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Abstract

Treatment of ErbB2-overexpressing BT474 and MDA-MB-453 breast cancer cells with 1 to 10
pumol/L betulinic acid inhibited cell growth, induced apoptosis, downregulated specificity protein
(Sp) transcription factors Sp1, Sp3, and Sp4, and decreased expression of ErbB2. Individual or
combined knockdown of Sp1, Sp3, Sp4 by RNA interference also decreased expression of ErbB2
and this response was because of repression of YY1, an Sp-regulated gene. Betulinic acid—
dependent repression of Spl1, Sp3, Sp4, and Sp-regulated genes was due, in part, to induction of
the Sp repressor ZBTB10 and downregulation of microRNA-27a (miR-27a), which constitutively
inhibits ZBTB10 expression, and we show for the first time that the effects of betulinic acid on the
miR-27a:ZBTB10-Sp transcription factor axis were cannabinoid 1 (CB1) and CB2 receptor—
dependent, thus identifying a new cellular target for this anticancer agent.
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Introduction

Betulinic acid is a naturally occurring triterpenoid found in bark extracts, and betulinic acid
and synthetic analogues exhibit a broad spectrum of pharmacologic properties including
antiviral, antibacterial, anti-inflammatory, antimalarial, and anticancer activities (1, 2).
Betulinic acid also inhibits growth of multiple tumors, and the large difference between the
doses required for tumor growth inhibition and toxic side-effects in animal models has
generated interest in clinical development of this compound for cancer chemotherapy (2, 3).
The overall effectiveness of betulinic acid as an anticancer drug has been linked to the
mitochondriotoxicity of betulinic acid and induction of reactive oxygen species (ROS; refs.
4-6). Research in this laboratory has shown that betulinic acid inhibits growth and induces
apoptosis in prostate, bladder, and colon cancer cells and tumors, and this is accompanied by
downregulation of specificity protein (Sp) transcription factors Sp1, Sp3, Sp4, and Sp-
regulated genes (6-8). Similar effects have been observed for several anticancer drugs
including curcumin, arsenic trioxide, nonsteroidal anti-inflammatory drugs, and triterpenoids
such as celastrol, 2-cyano-1,12-dioxooleana-1,9-dien-28-oic acid (CDDO) and 2-
cyano-3,11-dioxo-18p-olean-1,12-dien-30-oic acid (CDODA), and their corresponding
esters (6—15). The importance of betulinic acid and other agents that target Sp proteins is
because of (i) the overexpression of Sp1, Sp3, and Sp4 in tumor versus nontumor tissue and
(i) the critical roles for Sp-regulated genes in mediating cancer cell growth [EGF receptor
(EGFR), hepatocyte growth factor receptor (c-MET), and cyclin D1], survival (bcl-2 and
survivin), angiogenesis [vascular endothelial growth factor (VEGF) and VEGF receptors 1
and 2 (VEGFR1 and VEGFR2)], and inflammation (p65NF«B; refs. 8-12, 16-18).

This study investigated the anticancer activity of betulinic acid in BT474 and MDA-MB-453
breast cancer cells, which overexpress ErbB2, an important oncogenic growth factor
receptor that is not an Sp-regulated gene. Betulinic acid—inhibited cell and tumor growth,
downregulated Sp1, Sp3, and Sp4 and, surprisingly, decreased ErbB2 expression; however,
this effect was because of down-regulation YY-1, an Sp-regulated gene that activates ErbB2
expression (19, 20). The mechanism of Sp down-regulation by betulinic acid was because of
disruption of microRNA-27a (miR-27a):ZBTB10, which was cannabinoid (CB) receptor
dependent, and betulinic acid directly bound to both CB1 and CB2 receptors. This represents
a novel mechanism of action of betulinic acid and highlights the clinical potential of
betulinic acid and related compounds that downregulate Sp transcription factors as a new
class of mechanism-based agents for treating ErbB2-overexpressing breast tumors.

