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Endoplasmic reticulum (ER) stress-induced cancer cell apoptosis has become a novel signaling target for development of cancer
therapeutic drugs. Curcumin exhibits growth-suppressive activity against a variety of cancer cells. We previously synthesized a series
of monocarbonyl analogues of curcumin with strong cytotoxicity against tumor cells. In this study, we found that only compound 19
[(1E4E)-1,5-bis(2,3-dimethoxyphenyl)penta-1,4-dien-3-one] can induce C/EBP-homologous protein (CHOP) expression in
human lung cancer H460 cells. Treatment with 19 induced H460 cell apoptosis in a dose-responsive manner, and this effect was
associated with corresponding increases in a series of key components in ER stress-mediated apoptosis pathway, followed by caspase
cleavage and activation. However, curcumin at the same concentrations does not display such properties. CHOP knockdown by
specific siRNA attenuated 19-induced cell apoptosis, further indicating that the apoptotic pathway is ER stress-dependent. In vivo,
19 showed a dramatic 53.5% reduction in H460 xenograft tumor size after 22 days of treatment. Taken together, these mechanistic
insights on the novel compound 19, with nontoxicity, may provide us with a novel anticancer candidate.

1. INTRODUCTION

Endoplasmic reticulum (ER) is well-known to regulate protein
synthesis, protein folding, cellular responses to stress, and intra-
cellular calcium levels. Disturbance of ER homeostasis results in
the activation of the unfolded protein response." Accumulation of
misfolded froteins in ER can cause ER stress and ultimately lead to
apoptosis.” Several conditions, including nutrient deprivation,
oxidative stress, changes in calcium homeostasis, failure in post-
translational modifications or transport of proteins, and treatment
with a variety of agents, can induce ER stress and trigger the

unfolded protein response.* ER stress is implicated in the
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pathophysiology of cancer, and ER stress-induced cancer cell
apoptosis becomes a novel signaling target for development of
cancer therapeutic drugs.s’6 The inductions of cancer cell apogtosis
by some anticancer agents such as paclitaxel,” farnesol,® and
polyphyllin D” have been reported to be medicated by ER stress.

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione] is a yellow compound isolated from the rhi-
zome of the herb Curcuma longa L. During the past 2 decades,
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Figure 1. Chemical structures of compounds 06, 12, and 19 and their inducing CHOP expression: (A) design and skeleton of structurally stable
monocarbonyl analogues of curcumin; (B) chemical structures of 06, 12, and 19 and their ICs, values against H460 cells; (C) effects of 06, 12,and 19 on
CHOP expression. H460 cells were treated with compounds at the indicated concentrations for 24 h. Cells were collected and the total lysates isolated
and examined by Western blot analysis using an anti-CHOP specific antibody. Actin is shown as a control for equal loading.

numerous studies have shown that curcumin possesses multi-
functional pharmacological properties including the ability to
induce apoptosis in a variety of tumor cells."”"" Recent studies
suggested that curcumin-induced apoptosis may be mediated by
ER stress in several cancer cell types. Pae and his co-workers'?
showed that curcumin-induced apoptosis of HL-60 cells is
associated with its modulation of ER stress-related proteins after
a 6 h treatment with curcumin at 20 «M. A study by Scott et al.">
also indicated that curcumin up-regulated C/EBP-homologous
protein (CHOP) mRNA expression in colon cancer HCT-116
cells. Most recently, two independent groups demonstrated that
curcumin triggers ER stress and the activation of specific cell
death pathways in mouse melanoma cells'* and human lung
carcinoma A-549 cells," respectively.

However, the clinical application of curcumin has been signifi-
cantly limited by its instability in vitro and poor metabolic property
in vivo.'® Considering that the -diketone moiety of curcumin may
result in its instability and poor metabolic property, we previously
designed a series of monocarbonyl analogues of curcumin with
enhanced stability by deleting this moiety.”” Our studies also
demonstrated that these synthetic analogues not only enhanced
stability in vitro but also significantly improved pharmacokinetic
profiles in vivo.'” Subsequently, a MTT assay for these compounds
against seven different tumor cell lines was carried out, and three
novel compounds, 06 [(1E4E)-1,5-bis(2-bromophenyl)penta-1,4-
dien-3-one], 12 [(2E,5E)-2,5-bis(4-(3-(dimethylamino)propoxy)
benzylidene)cyclopentanone], and 19 [(1E4E)-1,5-bis(2,3-di-
methoxyphenyl)penta-1,4-dien-3-one] were discovered as the most
efficient compounds against tumor cells."”

