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MITO-HONOKIOL COMPOUNDS AND METHODS O F SYNTHESIS AND USE THEREOF
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority t o U.S. Provisional Application

2015, the contents of which are incorporated

No. 62/174,185 filed on June 11,

by reference in its entirety.

STATEMENT REGARDI NG FEDERALLY SPONSORED RESEARCH O R DEVELOPM ENT
[0002]

Not Applicable.

FIELD O F T H E I NVENTION

[0003] This invention

relates generally t o mitochondria-targeting

honokiol compounds, and methods of using the mito-honokiol

cationic drugs, specifically t o mito-

compounds t o treat cancer.

BACKGROU ND

[0004]

Honokiol is a natural biphenolic compound

reported t o exert antitumor
myeloma,

present in Magnolia bark extracts that has been

effects in several in vitro and in vivo models of cancer (e.g. melanoma,

lung, prostate).

While the mechanism

emerging evidence points t o mitochondrial

of this activity

is currently

under investigation,

effects of honokiol, leading t o decreased cellular respiration

and decreased cellular energy status (decreased ATP and increased A M P levels).
[0005]

Previous attempts

t o improve and enhance the efficacy of honokiol have involved modified

honokiol t o inhibit angiogenesis.

However, these previous efforts have resulted in significant negative

side effects, and have not been successful.
[0006]

Linking therapeutics

accumulation
character

t o triphenylphosphonium

of a wide variety

and therefore

of compounds

(TPP)

has been

into mitochondria.

cross cellular membranes

and accumulate

enhanced negative membrane potential of tumor mitochondria.

shown

TPP cations

t o increase

the

possess lipophilic

into mitochondria

due t o the

The long alkyl chain linking honokiol t o

TPP moieties has two advantages: (a) it increases the lipophilic character of the compound, leading t o an

enhanced cellular uptake; and (b) it separates in space the bulky TPP moiety from the aromatic group of
honokiol, minimizing the effect of substituents on the pharmacophore activity.
[0007] Therefore, a need exists for compounds that are effective in inhibiting tumor formation

(i.e.,

reducing the severity or slowing the progression of symptoms of cancer) which have increased efficacy
at lower doses while also mitigating resistance t o chemo and radiotherapies.

SU M MARY O F T H E INVENTION

[0008] In one embodiment, the invention comprises a mito-honokiol compound according t o the
following structure:

Where Li and/or L2 is:

where

L

and L2 cannot be H at the same time.

[0009] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

[0010] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(4-MitOi 2-Honokiol).

[0011] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

[0012] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(2'-MitOio-Honokiol).
[0013] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(4-Mito

10-Honokiol).

[0014] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

-Mito 10-Honokiol).

[0015] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(2'-Mito 6-Honokiol).

[0016] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(4-Mito 6-Honokiol).

[0017] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(Bis-Mito 6-Honokiol).

[0018] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(2'-Mito 4-Honokiol).

[0019] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(4-Mito 4-Honokiol).

[0020] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(Bis-Mito 4-Honokiol).

[0021] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(2'-Mito -Honokiol).

[0022] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(4-Mito -Honokiol).

[0023] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(Bis-Mito -Honokiol).

[0024] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

[0025] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

(4-MitO phen-Honokiol).

[0026] In alternate embodiments, the invention comprises a mito-honokiol compound according t o the

following structure:

-MitOphen-Honokiol).

[0027] In an alternate embodiments, the invention comprises mitochondria-targeted honokiol

derivatives

where

and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

In some embodiments, Li and/or L2 comprise an organic linker comprising about 1-15 carbons,

preferably about 1-12 carbons, attached t o the triphenylphosphonium moiety.

[0028] In an alternate embodiments, the invention comprises mitochondria-targeted

magnolol

derivatives

where L and/or L are comprised of organic linker attached to triphenylphosphonium moiety
In some embodiments,

and/or L2 comprise an organic linker comprising about 1-15 carbons,

preferably about 1-12 carbons, attached t o the triphenylphosphonium

moiety.