Materials and Methods

Chemicals, antibodies, plasmids, and reagents

Betulinic acid and lactacystin were purchased from Sigma-Aldrich. AM251, AM630,
capsazepine, and WIN-55,212-2 were purchased from Tocris Bioscience. CAY 10401 was
purchased from Cayman Chemical. [3H]CP-55,940 (144 Ci/mmol) was purchased from
Perkin Elmer. Antibodies against ErbB2 (C-18), p-ErbB2 (Try 1248)-R, Sp1 (PEP2), Sp3
(D-20), Sp4 (V-20), Akt (H-136), p-Akt (Ser473), MAPK (C-14), p-MAPK (E-4), B-actin
(C4), AP2a (C-18 and 3B5), YY1 (H-10), CB1 (H-150), and CB2 (H-60) were obtained
from Santa Cruz Biotechnology. Antibodies against cleaved PARP (D214), surviving, and
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fatty acid amide hydrolase (FAAH; L14B8) were purchased from Cell Signaling
Technology. The YY1 promoter plasmids (YY1 p-1729-luc and YY1 p-277-Luc) were
kindly provided by Dr Ed Seto (University of South Florida, Tampa, FL, USA). The
ZBTB10 expression vector and the 3’-untranslated region (UTR)-luc construct and other
reagents have previously been described (7, 21).

The MDA-MB-453 and BT474 cells were purchased from the American Type Culture
Collection. Cells were initially grown and multiple aliquots were frozen and stored at

—80 °C for future use. Cells were purchased more than 6 months ago and were not further
tested or authenticated by the authors. Cell lines were cultured with 10% FBS in Dulbecco’s
Modified Eagles’ Media and were maintained at 37°C in the presence of 5% CO,.

Cell proliferation assay

Cells (2-3 x 10% per well) were plated in 12-well plates and allowed to attach for 24 hours.
Then cells were treated with either vehicle (dimethyl sulfoxide, DMSO) or different
concentrations of betulinic acid for up to 4 days. Fresh medium and compounds were added
every 48 hours, and cells were then trypsinized and counted at the indicated time points
using a Coulter Z1 cell counter. Each experiment was done in triplicate, and results are
expressed as means + SE for each set of experiments.

Western blotting and TUNEL assays

Cells were rinsed with PBS and collected by scraping cells from the culture plate in 200 uL
of high-salt buffer (50 mmol/L of HEPES, 0.5 mol/L of NaCl, 1.5 mmol/L of MgCl,, 1
mmol/L of EGFTA, 10 glycerol, and 1% Triton X-100) and 10 uL/mL of protease inhibitor
mixtures (Sigma-Aldrich). The cell lysates were incubated on ice for 1 hour with
intermittent vortex mixing and then centrifuged at 40,000 x g for 10 minutes at 4 °C. Equal
amounts of protein were separated on SDS-polyacrylamide gels and processed as previously
described (8, 9, 11, 12). Cells were plated in Lab-Tek 1l Chamber Slide System (Nalge Nunc
International) and allowed to attach for 24 hours, and the effects of betulinic acid on the
terminal deoxynucleotidyl transferase—-mediated dUTP nick end labeling (TUNEL) assay
were determined as described (14).

Real-time PCR analysis of mRNAs and miRNAs

Total RNA was isolated using the RNeasy Protect Mini kit (Qiagen) and RNA was reverse
transcribed using Transcription System (Promega) according to the manufacturer’s protocols
using primers that were previously described (8, 9, 11, 12).

DNA and siRNA transfection

Cells were plated in 12-well plates at 1 x 10° per well and cultured as described. After
growth for 16 to 20 hours, transfections were carried out using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol as previously described (14, 21).
siRNAs for Spl (Sp1-1: SASI_Hs02_00363664; Sp1-2: SASI_Hs01_00070994), Sp3 (5'-
GCGGCAGGUGGAGCCUUCACUTT-3), Sp4 (5'-
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GCAGUGACACAUUAGUGAGCTT-3), YY1 (YY1-1: SASI_Hs01 00155071, YY1-2:
SASI_Hs01_-155072), CB1 (SASI_Hs01_00106167), and CB2 (SASI_Hs01_00041077)
were purchased from Sigma-Aldrich. iLamin (5-CUGGACUUCCAGAAGAACATT-3'),
miR-27a mimic, as-miR-27a, and siRNA for FAAH were purchased from Dharmacon RNA
Technologies; 100 nmol/L siRNAs were used in this study.

Luciferase assay

Transfected cells were lysed with 100 pL of 1 x reporter lysis buffer as described (10-12),
and 30 uL of cell extract were used for luciferase and p-gal assays. Lumicount Luminometer
(Packard Instruments) was used to quantitate luciferase and -gal activities, and the
luciferase activities were normalized to -gal activity.

