pierce, Rockford, IL). The
cell lysates were harvested from the supernatant after centrifugation at 13,000 g for 20 min.
Total cell proteins were separated on polyacrylamide gels and standard procedures were used
the transfer them the nitrocellulose membranes. The membranes were developed using an

ECL reagent.
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Electrophoretic mobility shift assay

Transcription factor-DNA binding activity assays were carried out with nuclear protein
extract. Synthetic complementary c-Myc (5'-GGA AGC AGA CCA CGT GGT CTG CTT
CC-3") and Spl (5'-ATT CGA TCG GGG CGG GGC GAG C-3’) binding oligonucleotides
was 3'-biotinylated utilizing the biotin 3'-end DNA labeling kit (Pierce) according to the
manufacturer’s instructions, and annealed for 30 min at 37°C. Samples were loaded onto
native 4% polyacrylamide gels pre-electrophoresed for 60 min in 0.5X Tris borate/EDTA
(TBE) bufter on ice, in the presence of transferred onto a positively charged nylon membrane
(Hybond™-N") in 0.5X TBE buffer at 100 V for 1 h on ice. The transferred DNA-protein

complex was cross-linked to the membrane at 120 ml/cm?

. Horseradish peroxidase-
conjugated streptavidin was utilized according to the manufacturer’s instructions to monitor

the transferred DNA-protein complex.

Flow cytometric analysis
Cell cycle progression, ROS production, and intracellular PI3K and Akt were analyzed
by flow cytometry. Cells were analyzed by using a FACSCalibur flow cytometer (Becton

Dickenson, San Jose, CA), after each staining.

Telomerase activity assay

Telomerase activity was measured using a PCR-based telomeric repeat amplification
protocol (TRAP) enzyme-linked immunosorbent assay (ELISA) kit (Boehringer Mannheim,
Mannheim, Germany) according to the manufacturer’s description. In brief, cells were treated
with CPT, harvested, and approximately 1 x 10° cells were lysed in 200 pl lysis reagent and

incubated on ice for 30 min. For the TRAP reaction, 2 ul cell extract (containing 2 ug protein)
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was added to 25 pl reaction mixture with the appropriate amount of sterile water to make a
final volume of 50 ml. PCR was performed as follows: primer elongation (25°C for 30 min),
telomerase inactivation (94°C for 5 min), product amplification by the repeat of 30 cycles
(94°C for 30 s, 50°C for 30 s, and 72°C for 90 s). Hybridization and the ELISA reaction were

carried out following the manufacturer’s instructions.

Luciferase assays

LNCaP cells were seeded at a density of 2 x 10> cells/ml and grown overnight and the
cells were cotransfected with 1 pg hTERT promoter and 0.2 ug pCMV-f-galactosidase
plasmid using Lipofectamin Plus regent (Life Technologies) following the manufactures
instructions. After 24 h-incubation, the cells were incubated with or without CPT for another
24 h. Luciferase and f-galactosidase activities were assayed according to the manufacture's

protocol (Promega, Madison, WI).

Small interfering RNA (siRNA)

Cells were seeded on a 24-well plate at a density of 1 x 10° cells/ml and transfected
hTERT-, c-Myc-, and Spl-specific silencing RNA (siRNA, Santa Cruz Biotechnology) for
24 h. For each transfection, 450 ul growth medium was added to 20 nM siRNA duplex with
the transfection reagent G-Fectin (Genolution Pharmaceuticals Inc., Seoul, Republic of Korea)

and the entire mixture was added gently to the cells
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Immunofluorescence staining and confocal microscopy

Cells were seeded on glass coverslips and incubated for 24 h at 37°C with or without
CPT washed twice with PBS and fixed with 90% methanol at 37°C for 30 min. The cells
were again washed with PBS and blocked in 10% normal goat serum for 1 h and incubated
with anti-p-PI3K and p-Akt antibody (1:200, Santa Cruz Biotechnology) overnight at 4°C.
Primary antibody was removed by washing the membranes in PBS containing Triton-X
(0.3%) and incubated for 1 h with Alexa 488-conjugated anti-mouse secondary antibody
(1:200, Molecular Probes, Eugene, OR). Fluorescent signals were imaged using a confocal

laser scanning microscope.

DNA fragmentation assay

After treatment of CPT for 24 h in LNCaP cells were lysed in DNA fragmentation lysis
buffer containing 10 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA and 0.5% Triton X-100
for 1 h on ice. Lysates samples were vortexes and separated centrifugation at 15,000 RPM for
15 min. Fragmented DNA in the supernatant was isolated with equal volume of
phenol:chloroform:isoamyl alcohol mixture and analyzed electrophoretically on 1.5%

agarose gel.

Statistical analysis

The images were visualized with Chemi-Smart 2000 (VilberLourmat, Marine, Cedex,
France). Images were captured using Chemi-Capt (VilberLourmat) and transported into
Photoshop. All bands were shown a representative obtained in three independent experiments
and quantified by Scion Imaging software (http://www.scioncorp.com).Statistical analyses
were conducted using SigmaPlot software (version 12.0). Values were presented as mean =+

standard error (S.E.). Significant differences between the groups were determined using the
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unpaired one-way and two-way ANOVA test. Statistical significance was regarded at ¢ and ?,

»<0.05.

5.3 Results

5.3.1 CPT increases hTERT expression and activity, which is not associated with G2/M

phase arrest

In order to determine the effect of CPT on cell viability, LNCaP cells were treated with
the indicated concentrations of CPT for 24 and the cell viability was determined by an MTT
assay. CPT decreased cell viability in a dose-dependent manner and significant anti-
proliferative effect in response to CPT was observed from at 2 uM CPT (Fig 1A). However,
no apoptotic morphological changes were seen in response to CPT (data not shown). We next
examined whether CPT regulates hTERT expression and telomerase activity in LNCaP cells.
Treatment with CPT dose-dependently increased hTERT expression at both the
transcriptional and translational levels in LNCaP cells (Fig. 1B). In addition, we revealed the
underlying mechanisms involved in CPT-induced transcriptional control of hTERT using the
luciferase system containing hTERT gene promoter region. CPT significantly stimulated
hTERT promoter activity (Fig. 1C). In order to elucidate the regulatory effect on telomerase
activity by treatment with CPT, telomerase activity measured using a TRAP assay kit. The
assay data also showed that CPT augments telomerase activity (Fig. 1D), suggesting that CPT
enhances hTERT expression, leading to telomerase activity.

Recent study showed that hTERT regulated the cell cycle through specific localization of
telomerase, peaking at mid-S phase. Because our previous data also showed that CPT-
induced G2/M phase arrest without apoptosis, we hypothesized that CPT-induced G2/M phase

arrest might be induced by increasing hTERT expression in LNCaP cells. In order to
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investigate hTERT function in G2/M phase arrest, LNCaP cells were transfected with hTERT
siRNA (sihTERT) to analyze the role of hTERT. sihTERT significantly reduced the hTERT
protein level, compared to that tranfected control siRNA (siCON). As shown in Fig. 1F, CPT
significantly induced G>/M phase arrest; however, dissimilar to our hypothesis, sthTERT had
no effect on the CPT-mediated Go/M cell cycle arrest. Furthermore, no protein level of cyclin
El, cyclin B, and p21 were significantly altered upon the depletion of hTERT. These results
indicate that telomerase activity and G2/M phase arrest were not correlated to molecular

function of CPT.
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Fig. 24. Camptothecin (CPT)-induced telomerase activity and hTERT expression. (A) After
24 h incubation with CPT, cell viability was determined by MTT assay. (B) Total RNA was
extracted in Trizol reagent. One microgram of RNA was reverse-transcribed, the resulting
cDNA was subjected to PCR with hTERT primers, and visualized by EtBr staining. GAPDH
was used as an internal control. Equal amounts of cell lysate were subjected to Western blot
analysis with specific antibodies. B-Actin was used as an internal loading control. (C)
Telomerase activity of LNCaP cells was measured using a luciferase assay. (D) Telomerase
activity of LNCaP cells was measured using a TRAP-ELISA. (E) Cells were transiently
transfected with A”TERT siRNA and then check the expression level of hTERT by western blot
analysis. (F) Representative histograms for effect of CPT treatment on cell cycle distribution
in LNCaP transfected with hTERT specific siRNA and control transfections. (G) In a parallel

experiment western blot was done for indicated proteins. Data from three independent
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experiments are expressed as the overall mean =+ S.E. Statistical significance was determined

by one-way ANOVA (%, p <0.05 vs. untreated control).

5.3.2 ROS regulate CPT-induced hTERT expression

Nrf2 is essential for camptothecin (CPT)-induced hTERT expression. LNCaP cells were
treated with the indicated concentration of CPT, NAC, or GSH, or treated with combined
CPT with NAC or GSH. (A) Intracellular ROS generation was determined by flow cytometry
using the peroxide-sensitive dye DCFDA. The number means total mean fluorescent
intensity. Apoptotic annexin-V" population was analyzed by flow cytometry. (B) Telomerase
activity of LNCaP cells was measured using a TRAP-ELISA. (C) Cells were seeded at
1 x 10° cells/ml and treated with the indicated concentrations of NAC and GSH for 24 h.
Equal amounts of cell lysate were subjected to Western blot analysis with hTERT antibodies.
B-Actin was used as an internal loading control. (D) Nuclear extracts were prepared to
analyze DNA-binding of Nrf2 by EMSA. (E) In a parallel experiment western blot analysis
was done for indicated proteins. (F) Cells were transiently transfected with Nrf2 siRNA and
then check the production of ROS using fluorometer. (G) Expression level of hTERT by
western blot analysis and RTPCR. (H) In a parallel experiment telomerase activity of LNCaP
cells was measured using a luciferase assay. Data from three independent experiments are
expressed as the overall mean = S.E. Statistical significance was determined by two-way

ANOVA (“and ?, p < 0.05 vs. untreated control and CPT-treated group).
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Fig. 25. Nrf2 is essential for camptothecin-induced hTERT expression. LNCaP cells were

treated with the indicated concentration of CPT, NAC, or GSH, or treated with combined
CPT with NAC or GSH. (A) Intracellular ROS generation was determined by flow cytometry
using the peroxide-sensitive dye DCFDA. The number means total mean fluorescent
intensity. Apoptotic annexin-V" population was analyzed by flow cytometry. (B) Telomerase

activity of LNCaP cells was measured using a TRAP-ELISA. (C) Cells were seeded at
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1 x 10° cells/ml and treated with the indicated concentrations of NAC and GSH for 24 h.
Equal amounts of cell lysate were subjected to Western blot analysis with hTERT antibodies.
B-Actin was used as an internal loading control. (D) Nuclear extracts were prepared to
analyze DNA-binding of Nrf2 by EMSA. (E) In a parallel experiment western blot was done
for indicated proteins. (F) Cells were transiently transfected with Nrf2 siRNA and then check
the production of ROS using flourometer. (G) Expression level of hTERT by western blot
analysis and RT-PCR. (H) In a parallel experiment telomerase activity of LNCaP cells was
measured using a luciferase assay. Data from three independent experiments are expressed as
the overall mean + S.E. Statistical significance was determined by two-way ANOVA (“ and °,

p <0.05 vs. untreated control and CPT-treated group).

