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ABSTRACT — A% Tetrahydrocannabinol (A>-THC), an active ingredient of marijuana, evokes a number
of biological effects including anti-cancer and anti-estrogenic actions. We and others have so far focused
on and investigated the latter action. We recently reported that A>-THC up-regulates the expression of
estrogen receptor § (ERpB, ESR2), resulting in the abrogation of 17B-estradiol (E2)-mediated ERa signal-
ing (Takeda et al., Chem. Res. Toxicol., 26, 1073-1079, 2013). This finding may shed light on the possi-
ble endocrine-disrupting mechanism(s) employed by cannabinoids including A*-THC. Although previous
studies have suggested that HU-210, a synthetic analog of A°>~THC, evokes a set of endocrine altera-
tions closely related to those of A-THC, none have examined the effects of cannabinoids with a focus
on the expression of ERP, a “suppressive” molecule for ERa-mediated signaling. Thus, we herein deter-
mined whether HU-210 is also an endocrine modifier similar to A>-THC using ERa-positive MCF-7 cells
in which the expression of ERf is maintained at very low levels. The results of the present study revealed
that HU-210, despite having a similar structure to A°>-THC, did not modulate E2/ERa signaling or induce

ERB.

Key words: HU-210, A*-THC, Cannabinoids, MCF-7 cells, Estrogen receptor 3, ERp

INTRODUCTION

Estrogen receptor o (ERa, ESR1) was initially cloned
approximately 30 years ago (Green et al., 1986). ER
(ESR2), a second form of the ER receptor, has since
been discovered and characterized (Kuiper et al., 1996;
Weihua et al., 2000; Zhao et al., 2003, 2007). ERa and
ERP are members of the nuclear receptor family and
estrogen [such as 17f-estradiol (E2)]-dependent tran-
scription factors (Shanle and Xu, 2011). Although ERs
exist in two forms, they have opposing biological role(s)
in the modulation of E2 actions; ERa stimulates, whereas
ERp abrogates E2-dependent cell proliferation/migration/
invasion (Weihua et al., 2000; Zhao et al., 2003, 2007).

Experimental evidence suggests that the ERa/ER ratio is
higher in malignant breast tissues (Leygue ef al., 1998;
Saji et al., 2000; Roger et al., 2001). Consistent with this
finding, ERp expression levels were found to be lower in
breast cancer tissues, thereby implying that ERf plays a
suppressive role in tumorigenesis (Leygue et al., 1998;
Roger et al., 2001). Thus, the expression levels of ERB
are one of the key determinants for cellular responses
mediated by E2/ERa. Some (environmental) chemicals,
such as A’-tetrahydrocannabinol (A°-THC), exert endo-
crine-disrupting effects, such as anti-estrogenic actions,
in animals and humans (in vivo) as well as in in vitro cell
systems without directly interacting with ERa (Ruh ef al.,
1997; Cheng et al., 2012; Takeda et al., 2013; Takeda,
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2014). Therefore, modulators that affect the expression of
ERP may be endocrine disrupters.

Marijuana (also known as Cannabis) is a popular drug
of abuse involving A>-THC, a biologically active compo-
nent that is best recognized for its psychotropic actions.
Among the biological activities of A>-THC, its accept-
ed endocrine-disrupting effects, such as “anti-estrogenic
activity”, have been the main topic of research for a long
period of time (Nir ef al., 1973; Smith and Asch, 1984;
Brown and Dabs, 2002; Morgan et al., 2012). We previ-
ously reported that the anti-estrogenic activities of A>-THC
may be mediated through the up-regulation of ERP by
the cannabinoid itself (Takeda et al., 2013; Takeda,
2014). However, we are currently unable to conclude
whether the function of A-THC also applies to other can-
nabinoids.

HU-210, a synthetic cannabinoid (Mechoulam ef al.,
1990) found in the herbal mixture ‘Spice’ products, is an
active ingredient that functions as a full agonist for can-
nabinoid receptor types 1 and 2 (CB1 and CB2 receptors).
An examination of the structure of HU-210 revealed that
this synthetic cannabinoid has a similar structure to that of
natural A-THC from the cannabis plant, although some

CHs

parts differ (See Fig. 1). HU-210, which is structural-
ly and pharmacologically similar to A>-THC, is currently
listed as a Schedule I controlled substance under the Con-
trolled Substances Act, as well as marijuana (A-THC),
in the United States. In contrast to A>-THC, few studies
have examined the biological activities of HU-210, such
as endocrine disruption (Martin-Calderén ez al., 1998).

