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Abstract

Unlike chemotherapy drugs, the safety of natural compounds such as curcumin has been well
established. However, the potential use of curcumin in cancer has been compromised by its low
bioavailability, limited tissue distribution and rapid biotransformation leading to low in vivo
efficacy. To circumvent these problems, more potent and bioavailable analogs have been
synthesized. In the current study, we investigated the mechanism of anti-tumor effect of one such
analog, FLLL12, in lung cancers. ICsq values measured by sulforhodamine B (SRB) assay at 72 h
and apoptosis assays (annexin V staining, cleavage of PARP and caspase-3) suggest that FLLL12
is 5-10-fold more potent than curcumin against a panel of premalignant and malignant lung cancer
cell lines, depending on the cell line. Moreover, FLLL12 induced the expression of death
receptor-5 (DR5). Ablation of the expression of the components of the extrinsic apoptotic pathway
(DR5, caspase-8 and Bid) by siRNA significantly protected cells from FLLL12-induced apoptosis
(p < 0.05). Analysis of MRNA expression revealed that FLLL-12 had no significant effect on the
expression of DR5 mRNA expression. Interestingly, inhibition of global phosphatase activity as
well as protein tyrosine phosphatases (PTPs), but not of alkaline phosphatases, strongly inhibited
DR5 expression and significantly inhibited apoptosis (p < 0.05), suggesting the involvement of
PTPs in the regulation of DR5 expression and apoptosis. We further showed that the apoptosis is
independent of p53 and p73. Taken together, our results strongly suggest that FLLL12 induces
apoptosis of lung cancer cell lines by post-transcriptional regulation of DR5 through activation of
protein tyrosine phosphatase(s).
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Introduction

Lung cancer represents ~13% of all cancers with approximately 224,000 new cases and
159,000 deaths in the United States in 2014 [1]. Lung cancer remains the top leading cause
of cancer related mortality because of low survival rate and high prevalence of advanced
stage disease at diagnosis [2]. Extensive worldwide epidemiological data have established
cigarette smoking (direct as well as second hand) as the key cause of lung cancers [3,4].
Occupational exposures to environmental pollutants are other causes of lung cancers. Non-
small cell lung cancer (NSCLC) is the most prevalent subtype and accounts for 85% of all
lung cancer cases, and is relatively resistant to chemotherapy and radiation. The treatment of
lung cancer still remains a challenge due to lack of effective screening tools for early
detection, the presence of smoking-related comorbid illnesses, and the inherent molecular
heterogeneity [5]. Despite advances in conventional surgical procedures, radiotherapy, and
chemotherapy, the 5 year survival rate for lung cancer remains almost unchanged at ~15%
[6]. Moreover, radiation and chemotherapy are frequently associated with serious side
effects including pneumonitis and/or long-term fibrosis, renal, otologic, and bone marrow-
suppressive sequelae [7]. Thus, there is an increasing emphasis on strategies to maximize
tumor control, prolong overall survival, minimize chemotherapy side effects, and improve
quality of life. As a result, there has been continued investigation into potential alternative
and less toxic therapies for lung cancer, with the aim of achieving a more favorable clinical
outcome while reducing treatment morbidity.

The safety of natural dietary agents present in fruits, vegetables and spices has been
established through years of human consumption and these agents have drawn increasing
attention when designing anti-cancer drugs [8]. Curcumin, the most abundant component of
the spice turmeric and isolated from the rhizome of the Indian medicinal plant Curcuma
longa, is one such compound extensively investigated for its potential anti-cancer effects
[7,9,10]. Accumulated evidence suggests that curcumin affects a variety of biological
pathways involved in apoptosis, tumor proliferation, chemo- and radiotherapy sensitization,
tumor invasion, and metastases [7,9,11,12]. However, low bioavailability, limited tissue
distribution, rapid metabolism and subsequent excretion from the body limit the potential
use of curcumin in cancers [13]. To circumvent these problems, numerous analogs of
curcumin have been synthesized. For example, the potential activity of recently synthesized
curcumin analogs (2E,6E)-2,6-bis(thiophen-3-methylene) cyclohexanone (AS), (3E,5E)-3,5-
bis(thiophen-3-methylene)-tetrahydrothiopyran-4-one (FS), A501, and GO-Y031 has been
studied in prostate cancers, NSCLC cells and gastric cancers [14-16].