5.3.3 CPT regulates c-Myc- and Sp1-dependent hTERT expression

The hTERT gene has an important promoter site (-181 bp) containing two c-Myc and Sp1
binding regions, and c-Myc and Spl have previously shown to directly regulate telomerase
activity through hTERT expression. Since c-Myc and Spl are directly involved in hTERT
expression and regulation, we attempted to determine whether CPT alters c-Myc and Spl
activity and expression in LNCaP cells. CPT resulted in a significant increase of c-Myc- and
Sp1-DNA binding activity in a dose-dependent manner. Additionally, the levels of c-Myc
mRNA (fop) and protein (bottom) were markedly enhanced in CPT-treated cells. Spl was
also upregulated in mRNA and protein levels, at the same conditions (Fig. 3D). Next, we
evaluated the role of c-Myc and Spl in CPT-induce hTERT expression via transient
knockdown of c-Myc and Spl. As shown in Fig. 3E, siRNA transfection was efficient in the
cells. Depletion of c-Myc inhibited CPT-induced hTERT luciferase activity (Fig. 3F) and

transfection of siSp1 resulted in reduction of CPT-induced telomerase activity in LNCaP cells
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(Fig. 3G). Both of sic-Myc and siSpl abrogated CPT-induced hTERT expression (Fig. 3H
and 3I). Finally, we performed that CPT regulates the activity of c-Myc and Spl in the
presence of NAC. RT-PCR data showed that c-Myc and Spl were significantly upregulated
by CPT alone, but NAC abolished CPT-induced Sp/ expression, but not c-Myc. These
results indicate that CPT increases ATERT gene expression through enhancement of c-Myc-

mediated ROS generation, resulting in Sp1 expression, which increases telomerase activity.
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Fig. 26. Upregulation of c-Myc and Spl by camptothecin (CPT). 2uM of CPT for indicated
time point. (A and B) c-Myc and Sp1 DNA binding activity was analyzed by a LightShift™
chemiluminescent EMSA kit. (C and D) Total RNA was isolated using a Trizol reagent and
RT-PCR was performed. Western blot was performed by standard procedure. (E) Cells were
transiently transfected with c-Myc and Spl siRNA and then check the expression level of
hTERT by western blot analysis. (F) Cells were transiently transfected with c-Myc siRNA
and telomerase activity of LNCaP cells was measured using a luciferase assay. (G) Cells were
transiently transfected with Sp1 siRNA and telomerase activity of LNCaP cells was measured
using TRAP-ELISA. (H and I) In a parallel experiment western blot was done to check the
expression level of hTERT. (J and K) LNCaP cells were preincubated with NAC and then
treated with 2 uM of CPT for 6 h. Total RNA was isolated using a Trizol reagent and RT-PCR
was performed. Data from three independent experiments are expressed as the overall mean +

S.E. Statistical significance was determined by two-way ANOVA.
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5.3.4 CPT induces PI3K/AKkt signaling involved in hTERT expression

PI3K/Akt is well known to enhance human telomerase activity through phosphorylation
of hTERT, which stimulates nuclear translocalization of phosphorylated hTERT. Therefore,
we analyzed whether CPT-induced telomerase activity was associated with activation of
PI3K/Akt. To address the mechanism of hTERT at the posttranslational level, we analyzed
phosphorylation of PI3K and Akt. Flow cytometry data showed that CPT increased
intracellular phosphorylation of PI3K and Akt in a time-dependent manner (Fig. 4A).
Western blot analysis also confirmed that CPT increased the phosphorylation levels of Akt
and PI3K, although no total Akt and PI3K levels were altered in response to CPT (Fig.
4B). Accordingly, immunohistochemistry data revealed that treatment with CPT enhanced
the intensity of green colors, p-Akt and p-PI3K, compared to the untreated control group (fig.
4C). To further confirm the functional role of Akt and PI3K, we investigated CPT-mediated
hTERT expression telomerase activity in the presence of PI3K/Akt inhibitors, LY294002 and
Wortmannin. Our data showed that pretreatment with LY294002 and Wortmannin decreased
the CPT-induced hTERT level (Fig. 4D). Furthermore, a parallel experimental condition was
applied to measure telomerase activity using a TRAP-ELISA. Treatment with PI3K/Akt
inhibitors significantly abolished CPT-induced telomerase activity (Fig. 4E). These results
suggest that CPT may increase phosphorylation of hTERT and thereby possibly inhibit its

translocation to the nucleus by inducing phosphorylation of Akt.
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Fig. 27. Camptothecin (CPT)-induced phosphorylation of Akt in LNCaP cell. (A) Cells were
incubated with the indicated time of 2 uM CPT. Cells were treated with p-Akt and pPI3K as
primary antibody. Monoclonal antibody was detected using an anti-rabbit secondary antibody
conjugated with FITC under flow cytometer and (C) confocal microscopy. (B) Total protein
was subjected to 10% SDS—PAGE, transferred to nitrocellulose membranes, and protein
levels were analyzed by Western blot analysis using anti-p-PI3K, anti-PI3K, anti-p-Akt, and
anti-Akt antibodies. (D) LNCaP cells were preincubated with LY294002 and Wortmannin
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then treated with 2 uM CPT for 24 h. Equal amounts of cell lysate were subjected to Western
blot analysis with specific antibodies. (E) In a parallel experiment LNCaP cells was measured
using TRAP-ELISA. Data from three independent experiments are expressed as the overall
mean + S.E. Statistical significance was determined by two-way ANOVA (¢ and ?, p < 0.05

vs. untreated control and CPT-treated group).

5.3.5 CPT induces apoptosis in human leukemia cells

Camptothecin (CPT) decreases cell viability and proliferation in leukemia cell lines.
Cells were seeded at 1 x 10° cells/ml and treated with the indicated concentrations of CPT for
24 h. (A) Cell viability were determined by MTT assay. (B) In a parallel experiment DNA
fragment was analyzed by DNA fragmentation assay. (C) Representative histograms for
effect of CPT treatment on cell cycle distribution in Leukemia cells were analyzed. Data from
three independent experiments are expressed as the overall mean + S.E. Statistical

significance was determined by one-way ANOVA (¢, p <0.05 vs. untreated control).
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Fig. 28. Camptothecin (CPT) decreases cell viability and proliferation in leukemia cell lines.
Cells were seeded at 1 x 10° cells/ml and treated with the indicated concentrations of CPT for
24 h. (A) Cell viability were determined by MTT assay. (B) In a parallel experiment DNA
fragment was analyzed by DNA fragmentation assay. (C) Representative histograms for
effect of CPT treatment on cell cycle distribution in Leukemia cells were analyzed. Data from
three independent experiments are expressed as the overall mean + S.E. Statistical

significance was determined by one-way ANOVA (“, p <0.05 vs. untreated each group).
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Fig. 29. Schematic explanation of camptothecin (CPT) in controlling hTERT. CPT regulates
hTERT expression and telomerase activity through the phosphorylation of PI3K/Akt LNCaP
cells. In addition, CPT-enhanced the c-Myc dependent ROS production which increase the
Sp1 transcription activity. Both c-Myc and Spl are directly involved in hTERT expression

and regulation in LNCaP cells.

5.4 Discussion

Telomerase activation is strongly suppressed in normal human somatic cells, but
reactivated in immortal cells, suggesting that upregulation of telomerase activity is crucial to
the process of oncogenesis. Therefore, many studies reported that hTERT expression, in
combination with oncogenes, are sufficient to induce normal human epithelial and fibroblast
cells to become tumor cells, with the majority of cancer cells exhibiting high telomerase
activity which enable their uncontrolled growth [Zhang et al., 2006]. Therefore, scientists
have suggested that the expression of hTERT is closely correlated with the telomerase
activity [Takakura et al., 2008] It is also concern that telomerase has been identified as a
promising target for human cancer gene therapy, and its inhibition allows telomere shortening
to occur in cancer cells which in turn is thought to trigger apoptosis [Kyo et al., 2000].
Despite, Murofushi et al., reported that endogenous telomerase activity and hTERT

expression could also be detected in an S phase-specific manner in normal somatic fibroblasts
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[Saretzki et al., 2003]. Liang et al., reported that immortalized human NP cells are protected
against serum starvation-induced G arrest via overexpression of hTERT [Liang et al., 2012].
Nevertheless, in the present study, knockdown of hTERT didn’t alter CPT-induced G»/M
phase arrest, which indicates that CPT increases hTERT expression and telomerase activity,
which is not involved in CPT has no effect on CPT-mediated G>/M phase arrest. Even though
another report showed that upregulation of hTERT protected the cells from apoptosis,
depletion of hTERT didn’t induced apoptosis in LNCaP cells. One possibility is that CPT-
induced G2/M phase arrest could be impact on hTERT upregulation. Therefore, further
studies are needed to elucidate the mechanism of hTERT regulation in response to CPT. The
hTERT core promoter contains numerous transcription factor binding sites, including two for
c-Myc, five for Spl, one for Ets, and two for Inr [Kalpper et al., 2003]. Out of all these
transcription factors, c-Myc has been studied most extensively for its role in the regulation of
hTERT transcription [Kyo et al., 2008]. In addition to the c-Myc recognition sequence (E-
box), Spl is involved in the regulation of hTERT promoter activity in various human cells
[Kalpper et al., 2003]. In this study, we found that expression of c-Myc and Spl mRNA and
protein was enhanced by CPT, depletion of c-Myc and Sp1 abolished CPT-induced hTERT
expression. Nevertheless, we could not rule out the possibility that other transcriptional
factors might also be involved in the suppression of hTERT gene expression by CPT, because
Ets and NF-kB are implicated in the repression of telomerase activity [Bu et al., 2010].
According to recent research, activation of telomerase by hTERT overexpression inhibits
ROS-mediated apoptosis by repressing intracellular ROS production, suggesting that ROS
alleviates telomerase activity [Indran et al., 2010]. Additionally, Shay and Wright showed
that hTERT overexpression not only reduces the basal cellular ROS levels but also inhibits

endogenous ROS production in response to stimuli that induce intracellular ROS generation;

125



conversely, siRNA-mediated gene silencing of hTERT potentiated the increase in cellular
ROS levels following exposure to oxidative stress [Shay et al., 2006]. Our previous study
also found that apigenin treatment decreases telomerase activity via an ROS-independent
pathway in leukemia cells [Shay et al., 2006]. However, in this study, we found that
inhibition of ROS decreased hTERT expression, which indicates that ROS might indirectly
play a role in CPT-induced hTERT expression. Normally, ROS levels are tightly controlled
and predominantly regulated by the transcription factor Nrf2 and its repressor protein Keapl
[DeNicola et al., 2011]. As shown in our data, depletion of Nrf2 triggers CPT-induced
hTERT expression accompanied by increase of ROS generation, suggesting that Nrf2 directly
controls the hTERT level or enhances ROS production. However, further experiments are
needed to find out hidden mechanism of Nrf2/ROS in regulating hTERT expression.
PI3K/Akt is a potent inhibitor of apoptosis, acting by blocking caspase activation and
inhibiting chromatin condensation [Yu et al., 2008]. Akt phosphorylation could be a potent
inducer for telomerase activation via hTERT phosphorylation linked to its nuclear
localization [Wojtyla et al., 2011]. Nuclear translocation of hTERT from a presumably
nonfunctional cytosolic location may be one important mechanism involved in telomerase
activity in the nucleus [Kyo et al., 2002]. The increased of PTEN, which acts as a counterpart
of Akt, may allow malignant cells to induce telomerase activity through increasing hTERT
mRNA levels [Zhu et al., 2009]. This discrepancy implies that various kinases could
possesses different functions in the various signal pathways. In the present study, we
observed that CPT treatment upregulates phosphorylation of PI3K and Akt, leading to
increase of hTERT. These results clearly suggest that CPT regulates hTERT at the
posttranslational level by inducing its phosphorylation by the Akt pathway. Recently,

mitogen-activated protein kinases (MAPKSs) and serine/threonine kinases are also shown to
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phosphorylate hTERT and regulate telomerase activity [Naka et al., 2004]. Since we
previously published CPT increased the MAPK activity, further studies will be necessary to
determine whether MAPK or serine/threonine kinases are related to CPT-induced

upregulation of hTERT.