A recent study showed that curcumin induces apoptosis in
human non-small-cell lung cancer H460 cells through ER stress
and mitochondria-dependent pathways.'®'® In this study, we
investigated whether the induction of apoptosis by curcumin

analogues is mediated by ER stress in human NSCLC cell line
H460. We provide in vitro biochemical analysis of signaling
pathway modulation and assess effects on cell proliferation. Gene
down-regulation by siRNA method and H460 xenograft were
also used to assess the molecular mechanism and in vivo antic-
ancer effect of compound 19, respectively.

2. RESULTS

2.1. Screening on Affecting CHOP Expression Showed
That Only Compound 19 Could Activate ER Stress among
Three Active Compounds in H460 Cells. According to our
previous publication,” three active compounds 06, 12, and 19
that exhibited good cytotoxicity against seven human cancer cell
lines were chosen for this study. Their ICs, values, as well as that
of curcumin, against H460 cells were determined using a MTT
assay and are listed in Figure 1A and Figure 1B. Curcumin
showed an antiproliferation effect against H460 cells with ICso =
20.29 uM, while 06, 19, and 12 demonstrated stronger cytotoxi-
city than curcumin and their ICs, values reached 5.78, 6.74, and
8.31 uM, respectively. CHOP has been sufficiently proved to
trigger an ER stress-specific cascade for implementation of
apoptosis.””*! Therefore, the effects of these three compounds
on CHOP expression were first evaluated by the Western blot
method in H460 cells. As shown in Figure 1C, among these
compounds, only compound 19 is able to stimulate CHOP
expression after 24 h of treatment, especially at 15 and 20 uM,
suggesting that 19, unlike other analogues, induces H460 cell
apoptosis possibly via an interesting mechanism involving ER
stress-apoptosis pathways.

2.2. Compound 19 but Not Curcumin Causes ER Stress in
H460 Cells. Glucose-regulate protein/immunoglobulin heavy
chain binding protein (GRP78) is reported as the gatekeeper to
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Figure 2. Compound 19 induces GRP78, ATF-4, and XBP-1 expression. (A) H460 cells were treated with compounds at the indicated concentrations
for 1 h. GRP78 mRNA was examined by RT-qPCR. (B) Cells were treated with 19 and curcumin for 3 h, and GRP78 was examined by Western blot.
(C) H460 cells were incubated with vehicle and 19 at 20 uM for the indicated times. The protein levels of ATF-4 and XBP-1 were examined by Western
blot. (D) H460 cells were treated with 19 at the indicated concentrations for 6 h. The ATF-4 and XBP-1 expressions were detected by Western blot.
(E) H460 cells were harvested after incubation with 19 at the indicated concentrations for 3 h. ATF-4 and XBP-1 mRNA were examined by RT-qPCR.
All RT-qPCR results were caculated and represented as the percent of vehicle control, and actin was always shown as a control for equal loading in
RT-qPCR and Western bloting experiments ((*) p < 0.05, (%) p < 0.02, significantly different from vehicle group).

the activation of the ER stress.”> We thus measured both mRNA
and protein expression of GRP78 after 19 or curcumin treatment.
As shown in Figure 2A and 2B, both mRNA expression and
protein expression of GRP78 were increased 3 h after 19
treatment, while no significant increase could be observed in
the curcumin-treated group. In addition, RT-qPCR analysis
revealed that GRP78 mRNA increased in a dose-dependent
manner at 3 h after the cells were incubated with 19. Following
the gatekeeper, we tested the expressions of the downstream
activating transcription factor 4 (ATF-4) and X-box binding
proteins 1 (XBP-1) in 19- or curcumin-treated H460 cells using
both Western blot and RT-PCR. The time course result indicated
that 20 M compound 19 treatment for 6 h resulted in the protein
levels of ATF-4 and XBP-1 reaching the peak (Figure 2C).

3770

Western blot analysis revealed that increases in protein expression
levels of both ATF-4 and XBP-1 were detected in a dose-
dependent manner at 6 h after the cells were incubated with 19
(Figure 2D), while no significant increase could be seen in the 20
UM curcumin-treated cells. These results were further supported
by Figure 2E illustrating that 19 induces the up-regulation of both
ATF-4 and XBP-1 mRNAs dose-dependently.

