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Honokiol targets mitochondria to halt cancer

progression and metastasis
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Cancer continues to be the leading cause of death worldwide. Plants have a long history of use
in the treatment of cancer. Honokiol (HNK) is an important bioactive compound found in the
bark of Magnolia tree, and has been shown to inhibit cancer growth and metastasis in many cell
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types in vitro and in animal models. Resistance to chemotherapy and radiotherapy is the major
obstacle for cure of cancer. Combination of HNK with many traditional chemotherapeutic
drugs as well as radiation sensitizes cancer cells to apoptotic death, suggesting that HNK not
only directly inhibits primary cancers and metastasis, but also has potential to overcome drug
resistance. Ultimately, this may mean that HNK could be combined with traditional chemother-
apies administered at lower doses to significantly reduce toxicity, meanwhile enhance efficacy.
As a natural compound, HNK is composed of polyphenols and has been described in many
studies targeting multiple key cell signaling molecules. Mitochondria are the main hub for
cellular energy production and play an important role in cell survival, and are the key target
identified for HNK to mediate cancer cell death, survival, and metastasis. In this review, we have
summarized different aspects of HNK’s anti-cancer effects from recent accumulated literature,
as well as the underlying molecular mechanisms. This review is primarily focused on the effects
of HNK on epidermal growth factor receptor (EGFR) and signal transduction and activator of
transcription 3 (STAT3) signaling, as well as the broader regulation of mitochondrial function

and cancer cell metabolism.
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1 Background

Cancer continues to be the leading cause of death worldwide.
Current estimates from the American Cancer Society and
from the International Union Against Cancer indicate that 12
million cases of cancer were diagnosed last year, with 7 mil-
lion deaths worldwide; these numbers are expected to double
by 2030 (27 million cases with 17 million deaths) [1]. Natural
products have been at the core of cancer chemotherapy for
the past several decades [1]. HNK is a key bioactive compound
present in Magnolia bark extracts, which has been used as a
folk remedy for centuries in China, South Korea, and Japan
to treat gastrointestinal disorders, cough, anxiety, stroke, and

lular Carcinoma; CNS, central nervous system; ROS, Reactive
oxygen species; AMPK, AMP-activated protein kinase; MTAs,
Mitochondria-targeted agents; TPP+, Triphenylphosphonium ion;
ATP, adenosine triphosphate
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allergic diseases [2]. Magnolia bark extract was found to be
nontoxic in both short-term toxicity and subchronic toxic-
ity studies [3]. No toxicity (i.e. body weight loss, mean daily
food intake decrease, altered hematological values, serum bio-
chemical values, and tissue pathologic changes) was observed
when Sprague-Dawley rats were given HNK intravenously
at doses ranging from 20 to 80 mg/kg body weight, once a
day for 14 days [4]. Furthermore, HNK exhibit protective ef-
fects on chemical-induced hepatocyte [5] and neuronal injury
models [6].

HNK has been reported to have a variety of broad mecha-
nisms of action, such as anti-inflammatory activity [7,8], along
with antiangiogenic [9] and cardio-beneficiating [7,10,11], and
neuroprotective activity [6], without appreciable toxicity. HNK
has also been identified as a naturally occurring PPAR-y ago-
nist; however, HNK does not appear to trigger adipogenesis-
one of the primary side effects of other PPAR-y agonists. In
line with this, long-term consumption of HNK ameliorates
body fat accumulation and insulin resistance [12]. In recent
years, HNK has also been demonstrated as a potential antitu-
mor agent in many cancer types.

2 Pharmacokinetics and metabolites

As previously reviewed [13], HNK has a rapid absorption
(Tmax = 20min) and slow elimination (t;),, = 290min) af-
ter single dose of oral gavage at 40 mg/kg in healthy rats
[14]. In a slimier study, rats were administrated with oral ad-
ministration of Magnolol/HNK emulsion (4:1) at 50 mg/kg,
HNK attained peak plasma concentration at 1.2 h, and half-
life was 3.1 h, and the absolute bioavailability for HNK is
calculated as 5.3% [15]. HNK distributed into the organs
rapidly after oral administration in rats, with the highest
concentrations being found in the liver, followed by brain
and kidney [14], which is inconsistent with the finding in
tumor-bearing mice, where highest Cp., found in liver,
but followed with kidney and lung [10], this may due to
the species variation and also tumor-burdened mice may
also affects drug distribution. Another study using iv ad-
ministration of HNK, and found the organ distribution is
in the order of: lungs > plasma > liver > brain > kid-
ney > heart > spleen, and most importantly, reported for
the first time that HNK can effectively cross both blood—
brain barrier (BBB) and blood—cerebrospinal fluid barrier
(BCSFB). Metabolites of HNK were also intensively stud-
ies in recent years, liver is the major place for HNK’s in
vivo biotransformation, over 50 different metabolites were
found using “C labeling approach [17-19], glucuronida-
tion and sulfation are the main metabolic pathways for
HNK [20], this extensive biotranformation of HNK may
partially responsible for the low bioavailability, and fur-
ther studies are warranted on whether these HNK metabo-
lites has any biological activity, and whether these conjuga-
tion extend HNK’s half-life and maintaining its biological
properties [20].
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3 Anticancer function of honokiol