Based on the above-described background, we herein
investigated the effects of HU-210 together with A*>-THC,
as a positive control, on E2/ERa-mediated signaling using
a MCF-7 human breast cancer cell line as a model that
abundantly expresses ERa and a very low level of ERB
(induced).

MATERIALS AND METHODS

Materials and cell cultures

HU-210 was purchased from Cayman Chemicals
(Ann Arbor, MI, USA). E2 was purchased from Nacalai
Tesque (Kyoto, Japan). A>-THC was isolated and purified
from drug-type cannabis leaves using established meth-
ods described elsewhere (Takeda et al., 2008). The purity
of A°>-THC was found to be at least greater than 98% by

AS-THC
Log P=6.97
1Cs50=34.5 pM

>

CH20H

HU-210

Log P=7.44
IC50=8.67 pM

OH

Fig. 1.

Comparison of biological activities of A>-THC and its synthetic analog, HU-210. The structures of A>-THC and HU-210

are shown. In the structure of HU-210, moieties that differ from those in natural A*-THC are indicated by gray inclusions.
Physical (Log P value) and biological (ICy, value) parameters for the two cannabinoids are also indicated; the Log P values
of A°>-THC and HU-210 were taken from references (Thomas et al., 1990; TOXNET: Toxicology Data Network). The ICq,
value and a morphological image 48 hr after exposure to HU-210 in MCF-7 cells were specified together with the reported

IC,, value of A>-THC (Takeda et al., 2013).
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gas chromatography (Takeda et al., 2008). All other rea-
gents were of analytical grade, commercially available,
and used without further purification. Cell culture condi-
tions and methods were performed basically as described
previously (Takeda et al., 2013; Okazaki et al., 2015). In
brief, the human breast cancer cell line, MCF-7 (obtained
from the American Type Culture Collection, Rockville,
MD, USA), was routinely grown in phenol red-contain-
ing minimum essential medium a (Invitrogen, Carlsbad,
CA, USA), supplemented with 10 mM HEPES [4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid], 5% fetal
bovine serum, 100 U/mL of penicillin, and 100 ng/mL of
streptomycin in a humidified incubator, within an atmos-
phere of 5% CO, at 37°C. Twenty-four hours before the
chemical treatments, medium was changed to phenol red-
free minimum essential medium o (MEMa, Invitrogen)
supplemented with 10 mM HEPES, 5% dextran-coat-
ed charcoal-treated serum, 100 U/mL of penicillin, and
100 pg/mL of streptomycin. Cultures of approxi-
mately subconfluence (close to 60% confluence) in a
100-mm Petri dish were used to seed for further experi-
ments on transfection (dual-luciferase assay) and mRNA/
protein expression analyses. All of the insecticides tested
were prepared in dimethyl sulfoxide (DMSO, cell culture
grade). In the viability experiment, cells were seeded on
96-well plates at a density of ~5,000 cells/well, and can-
nabinoids were introduced 4 hr after plating. After a 48-hr
incubation, cell viability was analyzed using the CellTit-
er 96® Aqueous One Solution Cell Proliferation Assay
(MTS reagent; Promega, Madison, WI, USA), according
to the manufacturer’s instructions. Control incubations
contained the equivalent addition of DMSO (for HU-210)
or ethanol (for A>-THC). No significant differences were
observed in cell viability or the cannabinoid effects of
these solvents.

Cell morphology studies

Cell morphology studies were basically performed as
described previously (Takeda et al., 2012). Briefly, for
the morphological examination of MCF-7 cells, images
were obtained using a Leica DMIL inverted microscope
(Leica Microsystems, Wetzlar, Germany), and captured
with a Pixera® Penguin 600CL Cooled CCD digital cam-
era (Pixera Co., Los Gatos, CA, USA). Data were proc-
essed using Pixera Viewfinder 3.0 software (Pixera Co.).
Breast cancer cells were plated on 6-well plates. Three
areas with approximately equal cell densities were iden-
tified in each well and images of each of these areas were
captured.

Transfection and luciferase reporter assay
(dual-luciferase assay)

Twenty-four hours prior to transfection, MCF-7
cells (ERa-positive) were seeded (5 x 104 cells/well)
on 24-well plates containing MEMa. The transfec-
tion of each expression plasmid was performed using
Lipofectamine® LTX with PLUS™ reagent (Invitrogen)
according to the manufacturer’s instructions. DNA mix-
tures containing 300 ng of the (estrogen-responsive ele-
ment, ERE),-Luc plasmid were co-transfected with 2 ng
of the Renilla luciferase reporter plasmid (pRL-CMV) in
the plates. Cells were washed with phosphate-buffered
saline 24 hr post-transfection and changed to phenol red-
free MEMa supplemented with 5% dextran-coated char-
coal-treated serum, followed by the respective chemical
treatments being tested. Cell extracts were then prepared
using 100 pL of passive lysis buffer (Promega, Madison,
WI, USA), and 20 puL was then applied to the firefly luci-
ferase and Renilla luciferase assays (Dual-Luciferase
Reporter Assay System, Promega) using the GloMax®-
Multi Detection System (Promega). The ratio of firefly
luciferase activity (expressed from reporter plasmids) to
Renilla luciferase activity (expressed from pRL-CMV) in
each sample served as a measure of normalized luciferase
activity.