Successful elimination of cancer cells from the body depends on the induction of cell death.
Apoptosis is the major form of cell death and serves as one of the most powerful tools in the
development of cancer chemotherapeutics. Defects in apoptosis are implicated in both
tumorigenesis and drug resistance, and are the major causes of treatment failures [17].
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Apoptosis can be initiated by two major pathways: either through mitochondria (intrinsic
pathway) or through death receptors located in the cell surface (extrinsic pathway). In the
case of extrinsic apoptosis, activation of death receptors via ligand binding or drugs initiates
the formation of the death inducing signaling complex (DISC). DISC formation involves
recruitment of the adaptor protein FADD to the receptor via the death domain (DD) and the
inactive pro-caspases 8 and 10. This facilitates the activation and self-processing of caspases
8 and 10, leading to their release into the cytoplasm, where they activate effector caspases 3
and 7, leading to the induction of apoptosis [18]. Activated caspase-8 can also cleave the
Bcl-2-family member Bid, which links the extrinsic pathway to the intrinsic pathway. Death
receptor 5 (DR5) is a tumor necrosis factor related apoptosis inducing ligand (TRAIL)
receptor that activates apoptosis via the extrinsic apoptosis pathway [19]. Recent studies
have shown that cancer cells resistant to TRAIL can be sensitized by co-treatment with
classical chemotherapeutic drugs. This synergism is partially due to the ability of
chemotherapeutic drugs to induce DR5 expression [20-22]. Hence, targeting the expression
of DR5 and induction of apoptosis by anti-cancer drugs has drawn special attention for
cancer therapy.

In the current study, we investigated the mechanism of FLLL12-induced apoptosis in lung
cancer cell lines. FLLL12 is a potent synthetic curcumin analog [23]. The anti-cancer
efficacy of FLLL12 has been tested against breast, prostate, colorectal and pancreatic
cancers [23-25], and shown to be ~10-fold more potent than natural curcumin and to
possess selective activity against cancer cells. FLLL12 induces apoptosis of these cancer
cells by inhibition of two major survival pathways, AKT and STAT3. However, the detailed
mechanism underlying FLLL12-induced apoptosis is not fully understood. Moreover,
FLLL12 has never been tested against lung cancer cells. In the present study, for the first
time, we investigated the anti-tumor effects of FLLL12 in lung cancers and showed that
depending on the cell line, FLLL12 is 5-10-fold more potent than curcumin and induces
apoptosis. Moreover, we further explored the fact that FLLL12, but not curcumin, induces
DR5-mediated apoptosis in lung cancer cell lines.

Materials and methods

Cell lines

Reagents

Human lung cancer cell lines used in this study were obtained from Dr. Sun's laboratory
(Emory University). All cell lines were authenticated through genotyping and maintained in
RPMI medium supplemented with 5% heat-inactivated fetal bovine serum in a 37 °C and
5% CO, humidified incubator. Generation and maintenance of the premalignant cell lines
1799 and 1198 were described elsewhere [26].

Curcumin was purchased from Sigma Chemical (St. Louis, MO, USA) and FLLL12 was
obtained from Dr. James R. Fuchs laboratory (Ohio State University, Columbus, USA).
FLLL12 and curcumin were dissolved in DMSO and preserved as stock solutions for in
vitro studies. During experiments, the reagents were further diluted directly in a cell culture
dish with RPMI medium. The final concentration of DMSO was <0.1%.
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Measurement of ICg

Appropriate numbers of cells were seeded with 100 uL medium in 96 well culture plates and
incubated overnight before treatment with FLLL12 or curcumin. Then, cells were treated
with various concentrations of FLLL12 or curcumin and incubated for 72 h. Inhibition of
cell growth was determined by SRB assay as described elsewhere [27]. IC5q value was
calculated by using CalcuSyn software (Biosoft, UK).

Western blot analysis

Whole cell lysates were extracted from cells using lysis buffer. The protein concentration of
each sample was determined by protein assay kit (Bio-Rad, CA, USA). Equal amounts of
protein (20 pg) from each sample were separated on 12% sodium dodecy! sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, MA, USA) and incubated with
appropriately diluted specific primary antibodies. Mouse anti-B-actin (Sigma) or rabbit anti-
GAPDH (Trevigen, MD, USA) antibody was used as a sample loading control.
Immunostained protein bands were detected with an enhanced chemiluminescence kit
(Pierce, IL, USA).

