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Background: Colorectal cancer is the third leading cause of cancer-related deaths worldwide,
and therefore, the development of novel drugs for its prevention and therapy are urgently required.
This study aimed to determine the molecular mechanism of 6,7-dihydroxy-2-(4"-hydroxyphenyl)
naphthalene (PNAP-6)-induced cytotoxicity in human colorectal cancer (HCT116) cells.
Methods: The effects of 2-phenylnaphthalene derivatives on HCT116 cell growth and
viability were assessed by MTT assays. The mechanisms involved in the regulation of the
extrinsic apoptosis and endoplasmic reticulum (ER) stress pathways by PNAP-6 were analyzed
by annexin-V/propidium iodide flow cytometric analysis, Hoechst 33342 fluorescent staining,
and Western blotting.

Results: PNAP-6 was shown to have an IC value 15.20 uM. It induced G,/M phase arrest in
HCT116 cells, associated with a marked decrease in cyclin B and CDK1 protein expression and
increased caspase activation, PARP cleavage, chromatin condensation, and sub-G, apoptosis.
Moreover, we found that the apoptotic effects of PNAP-6 proceeded through extrinsic apoptosis
and ER stress pathways, by increasing the expression of Fas protein and ER stress markers,
including PERK, ATF4, CHOP, p-IREl0, and XBP-1s.

Conclusion: These results suggest that 2-phenylnaphthalene derivatives, such as PNAP-6,
have potential as new treatments for colorectal cancer.

Keywords: colorectal cancer, endoplasmic reticulum stress, extrinsic apoptosis pathway,
2-phenylnaphthalenes

Introduction

Colorectal cancer is the third most common cancer worldwide and the third leading
cause of cancer-related deaths worldwide.' Therefore, it is imperative to develop drugs
that are more effective than those currently in use. The spatial and conformational
requirements of 2-phenylnaphthalenes (PNAPs) and genistein are pharmacologically
similar.” Genistein is well known as an anticancer agent. Genistein effectively sup-
presses cancer progression via several mechanisms, including increasing apoptosis,
controlling invasion and metastasis, adjusting intracellular signaling pathways, and
arresting the cell cycle of cancer cells.? In the past few years, a series of PNAP deriva-
tives have been synthesized in our laboratory and we have assessed their effects on
breast cancer and macrophage cells. Our research has shown that 6,7-dihydroxy-2-
(4’-hydroxyphenyl)naphthalene (PNAP-6) exhibits potent anti-breast cancer activity,
inducing cell cycle arrest and death of breast cancer cells.> Moreover, PNAP-6
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reduces the production of lipopolysaccharide-induced
pro-inflammatory mediators, such as IL-6, tumor necrosis
factor-alpha, inducible nitric oxide synthase, and COX-II.#
However, it is unclear whether PNAPs also possess antican-
cer effects on human colorectal carcinoma cells.

Cell proliferation is associated with cell cycle regulation.
Cell cycle progression is regulated by a series of cyclin-
dependent kinases (CDKs), which rely on cyclin subunits.’
Passage through G, into S phase is regulated by activation
of the cyclin D1-CDK4/6 and cyclin E-CDK2 complexes.®’
Passage through G, into M phase is regulated by activation
of the cyclin BI-CDK1 complex.®® Deregulation of the cell
cycle causes aberrant cell proliferation and tumor growth.
Therefore, any compound that regulates cell cycle processes
is also potentially capable of inhibiting tumor progression. '

Apoptosis is considered a normal physiological pro-
cess, whereas impaired apoptosis and interruptions in
cell cycle regulation are indications of cancer growth and
aggressiveness.'! Caspase activation is known to be important
during apoptosis, and therefore has been targeted by many
anticancer agents.'”” An extrinsic pathway that regulates
caspase-dependent apoptosis has been identified.!* Fas, a
death receptor, plays an initial role in the extrinsic apoptotic
pathway.!* Fas-associated protein with death domain (FADD)
is an adaptor protein for death receptor-mediated apoptosis.
It bridges the Fas receptor with the downstream effector,
caspase-8, to form the death-inducing signaling complex.'>6
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Figure | Effect of PNAPs on the viability of HCT 116 cells.