CHOP induction is probably the most sensitive to ER stress
response, and CHOP is considered as a marker of commitment
of ER stress-induced apoptosis.”" During ER stress, all three arms
of the unfolded protein response (UPR) including ATF-4 and
XBP-1 pathways induce transcription of CHOP gene.”> We have
already found that 19 was able to induce CHOP expression in the
previous section. Here, we further demonstrated the ability of 19

dx.doi.org/10.1021/jm200017g |J. Med. Chem. 2011, 54, 3768-3778



Journal of Medicinal Chemistry

B

\ 6h . 12 h , 19 Cur
@ % ' o & ' DMSO 5 10 20 5 10 20 (uM)
[ -
> . = 3
< 4 CHOP [+ . ‘i
éﬁf 301 . * I - - - 6h
20 i
5 5 i a2 & A
2210
3 w |-"'-| | | CHOP - -
© lemrml 1l e 12h
O 5 10 20, 20 O 5 10 20 20 (M) Actinm
> | S
QQ 19 Cur OQ | 19 Cur
6 h 12 h
D 2004 ! i} —
© =l i, n
100
DMSO 19 (20 M) == 80 i
1 3 6 12 24 1 3 6 12 24(h) 2% 601 | | I
T S g 40 III
CHOP . e e 2020
% O 10 *
Actin | W Y %1 | || | il
5 10 20 O 5 10 20 (UMW)
o& o‘@ T
19 19

Figure 3. Compound 19 induces CHOP expression. H460 cells were collected after incubation with compounds at the indicated concentrations for the
indicated times. (A) CHOP mRNA was examined by RT-PCR. (B, C) CHOP examined by Western blot. Actin is shown as a control for equal loading.
(D) Western blot results from (C) was calculated and represented as the percent of control (() p < 0.02, significantly different from vehicle group).

and curcumin to increase CHOP at both protein and mRNA
levels. As shown in Figure 3A, exposing H460 cells to 19 for both
6 and 12 h noticeably increased CHOP mRNA expression in a
dose-dependent manner, while curcumin at 20 #M has no effect
on CHOP mRNA level. Western blotting analysis further
showed that CHOP protein expression was apparently increased
6—24 h after 19 treatment and reached the peak at 12 h
(Figure 3B). Figure 3C and Figure 3D showed that compound
19 induced CHOP protein up-regulation in a dose-dependent
manner. Similarly, CHOP expression was not detectable in
curcumin-treated cells.

In addition, in the commitment phase of ER stress-induced
apoptosis, inositol requiring 1 (IRE1) triggers apoptosis by
recruiting and activating c-jun N-terminal kinase (JNK), which
directly phosphorylates the downstream c-Jun and induce p-53
expression in the cell apoptosis pathway.”®> We therefore exam-
ined the effects of 19 on cJun phosphorylation and p53
expresion using the Western blot method. As shown in
Figure 4A, c-Jun was found to begin to be phosphorylated at 3
h of 19 treatment (20 #M). The phosphorylation increased with
time and peaked at 12 h after 19 treatment. In Figure 4B, 19 at 20
UM apparently activated the c-Jun phosphorylation, while cur-
cumin at the same concentration showed no effect on it. Besides
c-Jun phosphorylation, the IRE1 pathway has been recently
identified to activate caspase cascade by the downstream reg-
ulator p-53. As shown in Figure 4C and Figure 4D, 19 treatment
significantly increased the expression of p-53 in both time and
dose dependent manner during 1—12 h after 19 treatment. The
expression of p-53 decreased after 12 h of treatment. Curcumin
still showed a negative result.

3771

All upstream signals ultimately led to caspase activation to
finish the execution of ER stress-induced apoptosis.>> We next
examined the 19-induced ER stress-mediated apoptotic down-
stream events after commitment. The Western blot in Figure 4E
indicates that the cleavage of procaspase-3 was observed after
treatment with 19 for 24 h. Similar results were observed for the
activation of caspase-9 (Figure 4F). However, at this concentra-
tion, curcumin was not able to activate caspased 3 and 9. These
results indicate that the caspase signals are involved in the ER
stress-mediated apoptotic pathway induced by 19.