HNK has been shown to effectively inhibit cell prolifera-
tion across multiple cancer cell lines in tissue culture and
in xenographs. As reviewed previously [21], the range of
disease sites that HNK appears to show efficacy against is
broad, including bladder cancer, head and neck squamous
cell carcinoma (HNSCC), chondrosarcoma, gastric cancer,
pancreatic cancer, hepatocellular carcinoma, prostate cancer,
colorectal cancer, oral cancer, and leukemia. In addition to
its rapid absorption in multiple organs, HNK is also capa-
ble of crossing the BBB [16], which has made this natu-
ral product effective against cancers of the central nervous
system, when many standard drugs are ineffective or less
effective due to inability to cross the BBB [16]. In most of
these studies, induction of cancer cell apoptosis is believed
to be the primary means by which HNK acts to inhibit tu-
mor growth. There are several potential molecular means by
which HNK induces apoptosis, which may partially be de-
pendent on the cell line or disease site tested. HNK promotes
human glioblastoma cancer cell apoptosis via regulation of
Ca(2+) channels, and also induces apoptotic death in neu-
roblastoma cells through a Bax-mitochondrion-cytochrome
c-caspase protease pathway [22]. In a rat intracerebral gliosar-
coma model, oral administration of HNK was demonstrated
to reduce brain tumor growth by 50%, resulting in signifi-
cantly improved overall survival [16]. HNK is also reported
to be highly effective in inhibiting melanoma cancer cells
growth by attenuating AKT/mammalian target of rapamycin
(mTOR) and Notch signaling [23], and topical treatment
with HNK protects skin against ultraviolet B (UVB) - in-
duced or 7,12-dimethylbenz[alanthracene (DMBA) / 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced skin cancer,
delays the malignant progression of papillomas to carcino-
mas, and reduces skin tumor incidence by 40% [24].

Lung cancer is one of the most difficult to treat cancers;
5-year survival rates have remained near 15% for the past
several decades. HNK has been reported to inhibit class I hi-
stone deacetylases [25], results in the cell cycle arrest, which
ultimately leads to cell death in multiple non-small cell lung
cancer (NSCLC) cell lines in tissue culture. In addition, HNK
by oral administration significantly inhibited the growth of
xenografted tumors produced by S.C. injection of A549 hu-
man lung adenocarcinoma cells into athymic nude mice [26].
HNK also triggers apoptotic death in human lung squamous
cell cancer (SCC) cells by modulation of Bcl-XL and Bad pro-
teins, release of mitochondrial cytochrome c and activation
of caspase-3 [27]. We were the first to demonstrate that HNK
is a potent chemopreventive agent against lung SCC devel-
opment in a carcinogen-induced lung SCC murine model
[28]. Our study also demonstrated for the first time that HNK
may directly target the mitochondria. HNK treatment results
in a decreased oxygen consumption rate (OCR) in whole
intact cells, rapidly, and persistently inhibiting mitochon-
drial respiration, which leads to the induction of apoptosis in
lung cancer cells and ultimately attenuates lung squamous
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carcinoma growth in a chemically induced lung SCC murine
model [28].

4 Honokiol as a chemo- and radio-
sensitizer

Chemotherapy and radiotherapy remain the major treatment
options for many types of cancer, however, the emergence
of drug-resistant cancer cells and strong side effects of these
cytotoxic chemotherapies have greatly limited their clinical
efficacy. It is therefore imperative to develop novel strategies
to overcome chemoresistance in cancer, while reducing tox-
icity of chemotherapeutic drugs to enhance their antitumor
efficacy.

Recent studies have revealed several critical survival sig-
naling elements that are important not only for cancer pro-
gression, but which also confer chemoresistance. Some of
these signaling pathways include mediators such as Ras, Akt,
and nuclear factor kappa B (NF-kB) [29-31]. Ithas been shown
that targeting some of these signaling nodes can be useful in
inhibiting tumor growth and progression as well as in restor-
ing the sensitivity of tumor cells to the cytotoxic drugs [32,33].
The striking aspect of HNK as an anticancer drug is its po-
tential to inhibit multiple important survival pathways, such
as NF-kB and Akt [34, 35]. Therefore, various studies were
conducted to investigate the possibility of HNK as sensitizer
for traditional chemotherapy or radiotherapy (Summarized
in Table 1).