Activated caspase-8 then activates the downstream effectors,
caspase-3 and caspase-7, resulting in apoptosis. In addition,
an increasing number of studies have indicated that disrup-
tion of endoplasmic reticulum (ER) function by various
anticancer agents, such as farnesol, paclitaxel, bortezomib,
and dipyridamole, significantly alters the expression of ER
stress-related proteins, such as PERK, eif2a, ATF4, CHOP,
XBP-1, and IRE, which leads to apoptosis.'”!* However,
it is unclear whether the ER stress and extrinsic pathways
are activated in PNAP-mediated apoptosis. Therefore, this
study aimed to elucidate the molecular mechanism under-
lying PNAP-6-induced cytotoxicity in human colorectal
cancer cells.

Materials and methods

Chemicals

Eight PNAP derivatives (PNAP-1-PNAP-8) were provided
by Dr Ta-Hsien Chuang (School of Pharmacy, China Medical
University, Taiwan). The molecular structures of 2-phenyl-
naphthalene (PNAP-1), 6-hydroxy-2-phenylnaphthalene
(PNAP-2), 6,7-dihydroxy-2-phenylnaphthalene (PNAP-3),
2-(4’-hydroxyphenyl)naphthalene (PNAP-4), 6-hydroxy-
2-(4’-hydroxyphenyl)naphthalene (PNAP-5), 6,7-
dihydroxy-2-(4’-hydroxyphenyl)naphthalene (PNAP-6),
6,7-dihydroxy-2-(3’,4’-dihydroxyphenyl)naphthalene
(PNAP-7), and 2-(4’-aminophenyl)-6,7-dimethoxynaphtha-
lene (PNAP-8) are shown in Figure 1A.
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Notes: (A) Molecular structures of PNAP-I-PNAP-8. (B) HCT 116 cells were incubated with PNAPs (0-50 LM) for 48 hours. Cell viability was assessed by MTT assay.
Data were normalized to the percentage of viable cells in the control group (DMSO treatment) and are shown as the mean + SEM from three independent experiments.
Abbreviations: PNAPs, 2-phenylnaphthalenes; SEM, standard error of the mean; DMSO, dimethyl sulfoxide.
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Cell culture

HCT116 cells were obtained from the laboratory of
Dr Yang-Chang Wu (School of Pharmacy, China Medical
University, Taiwan), confirmed by short tandem repeat
profiling and free of mycoplasma contamination. HCT116
cells were cultured and grown in DMEM/F12 medium con-
taining 10% FBS, 1% penicillin—streptomycin, and main-
tained in a humidified 5% CO, incubator at 37°C.

Cell viability assay

HCT116 cells were plated at a density of 5x103 cells per well
in 96-well plates, incubated overnight, and then treated with
different concentrations (0, 2.5, 5, 10, 20, 25, and 50 uM)
of eight PNAPs (PNAP-1-PNAP-8) which were dissolved
in dimethyl sulfoxide (DMSO) to obtain a final concentra-
tion of 50 mM, and DMSO was used for untreated control.
After 48 hours of treatment, MTT (0.5 mg/mL) was added to
each well, and the cells were incubated for 4 hours at 37°C.
Supernatants were then removed, and 50 uL. of DMSO was
added to each well to dissolve the formazan product. The
absorbance at a wavelength of 550 nm was then measured
using a MQX200R microplate reader (BioTek, Winooski,
VT, USA).

