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Abstract

Background: We previously reported that cannabidiol (CBD), a cannabinoid with a low toxicity profile, down-
regulated the expression of the prometastatic gene inhibitor of DNA binding 1 (/D7) in cancer cells, leading
to inhibition of tumor progression in vivo. While CBD is broadly used, including in the self-medication of cancer
patients, and CBD-based therapies are undergoing clinical evaluation for cancer treatment, its mechanisms of
action are still poorly understood.

Methods: In this study, using microarray analysis and Western blot analysis for validation, we attempted to iden-
tify the full spectrum of genes regulated by CBD across various aggressive cancer cell lines, including the breast,
brain, head and neck, and prostate.

Results: We confirmed that /D7 was a major target downregulated by CBD and also discovered that CBD
inhibited FOXM1 (Forkhead box M1), a transcriptional activator involved in cell proliferation, while simultaneously
upregulating GDF15 (growth differentiation factor 15), a cytokine associated with tissue differentiation.
Conclusion: Our results suggest that, by modulating expression of shared key cancer-driving genes, CBD could
represent a promising nontoxic therapeutic for treating tumors of various origins.
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Introduction

Inhibitor of DNA binding (ID) helix-loop-helix (HLH)
proteins are negative regulators of basic HLH (bHLH)
transcription factors, and many reports now show that
the ID family of HLH proteins controls cellular pro-
cesses related to tumor progression.' We found that re-
ducing ID1 using antisense technology led to significant
reductions in cancer cell proliferation and invasiveness
in culture and metastasis in vivo in various types of can-
cer.’™ Furthermore, ID1 overexpression in breast can-
cer cells was also found to be one of the most
significant genes within a gene signature set that is cor-
related with the propensity of primary human breast
cancer cells to metastasize to the lung.® Reducing ID1

expression could provide a rational therapeutic strategy
for the treatment of aggressive human cancers. It is not
possible at this point, however, to use antisense technol-
ogy in human patients. In our search for a nontoxic ex-
ogenous compound that could inhibit ID1 expression, a
potential candidate agent, cannabidiol (CBD), was
found.”

The endocannabinoid system was discovered through
research focusing on the primary psychoactive active
component of Cannabis sativa, A’-tetrahydrocannabinol
(A°-THC), and other synthetic cannabinoids.®*’ A°>-THC
and additional cannabinoid agonists have been shown to
interact with two G-protein coupled receptors, CB; and
CB,.*? More studies demonstrate that CB, and CB,
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receptor agonists show promise as tumor inhibitors."
However, the psychotropic effects of A>~THC and addi-
tional cannabinoid agonists, mediated through the CB,
receptor, limit their clinical utility.” In addition to
A°-THC, CBD is also present in appreciable quantities
in C. sativa and does not have appreciable affinity for
CB, or CB, receptors or psychotropic activities.'"
However, GPR55, a putative receptor for CBD, has
been characterized.'?

Even though we have shown that CBD inhibits can-
cer cell aggressiveness in various types of cancer
through the downregulation of IDI gene expression,
no in-depth transcriptomic analysis has been pub-
lished to date. Beyond the decrease in ID1 gene ex-
pression, there is no clear mechanism(s) that could
explain the antitumor activity of CBD in so many
types of cancer cells. Using an unbiased microarray anal-
ysis, we identified a CBD-induced gene expression pro-
file consistent across four different cancer types, which
include key regulators of tumor cell proliferation and in-
vasion. We not only confirm downregulation of IDI
gene expression as a common mechanism of CBD action
across various types of cancer but also identify additional
genes, such as the transcription factor Forkhead box M1
(FOXM1), as a mediator of CBD antiproliferative effects.
Even though CBD is broadly used for various diseases
including cancer, its mechanisms of action are still
poorly understood. We suggest that regulation of a spe-
cific set of genes by CBD leads to inhibition of human
cancer cell proliferation, migration, and invasiveness,
thus providing some mechanisms for the antimetastatic
activity of the compound.