Combined treatment with HNK and paclitaxel synergisti-
cally augmented cytotoxicity in the multi-drug resistant hu-
man squamous cancer cell line KB compared with treatment
with either agent alone in vitro [36]. Importantly, this com-
bined treatment significantly inhibited in vivo growth of KB-
8-5 cervical tumors in a xenograft model [36]. HNK also ef-
fectively sensitizes tumor necrosis factor a (TNFa)-induced
apoptosis by inhibiting TNFa-induced nerve growth factor
IB expression in breast cancer cells [37]. The combination
of HNK with cisplatin exhibits enhanced antitumor activity
against human lung cancer in a human lung tumor cell line
(A549) xenograft model, human ovarian carcinoma mouse
model, and colon cancer models [26]. Oxaliplatin is another
platinum-based chemotherapeutic drug, widely used in the
treatment of colorectal carcinomas, and clinically is not well
tolerated due to its toxicity, especially dose-related neurosen-
sory toxicity [38]. HNK could significantly enhance the anti-
proliferative effects of oxaliplatin in human colon cancer cells,
while exhibiting no toxicity to normal human colonic epithe-
lial cells (HCoEpiCs) [39]. Oxaliplatin combined with HNK
also dramatically improved the induction of apoptosis in a hu-
man colorectal adenocarcinoma cell line (HT-29) and reduced
prostaglandin E2 (PGE2) and vascular endothelial growth fac-
tor (VEGF) secretion levels [39]. Therefore, HNK can enhance
the chemotherapeutic effect of oxaliplatin, while reduce its ad-
verse effects by allowing lower doses of oxaliplatin to be used
with greater efficacy.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Gemcitabine, a standard U.S. Food and Drug Adminis-
tration (FDA) approved drug for pancreatic cancer therapy,
is reported to be minimally effective, and improves patient
survival on the order of weeks only [40]. HNK significantly
potentiates the cytotoxic effects of Gemcitabine, in part, by
restricting the Gemcitabine-induced nuclear accumulation
of NF-kB in the treated pancreatic cancer cell lines [41]. HNK
combined with gemcitabine also was found to synergistically
inhibit the proliferation of human Burkett lymphoma cells
and induces their apoptosis [42].

Temozolomide (TMZ) is an alkylating chemotherapeutic
agent that is currently used for the treatment of glioblastoma
[43,44]. The therapeutic benefit of TMZ depends on its abil-
ity to alkylate/methylate nucleic acids. Glioma cancer stem
cells upregulate O®-methylguanine-DNA methyltransferase
(MGMT), a DNA repairing enzyme to remove TMZ-DNA
adduct, which may diminish the therapeutic efficacy of TMZ
and confer the resistance to TMZ therapy [45, 46]. Combina-
tion of TMZ with HNK significantly enhances the induction
of apoptosis, downregulation of Notch3 and its downstream
expression of Hes1 in glioma cancer stem cells, and sensi-
tizes TMZ-resistant cancer cells, suggesting that HNK might
have clinical benefits for the glioblastoma patients who are
refractory to TMZ treatment [47].

The combination of HNK plus cetuximab, another FDA-
approved EGFR inhibitor for HNSCC, significantly enhanced
growth inhibition in HNSCC cells [48]. Erlotinib-resistant
HNSCC cells retain sensitivity to the growth inhibitory effects
of HNK, suggesting that HNK may be an effective therapeutic
agentin HNSCC, in which it can augment the effects of EGFR
inhibitors and overcome EGFR inhibitor resistance [48]. Com-
bination of HNK with adriamycin, or EGFR inhibitor lapa-
tinib, or mTOR inhibitor rapamycin presented synergistic ef-
fects on induction of apoptosis breast cancer cells [49]. HNK
alone also is effective against both adriamycin-resistant and
tamoxifen-resistant breast cancer cell lines [50].

HNK, was also found to effectively radiosensitize colorec-
tal cancer cells both in vitro and in vivo [51] Using mis-
match repair defective (HCT116) and proficient (HCT116-
CH3) colorectal cancer cell lines, combination of HNK and
y-irradiation treatment shows that HNK is highly effective
in radiosensitizing colorectal cancer cells, especially those
with a mismatch repair defect [52]. The radiosensitizing ef-
fect of HNK on lung carcinoma was also investigated by using
liposomal HNK in Lewis lung carcinoma cells (LL/2) both in
vitro and in vivo, treatment with Lipo-HNK for 24 h showed
a radiation enhancement ratio of 1.9 compared to radiation
treatment alone, and also caused an 8.7 day delay in tumor
growth [53].

