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Honokiol, a natural biphenyl, inhibits in vitro and in vivo
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Abstract. Honokiol (HNK), a naturally occurring biphenyl,
possesses potent antineoplastic and antiangiogenic properties.
We investigated the in vitro and in vivo activity of HNK against
breast cancer. HNK exhibited potent anti-proliferative activity
against breast cancer cell lines and enhanced the activity of
other drugs used for the treatment of breast cancer. In vivo,
HNK was highly effective against breast cancer in nude
mice. We identified two different effects of HNK on breast
cancer cells: cell cycle inhibition, observed at lower doses of
HNK, and induction of apoptosis, observed at higher doses
of the compound. Our data suggest that HNK is a systemically
available, non-toxic inhibitor of breast cancer growth and
should be examined for clinical applications.

Introduction

Honokiol (HNK) is a naturally occurring biphenyl which can
be extracted from either the root, stem bark or seed cone of
several Magnolia species (Fig. 1A) (1,2). HNK has long been
known to have antithrombosis, antibacterial and anxiolytic
effects (3-6). However, its antitumor activities have only
recently been described. In the promyelocytic cell line HL-60,
HNK induces differentiation, and shows cytostatic activity
(7-9), and in B-cell chronic lymphocytic leukemia (B-CLL)
and multiple myeloma, it induces caspase-dependent and
-independent apoptosis, enhances cell kill and overcomes
resistance to cytotoxic chemotherapy (10-12). HNK was also
shown to have potent cytotoxic activities against colon and
lung cancers, hepatoma and skin tumors (13-17). Interestingly,
HNK has also been shown recently to overcome the multi-
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drug resistance (MDR) of the breast cancer cell line MCF-7/
ADR (18). HNK is also a potent inhibitor of angiogenesis.
It inhibits endothelial proliferation and slows the growth
of angiosarcoma (19). These anti-angiogenesis effects are
attributed to HNK-induced suppression of vascular endo-
thelial growth factor receptor R2 (KDR) phosphorylation,
thus leading to inhibition of the mitogen-activated protein
kinase (MAPK) and the phosphatidylinositol 3-kinase (PI3-
kinase) pathways (19). Additional recognized activities of
HNK include cytochrome C release and increased cytosolic
free calcium (20-22).

Breast cancer is the most common malignant tumor
among females, affecting up to one in eight women (23). At
diagnosis, approximately 10% of newly diagnosed breast
cancer patients have locally advanced or metastatic disease;
and depending on the initial stage, tumor biology, and treat-
ment strategy, 20-85% of the patients who are diagnosed
with early breast cancer will later develop recurrent or meta-
static disease (24). Despite major advances in breast cancer
treatment, metastatic breast cancer remains essentially
incurable, and the median survival time is approximately 2
years. For patients with hormone receptor (HR)-negative or
HER2-negative disease and for those who developed endocrine
resistance, cytotoxic chemotherapy is the only therapeutic
option (24). The discovery of more potent and less toxic
therapies for breast cancer is therefore of major importance.

In this study, we report, for the first time, on in vitro and
in vivo activity of HNK in breast cancer, and show that these
activities are mediated via cell cycle inhibition and induction
of apoptosis. Furthermore, we demonstrate that HNK has
synergistic activity with histone acetylase inhibitors. Finally,
we demonstrate that HNK has activity against HR-negative
breast cancer in vivo. These results indicate that HNK is a
potential novel therapy for breast cancer.

Materials and methods

Extraction of pure HNK. HNK was purchased from Conba
Pharmaceutical (Zhejiang, P.R. China). HNK was purified to
homogeneity by flash chromatography on silica gel (hexane:
EtOAc, 85:15) The purified HNK was dissolved in ethanol
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Figure 1. HNK inhibits breast cancer cell proliferation. (A) Schematic representation of HNK structure. (B-F) Breast cancer cell lines were cultured in
medium containing the indicated doses of HNK. Viability was measured after 24 h of treatment, using the MTT assay. Results represent the mean + SD of
three independent experiments, performed in triplicate. Also shown is the LC50 for each cell line.

to form a stock solution of 75 mM, and further dissolved in
culture medium to form a working solution at the required
concentration.