Materials and Methods

Cell culture and treatments

We used the human breast cancer cell lines MDA-
MB231 and MDA-MB436 (ATCC), human glioblastoma
(GBM) U251 and SF126 (ATCC), human oral squamous
cell carcinoma SAS and human salivary gland cancer cell
line ACCM (Japanese Collection of Research Bioresour-
ces), and human prostate cancer cell lines PC3 and
DU145 (ATCC). In all experiments, the different cell
populations were first cultured in RPMI-1640 media
containing 10% fetal bovine serum (FBS). On the first
day of treatment, the media were replaced with vehicle
control (Veh) (ethanol) or CBD (2 uM) in RPMI and
0.1% FBS as previously reported.”” The media with the
appropriate compounds were replaced after 24 h, for a
total of 2-day treatment, a time corresponding to signif-
icant effects of CBD as previously reported in time-
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course experiments by our laboratory.” CBD was
obtained from the National Institutes of Health (NIH)
through the National Institute of Drug Abuse.

Microarray analysis

To evaluate genome-wide changes in gene expression,
cancer cell lines were obtained from breast, GBM,
head and neck (HN), and prostate (as described previ-
ously). Total RNA was extracted from these cell lines
using TRIzol (Invitrogen, Carlsbad, CA) and hybrid-
ized as technical replicates to Agilent Human Whole
Genome OneArray™ Microarrays by Phalanx Biotech
Group, Inc. (Hsinchu, Taiwan).> A total of 12,712
genes with a minimum detection p-value of <0.05 in
at least one sample were retained for further analysis.
Given the inherent gene expression variation between
cell lines, we normalized gene expression changes within
a cell line between treatment and vehicle. To normalize
each gene expression value, the log, mean of each treat-
ment and control sample was subtracted from individual
values, resulting in positive and negative log,-folds. Nor-
malized log,-fold changes for all treatment and control
samples were then compared using an empirical Bayes
moderated t-test in AltAnalyze version 2.0.8'* between
all CBD-treated and vehicle-treated lines. Genes with a
false discovery rate-adjusted p-value of <0.05 and fold
change >2 were analyzed using the GO-Elite module'”
in AltAnalyze to identify and visualize enriched biologi-
cal pathways, ontologies, and gene-sets. Clustering was
performed in AltAnalyze using the HOPACH algorithm
via remote connection to R."

Knockdown experiments

Human PC3 prostate cancer cells were infected with
control short hairpin RNA (Ctl shRNA) or with
shRNA against growth differentiation factor 15
(GDF15 shRNA) purchased as lentiviral particles (sc-
39798-V; Santa Cruz Biotechnology), selected with pu-
romycin and pooled.

Western analysis

Cells were scraped, lysed, and the protein extracts were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis using 10% acrylamide gels and blot-
ted onto nitrocellulose membranes. Spectra Multicolor
Broad Range Protein Ladder was from Thermo Scien-
tific and included 10 recombinant proteins (10, 17, 26,
34, 42, 52, 72, 95, 140, and 260kDa). After blocking,
blots were hybridized with rabbit monoclonal anti-
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ID1 (BCH-1#195-14; Biocheck), mouse monoclonal
anti-FOXM1 (A-11/sc-271746; Santa Cruz Biotechnol-
ogy), goat polyclonal anti-GDF15 (AF957; R&D Sys-
tems), as well as anti-actin (Chemicon), diluted in
Tris-HCI buffer saline pH 7.6-0.1% Tween 20+ 10%
nonfat dry milk. Membranes were incubated with horse-
radish peroxidase-labeled secondary antibodies, and the
signal was detected using enhanced chemiluminescence.
Band intensity values were obtained directly from the
blot using AlphaeaseFC software (San Leandro, CA) or
from film using the Image] (NIH, MD).

Results

CBD downregulates ID1 gene expression

in various types of cancer

We previously demonstrated that CBD inhibited tumor
cancer cell proliferation and invasion in various types
of cancer.'” Even though the decrease in IDI expres-
sion seemed to be necessary for the majority of effects
of CBD on metastatic progression,”'® we could not rule
out that other important transcriptional regulators of
tumor aggressiveness would be modulated by CBD.
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Therefore, we used eight different human cancer cells
lines, two breast cancer cell lines (MDA-MB231 and
MDA-MB436), two GBM lines (U251 and SF126),
two HN cancer lines (oral squamous cell carcinoma
SAS and salivary gland cancer cell line ACCM), and
two prostate cancer lines (PC3 and DU145). Following
a48-h CBD treatment, RNA and protein were harvested
from the same plate for all cell lines. Western blot anal-
ysis of ID1 was performed to confirm the downregula-
tion of protein expression by CBD (Fig. 1A-D). RNA
samples were collected for microarray analysis as
described below.