Cell cycle analysis

HCT116 cells were seeded at a density of 3x10° cells per
well in six-well plates, incubated overnight, and then treated
with PNAP-6 at three different concentrations (10, 15, and
20 uM) or with 20 uM PNAP-6 at different time intervals
(12, 24, and 48 hours). Both floating and adherent cells
were collected and washed with PBS. The cells were centri-
fuged, and the pellets were suspended with 70% ethanol for
1 hour at —20°C. The fixed cells were washed with ice-cold
PBS, suspended in 0.5 mL of PBS containing 0.2 mg/mL
RNase, and 0.1% Triton X-100 for 30 minutes at room
temperature, and stained with 20 pug/mL propidium iodide
(PI). The stained cells were analyzed using a FACScan flow
cytometer (Becton Dickinson, San Jose, CA, USA). The fluo-
rescence emitted from the PI-DNA complex was estimated
from a minimum of 10,000 cells per sample and analyzed
using the Cell Quest Alias software (BD Biosciences, San
Jose, CA, USA).

Annexin V/PI cell death assay

HCT116 cells were seeded at a density of 3x10° cells per well
in six-well plates, incubated overnight, and then treated with
PNAP-6 at three different concentrations (10, 15, and 20 uM).
After 48 hours of treatment, the cells were trypsinized,

washed once with PBS, and then suspended in 1X binding
buffer. Annexin V-fluorescein isothiocyanate (5 uL) and
PI (5 uL) were then added to each sample, followed by an
incubation for 15 minutes at room temperature in the dark.
Cells were analyzed using flow cytometry (BD Biosciences).

Cell morphology studies

The cells were seeded in 12-well plates at a density of
1x10° cells/well. Different treatment groups and the control
group were cultured for 48 hours. The cells were washed once
with PBS and stained with Hoechst 33342 (10 pg/mL for
15 minutes). The morphological changes were then observed
by light microscopy at 100x magnification and fluorescence
microscopy at 200X magnification.

Western blot analysis

HCT116 cells were seeded at a density of 3x10° cells per
well in six-well plates, incubated overnight, and then treated
with PNAP-6 at different concentrations for 24 or 48 hours
or with 20 uM PNAP-6 at different time intervals. The cells
were washed with PBS and lysed in ice-cold RIPA buffer for
30 minutes. The supernatant was collected and centrifuged at
15,000 rpm and 4°C for 30 minutes. Proteins were separated
by SDS-PAGE and transferred to polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA, USA). Mem-
branes were incubated overnight at 4°C with the following
antibodies: cyclin D1 (1:2,000; Cell Signaling Technology,
Beverly, MA, USA); CDK4 (1:2,000; Cell Signaling Technol-
ogy); cyclin E (1:2,000; Cell Signaling Technology); CDK2
(1:2,000; Cell Signaling Technology); p21 (1:2,000; Cell
Signaling Technology); p27 (1:2,000; Cell Signaling Tech-
nology); cyclin B1 (1:2,000; Cell Signaling Technology);
CDKI1 (1:2,000; Cell Signaling Technology); cleaved
caspase-12 (1:1,000; Cell Signaling Technology); cleaved
caspase-7 (1:1,000; Cell Signaling Technology);
cleaved caspase-8 (1:1,000; Cell Signaling Technology);
cleaved caspase-3 (1:1,000; Cell Signaling Technol-
ogy); cleaved PARP (1:1,000; Cell Signaling Technology);
Fas (1:1,000; Cell Signaling Technology); FADD (1:2,000;
Cell Signaling Technology); ATF4 (1:2,000; Cell Signaling
Technology); CHOP (1:2,000; Cell Signaling Technology);
XBP-1s (1:2,000; Cell Signaling Technology); PERK
(1:2,000; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA); p53 (1:3,000; Santa Cruz Biotechnology Inc.); p-IREo.
(1:1,000; Thermo Fisher Scientific, Inc., Waltham, MA,
USA); actin (1:5,000, Sigma-Aldrich Co., Inc., St Louis, MO,
USA). The secondary antibodies: horseradish peroxidase
(HRP)-linked goat anti-rabbit IgG (1:2,000; Cell Signaling
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Technology); HRP-linked goat anti-mouse IgG (1:2,000; Cell
Signaling Technology). The membranes were then washed
three times with TBST and probed with HRP-conjugated
secondary antibody for 1 hour at room temperature. After
three washes in TBST, the bound antibody was visualized
using the ECL Western Blotting Reagent (PerkinElmer
Inc., Waltham, MA, USA), and the chemiluminescence
was detected using Fuji Medical X-ray film (Tokyo, Japan).
Expression levels of target proteins were quantified using
a Gel-Pro Analyzer image analysis system and normalized
with cellular actin protein level.