Chemicals, antibodies and constructs. 4-Hydroxytamoxifen
(4-HT, Sigma Chemical Co., St. Louis, MO), doxorubicin
hydrochloride (Adriamycin®), paclitaxel (Taxol®), and SAHA
[kindly provided by Dr V.M. Richon (Merck & Co., White-
house Station, NJ)] were freshly diluted in growth media and
immediately added to cells along with HNK, at the indicated
concentrations. Cocktail of protease inhibitors (Comp) were
obtained from Roche Diagnostic, Alameda, CA. Benzoyl-
oxycarbonyl-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk)
(BD Pharmingen, San Diego, CA) was dissolved in DMSO and
used at a concentration of 50 yM. The antibodies used in this
study were: anti-p21 (H-164), anti-p27 (C-19), anti-cyclin D1
(H-295), anti-PARP (H-250), anti-BCL-2 (N-19), anti-Bad
(K-17) and anti-Bax (N-20), all from Santa Cruz Biotech-
nology, Santa Cruz, CA; anti-ERK and anti-phospho ERK
(BD Transduction Labs, San Jose, CA); anti-caspase 9
(9502), anti-caspase 8 (9746) and anti-caspase 3 (9668) (Cell

Signaling, Danvers, MA); anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Research Diagnostic Inc., Concord,
MA); anti-actin (Cal-biochem Ab-1); horseradish peroxidase-
conjugated anti-mouse IgG and anti-rabbit IgG (Amersham
Biosciences, Piscataway, NJ); and horseradish peroxidase-
conjugated anti-goat (sc-2020, Santa Cruz Biotechnology).

Cell lines. All cell lines were obtained from American Type
Culture Collection. The breast cancer cell lines used: MCF-7
and BT-474 cells were grown in DMEM medium containing
10% FCS; MDA-MB-231, SK-BR-3, MDA-MB-436, ZR-75-1
and T47-D cells were grown in RPMI medium containing
10% FCS. The glioblastoma multiforme cell lines (U343
and T98G) were maintained in DMEM medium containing
10% FCS.

Western blot analysis. Cells were harvested and lysed for
total protein extraction in a buffer containing 50 mM Tris-
HCI pH 7.4, 150 mM NaCl and 2% NP-40 together with a
protease inhibitor cocktail (Comp). Protein extract (50-150 pug)
was loaded on 4-15% polyacrylamide gels (Bio-Rad, Hercules,
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CA), separated electrophoretically and blotted from the gel
onto PVDF membrane. The membranes were then blocked
with a blocking buffer (5% non-fat dry milk in 1X TBST, i.e.
20 mM Tris-HCI, pH 7.6 containing 0.8% NaCl and 0.1%
Tween-20) at room temperature for 1 h. The membranes were
incubated with the primary antibodies in blocking buffer,
followed by incubation with HRP-labeled secondary antibodies.
Immunoactivity was detected with horseradish peroxidase-
conjugated secondary antibody and visualized by enhanced
chemiluminescence (Pierce, Rockford, IL). Quantification of
the results was performed using Alpha-Imager 2000 (Alpha
Innotech, San Leandro, CA).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) proliferation assay. Cells (3x10%/well) were
plated in 96-well plates, cultured in the appropriate culture
media containing 10% FCS, and treated with either control
vehicle or various concentrations of HNK, alone or with a
secondary drug, as indicated. All secondary drugs were
freshly diluted in growth media and immediately added
to cells along with the HNK. After 24 h of incubation at
37°C, 5% CO,, the cells were cultured for 4 h with 10%
MTT reagent (5 mg/ml; Sigma-Aldrich, St. Louis, MO). The
medium was aspirated, and the cells were dissolved by
dimethyl sulfoxide (DMSO). Absorbance of the formazan
product was measured by an enzyme-linked immunosorbent
assay reader (Macintosh).