5 Anti-metastatic function of honokiol
HNK exhibits a biphasic pharmacokinetic profile, character-
ized by rapid distribution to major organs in the following

order: lungs > plasma > liver > brain > kidney > heart >
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Table 1. Honokiol as a chemo and radiation sensitizer
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Chemo/radio Cancer types Effects Reference

therapeutics

Paclitaxel Multi-drug resistant human cervical squamous Synergistically augmented cytotoxicity [37]
Cancer

TNF-« Breast cancer Synergistically induced apoptosis [38]

Cisplatin Human lung cancer colon cancer, ovarian Synergistically inhibited angiogenesis and [27,68,115]
carcinoma induced apoptosis

Oxaliplatin Human colorectal adenocarcinoma Significantly enhanced the anti-proliferative [40]

Gemcitabine

Temozolomide
(TMZ)

Cetuximab
Adriamycin
Lapatinib

Rapamycin
Radiation

Human pancreatic cancer, human Burkett
lymphoma

Human glioblastoma

Head and neck squamous cell carcinoma

Human breast cancer

Human breast cancer cell line SKBR-3

Human breast cancer
Human colon cancer

Human colon cancer

Lewis lung carcinoma

effects of oxaliplatin and improved the
induction of apoptosis, while exhibiting no
toxicity to normal human colonic epithelial
cells
Significantly potentiated the cytotoxic effects of [42,43]
Gemcitabine

Significantly enhanced the induction of [48]
apoptosis sensitizes TMZ-resistant cancer
cells.

Enhanced the growth inhibitory activity [49]

of cetuximab

Synergistic suppression of tumor progression  [49]
in vitro and in vivo

Synergistic cell growth inhibition and induction [51]
of apoptosis

Synergistic induction of apoptosis [561]
Significantly reduced tumor burden [52,115]
Highly effective in radiosensitizing [63]

colorectal cancer cells, especially those with
a mismatched repair defect

Enhanced radiation treatment and delayed [54]
tumor growth

spleen, followed by a slower elimination phase [54,55]. There-
fore, its’ potential anti-metastatic activity was also explored by
multiple groups (Summarized in Table 2), with the majority
of these studies being conducted at the in vitro tissue culture
level. Treatment with HNK significantly reduces the adhesion
of glioblastoma cells (T98G) to human umbilical vein en-
dothelial cells (HUVECs), and inhibits the invasion of T98G
cells [56]. HNK inhibits cancer cell migration by targeting
nitric oxide and cyclooxygenase-2 or Ras GTPase-activating-
like protein (IQGAP1) [57]. HNK can induce autophagy of
neuroblastoma cells and consequent apoptosis through acti-
vating the PI3K/Akt/mTOR and ERS/ROS/ERK1/2 signaling
pathways and suppressing cell migration [58]. Renal cell car-
cinoma (RCC) is another form of cancer that is known to have
a high risk of metastasis [59]. HNK suppresses the multistep
process of RCC metastasis, including invasion and colony for-
mation, by activation of KISS1/KISS1R signaling, suggesting
HNK may be a natural agent against RCC metastasis [60].
Many studies demonstrate that HNK can reverse the
epithelial-mesenchymal-transition (EMT) process, which is
a key step during embryogenesis, cancer invasion, and
metastasis, and is an attractive target for therapeutic inter-
ventions directed against tumor metastasis [61, 62]. HNK
treatment significantly downregulates Calreticulin (CRT) in
highly metastatic gastric cancer cell lines grown in vitro
and metastatic animal by activating endoplasmic reticulum

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(ER) stress, and blocking EMT. HNK also inhibits EMT in
breast cancer cells, results in significant downregulation of
mesenchymal marker proteins and concurrent upregulation
of epithelial markers [63]. Experimental EMT induced by ex-
posure to TGF-B and TNF-a in spontaneously immortalized
nontumorigenic human mammary epithelial cells can be
completely reversed by HNK treatment as evidenced by mor-
phological as well as molecular changes [64]. HNK effectively
blocked human glioblastoma cell U87MG invasion by reduc-
ing membrane permeability and the EMT [65]. HNK reduced
the expression levels of Snail, N-cadherin and B-catenin,
which are mesenchymal markers, but increased E-cadherin,
an epithelial marker, resulting in the inhibition of metasta-
sis by targeting the interaction between U87MG and bone
marrow microvascular endothelial cells (BMECs), regulating
the adhesion of U87MG to BMECs by inhibiting VCAM-
1, and regulating the invasion of U87MG through BMECs
by reducing membrane permeability and EMT processes of
U87MG cells [65]. HNK inhibits NSCLC cell migration by
targeting PGE2-mediated activation of B-catenin signaling
[66]. Leptin, a major adipocytokine produced by adipocytes, is
emerging as a key molecule linking obesity with breast can-
cer, and it is important to find effective strategies to an-
tagonize oncogenic effects of leptin to disrupt the obesity-
cancer axis [67,68]. Recent studies on breast cancer cells pro-
vide evidence that HNK is a potential leptin-antagonist, which