Annexin V-phycoerythrin staining for apoptosis

Lung cancer cells were treated with different concentrations of FLLL12 and curcumin for
the indicated time, then trypsinized and washed in cold 1x PBS. The cells were then
resuspended in 1x Annexin V binding buffer (BD PharMingen), and stained with Annexin
V-phycoerythrin (Annexin V-PE; BD PharMingen) and 7-AAD (BD PharMingen) for 15
min at room temperature. The stained samples were measured using a fluorescence-activated
cell sorting caliber bench-top flow cytometer (Becton Dickinson). FlowJo software (Tree
Star) was used for apoptosis analysis. Total apoptosis was considered the sum of early and
late stage apoptoses.

Caspase-8 activity assay

Caspase-8 activity was determined by Caspase-Glo 8 Assay kit (Promega, WI, USA)
according to the manufacturer's protocol. Briefly, 5 x 103 cells were seeded in a 96 well
culture plate and incubated for 24 h before FLLL12 treatment. After treatment of cells with
FLLL12 for 24 h, cells were normalized at room temperature for ~10 min and then
incubated with 100 pL of caspase-Glo 8 reagent for 2 h. Luminescence of each sample was
detected by SynergyMx multi-mode plate reader (BioTech, VT, USA). Luminescence
reading of each sample is considered as proportional of caspase-8 activity. Triplicate wells
were used for untreated (NT) and FLLL12 treated group.

Reverse transcription (RT) PCR analysis

Total RNA was extracted from cells using RNeasy mini kit (Qiagen, Valencia, CA, USA). A
total of 2 pg of RNA was reverse transcribed to cDNA using a cDNA synthesis kit (Bio-
Rad, CA, USA) according to the manufacturer's protocol. Synthesized single stand cDNA
was amplified by RT-PCR with the following primer pairs: DR5 forward, 5'-
AAGACCCTTGTGCTCGTTGT-3' and reverse, 5-GACACATTCGATGTCACTCCA-¥;
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and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward, 5’-
TGCACCACCAACTGCTTA-3 and reverse, ¥-GGATGCAGGGATGATGTTC-3". All
samples were denatured at 94 °C for 5 min and the PCR conditions were optimized for each
primer set: DR5, 35 cycles of 94 °C for 1 min, 55 °C for 1 min, and 72 °C for 1 min; and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 35 cycles of 94 °C for 1 min, 55 °C
for 1 min, and 72 °C for 1 min. After optimized PCR conditions, the final extensions were
performed at 72 °C for 5 min. PCR products were analyzed by electrophoresis on 1%
agarose gel and expression levels of each molecule were normalized to GAPDH levels
within the same sample.

siRNA transfection

DR5, caspase-8, and Bid specific sSiRNA were purchased from Qiagen (Valencia, CA, USA)
and non-targeting control siRNA was obtained from Dharmacon (Chicago, IL, USA). Cells
were seeded in 6-cm plates 24 h before transfection in medium containing 5% FBS, so that
they reached 30%-50% confluency. siRNA was complexed with Lipofectamine 2000
(Invitrogen, CA, USA) according to the manufacturer's instructions and applied to each
plate. Transfection media was removed and replaced with fresh media after 6 h of
transfection. Knockdown efficiency of each target gene was evaluated by Western blotting
after 48 h of transfection (Supplementary Fig. S1).

Plasmid transfection

Dominant negative p73 (amino acids 327-636) plasmid was obtained from David Boothman
(University of Texas Southwestern, Dallas, TX). Generation and validation of the plasmid
was described elsewhere [28]. Lung cancer cells were transfected with plasmid using the
Lipofectamine Plus reagent (Invitrogen) according to the manufacturer's instructions.
Individual clones were selected by using G418 and validated elsewhere [29]. Stable
knockdown of p53 in the H292 cell line was described elsewhere [30].

Statistical analysis

Results

Experimental values are represented as mean * standard deviation in triplicate. The
significance of differences was determined by the Student's t-test. A value of p < 0.05 was
considered statistically significant.

