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ARTICLE INFO ABSTRACT

Cannabidiol (CBD), one of the compounds present in the marijuana plant, has anti-tumor properties, but its
mechanism is not well known. This study aimed to evaluate the apoptotic action of CBD in colorectal cancer
(CRQ) cells, and focused on its effects on the novel pro-apoptotic Noxa-reactive oxygen species (ROS) signaling
pathway. CBD experiments were performed using the CRC cell lines HCT116 and DLD-1. CBD induced apoptosis
by regulating many pro- and anti-apoptotic proteins, of which Noxa showed significantly higher expression. To
understand the relationship between Noxa and CBD-induced apoptosis, Noxa levels were downregulated using
siRNA, and the expression of apoptosis markers decreased. After ROS production was blocked, the level of Noxa
also decreased, suggesting that ROS is involved in the regulation of Noxa, which along with ROS is a well-known
pro-apoptotic signaling agents. As a result, CBD induced apoptosis in a Noxa-and-ROS-dependent manner. Taken
together, the results obtained in this study re-demonstrated the effects of CBD treatment in vivo, thus confirming
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its role as a novel, reliable anticancer drug.

1. Introduction

Colorectal cancer (CRC) is the fourth leading cause of cancer-related
deaths worldwide [26]. Although the development in chemotherapy for
CRC has increased overall survival, side effects such as cytotoxicity and
resistance continue to limit its utilization. Therefore, there is an urgent
need to develop more effective agents for CRC patients.

Noxa is a pro-apoptotic member belonging to the Bcl-2 protein fa-
mily that is unique in that it contains only Bcl-2 homology 3 domain
[16]. During apoptosis, activated Noxa is translocated to the mi-
tochondria, inducing cytochrome c release and subsequent caspase-9
activation [22]. Noxa induces Bax-mediated mitochondrial dysfunction
via indirect inhibition of the anti-apoptotic Bcl-2 protein family mem-
bers [23]. Because Noxa plays a key role in apoptotic cell death, it
serves as excellent intracellular target that is an effective therapeutic

target for cancer [4,11]. Noxa is activated by various factors such as
ultraviolet radiation, etoposide, hypoxia, mitogenic stimulation, and
reactive oxygen species (ROS).

ROS, including O, (superoxide radical), @OH (hydroxyl radical),
and H,0, (hydrogen peroxide), play a major role in numerous cellular
events [8]. In mammalian cells, the mitochondrial electron transport
chain is the primary sites of ROS generation [12]. Excessive ROS can
induce mitochondrial dysfunction by decreasing the mitochondrial
membrane potential and causing electron leakage, leading to apoptosis
[3,6,12].

Cannabidiol (CBD) is one of the best known cannabinoid family,
which includes the members of the Cannabis sativa family [25]. Can-
nabinoids interact with specific Gai protein-coupled receptors, CB;
(Central receptor) and CB, (Peripheral receptor) [31]. However, CBD
does not bind well to CB; and CB, receptors, and the mechanism
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underlying its actions is not fully known [32]. CBD is a non-psy-
choactive cannabinoids that exerts anticancer activity in different types
of tumors [2,5,33]. It is already a part of many clinical trials for the
treatment of glioma [27]. CBD induces autophagy as well as apoptosis
in human breast and prostate cancer cells by activating extracellular
signal-regulated kinases and inhibiting AKT/mammalian target of ra-
pamycin signaling [25,27]. However, little is known about the me-
chanisms underlying CBD-induced apoptosis in CRC.

In this study, we investigated the apoptotic cell death induced by
CBD in CRC cells, and identified the relationship between Noxa acti-
vation and CBD-induced cytotoxicity. We suggest, for the first time, that
CBD can cause Noxa-induced cell death. Our results show that CBD
induced apoptotic cell death via ROS/endoplasmic reticulum (ER)
stress-regulated Noxa activation, suggesting that CBD has important
implications for the potential treatment of human CRC.