www.mnf-journal.com
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Table 2. Anti-metastatic function of Honokiol
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Cancer types Effects Reference
Brain Significantly reduced the adhesion of glioblastoma cells (T98G) to human umbilical vein [55]
endothelial cells (HUVECs), and inhibited the invasion of T98G cells
Inhibited migration of neuroblastoma cells [67]
Inhibited invasion process of UB7MG human glioblastoma cells through brain microvascular [64]
endothelial cells (BMECs) by reducing membrane permeability and EMT processes of UB7MG
cells
Renal Suppressed invasion and colony formation by activation of KISS1/KISS1R signaling [59]
Suppressed renal cancer cells ' metastasis via blocking EMT and suppressing cancer stem cell  [70]
(CSC) characteristics
Lung Significantly inhibited tumor-associated lymphangiogenesis and metastasis with a remarkable [73]
delay in tumor growth and prolonged life span
Inhibited in vitro cell migration by targeting PGE2-mediated activation of B-catenin signaling [65]
Gastric Significantly downregulated Calreticulin (CRT) in highly metastatic gastric cancer cell lines [62]
grown in vitro and metastatic animal by activating endoplasmic reticulum (ER) stress, and
blocking EMT. Also inhibited EMT in breast cancer cells, results in significant downregulation
of mesenchymal marker proteins and concurrent upregulation of epithelial markers
Significantly decreased tumor growth, peritoneal dissemination, and peritoneum or organ [63]
metastasis by induction of ER stress
Breast Inhibited migration by targeting nitric oxide and Cox-2 or Ras GTPase-activating-like protein [56]

(IQGAP1)

Inhibited leptin-, TGF-B- or TNF-a-induced EMT, cell migration, and invasion in vitro and in vivo, [63,68,69]
along with a reduction in the expression of stemness factors

Bone No inhibition on the primary tumor, but reduced lung and liver micrometastases and [72]
macrometastases by 69 and 80%, respectively
Inhibited the growth of metastatic human prostate cancer cells grafted into bone [74]

inhibits leptin-induced EMT, and mammosphere-formation
along with a reduction in the expression of stemness fac-
tors, Oct4, and Nanog, and more strikingly, inhibits leptin-
induced breast cancer cell migration invasion and leptin-
induced breast-tumor-xenograft growth by upregulating miR-
34a in an LKB1-dependent manner [69]. Mechanistic studies
revealed that HNK inhibits phosphorylation and activation
of key molecules of leptin-signaling pathways, such as Wntl
and B-catenin [70]. HNK was also reported to suppress renal
cancer cells * metastasis via blocking EMT and suppressing
cancer stem cell (CSC) characteristics [71].

HNK’s anti-metastatic function has been further tested in
several mouse models. HNK significantly decreased tumor
growth, peritoneal dissemination, and peritoneum or organ
metastasis of orthotopically implanted human gastric cancer
MKN-45 cells by induction of ER stress [72]. HNK-treated
tumors showed increased signatures such as E-cadherin,
cytokeratin-18 and ER stress marker, and decreased expres-
sion of vimentin, Snail and tumor progression locus 2 (Tpl2)
[72]. Antimetastatic activity of HNK in osteosarcoma was
tested in syngraft C3H mice model subcutaneously injected
with LM8 osteosarcoma cells, daily intraperitoneal treat-
ment of mice with HNK showed no inhibition on the pri-
mary tumor, however, treatment reduced the number of mi-
crometastases and macrometastases in both lung and liver
by 69 and 80%, respectively [73]. The authors concluded
that HNK has considerable potential for the treatment of
metastasizing osteosarcoma. Lymph node metastasis of tu-
mor could be a crucial early step in the metastatic process [74].

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Liposomal HNK significantly inhibited tumor-associated
lymphangiogenesis and metastasis in a Lewis lung carci-
noma orthotopic model, which was also associated with a re-
markable delay in tumor growth and prolonged life span [74].
In an experimental prostate cancer bone metastasis murine
model, androgen-independent prostate cancer cell PCa, C4-2
cells were implanted directly into the bones of mice. Daily
intraperitoneal (i.p.) injection of HNK inhibited the growth
of metastatic human prostate cancer cells grafted into bone,
while also suppressing serum prostate-specific antigen (PSA),
abroad circulating marker that can be associated with prostate
cancers [75]. These findings have increased interest in bring-
ing HNK to the clinic as a novel chemotherapeutic agent.
HNK, either alone or in combination with other therapeutics,
has the potential to become a new, promising approach for
cancer treatment based on its ability to inhibit both primary
and metastatic tumors, overcome drug resistance, and dimin-
ish toxicity associated with high dose usage of chemothera-
peutic drugs.