Statistical analysis

The data are presented as the mean * standard error of
the mean from three replicate experiments. The differ-
ences among the groups were compared by ANOVA using
GraphPad Prism 5 software (GraphPad Software, Inc., La
Jolla, CA, USA). P-values <0.05 were considered to be
significant.

Results
Effect of PNAP-6 on survival of

HCT116 cells

To investigate the effects of the eight PNAPs (PNAP-1—
PNAP-8, Figure 1A) on cell viability, HCT116 cells were
treated with different doses (0, 2.5, 5, 10, 20, 25, and 50 uM)
for 48 hours. Cell viability was then determined by MTT
assay and the results are shown in Figure 1B. First, PNAP-1
and -4 showed no cytotoxic effects on HCT116 cells.
PNAP-2 and -8 showed a low level of cytotoxicity against
HCTI116 cells, whereas PNAP-3, -5, -6, and -7 showed
potent cytotoxic activity against HCT116 cells, with IC,
values of 33.83, 46.95, 15.20, and 23.61 uM, respectively.
These results indicated that PNAP-6 exhibited the greatest
activity against HCT116 cells. Thus, we further investigated
the underlying mechanism for the decrease in cell viability
induced by PNAP-6.

Effect of PNAP-6 on cell cycle progression
To further explore the inhibitory effects of PNAP-6 on colon
cancer cells, the viability of HCT116 (p53 wild type) and
HT-29 (p53 mutant) cells were examined by MTT assay
after PNAP-6 treatment. Expression of the apoptosis-related
protein (p53) and the p53-induced proteins (p21 and p27)
was also assessed by Western blotting. PNAP-6 treat-
ment significantly decreased cell viability (Figure 2A) and
increased p53, p21, and p27 protein expression in HCT116
cells compared to HT-29 cells (Figure 2B). This suggested

that the PNAP-6-induced growth suppression may occur via
the regulation of p53-dependent signaling in HCT116 cells.
We further examined the cell cycle modulating properties of
PNAP-6 in HCT116 cells. As shown in Figure 3, treatment
of cells with PNAP-6 resulted in a dose-dependent inhibition
of cell viability, which was accompanied by an accumula-
tion of cells at the G,/M and sub-G, phases, as determined by
flow cytometric analysis. Approximately, 34.28% untreated
control cells were at the G,/M phase, whereas >50% of
HCT116 cells were at the G,/M phase following 48 hours of
PNAP-6 treatment, which suggested the existence of a block
at this phase of the cell cycle (Figure 3A). The percentage
of cells at the sub-G, phase (apoptotic cells) significantly
increased from 1.4% in controls to >20% after treatment with
PNAP-6 (Figure 3A). Thus, PNAP-6 may induce apoptosis in
colon cancer cells. The increase in the percentage of HCT116
cells at the G,/M and sub-G, phases following PNAP-6 treat-
ment was found to be time-dependent (Figure 4A). In order
to confirm the results of flow cytometry experiments, we
analyzed cell cycle-coordinating proteins, such as cyclin D1,
CDKA4, cyclin E, CDK2, CDK1, cyclin B1, p21, and p27, by
immunoblotting. PNAP-6 treatment resulted in a significant
dose- and time-dependent decrease in the expression of
cyclin D1, CDK4, cyclin E, CDK2, CDK1, and cyclin Bl
(Figure 3B and C; Figure 4B and C). Moreover, PNAP-6
caused a significant time-dependent induction of p21 and
p27 protein activity in HCT116 cells (Figure 4B). Taken
together, these results indicated that the growth inhibition
of HCT116 cells in response to PNAP-6 is due to growth
arrest and cell death.