2. Materials and methods
2.1. Reagents and antibodies

CBD (Sigma, St. Louis, MO, USA) dissolved in absolute Ethanol
(EtOH) was stored at 4 °C until use. The antibodies used and their
sources were as follows: Cleaved Poly (ADP-ribose) polymerase (PARP),
Caspase-3, Caspase-9, Cleaved Caspase-8, Noxa, phospho-PKR-like ER-
resistant kinase (PERK), p-PERK, phospho-inositol requiring enzyme-1a
(IREla), p-IREla, Bip, Activating transcription factor 6 (ATF6),
Glucose Regulated Protein 94 (GRP94) were purchased from Cell
Signaling (Beverly, MA, USA). Anti-(-Actin was purchased from Sigma
(St. Louis, MO, USA). The secondary antibodies, anti-mouse-IgG-HRP
was purchased from Santa Cruz Biotechnology and anti-rabbit-IgG-HRP
was purchased from Cell Signaling Technology.

2.2. Cell culture

Human CRC HCT116 and DLD-1 cells, and human colorectal normal
CCD-18Co cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and HCT116 Luc* cells were
obtained from JCRB Cell Bank. HCT116 and HCT116 Luc* cells were
cultured in McCoy's 5A medium. DLD-1 cells were cultured in RPMI
1640 medium, and CCD-18Co cells were cultured in Eagle Minimum
Essential Medium (EMEM, ATCC). All media contained 10% fetal bo-
vine serum (HyClone, Logan, UT, USA) and 1% antibiotic-antimycotic
solution (100X; GenDEPOT, TX, USA). All cell lines were incubated in a
5% CO,, incubator at 37 °C.

2.3. Microarray assay

RNA was isolated from the cultured cells using TRIzol and RNA
purity and integrity were confirmed by ND-1000 Spectrophotometer
(NanoDrop, DE, USA) and Agilent 2100 Bioanalyzer (Agilent
Technologies, CA, USA). Next, the Affymetrix Whole transcript
Expression array method was proceeded according to the manufac-
turer's manual (GeneChip Whole Transcript PLUS reagent Kit). The
cDNA was synthesized by using the GeneChip Whole Transcript
Amplification kit which described by the manufacturer. The sense
strand of the cDNA was then fragmented. It was biotin-labeled with
terminal deoxynucleotidyl transferase by using the GeneChip WT
Terminal labeling kit. Approximately 5.5 ug of targeted DNA, which
was labeled, was hybridized in the Affymetrix GeneChip 2.0 ST Array at
45°C for 16h. Hybridized arrays were washed and scanned on a
GCS3000 Scanner (Affymetrix) after staining at a GeneChip Fluidics
Station 450. Signal values were computed by using the Affymetrix’
GeneChip™ Command Console software.

13

Cancer Letters 447 (2019) 12-23

2.4. WST-1 assay

Cell viability was measured using the Cell Viability Assay Kit (EZ-
Cytox, DOGEN, Daejeon, Republic of Korea). HCT116 cells
(1 x 10*cells per well) and DLD-1 cells (8 x 10> cells per well) were
seeded in 96-well plates, and incubated in 5% CO, incubator at 37 °C
for 24 h. Then, the cells were treated with CBD in serum-free medium
for 24 h in under identical condition. The cells were then treated with
EZ-Cytox for additional 2h, and then subjected to detection.

2.5. Colony formation assay

Colony formation assay was used to study the proliferation of cells.
The cells were seeded in a 60 it (60 X 15 mm) cell culture dish. After
24 h of incubation, the cells were subjected to CBD treatment for an-
other 24h. Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA,
GenDEPOT) was used to detach the cells, and the cells were seeded in 6-
well plates. After 2 weeks, the cells were stained with the colony for-
mation assay solution.