6 Molecular mechanism of actions
of honokiol

The molecular mechanisms of action of HNK have been de-
scribed in many research as well as review papers. HNK
is a natural compound composed of polyphenols that tend
to have many potential targets, so all the suggested mecha-
nisms of action of HNK could be physiologically relevant (as
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Table 3. Molecular mechanisms of HNK in cancers
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Tissue types Molecular targets

Effects

HNSCC, breast cancers EGFR phosphorylation

HCC, breast cancers, lung cancers STAT3 phosphorylation

Brain metastatic lung cancers STAT3 phosphorylation

Lung cancers Mitochondria

HNK binds to EGFR, inhibits HNSCC progression
through inhibition of EGFR-mTOR signaling
pathway (25) HNK inhibited HNSCC and breast
cancer progression through inhibition of EGFR
phosphorylation [26, 27]

HNK inhibited HCC, breast cancers, and lung
cancers progression through inhibition of STAT3
phosphorylation [28,29]

HNK inhibited STAT3 phosphorylation and STAT3
knock-down abrogates the anti-metastatic
effects of HNK in brain metastatic lung cancer
cells both in-vitro and in-vivo (to be published)

HNK inhibited lung cancers through
mitochondria-mediated apoptosis via AMPK
activation (34)

Brain metastatic lung cancers Mitochondrial complex | subunits HNK inhibited lung cancer brain metastasis in-vivo

through inhibition of mitochondrial complex |
subunits expression (to be published)

shown in Table 1). However, many research papers used non-
physiologically achievable doses to show the effects of HNK
in-vitro and in-vivo mouse models, so it is also possible that
some of the suggested mechanisms of actions of HNK may
not work in humans. Nevertheless, HNK has been described
as nontoxic and safe natural agents with superior effects in
many types of cancers, including late stage cancers. In this
review, we will focus on the effects of HNK in EGFR, STATS3,
and especially mitochondrial function that recently have been
shown to be a target of HNK in both primary and metastatic
cancers (Summarized in Table 3).

6.1 Effects of HNK in the inhibition of EGFR
signaling pathway in cancers

EGEFR is 170 kDa transmembrane receptor tyrosine kinases
(RTKs) that are frequently deregulated in many types of
cancers via either mutation or over-expression [76]. Over-
expression or activating mutations in EGFR can lead to abnor-
mal metabolism, increased cell proliferation, and cell survival
through activation of the downstream mitogen-activated pro-
tein kinase (MAPK) and v-akt murine thymoma viral onco-
gene homolog 1 (AKT) signaling pathways [77-81]. It is also
estimated that 40-50% of lung cancer patients and signifi-
cant number of other types of cancer patients develop brain
metastasis during a typical course of the disease [82, 83].
HNK has been shown to inhibit EGFR signaling path-
way through either inhibition of EGFR expression [84] or
inhibition of EGFR phosphorylation [48, 85]. Singh, et al. [84]
demonstrated that HNK inhibits HNSCC in both in-vitro and
in-vivo xenograft mouse models via inhibition of EGFR ex-
pression. They also demonstrated HNK has better binding
affinity to EGFR than EGFR tyrosine kinase inhibitor, gefi-
tinib, via molecular docking analysis thereby inhibiting EGFR

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

phosphorylation and its downstream signaling pathways such
as the mTOR signaling pathway [84]. In addition, two other
groups have shown that HNK inhibits HNSCC and breast
cancer progression via inhibition of EGFR phosphorylation
without affecting EGFR expression [48,85]. The only available
therapies to address central nervous system (CNS) metastases
include whole brain/CNS irradiation or surgical resection in
eligible patients, and treatment with anti-EGFR agents in pa-
tients with EGFR mutations [82]. These therapies are purely
palliative and have significant toxicity. Therefore, HNK treat-
ment could be a potential way to treat EGFR-driven cancers as
well as metastatic cancers with greater efficacy with minimal
side effects.

6.2 Effects of HNK in STAT3 signaling pathway
in cancers

STATS3 (signal transducer and activator of transcription 3) is
a well-known oncogene that is regulated by receptor tyrosine
kinases (Fig. 2), G-protein-coupled receptors, and interleukin
families via phosphorylation. Phosphorylated STAT3 under-
goes dimerization and translocation to either the nucleus or
mitochondria to mediate its activity resulting in enhanced cell
proliferation, survival, and invasion for many cancer types
[86,87]. STAT3 can also localize into the mitochondria and
mediate mitochondrial biogenesis [88, 89].