CBD treatment results in a common gene expression
response across multiple cancers

To identify an optimal set of CBD-responsive genes
and pathways, we performed genome-wide expression
profiling on the eight aggressive cancer cell lines
(breast, GBM, HN, and prostate) with and without
CBD treatment. When treatments and controls within
each cell line were normalized to themselves, the gene
expression differences between CBD and vehicle were
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FIG. 1.

CBD inhibits ID1 gene expression in human cancer cell lines from various origins. Proteins from
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(A) two breast cancer cell lines MDA-MB231 and MDA-MB436, (B) two GBM U251 and SF126, (C) two tumor
types in the HN region (oral squamous cell carcinoma SAS and salivary gland cancer cell line ACCM), and
(D) two prostate cancer cell lines PC3 and DU145 were extracted and analyzed for ID1 by Western blot analysis
as described in the Materials and Methods section. Cells were treated either with Veh or with CBD.
Normalization was carried out by stripping the blots and re-probing with an anti-actin antibody. For each cell
line, a representative experiment from three to five independent experiments is shown, and some of the bands
were cropped from the original blots. CBD, cannabidiol; GBM, glioblastoma; HN, head and neck; Veh, vehicle
control.
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largely consistent between tumors of distinct origins.
The majority of regulated genes were decreased upon
CBD treatment following stringent filtering of these
data. Importantly, only a few transcriptional regulators
were found among the top 44 most significantly down-
regulated genes, including ID1, FOXMI, and ID3
(Fig. 2A). As previously mentioned above, the ID fam-
ily of HLH proteins controls cellular processes related
to tumor progression, including migration and inva-
sion.! FOXMI is exclusively expressed in proliferating
cells, controls cell cycle, and is overexpressed in many
types of cancer."” We also examined the Gene Ontol-
ogy pathways that were modulated upon CBD treat-
ment. Downregulated genes were largely composed of
factors regulating cell cycle, cell proliferation, DNA
replication, DNA damage, p53 signaling, cholesterol
biosynthesis, Aurora kinase signaling, and transcrip-
tional regulation by FOXM1 and E2F (Fig. 2B).

Examination of upregulated genes with CBD
revealed increase in the expression of genes such as
Tribbles Pseudokinase 3 (TRIB3) and GDF15 among
the top 10 most upregulated genes (Fig. 2A) and,
using Gene Ontology, sets of genes corresponding to
inhibitors of angiogenesis and regulators immune re-
sponse (Fig. 2B). TRIB3 is known to be activated as a
result of cellular stress and ultimately leads to
autophagy-mediated cell death, a process implicated
in CB; and CB, receptor antitumor activity across can-
cers.'” The characterization of GDFI5 as one of the
most upregulated gene is particularly interesting since
its expression has been linked to the inhibition of the
development of some cancers, such as intestinal and
prostate tumors.”® Even though various genes were
found to be regulated upon CBD treatment, we opted
to focus on the regulation of the major transcriptional
regulators, ID1 and FOXM1 genes. We hypothesized
that CBD treatment of cancer cells would lead to inhi-
bition of FOXM1 and IDI genes expression leading to
inhibition of proliferation and invasion. The downre-
gulation of these genes could be dependent on the
upregulation of GDF15.