FLLL12 is 5-10-fold more potent than curcumin and induces apoptosis

Although the antitumor effects of FLLL12 have been investigated in prostate, breast,
pancreatic and colon cancer cell lines and compared with those of curcumin [23-25], the
agent has never been evaluated in lung cancer cell lines. In order to explore the mechanism
of anti-tumor effect of FLLL12 in lung cancers, we first assessed the sensitivity of different
premalignant and malignant lung cancer cell lines to FLLL12 versus curcumin by
comparing ICsqg values measured using SRB assays at 72 h. As shown in Table 1, depending
on the cell line, the ICgq values of FLLL12 ranged from 0.63 to 1.87 uM, compared with
6.07-12.4 uM for curcumin. These results suggest that FLLL12 is 5-10-fold more potent
than curcumin, depending on the cell line. Since induction of apoptosis is critical for
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effective tumor regression, we next measured apoptosis by annexin V staining. As shown in
Fig. 1, FLLL12 dose- and time-dependently induced apoptosis in lung cancer cell lines.
While 3-5 pM of FLLL12 was sufficient to induce ~80% apoptosis by 48 h, 15-30 uM of
curcumin was required to induce comparable apoptosis. These results further confirm that
FLLL12 is 5-10-fold more potent than curcumin against lung cancer cell lines. Finally, to
confirm apoptosis induction by FLLL12, we assessed the cleavage of caspase-3 and PARP,
which is considered a marker of apoptosis in response to apoptotic signal. Treatment of cells
with FLLL12 markedly induced the cleavage of caspase-3 and PARP in different lung
cancer cell lines (Fig. 2).

FLLL12-induced apoptosis is independent of p53 and p73 activation

The p53 family consists of three structurally and functionally closely related proteins, p53,
p63 and p73, functionally classified as transcription factors and tumor suppressors, which
play critical roles in apoptosis [31]. Curcumin is known to induce p53-dependent apoptosis
in various cancer cell lines [32—34]. Our unpublished data have also shown that curcumin
induces p73-dependent apoptosis in the lung cancer cell line H1299. In this study, we also
found that FLLL12 increased the expression of p73 in the H1299 lung cancer cell line
(Supplementary Fig. S2A). To investigate the role of p53 and p73 in FLLL12-induced
apoptosis, we ablated expression of p53 in H292 cells expressing wild type p53 and
inactivated p73 in H1299 cells by overexpressing a dominant negative p73 and measured
apoptosis after FLLL12 treatment. As shown in Supplementary Fig. S2B and C, FLLL12
markedly inhibited cell survival and induced apoptosis, and abrogation of p53 or
inactivation of p73 could not protect cells from FLLL12-induced growth inhibition and
apoptosis suggesting that apoptosis of lung cancer cells by FLLL12 is independent of p53
and p73.

FLLL12, but not curcumin, induces DR5-mediated apoptosis

Cancer cells can undergo apoptosis by activating extrinsic pathways mediated through death
receptors or intrinsic pathways mediated through mitochondrial depolarization, respectively.
The extrinsic pathway can be linked to intrinsic pathways through truncation of Bid by
activated caspase-8. To understand the molecular mechanisms underlying FLLL12-induced
apoptosis, we examined the expression of DR5 after FLLL12 and curcumin treatment in
three different lung cancer cell lines. As shown in Fig. 3A, treatment of cells with FLLL12
markedly enhanced the expression of DR5. On the other hand, treatment of cells with the
concentration of curcumin that induced comparable apoptosis had no effect on the
expression of DR5. To confirm the role of DR5 in FLLL12-induced apoptosis, the
expression of DR5 was knocked down by siRNA. Ablation of DRS5 significantly protected
cells from apoptosis induced by FLLL12 (Fig. 3B) and almost completely abrogated the
cleavage of caspase-3 and PARP (Fig. 3C), suggesting that the expression of DR5 is
required for FLLL12-induced apoptosis.