Real-time reverse transcription-polymerase
chain reaction (real-time RT-PCR) analysis

Total RNA was prepared from MCF-7 cells using the
RNeasy kit (Qiagen, Inc., Hilden, Germany) and purified
by RNeasy/QIlAamp columns (Qiagen, Inc.). In the real-
time RT-PCR analysis on CDC2, ERp, and p-actin, cDNA
was prepared via RT of total RNA using the ReverTra
Ace® gPCR RT kit (Toyobo Co. Ltd., Osaka, Japan). Real-
time quantitative RT-PCR assays were performed with
FastStart Essential DNA Green Master (Roche Applied
Science, Indianapolis, IN, USA) and LightCycler® Nano
(Roche Diagnostics, Mannheim, Germany). The primers
for PCR on human CDC2 and B-actin were taken from
previous studies (Takeda ef al., 2013). The primers used
for ERP were: ERP (sense) 5’-TTC AAA GAG GGA
TGC TCA CTTC-3’ and ERp (antisense) 5’-CCT TCA
CAC GAC CAG ACT CC-3’. The reaction conditions for
all mRNA were 95°C for 10 min, followed by 45 cycles
at 95°C for 10 sec, at 58°C for 10 sec, and 72°C for
15 sec. CDC2 and ERB mRNA levels were normalized to
the corresponding B-actin mRNA levels.

Antibodies and Western immunoblot analysis

Antibodies specific for ERP (ab3576; Abcam,
Cambridge, MA, USA) and Actin (sc-1616 HRP; Santa
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Cruz Biotechnology, Santa Cruz, CA, USA) were used.
Whole cell extracts were prepared using CelLytic™ MT
Cell Lysis Reagent (Sigma-Aldrich, Dorset, UK) sup-
plemented with Halt™ Protease Inhibitor Cocktail
(Thermo Fisher Scientific, Hudson, NH, USA). SDS-
polyacrylamide gel electrophoresis/Western immuno-
blotting was performed based on procedures described
previously (Okazaki et al., 2014). The membranes were
photographed using the Chemi Doc XRS plus system
(Bio-Rad, Hercules, CA, USA). Equal amounts of protein
for each sample were confirmed by probing with Actin.

Data analysis

Differences were considered significant when the
P value was calculated to be less than 0.05. A data anal-
ysis of differences among multiple groups was performed
using Dunnett’s test. Calculations were performed using
Statview 5.0] software (SAS Institute Inc., Cary, NC,
USA).

RESULTS AND DISCUSSION

We first explored the effects of HU-210 on the mor-
phology and viability of MCF-7 cells. As shown in
Fig. 1A (lower panel), MCF-7 cells exhibited a rounder
morphology after a 48-hr exposure in a concentration-de-
pendent manner up to 15 uM than the vehicle-treated con-
trol; the IC,, value was determined to be 8.67 uM. Almost
complete cell death was observed at 25 uM (data not
shown). As we reported previously, the inhibitory efficacy
of HU-210 on cell viability was more potent than that of
A-THC (i.e., IC, = 34.5 uM) (Takeda et al., 2013). In this
study, A>-THC was utilized as a positive control in order
to analyze the anti-estrogenic potential of HU-210 for E2/
ERa signaling (Takeda et al., 2013; Takeda, 2014). Based
on their IC,, values, we subsequently investigated the
effects of the two cannabinoids on E2-driven ERa activa-
tion. Physiological levels of E2 (1 nM) activated the ERa
activity around 10-fold compared to vehicle-treated con-
trols (Fig. 2B). Even though A*-THC abrogated E2/ERa
activation in a concentration-dependent manner under
these conditions, HU-210 was inactive, even at 10 uM
(> IC,, value) (Figs. 2A and 2B). A comparison between
A%-THC and HU-210 at concentrations of 5 and 10 uM
revealed that the former significantly inhibited transcrip-
tional activities, whereas the latter did not. Consistent
with the results of ERa activation analyses, the expres-
sion levels of CDC2, a gene regulated by ERa (Lin ef al.,
2007; Takeda et al., 2013), were not affected by HU-210
even at 10 uM (Figs. 3A and 3B), while A>-THC abro-
gated its expression even in experiments using concen-
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Fig. 2. Effects of A>-THC and HU-210 on estrogen signal-
ing in ERa-positive MCF-7 cells. MCF-7 cells were
transiently transfected with an ERE-luciferase reporter
plasmid. After transfection, MCF-7 cells were treated
with A>-THC (5, 10, or 25 uM) (A) and HU-210 (5 or
10 uM) (B) in the presence of 1 nM E2. In the Control
incubation, cells were treated with vehicle alone. After
24 hr, cells were harvested and assayed for luciferase
activity, and all transfections were normalized for effi-
ciency using the internal Renilla control plasmid. Data
are expressed as a fold induction from the E2-treated
group (indicated as 1), as the mean + S.E. (n = 3).
*Significantly different (P < 0.05) from the E2-treated