GDF15 and FOXM1/ID1 expression in cancer

cells treated with CBD

Using Western blot, we validated GDF15/FOXM1/ID1
protein expression changes in cells treated with CBD
(at 2 uM for 48h) vs vehicle control (Veh). All cell
lines investigated (human breast cancer cells [MDA-
MB231], human GBM cells [U251], human HN cancer
cells [SAS], and human prostate cancer cells [PC3])
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showed the same pattern of expression of these impor-
tant genes (Fig. 3A). GDF15 protein expression was
upregulated, whereas both FOXM1 and ID1 protein
expressions were downregulated across all cancers.
We next asked whether the increase in GDF15 was
linked to the decrease in expression of FOXM1
and/or ID1. To do this, we used a cancer cell line
that could be efficiently infected, PC3. We investigated
the effect of GDFI15 knockdown on expression of
FOXM1 and ID1 in these prostate cancer cells infected
with a control shRNA (shCtl) or with an shRNA against
GDF15 (shGDF) and treated with either vehicle control
(Veh) or 2 uM CBD (CBD). Using Western blot analysis
from several independent experiments, we confirmed
that GDF15 expression was reduced upon knockdown
and treatment with CBD (Fig. 3B, left panel). We next
determined that this reduction in GDF15 expression
was linked to a reduced effect of CBD on FOXM1 down-
regulation (compare second and fourth samples in
Fig. 3B, center panel). However, the difference between
the decrease in ID1 expression by CBD was not signifi-
cant when comparing shCtl and shGDF cells (second
and fourth samples in Fig. 3B, right panel). These data
suggest that the increase in GDF15 expression upon
treatment with the cannabinoid compound is necessary
for the downregulation of FOXMI expression, but not
for its effect on ID1 gene expression.

Discussion

In this study, we investigated the expression of genes
that are regulated by the cannabinoid compound
CBD across cancers, focusing on four types of solid
cancers from very different origins. Metastasis is the
final and fatal step in the progression of many types
of solid tumors. Currently available therapeutic strate-
gies at this stage of cancer progression are often non-
specific, have only marginal efficacy, and are highly
toxic. Therapeutic approaches targeting only specific
mechanisms involved in the development of aggressive
cancers are urgently needed.

It was previously demonstrated that the HLH protein
ID1, an inhibitor of bHLH transcription factors, played a
crucial role during cancer progression."?! It was sug-
gested that targeting its expression may be highly effec-
tive and safe in advanced cancer patients, given (1) the
relationship between high ID1 expression levels and ag-
gressive cancer cell behaviors; (2) partial reduction in the
ID1 activity could achieve significant outcomes; and (3)
ID1 expression was found to be low in normal adult tis-
sues, thereby eliminating unwanted toxicities generally
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FIG. 2. (CBD-dependent gene expression signatures. (A) Principle component analysis performed in
AltAnalyze on 12,712 genes following normalization in eight cell lines corresponding to four different types of
cancers. The most significantly reqgulated genes between CBD and vehicle treatment were clustered in
AltAnalyze using HOPACH (red, upregulation; green, downregulation). (B) 363 regulated genes (false discovery
rate; p <0.05, fold >2) between CBD and vehicle treatment, clustered in AltAnalyze using HOPACH (red,
upregulation; green, downregulation). The top unique GO-Elite results are displayed to the right of the
corresponding gene clusters.

152




GENES REGULATED BY CANNABIDIOL 153
e I
A Veh CBD Veh CBD Veh CBD Veh CBD
34kDa— — - e s «— GDF15
95kDa— M - — s B roxm
17kDa— e - . . « ID1
42kDa— s THEDUND WEe— s <— Actin
Breast GBM H&N Prostate
B p=0.023 ) p=0.032 1.5 - p=0.96
2. E— : 15 ]
T 6 - a
555 28 17 38 17
°?4 - 33 N8
S8, S g s g
=g 1 ® Zo0s5 E&os
© ]
Eui 2 1 guw i
£ 1] 2
0 - 0- wie

= [a] =

[+ o Q

= 0 =

- = 6

2 o 2

] = [
]

shGDF Veh
shGDF CBD

\

FIG. 3. GDF15 and FOXM1/ID1 expression in cancer cells. (A) Using Western blotting, GDF15/FOXM1/ID1
expression was compared in cancer cell lines treated (CBD) or not (Veh) for 2 days. Results are presented in
human breast cancer cells (MDA-MB231), human GBM cells (U251), human HN cancer cells (SAS), and human
prostate cancer cells (PC3). For each cell ling, a representative experiment from three independent experiments
is shown, and some of the bands were cropped from the original blots. (B) The effects of GDF15 knockdown
were determined on the expression of FOXM1 and ID1 in PC3 prostate cancer cells infected with a control
shRNA (shCtl), or in cells infected with an shRNA against GDF15 (shGDF), and treated either with Veh or with
CBD. Densitometry readings of the blots were taken from independent experiments, and the percentage
relative expression was calculated for GDF15, FOXM1, or ID1. Data were compared using the Student’s t-test.
Error bars, £SEM. p-Values indicate statistically significant or nonsignificant differences. FOXM1, Forkhead box
M1; GDF15, growth differentiation factor 15; shRNA, short hairpin RNA.
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associated with currently available therapeutic modali-
ties. We reported that CBD could act as an effective in-
hibitor of ID1 expression, leading to inhibition of
genotypic and phenotypic changes that allow aggressive
cancers to invade and metastasize.'” In this study, an un-
biased study of gene expression profiling across tumors of
distinct origins confirms that, upon CBD treatment, ID1
was indeed the most strongly inhibited transcriptional
regulator along with FOXM1. In addition, upregulation
of TRIB3, an upstream indicator of autophagy-mediated
cell death, was conserved across cancer types. TRIB3
has previously been implicated in cannabinoid control
of tumor progression.