Cell cycle assays. For cell cycle assays, 1x10° cells were
cultured in the appropriate culture media containing 10%
FCS, and treated with either control vehicle or various
concentrations of HNK as indicated for 24 h. Following
treatment, the cells were harvested, fixed in methanol and
stained with propidium iodide (PI, Abcam, Cambridge,
MA). Flow cytometry was performed at the Flow Cyto-
metry Core facility of Cedars-Sinai Medical Center, using
FACScan (Becton-Dickinson, Franklin Lakes, NJ).

Apoptosis analysis. For apoptosis analysis, 1x10° cells
were placed in the appropriate culture media containing
10% FCS, and treated with either control vehicle or various
concentrations of HNK for 24 h. Following treatment, cells
were harvested, and stained with PI and Annexin V, using
the Annexin V-PE Apoptosis Detection Kit I (BD Pharmingen,)
according to the manufacturer's protocol. Flow cytometry
was performed at the Flow Cytometry Core facility of Cedars-
Sinai Medical Center, using FACScan (Becton-Dickinson).
For studies using z-VAD-fmk to inhibit caspase activity,
cells were incubated with 50 yM z-VAD-fmk for 60 min
prior to addition of HNK.

Animal studies. All animals were maintained and animal
experiments were performed under NIH and institutional
guidelines established for the Animal Core Facility at the
Cedars-Sinai Medical Center. MDA-MB-231 cells were
harvested, washed twice with sterile PBS, counted and re-
suspended in Matrigel (BD Biosciences). Six-week-old
female athymic nude mice were injected subcutaneously in
both flanks with cells at a density of 1x10°¢ viable cells/100 pl.
The mice were treated with daily intra-peritoneal injections
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Figure 2. Glioblastoma multiforme cell lines are resistant to HNK treatment.
Glioblastoma multiforme cell lines were cultured in medium containing the
indicated doses of HNK. Viability was measured after 24 h of treatment,
using the MTT assay. Each experiment was conducted in triplicate and was
repeated at least three times.

of either HNK (2 mg/day) or vehicle control, suspended in
20% intralipid (Baxter Healthcare, Deerfield, IL) in a total
volume of 0.3 ml. Five mice were used in each group. Tumor
size was measured with a linear caliper for up to 5 weeks,
and the volume was estimated by using the equation V =
(a x b?) x 0.5236, where ‘a’ is the larger dimension and ‘b’
the perpendicular diameter.

Statistical analysis. Results are presented as mean + standard
deviation (SD). The study variables were compared between
two groups using t-tests. All significance tests were two-tailed
and a P-value of <0.05 was considered statistically significant.
The interaction between two drugs was also analyzed using the
additive model. A ratio between the observed and the predicted
viability was calculated for all combinations and a ratio <0.8
for the interaction was considered to be synergistic (25,26).

Results

HNK inhibits growth of breast cancer cells. Breast cancer
cells were treated with different concentrations of HNK for
24 h, and MTT assays were conducted to assess viability.
The selected cell lines have different phenotypes and different
expression patterns of the estrogen receptor (ER), HER2
and p53, and thus represent various subclasses of breast
cancer (27). All five cell lines showed dose-dependent
reduction in viability in response to HNK (Fig. 1B-F). The
concentration that reduced viability by 50% (LC50) ranged
from 50 uM for the ER-positive BT-474 cells to 29 uM for
the poorly differentiated SKBR-3 cell. Similar analyses were
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also conducted for two glioblastoma multiforme cell lines,
U343 and T98G. Over the same dose-range (10-70 yM),
both cell lines were resistant to HNK (Fig. 2).