group.

trations less than the IC,; value (i.e., 25 pM versus 34.5
uM) (Fig. 3A, left panel) (Takeda et al., 2013). When we
focused on the expression status of ERp, a negative mod-
ifier of E2-mediated ERa signaling (Weihua et al., 2000;
Zhao et al., 2003, 2007), the cannabinoid A°>~-THC up-reg-
ulated the expression of ERf by approximately 3-fold that
of the controls at 25 pM, whereas no observable changes
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Fig. 3. Effects of A>-THC and HU-210 on CDC2 and ERp expression in MCF-7 cells. (A) Real-time RT-PCR analyses of CDC2
(left panel) and ERp (right panel) in MCF-7 cells 48 hr after the treatment with vehicle (Ctl., Control) or A>-THC (25 uM;

less than its IC, value) and HU-210 (8.67 uM; its IC,,

value). (B) Real-time RT-PCR analyses of CDC2 and ERf} in MCF-7

cells 48 hr after the treatment with vehicle (Ctl., Control) or HU-210 (5 or 10 uM). Data are expressed as a fold induction

from the vehicle-treated control (Ctl.) (indicated as 1),

as the mean + S.E. (n = 3). *Significantly different (P < 0.05) from

the vehicle-treated control. A Western immunoblot analysis of ER. MCF-7 cells were treated with 5 or 10 uM HU-210 or
vehicle (indicated as Ctl.) for 48 hr. Total cell lysates were prepared, and Western immunoblot analyses were performed us-

ing antibodies specific for ERB and Actin, respectively.

were observed in its expression in HU-210-treated sam-
ples (Figs. 3A, right panel and 3B, left panel). Further-
more, this inactivity in the induction of ER noted in the
mRNA experiments was also demonstrated in the proteins
levels of ERf (Fig. 3B, right panel).

Cannabinoids generally exert their biological effects,

Actin was used as an internal loading control.

including anti-proliferative effects on cancer cells, via
the activation of CB receptors expressed in cells (Pertwee
et al., 2010). Although the Log P values of the two can-
nabinoids were similar, namely, highly lipophilic (Fig. 1)
(Thomas et al., 1990; TOXNET: Toxicology Data Net-
work), the binding affinity (Ki) of HU-210 to the human
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CB1/CB2 receptors (0.061/0.52 nM, data from Tocris
Bioscience) was previously shown to be markedly higher
than that of A>-THC (53.3/75.3 nM) (Felder et al., 1995).
Thus, the potencies of IC,, values between these cannab-
inoids in the abrogation of MCF-7 cell proliferation may
be attributed to differences in Ki values for the recep-
tors. Martin-Calderén ef al. (1998) reported that HU-210
induced a set of endocrine alterations, such as plasma hor-
mones including growth, luteinizing, and follicle-stimu-
lating hormones, at doses 50-200-fold lower than those
required for A°>-THC in adult female rats. These effects of
cannabinoids appear to be triggered by their activation of
CB receptors; however, since the A°>-THC-mediated up-
regulation of ERP was not negated by specific antagonists
for CB1 and CB2 (Takeda, 2014), possible requirement(s)
for the up-regulation of ER} may not involve CB recep-
tors. As clearly shown in Fig. 1, the structures of
A-THC and HU-210 were “similar”, but also differ-
ent at the 4 indicated points. Although HU-210 evoked
endocrine disruption in rat models, similar to A>-THC
(Martin-Calderoén et al., 1998), HU-210 may be devoid
of the ability to modulate the estrogen signaling respon-
sible for up-regulating ERP. Further studies are needed in
order to ascertain this issue by focusing on their structur-
al discrepancies.
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