Interestingly, even though there are about 2,500
transcriptional regulators in human cells, we only
found three of them (IDI, ID3, and FOXM]I) among
the most downregulated genes. Interestingly, we did
not detect any change in the expression of other ID
members, ID2 and ID4. In the case of ID4, our results
are consistent with previous observations that this
HLH protein possesses unique roles compared with
other ID proteins.”* This indicates a high specificity
of CBD regulation of these transcriptional regulators,
across cancer types. FOXMI1 is a transcription factor
exclusively expressed in proliferating cells. It is a pro-
tein of the Forkhead box transcription factor family,
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critical for cell cycle progression. FOXM1 activity is
mediated by increased expression of Skp2 and Cksl,
which are important for the processes that drive the
cell cycle from G, to S phase.'” In normal tissues,
FOXMLI is only expressed in tissues that are regenerat-
ing or in progenitor cells. Studies have shown that
FOXML1 is overexpressed in many human malignancies
and in all human carcinomas. Overexpression of
FOXM1 has been documented in GBM and breast can-
cer. In the latter, it has also been shown to correlate
with a poor prognosis.' Interestingly, the downregula-
tion of FOXM1 expression by CBD appeared to be, at
least partly, dependent on the upregulation of GDF15
expression.

GDF15 is part of the transformation growth factor
beta superfamily. Its expression is increased in re-
sponse to injuries in various organs such as the kidney
and lung.23 Unlike ID1 and FOXM1, GDF15 has been
linked to tumor suppression. In vivo studies on trans-
genic mice with prostate and intestinal cancer showed
that increased expression of GDF15 inhibited cancer
progression, and several tumor suppressors, such as
EGR-1, GSK-3b, and p53, all upregulate GDF15 ex-
pression.20 Moreover, when cancer cells were treated
with a variety of different antitumor agents, retinoids
or resveratrol, all showed increased expression of
GDF15, suggesting its role as part of a tumor suppress-
ing response.

Two studies investigated some transcriptomic analy-
ses of CBD in encephalitogenic cells.>>*® The cells used
in the investigations were nontransformed and were
from a different tissue lineage in comparison to the met-
astatic cancer cells presented in our study. However, the
results presented in these two studies showed specific
effects of CBD on gene expression through alteration
of histone methylation and provides some mechanisms
by which CBD exerts its anti-inflammatory effects.
In our studies, CBD could also modify chromatin
remodeling, leading to repression of specific genes.
The modulation of High Mobility Group Box 2 and
Lamin B1 upon CBD treatment may strengthen this
hypothesis.

Overall, we discovered that key genes modulated by
CBD are conserved across cancer cells from various or-
igins. We confirmed that inhibition of ID genes and
upregulation of TRIB3 are indeed pathways impacted
by CBD treatment in many types of cancer. In addition,
we discovered that the upregulation of GDF15 triggers
reduction in FOXM1 expression, and this may be a key
pathway conserved across cancers, which underlies

DESPREZ ET AL.

CBD-dependent inhibition of cell proliferation. The
net effect of targeting these multiple pathways by a sin-
gle molecule such as CBD could lead to the inhibition
of tumor progression.
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GDF15 = growth differentiation factor 15
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ID1 = inhibitor of DNA binding 1
shRNA = short hairpin RNA
TRIB3 =Tribbles pseudokinase 3
Veh = vehicle control
A°-THC = A®-tetrahydrocannabinol