Induction of apoptosis by PNAP-6

Flow cytometric analysis showed a dose- and time-dependent
increase in the number of cells with sub-G amounts of DNA
(apoptotic cells) following PNAP-6 treatment. To further
verify that apoptosis was induced by PNAP-6, HCT116
cells were treated with 10, 15, and 20 uM PNAP-6, and
morphological changes were observed by phase-contrast
microscopy (Figure SA-D). Prior to treatment, HCT116
cells were regular in shape and size, with large nuclei and
a relatively small amount of cytoplasm. The density and
structure of cells after 48 hours of treatment with 10-20 uM
PNAP-6 showed obvious changes. Cells became shrunken
and lost contact with adjacent cells. Moreover, the apoptotic
cells no longer attached to the substrate, but detached from
the culture plates and floated in the medium. Moreover,
we stained HCT116 cells with Hoechst 33342 fluores-
cent dye to detect apoptotic morphology after 48 hours
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Figure 2 Effect of PNAP-6 on cell viability and apoptosis-related protein expression in HCT116 and HT-29 cells. HCT116 (p53-wild type) and HT-29 (p53-mutant) cells

were treated with 10, 15, and 20 uM PNAP-6 for 48 hours.

Notes: (A) Cell viability was assessed by MTT assay. Data were normalized to the percentage of viable cells in the control group (Ct, DMSO treatment) and are shown as
the mean + SEM from three independent experiments (P<<0.0001, HCT 116 cells vs HT-29 cells). (B) Protein expression of p53, p2l, and p27 in HCT116 and HT-29 cells

was analyzed by Western blotting. Actin was used as a loading control.

Abbreviations: PNAP-6, 6,7-dihydroxy-2-(4"-hydroxyphenyl)naphthalene; DMSO, dimethyl sulfoxide; SEM, standard error of the mean.

of treatment with different concentrations of PNAP-6. As
seen in Figure SE-H, cells treated with PNAP-6 showed
typical apoptotic features, such as nuclear shrinkage, nuclear
fragmentation, and nuclear hypercondensation. We further
performed annexin-V and PI staining to quantitate the
effects of PNAP-6. During the apoptotic process, annexin
V binds to phosphatidylserine on apoptotic cells, whereas
PI can stain the nucleus of apoptotic cells due to the loss of
membrane integrity. In Figure 5I-L, cells with annexin V(+)/
PI(-) staining were classified as early apoptotic, cells with
annexin V(+)/PI(+) staining were classified as late apoptotic,
and cells with annexin V(—)/PI(+) staining were classified as

necrotic. After 48 hours of treatment with 0, 10, 15, or 20 uM
PNAP-6, early apoptotic HCT116 cells were 2.23%10.37%,
8.93%10.28%, 9.93%+0.23%, and 11.93%*0.55% of the
total cell population, respectively (Q4 region). With the
same PNAP-6 treatment concentrations, late apoptotic cells
made up 2.3%10.29%, 21.6%+0.78%, 22.1%+0.68%, and
22.6%10.47% of the total cell population, respectively
(Q2 region). There were no significant differences in the
percentage of necrotic cells (Q1 region) between PNAP-6-
treated cells and control cells. These findings indicated that
PNAP-6 induced early/late stages of apoptosis, but does not
induce necrosis in HCT116 cells.
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Notes: HCT 16 cells were treated with 10, |5, and 20 uM PNAP-6 for 48 hours and (A-D) morphology was observed by light microscopy (100x). (E-H) Cells were stained
with Hoechst 33342 and morphology was observed by fluorescence microscopy (200x). (I-L) Annexin V/propidium iodide double-stained HCT 116 cells were analyzed by
flow cytometry. Data are shown as the mean + SEM from three independent experiments.