[0029] In alternate embodiments, the invention also comprises a method of inhibiting tumor formation
in a subject comprising administering t o the subject a therapeutically

comprising at least one mito-honokiol

effective amount of a composition

compound as described above.

[0030] In an alternate embodiment, the invention comprises a method of protecting healthy cells in a
subject having cancer. The method comprises administering
amount of a composition
neuroprotective

t o the subject a therapeutically

comprising at least one mito-honokiol

effect of the mito-honokiol

effective

compound as described above. This

compounds of the presently claimed invention can be used

in combination with other cancer treatments.

[0031] In alternate embodiments, the invention comprises a kit comprising at least one mito-honokiol
compound

as described above, a pharmaceutically

acceptable carrier or diluent,

and instructional

material.

[0032] Other features of the present invention will become apparent after review of the specification,
claims and drawings.

BRIEF DESCRIPTION O F T H E DRAWI NGS

[0033] The patent or application file contains at least one drawing executed in color. Copies of this
patent o r patent application

publication

with color drawing(s) will be provided by the Office upon

request and payment of the necessary fee.

[0034] Figure 1. Chemical structures
triphenylphosphonium

of honokiol,

and its mitochondria-targeted

(TPP) with an 10 carbon alkyl linker.

analogs. R =

[0035] Figure 2 . Antiproliferative

effects of honokiol and mito-honokiol.

H2030 lung cancer cells were

treated with micromolar levels of honokiol and nanomolar concentrations of mito-honokiol.
was continuously
proliferation.

monitored.

Changes in confluency

were

used as a surrogate

After 5 days of incubation of H2030 cells with varying concentrations

Cell growth

marker

of cell

of honokiol and mito-

honokiol, the confluency was plotted as a function of concentration.

[0036]

Figure 3 . Comparison of anti-proliferative

and bis-mito-honokiol
that

substitution

effects of honokiol (H N K), mito-honokiol

(Mito-HN K)

(Mito-bis-H N K) o n human MiaPaCa-2 pancreatic cancer cells. The results indicate

of honokiol

with

TPP significantly

increases the antiproliferative

compounds in an in vitro cellular model of pancreatic cancer. Mitochondrial
t o improved antiproliferative

activity

of the

targeting of honokiol leads

activity of honokiol at significantly lower doses (~1000-fold) than required

for honokiol.

[0037] Figure 4 . Synergistic depletion

of intracellular

ATP in MiaPaCa-2 cells by combination

deoxyglucose (2-DG) and honokiol (H NK) and mito-honokiol
human pancreatic cancer MiaPaCa-2 cell line.
glycolytic

agent 2-deoxyglucose

Honokiol and mito-honokiol

synergize with the anti-

(2-DG) t o cause a decrease in cellular ATP levels, however,

honokiol was needed at significantly lower concentrations

of 2-

(Mito-H NK). The data were obtained on the
mito-

than honokiol t o deplete cellular ATP when

combined 2-DG.

[0038] Figure 5A-D. Inhibition
pretreated

of mitochondrial

for 24 h with Mito-H NK and H NK, cell-membrane

upon addition

of mitochondrial

substrates/inhibitors.

rotenone-

and malonate-treated

diminished

OCR that was restored

inhibitor)

complex

that did not significantly

permeabilized

I activity

by mito-honokiol.

was permeabilized,

Cells were

and OCR measured

(A, C) show OCR changes in the control and in

cells.

Rotenone

(a complex

I inhibitor)

by added succinate. In the presence of malonate
affect complex l-mediated

OCR, the addition

greatly

(a complex

II

of succinate did not

stimulate OCR and the addition of antimycin A decreased both pyruvate- and succinate-induced

OCR.

Both HN K and M ito-HN K inhibit complex I in both H2030-BrM3n (B) and DMS-273 (D) cells.

[0039] Figure 6A-D. Production of superoxide (0 2"~ ) and other oxidants by mito-honokiol.
Mito-H NK on cellular ROS production,

The effect of

as measured by H PLC-based analyses of the oxidation

probe. (A, C) HPLC traces recorded; (B, D) quantitative

of the HE

analyses of the products of HE oxidation. * * p <

0.01, * * * p < 0.001 in both H2030BrM3 (A,B) and DMS273 (C, D) cells.