Caspase-8 is required for FLLL12 induced apoptosis

DR5-mediated apoptosis initiates with the formation of DISC containing FADD and
caspase-8 followed by activation of caspase-8. To further explore DR5-mediated apoptosis
by FLLL12, we examined caspase-8 activation and cleavage of Bid. FLLL12 dose
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dependently induced cleavage/activation of caspase-8 and truncation of Bid to tBid as
evidenced by the reduction of full length caspase-8 and Bid (Fig. 4A), and significantly
increased the caspase-8 activity and expression of tBid (Fig. 4A and B). These results
suggest that FLLL12 activated caspase-8 and caused truncation of Bid to tBid. The
expression of caspase-8 was knocked down by siRNA and apoptosis as well as apoptotic
markers were examined. As shown in Fig. 4C and D, knockdown of caspase-8 significantly
inhibited FLLL12 induced apoptosis (Fig. 4C) and strongly reduced FLLL12-induced
cleavage of caspase-3 and PARP (Fig. 4D). These results demonstrate that FLLL2-induced
expression of DR5 and activation of caspase-8 are important for apoptosis. During death
receptor-mediated apoptosis, activated caspase-8 can directly activate effector caspase-3 and
-7 or cleave Bid to generate a truncated form, tBid. tBid migrates to mitochondria where it
induces permeabilization of the outer mitochondrial membrane and links extrinsic apoptosis
to intrinsic apoptosis [35,36]. FLLL-12 treatment also caused truncation of Bid to tBid and
knockdown of caspase-8 markedly rescued the expression of Bid (Fig. 4A). To investigate
the role of Bid in FLLL12-induced apoptosis downstream of DR5 and caspase-8, we
analyzed apoptosis and cleavage of caspase-3 and PARP after knocking down Bid. Although
knockdown of Bid significantly protected cells from FLLL12-induced apoptosis (Fig. 4E)
and reduced the cleavage of caspase-3 and PARP (Fig. 4F), the protection was not as
dramatic as after knockdown of DR5 and caspase-8. Together, the results presented in Figs.
3 and 4 suggest that FLLL12 induces apoptosis in lung cancer cells through activation of
DR5-mediated caspase-8 pathways involving truncation of Bid and activation of caspase-3.

FLLL12 regulates the expression of DR5 through tyrosine phosphatase activation

Accumulated evidence has demonstrated that a number of pharmacological endoplasmic
reticulum (ER) stressors induce apoptosis by activating DR5 at the mRNA level through the
transcription factor CHOP [37-39]. To determine the mechanism of regulation of DR5 by
FLLL12, we assessed the expression of DR5 mRNA by RT-PCR after FLLL12 treatment.
As shown in Fig. 5A and B, no significant differences in the mRNA expression of DR5 were
observed in cells treated with different concentrations of FLLL12. We also carried out a
luciferase reporter assay containing up to =552 of the 3 UTR of the DR5 promoter as
described [39]. Celecoxib was used as a positive control. Although celecoxib increased
luciferase activity, it was inhibited by FLLL12, suggesting that FLLL12 post-
transcriptionally regulates the expression of DR5 (Fig. 5C). We also analyzed the expression
of DR5 after blocking global protein translation by cyclohexamide pretreatment followed by
treatment with FLLL12. As shown in Fig. 5D and E, FLLL12 failed to increase the
expression of DR5 after inhibition of protein translation. Supplementary Fig. S3 shows the
time-dependent degradation of DR5 after inhibition of global protein synthesis by
cyclohexamide. These results rule out the possibility of posttranslational stabilization of
DR5 by FLLL12. Together, the data presented in Fig. 5 suggest that FLLL12 regulates DR5
at the posttranscriptional level. Co-activation of ERK/RSK and JNK signaling pathways and
subsequent cooperative effects among the transcriptional factors CHOP, Elk1, and c-Jun
enhance DR5 gene transcription [39,40]. We also found that FLLL12 increased the
phosphorylation of ERK, p38 and c-Jun (Supplementary Fig. S4). Therefore, we explored
the effects of pharmacological inhibitors of p38 (SB203580), JNK (SP600125), ERK
(U0126), and AKT (LY294002) and of a phosphatase inhibitor cocktail (PIC) on FLLL12-
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induced expression of DR5. No notable changes in FLLL12-induced DR5 as well as
apoptotic marker expression were found after inhibition of either p38, JNK, ERK or AKT
(Supplementary Fig. S5). However, inhibition of global phosphatase activity by PIC, which
inhibits protein tyrosine phosphatases (PTPs), serine threonine phosphatases, acid
phosphatases and alkaline phosphatases, completely abolished FLLL12-induced DR5
expression (Supplementary Fig. S5). We next examined whether inhibition of phosphatases
protected cells from FLLL12-induced apoptosis and found that inhibition of phosphatases by
PIC significantly protected cells from apoptosis and inhibited the cleavage of apoptosis
markers caspase-3 and PARP (Fig. 6A and B). Treatment with PIC drastically increased the
basal level of p-AKT and p-ERK, and FLLL12 treatment had no further effect on p-AKT
and p-ERK after PIC pretreatment. To rule out that the possibility that the protective effect
of PIC is due to high p-AKT after PIC treatment, we pretreated cells with PIC and
LY294002 together and measured FLLL12-induced apoptosis. PIC was still able to protect
cells from FLLL12-induced apoptosis (Supplementary Fig. S6). Since PIC affects all
phosphatase types, we next investigated the effect of sodium orthovanadate (SOV), which
specifically inhibited PTPs and alkaline phosphatases, on the expression of DR5 and
induction of apoptosis. As shown in Fig. 6C and D, pretreatment of cells with sodium
orthovanadate clearly reduced FLLL12-induced apoptosis, expression of DR5, and
completely abolished cleavage of caspase-3 and PARP. To further narrow down the
involvement of specific phosphatase type, we pretreated cells with the alkaline phosphatase
inhibitor imidazole and examined the expression of DR5 and induction of apoptosis after
FLLL12 treatment. Interestingly, pre-treatment of cells with imidazole neither inhibited
FLLL12-induced DR5 expression nor suppressed apoptosis and caspase-3 and PARP
cleavage (Fig. 6E and F), suggesting the regulation of DR5 by FLLL12 through the
activation of PTPs.