2.3. Compound 19 Induces H460 Cell Death through
Apoptotic Pathway. Compound 19 or curcumin was admini-
strated to H460 cells in different doses (S, 10, and 20 uM),
respectively. Cell growth was recorded by light microscope, and
cell viabilities were determined by CellTiter-Glo kit assay. After
19 treatment for 24 h, the cells underwent significant morpho-
logic changes under a microscope. As shown in Figure SA and
Figure 5B, 19 at different concentrations induces H460 cell death
more potently than curcumin at the same concentrations (P <
0.01). The cell viability assay demonstrated that 19 ranged from
2.5 to 30 uM reduced cell survival in a dose-dependent manner
(Figure SB). The leading curcumin, however, showed relatively
poor activity. At 20 uM, about 16% of H460 cells survived after
24 h of treatment with 19, while there was about 70% cell viability
in the curcumin group. We next assessed the effects of 19 and
curcumin on the induction of apoptosis in H460 cells by flow
cytometry. The results in Figure SC showed that 19 dose-
dependently increased H460 apoptosis after 6 h of treatment.
19 at 20 uM significantly induced higher H460 cell apoptosis rate
(29.63%) than from curcumin treatment (12.02%). Taken

dx.doi.org/10.1021/jm200017g |J. Med. Chem. 2011, 54, 3768-3778
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Figure 4. Compound 19 induces pS3 expression, c-Jun phosphorylation, and procaspase cleavage. (A, C) H460 cells were incubated with compounds at
20 uM for the indicated times. The proteins were examined by Western blot. (B, D) H460 cells were incubated with compounds at the indicated
concentration for 12 h. The p53 and p-c-Jun were examined by Western blot. (E, F) H460 cells were incubated with compounds at the indicated
concentrations for 24 h. The activation of caspases 3 and 9 were examined by Western blot analysis using anti-caspase-3 (p30, p17) and anti-caspase-9
(p47, p35S, p22). In parts A—F, actin is shown as a control for equal loading.

together, these data indicated that 19 induced H460 cell death
possibly through an apoptotic pathway involving ER stress.

2.4. Reduction of CHOP Expression Inhibits 19-Induced
H460 Cell Death. In order to further confirm that ER stress plays
an important role in the induction of H460 cell apoptosis by
compound 19, we constructed the lentiviral siRNA for the CHOP
gene, which encoded the CMV-promoted EGFP marker as an
internal control. H460 cells were transfected with the vector that
contained the CHOP siRNA. H460 cells were infected with serial
dilutions of concentrated lentivirus, and the titers were deter-
mined by counting EGFP-expressing cells after 48 h using
fluorescent microscopy. Figure 6A showed that more than 65%
of the H460 cells were transfected with lentiviral siRNA. The
reduction of CHOP expression was confirmed by Western blot
assay. After transfected with lentiviral siRNA for CHOP, CHOP
expression was significantly reduced in 19-treated cells compared
to the vector-transfected control group (Figure 6B). Further-
more, to confirm that reduction of CHOP expression inhibits 19-
induced H460 cell death, we treated CHOP siRNA-tranfected
H460 cells with 19 and curcumin. Figure 6C and Figure 6D
showed that when CHOP expression in H460 cells is silenced,
cell apoptosis induced by 19 was significantly reduced
compared with the control group (P < 0.05). Since CHOP is
an extremely key protein in ER stress, these results indicate
that 19-induced cell apoptosis is, at least partly, mediated by ER
stress pathway.

2.5. Compound 19 Suppressed Tumor Growth in Vivo. We
further investigated the in vivo antitumor efficacy of 19 using
BALB/cA nude mouse. Tumor was established by subcuta-
neously implanting the H460 cells with 3 x 10° (in 100 uL)
into the mice. To establish a better administration and to exclude
the pharmacokinetic and metabolic effects, a water-soluble
preparation of 19 was prepared using a patented liposome
technique. Once daily ip injection of 19 at doses of 10 and 50
mg/kg or vehicle was commenced when the tumor reach a
volume of 100—300 mm?>. As shown in Figure 7A, treatment with
19 resulted in a significant reduction in tumor volume compared
to that observed in vehicle group (P < 0.0S, P < 0.01). A dose-
dependent inhibition of tumor growth by 19 at 10 and 50 mg/kg
with treated versus control (T/C) of 75.8% and 46.5% was
observed on day 22 after treatment, respectively. The data
showed a potent inhibitory effect of 19 on H460 tumor growth
in vivo, which was possibly associated with ER-stress-mediated
apoptosis in tumor cells.