5.5 Conclusion

CPT enhanced c-Myc- and Spl-mediated hTERT expression, leading to upregulate
telomerase activity. In addition, phosphorylation of Akt increased by CPT may affect
phosphorylation and translocation of hTERT. These evidences suggest that CPT could be
used to effectively regulate telomerase activity through the transcriptional and

posttranslational modification of hTERT.
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Chapter 6

Camptothecin suppresses matrix metalloproteinase-9 and
vascular endothelial growth factor in DU145 cells through
Nrf2-dependent HO-1 induction
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Abatract

Camptothecin (CPT) possesses potent anti-inflammatory, immunomodulatory, anti-
cancerous, and antiproliferative effects. However, little is known about the mechanism by
which CPT regulates metastasis and invasion of cancer cells. Therefore, the current study
aimed to investigate the effects of CPT on the expression of matrix metalloproteinase (MMP-
9) and vascular endothelial growth factor (VEGF) which are important factors for invasion
and metastasis, in prostate cancer cells. CPT in vitro resulted in a modulate inhibition of cell
proliferation and in a significant reduction of matrigel invasion of human prostate DU145 and
LNCaP cells without direct cytotoxicity. Treatment with CPT also reversedphorbol-12-
myristate-13-acetate (PMA)-and tumor necrosis factor-o (TNF-a)-induced MMP-9 and
VEGF activity. We also found that CPT down-regulates the expression of MMP-9 and VEGF
genes by inhibiting NF-kB activity via sustainment of NF-kB subunits, p65 and p50, in
cytosolic compartment. Downregulation of PI3K/Akt phosphorylation in response to CPT
was also revealed as an upstream pathway responsible for the expression of MMP-9 and
VEGF accompanying with inhibition of NF-xB activity. We further showed that CPT inhibits
PMA-induced MMP9 and VEGF expression and production by upregulating nuclear
erythroid 2-related factor-2 (Nrf2)-mediated heme oxygenase-1 (HO-1). Taken together, these
data indicate that CPT inhibits invasion of prostate cancer cells accompanying with
suppression of MMP-9 and VEGF production, mainly via the PI3K/Akt-mediated NF-xB
pathway and the Nrf2-dependent HO-1 pathway, suggesting that CPT may be a good

candidate eligible to downregulate cancer invasion by inhibiting MMP-9 and VEGF.
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6.1 Introduction

Prostate cancers are often difficult to cure, because of broad spread known as invasion
and metastasis, to distinct location in the body such as pelvic lymph nodes, ureters, bone,
rectum, or bladder [Dasgupta et al., 2012]. Due to severe invasion and metastasis, targeting
matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF) has
been though as good strategies to treat prostate cancers [Jang and Kim, 2012]. MMP-9, a
group of zinc-dependent endopeptidases, is implicated in the degradation of extracellular
matrix (ECM) during pathological conditions, such as inflammatory, vascular and auto-
immune disorders, and carcinogenesis in tumor invasion and metastasis [Curran and Murray,
2000; Kessenbrock et al., 2010; Koutroulis et al., 2008]. It has been previously reported that
some polyphenols and flavonoids are chemo preventive candidates to suppress tumor
invasion and metastasis via inhibition of MMP-9 activity [Jayasooriya et al., 2013; Lii et al.,
2012]. Therefore, MMP-9 has been considered as potential diagnostic and prognostic
biomarkers in many types and stages of cancers [Zucker and Vacirca, 2004]. Additionally,
VEGF upregulated by various oncogenes and growth factors, is a key mediator of
angiogenesis in cancer patients and consequently forms new vasculature around the tumor,
allowing it to exponentially grow [Appelmann et al., 2010; Risau, 1997]. Recently, Corrie et
al. reported that inhibitors of angiogenesis primarily target the VEGF ligand/receptor
pathway in clinical application [Corrie et al., 2010]. Notably, VEGF receptor tyrosine kinase
inhibitors, monoclonal antibodies to VEGF, have also been directed against the extracellular
domain of VEGFRs, thereby preventing the binding interaction with VEGF ligand and
subsequent inhibition of tumor invasion and metastasis [Chen et al., 2012]. Therefore,
inhibition of the MMP-9 and VEGF production and signaling pathway may be a good

strategy for treatment and regulation of invasion and metastasis of prostate cancers.
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Nuclear factor-kB (NF-kB) is a proinflammatory transcription factor that has emerged as
an important effector responsible for VEGF and MMP-9 expression in several types of cancer
cells [Pahl, 1999]. Previous studies showed that the inhibition of NF-xB activity in human
prostate cancer cells decreases their tumorigenic and metastatic abilities by suppressing
angiogenesis and invasion through downregulation of MMP-9and VEGF activity [Fujioka et
al., 2003; Rafiee et al., 2004]. Additionally, some researches demonstrated that heme
oxygenase-1 (HO-1) which is an inducible cyto-protective enzyme that catalyzes the initial
rate-limiting reaction in heme catabolism, plays a key modulator in the adaptation of cells to
stressful conditions such as hypertension, acute pancreatitis, asthma, and cancers [Cho et al.,
2010; Vicente et al., 2003]. Recently, Yin et al. directly determined that downregulation of
HO-1 leads to a significant increase of MMP-9 and VEGF expression in gastric cancer cells
[Yin et al., 2012]. Martin et al. also reported that HO-1 expression may be regulated by
nuclear erythroid 2-related factor-2 (Nrf2) in response to antioxidant chemical [Martin et al.,
2004]. Additionally, an in vivo study showed that Nrf2-knockout results in a significant
increase of NF-kB activity and consequent upregulation of MMP-9 and VEGF expression in
mice [Mao et al., 2010], implying that MMP-9 and VEGF are regulated by correlation
between NF-«kB and Nrf2-mediated HO-1. Nevertheless, precise mechanism whether Nrf2”-
regulates invasion and metastasis by suppressing MMP-9 and VEGF expression has not been
elucidated, to date.

Camptothecin (CPT), a naturally occurring cytotoxic alkaloid and novel effective
anticancer drug, was originally isolated from Camptotheca acuminate [Zhou et al., 2010] as a
strong inhibitor of the DNA-replicating enzyme topoisomerase | [Stewart and Schiitz,
1987]. Nevertheless, because anti-invasive and anti-metastatic ability of CPT is little

understood, we, in the present study, evaluated the effects of CPT on MMP-9 and VEGF
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expression and activity in human prostate cancer DU145 cells. In conclusion, we found that
CPT downregulatesphorbol-12-myristate-13-acetate (PMA)- and tumor necrosis factor-o
(TNF-a)-induced MMP-9 and VEGF expression by suppressing NF-kB activation.
Furthermore, CPT-induced inhibition of MMP-9 and VEGF is associated with Nrf2-mediated

HO-1 induction in prostate cancer DU145 cells.

6.2 Materials and methods

Reagent and antibodies

CPT was purchased from Sigma (St. Louis, MO) and dissolved in DMSO (vehicle).
Antibodies against MMP-9, VEGF, B-actin, p65, p50, PI3K, phospho (p)-PI3K, Akt, p-Akt,
HO-1, and Nrf2 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Peroxidase-labeled goat anti-rabbitimmunoglobulin and TNF-awere purchased from KOMA
Biotechnology (Seoul, Republic of Korea). A specific Akt inhibitor LY294002 was purchased
from Calbiochem (San Diego, CA). PMA,3-(4,5-dimethyl-2-thiazolyl)-2,5-diphnyl-2H-
tetrazoliumbromide (MTT), and propidium iodine (PI) were obtained from Sigma (St. Louis,
MO). Cobalt protoporphyrin (CoPP) and zinc protoporphyrin (ZnPP) were purchased from

Tocris Bioscience (Bristol, UK).

Cell culture and viability

Human prostate cancer DU145 and LNCaP cells, breast carcinoma MDA-MB-231 cells,
and bladder carcinoma T24 cells were obtained from the American Type Culture Collection
(Manassas, VA). Cells were maintained in RPMI medium (WelGENE Inc., Daegu, Republic
of Korea) supplemented with 10% heat-inactivated FBS (WelGENE Inc.) and 1% penicillin-

streptomycin (WelGENE Inc.) in 5% CO, at 37°C.Cells were seeded at 1 x 10° cells/ml and
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then treated with various concentrations of CPT. After 24-h incubation, the viability was
determined by an MTT assay. Morphology of the cells was examined by aphase contrast
microscope (Ceti N.V., Antwerpen, Belgium). In a parallel experiment, annexin-V" apoptotic

cells were analyzedusing a FACSCalibur flow cytometer (Becton Dickenson, San Jose, CA).

DNA fragmentation assay

Cells were treated with the indicated chemicals for 24 h and then lysed on ice in a buffer
containing 10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% Triton X-100
for 30 min. Lysates were vortexed and cleared by centrifugation at 16,000 g for 20 min.
Fragmented DNA in the supernatant was extracted with an equal volume of
neutralphenol:chloroform:isoamylalcohol (25:24:1, v/v/v) and electrophoretically analyzed

on 1.5%agarose gel containing ethidium bromide.

Invasion assay

Invasion assays were performed using modified Boyden chambers with polycarbonate
nucleopore membrane (Corning, Corning, NY). Precoated filters (6.5 mm in diameter, 8§ pm
pore-size, Matrigel 100 pug/cm?) were rehydrated and 5 x 10* cells in medium with or without
CPT were seeded into the upper part of each chamber. After incubating for 24 h, non-
migratory cells on the upper surface of the filter were wiped with a cotton swab and migrated
cells on the lower surface of the filter were fixed and stained with 0.125% coomassie Blue in
a methanol:acetic acid:water mixture (45:10:45, v/v/v). Random fields were counted under a

light microscope.
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Gelatin zymography

Cells were treated with the indicated concentrations of CPT in serum-free RPMI medium
for 24 h and MMP-9 activity was determined by gelatin zymography using 0.1% gelatin as a
substrate. Culture media were mixed with SDS-PAGE sample buffer in the absence of
reducing agent and electrophoresed in 8% polyacrylamide gel. After electrophoresis, the gels
were washed three times with 2.5% Triton X-100 in water and then incubated overnight in a
closed container at 37°C in 0.2% Brij, 35.5 mM CaCl;, 1 mM NaCl, and 50 mM Tris (pH
7.4). The gels were stained for 30 min with 0.25% coomassie blue R-250 in 10% acetic acid
and 45% methanol and then destained for 30 min using an aqueous mix of 20% acetic acid,

20% methanol, and 17% ethanol. Areas of protease activity appeared as clear bands.