Discussion

Treatment outcomes in advanced or metastatic NSCLC remain frustrating, with low long-
term survival rates. Overall, five-year survival for lung cancer patients is ~15%, and patients
with advanced stage disease often die within 12 months [6]. Although recent advances in
molecularly targeted treatments have made lung cancer therapy more personalized, the
benefits are typically lost within months to a few years [41]. Long-term disease control
requires activation of the apoptotic machinery that selectively kills cancer cells while
sparing normal cells [35,36]. Several approaches are actively being explored to induce
apoptosis, including switching on pathways that are controlled by death receptors, switching
off survival pathways, inhibition of anti-apoptotic Bcl-2 proteins and apoptosis inhibitory
proteins (IAPs) and induction of pro-apoptotic Bcl-2 proteins [42]. In the current study, we
investigated the mechanism of anti-tumor effect, particularly induction of apoptosis, of a
potent curcumin analog, FLLL12, in lung cancers and for the first time we explored
FLLL12-induced extrinsic apoptosis triggered by the activation of DR5.

Our findings clearly demonstrate that FLLL12 induces apoptosis and is 5-10-fold more
potent than the parental compound curcumin, depending on the cell lines. Apoptosis can be
intrinsic or extrinsic depending on the involvement of mitochondria. DR5 is a pro-apoptotic
cell-surface receptor that plays a central role in extrinsic apoptosis upon binding with its
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ligand TRAIL [43,44]. Activation of DR5 without ligand stimulation and subsequent
induction of apoptosis have also been reported [37,43,44]. DR5-dependent apoptosis
involves a cascade of events, such as formation of DISC comprising death receptor, FADD
and caspase-8, processing of procaspase-8 to active caspase-8, truncation of Bid to tBid,
activation of effector caspases and finally cleavage of PARP [18]. We investigated the
mechanism of FLLL12-induced apoptosis in lung cancer cells, and found that FLLL-12
increased the expression of DR5 and that knock-down of DR5 and the downstream members
of the extrinsic apoptotic machinery, caspase-8 and Bid, significantly protected cells from
FLLL12-induced apoptosis. These results clearly demonstrate the importance of DR5
expression in FLLL12-induced apoptosis. Interestingly, the expression of DR5 is selective
for the analog; the parent compound did not increase DR5 expression. We used three
different cell lines and high doses of curcumin that induced comparable apoptosis. In all
three cell lines, FLLL12 markedly increased DR5 expression, but curcumin failed to do so
in any of the cell lines tested. After formation of DISC, activated caspase-8 can directly
activate effector caspases or involve mitochondria through the truncation of Bid. Our results
demonstrated that, although statistically significant, protection of cells from FLLL12-
induced apoptosis was less pronounced in the case of Bid knockdown than caspase-8 and
DR5 knockdowns. These results suggest that activated caspase-8 might activate effector
caspases directly and via truncation of Bid.