3. DISCUSSION AND CONCLUSION

Besides mitochondria and death receptors, recent studies have
suggested that the ER also participates in execution of apoptosis
as a subcellular player.”*** Clinical data support the potential of
drugs that inhibit the normal functions and homeostasis of the ER in
treatment of malignancies like cancer. Liao et al.” reported that ER
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Figure 5. Compound 19 and curcumin induce cell death in H460 cells. (A) Cells were treated with 19 and curcumin for 24 h at the indicated concentrations.
The images were obtained by microscope with 20 amplification. (B) Cell viability was carried out as described in Experimental Section, and the data were
calculated as percent of the viability of vehicle-treated cells () p < 0.0S, (k) p < 0.02, (sk%) p < 0.01, significantly different from curcumin group). (C) Flow
cytometric assay of H460 cells after 6 h of incubation with the indicated concentrations (S—20 #M) of 19 and curcumin. Cells were stained with annexin V and PL

stress contributed to paclitaxel-induced apoptosis. Sequential ER

niflumic acid—ciglitazone®” treatment-induced apoptosis in human
stress has been reported to be critical in 0-TEA”® and combined

lung cancer cells. Resveratrol induces apoptosis in human NPC cells
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also through regulation of multiple apoptotic pathways including
ER stress.”” Recently, it has been suggested that manipulation of
ER stress might enhance the efficacy of chemotherapeutic drugs,
and the ER stress-mediated apoptotic pathways provide new
anticancer targets for the development of antitumor drugs.>®

Curcumin at more than 30 M exerts cytotoxicity on H460
cells through induction of apoptosis, and apoptotic cell death
involves ER stress signaling pathway.'” In the cytotoxic screening
assay, analogues 06, 12, and 19 exhibited powerful cytotoxic
effects against human lung cancer H460 cells with ICs less than
10 uM, indicating that they possess much higher activity than
curcumin. In order to develop novel antitumor agents by ER
stress-mediated mechanism, we tested their ability to raise the
expression of CHOP, a hallmark of ER stress-mediated apoptotic
pathway. Figure 1C showed that only 19 induced CHOP over-
expression in H460 cells, indicating that 19 may perform its
antitumor effect through a different mechanism from that of the
other analogues.

This is the first report to demonstrate that the curcumin
analogue has the ability to cause ER stress. Because cellular
Michael adduct formation is responsible for ER stress,” it is
speculated that curcumin may disrupt disulfide bond formation
by the electrophilic olefin ketone on its chemical structure,
consequently causing accumulation of unfolded proteins and
ER stress. This concept is also supported by the observation
that the curcumin derivative tetrahydrocurcumin that loses the
ability to form Michael adducts did not cause ER stress."* In this
study, compound 19 with a more electrophilic dienone moiety

and two electron-donating methoxyls activates ER stress at a
much lower concentration compared with curcumin. In the
structure of 12, the cyclization by a cyclopentanone locks the
conformation of dienone and increases the stereospecific
blockade, which may result in a decrease of electrophilicity of
12 dienone. In addition, the electron-withdrawing bromo
substituents may contribute to a descending electrophilicity
of 06 (Figure 1). These data suggest that an electrophilic
dienone moiety may play an important role in the induction
of ER stress by the curcumin analogues.

Then the exact molecular mechanism by which 19 causes ER
stress-mediated cell apoptosis is revealed by degrees. GRP78, a
member of a glucose-regulated protein family (GRPs), is re-
ported as the gatekeeper to the activation of the ER stress.”> Our
data found that 19 could increase GRP78 mRNA level 1 h after
treatment and protein expresion 3 h after treatment. Once
GRP78 activated, PKR-like ER kinase (PERK) phosphorylates
eukaryotic initiation factor 2 (eIF2) and then up-regulates ATF4
expression. ATF6 is activated and moves to the nucleus
and induces genes of XBP1. IRE1 seems to be the last arm of
the UPR to be activated. It triggers apoptosis by recruiting and
activating JNK, which directly phosphorylates the downstream
c-Jun.>**3! Subsequently, we detected the 19-induced activa-
tion of three sensor proteins, including PERK, ATF-6, and IRE],
via monitoring of their downstream molecules ATF-4, XBP-1,
and p-c-Jun at 6—12 h after 19 treatment, respectively. These
data intensively indicated that compound 19 might trigger the
ER stress-dependent apoptotic pathway.
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and eventual activation of capase-3/9 to cause cell apoptosis in H460 cells.