HNK enhances the growth inhibitory activity of other thera-
peutic agents. We examined the effects of HNK on the anti-
proliferative activity of 5 drugs with different mechanisms of
action against 2 breast cancer cell lines: MCF-7 (ER-positive,
wild-type p53) and MDA-MB-231 (ER-negative, mutated
p53). The cells were treated for 24 h with various doses of
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Figure 3. HNK enhances the growth inhibitory activity of other therapeutic
agents. MCF-7 and MDA-MB-231 cells were treated with the indicated dose
of HNK either alone or in combination with a second drug. Viability was
measured after 24 h of treatment, using the MTT assay. Each experiment
was conducted in triplicate and was repeated at least three times, results
show the mean + SD. "P<0.05. The secondary drugs used in the study: (A
and B) SAHA (2 uM); (C) 4-hydroxytamoxifen (4-HT, 100 nM); (D and E)
doxorubicin (ADR, 300 nM); (F and G) paclitaxel (PAC, 250 nM).

HNK together with either a control vehicle or a fixed dose of
the additional drug; and viability was assessed by the MTT
assay. The drugs included: cytotoxic chemotherapeutic drugs
(paclitaxel, 250 nM; and doxorubicin 300 nM); 4-hydroxy-
tamoxifen (4-HT, 100 nM), an inhibitor of the estrogen path-
way; and the histone deacetylase inhibitor suberoyl anilide
bishydroxamide (SAHA, 2 uM). All these drugs have known
activity against breast cancer cells and were used at doses that
cause <50% growth inhibition (28-31). Significant increased
activity was observed for the combinations of HNK and
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Figure 4. In vivo activity of HNK against breast cancer cells. MDA-MB-231
cells were injected into both flanks of athymic nude mice. The mice were
treated with daily i.p. injections of either a vehicle (n=5) or HNK (2 mg/day,
n=>5) for 4 weeks. Tumor volume was measured weekly; tumors in the
experimental mice were significantly smaller (P<0.02) by 2 weeks from
treatment initiation.

paclitaxel, doxorubicin and SAHA (Fig. 3). Analysis of drug
interactions using the additive model identified synergistic
interaction for the combination of SAHA and HNK and an
additive effect for all other combinations. This synergistic

1533

effect of SAHA and HNK was also observed against the SK-
BR-3, ZR-75 and BT-474 breast cancer cell lines (data not
shown).

In vivo activity of HNK against human breast cancer. MDA-
MB-231 cells were injected on both flanks of nude mice
(1x10° cells per injection, 5 mice per group, 2 tumors per
mouse), and tumor growth was monitored weekly. These
cells were chosen based on their ability to easily form tumors
in nude mice (27) and their sensitivity to HNK. The mice
were treated with daily injections of either 2 mg HNK
(100 mg/kg) or a control vehicle for 4 weeks; and the tumors
were measured weekly. HNK treatment resulted in a complete
arrest of tumor growth (P<0.02 from week 2, Fig. 4).

HNK induces apoptosis in breast cancer cell lines. HNK has
been shown to induce apoptosis in a wide range of malignant
cell types (10-13). We analyzed its ability to induce apoptosis
and cell death in breast cancer cell lines. Studies in MCF-7
cells are shown. The cells were treated with HNK (60 yM
for 6 or 24 h) and apoptosis and cell death were assessed
using annexin V and PI staining (Fig. 5A). After 24 h of
HNK treatment, the number of annexin V-positive, PI-
negative cells increased significantly, from 1+0.5% to 16+£3%
(P<0.05, Fig. 5B). Western blot analysis revealed degradation
of poly(ADP-ribose) polymerase (PARP) and decreased levels
of caspase 8 following HNK treatment (Fig. 5C). Upregulation
of BAX was also noticed (85% increase at 40 uM compared
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Figure 5. HNK induces apoptosis in breast cancer cells. (A) MCF-7 cells were treated with HNK (60 M) for the indicated time. Following treatment, the
cells were harvested and stained for PI and annexin V, as described in Materials and methods. Representative results are shown. (B) Results of three
independent experiments (HNK 60 M, 24 h) are shown. "P<0.05. (C) MCF-7 cells were treated with HNK (20 or 40 M, 24 h), lysed and analyzed by