Animals, xenograft study, and immunohistochemistry

Female ovariectomized athymic nu/nu mice (5-7-week-old) were purchased from the Harlan
Laboratories. Under anesthetic conditions, BT474 cells (1 x 106) were implanted with
Matrigel (BD Biosciences) subcutaneously into the flank of each mouse. Ten days later,
mice were randomized into 2 groups of 6 mice/group and dosed by oral gavage with corn oil
or 20 mg/kg of betulinic acid every other day for 28 days (14 doses). The mice were
weighed, tumor sizes were measured at the indicated time with calipers, and
immunostaining was determined as described (8, 9, 11, 12).

Competitive receptor binding

Crude mouse brain or CHO-hCB?2 cell homogenates for CB receptor binding were prepared
essentially as described and stored at =80 °C (22). Increasing concentrations of betulinic
acid (0.1-100 umol/L) were incubated with 0.1 nmol/L of the nonselective CB1/CB2 agonist
[3H]CP-55,940 in a final volume of 1 mL of binding buffer (50 mmol/L Tris, 0.05% bovine
serum albumin, 5 mmol/L of MgCl,, pH 7.4) as described previously (23). Each binding
assay contained 100 or 25 pg of membrane protein prepared from mouse brain or CHO-
hCB2 cells, respectively. Reactions were incubated for 90 minutes at room temperature, and
nonspecific binding was determined for each concentration of betulinic acid examined and
was defined as binding observed in the presence of 1 mmol/L of the nonselective CB1/CB2
ligand WIN-55,212-2. Reactions were terminated by rapid vacuum filtration through
Whatman GF/B glass fiber filters and the bound radioactivity was determined as described
(22, 23). Specific binding was expressed as total binding minus nonspecific binding
determined for each concentration of betulinic acid examined, and is graphed for each data
point as a percentage of specific binding occurring in the absence of any competitor.
Analysis of the binding data was conducted using the nonlinear regression (Curve Fit)
function of GraphPad Prism® v5.0b to determine the concentration of the drug that displaced
50% of [3H]CP-55,940 (ICsp). A measure of affinity (K;) was derived from the ICsq values
using the Cheng—Prusoff equation (24).
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Betulinic acid inhibits growth, induces apoptosis, and downregulates Sp1, Sp3, and Sp4
in BT474 and MDA-MB-453 cells

BT474 and MDA-MB-453 cells overexpress ErbB2, and 1-10 umol/L betulinic acid (Fig.
1A) inhibited proliferation of both BT474 and MDA-MB-453 cells. The overall decrease in
cell number was both concentration-and time (2 or 4 days)-dependent, and MDA-MB-453
cells were less responsive to betulinic acid than BT474 cells (Fig. 1B). The growth
inhibitory effects of betulinic acid were accompanied by induction of cleaved PARP, a
marker of apoptosis, and decreased expression of survivin, an inhibitor of apoptosis, was
also observed (Fig. 1C). Induction of apoptosis was also observed in a TUNEL assay in
which betulinic acid increased TUNEL staining in both cell lines (Fig. 1D).

Betulinic acid inhibits LNCaP prostate cancer cell growth and this is due, in part, to
activation of proteasome-dependent degradation of Sp1, Sp3, and Sp4 proteins (7).
Treatment of BT474 and MDA-MB-453 cells with 10 mmol/L betulinic acid for 48 hours
decreased expression of Sp1, Sp3, Sp4, and survivin (an Sp-regulated gene) proteins (Fig.
2A) and mRNA (Fig. 2B) in both cell lines, and BT474 cells were more responsive than
MDA-MB-453 cells. The proteasome inhibitor MG132 alone was cytotoxic to BT474 and
MDA-MB-453 cells (data not shown), whereas lactacystin was not toxic. Treatment of
BT474 and MDA-MB-453 cells with 10 umol/L betulinic acid alone or in combination with
1 umol/L lactacystin for 48 hours showed that lactacystin did not affect betulinic acid—
induced downregulation of Sp proteins (Fig. 2A) and this contrasted to results for betulinic
acid in prostate cancer cells (7).