2.6. Immunoblotting analysis

To prepare cell lysates, lysis buffer (containing protease inhibitor,
phosphatase inhibitor, and RIPA buffer) was added, and the cells were
lysed by sonication. The suspension was then centrifuged. The protein
content of the supernatant was quantified using the bicinchoninic acid
assay kit (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific, MA,
USA) and 5X sample buffer. Proteins were separated using 8-12% so-
dium dodecyl sulfate-polyacrylamide gels, and then transferred to a
nitrocellulose blotting membrane. About 10% bovine serum albumin
(BSA) was used as a blocking buffer for 1 hat room temperature (RT).
The membrane was then probed with primary antibodies, which were
diluted in a primary antibody dilution solution (0.5% BSA with 0.1%
sodium azide; 1:1000), overnight at 4 °C. The membranes were then
washed with 1X Tris-buffered saline containing Tween 20 (TBST).
Membranes were then probed with the specific secondary antibodies for
2hat 4°C, and then detected with the electrochemiluminescence so-
lution (EZ-Western Lumi Pico; DOGEN).

2.7. Flow cytometry analysis

Translocation was detected based on the binding of allophyco-
cyanin-conjugated Annexin V. The cells were harvested using Trypsin-
EDTA, without causing any harm to the cells. The harvested cells were
then mixed with a mixture of Annexin V, phosphatidylinositol reagent,
and 1X binding buffer from Annexin V-FITC Apoptosis Detection Kit
(BioBud, Seoul, Republic of Korea). After 30 min at RT without light,
the cells were analyzed using flow cytometry.

2.8. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay

TUNEL assay was used to detect apoptosis and was performed using
In Situ Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim,
Germany). The cells were first fixed with 3.7% formaldehyde and then
permeabilized with 0.5% Triton X-100 for 15 minat RT. Nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI, Invitrogen, CA,
USA) for 20 min at 37 °C in 5% CO, incubator. After washing the cells
three times with TBST, the mixture from the assay kit was used to stain
dead cells. The cells were then incubated for 1 hat 37 °C in a 5% CO,
incubator. These cells were observed by confocal microscopy.

2.9. RNA interference assay

HCT116 and DLD-1 cells were transfected with Noxa siRNA and
CHOP siRNA purchased from Santa Cruz Biotechnology (Santa Cruz).
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Prior to siRNA treatment, the opti-minimum essential medium (Opti-
MEM,; Gibco, Life Technologies, LA, USA) was added to the dish and
incubated at 37 °C for 30 min to warm the cells. Then, the mixture
containing siRNA, Opti-MEM, and Lipofectamine RNAiMAX
(Invitrogen) was incubated for 30 minat RT. The mixture was then
added to the warmed cells and incubated for 18 h at 37 °C in a 5% CO-,
incubator. The cells were then treated with CBD for subsequent ana-
lysis.

2.10. RNA extraction for reverse-transcriptase polymerase chain reaction
(RT-PCR) and quantitative real time PCR (qRT-PCR)

TRIzol reagent (TRI reagent, Molecular Research Center, OH, USA)
was used for extraction of RNA, according to the manufacturer's in-
structions. After lysing the cells, cold chloroform was added and the
solution was kept on ice for 30min and centrifuged for 10 minat
12,000 rpm (14,240 x g) at 4 °C. Then, the supernatant was transferred
to another tube. Cold isopropanol was added to precipitate the RNA.
After gentle mixing, the sample was incubated for 20 min on ice and
centrifuged for 10 min at 12,000 rpm (14,240 X g). The RNA pellet was
then washed with 75% EtOH (diluted with diethyl pyrocarbonate,
DEPC). After the pellet was air-dried, it was dissolved in DEPC water
and concentrated. RT-PCR assay was performed using the RT-PCR kit
(Life Technologies). qRT-PCR was used to determine mRNA levels of
Noxa, and GAPDH was used as control. Tagman Probes were purchased
from Thermo Fisher Scientific for Noxa and GAPDH.

2.11. Immunocytochemistry assay

HCT116 and DLD-1 cells were seeded on a glass coverslip. The
treated cells were fixed with 3.7% formaldehyde for 15 min at RT, and
then, 0.5% Triton X-100 was used for permeabilization under same
conditions. The cells were blocked with 3% BSA for 1h, and then in-
cubated overnight with primary antibodies, both at 4 °C. DAPI was used
to stain the nuclei of cells, followed by the specific secondary antibodies
(17 min at 4 °C).