RNA extraction and RT-PCR

Total RNA was isolated using Easy-blue reagent (iNtRON Biotechnology, Sungnam,
Republic of Korea) according to the manufacturer’s recommendations. Genes of interest were
amplified from cDNA that was reverse-transcribed from 1ug of total RNA using the One-
Step RT-PCR Premix (iNtRON Biotechnology). Primers for MMP-9 sense (5'-CCT GGA
GAC CTG AGA ACC AAT CT-3'); MMP-9 antisense (5-CCA CCC GAG TGT AAC CAT
AGC -3"); VEGF sense (5-AGG AGG GCA GAA TCA TCA CG-3'); VEGF antisense (5'-
TAT GTG CTG GCC TTG GTG AG-3"); HO-1 sense (5'-TCG CCA CCA GAA AGC TGA
GTA TAA-3') ; HO-1 antisense (5'-ATT GCC AGT GCC ACC ACC AAG TTC AAG-3’); and
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) sense (5'-CCA CCC ATG GCA AAT
TCC ATG GCA-3'); and GAPDH antisense (5'-TCT AGA CGG CAG GTC AGG TCC ACC-
3") were used. PCR reaction was initiated at 94°C for 2 min followed by 31 cycles of 94°C for

30 min, 30-min annealing temperature, 72°C for 30 min followed by final extension at 72°C
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for 5 min. Annealing temperatures for MMP-9, VEGF, HO-1, and GAPDH were 63°C, 61°C,
62°C and 62°C, respectively. After amplification, PCR products were separated on 1.5%

agarose gels and visualized by ethidium bromide fluorescence.

Western blot analysis

Total cell extracts were prepared using PRO-PREP protein extraction solution (iNtRON
Biotechnology). Proteins were separated by SDS-PAGE and electro transferred to
nitrocellulose membranes (Amersham, Arlington Heights, IL). The detection of specific
proteins was carried out with an ECL Western blotting kit (Amersham) according to the

recommended procedure.

Enzyme-linked immunosorbent assay (ELISA) for VEGF
Cells were incubated in medium supplemented with CPT for 24 h. The cell culture
supernatant was harvested, and cell debris was removed. The supernatant was assayed

immediately using commercially available VEGF ELISA Kits (R&D Systems).

Electrophoretic mobility shift assay (EMSA)

The preparation of cytoplasmic and nuclear extracts was conducted using the NE-PER
nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL). DNA-protein binding
assays were carried out with nuclear extract. Synthetic complementary NF-kB-binding
oligonucleotides (5'-AGT TGA GGG GAC TTT CCC AGG C-30’) binding oligonucleotides
(Santa Cruz Biotechnology) were biotinylated using the biotin 30-end DNA labeling kit
(Pierce) according to the manufacturer’s instructions and annealed for l1h at room

temperature. Binding reactions were carried out for 20 min at room temperature in the
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presence of 50 ng/ml poly(dI-dC), 0.05% nonidet P-40, 5 mM MgCl,, 10 mM EDTA, and
2.5% glycerol in 1xbinding buffer (LightShift™ chemiluminescent EMSA kit) with 20 fmol
of biotin-end-labeled target DNA and 10 pg of nuclear extract. Assays were loaded onto
native 4% polyacrylamide gels pre-electrophoresed for 60 min in 0.5xTris borate/EDTA and
before being transferred onto a positively charged nylon membrane (Hybond™-N") in
0.5xTris borate/EDTA at 100 V for 30 min. Transferred DNAs were cross-linked to the
membrane at 120 mJ/cm? and detected using horseradish peroxidase-conjugated streptavidin

according to the manufacturer’s instructions.

Luciferase assay

NF-«B reporter construct was purchased from Clonetech (Palo Alto, CA) and MMP-9
promoter was obtained from Prof. T.K. Kwon (School of Medicine, Keimyung University,
Daegu, Republic of Korea). Briefly, DU145 cells were plated onto six-well plates at a density
of 5 x 10° cells/well and grown overnight. Cells were transfected with 2 ug of each plasmid
construct by the Lipofectamine method for 6 h. After transfection, the cells were cultured in
10% FBS containing RPMI medium with the indicated concentrations of CPT for 24 h. Cells
were lysed with lysis buffer (20 mM Tris-HCI, pH 7.8, 1% Triton X-100, 150 mM NacCl, and
2 mM DTT). Five pl cell lysates were mixed with 25 pl luciferase activity assay reagent and
luminescence produced for 5 s was measured using a GLOMAX luminometer (Promega,

Madison, WI).

Transfection assay (Nrf2)
DUI145 cells were seeded on a 24-well plate at a density of 1 x 10° cells/ml and
transfected Nrf2-specific silencing RNA (siRNA, Santa Cruz Biotechnology) for 24 h. For
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each transfection, 450 ul of growth medium was added to 20 nM siRNA duplex with the
transfection reagent G-Fectin (Genolution Pharmaceuticals Inc., Seoul, Republic of Korea)

and the entire mixture was added gently to the cells.

Statistical analysis

Images were visualized with Chemi-Smart 2000 (Vilber Lourmat, Cedex, France).
Images were captured using Chemi-Capt (Vilber Lourmat) and transported into Adobe
Photoshop (version 11.0). All data are presented as mean + S.E. Significant differences
between the groups were determined using one-way ANOVA test. A value of *, p < 0.05 was

accepted as an indication of statistical significance.

6.3 Results
6.3.1 CPT has no influence on cell viability

To determine the cytotoxic potential of CPT on cell viability in DU145 and LNCaP cells,
an MTT assay was performed at 24 h after treatment with various concentrations of CPT.
Treatment with CPT slightly decreased cell proliferation in a dose-dependent manner (Fig.
1A). To assess whether treatment with CPT resulted in a decrease of apoptosis-dependent cell
proliferation, we next analyzed in detail the effect of CPT on DU145 cell viability and
cytotoxicity. Significant amounts of DNA fragmentation were observed in the positive H2O»-
treated group; however, no fragmented DNA was seen in CPT-treated DU145 cells (Fig. 1B).
According to data of the annexin-V staining, the H>O»-treated DU145 cells were composed of
approximately 80% annexin-V* apoptotic cell populations; however, a little annexin-V*
population was observed in the CPT-treated DU145 cells, thereby suggesting that CPT has no

influence on apoptotic cell death in prostate cancer DU145 cells (Fig. 1C). When phase
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contrast microcopy was used to examine the change of cell morphology, only H>O»-treated
group displays decreased cell number with some apoptotic cell shrinkage compared to that of
the untreated group (Fig. 1D). Treatment with CPT significantly enlarged cell size implied
that CPT induces G2/M phase arrest as previously published [Wu et al., 2010]. Taken
together, these data suggested that a little decrease of cell proliferation shown in Fig. 1A may
be due to cell cycle arrest, not apoptotic cell death. Additionally, treatment with CPT resulted
in a significant reduction ofDU145 penetration through a matrigel-coated membrane
compared to that in the untreated group. These results indicate that CPT inhibits invasion of

prostate cancer DU145 cells without direct cytotoxicity.
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Fig. 30 Effect of CPT on the viability of prostate cancer DU145 and LNCaP cells. DU145

and LNCaP cells (2 x 10° cells/ml) were incubated with the indicated concentrations of CPT
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for 24 h. (A) Cell viability was determined by an MTT assay. (B) Total DNAs were extracted
at 24 h and DNA fragmentation assay was analyzed on 1.5% agarose gel. (C) In a parallel
experiment, percentages of apoptotic cells were measured by flow cytometric analysis.
Percentages of gates (apoptosis) were represented in each panel. (D) Cell morphology was
examined by phase contrast microscopy. (E) The upper parts of the transwells were coated
with matrigel for the invasion assay. Then, the cells were cultured in serum-free media for 3h
before treatment with the indicated concentrations of CPT. After 24-h incubation, the
numbers of cells passing through the matrigel to the membrane were dyed using 0.125%
Coomassie blue in ethanol. Statistical significance was determined by one-way ANOVA test

(*, p <0.05 vs. untreated control).

6.3.2 CPT suppresses MMP-9 expression and activity

Since MMP-9 has been thought to be critically involved in the processes of tumor
invasion, metastasis, and angiogenesis, zymography, RT-PCR, and western blot analysis were
conducted to assess whether CPT regulates MMP-9 expression in prostate cancer DU145 and
LNCaP cells. Zymography data showed that gelatinase activity of MMP-9 is significantly
decreased in response to CPT in a dose-dependent manner at 24 h (Fig. 2A) and RT-PCR
analysis also confirmed that treatment with CPT inhibits the expression of MMP-9gene in
both the prostate cancer cell lines (Fig. 2B). We also found that CPT significantly
downregulates PMA- and TNF-a-induced MMP-9 mRNA and protein expression (Fig. 2C).
Additionally, CPT substantially downregulated the expression of PMA-stimulated MMP-
9mRNA in human breast carcinoma MDA-MB-231 cells and bladder carcinoma T24 cells
(Fig. 2D), indicating that CPT suppresses MMP-9 expression in many different types of

cancer cells. These results indicate that CPT inhibits MMP-9 expression and activity.
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Fig. 31. Effect of CPT on MMP-9 activity and expression. (A) DU145 and LNCaP cells (2 x
10° cells/ml) were treated with the indicated concentrations of CPT. Conditioned medium
was collected at 24h, followed by gelatin zymography. (B) Total RNA was isolated at 6 h, and
RT-PCR analysis of MMP-9 was performed. (C) DU145 cells were treated with 10 uM CPT2
h before treatment with100 nM PMA and 20 ng/ml TNF-a. Total RNA was isolated at 6 h and
RT-PCR analysis of MMP-9 was performed. Protein lysates were prepared at 24 h, subjected
to SDS-PAGE, and immunoblotted using specific antibodies against MMP-9. (D) Breast
carcinoma MDA-MB-231 cells and bladder carcinoma T24 cells were treated with 10 uM
CPT2h before treatment with 100nM PMA for 6 h. Total RNA was isolated and RT-PCR
analysis of MMP-9 was performed. GAPDH and B-actin were used as an internal control for

RT-PCR and western blot analysis, respectively.
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6.3.3 CPT inhibits VEGF expression and production