Betulinic acid—induced downregulation of YY1, ErbB2, and ErbB2-regulated genes is
due to decreased Sp1, Sp3, and Sp4 expression

ErbB2 plays a major role in the proliferation of BT474 and MDA-MB-453 cells. Betulinic
acid alone decreased ErbB2, p-ErbB2, and downstream kinases mitogen—activated protein
kinase (MAPK), p-MAPK, Akt, and p-Akt expression (Fig. 2C), and these effects were not
reversed after coincubation with the proteasome inhibitor lactacystin. Betulinic acid—
mediated downregulation of MAPK and Akt total proteins has previously been observed in
bladder cancer cells (8), and results of Sp knockdown suggest that these effects are Sp-
independent and are currently being investigated. YY1 is a key upstream regulator of ErbB2
in breast cancer cells (19), and betulinic acid decreased expression of YY1 in both cell lines
in the presence or absence of lactacystin (Fig. 2C). Because of the YY1 promoter contains
multiple GC-rich Sp binding sites (20), we investigated the effects of betulinic acid on YY1
promoter activity and, in MDA-MB-453 cells transfected with GC-rich YY1 p-277-Luc or
p-1729-luc constructs, treatment with betulinic acid for 24 hours decreased luciferase
activity (Fig. 2D). Supplementary Fig. S1A and S1B shows that transfection of SiIRNAs
against Spl (iSpl), Sp3 (iSp3), Sp4 (iSp4), and their combination (iSp1/3/4) resulted in
specific knockdown of the target Sp proteins and also decreased expression of YY1 and
ErbB2 proteins. iSp1-1 and iSp1-2 were targeted against Sp1 but did not affect Sp3 or Sp4
expression (data not shown). In a second set of experiments in MDA-MB-453 cells
(Supplementary Fig. S1B), the siRNAs for Sp1 and Sp4 were highly specific; however, iSp3
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also decreased expression of Sp3 and Sp4 proteins. iSpl, iSp4, and iSp1/3/4 decreased levels
of both YY1 and ErbB2, whereas Sp3 knockdown had minimal effects on either protein.
Previous RNA interference studies showed that knockdown of YY1 decreases expression of
ErbB2 (19, 20), and we also observed that YY1 knockdown decreased ErbB2 levels in both
cell lines (Supplementary Fig. S2).

Role of CB receptors

Betulinic acid—induced downregulation of Sp transcription factors was proteasome-
independent (Fig. 2) and was not reversed by ROS inhibitors (data not shown) as previously
reported for other compounds (11, 12, 14, 15). Preliminary studies in other cancer cell lines
show that CBs decrease Sp proteins (data not shown); therefore, the effects of CB1 and CB2
receptor antagonists AM251 and AM®630, respectively, and capsazepine (vanilloid receptor
antagonist) on betulinic acid—mediated repression of Sp1, Sp3, and Sp4 and survivin were
also investigated. The vanilloid receptor antagonist was included because this receptor also
binds some CBs (25). The CB receptors are expressed in BT474 and MDA-MB-453 cells,
and cotreatment with betulinic acid and either AM251 or AM630 attenuated the effects of
betulinic acid—induced down-regulation of Sp1, Sp3, Sp4, and survivin, whereas
capsazepine inhibited the effects of betulinic acid only in MDA-MB-453 cells (Fig. 3A and
B). Figure 3B also shows that the antagonists alone had minimal effects on ErbB2, Sp1, Sp3,
and YY1. The CB1 and CB2 receptor antagonists inhibited betulinic acid-mediated
downregulation of ErbB2, p-ErbB2, p-MAPK, p-Akt, and YY1 in BT474 and MDA-
MB-453 cells, whereas capsazepine was active as an inhibitor only in the latter cell line (Fig.
3C and D). Expression of AP2 was highly variable in both cell lines and was not further
investigated. These results indicated that the CB1 and CB2 receptors mediated betulinic
acid—induced effects on Spl, Sp3 and Sp4, ErbB2, and YY1 in both cell lines. In contrast,
the effects of betulinic acid on MAPK and Akt (total and phospho proteins) were CB
receptor-independent and also Sp-independent in bladder cancer cells (8) and are currently
being investigated.