The ATF-4 and XBP-1 activations have been reported to
increase CHOP gene expression, triggering ER stress-specific
cascade for implementation of apoptosis. The up-regulation of
both CHOP mRNA and CHOP protein expression after 19
treated H460 cells for 12 h (Figure 3) indicates that the 19-
induced ER stress has developed into the commitment phase
toward apoptosis. It has been reported that the 3pz)hosphorylation
of c-Jun could activate Bcl-2 family proteins.**** Figure 4C and
Figure 4D also illustrate that treatment of H460 cells with 19 for
6—12 h induced the enhancement of transcription factor pS53.
Although being thought of as main regulators in mitochondrial-
mediated apoptotic pathway, several members of the Bcl-2
family of groteins are important in the ER stress downstream
pathway.>>** Recently, p53 and p53-up-regulated modulator of
apoptosis (PUMA) have been reported to have an important role
in ER stress as downstream regulators of IREI signaling.*®
Kudoh et al** found that a novel p33-responsive gene
D4S234E is accumulated in the ER and induces apoptosis in
response to DNA damage.

All upstream signals ultimately lead to caspase activation,
resulting in the ordered and sequential dismantling of the cell
to finish the execution of ER stress-induced apoptosis.”*>'
Cleavage and activation of caspases 3 and 12 have been observed
in different studies on ER stress-induced human cancer cell
apoptosis.23’30’31’35 Two groups reported that caspase-12 can

directly trigger caspase-9 activation and apoptosis independently
of the mitochondrial cytochrome c/Apaf-1 pathway.>**’
Figure 4E and 4F demonstrated that 19 was able to induce the
cleavage of caspases 3 and 9. Overall, our data demonstrated the
capacity of 19 to activate all key proteins in initiation, commit-
ment, and execution phases of ER stress. Figure 7B showed a
proposed signaling model leading to development of ER stress-
induced apoptosis induced by 19.

Our data further confirmed that H460 cells are sensitive to
compound 19 treatment at concentrations ranging from 5 to 30
UM by cell viability assay and flow cytometry, while curcumin
did not exhibit good activity at the indicated concentrations
(Figure S). The above data demonstrated that ER stress was
involved in 19-induced cell apoptosis. However, we do not yet
know whether 19-induced cell apoptosis is ER stress-depen-
dent or not. Transfection of cells with CHOP or GRP78 si-
RNA reduced ER stress-mediated human colon cancer cell
apoptosis.®® Knockdown of CHOP by specific siRNAs also
attenuated desipramine-induced® and y-tocotrienol-induced
ER stress-mediated apoptotic cascade.*” To show direct evi-
dence for the role of ER stress in 19-indcued apoptosis, CHOP
siRNA transfection was used to compare 19-induced ER-stress-
dependent and non-ER-stress-dependent apoptosis. The result
in Figure 6 is consistent with other studies that show CHOP as a
proapoptotic protein, and more importantly, it solidly supports
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that 19-induced apoptosis is, at least partially, ER stress-dependent.
In spite of the data supporting our hypothesis, other apoptotic
mechanisms may also be involved in 19-induced apoptosis.
Caspase-3 activation and p53 phosphorylation also play important
roles in mitochondria-mediated apoptotic pathway.** >* In addi-
tion, the leading curcumin has been reported to exert anticancer
effects by multitargeting mechanisms.'®'® Therefore, although this
work only focuses on the ER stress-mediated apoptosis, further
studies are necessary to establish such notions.

The activation of ER stress-mediated apoptosis in cancer
cells may open up the possibility to extend the therapeutic
options for 19 in cancer treatment. Indeed, besides the cellular
effects, we have shown that compound 19 is highly effective in
inhibiting tumor growth in a H460 xenograft mouse model. At
the same time, we obtained evidence that 19 exhibited high
safety in a toxicity test in mice ( Figures S1—S3 inSupporting
Information). Taken together, novel compound 19 exhibited
antitumor effects on human lung cancer H460 cells both in vitro
and in vivo via an ER stress-mediated mechanism. These
properties of 19 could be further explored in the development
of safe and effective anticancer agents for the treatment of non-
small-cell lung cancer.

4. EXPERIMENTAL SECTION

4.1. Chemistry. Curcumin was purchased from Sigma Chemical
Co. (St. Louis, MO). Curcumin analogues 06, 12, and 19 were
synthesized by direct aldol condensation of substituted benzaldehyde
with acetone or cyclopentanone in alkaline media and were structurally
identified by using MS and 'H NMR analysis, as described in our
previous paper.'” Before use in biological experiments, compounds were
recrystallized from CHCIl;/EtOH and HPLC was used to determine
their purity (19, 99.67%; 06, 99.01%; 12, 99.49%). Their structures are
shown in Figure 1A and Figure 1B.