Western blotting for the expression of apoptosis-related proteins.
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Figure 6. HNK slows cell cycle in breast cancer cells. (A) MDA-MB-231 cells were treated with HNK (30 #M, 24 h) and analyzed for cell cycle using PI
staining, as described in Materials and methods. (B) The results of three independent experiments are shown. P>0.05 for the percentage of cells in S-phase in
the control compared to those treated with 30 M HNK. (C) MCF-7 cells were treated with HNK (30 M, 24 h) and analyzed for cell cycle using PI staining,
as described in Materials and methods. (D) Results of three independent experiments are shown. (E) MDA-MB-231 cells were treated with HNK (20, 40
or 60 M, for 24 h), lysed and analyzed by Western blotting for the expression of cell cycle related proteins. (F) MDA-MB-231 cells were treated with HNK
(20, 40 or 60 uM, for 24 h), lysed and analyzed by Western blotting for the expression of EGFR and total and phosphorylated ERK2, as well as $-actin.

to control, as analyzed by densitometry), but no significant
changes in BCL-2 or BAD levels were observed. Only partial
inhibition of apoptosis was observed following pretreatment
with z-VAD-fmk (data not shown).

HNK slows cell cycle in breast cancer cell lines. The effects
of HNK (10 or 30 uM HNK for 24 h) on cell cycle were

evaluated in MCF-7 and MDA-MB-231 cells. These doses of
HNK are less than the LC50 for both cell lines. HNK at
10 M and 30 M significantly reduced the number of MDA-
MB-231 cells in S-phase compared to control cells (15% and
10% versus 26%, respectively, P<0.005, Fig. 6A and B). A less
pronounced effect was observed for MCF-7 cells with 26%,
20% and 20% of the cells in S-phase in the control, 10 uM
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or 30 uM groups, respectively (Fig. 6C and D). Expression
of proteins involved in G1 cell-cycle regulation (32) was
examined in MDA-MB-231 cells using Western analysis.
HNK treatment (20, 40 and 60 yM HNK for 24 h) reduced
the levels of cyclin D1, and upregulated expression of the
cyclin-dependent kinase inhibitors, p27 and p21 (Fig. 6E).

HNK inhibits growth signaling pathways. In endothelial
cells, HNK inhibits the activity of the KDR receptor and its
downstream signaling cascades, the MAPK and the PI3K
pathways (19). In breast cancer, both pathways are activated
through the epidermal growth factor receptor (EGFR) (33).
This EGFR-mediated signaling is especially important in ER-
negative breast cancer; and its inhibition slows the growth
of ER-negative cells, such as MDA-MB-231 (33-35). We
analyzed the effects of HNK on the expression of the EGFR
and the activity of the MAPK and the PI3K pathways in the
MDA-MB-231 cells and found reduced expression of EGFR
and reduced phosphorylation of ERK?2 (extracellular signal-
regulated kinase 2) following exposure to HNK (Fig. 6F). No
significant change in AKT phosphorylation was observed
(data not shown).

Discussion

In this study we show, for the first time, in vitro and in vivo
activity of HNK against breast cancer cells. Growth inhibition
was observed in all breast cancer cell lines tested, regardless
of their HR, HER2 or p53 status, but it was not observed
for glioblastoma multiforme cells. Similar to other tumors
(7-20), our studies revealed LC50 at a range of 29-50 M for
breast cancer cell lines. Of interest, the lowest LC50 values
were observed for the HR-negative, p53-mutated MDA-
MB-231 and SK-BR-3 cell lines. The SK-BR-3 cell line
also expresses high levels of HER2. This observation is of
potential therapeutic importance, as HR-negative breast
cancers have a shortened survival compared with HR-positive
breast cancers. Moreover, chemotherapy is currently the
only therapeutic option for HR-negative, HER2-negative
(triple negative) breast tumors (27). Importantly, the doses
of HNK in this study do not affect the growth of normal
mononuclear cells, fibroblasts, lymphocytes (11,13,19) or
glioblastoma cells (present study). Thus, HNK effect seems
to be cell- and tumor-type specific.