On the basis of these results, the direct binding of betulinic acid to the CB receptors was
investigated in a competitive binding assay using [2H]CP-55,940 as the radioligand.
Preliminary studies showed that high concentrations of betulinic acid (>107° mol/L)
enhanced binding of [3H]CP-55,940; however, this was because of a concentration-
dependent increase in both total and nonspecific binding (data not shown). Therefore, the
[3H]CP-55,940 specific binding to the mCB1 and hCB2 receptor was determined by
subtracting the nonspecific binding from the total binding as outlined in the Experimental
Procedures (Fig. 4A). Betulinic acid competitively bound to both receptors, and the K;
values over 5 separate determinations (Fig. 4B) were 36. £ 4.1 and 41. + 12.1 pmol/L for
mCB1 and hCB2 receptors, respectively. As a positive control, Fig. 4B shows the
competitive displacement curves using the CB WIN-55,212-2, which binds both receptors
with anticipated low nanometers affinity. These results show that betulinic acid directly
binds the CB receptors. We also show that knockdown of CB1 or CB2 receptors by RNA
interference partially reversed betulinic acid-induced downregulation of Sp1, Sp3, and Sp4
(Fig. 4C), confirming a role for both receptors in mediating the effects of betulinic acid. A
potential indirect effect of betulinic acid on CB-induced downregulation of Sp proteins
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could be due to inhibition of FAAH, which could increase endocannabinoid levels (26);
however, knockdown of FAAH by RNA interference (in MDA-MB-453 cells) or inhibition
of FAAH by the specific FAAH inhibitor CAY10401 (in BT474 cells) did not affect levels of
Sp1, Sp3, or Sp4 proteins (Fig. 4D), indicating that this pathway is not involved in
downregulation of Sp proteins.

Betulinic acid disrupts miR-27a regulation of ZBTB10 and inhibits tumor growth

Proteasome-independent downregulation of Sp1, Sp3, and Sp4 by betulinic acid and other
anticancer agents has been linked to downregulation of miR-27a and induction of the
transcriptional repressor ZBTB10 (6, 10, 15). Treatment of BT474 and MDA-MB-453 cells
with 5 or 10 umol/L betulinic acid resulted in significant downregulation of miR-27a in both
cell lines, and cotreatment with AM251 or AM630 inhibited this response (Fig. 5A), which
was most pronounced in BT474 cells. Downregulation of miR-27a in cells treated with
betulinic acid was accompanied by induction of ZBTB10 mRNA levels in both cell lines,
and cotreatment with AM251 or AM630 inhibited the induction response (Fig. 5B). A >6-
fold induction of ZBTB10 was observed in BT474 cells, whereas ZBTB10 was induced
>2.5-fold in MDA-MB-453 cells treated with 5 or 10 pmol/L betulinic acid for 24 hours.
The effects of antisense-miR-27a (as-miR-27a) and ZBTB10 overexpression on levels of
Sp1, Sp3, Sp4, YY1, and ErbB2 proteins were also determined in BT474 and MDA-
MB-453 cells (Fig. 5C and D), and both treatments decreased expression of Sp and Sp-
regulated gene products. The effects of a miR-27a mimic and as-miR-27a on luciferase
activity in BT474 and MDA-MB-453 cells transfected with ZBTB10 (UTR)-luc construct
containing a miR-27a binding site resulted in decreased (miR-27a mimic) and increased (as-
miR-27a) luciferase activity. In contrast, the mimic or antisense oligonucleotide did not
affect luciferase activity in cells transfected with a construct [ZBTB10 (MUTR)-luc]
containing a mutation in the miR-27a binding sites, confirming interactions of miR-27a with
the target sequence in the 3’UTR of ZBTB10.

The /n vivo effects of betulinic acid on tumor growth were also investigated in athymic nude
mice bearing BT474 cells as xenografts. Betulinic acid was administered over a period of 28
days at a dose of 20 mg/kg/d. Tumor volumes and tumor weight were significantly inhibited,
and betulinic acid decreased expression of Sp1, Sp3, and Sp4 proteins in tumors (Fig. 6A—
C). Figure 6D illustrates that immunostaining of ErbB2 and Sp1l proteins were decreased in
fixed tumor tissue from betulinic acid—treated mice compared with control (corn oil)-treated
animals, and these /n vivo data complement the results of /n vitro studies.