STAT3 is a major downstream mediator of many signal-
ing pathways involved in cancers. In fact, STAT3 is one of
the key downstream mediators of EGFR signaling pathways
[90-93]. Several mechanisms of action have been suggested
for HNK as discussed, STAT3 has recently been demon-
strated as another potential target of HNK [64, 94]. There
is no evidence that HNK directly regulates STAT3 activity,
but it is likely that HNK regulates STAT3 activity via either
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EGFR or other receptor tyrosine kinases such as Tropomysoin
receptor tyrosine kinases (Trks), hepatocyte-derived growth
factor receptor (HGFR), and interleukins (ILs) [95-98]. We
also observed that the anti-proliferative and anti-invasive ef-
fects of HNK are mediated by inhibiting STAT3 activity in
both EGFR-dependent and EGFR-independent manner (un-
published observations). HNK inhibited STAT3 phosphory-
lation, nuclear translocation, and DNA binding of STAT3
in either an EGF or JAK1/2-dependent manner, which re-
sulted in the inhibition of hepatocellular carcinoma (HCC)
cell proliferation and survival [94]. Also, HNK-treated HCC
cells exhibited downregulation of STAT3 target genes, such
as Cyclin D1, Bcl-2, Bd-xL, Mcl-1, surviving, and VEGF com-
pared to that of vehicle control treated HCC cells [94]. Another
study showed that HNK inhibited proliferation, migration,
EMT, and invasion of breast cancer cells (MCF7 and MDA-
MB-213) through the inhibition of STAT3 phosphorylation
[64]. Epithelial markers, such as fibronectin and vimentin
were downregulated by HNK treatment while mesenchymal
markers such as cytokeratin 18 (CK-18) and occludin were
upregulated by HNK treatment in breast cancer cells [64].
In a recent study, we demonstrated that HNK treatment
suppresses mitochondrial respiration and increases gener-
ation of reactive oxygen species (ROS) in the mitochondria,
leading to the induction of apoptosis in lung cancer cells
[28]. Specifically, HNK was found to inhibit mitochondrial
complex I activity, stimulate ROS generation, AMPK (AMP-
activated protein kinase) activation, and to inhibit both nu-
clear (p-STAT3"%) and mitochondrial STAT3 phosphoryla-
tion (p-STAT3%%) in lung cancer cells. Moreover, STAT3
knockdown abrogated the anti-proliferative and anti-invasive
effects of HNK in brain metastatic lung cancer cells (un-
published observations). Bioenergetic analysis via Seahorse
experiment indicated that STAT3 knocked-down lung cancer
cells have low oxygen consumption rate (OCR) compared to
that of control vector lung cancer cells (unpublished observa-
tions). Therefore, we believe that HNK inhibits lung cancer
brain metastasis via inhibition of mitochondria complex I-
STAT3 signaling pathway (Fig. 2). These new discoveries,
for the first time, link regulating STAT3-mitochondrial com-
plex I activity as a key mechanism of action of HNK in can-
cer chemoprevention and cancer therapeutics (unpublished
observations).

6.3 Effects of HNK in mitochondria function

Mitochondria are the main hub for cellular energy produc-
tion and play an important role in cell survival. Many stud-
ies described the important functional roles of mitochon-
dria in cancers and new work is increasingly suggesting
that the role of mitochondria and metabolic changes in can-
cer extends beyond the observed Warburg effect. Mutations,
dysregulated mitochondrial mass, and functional defects in
mitochondria are associated with and can cause cancerous
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phenotypes [99-101]. In addition, chemical agents that tar-
get mitochondrial function have been shown effective in the
treatment of cancers. Mitochondrial dysfunction also has
been demonstrated as a resistance mechanism to chemother-
apeutic agents in cancers.