Previous studies suggest that DR5 is mostly regulated at the transcriptional level via
activation of multiple transcription factors, such as CHOP, NF-xB and p53 [38,45,46].
Recent studies have demonstrated that the activation of CHOP is critical for the
transcriptional regulation of DR5 expression and that the transcriptional efficiency of CHOP
is positively modulated by co-activation of the ERK, JNK and p38 MAP kinase pathway
[40,47-49]. We investigated the regulation of DR5 expression by FLLL12 and also found
that FLLL12 increased the phosphorylation of ERK p38 and c-jun. Interestingly, inhibition
of these pathways had no effect on the expression of DR5. We observed no significant
changes in the expression of DR5 mRNA after FLLL12 treatment, which suggests that
FLLL12 regulates DRS5 at a posttranscriptional level. We further excluded the possibility of
posttranslational stabilization of DR5 since FLLL12 failed to stabilize DR5 after inhibition
of global protein translation by cyclohexamide treatment, suggesting that FLLL12 regulates
DR5 at the posttranscriptional processing of mRNA stage or at the translational level.

Like many physiological processes, apoptosis is posttranslationally regulated by reversible
phosphorylation of apoptotic signaling proteins, which is controlled by a balance in protein
kinase and protein phosphatase activities [50]. Although protein kinases implicated in the
prevention or generation of apoptotic signals are already identified, the counter-regulatory
protein phosphatases are less well defined [50]. In our current study, we found that
activation of phosphatases plays a role in the expression of DR5 and induction of apoptosis,
since inhibition of phosphatase activities with chemical inhibitors strongly inhibited the
expression of DR5 and protected cells from FLLL12-induced apoptosis. We further
identified that the activation of PTPs is important for the expression of DR5 and apoptosis.
PTPs constitute a large family of enzymes consisting of receptor type PTPs, non-receptor
type PTPs, dual specific PTPs and others [51,52]. Currently, it is not clear whether a specific
PTP can act as an oncogene or as a tumor suppressor. Although our study clearly
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demonstrates a link between PTP and DR5 expression and a tumor suppressive function of
PTP, it is not clear whether PTP regulates DR5 directly or via dephosphorylating a tyrosine
kinase. So far, no report is available to support that DR5 is regulated by direct
phosphorylation. Moreover, we have established that FLLL12 regulates DR5 at the
translational level. The protein translational machinery is complex and most members of this
machinery are regulated by phosphorylation/dephosphorylation events. A recent study
reported the regulation of DR5 by miRNA, which also regulates protein translation [53].
Most probably, FLLL12 treatment activates PTPs that dephosphorylate a component of the
protein translational machinery or regulate miRNA to increase DR5 translation. Finally, the
specific tumor suppressor PTPs activated by FLLL12 that can exert a negative effect on
tumor cell survival remain to be elucidated.

Selective activation of the apoptotic pathway provides tremendous therapeutic potential for
cancer treatment [54]. Death receptor agonists and Bcl-2 inhibitors are currently under
active clinical investigation [55]. Among the death receptor targeted agents, the therapeutic
use of TNF-a and agonistic CD95-specific antibodies has been hampered by their toxic side
effects, particularly a severe inflammatory response through NF-«B activation [56,57].
Death receptor agonist antibodies or recombinant TRAIL may be promising as a safe
anticancer therapy; however, the clinical use of TRAIL and antibodies is limited by the fast
turnover rate of TRAIL in the blood and the dimeric nature of the antibody, whereas death
receptors are activated as a trimer [58]. In the current study, we have shown that FLLL12
induces apoptosis in lung cancer cell lines by expression of DR5 and activation of a DR5-
dependent pathway. This is the first study to report that DR5-mediated extrinsic pathways
play a major role in FLLL12-induced apoptosis and this signaling is selective for the analog.
Linkage of PTP to FLLL12-induced DR5 expression and apoptosis is also novel. Further in
vivo efficacy and safety as well as mechanistic studies are warranted to develop this
promising compound for clinical application.
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FLLL12 dose- and time-dependently induces apoptosis in lung cancer cells. Human
premalignant and malignant lung cancer cell lines were treated with different concentrations
of FLLL12 and curcumin for the indicated time points. Apoptosis was quantified by
Annexin V-PE staining. NT is no treatment, F denotes FLLL12 and C denotes curcumin
throughout the manuscript. Numbers beside F and C indicate the concentration (uM) of
FLLL12 and curcumin, respectively.
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Cleavage of caspase-3 and PARP by FLLL12 and curcumin. (A) H1299, (B) H292 and (C)

Ab549 lung cancer cells were treated with the indicated doses of FLLL12 and curcumin and
the cleavage of caspase-3 and PARP were determined by Western blotting.
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FLLL12 induces DR5-mediated apoptosis. (A) A549, H1299 and H292 cells were treated
with FLLL12 and curcumin for 24 h and the expression of DR5 protein was determined by
Western blotting. (B) A549 cells were transfected with control (siC) and DR5 (siDR5)
SiRNA as described in the Materials and methods and apoptosis was quantified after 24 h of
FLLL12 treatment. (C) A549 cells were transfected and treated with FLLL12 as in (B).
Expression of DR5, cleaved caspase-3 and PARP were analyzed by Western blotting.