4.2. Cell Lines and Reagents. Human lung carcinoma cell line
H460 was purchased from ATCC (Manassas, VA). The tumor cells are
cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supple-
mented with 5% heat-inactivated FBS (Atlanta Biologicals Inc.,
Lawrenceville, GA) and 100 U/mL penicillin and streptomycin (Media-
tech Inc, Manassas, VA) and incubated at 37 °C with 10% CO..
ApoAlert annexin V kit was purchased from Clotech Bio Company
(Mountain View, CA). CellTiter-Glo kit was from Promega Corpora-
tion (Madison, WI). Antibodies including anti-CHOP, anti-XBP-1, anti-
ATF-4, anti-caspase-3 p30/17, anti-caspase-9 p3S, anti-p53, anti-p-c-
Jun, anti-GRP78/Bip, anti-actin, anti-lamin B, goat anti-mouse IgG-
HRP, goat anti-rabbit IgG-HRP, donkey anti-goat IgG-HRP, and anti-
IGM were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Ambion RNAqueous kit was purchased from Applied Biosystems Inc.
(Foster City, CA).

4.3. MTT (Methyl Thiazolyl Tetrazolium) Assay. All experi-
ments were carried out 24 h after cells were seeded. Tested compounds
were dissolved in DMSO and diluted with 1640 medium to final
concentrations of 100, 33.3, 11.1, and 3.7 stg/mL. The tumor cells were
incubated with test compounds for 72 h before the MTT assay. A fresh
solution of MTT (S mg/mL) prepared in NaCl solution (0.9%) was
added to each single well of the 96-well plate. The plate was then
incubated in a CO, incubator for 3 h. Cells were dissolved with 100 4L of
DMSO and then analyzed in a multiwell-plate reader at 570 nm.
Curcumin was applied as positive control.

4.4. Cell Viability Assay. H460 cells (5 x 10® cells/well) were
seeded in 96-well plates overnight. Culture medium was replaced with
fresh medium containing various concentrations of compound 19 or
curcumin. Compounds were dissolved in DMSO and directly added to

culture medium (final concentration, S, 10, and 20 M) and incubated
for 24 h. Cell viability was observed by microscope and evaluated using
the CellTiter-Glo kit (Promega Corporation, Madison, WI) following
the manufacturer’s protocol at different time points. Absorbance was
measured at 450 nm using the 1420 multilabel counter (PerkinElmer,
Waltham, MA).

4.5. Flow Cytometric Analysis. H460 cells were placed in a 6 mm
plate for 6 h and then treated with varying doses (S, 10, and 20 #M) of 19
and curcumin for 24 h. Cells were washed by PBS 3 times, then digested
by 0.25% pancreatin—EDTA. After centrifugation, cells were resus-
pended in 0.5 mL of PBS. Cells were then stained with annexin V and
propidium iodide (PI) in the presence of 100 mg/mL RNase and 0.1%
Triton X-100 for 30 min at 37 °C. Flow cytometric analysis was
performed using a fluorescence-activated cell sorter (Beckman Coulter,
Inc., Fullerton, CA).

4.6. Western Blot Analysis. After treatment, H460 cells were
washed and harvested with PBS. Cell lysis was carried out at 0 °C by
vigorous shaking for 10 min in lysis buffer containing 50 mmol/L Tris-
HCl (pH 7.4), 150 mmol/L NaCl, 1% NP40, and 0.1% SDS,
supplemented with protease and phosphatase inhibitor cocktails I
and II (Sigma, St. Louis, MO). The protein concentration was
determined. After addition of sample loading buffer, protein samples
were electrophoresed and then transferred to nitrocellulose mem-
branes (Bio-Rad, Hercules, CA). The blots were blocked for 1 h at
room temperature with fresh 5% nonfat milk in TBS and then
incubated with specific primary antibody in TBS with 5% nonfat milk.
Following three washes with TBS, the blots were incubated with
horseradish peroxidase-conjugated secondary antibodies. The trans-
ferred proteins were incubated with Western Lightning chemilumi-
nescence reagent for 1 min followed by visualization with X-ray film.
The density of the immunoreactive bands was analyzed using Image J
computer software (NIH).