2.12. ROS detection assay

2/,7’-Dichlorodihydrofluorescein Diacetate (DCF-DA, Invitrogen)
reagent was used to detect total cell ROS, while mitochondrial super-
oxide indicator (MitoSOX, Invitrogen) reagent was used to detect mi-
tochondrial ROS. Tetramethylrhodamine, ethyl ester, perchlorate
(TMRE, Thermo Fisher Scientific) was used to measure the mitochon-
drial transmembrane potential (MMP). For fluorescence staining, the
cells, seeded on a coverslip, were fixed and permeabilized with 3.7%
formaldehyde and 0.5% Triton X-100 for 15 min at RT. The nuclei were
stained with DAPI, followed by treatment with the ROS detection re-
agents, namely, DCF-DA and MitoSOX, for 10 min at 37 °C. The treated
cells were then observed by confocal microscopy. For flow cytometry
analysis, the seeded cells were treated with MitoSOX and TMRE,
30min, 1h and 6h after CBD treatment and incubated for 30 min at
37°C.

2.13. Chromatin immunoprecipitation (ChIP) assay

For the ChIP assay, 1% formaldehyde was directly added to HCT116
and DLD-1 cells (1.5 x 10° cells per dish) to facilitate the cross-linking
of proteins to DNA. After the incubation for 15 minat 37 °C, the cells
were harvested with a cell scraper and then centrifuged. Pellets were
resuspended in SDS lysis buffer containing phenylmethane sulfonyl
fluoride (PMSF) and a protease inhibitor and then incubated on ice for
10 min. Cell lysate was sonicated in various conditions to obtain 200
and 1000 base-pair DNA fragments. Lysates were immunoprecipitated
with anti-CHOP, anti-ATF3 and anti-ATF4 overnight at 4 °C. The pro-
tein-DNA complex was incubated with protein A/salmon sperm DNA
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for 1 hat 4°C, washed, eluted with TE and 1% SDS, and the protein/
DNA was reverse cross-linked with protease K, EDTA, and Tris-HCI.
Phenol:Chloroform:Isoamyl alcohol (25:24:1) extraction was used to
purify DNA followed by precipitation with ethanol. The isolated DNA
was amplified by PCR using the following specific primer: P1 forward,
5’ GCT ACT CAA AGT TGT CCA CAG AGC 3’; reverse, 5’ GGT GGA GAG
ACC AGT AAC TCA GAA 3’ and P2 forward, 5’ AGT AAG GCC AGA CAG
CAA CAT C 3’; reverse, 5 GAA TCC TCC AGA ACT CTA GCC AAG 3/, P3
forward, 5 GGG CTT GTT TAC CCA AGT CTC TA 3’; reverse, 5" GCC
CCG AAA TTA CTT CCT TAC A 3’ and P4 forward, 5 TCC TGA TGT
CAG CTA ATG TCT CTG 3’; reverse, 5 CCT CAC GGA CAT GAC ATT
TCT A 3.

2.14. Patient-derived colorectal cancer (PDC) cells

These cells were derived from tissue samples donated by colorectal
cancer patients. The Institutional Review Board of Guro Hospital
(KUGH16275) provided an approval to the Korea University Guro
Hospital Tissue Bank to obtain such tissue samples. The tissue samples
were first chopped with a disposable knife and then stored in the tissue
grinder tube, filled with DMEM. Collagenase (final concentration to
0.5%) and accutase (final concentration to 10%) were then added to the
medium, which contained the tissue and the tissue was then ground.
After incubation at 37 °C for 30 min, the ground tissue was filtered with
a strainer and then centrifuged for 2 min at 2000 rpm. Pellets were then
suspended with the medium and then seeded to the dish.

2.15. Caspase 3/7 detection analysis

IncuCyte® Caspase-3/7 Reagent (Essen BioScience, MI, USA) was
used to measure caspase 3/7 activities. When the PDC cells were seeded
into the three-dimensional 96-well plate, the medium that contained
the caspase 3/7 reagent, was then added to the cells. After 30 min of
incubation, images of the cells were captured using the IncuCyte’
system followed by further analysis.