Cancer Lett. Author manuscript; available in PMC 2016 July 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Haque et al.

Page 17

A A549 H1299 B P=0.0003
NT F2 F3 F4 o 160 ONT
NT F3 F4 F5 :
. = mF4
- - - Caspase-8 :>: 120 -
2 P=0.001
< 80
— - D e Bid ©
?
. o 40 -
—= === .
(@] 0 -
D GED GED GED GErene e e | Actin A549 H1299
D siC siCas-8 siC siCas-8
C NT F4 NT F4 NT F4 NT F4
80
*  mA549 — —_ (F:E‘Spase‘s
OH1299
60
% Il - - @D = | Bid
<} A — G -
S 40 *
f(l *x % - Cleaved
* [— - s Caspase-3
° 20
Cleaved
0 -_I l_\ — — PARP
NT F4 NT F4
siC siCas-8 ——r ey | | SS—— Actin
80 siC siBid SIC siBid
* WA549 NT F4 NT F4 NT F4 NT F4
OH1299 pa— Bid
R 60 *% -
S "
2 . | Cleaved
§ 40 ** == - ! Caspase-3
<
2
PR & — == | Cleaved
. ’ PARP
o HT -] DD D | | e e—— | /ctin
NT F4 NT F4
siC siBid
Fig. 4.

Caspase-8 is required for FLLL12-induced apoptosis. (A) A549 and H1299 cells were
treated with FLLL12 for 24 h and expression of caspase-8, Bid and tBid were analyzed. (B)
A549 and H1299 cells were treated with FLLL12 for 24 h and caspase-8 activity was
determined by Caspase Glo 8 kit. (C) Expression of caspase-8 was ablated in A549 and
H1299 cells by siRNA and apoptosis was quantified after treatment with FLLL12 for 24 h.
(D) A549 and H1299 cells with ablated caspase-8 were treated as in (C) and expression of
caspase-8, cleaved caspase-3, cleaved PARP and Bid were analyzed in whole cell lysates.
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(E) Expression of Bid was ablated in A549 and H1299 cells and apoptosis was quantified as
in (C). (F) A549 and H1299 cells with ablated Bid were treated as in (E) and expression of
Bid, cleaved caspase-3 and cleaved PARP were analyzed in whole cell lysates.
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Fig. 5.

Pc?sttranscriptional regulation of DR5 expression by FLLL12. (A) A549 and (B) H1299 cells
were treated with the indicated concentrations of FLLL12 for 24 h and the expression of
DR5 mRNA was determined by RT PCR. (C) HEK293 T cells were transfected with
luciferase plasmid containing the 3’'UTR of DR5 and luciferase activities were determined
after treating with FLLL12 and celecoxib for 2 h. (D) A549 and (E) H1299 cells were
pretreated with 100 pg/mL of cycloheximide (CHX) for 2 h, followed by treatment with
FLLL12 for 8 h. The expression of DR5 was determined by Western blotting.
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Activation of PTP is required for FLLL12-induced expression of DR5 and apoptosis. (A-E)
A549 cells were pretreated with phosphatase inhibitor cocktail (PIC, supplied solution was
diluted with culture media as shown in the figure) (A, B), sodium orthovanadate (SOV) (C,
D) and alkaline phosphatase inhibitor imidazole (IM) (E, F) for 2 h followed by treatment
with FLLL12 for 24 h. Apoptosis was quantified by Annexin V-PE staining and expression
of DR5, cleaved caspase-3 and cleaved PARP were analyzed by Western blotting.
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ICsq of FLLL12 and curcumin. All cell lines were seeded in 96-well culture plates and treated with different

concentrations of FLLL12 and curcumin for 72 h. Determination of cell growth inhibition and calculation of
ICsq values are described in experimental procedures.

Cell lines  1Csy (UM)
FLLL12 Curcumin

H1299 0.78 6.07
A549 1.61 9.2
H358 0.80 6.21
H292 1.67 12.4
H322 1.55 117
H1703 1.87 10.5
1198 0.75 7.25
1799 0.63 6.07
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