[0040] Figure 7A-B. Induction of mitochondrial

peroxiredoxin-3

(Prx3) oxidation.

24-h treatment

of

H2030BrM3 (A) or DMS-273 (B) cells with M ito-HN K (0.2 µ Μ and 0.4 µ Μ , respectively) led t o significant
oxidation

of mitochondrial

Prx3, whereas the oxidation

status of cytosolic Prxl did not significantly

change.

[0041] Figure 8A-D. Mito-honokiol
at submicromolar

concentrations.

exhibits inhibitory

effects on lung cancer proliferation

and invasion

Effects of Mito-H NK on the inhibition of lung cancer cells proliferation

and invasion were examined in H2030-BrM3 NSCLC (A) and DMS-273 SCLC (B) cell lines. (A-B) H2030BrM3 or DMS-273 cells were treated with control DMSO, various doses of H NK, o r Mito-H NK for 24

hours,

and cell proliferation

significantly

inhibited

was monitored

both H2030-BrM3

with

an IncuCyte

Live imaging

and DMS-273 cell proliferation

system.

Mito-H NK

in a dose-dependent

manner,

and Mito-H NK was more than 100-fold more potent than HN K in suppressing the proliferation
H2030-BrM3 and DMS-273 SCLC cells. (C) Anti-invasive

of both

effects of Mito-H NK were examined via Boyden

chamber invasion assay in H2030-BrM3 and DMS-273 cells. (D) Quantification

of the invasion assay in

H2030-BrM3 and DMS-273 treated with either control DMSO, HN K, o r Mito-H NK indicate that Mito-HN K
is about 100-fold more potent in the inhibition

of lung cancer cells invasion.

[0042] Figure 9A-E. Role of STAT3 in mediating mito-honokiol's

anti-cancer effects. (A) The PathScan

receptor tyrosine kinase assay indicated that Mito-H NK inhibits STAT3 phosphorylation
affecting EGFR phosphorylation
were

further

validated

phosphorylation

levels without

in DMS-273 cell line. (B) Effects of Mito-H NK in STAT3 phosphorylation

via a Western

were downregulated

blot

assay. Both

cytoplasmic

and

mitochondrial

STAT3

by Mito-H NK in both DMS-273 and H446 cell lines. (C) Knock

down of endogenous STAT3 gene via the shRNA approach was confirmed by a Western blot analysis. (D)
The STAT3 knockdown

in DMS-273 cells significantly

abrogated

the antiproliferative

significant

inhibitory

effects

of both

effects o n the proliferation

inhibits the proliferation

of DMS-273 cells and

H NK and Mito-H NK. (E) Mito-H NK does not show
of NH B E (normal lung epithelial

cells) compared

to

DMS-273 SCLC cells.

[0043] Figure lOA-C. Effects of mito-honokiol
Mito-H NK in EGFR TKI drug-resistant

in EGFR TKI drug-resistant

lung cancer cells, AR1, AR2, and AR3, and EGFR TKI drug-sensitive

lung cancer cells H1975 were examined. Mito-H NK significantly
TKI drug-sensitive

lung cancer cells. (A) Effects of

and EGFR TKI drug-resistant

DMSO. (B) Both EGFR TKI drug-sensitive

inhibits the proliferation

lung cancer cells compared t o cells treated with control

and EGFR TKI drug-resistant

lung cancer cells were sensitive t o

H NK and Mito-H N K, but M ito-HN K showed about 100-fold potency in the inhibition
drug-sensitive and EGFR TKI drug-resistant

[0044] Figure 11A-C. Mito-honokiol

of both EGFR

of both EGFR TKI

lung cancer cell lines.

exhibits potent anti-cancer effects in NSLC o r SCLC orthotopic

lung

cancer models. DM273 cells (1x10 s cells/50 µ g of growth factor reduced Matrigel in 50 µ of RPM I-1640
medium) were injected into the left lung. One week after injection,

mice were treated with the same

dose of HN K o r Mito-HN K (7.5 µιτιοΙ /kg) o r vehicle (corn oil) by oral gavage five times per week for three
weeks).