2.16. Animal experiments

Animal experiments were performed in accordance with the
guidelines approved by the Korea University Institutional Animal Care
and Use Committee (IACUC). Four-week-old female BALB/c nude mice
were purchased from Orient Bio (Seong-Nam, Republic of Korea), and
grown in a specific pathogen-free environment. HCT116 Luc™ cells
(1 x 107 cells in 100 pL of PBS) were injected and housed for 1 week.
CBD was intraperitoneally injected for every 3 days. The tumor size was
also calculated at the same time. The tumor size was calculated using
the formula: length X width; the volume was calculated as
0.5 x length X (width)?. Five mice were examined in each treatment
group.

2.17. Immunohistochemistry assay

The harvested tissue, maintained in 4% paraformaldehyde, was
processed for embedding. After the tissue was inserted into the cas-
settes, it was drained (70% EtOH, for 1 h; 95% EtOH, twice for 30 min;
100% EtOH, three times for 30min; and Xylene, three times for
30min). Then, the cassettes were maintained overnight in molten
paraffin. The paraffin-embedded and sections were used for the im-
munohistochemical assay. The tissues were then hydrated (Xylene,
three times for 10 min; 100% EtOH, twice for 10 min; 95% EtOH, twice
for 10 min; 70% EtOH, for 5 min, and distilled water (DW), three times
for 10 min). The tissue was then treated with 30% H,0, (diluted with
DW) for 15 min, followed by washing with DW three times for 10 min.
The retrieval solution (Dako REAL Target Retrieval Solution (10X);
Dako, Glostrup, Denmark), prepared using a microwave, was used to
retrieve the tissue. After washing the tissue with DW three times for
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10 min, the Dako pen was used to draw the border of the tissue. Then,
the blocking solution (Universal Blocking Reagent; Biogenex, CA, USA)
was added to the boundary, and the tissue was blocked for 15 min at
RT. The tissue was incubated with the primary antibody (diluted
1:200), overnight at 4°C. To wash the primary antibody, PBS with
Tween 20 (PBST) was used three times for 10 min, and the bubbles were
removed with DW. Then, the secondary antibody was incubated with
the tissue for 1 hat RT, and then washed with PBST three times for
10 min. After removing the bubbles with DW, the mounting solution
containing DAPI was used for mounting. The tissue was observed by
confocal microscopy.

2.18. Statistical analysis

Each experiment was conducted independently and repeated a
minimum of three times. Statistical analyses were conducted using
GraphPad InStat 6 Software. These included the unpaired Student's t-
test. In all analyses, the level of statistical significance was more than
the 95% confidence level (P < 0.05). P < 0.05 was considered sta-
tistically significant.

3. Results
3.1. CBD inhibits cell viability and induces apoptosis in human CRC cells

To investigate the ability of CBD to induce apoptotic cell death in
CRC cells, various human CRC cells were cultured with different con-
centrations (0-8 uM) of CBD for 24 h, and the cell viability was mea-
sured by WST-1 assay. As shown in Fig. 1A, CBD decreased the viability
of CRC cells in a dose-dependent manner, but not of normal primary
colorectal CCD-18Co cells and normal primary lung Beas2B cells
(Fig. 1A). To examine the long-term effect on clonogenic survival
treated cells, colony formation assay was performed. This ability was
reduced by CBD treatment (Fig. 1B).

To determine whether the decreased viability of CBD-treated cells
could be attributed to apoptosis, HCT116 and DLD-1 cells were treated
with CBD and tested for apoptotic changes. CBD caused a dose- and
time-dependent increase in the expression of cleaved PARP, caspase-3,
-8-and —9 (Fig. 1C and D), which are widely used apoptotic marker
[9]. Furthermore, CBD significantly elevated the number of Annexin V/
PI double-stained cells (Fig. 1E) and TUNEL-positive cells (Fig. 1F),
indicating that CBD induces apoptosis.

3.2. Noxa activation is responsible for CBD-induced apoptosis

Since Noxa plays important roles in the regulation of apoptosis [171],
we confirmed the levels of Noxa mRNA and protein. Immunoblotting
analysis showed that CBD increased the mRNA and protein levels of
Noxa in a time-dependent manner (Fig. 2A, B and 2C). In addition, the
fluorescence intensity of Noxa was significantly higher in CBD-treated
cells, compared to the control cells (Fig. 2D).