Discussion

Endocrine therapies with antiestrogens and aromatase inhibitors have been successful for
treating patients with early stage ER-positive breast cancer (27-29), whereas patients with
ER-negative or ErbB2-overexpressing tumors must undergo more aggressive treatment and
their overall prognosis and survival are much lower than patients with early stage breast
cancer (30-32). The development of the monoclonal antibody Herceptin that binds the
extracellular domain of ErbB2 has provided significant treatment benefits for patients with
these aggressive ErbB2-overexpressing tumors (33, 34). Although Herceptin has been
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successfully used alone and in combination therapy, there is concern regarding cardiotoxic
side-effects of this antibody, and development of other agents including tyrosine kinase
inhibitors is being actively pursued for treatment of tumors that overexpress ErbB2 and other
growth factor receptors (35).

Betulinic acid inhibited growth and induced apoptosis in BT474 and MDA-MB-453 breast
cancer cell lines (Fig. 1) and this was accompanied by downregulation of Sp1, Sp3, and Sp4
protein and mRNA levels (Fig. 2). Moreover, betulinic acid also inhibited tumor growth and
downregulated Sp1, Sp3, and Sp4 in tumors from athymic nude mice bearing BT474 cells as
xenografts (Fig. 6). In BT474 and MDA-MB-453 breast cancer cells, betulinic acid
decreased expression of ErbB2, p-ErbB2, and downstream ErbB2-dependent kinases p-
MAPK/MAPK and p-Akt/Akt (Fig. 2C and D), suggesting that ErbB2 downregulation may
also be due repression of Sp proteins. However, unlike the EGFR that is an Sp-regulated
gene (8), ErbB2 expression is dependent on other transcription factors including YY1, which
contains multiple GC-rich promoter sites that bind Sp proteins (20). Betulinic acid decreased
YY1 protein expression in BT474 and MDA-MB-453 cells (Fig. 2C and D) and, not
surprisingly, knockdown of Sp proteins (individually and combined) decreased expression of
YY1 and ErbB2 (Supplementary Fig. S1). Moreover, YY1 knockdown by RNA interference
also decreased ErbB2 (Supplementary Fig. S2), showing that betulinic acid—-mediated
downregulation of ErbB2 is linked to decreased expression of Sp1, Sp3, Sp4, and Sp-
regulated YY1.

The mechanisms of betulinic acid—induced down-rgulation of Sp1, Sp3, and Sp4 were
dependent on tumortype and cell context. Betulinic acid induced proteasome-dependent
downregulation in LNCaP prostate and SW480 colon cancer cells (6, 7), whereas in RKO
colon cancer cells, this response was primarily ROS-dependent (7) and was because of
repression of miR-27a and induction of ZBTB10, a transcriptional repressor that binds GC-
rich promoter sites and downregulates Sp transcription factors and Sp-regulated genes (7,
10, 12, 15, 21). However, even in RKO cells, the CB receptor antagonists partially blocked
the effects of betulinic acid on Sp proteins (Supplementary Fig. S3). Betulinic acid-induced
repression of Sp1, Sp3, and Sp4 was proteasome-independent and not affected by lactacystin
(Fig. 2A), and similar results were observed for ROS inhibitors such as glutathione (data not
shown). Results summarized in Fig. 5 show that betulinic acid also decreased miR-27a and
induced ZBTB10 in BT474 and MDA-MB-453 cells, suggesting that the critical
downstream effects of betulinic acid on the miR-27a: ZBTB10 complex are similar to those
observed in previous studies with the synthetic triterpenoids CDDO-Me and CDODA-Me
(10, 12). CDDO-Me-mediated downregulation of miR-27 in pancreatic cancer cells was
dependent on upstream disruption of mitochondria and induction of ROS; however, in
contrast to these results, betulinic acid did not induce ROS in BT474 and MDA-MB-453
cells and the antioxidant glutathione did not modulate effects of betulinic acid on Sp1, Sp3,
and Sp4 (data not shown).