Abbreviations: PNAP-6, 6,7-dihydroxy-2-(4"-hydroxyphenyl)naphthalene; SEM, standard error of the mean; Pl, propidium iodide; FITC, fluorescein isothiocyanate.

PNAP-6 triggers caspase-dependent
apoptosis in HCT116 cells

Generally, caspases play essential roles in mediating differ-
ent apoptotic responses.?’ One of the cellular substrates of
caspases is PARP-1. Its activation causes apoptosis of tumor
cells.?! To determine whether PNAP-induced apoptosis in
HCT116 cells occurs via caspase activation, we examined the
activation of caspase-3, -7, -8, and -12 and PARP by Western
blotting after incubation with 10, 15, and 20 uM PNAP-6
for 48 hours or 20 uM PNAP-6 for 12, 24, and 48 hours.
As depicted in Figure 6A and B, the activity of caspase-8
in HCT116 cells treated with PNAP-6 at 10, 15, and 20 uM
increased by 2.8-fold, 3.2-fold, and 3.6-fold, respectively,
compared to control cells. Intracellular caspase-3, -7, -12, and
PARP activities were also enhanced by PNAP-6 treatment in
a dose-dependent manner. Moreover, the levels of cleaved
caspase-3,-7, -8, -12, and PARP increased significantly after
24 and 48 hours of PNAP-6 treatment, in a time-dependent
manner (Figure 6C and D). These results suggested that
activation of the caspase cascade and PARP cleavage are
involved in PNAP-6-mediated apoptosis.

PNAP-6 induces ER stress and the extrinsic
apoptosis pathway in HCT 116 cells

Caspase-8 plays an essential part in the extrinsic apoptotic
signaling pathway,'® which is initiated by the activation of
death receptors, such as Fas.?? This process forms a death-
inducing signaling complex, in which caspase-8 is triggered
by its adaptor, FADD. Subsequently, caspase-8 directly
cleaves caspase-3 to induce apoptosis.?*** Western blotting
experiments were performed to determine whether caspase-8
activation was associated with the formation of complexes
involving Fas and FADD. HCT116 cells were treated with
PNAP-6 for 1, 3, 6, 12, and 24 hours, and Fas and FADD
proteins were detected using specific antibodies. The results
showed that PNAP-6 treatment caused a significant increase
in Fas protein expression and a decrease in FADD protein
expression (Figure 7A and B), but did not affect Bel-xL or
Bax protein levels (Figure 7A), suggesting that PNAP-6
induced HCT116 apoptosis through the extrinsic pathway
via Fas/FADD signaling. ER stress-mediated cell death
involves caspase-12 activation.? To investigate whether ER
stress is involved in PNAP-6-induced apoptosis, we initially
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sulfoxide.

examined the expression of ER stress markers, including
PERK, ATF4, CHOP, p-IRElc, and XBP-1s. The ER
membrane receptor, PERK, was found to be upregulated
in a time-dependent manner following PNAP-6 treatment.
ATF-4 and CHOP expression were upregulated after 6 hours
of PNAP-6 treatment, and this effect increased thereafter
in a time-dependent manner (Figure 7A and B). Moreover,
1 hour of PNAP-6 treatment induced p-IRE1o and XBP-1s
expression. Taken together, these data indicated that PNAP-6
promoted apoptosis by activating both the extrinsic and ER
stress pathways.

Discussion

In this study, we evaluated the anticancer effects of PNAPs
using the human colorectal carcinoma cell line, HCT116.
MTT assays were first performed to measure HCT116 cell
viability after treatment with PNAP-1-PNAP-8. Among the
PNAPs tested, PNAP-6 exhibited the greatest cytotoxicity,
with an IC_ value of 15.20 uM (Figure 1B). In addition,
PNAP-6 suppressed cell proliferation, caused G,/M phase
arrest, and induced apoptosis via extrinsic and ER stress
pathways in HCT116 cells. Previous studies have shown
that naphthylchalcones R7, R13, and R15 increase CHOP