To further investigate that CPT exerts inhibitory effects on VEGF induction, ELISA, RT-
PCR, and western blot analyses were conducted in DU145 and LNCaP cells. Treatment with
CPT dose-dependently decreased the level of VEGF secreted into the culture medium in the
both prostate cancer DU154 and LNCaP cells compared to the untreated control group (Fig.
3A). A parallel experiment showed that treatment with CPT significantly suppresses the level
of VEGF mRNA in DU145 and LNCaP cells in a dose-dependent manner (Fig. 3B). Next, we
also evaluated whether stimulant-induced VEGF mRNA and protein levels were regulated in
response to CPT. RT-PCR analysis confirmed that stimulation of cells with PMA and TNF-a
results in a significant increase of VEGF expression in DU145 cells compared to that in the
untreated control; however, treatment with CPT suppresses PMA- and TNF-a-induced VEGF
upregulation at the protein and mRNA levels (Fig. 3C). Moreover, pretreatment with CPT
significantly inhibited PMA- and TNF-a-induced VEGF upregulation at the mRNA level in
breast carcinoma MDA-MB-231 cells and bladder carcinoma T24 cells (Fig. 3D). Taken
together, these results suggest that CPT down regulates carcinogen or stimulant-induced

expression and production of VEGF in various cancer cells.
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Fig. 32. Effects of CPT on VEGF expression. (A) DU145 and LNCaP cells (2 x 10° cells/ml)
were treated with the indicated concentrations of CPT for 24 h. The VEGF level in the culture
medium was measured by ELISA. (B) DU145 and LNCaP cells were treated with the
indicated concentration of CPT for 6h. Total RNA was isolated and RT-PCR analysis of
VEGF was performed. (C) DU145 cells (2 x 10° cells/ml) were treated with 10 uM CPT 2h
before treatment with 100nM PMA and 20 ng/ml TNF-a. Total RNA was isolated at 6 h and
RT-PCR analysis of VEGF was performed. Protein lysates were prepared at 24 h, subjected to
SDS-PAGE, and immunoblotted using specific antibodies against VEGF. (D) Breast
carcinoma MDA-MB-231 cells and bladder carcinoma T24cells were pretreated with 10 uM

CPT 2h before treatment with 100nM PMA for 6 h. Total RNA was isolated, and RT-PCR
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analysis of VEGF was performed. GAPDH and B-actin were used as an internal control for
RT-PCR and western blot analysis, respectively. Statistical significance was determined by

one-way ANOVA test (*, p< 0.05 vs. untreated control).

6.3.4 CPT downregulates NF-kB activity

NF-kB is a key transcription factor for expression of MMP-9 and VEGF, and
consequently promotes tumor invasion, metastasis, and angiogenesis [Pahl, 1999]. Therefore,
we assessed whether CPT regulates the specific DNA-binding activity of NF-kB. Treatment
with CPT reduced the DNA-binding activity of NF-kB in a dose-dependent manner at 24 h
(Fig. 4A) and a time-dependent manner (Fig. 4B). We also conducted a promoter assay
inDU145 cells transiently transfected with a luciferase reporter vector that included the NF-
kB binding sites. Luciferase activity in the cells was also reduced by treatment with CPT in a
dose-dependent manner (Fig. 4C). In a parallel experiment, to determine whether nuclear
translocation of NF-kB subunit is regulated by CPT, p65 and p50 expression was determined
in the cytosolic compartment. Treatment with CPT sustained the expression of NF-xB
subunits, p65 and p50, in the cytosolic fraction, compared to the untreated control (Fig. 4D).
Then, we investigated whether CPT regulates PMA- and TNF-a-induced NF-«B activity.
Stimulation with PMA and TNF-a caused a remarkable increase in the binding complexes
between NF-kB and specific-binding DNA; however, pretreatment with CPT significantly
reduced PMA- and TNF-a-induced NF-«kB activity at 24 h (Fig. 4E). These results indicate

that CPT inhibits NF-«xB activity.
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Fig. 33. Effect of CPT on NF-kB DNA binding activity. DU145 cells were treated with the
indicated concentrations of CPT for 24h (A) and with 10 uM CPT at various time points (B).
Nuclear extracts were assayed for DNA-binding activity of NF-xB by EMSA. (C) The cells
were transfected with WT-NF-kB promoter-containing reporter vector and luciferase activity
was measured 24 h after transfection. (D) In a parallel experiment, protein lysates were
prepared at 24 h, subjected to SDS-PAGE, and immunoblotted using specific antibodies
against p50 and p65. B-Actin was used as an internal control for western blotting analysis. (E)
The cells were pre-incubated with 10 uM CPT 2 h before treatment with 100nM PMA (left
panel) and 20 ng/ml TNF-a (right panel) for 30 min. Nuclear extracts were assayed for DNA-
binding activity of NF-kB by EMSA. Statistical significance was determined by one-way

ANOVA test (*, p< 0.05 vs. untreated control). N.S., non-specific.
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6.3.5 HO-1 induces CPT-induced MMP9 and VEGF inhibition

Because increased endogenous HO-1 provides low levels of MMP-9 and VEGF
[Bussolati et al., 2004; Chao et al., 2013], we performed RT-PCR and western blot analysis to
evaluate whether CPT regulates HO-1 expression. Treatment of DUI145 cells with CPT
resulted in a significant increase of HO-1 expression at 6 h(Fig. 6A, upper panel) and in a
dose-dependent manner at 12 h (Fig. 6A, lower panel). Western blot analysis also showed that
CPT increases HO-1 expression in a dose-dependent manner at 24 h (Fig. 6B). Next, we
analyzed whether an HO-1 inducer, CoPP, affects to the regulation of PMA-induced MMP9
and VEGF expression. Pretreatment with CoPP significantly decreased the PMA-induced
MMPY and VEGF expression (Fig. 6C); in contrary, HO-1 inhibitor, ZnPP, reversed CPT-
induced MMP9 and VEGF inhibition in PMA-stimulated DU145 cells (Fig. 6D), which
indicates that HO-1 tightly regulates the expression of MMP9 and VEGF genes. In addition,
MMP-9 luciferase activity was increased approximate 4-fold in PMA-stimulated DU145
cells, compared to the untreated control group; however, the PMA-induced MMP-9 luciferase
activity was significantly reduced by treatment with CoPP (Fig. 6E, upper panel). On the
other hand, HO-1 inhibitor ZnPP reversed CPT-induced inhibition of MMP-9 luciferase
activity in PMA-stimulated DU145 cells (Fig. 6E, lower panel). We also found that the level
of PMA-induced VEGF secreted into the culture medium significantly reduces by treatment
with CoPP (Fig. 6F, left panel) and ZnPP reverses CPT-induced VEGF inhibition in PMA-
stimulated DU145 cells (Fig. 6F, right panel). Taken together, these results indicate that CPT

inhibits PMA-induced MMP9 and VEGF production by inducing HO-1.
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Fig. 34. Effect of CPT on the expression of HO-1 in DU145 cells. (A) DU145 cells were
pretreated with 10 uM CPT for the indicated times (0-24 h, upper panel) and the indicated
concentrations of CPT for 12 h (lower panel). Total RNA was isolated and an RT-PCR
analysis of HO-I was performed. (B) In a parallel experiment, equal amounts of cell lysates
were resolved on SDS-polyacrylamide gels at 24 h, transferred to nitrocellulose membranes,
and probed with specific antibodies against HO-1. (C) The cells were pretreated with 10 uM
CoPP for 2 h and then incubated with 100 nM PMA for 6 h. (D) The cells were pretreated
with 10 uM CPT in the presence or absence of 2 uM ZnPP for 2 h and then incubated with
100 nM PMA for 6 h. The expression of MMP9 and VEGF was determined by RT-PCR.
GAPDH and B-actin were used as an internal control for RT-PCR and western blot analysis,

respectively. (E) The cells were transfected with WT-MMP-9 promoter-containing reporter
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vector, pretreated with 10 uM CoPP (top) or 2 uM ZnPP (bottom) for 2 h, and then incubated
with 100nM PMA for 24 h in the presence or absence of 10 uM CPT. Luciferase activity was
measured 24 h after transfection. (F) In a parallel experiment, VEGF level in the culture
medium was measured by ELISA. Statistical significance was determined by one-way

ANOVA test (*, p <0.05 vs. CoPP-treated or CPT/PMA-treated group).

6.3.6 Nrf2 regulates CPT-induced MMP-9 and VEGF expression by inducing HO-1
expression

Since Nrf2 is a main transcription factor responsible for HO-1 expression, we determined
whether Nrf2 is involved in CPT-induced inhibition of MMP-9 and VEGF expression by
inducing HO-1 expression. EMSA data showed that CPT upregulates specific DNA-binding
activity of Nrf2 in DU145 cells in a dose-dependent manner (Fig. 7A). To investigate whether
CPT inhibits MMP-9 and VEGF expression via Nrf2-mediated HO-1 induction, a specific
siNrf2 was transfected into DU145 cells. Transient knockdown of siNrf2alone induced the
expression of MMP9 and VEGF genes, and significantly reduced the level of CPT-induced
HO-1; however, treatment with CPT downregulated siNrf2-mediated expression of MMP-9
and VEGF genes accompanying with recover of HO-1 induction (Fig. 7B), which indicates
that Nrf2-mediated HO-1 axis is a main flow in CTP-induced reduction of MMP-9 and VEGF
expression. Additionally, siNrf2 significantly reversed CPT-mediated inhibition of MMP-9
luciferase activity (Fig. 7C) and VEGF production (Fig. 7D) in PMA-treated DU145 cells.
These results indicate that CPT inhibits MMP-9 and VEGF expression via Nrf2-dependent

HO-1 induction.
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Fig. 35. Effect of CPT on the expression of Nrf-2 in DU145 cells. (A) DU145 cells were
incubated with the indicated concentrations of CPT for 24 h. Nuclear extracts were prepared
and analyzed for ARE-binding of Nrf-2 by EMSA. (B) The cells were transiently transfected
with Nrf2 siRNA for 24 h and then treated with or without CPT for 2 h. Total RNA was
isolated at 6 h, and an RT-PCR analysis of HO-1, MMP-9, and VEGF was performed.
GAPDH was used as an internal control for RT-PCR. (C) The cells were transiently
transfected with Nrf2 siRNA for 24 h and then cells were transfected with WT-MMP-9
promoter-containing reporter vector for 24h, treated the indicated concentration of CPT, and
luciferase activity was measured 24 h after transfection. (D) In a parallel experiment, VEGF
level in the culture medium was measured by ELISA. Statistical significance was determined

by one-way ANOVA test (*, p<0.05 vs. CPT/PMA-treated group).
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Fig. 36. A schematic model of CPT-induced downregulation of MMP-9 and VEGF
expression in PMA/TNF-o-stimulated DU145 cells. PMA/TNF-a triggers NF-kB activity to
modulate the expression of VEGF and MMP-9 via the PI3K/Akt-dependent pathways. CPT
inhibits PMA/TNF-a-induced VEGF and MMP-9 expression in DU145 cells, possibly via the
suppression of PI3K/Akt-mediated NF-kB activity. In addition, CPT stimulates the nuclear
translocation of Nrf2 to induce transcription of HO-1, which directly attenuates of VEGF and

MMP-9 production.
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6.4 Discussion

Because of cytotoxic mechanism of CPT, it has a plethora of biological features
including antitumor activity and apoptosis-inducing capacity in a broad spectrum of cancer
cell lines both in vitro and in vivo, especially in colon, lung, breast, ovarian, and melanoma
cancers [Dunn et al., 1997; Goldwasser et al., 1996; Pommier, 2006]. Some researchers
suggested that CPT is a promising antimetastic candidate in a wide range of cancers, such as
melanoma, ovarian, colon, and pancreatic cancers [De Cesare et al., 2004; Potmesil et al.,
1995]. Nevertheless, it is not fully known how CPT regulates anticancer activity by the
invasion and metastasis process. Therefore, we, in the present study, determined that CPT
lead to decrease of invasion by regulating MMP-9 and VEGF expression by suppressing NF-
kB activity and upregulating Nrf2-mediated HO-1 (Fig. 8).