Ongoing studies in this laboratory show that, like betulinic acid, CBs downregulate Sp1,
Sp3, and Sp4 in cancer cell lines (data not shown), and we show for the first time that
betulinic acid binds directly to CB1 and CB2 receptors (Fig. 4A). The competitive binding
assay was slightly modified to determine total and nonspecific binding at all concentrations
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of betulinic acid, and K;values were 36.7 and 41.2 umol/L for the CB1 and CB2 receptors
(Fig. 4B). The CB receptor antagonists AM251 and AM630 inhibited betulinic acid—induced
miR-27a (downregulation), ZBTB10 (induction), Sp1, Sp3, Sp4, YY1, and ErbB2
(downregulation), and downregulation of Sp proteins by betulinic acid were also blocked by
knockdown of CB1 and CB2 receptors by RNA interference (Fig. 4C). These results show
that the effects of betulinic acid on BT474 and MDA-MB-453 cells on Sp transcription
factors and ErbB2 are mediated through activation of the CB1 and CB2 receptors, which
subsequently modulate the miR-27a: ZBTB10-Sp axis. CB1 and CB2 receptors are
expressed in both cell lines and in human breast cancer cells and tumors, and one study
showed a correlation between CB2 receptor and ErbB2 expression in human mammary
tumors (36).

In summary, this study shows that betulinic acid inhibits ErbB2-overexpressing breast cancer
cell and tumor growth, and this is accompanied by a cascade of events involving activation
of the CB1 and CB2 receptors, resulting in modulation of the miR-27a:ZBTB10-Sp
transcription factor axis and downregulation of the Sp-dependent gene YY1 and the YY1-
dependent gene ErbB2. This CB receptor—dependent pathway significantly contributes to the
effects of this compound as an inhibitor of ErbB2-overexpressing breast cancer cell and
tumor growth and is consistent with the well-known anticancer activities of CBs (37, 38).
Moreover, ongoing studies with CBs also show that they target Sp transcription factors
(unpublished observations). Current studies are focused on the mechanistic link between
activation of the CB receptors and modulation of miR-27a:ZBTB10 and the efficacies and
mechanism of action of other agents that repress Sp transcription factors. We are also
investigating the effects of betulinic acid as an inducer of the newly identified Sp-repressor
ZBTB4, which is regulated by miR-17-92 cluster miRs (39). These data show a novel
pathway for targeting ErbB2 and identify a new therapeutic approach for treating patients
with breast cancer that overexpress this oncogene.
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Figure 1.

Effects of betulinic acid (BA) on cell proliferation and apoptosis. A, structure of BA. B, BA-
mediated inhibition of BT474 and MDA-MB-453 cell growth. Cells were treated with
different concentrations of BA for up to 4 days and the number of cells in each treatment
group was determined as described in Materials and Methods. *, significant (P < 0.05)
growth inhibition is indicated. Results are expressed as means + SE for at least 3 replicate
determinations for each treatment group. C, effects of BA on cleaved (c) PARP and survivin.
Cells were treated with 10 pmol/L BA for 48 hours and whole-cell lysates were analyzed by
Western blotting as described in Materials and Methods. D, BA induces apoptosis in cancer
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cells. Cells were treated with DMSO or 10 pmol/L BA for 24 hours and analyzed with a
TUNEL assay as described in Materials and Methods. DAPI, 4’,6—diamidino— 2—
phenylindole; FITC, fluorescein isothiocyanate.
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Figure 2.

Effects of betulinic acid (BA) on Sp1, Sp3, Sp4, YY1, ErbB2, and ErbB2-dependent
proteins. A, BA decreases Sp protein and survivin levels in BT474 and MDA-MB-453 cells.
Cells were treated with DMSO (D), 10 umol/L BA alone or in combination with 1 pmol/L
lactacystin (Lac) for 48 hours, and whole-cell lysates were analyzed by Western blotting as
described in Materials and Methods. B, BA decreases mMRNA levels of Sp proteins. Cells
were treated with 10 pmol/L BA for 16 hours, and mRNA levels were determined as
described in Materials and Methods. Results are expressed as means + SE for 3 replicate
determinations for each treatment group and significant (P < 0.05) decreases are indicated
(*). C, BA decreases protein levels of ErbB2 and ErbB2-dependent proteins. Cells were
treated with DMSO (D), 10 umol/L BA alone or in combination with 1 umol/L lactacystin
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for 48 hours, and whole-cell lysates were analyzed by Western blotting as described in
Materials and Methods. D, BA decreases YY1 promoter activity. MDA-MB-453 cells were
transfected with empty vector (PGL2), the YY1 p-277-luc, or the YY1 p-1729-luc construct.
Cells were then treated with 5 or 10 pmol/L BA for 24 hours. Luciferase activity was
determined as described in Materials and Methods. Results are means + SE for 3 separate
determinations and significant (£ < 0.05) induction of luciferase activity by BA is indicated

().
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Figure 3.