To unveil the role of Noxa activation in CBD-induced apoptosis, CRC
cells were transfected with Noxa-specific siRNA. Compared to the cells
treated with control siRNA, Noxa knockdown attenuated CBD-induced
apoptotic cell death in both cell lines, as shown by the numbers of
Annexin V/PI double-stained cells as well as levels of PARP, caspase-3,
-8 and -9 cleavage (Fig. 2E, F, and 2G).

Since Noxa is regulated by p53 [24], we examined whether CBD-
induced Noxa activation is associated with p53. Microarray and wes-
tern blot results showed that p53 was increased by CBD. However,
when p53 was knocked out, p53 was not changed, but Noxa and
apoptosis were increased (Suppl. Fig. 1A and 1B). Taken together, these
findings demonstrated that Noxa plays an important role in apoptotic
cell death by CBD independently of p53 in CRC cells.
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3.3. CBD induces ROS generation and endoplasmic reticulum (ER) stress

To elucidate the mechanisms underlying CBD-induced apoptosis,
microarray analysis was performed. Gene set enrichment analysis
showed that ROS and unfolded protein response (UPR) were increased
by CBD treatment (Fig. 3A). Therefore, we examined the potential in-
volvement of ROS production in CBD-induced apoptosis. The effect of
CBD on the generation of superoxide was investigated by monitoring
the intensity of DCF-DA. CBD treatment enhanced intracellular super-
oxide production, and treatment with NAC, an antioxidant, effectively
blocked the levels of intracellular superoxide (Fig. 3B and Suppl.
Fig. 2A). Because ROS is mainly produced in the mitochondria [8], we
measured mitochondrial ROS production to determine whether the
CBD-induced ROS generation was derived in the mitochondria. As
shown in Fig. 3C, Suppl. Fig. 2B and 2C, CBD increased mitochondrial
superoxide levels from an early time and NAC inhibited this effect of
CBD. CBD also induced mitochondrial dysfunction by TMRE fluores-
cence, an indicator of MMP (Suppl. Fig. 2D). Moreover, antioxidant
enzymes including SODs and Catalase were decreased by CBD treat-
ment (Fig. 3D), implying that CBD causes mitochondrial dysfunction
and excessive ROS generation especially mitochondrial superoxide.

ROS and ER stress are closely related [13]. Previous studies showed
that ROS induces ER stress in CRC cells [1,34]. DLD-1 and HCT116 cells
were treated with 6 UM CBD, and the levels of ER stress-related proteins
were examined by western blot. CBD dramatically elevated ER trans-
membrane receptors (IREla and PERK), ER chaperone protein (Bip,
GRP94), and transcription factor CHOP in a dose- and time-dependent
manner (Fig. 3E and F). Together, CBD triggers mitochondrial dys-
function-induced ROS overproduction and excessive ER stress through
IREla and PERK.

3.4. CBD-induced noxa regulation leads to apoptosis by causing excessive
ROS and ER stress

To further explore the role of ROS generation in CBD-induced CRC
cell death further, NAC-mediated blockade of ROS was performed. The
results showed that the NAC suppressed CBD-induced apoptosis as re-
vealed by the level of cleaved PARP (Fig. 4A) and the number of An-
nexin V/PI double-stained cells (Fig. 4B), suggesting that CBD triggers
ROS overproduction and subsequent apoptosis in human CRC cells.
Because Noxa causes mitochondrial dysfunction, which is mainly in-
duced by ROS [22,37], we investigated the possible link between ROS
overproduction and Noxa activation in CBD-treated CRC cells. We
found that CBD-induced increase in Noxa levels was remarkably atte-
nuated by NAC pre-treatment in both CRC cell lines (Fig. 4A). Together,
these findings indicated that ROS overproduction is linked to the Noxa
activation, and that CBD-induced apoptotic cell death is responsible for
the ROS-mediated Noxa activation.