4.7. RNA Isolation and Real-Time Quantitative PCR. Total
mRNA was isolated from cells using Ambion RNAqueous kit after
treatment with compounds or control DMSO. The high-capacity
cDNA archive kit was used to obtain first-strand cDNAs of mRNAs.
The mRNA levels of CHOP, XBP-1, ATF4, and GPR78 are quantified
by specific gene expression assay kits and primers on iQSMulticolor
real-time PCR detection system (Bio-Rad, Hercules, CA) and normal-
ized to internal control S-actin mRNA. PCR primer sequences were
as follows: CHOP, sense, 5'-CTGAATCTGCACCAAGCATGA-3/,
antisense, 5'-AAGGTGGGTAGTGTGGCCC-3'; XBP-1, sense, 5'-GCG-
CCTCACGCACCTG-3', antisense, 5'-GCTGCTACTCTGTTTTTCAG-
TTTCC-3'; ATF-4, sense 5-TGGCTGGCTGTGGATGG-3/, antisense,
5'"-TCCCGGAGAAGGCATCCT-3; GRP78, sense S'-TCCTGCG-
TCGGCGTGT-3/, antisense, S'-GTTGCCCTGATCGTTGGC-3'; actin,
sense S-CCTGGCACCCAGCACAAT-3', antisense, 5'-GCCGATC-
CACACGGAGTACT-3'.

4.8. Construction of Lentiviral siRNA for CHOP. The sense
sequence of the siRNA cassettes specifically targeting the nucleotides of
CHOP was designed through siRNA target finder (Ambion, Austin,
TX). A two-step polymerase chain reaction (PCR) strategy was per-
formed using two separate reverse primers to generate a siRNA
expression cassette (SEC) consisting of human U6 promoter and a
hairpin siRNA cassette plus terminator and subcloned into pGL3.7
vector, which encodes the CMV-promoted EGFP (enhanced green
fluorescent protein) marker as internal control. The resulting lentiviral
siRNA vector was confirmed by restriction enzyme digestion and DNA
sequencing. The sequence of CHOP siRNA is 5-GCAGGAAATC-
GAGCGCCTGAC-3'. The recombinant lentiviruses were produced by
transient transfection of H460 cells using FuGene 6 Transfection
reagent (Roche Inc., Nutley, NJ). Briefly, H460 cells were cultured in
high glucose DMEM, supplemented with 10% fetal bovine serum (FBS),
penicillin/streptomycin (100 U/mL), and 500 ug/mL of G418. The
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subconfluent cells in a 10 cm culture dish were co-transfected
with lentiviral vector (10 ug) and the lentiviral packaging vectors
pRSV-REV (2 ug), pMDLg/pRRE (S pug), and the vesicular stomatitis
virus G glycoprotein (VSVG) expression vector pMD2G (3 ug). The
viruses were collected from the culture supernatants on days 2 and 3
after transfection, concentrated by ultracentrifugation for 1.5 h at
25000 rpm, and resuspended in PBS. Titers were determined by
infecting H460 cells with serial dilutions of concentrated lentivirus
and counting EGFP-expressing cells after 48 h under a fluorescent
microscope.

4.9. In Vivo Antitumor Study. All animal experiments complied
with the Wenzhou Medical College Policy on the Care and Use of
Laboratory Animals. Five-week-old to 6-week-old athymic BALB/cA
nu/nu female mice (18—24 g) were purchased from Animal Center of
China Pharmaceutical University (Nanjing, China). Animals were
housed at a constant room temperature with a 12 h:12 h light/dark
cycle and fed a standard rodent diet and water. H460 cells were
harvested and injected subcutaneously into the right flank (3 x 10°
cells in 100 uL of PBS) of 7-week-old female BALB/cA nude mice.
When tumors reach a volume of of 100—300 mm? on all mice on day 10,
treated mice were intraperitoneally (ip) injected with a water-soluble
preparation of compound 19 in PBS at a dosage of 10 or 50 mg/kg,
whereas control mice were injected with liposome vehicle in PBS. The
tumor volumes were determined by measuring length () and width (w)
and calculating volume (V = Iw*/2) as described elsewhere.*!

4.10. Statistical Methods. Student’s t test was employed to
analyze the differences between sets of data. Statistics were performed
using GraphPad Pro (GraphPad, San Diego, CA). A p < 0.05 was
considered significant.
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