Drug Design, Development and Therapy 2019:13

submit your manuscript

1617

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Chiu et al Dove
250 150
£c 3 200 « x2T '% c3
©9 s T 525
3@ 5150 S® g
Ct 1 3 6 12 24 (hours) 800 290
e . P 100 Q5w
s x © o 50 %
Lo § 50 E ) §
0 0
ct 1 3 6 12 24 13 6 12
Time (hours) Time (hours)
300 800
£c3 * E£EcS
295 2 o 5600
0 g T 200 AR
s 8 = 58 8 400
] g5 100 - g% T
W 3 E & e 200
a s <®°s
0 0
ct 1 3 6 12 24 ci 1 3 6 12 24
Time (hours) Time (hours)
3,000 600
£ c %‘ Aotk % c % LS
Q
205 s£0E%
O "= E 2,000 O = € 400
a3 L cfs
2 3 2
% %"5 1,000 T E &"5 200 T
5 G T o
< s <
0l 0
ci 1 3 6 12 24 ci 1 3 6 12 24
Time (hours) Time (hours)
c 400
£_3
25 L0 T T
= 'p €
Q9 0
® & O 200
- 5w
a £ 10
0

Figure 7 PNAP-6 triggers ER stress and the extrinsic pathway.

ct 1 3 6 12 24
Time (hours)

Notes: (A) Following PNAP-6 treatment for the indicated times, total proteins were isolated, separated on 10% gels, transferred onto PVDF membranes, and blotted with
anti-Fas, FADD, PERK, ATF4, CHOP, p-IRE |0, XBP-Is, Bax, and Bcl-xL antibodies. Actin was used as a loading control. (B) Expression levels were quantified using a Gel-Pro
Analyzer image analysis system. Data are shown as the mean + SEM from three independent assays. *P<<0.05, **P<<0.01, ¥***P<<0.001, and ****P<<0.0001 compared with the

control (Ct, DMSO treatment).

Abbreviations: PNAP-6, 6,7-dihydroxy-2-(4"-hydroxyphenyl)naphthalene; ER, endoplasmic reticulum; FADD, Fas-associated death domain; SEM, standard error of the

mean; DMSO, dimethyl sulfoxide; PVDF, polyvinylidene difluoride.

expression and subsequently, induce caspase-12 activity and
apoptosis, but decrease p53 and p21 protein levels in leuke-
mic cells.?® Additionally, the flavonoid derivative, LZ-205,
was also shown to induce ER stress and the exogenous apop-
totic pathway in H460 cells, which are known to harbor the
wild-type p53 allele.?’® These data indicate that the influence
of these compounds on protein folding and subsequently ER
stress and apoptosis may proceed through a p53-independent
pathway. Our data showed that PNAP-6 increased p53
expression and led to the induction of extrinsic apoptosis
and ER stress pathways in p53-wild-type HCT116 cells,
but not in p53-mutant HT-29 cells, suggesting that PNAP-6
specifically increased p53, p21, and p27 expression and then
induced cell cycle arrest in p53-wild-type cancer cells.

The G,/M checkpoint serves to prevent cells from enter-
ing mitosis when DNA is damaged.?’ According to flow cyto-
metric analysis, PNAP-6 treatment of HCT116 cells resulted
in arrest at the G,/M phase of the cell cycle. We examined

the effect of PNAP-6 on cell cycle regulatory molecules
operative at the G /M phase (Figures 3A and 4A). PNAP-6
treatment resulted in a significant time- and dose-dependent
upregulation of CDK1 and cyclin B1 (Figures 3B and 4B).
The CDK inhibitors, p21 and p27, have an important role in
blocking the activation of CDK1/cyclin B.?* Our data also
demonstrated a significant upregulation of p21 and p27 by
PNAP-6 treatment (Figures 3B and 4B). These results were
consistent with a previous study, which reported that PNAP-6
decreases CDK1 and cyclin B1 expression, leading to G,/M
arrest in MCF-7 cells.?