NF-«B is involved in the promotion of angiogenesis, by which tumor cells promote
neovascularization for invasion and metastasis. NF-kB is normally located in the cytoplasm
as an inactivated dimer composed of p65 and p50 subunits (Pahl, 1999). In stimulating with
carcinogens, kB is phosphorylated, degraded, and then NF-kB is released and translocated to
the nucleus. Ultimately, NF-xB activation is associated with invasive and metastatic
phenotypes by inducing MMP-9 and VEGF, and inhibition of NF-kB activation has been
shown to suppress MMP-9 and VEGF expression and thus decreased tumor invasion [Gupta
et al.,, 2010]. Tumor cells metastasize by various proteolytic enzymes contributing to the
degradation of extracellular membrane and basement membrane. Notably, MMP-9 is a key
effector molecule that promotes tumor cell invasion and metastasis through type-IV collagen
degradation-dependent extracellular matrix remodeling and thus is overexpressed in many
human cancers with invasive and metastatic capabilities [Gialeli et al., 2011]. Additionally,

VEGEF is an interesting inducer of angiogenesis and lymphangiogenesis, because it is a highly
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specific mitogen for endothelial cells responsible for proliferation, vascular permeability, and
new blood vessel formation [Neufeld et al., 1999]. Numerous reports have demonstrated that
the metastatic potential of tumor cells is directly correlated with the VEGF expression level,
and tumor growth and invasion were significantly suppressed through inhibition of VEGF-
induced angiogenesis both in vitro and in vivo [Chen et al., 2012; Wang et al., 2013]. In the
present study, we also found that CPT reduces invasion of DU145 cells accompanying with
downregulation of MMP-9 and VEGF via NF-«B inhibition, which indicates that CPT may
be a good candidate to regulate cancer invasion. We also investigated whether CPT inhibits
PI3K and Akt phosphorylation, because PI3K and Akt have been known as upstream
regulators of NF-xB [Martin et al., 2004]. The present data indirectly supported that the
PI3K/Akt-mediated NF-xB axis pathway regulates the expression of MMP-9 and VEGF in
response to CPT. Additionally, many other transcription factors such as AP-1 and Spl for
MMP-9 and AP-1, AP-2, E2F1, and GATA-6 for VEGF were found [Mittelstadt and Patel,
2012; Minchenko et al., 1994; Tischer et al., 1991]. In particular, AP-1 binding to the MMP-9
promoter region is also thought to be important for regulating MMP-9 expression in response
to transforming growth factor-o (TGFa) [Meissner et al., 2011] and TNF-a, in contrary,
promotes MMP-9 expression by significantly inducing Spl activation accompanying with
NF-kB activation [Li et al., 2007]. Beside of NF-xB, E2F1 as well as AP-1 and AP-2 around
Sp1 site also promotes angiogenesis through VEGF-VEGFR axis [Engelmann et al., 2013;
Tischer et al., 1991]. Therefore, further study is required to determine whether other
transcriptional factors are regulated in CPT-induced MMP-9 and VEGF downregulation.

A substantial evidences point to an important functional role of HO-1 in providing
cellular protection against carcinogens [Cho et al., 2010; Vicente et al., 2003]. Recently, Yu et

al. reported that HO-1 suppresses reactive oxygen species-dependent MMP-9 expression and
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VEGF-mediated angiogenesis by inhibiting reactive oxygen species and further strengthened
that HO-1 is indeed an important molecule in the host’s and cell’s defense against oxidant
stress [Yu et al., 2013].In this study, we found that CPT increases the expression of HO-1 and
CoPP, an HO-1 inducer inhibits PMA-induced MMP9 and VEGF expression, while the
suppressive effect of those gene expression due to CPT is significantly reversed by potent
HO-1 inhibitor ZnPP, which indicates that CPT-induced HO-1 expression is intimately
associated with the downregulation of PMA-induced MMP-9 and VEGF. Nrf2 is a relatively
well-known transcription factor essential for HO-1expression [Farombi and Surh, 2006] and
Nrf2, in response to diverse HO-1 inducers, translocates from the cytosol to the nucleus
where it binds to the antioxidant response element in the promoter region of the HO-1 gene
[Scapagnini et al., 2011]. We demonstrated that CPT leads induction of Nrf2 by a mechanism
dependent on HO-1 expression assuming that CPT reverses PMA-induced MMP-9 and
VEGF expression via Nrf2dependent HO-1 expression. It is confirmed by silencing of Nrf2

increases the MMP9 and VEGF expression accompanying with induction of HO-1.

6.5 Conclusion

In summary, current results indicate that CPT inhibits MMP-9 and VEGF expression via
blockade of the PI3K/Akt-dependent NF-kB pathways as well as induction of Nrf2-mediated
HO-1. Therefore, CPT maybe a potentially effective therapeutic agent for the inactivation of
NF-«xB and activation of Nrf2 to regulate the expression of MMP-9 and VEGTF, resulting in an

inhibition of cell growth and invasion of prostate cancer.
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Chapter 7

Camptothecin sensitizes human hepatoma Hep3B cells to
TRAIL-mediated apoptosis via ROS-dependent death

receptor 5 upregulation with the involvement of MAPKSs
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Abastract

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) induces apoptosis in
various types of malignant cancer cells, but several cancers have acquired potent resistance to
TRAIL-induced cell death by unknown mechanisms. Camptothecin (CPT) is a quinolone
alkaloid that induces cytotoxicity in a variety of cancer cell lines. However, it is not known
whether CPT triggers TRAIL-induced cell death. In this study, we found that combined
treatment with subtoxic doses of CPT and TRAIL (CPT/TRAIL) potentially enhanced
apoptosis in a caspase-dependent manner, suggesting that this combined treatment would be
an attractive option for safely treating human cancers. CPT/TRAIL effectively induced the
expression of death receptor (DR) 5, which is a specific receptor of TRAIL. In addition, CPT-
mediated sensitization to TRAIL was efficiently reduced by treatment with a chimeric
blocking antibody specific for DRS, suggesting that CPT functionally triggers DR5-mediated
cell death in response to TRAIL. CPT-induced generation of reactive oxygen species (ROS)
preceded the upregulation of DRS in response to TRAIL. The involvement of ROS in DRS5
upregulation confirmed that pretreatment with antioxidants, including N-acetyl-L-cysteine
(NAC) and glutathione (GSH), significantly inhibits CPT/TRAIL-induced cell death by
suppressing DRS expression. The specific inhibitors of extracellular signal-regulated kinase
(ERK) and p38 also decreased CPT/ TRAIL-induced cell death by blocking DRS5 expression.
In conclusion, our results suggest that CPT sensitizes cells to TRAIL-induced apoptosis via

ROS and ERK/p38-dependent DRS upregulation.
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7.1 Introduction

To date, the use of tumor necrosis factor (TNF) family members in anticancer therapy
has been limited because they can cause severe cytotoxicity in normal cells. However, many
scientists have still tried to develop anticancer drugs derived from TNF family members
[Roberts et al., 2011]. TNF-related apoptosis-inducing ligand (TRAIL), a member of the TNF
superfamily, is considered as a promising anticancer agent because the cytotoxic activity of
TRAIL is selective in human tumor cells and does not appear to exert any adverse effects on
normal cells [Walczak et al., 1999]. TRAIL binds to 2 death receptors, that is, death receptor
(DR) 4 and DRS5 that are highly expressed in cancer cells and contain a cytoplasmic
functional death domain. Normal cells show high expression of decoy receptors, which have
a higher-binding affinity with TRAIL DR4 and DRS5 do, but do not have a signaling
cytoplasmic death domain [Degli-Esposti et al., 1997]. The binding of TRAIL to DRs triggers
cell death through at least 2 fundamental apoptotic pathways, referred to as the extrinsic
pathway and the intrinsic pathway [Ganten et al., 2005]. The binding of TRAIL to DR4 or
DRS leads to the activation of Fas-associated death domain (FADD) and procaspase-8, which
then form a death-inducing signaling complex to amplify death signaling. In essence, the
extrinsic pathway involves DR engagement, formation of the death-inducing signaling
complex, and proteolytic activation of caspase-8 [Johnstone et al., 2008]. Proteolytic caspase-
8 further activates Bid, which in turn translocates to the mitochondria and activates the
caspase-9-dependent intrinsic pathway [Ganten et al., 2006]. However, a recent study has
demonstrated that many tumor cells acquire resistance to TRAIL-induced cell death through
the downregulation of their DRs and other unknown mechanisms [Srivastava, 2001].
Therefore, it is important to develop an agent that can regulate DR expression and overcome

TRAIL resistance.
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Natural products have played a highly significant role as sources new drugs in recent
decades. Therefore, natural products with strong synergistic activity with TRAIL, but
minimal toxicity in normal cells are thought to be sources for new chemotherapeutic tools for
TRAIL-based cancer therapy [Roberts et al., 2011]. Camptothecin (CPT) was isolated from
the bark and stem of the Camptotheca acuminate tree, which is a traditional Asian medicine
used to treat cancer [Wall et al., 1986]. Initially, it was discovered that CPT potentially targets
topoisomerase I activity by inhibiting the rejoining step during the cleavage and relegation of
DNA, resulting in topoisomerase I-induced DNA single-strand break repair pathways,
ultimately leading to cell death [Pan et al., 2013; Strumberq et al., 2000]. Research also
suggests that CPT possesses promising antitumor activities against a broad spectrum of
cancer cell lines, such as those for melanoma, breast, colon, lung, and ovarian cancers,
because many cancer cells are defective in the downregulation of topoisomerase I activity
[Liu et al., 2010; Wang et al., 2008]. To date, most studies have been focused on
topoisomerase [ activity in CPT-induced cancer cell death. However, the anticancer
mechanisms of CPT in TRAIL-mediated cell death remain unclear.