Representative

images of bioluminescence

are shown for H2030 injected

DMS273 injected mice (11C). While H NK did not significantly

reduce tumor growth,

mice (11A) and
Mito-H NK at the

same dose reduced tumor size by 70% as compared t o control mice (Fig. 11B).

[0045] Figure 12A-E. Mito-honokiol
Representative

inhibits both NSCLC and SCLC brain metastasis in Nod/Scid mice. (A)

images of an ultrasound guided left ventricle injection for lung cancer brain metastasis

models. (B) Representative

luciferase, GFP, and H&E I HC images from the gavage control group and

H NK- o r Mito-H NK-treated group mice. (C) Quantification
the control group and HNK-treated group at different

of bioluminescence

imaging signal intensity in

time points after injection of H2030-BrM3 cells.

Quantified values are shown in total flux. (D) Corresponding grayscale photographs
images of DMS273-injected
(Xenogen Corporation).

mice. Images are superimposed

Data are expressed as normalized

and color luciferase

and analyzed with Living Image software
photon

flux (photons/s/cm

2). (E)

Graph

depicting the quantification
and

ito-H

of bioluminescence imaging signal intensity for the control group and HN K-

K-treated groups at different time points after injection of DMS273 cells.

[0046] Figure 13. Proposed mito-honokiol
O S,

oxidizes

proliferation.

peroxiredoxins,

and

action mechanisms. Mito-H NK inhibits complex

blocks STAT3 phosphorylation,

Changes due t o the treatment

leading

I,

stimulates

t o inhibition

of cell

are shown by red block arrows. H E conversion t o 2-OH-E + is

used for specific detection of superoxide.

[0047] Figure 14A-D. Effects of mito-honokiol

in a brain cancer cell line. The effects of Mito-H NK (14B

and 14C) and Bis-Mito-H NK (14D) o n U87 cells, a brain cancer cell line, is shown as compared with HN K
alone (Fig. 14A).

[0048] Figure 15-A-F.
pancreatic cells.
proliferation

Effects of mito-honokiol

At submicromolar

concentration

4

also exhibit antiproliferative

on

Mito-magnolol

(1 µ Μ ) and

agents (e.g. 2-deoxyglucose) reduced the

of pancreatic cancer cells than either treatment

different concentrations

2-deoxyglucose

effects (Fig. 15B). Further, the combining the

of the present invention with antiglycolytic

rate of proliferation

with

(0.2 µ Μ ) both isomers of Mito-HN K-C 10 inhibit

of MiaPaCa-2 cells (pancreatic cancer cell line) (Fig. 15A).

isomers of mito-honokiol-C
mito-honokiols

alone or in combination

alone, as shown for a number of

in Fig. 15C-F.

[0049] Figure 16A-B. In vitro effects of mito-magnolol.

In

vitro inhibition of cell growth for MiaPaCa

cells for HNK alone (Fig. 16A), magnolol (Fig. 16B), as compared t o mito-magnolol

(Fig. 16C) and mito-

phenyl-H NK (Fig. 16D).

[0050] Figure 17A-B. Effects of the combination
17B show the effects of the combination

of mito-honokiols

of mito-honokiols

with 2-deoxyglucose.

Fig. 17A and

with 2-deoxyglucose on viability (total ATP)

in Capan-2 cells (pancreatic adenocarcinoma cell line).

DETAI LED DESCRIPTION O F T H E I NVENTION

[0051] In General. Before the present materials and methods are described, it is understood that this
invention is not limited t o the particular methodology,
these may vary.

It is also t o be understood

describing particular embodiments

protocols, materials, and reagents described, as

that the terminology

used herein is for the purpose of

only, and is not intended t o limit the scope of the present invention

which will be limited only by the appended claims.

[0052] It must be noted that as used herein and in the appended claims, the singular forms "a", "an",
and "the" include plural reference unless the context clearly dictates otherwise.
(or "an"), "one or more" and "at least one" can be used interchangeably

As well, the terms "a"

herein.