Apoptosis plays an essential role in cancer suppres-
sion and drug treatment response.>® Apoptotic cells have
specific characteristics, such as cell shrinkage, membrane
blebbing, chromatin condensation, and an increased popu-
lation of sub-G, phase cells.”’ PNAP-6 induced nuclear
morphological alterations, such as nuclear shrinkage and
nuclear hypercondensation in HCT116 cells (Figure SE-H).
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When HCT116 cells were treated with PNAP-6 (20 uM for
48 hours), the sub-G, hypodiploid cell population increased
by 20% (Figure 4A). PARP cleavage is another major marker
of apoptosis.? Through Western blotting analysis, PNAP-6
treatment was also shown to increase the levels of cleaved
PARP (Figure 6A and B). Collectively, these results sug-
gested that PNAP-6 induced apoptosis.

Extracellular stress stimulation, sensed and generated
through Fas activation, can activate the extrinsic pathway,*
and it positively correlates with drug sensitivity in lung
cancer.* The death receptor-initiated pathway results in
caspase-8 activation, which can directly induce the activation
of caspase-3 and -7, leading to apoptosis.® In this study, we
showed that PNAP-6 treatment upregulated the cell surface
expression of Fas and the expression of caspase-3, -8, and -7.
In addition, apoptosis can be induced by the ER, as a major
organelle for the synthesis and folding of proteins.*® ER stress,
the accumulation of unfolded or misfolded proteins inside the
ER, can be induced by a variety of perturbations.?” ER stress
activates a series of signaling pathways and transcriptional
events, known as the unfolded protein response (UPR).*
The UPR is triggered by three ER transmembrane protein
sensors, PERK, IRE, and ATF6.* Activated PERK increases
elF-2a phosphorylation, which attenuates the translation of
proteins, such as ATF4, to relieve the ER workload during
stress.*® Through the activation of CHOP, a downstream
transcriptional factor, ATF-4 can activate pro-apoptotic
signals.*! Actions of the pro-apoptotic factor, CHOP, include
suppression of the anti-apoptotic Bcl-2/Bel-xL family and

upregulated expression of the pro-apoptotic proteins, Bax,
Bak, and Bok.*> Our data showed that PNAP-6 significantly
increased CHOP expression from 6 to 24 hours of treatment,
but did not affect Bcl-xL or Bax expression in HCT116
cells (Figure 7A), suggesting that PNAP-6 may increase
CHOP expression to induce the ER stress pathway, but
does not affect the CHOP-mediated regulation of Bcl-xL
and Bax protein expression. In addition, to cope with ER
stress, the endonuclease activity of IRE-1 increases XBP-1
splicing. Spliced XBP-1 can then upregulate genes that are
crucial for cell survival during ER stress.* Using Western
blotting analysis, we found a time-dependent activation of
ER stress-related pro-apoptotic signaling proteins, includ-
ing PERK, ATF4, and CHOP, in PNAP-6 treated HCT116
cells. Similarly, PNAP-6 treatment increased the expression
of p-IRE1oc and XBP-1s (Figure 7). Thus, PNAP-6 induces
the apoptosis of HCT116 cells through the extrinsic and ER
stress pathways.

In summary, PNAP-6 exhibited the strongest cytotoxic-
ity among a series of hydrophilic PNAP derivatives tested.
PNAP-6 induced the apoptosis of HCT116 cells through the
activation of extrinsic and ER stress pathways. PNAP-6 also
inhibited HCT116 cell proliferation by inducing G,/M arrest
and modulating the cyclin B1 and CDK1 network (Figure 8).

Conclusion

This is the first study to show the novel mechanism of PNAP
derivatives inducing p53-mediated cell cycle arrest and
apoptotic signaling in colorectal cancer cells. These results
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indicate that the activation of the extrinsic and ER stress
pathways is an attractive strategy for the treatment of
colorectal carcinoma. We propose that PNAP-6 may have
therapeutic potential for colon cancer treatment.
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