In this study, we examined whether combined treatment with a sub lethal dose of CPT
and TRAIL (CPT/TRAIL) induces cell death in human hepatocarcinoma Hep3B cells. We
found that CPT/TRAIL increases cell death via upregulation of DRS expression through the
generation of reactive oxygen species (ROS) and the activation of extracellular signal-
regulated protein kinase (ERK) and of p38 mitogen-activated protein kinases (MAPKSs).
Taken together, these findings suggest that CPT is an ideal candidate for TRAIL-induced

apoptosis.
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7.2 Materials and methods

Reagents and antibodies

Antibodies against caspase-3, caspase-8, caspase-9, poly(ADP-ribose) polymerase
(PARP), DRS, IAP-1, IAP-2, Bcl-2, and Bax were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The antibody against B-actin was purchased from Sigma (St. Louis, MO).
Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse immunoglobulins, as well as
recombinant human TRAIL/Apo2 ligand (the non-tagged 19-kDa protein, amino acids 114—
281) were purchased from KOMA Biotechnology (Seoul, Republic of Korea). The blocking
antibody against DR5 was obtained from R&D Systems (Minneapolis, MN). 6-Carboxy-
2'7'-dichlorofluorescein diacetate (HoDCFDA) was purchased from Molecular Probes
(Eugene, OR). Glutathione and N-acetyl-L-cysteine (NAC) were purchased from Sigma (St.
Louise, MO). Camptothecin was also purchased from Sigma and dissolved in DMSO
(vehicle). PD98059, SP600125, SB203580, and z-IETD-fmk were purchased from

Calbiochem (San Diego, CA).

Cell culture and viability assay

Human hepatocellular carcinoma cell lines Hep3B and HepG2, human breast cancer cell
line MDA-MB-231, and human bladder cancer cell line T24 were obtained from the
American Type Culture Collection (Manassas, VA). Cells were cultured at 37°C in a 5%
COz-humidified incubator and maintained in RPMI1640 culture medium containing 10%
heat-inactivated fetal bovine serum and 1% antibiotics mixture. The cells were seeded (5 x
10* cells/ml), grown for 24 h, and then incubated for up to 24 h with CPT and/or TRAIL. An

MTT assay was performed to assess cell viability.
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Flow cytometric analysis

Cells were fixed in 1 U/ml of RNase A (DNase free) and 10 pg/ml of propidium iodide
(Sigma) overnight in the dark at room temperature. For annexin-V staining, live cells were
washed in phosphate-buffered saline (PBS) and then incubated with annexin-V FITC (R&D

Systems). Cells were analyzed by flow cytometry (Becton Dickinson, San Jose, CA).

DNA fragmentation

Cells were treated under various conditions and then lysed on ice in a buffer containing
10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% Triton X-100 for 30 min.
Lysates were vortexed and cleared by centrifugation at 10,000 g for 20 min. Fragmented
DNA in the supernatant was extracted with an equal volume of neutral
phenol/chloroform/isoamylalcohol (25:24:1, v/v/v) and was analyzed electrophoretically on a

1.5% agarose gel containing ethidium bromide.

Western blot analysis

Total cell extracts were prepared using the PRO-PREP protein extraction solution
(iINtRON Biotechnology, Sungnam, Republic of Korea). Total cell extracts were separated on
polyacrylamide gels and standard procedures were used to transfer them to the nitrocellulose
membranes. The membranes were developed using an ECL reagent (Amersham, Arlington

Heights, IL).
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RNA extraction and reverse transcription-PCR

Total RNA was extracted from Hep3B cells using Easy-blue reagent (iNtRON
Biotechnology, Sungnam, Republic of Korea). Genes of interest were amplified from cDNA
that was reverse-transcribed from 1 pg of total RNA using RT-PCR Premix (KOMA
Biotechnology). The sense primer 5'-GTC TGC TCT GAT CAC CCA AC-3' and the anti-
sense primer 5'-CTG CAA CTG TGA CTC CTA TG-3" were used to amplify human DRS
mRNA. For glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the sense primer 5-CGT
CTT CAC CAT GGA GA-3' and the anti-sense primer 5'-CGG CCA TCA CGC CCA CAG

TTT-3' were used.

Statistical analysis

All data were derived from at least three independent experiments. The images were
visualized with Chemi-Smart 2000 (Vilber Lourmat, Cedex, France). Images were captured
using Chemi-Capt (Vilber Lourmat) and transported into Adobe Photoshop (version 8.0). All
data are presented as mean + standard error (SE). Significant differences between the groups
were determined with one-way analysis of variance (ANOVA). A value of * and *P< 0.05

was accepted as an indication of statistical significance.
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7.3 Results

7.3.1 CPT sensitizes various types of cancer cells to TRAIL-mediated cell death

The antiproliferative activity of a combined treatment was analyzed in 4 human cancer
cell lines, that is, Hep3B, HepG2, MDA-MB231, and T24 cells. Treatment with TRAIL alone
induced limited inhibition of cell proliferation (by <15%) at 24 h, suggesting that these cells
are highly resistant to TRAIL-induced apoptosis (Fig. 1A). However, treatment with CPT
alone decreased cell viability of HepG2 and T24 cells in a dose-dependent manner up to 20
uM, indicating that these cells are sensitive to CPT-induced antiproliferation. The decrease of
cell proliferation on combined treatment with sublethal doses of CPT and TRAIL was
significantly higher than that obtained with CPT or TRAIL alone. MDA-MB-231 cells were
highly resistant toCPT alone and TRAIL alone; however, sub lethal doses of CPT (10 uM and
20 pM) significantly enhanced the antiproliferative activity in MDA-MB-231 cells in the
presence of TRAIL. In addition, CPT/TRAIL-induced cell death was more drastic in HepG2
and T24 cells than in Hep3B cells. These results show that treatment with CPT/TRAIL
effectively inhibits cell proliferation in TRAIL-resistant cells in a cell-type-nonspecific
manner, although the combined treatment induces different antiproliferation rates. These

results indicate that CPT stimulates TRAIL-induced cell death, but is not cell-type specific.
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Fig. 37. CPT sensitizes TRAIL-induced cell death regardless of cell-type specificity. (A)
Human hepatocarcinoma Hep3B and HepG2, human breast cancer MDA-MB-231, and
human bladder T24 cells were treated with CPT for 1 h at the indicated concentrations and
were further treated with or without TRAIL for 24 h. An MTT assay was used to assess
cellular viability. Data are expressed as the overall mean + S.E. values for 3 independent
experiments. Significance was determined by one-way ANOVA (* and *, P< 0.05 vs. untreated

control group and TRAIL-treated group, respectively).

7.3.2 CPT/TRAIL activates apoptotic signals via the extrinsic and intrinsic pathways

Hepatocarcinoma cells are resistant to TRAIL, because of the blocked activation of the
extrinsic pathway and death signaling at the mitochondrial level [Ganten et al., 2005].

Therefore, western blot analyses of proapoptotic and antiapoptotic factors were performed in

161



Hep3B cells to monitor changes in the activation of caspases and the expression of the Bcl-2
and IAP family proteins that contribute to increased mitochondrial permeability. Treatment
with CPT alone or TRAIL alone minimally decreased the expression of procaspases at 24 h
(Fig. 2A). However, CPT/TRAIL significantly downregulated the expression of procaspase-
3, procaspase-8, and procaspase-9 by procaspases cleavage. Consequently, CPT/TRAIL
caused significant truncation of PARP, which is a primary enzyme that induces DNA damage
during apoptosis. CPT/TRAIL also decreased the expression of antiapoptotic proteins, such
as Bcl-2, [AP-1, and IAP-2. In contrast, the level of Bax expression was significantly
upregulated (Fig. 2B). In addition, the DNA fragmentation assay showed typical DNA
fragmentation in Hep3B cells treated with CPT/TRAIL. However, DNA fragmentation was
rarely seen in cells treated with CPT alone or TRAIL alone (Fig. 2C). Flow cytometric data
also showed that CPT/TRAIL significantly increased annexin-V' staining (top) and the
accumulation of sub-Gj phase cells (bottom) at 24 h, whereas treatment with CPT alone or
TRAIL alone caused only a slight increase (Fig. 2D). In addition, pretreatment with a
caspase-8 inhibitor z-IETD-fimk significantly blocked apoptotic characteristics, such as DNA
fragmentation, the presence of an annexin-V* population, and the sub-G; phase induced by
CPT/TRAIL, indicating that CPT sensitizes Hep3B cells to TRAIL-induced apoptosis in a
caspase-dependent manner. These results indicate that CPT/TRAIL treatment triggers the
expression of multiple proteins associated with the extrinsic and intrinsic apoptotic signaling

pathways.
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Fig. 38. Effect of CPT and/or TRAIL on the expression of caspases and various intracellular
regulators of apoptosis. (A and B) Hep3B cells were treated with 100 ng/ml TRAIL alone, 10
uM CPT alone, or a combination of both for the indicated time points. Cell extracts were
prepared for western blot analysis of caspase-8, caspase-9, caspase-3, PARP, IAPs, Bcl-2, and
Bax. (C) Effect of the combined treatment with CPT/TRAIL on DNA fragmentation. After
treatment of Hep3B cells (as indicated in the figure) for 24 h, fragmented DNA was extracted
from the treated cells and analyzed on 1.5% agarose gel. To examine the effect of the
inhibition of pan-caspase, Hep3B cells were pretreated with 25 pM z-IETD-fmk for 30 min
and were further treated with CPT/TRAIL for 24 h. (D) Flow cytometric analysis of the

annexin-V* (top) and DNA content (bottom) of the cells was shown.
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7.3.3 DRS upregulation is required for CPT/TRAIL-induced apoptosis

TRAIL is known to trigger apoptotic signals via DRS; therefore, to elucidate the
molecular mechanism underlying the enhancement of TRAIL-induced apoptosis by CPT, we
examined the expression of DRS at the mRNA and protein levels. CPT/TRAIL significantly
increased the DRS level at the transcriptional and translational levels, although treatment with
CPT alone or TRAIL alone only minimally increased DRS5 expression (Fig. 3A). To confirm
the functional role of DRS, we further examined the effect of the DR5-specific blocking
chimera antibody on CPT/TRAIL-induced apoptosis. The administration of DRS5-specific
blocking antibody dose-dependently reversed CPT/TRAIL-induced cell death in Hep3B cells
(Fig. 3B). In addition, the suppression of DRS expression by pretreatment with the DR5-
specific blocking antibody significantly decreased the percentage of the annexin-V*
population induced by the CPT/TRAIL treatment. These results indicate that CPT enhances
the molecular actions of TRAIL through interactions between TRAIL and DRS via DRS5

overexpression.
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Fig. 39. Effect of CPT and/or TRAIL on DRS5 expression. (A) Hep3B cells were treated with

the indicated concentrations of CPT with or without 100 ng/ml TRAIL. Total RNA was

isolated and reverse transcription-PCR analysis was conducted for DRS. Total protein

extraction was performed, and western blot analysis was used for DRS. B-Actin was used as

the internal control. (B) Effect of DRS5-specific blocking chimera antibody on CPT/TRAIL-

induced apoptosis. Hep3B cells were pretreated with or without 10 uM CPT for 30 min,

which was followed by treatment with or without 100 ng/ml TRAIL for 24 h in the presence

of the indicated concentrations of the DRS5-specific blocking chimera antibody. Cell

viabilities were measured by an MTT assay. (C) In a parallel experiment, flow cytometric

analysis was performed for annexin-V™ cells. Data are expressed as the overall mean + S.E.

values of3 independent experiments. Significance was determined by one-way ANOVA (*, p