To confirm that the relationship between ER stress and CBD-induced
apoptosis, CRC cells were first transfected with CHOP siRNA. Then, the
number of Annexin V/PI double-stained cells and the levels of Cleaved
PARP were measured by western blotting and flow cytometry, respec-
tively. CHOP knockdown significantly reversed the increases in both
the Cleaved PARP level and Annexin V/PI double-stained cell count
(Fig. 4D). Furthermore, CBD activated the Noxa protein and increased
the extent of staining levels of Noxa, which could be further blocked by
CHOP siRNA (Fig. 4C and F). ChIP assay was performed to confirm that
CHOP directly regulates Noxa. As shown in Suppl. Fig. 3A and 3B,
CHOP did not bind to the Noxa promoter. Since ATF3 and ATF4 bind to
Noxa and CHOP promoter to regulate the apoptosis [15], we examined
whether CBD affects the activity of binding to the Noxa and CHOP
promoter regions. As shown in Suppl. Fig. 3C and 3D, CBD increased
the binding of ATF3 and ATF4 to the promoters of Noxa and CHOP.
These data together imply that excessive ER stress contributes to the
CBD-dependent Noxa activation and apoptotic cell death by ATF3 and
ATF4.
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In addition to confirm that ER stress was regulated by ROS, the cells
were treated with the ROS scavenger NAC along with CBD. As shown in
Fig. 4E, CBD remarkably increased ER stress-related proteins, and NAC
partially reversed this effect of CBD, suggesting that ROS induced by
CBD contributes to the increased expression levels of Noxa via ER stress.

3.5. CBD inhibits tumor growth in vivo by upregulating the expression of
noxa, thereby inducing apoptosis

To verify the results obtained, we used two PDC cell lines. As shown
as Fig. 5A, CBD diminished the viability of PDC cell lines. In addition,
the intensity of Caspase 3/7-stained cells was increased by CBD treat-
ment in PDC cell spheroids in three-dimensional culture (Fig. 5B and C).

Next, we examined the effect of CBD on the tumorigenicity ability in
vivo. The HCT116 Luc™ cells (1 x 107 in 100 pL) were subcutaneously
injected into BALB/c nude mice, and the tumor size was measured
twice a week. When the tumor size was 150 mm?, the luminescence and
tumor size in CBD-treated mice were markedly lower than those in the
control mice (Fig. 5D, E and 5F), suggesting that CBD decreases the
growth of CRC cells in vivo. To unveil whether apoptosis plays a role in
CBD-induced growth inhibition, we performed TUNEL assay and im-
munohistochemistry on the tumor tissue. The number of TUNEL-posi-
tive cells and the level of Noxa protein were higher in CBD-injected
tumors, compared to the control tumors (Fig. 5G and H), indicating that
CBD induces apoptosis in vivo by Noxa activation.

4. Discussion

Because of the different problems associated with the chemother-
apeutic drugs currently used for CRC, many studies have concentrated
on alternative therapies that are safer and less toxic such as those
employing natural products [20]. In this study, we focused on the cy-
totoxic effect exerted by the natural product CBD. Previous studies have
suggested that the anticancer effect of CBD is associated with its ability
to induce apoptosis; in fact, several related signaling pathways have
been reported [14,19,25,27]. We explored the mechanisms by which
CBD mediated apoptosis in human CRC cell lines and investigated the
complex relationship between CBD-induced Noxa activation, apoptosis,
and generation of ROS/ER stress.

We found that CBD induced dose-dependent growth inhibition and
apoptosis in human CRC cells, but not in normal colorectal cells.
Apoptosis induction was confirmed by the cleavage of PARP and cas-
pase-3, caspase-8, and caspase-9. Moreover, CBD increased the number
of Annexin V/PI double-positive cells and TUNEL-positive cells. CBD
also decreased tumor volume and promoted apoptosis in a xenograft
model. In the xenograft model using prostate cancer cells, an adverse
effect was not observed when 100 mg/kg CBD was injected daily for 5
weeks. Thus, the 20 mg/kg dose used in our experiment did not exert
any adverse effect on the mice [7].