HNK has been shown to inhibit mitochondrial func-
tion [28, 102-104]. The importance of mitochondrial func-
tion in tumorigenesis and metastasis has been empha-
sized [105, 106]. Recently, Li et al. [103] demonstrated that
HNK induces mitochondrial permeability transition of pore-
mediated cell death in various types of cancer cells. Also, the
ability of HNK to cross the BBB and induction of apoptosis
in neuroblastoma cells through mitochondrial-mediated cy-
tochrome C and cleaved caspase-3,6 and 9 were demonstrated
[103]. Activation of mitochondrial deacetylase sirtuin 3 (Sirt3)
has also been reported to be regulated by HNK [104]. HNK can
bind Sirt3 and block cardiac hypertrophy in a mouse model
that naturally develops cardiac hypertrophy over time [89].
Sirt3 has been suggested as a tumor suppressor that plays an
important function in mitochondria-mediated metabolism
[107,108]. Our group recently demonstrated that HNK in-
hibits lung tumorigenesis via inhibition of mitochondrial
function both in-vitro and in-vivo mouse lung SCC model
[28]. We demonstrated that HNK treatment suppresses mi-
tochondrial respiration and increases generation of ROS in
the mitochondria, leading to the induction of apoptosis in
lung cancer cells [28]. Also, HNK treated mice showed sig-
nificantly lower mitochondrial complex I related gene expres-
sion levels compared to that of mice treated with control
vehicle (unpublished observations). The fact that HNK’s ef-
fect is primarily mediated by inducing apoptosis through a
mitochondrial-dependent mechanism provides a supportive
rationale for the idea that conjugating to a targeting agent
that will drive HNK to the mitochondria can dramatically
increase its preventive and therapeutic efficacy. Our unpub-
lished data demonstrate that a mitochondria-targeted HNK is
a significantly more potent inhibitor of lung cancer cell pro-
liferation and metastasis than HNK. Mitochondria-targeted
agents including mitochondria-targeted HNK that target can-
cer mitochondrial bioenergetics are promising for inhibiting
tumor growth and appear to be less toxic to normal cells
[109,110]. Increased negative plasma membrane and mito-
chondrial transmembrane potentials in cancer cells facili-
tate the selective accumulation and retention of delocalized
lipophilic cations (DLC) such as Rhodamine 123 [109, 110].
Several mitochondria-targeted agents (MTAs) containing a
triphenylphosphonium ion (TPP*) attached to various bioac-
tive molecules (e.g., Mito-CP, Mito-Vit-E, and Mito-Q) de-
creased ATP levels more selectively in cancer cells com-
pared to normal cells, and inhibited cancer cell proliferation
at nontoxic sub-micromolar levels [109-111]. Although tu-
mor cells rely on aerobic glycolysis as the major source of
adenosine triphosphate (ATP) to fuel cell proliferation (the
Warburg effect), there is increasing evidence demonstrating
that mitochondria are indeed functional in most tumor cells
[99,112-114]. Detailed profiling of cellular bioenergetics has
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Figure 1. Chemical structure of honokiol.

recently provided new insight on the critical role of mitochon-
drial metabolism in tumor cells [112,115].

7 Summary

HNK is a natural compound that exhibits anticancer effects
with the ability to penetrate the BBB. HNK have been demon-
strated to have wide range of molecular targets that may de-
pend on the treated cell and tissue type. Unlike other chemo-
preventive or chemotherapeutic agents, HNK has no known
side effects and no substantial reported toxicities- making
this agent a potentially good clinical candidate. In this re-
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view, we have summarized the anticancer, chemo/radio-
sensitizing, and anti-metastatic effects of HNK in different
types of cancers. First, HNK treatment inhibited glioblas-
toma, melanoma, and lung cancer progressions via primarily
inducing apoptosis through regulation of Ca+2 channels,
AKT/mTOR pathway, and mitochondrial-dependent path-
ways. Second, HNK treatments increased the efficacy of
both chemotherapy and radiotherapy in many types of can-
cers. Third, HNK showed superior anti-metastatic effects in
in-vitro and in-vivo glioblastoma, breast and lung cancers
through inhibition of PI3K/Akt/ mTOR, EMT, and Wnt sig-
naling pathways. Recent unpublished works from our lab also
suggest that HNK is effective against established lung cancer
cell metastasis present in the brain, and can also prevent lung
cancer cell metastasis to the brain in mouse models. In addi-
tion, we summarized many of the molecular mechanisms of
HNK in cancers elucidated to date. HNK have been demon-
strated to inhibit the EGFR signaling pathway via inhibition
of either EGFR expression or EGFR phosphorylation in HN-
SCC and breast cancers. Also, STAT3 has been suggested as
a target of HNK in HCC, breast, and lung cancers. Unpub-
lished data from our laboratory also demonstrate that HNK
inhibits STAT3 phosphorylation and STAT3 knock-down ab-
rogated the anticancer and anti-metastatic effects of HNK in
lung cancer cells. Last, we summarized the effects of HNK in
mitochondrial function. Our group demonstrated that HNK

- S —
¢~ mifochondria S

S e o

ROS, oW

Figure 2. Proposed molecular mechanisms for
honokiol. Molecular mechanism for honokiol
proposed from literature was illustrated as
solid lines and arrows; new mechanism for hon-
okiol through targeting mitochondria from our
own unpublished data was illustrated as dotted
lines and arrows.
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inhibited mitochondrial respiration and induced apoptosis
of cancer cells in a mitochondria-STAT3 dependent man-
ner. Unpublished data from our laboratory also demonstrate
that HNK inhibits mitochondrial function via regulation of
mitochondrial complex I subunits (as shown in Fig. 1). Thus,
targeting of mitochondrial function and cellular bioenerget-
ics with HNK could provide an effective way to prevent and
to treat cancers including advanced metastatic cancers.
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critical reading of the manuscript.
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