< 0.05 vs. CPT/TRAIL-treated group).
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7.3.4 Reactive oxygen species (ROS) mediate CPT/TRAIL-induced upregulation of DR5S

Recent research has shown that ROS-mediated DRS upregulation is critical in
chemotherapy-sensitized TRAIL-induced apoptosis [Jung et al., 2005]. Therefore, we
examined the effect of ROS generation on CPT/TRAIL-induced DRS5 upregulation.
H>DCFDA-based fluorescence analysis showed that treatment of Hep3B cells with CPT
alone or TRAIL alone slightly increased ROS generation. However, CPT/TRAIL
substantially increased the level of ROS generation when compared to the level obtained with
CPT alone or TRAIL alone (Fig. 4A). Next, we identified the effect of ROS generation on
cell viability by the MTT assay. As previously shown, treatment with CPT/TRAIL decreased
the viability of cells by 60%, whereas pretreatment with the ROS inhibitor NAC and GSH
resulted in a significant increase in the cell viability (Fig. 4B). Furthermore, pretreatment
with ROS inhibitors also decreased the percentage of sub-G; phase cells induced by
CPT/TRAIL treatment (Fig. 4C). To examine the effects of ROS on DRS5 expression, we
performed RT-PCR analysis. Pretreatment with NAC or GSH significantly attenuated
CPT/TRAIL-induced upregulation of DRS5 at the mRNA level (Fig. 4D). These data indicate
that CPT/TRAIL-induced apoptosis is mediated by the upregulation ofDRS expression via

ROS generation.
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Fig. 40. CPT and/or TRAIL induce ROS-mediated DRS expression. (A) Hep3B cells were
treated with 100 ng/ml TRAIL alone, 10 uM CPT alone, or a combination of both for the
indicated time points. HoDCFDA-based fluorescence detection was measured by flow
cytometry. (B) Hep3B cells were pretreated with 5 mM NAC and GSH for 30 min and were
further treated with 100 ng/ml TRAIL alone, 10 uM CPT alone, or a combination of both for
24 h. Cell viabilities were measured by MTT assay. (C) Sub-G; cell distribution was analyzed
using a flow cytometer. (D) Hep3B cells were pretreated with 5 mM NAC and 5 mM GSH
for 30 min and the indicated concentrations of CPT with or without 100 ng/ml TRAIL. Total
RNA was isolated, and reverse transcription-PCR analysis was conducted for DRS. B-Actin
was used as the internal control. Data are expressed as the overall mean + S.E. values from 3
independent experiments. Significance was determined by one-way ANOVA (*, P<0.05 vs.

CPT/TRAIL-treated group).
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7.3.5 ERK and p38 potentiate CPT/TRAIL-mediated DRS expression

A recent study showed that MAPKs are important regulators of DRS expression via the
non-canonical TRAIL-sensitizing signaling pathway [Azijli et al., 2013]. Therefore, to
determine whether CPT/TRAIL-mediated DRS upregulation is MAPK-dependent, an MTT
assay was performed in the presence of specific inhibitors for ERK, p38, and JNK.
Interestingly, only the inhibition of ERK and p38 MAPK by PD98059 and SB203580,
respectively, significantly restored CPT/TRAIL-induced cell death. However, pretreatment
with SP600125 increased only a small portion of the cell population under the same
experimental conditions. Furthermore, flow cytometric analysis showed that the sub-Gi
population substantially decreased, when the cells were treated with ERK and p38 inhibitors
(Fig. 5B). Pretreatment with SP600125 sustained the sub-G; population, as compared to the
CPT/TRAIL-treated group. In addition, to examine the effects of MAPKs on the expression
of DRS mRNA, Hep3B cells were incubated with CPT/TRAIL in the presence of 3 MAPK
inhibitors. As expected, the level of DR5S mRNA was downregulated only in the presence of
ERK and p38 inhibitors (Fig. 5C). These data indicate that the ERK and p38 signaling
pathways act as non-canonical regulators in CPT/TRAIL-induced apoptosis by regulating

DRS5 expression.

168



-
m

120 - PR e3P + 3B
iE? laa) 15% 3T ITHR i+ % ey
o = I I i
s i : | : i | I -
- E - i B
85 E = -
8o Fra) E ,
-
5T 2| F s55% | ok sy | sz | 14
[} s i) — . I ;
= Al : : +CPTI
(5] i ) . Il TRAIL
e 1 T T )
B o0 M) - - + - - - e - = - e el
=y - - - 0= - - - = m
= PT TR &ML
C
- = = =+ EB{10 uM)
- = = =+ = FP[20uM)
- - + - - PD{3 uM}
- + + =+ + CPT{10 pM}
- Y Y - -

TRAIL (180 ngimi)

= — P

Fig. 41. Transcription of the DRS promoter requires ERK and p38 activation. (A) Hep3B
cells were treated with 100 ng/ml TRAIL alone, 10 pM CPT alone, or a combination after
pretreatment with 20 uM PD98059, 20 uM SP600125, and 10 pM SB203580 for 1 h. Cell
viabilities were measured by an MTT assay. (B) Sub-Gi cell distribution was analyzed using
a flow cytometer. (C) Hep3B cells were pretreated with the indicated concentrations of the
MAPK inhibitors for 30 min and the indicated concentrations of CPT with and without 100
ng/ml TRAIL. Total RNA was isolated, and reverse transcription-PCR analysis was
conducted for DRS. B-Actin was used as the internal control. Data are expressed as the
overall mean £+ S.E. values from 3 independent experiments. Significance was determined by

one-way ANOVA (*, p <0.05 vs. CPT/TRAIL-treated group).
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7.4 Discussion

Although TRAIL has been thought to be a highly promising candidate for cancer
treatment based on growing evidence, its clinical applications are limited, because of the
acquired resistance against TRAIL seen in a variety of cancer cells. Therefore, TRAIL-
sensitizing agents are believed to be required in chemotherapeutics to treat TRAIL-resistant
cancers. Many scientists have reported that different types of compounds such as histone
deacetylase inhibitors, proteasome inhibitors, and cyclin-dependent kinase inhibitors, as well
as irradiation, substantially sensitize TRAIL-resistant cancer cells to TRAIL-induced
apoptosis [Inoue et al., 2004; Palacios et al., 2006]. Extremely advanced anticancer
therapeutic designs have been suggested for identifying agents that activate DRs or block anti
apoptotic effectors for amplifying TRAIL-induced apoptosis. In particular, a recent study
emphasized that DR5 may play a more prominent role than DR4 in TRAIL-induced apoptosis
[Huang and Sheikh et al., 2007]. In the current study, we found that CPT effectively
sensitizes human hepatocarcinoma Hep3B cells to TRAIL-induced apoptosis through the
upregulation of DRS, which is mediated by ROS and the MAPK signaling pathways.

DRs contain an amino-terminal leader cleavage site, which is followed by an
extracellular region containing 2 cysteine-rich repeats (a central transmembrane domain).
Guan et al. (2001) reported that some chemicals or proteins sensitize TRAIL-induced
apoptosis through overexpression of DR4. However, a recent study showed that DR5 may
play a significantly more prominent role than DR4 in TRAIL-induced apoptosis [Truneh et
al., 2000]. In our study, combined treatment with CPT/TRAIL resulted in a significant
increase in the mRNA and protein levels of DRS. However, the combined treatment did not
change the expressional level of DR4 (data not shown). In addition, the DRS-specific

blocking chimeric antibody effectively inhibited cell death induced by CPT/TRAIL
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combination. Furthermore, a previous study has shown that DRS is regulated by either a p53-
dependent or a p53-independent mechanism [Sheikh et al., 1998]. In the current study, we
found that CPT/TRAIL induced the expression of DRS5 in the entire cancer cell lines tested,
(i.e., p5S3-positive [HepG2 and T24] and p53-negative [Hep3B and MDA-MB-231 cell
lines]), indicating that CPT upregulates DR5 expression in a p53-independent manner.

In recent years, it has been shown that Sp1 binding might lead to augmentation of DRS5
transcriptional activity in several types of cancer cells and Spl is known to bind to G-rich
elements, such as the GC-box (GGGGCGGGG) and GT-box (GGTGTGGGG) [Sun et al.,
2008]. Moreover, we previously published data indicating that Spl is a primary
transcriptional regulator for DR5 expression in TRAIL-induced apoptosis [Kim et al., 2010;
Moon et al., 2010]. However, treatment with CPT/TRAIL decreased Spl-DNA binding
activity (data not shown), suggesting that induction of Spl is not related to CPT/TRAIL-
induced DRS5 expression. Nevertheless, we cannot rule out the possibility that other
transcriptional factors are involved in CPT/TRAIL-induced apoptosis. In addition, ROS
generation has been proposed to be involved in DRS upregulation which is a major target for
triggering and amplifying TRAIL-dependent apoptosis through DRS [Jung et al., 2006; Kim
et al., 2008]. Our data indicate a mechanism where by CPT/TRAIL induces DRS
upregulation through ROS-mediated transcriptional regulation and pretreatment with
antioxidants (e.g., NAC and GSH), thus significantly preventing CPT/TRAIL-mediated DRS5
upregulation and cell death. Further studies are required to clarify how ROS increases the
transcriptional activity of the DRS promoter. In addition, MAPKs directly stimulate DRS
expression by generating ROS [Higuchi, et al., 2004]. Therefore, we hypothesize that
CPT/TRAIL sensitizes the ROS-MAPK signaling cascades to activate DRS expression. Only

the ERK inhibitor PD98059 and the p38 inhibitor SB203580 significantly blocked
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CPT/TRAIL-mediated DRS5 upregulation and cell death. These data indicate that the ERK
and p38 signaling pathways may also be related to DRS regulation in CPT/TRAIL-induced
apoptosis, although we did not note direct regulation of ERK and p38 by ROS generation. In
addition, the process involved in promoting resistance to cell death occurs as a result of
abnormal activation of intracellular antiapoptotic pathways. Thus, NF-kB, which include
p50/p65, seems to play a key role in the resistance of hepatoma cancer cells to TRAIL-
induced apoptosis. NF-kB subunits move into the nucleus and bind to their specific promoter
regions to regulate specific gene expression [Ravi et al., 2001]. Therefore, we performed an
electrophoretic mobility assay for demonstrating the involvement of the NF-«kB transcription
factor in CPT/TRAIL-induced apoptosis. CPT treatment decreased TRAIL-mediated NF-kB
DNA-binding activity, indicating that inhibition of NF-kB transcription by CPT induces
apoptosis (data not shown). Therefore, further studies are required to determine whether ROS

generation regulates NF-xB and MAPKs in CPT/TRAIL-induced apoptosis.

7.5 Conclusion

To our knowledge, this study provides the first evidence that CPT sensitizes TRAIL-
induced apoptosis through the upregulation of DRS expression and the suppression of
TRAIL-mediated ROS generation and MAPK activation in hepatocellular carcinoma cells.
However, p53 is not necessary for CPT/TRAIL-induced DRS5 expression and triggers
apoptosis. Further studies are required to elucidate the exact in vivo mechanisms by which

CPT/TRAIL treatment increases the sensitivity of cancer cells to TRAIL-mediated apoptosis.
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