One major finding of this study is that Noxa activation is important
for CBD-induced apoptosis in human CRC cells; this has not been re-
ported previously, to the best of our knowledge. The expression of Bcl-2
Homology 3 domain-only protein, namely, Noxa, was increased by CBD
treatment in a dose- and time-dependent manner. Unfortunately, CBD
did not affect other Bcl-2 family member proteins except truncated BID
(t-BID), which was activated later timepoint than when Noxa was ac-
tivated (data not shown). After CBD treatment, MMP was decreased and
ROS was produced in a noticeably short time, suggesting that when
CBD-induced apoptosis occurs, CBD induces mitochondrial dysfunction
directly rather than through other Bcl-2 family proteins. In addition,
CBD induced Noxa activation and apoptosis, which could be blocked by
siRNA knockdown of Noxa. Noxa expression is regulated by p53 [18].
However, in our system, CBD treatment did not cause any changes in
the Noxa levels and cell death in the p53 knockout CRC cell lines,
implying that CBD causes Noxa-induced apoptosis through the p53-
independent pathway.
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Excessive ROS is considered to be toxic, with the ability to induce
oxidative damage to biological macromolecules, initiating the perox-
idation of membrane lipids and causing the accumulation of lipid per-
oxides and damage of DNA and proteins [30]. Mitochondria are the
major cellular organelles producing ROS, and within the mitochon-
drion, the electron transport chain is the primary site of ROS generation
[36]. CBD elevated the oxygen consumption rate and enhanced mi-
tochondrial bioenergetics by regulating the mitochondrial complex I
and IV [28]. From this point of view, it seems that the CBD-induced
mitochondrial ROS overproduction in CRC cells was caused by the
regulatory effects of CBD on mitochondrial complex I and IV. However,
further studies are necessary to unveil the mechanisms responsible for
excessive mitochondrial ROS generation by CBD-treated CRC cells.
Moreover, Noxa caused ROS production, which is likely to further ex-
acerbate the apoptosis induced by CBD [10]. Thus, these findings to-
gether suggest that CBD induces apoptosis of CRC cells by triggering
mitochondrial dysfunction.

ROS is well-known ER stress inducer [35]. ER stress triggers the
activation of UPR, which functions as an adaptive response and further
leads to apoptosis [35]. UPR is distinguished by three ER transmem-
brane receptor proteins, namely, IREla, PERK, and ATF6 [21]. In
resting cells, all three receptors are associated with the ER resident
chaperone Bip, which maintains them in an inactive state. On accu-
mulation of unfolded proteins in the ER, the three receptors dissociate
from Bip, leading to their activation. On activation, the three receptors
induce signal transduction, which reduces the accumulation of mis-
folded proteins by increasing the expression of ER chaperones [21,29].
Consistent with this, we found that the expression of ER stress-related
genes was reduced in CBD-treated CRC cells, and that it is regulated by
ROS. NAC, a ROS scavenger, effectively blocked CBD-induced genera-
tion of ROS and ER stress and attenuated CBD-induced apoptotic cell
death. Moreover, ROS and ER stress are associated with Noxa activa-
tion. Interestingly, CHOP indirectly regulates Noxa activation. We
speculated that activating transcription factor 3 (ATF3) and ATF4 are
involved in CBD-induced CHOP and Noxa activation. ER stress activates
ATF3 and ATF4 and increases their complex formation to activate Noxa
and CHOP [15]. Our results showed that ATF3 and ATF4 bind directly
to ATF/cAMP responsive element-binding sites in the promoter regions
of Noxa and CHOP, inducing CBD-induced Noxa and CHOP activation.
Thus, CBD-induced Noxa and CHOP are expected to be mediated by
upregulation of ATF3 and ATF4 binding to their promoter regions.

To summarize, CBD induces apoptotic cell death in CRC cells. This
increase in apoptosis can be attributed to its ability to trigger the
generation of excessive mitochondrial ROS and ER stress and sub-
sequent activation of Noxa (Fig. 6). Thus, our results provide important
evidence for the use of CBD as an alternative therapeutic agent for CRC.
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