We and others observed in vivo activity of HNK against
angiosarcomas (19), colon (13) and breast cancers (present
study) following i.p. administration of 100-120 mg/kg.
Previous pharmacological studies in mice and rats revealed
that HNK is readily absorbed following oral, i.v. or i.p.
administration, its serum half-life is >5 h, and its plasma
concentration is similar to the concentration needed to
induce in vitro cytotoxicity against breast cancer (36-39).
Moreover, HNK administration was well tolerated and no
weight loss or other major side effects were observed in
this and in previous other animal studies (13,19,37). Thus,
HNK administration, at effective doses to treat breast cancer,
seems to be safe and feasible.

In myeloma, HNK enhanced the activity of various cyto-
toxic drugs; and in B-CLL, it enhanced the activity of
bortezomib (10,11). We observed enhancement of activity
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of 4-HT and doxorubicin and paclitaxel by HNK, and using
the additive model (25,26,40,41), identified synergistic
activity for the combination of HNK and SAHA. SAHA is an
HDAC inhibitor, which has been shown to be active against
breast cancer cells, through induction of cell cycle arrest,
apoptosis and differentiation (29,42). Recent data suggest
that, independent of its activity as an HDAC inhibitor, SAHA
can also activate caspases and inhibit AKT phosphorylation
(42,43). Thus, SAHA may share common mechanisms of
action with HNK.

We identified two different effects of HNK on breast
cancer cells: cell cycle inhibition observed at lower doses of
HNK, and induction of apoptosis observed at higher doses of
the compound. Similar to previous reports, we observed both
caspase-dependent and -independent apoptosis following
HNK administration (10,11). HNK stimulated cleavage of
PARP and upregulation of expression of BAX, but did
not affect levels of BAD or Bcl-2. Upregulation of BAX was
also observed in B-CLL following HNK treatment, while
upregulation of Bad was observed in colon and lung cancers
(10,11,14,15). Thus, HNK may be involved in the activation
of different members of the Bcl-2 family in different tumors.

Our studies demonstrate that HNK slowed the cell cycle;
and its administration was associated with downregulation
of cyclin D1 and upregulation of the cell cycle inhibitors
p27 and p21. Cell cycle inhibition was observed at HNK
doses that were lower than the LC50 and were closer to the
expected plasma levels following i.p. HNK administration
(13,38). Indeed in our xenograft model, we observed arrest
of tumor growth but not tumor regression. Thus, the major
in vivo effects of HNK could possibly be attributed to
inhibition of growth modulating pathways, rather than
induction of apoptosis.

We observed HNK-induced downregulation of the EGFR
and inhibition of its downstream pathway, the MAPK cascade.
Overexpression and impaired downregulation of the EGFR
play an important role in cancer development (44,45); and
cancer therapy can induce its downregulation through
induction of ubiquitination or activation of caspases (46-48).
Our findings suggest downregulation of the EGFR as a novel
mechanism of action for HNK. In myeloma and angio-
sarcoma, the MAPK pathway was also inhibited by HNK,
but the effects of HNK on the expression of the upstream
receptors have not been determined (11,19). As we did not
observe increased ubiquitination of the EGFR (data not
shown), other mechanisms, such as caspase activation,
may be involved in HNK-induced EGFR downregulation.

In conclusion, we have shown that HNK induces apoptosis
and slows the cell cycle of breast cancer cells, and it is
systematically active against breast cancer in vivo. Moreover,
HNK was well tolerated by the animals in therapeutically
beneficial doses. These results suggest that HNK, either
alone or in combination with other drugs, may be an effective
therapeutic agent in the treatment of breast cancer.
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