Effects of cannabinoid and vanilloid receptor antagonists on betulinic acid (BA)-induced
responses. Effects of AM251, AM630, and capsazepine (Cap) on BA-mediated repression of
Sps and survivin proteins in BT474 (A) and MDA-MB-453 (B) cells. Effects of AM251,
AMG630, and capsazepine on BA-mediated downregulation of ErbB2 and ErbB2-regulated
kinases in BT474 (C) and MDA-MB-453 (D) cells and expression of CB receptors (D).
Cells were pretreated with or without 6 pmol/L AM251, 6 pmol/L AM630, or 2 pmol/L
capsazepine for 1 hour, and then DMSO (D) or 10 pmol/L BA were added to the medium for
48 hours, and whole-cell lysates were analyzed by Western blotting as described in Materials
and Methods.
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Figure 4.

Betulinic acid (BA) is a CB receptor agonist. Specific binding of BA to CB receptors (A)
and binding affinities (B). The specific binding and binding affinities of BA to CB1 and CB2
receptors were determined as described in Materials and Methods. C, knockdown of CB
receptors by RNA interference. BT474 cells were transfected with iLamin (control) or iCB1
receptor or iCB2 receptor (oligonucleotides), and whole-cell lysates were analyzed by
Western blotting as described in Materials and Methods. D, effects of FAAH knockdown or
CAY10401 on Sp proteins. MDA-MB-453 cells were transfected with siFAAH or BT474
cells were treated with DMSO or CAY10401 for 24 hours, and whole-cell lysates were
analyzed by Western blotting as described in Materials and Methods.
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Figure 5.

Effects of betulinic acid (BA) on miR-27a and ZBTB10, and the role of cannabinoid
receptors on BA-mediated effects. A, downregulation of miR-27a. Cells were pretreated
with or without 6 pmol/L AM251 or 6 umol/L AM630 for 1 hour, DMSO or 5 or 10 pmol/L
BA were added to the medium for 24 hours, and miR-27a levels were determined as
described in Materials and Methods. Results are expressed as means + SE for 3 replicate
determinations for each treatment group and significant (£ < 0.05) inhibition of miR-27a
(**) and inhibition by the antagonists are indicated (*). B, induction of ZBTB10. Cells were
treated and processed as described in A, and significant (£ < 0.05) induction by BA (*) and
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inhibition by the antagonists (**) are indicated. C, effects of ZBTB10 overexpression and
antisense miR-27a on Sp protein levels, YY1, and ErbB2 proteins. Cells were transfected
with 1 ug pCMV6-XL4-ZBTB10 plasmid or empty vector, 50 nmol/L antisense miR-27a
(as-miR-27a), or control, and whole-cell lysates were analyzed by Western blotting as
described in Materials and Methods. D, effects of miR-27a mimic or as-miR-27a on
luciferase activity in ZBTB10 3’UTR-luc construct transfected cells. MiR-27a mimic (50
nmol/L) or as-miR-27a were transfected into BT474 and MDA-MB-453 cells as described in
Materials and Methods, and a dual luciferase reporter assay was conducted according to the
manufacturer’s instructions. Results are expressed as means + SE for 3 replicate
determinations for each treatment group and significant (£ < 0.05) decreases or induction are
indicated (*).
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Figure 6.

Betulinic acid (BA) inhibits tumor growth in BT474 xenografts. Inhibition of tumor size (A)
and weight (B). Athymic nude mice bearing BT474 cells as xenografts were treated with BA
(20 mg/kg/d), and tumor sizes and weights were determined as described in Materials and
Methods. Significantly (P < 0.05) decreased tumor sizes and weights are indicated (*). C,
BA decreases expression of Spl, Sp3, and Sp4 proteins in tumors. Whole-cell lysates from
corn oil and BA-treated tumors were analyzed by Western blotting as described in Materials
and Methods. D, immunostaining for ErbB2 and Sp1l. Fixed tumor tissue from corn oil-and
BA-treated mice were stained with ErbB2 and Sp1 antibodies as described in Materials and
Methods.
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