It is also t o be noted

that the terms "comprising", "including", and "having" can be used interchangeably.

[0053] Unless defined otherwise, all technical and scientific terms used herein have the same meanings
as commonly

understood by one of ordinary skill in the art t o which this invention belongs. Although

any methods and materials similar or equivalent t o those described herein can be used in the practice or
testing of the present invention,

the preferred

methods and materials are now described.

All

publications and patents specifically mentioned herein are incorporated by reference for all purposes
including describing and disclosing the chemicals, cell lines, vectors, animals, instruments, statistical
analysis and methodologies which are reported in the publications which might be used in connection

with the invention.

All references cited in this specification are t o be taken as indicative of the level of

skill in the art. Nothing herein is t o be construed as an admission that the invention is not entitled t o
antedate such disclosure by virtue of prior invention.
[0054] The Invention.

In one embodiment,

the present invention

provides novel mito-honokiol

compounds modified t o selectively and synergistically inhibit cancer proliferation
Specifically, the inventors have shown that linking triphenylphosphonium

and progression.

(TPP) t o honokiol (and it's

structural isomers, including magnolol) via long alkyl chains yields a novel mito-honokiol

compound

which is 100-1000 fold more potent than honokiol, while also exhibiting substantial inhibitory activity at
nanomolar concentrations in vitro. The compound comprises mono- and bis-substituted mito-honokiol
molecules (Figure 1).
[0055] Methods of Synthesis. The mito-honokiol

chemically linking triphenylphosphonium

compounds of the present invention are prepared by

(TPP) t o honokiol, via long alkyl chains.

[0056] Methods of Use. In one embodiment, the invention provides a method of treating cancer in a

subject comprising administering t o the subject a therapeutically
comprising at least one mito-honokiol
composition

effective amount of a composition

compound of the present invention.

comprises one mito-honokiol

compound

In one embodiment,

of the present invention,

the

but in alternate

embodiments, multiple mito-honokiol compounds of the invention may be administered.
[0057] In use, the mito-honokiol compounds of the present invention are more cytotoxic t o cancer cells

than t o non-cancerous cells. The inventors have demonstrated that the mito-honokiol compounds of the
present invention

potently

inhibit

tumor

cell proliferation

and induce cytotoxicity

by selectively

inhibiting tumor, but not normal, cells.
[0058] The antiproliferative

activity of the newly-synthesized honokiol analogs were tested using H2030

lung cancer cells and compared with the activity of the parent compound, honokiol (Figure 1). The
results indicate that substitution

of honokiol with TPP increases the antiproliferative

activity of the

compound in vitro in the cellular model of lung cancer. Mitochondrial targeting of mito-honokiol led t o
improved antiproliferative

activity at significantly lower doses (at least 100-fold) than required for the

parent compound, honokiol.
[0059] The inventors also compared the antiproliferative

activity of mito-honokiol analogs t o honokiol

using human MiaPaCa-2 pancreatic cancer cells (Figure 3). Their results indicate that substitution

honokiol with TPP significantly increases the antiproliferative

of

activity of the compounds in a cellular

model of pancreatic cancer. Results indicate that substitution of honokiol with triphenylphosphonium
moiety(ies) significantly increases the antiproliferative

activity of the compounds in cellular model of

pancreatic cancer. Additionally, b/s-mito-honokiol, a double substituted compound is also more potent
than honokiol. Mitochondrial targeting of honokiol led t o improved antiproliferative activity of honokiol
at significantly lower doses (ca. 1000-fold) than required for the parent compound, honokiol. Ongoing
studies indicated that aerosolized mito-honokiol

inhibits lung cancer metastasis t o the brain in an

orthotopic model of lung cancer in mice.
[0060] The antiproliferative and antitumor mechanism of action of honokiols has been attributed by

some t o an effect on mitochondria that involves reactive oxygen species (inhibition or generation), or

the antioxidant properties of honokiols.

Interestingly, the inventors have found that, although the

antioxidant properties of honokiols are removed by attachment of TPP (i.e., their mito-honokiols), the
resulting compounds are still very potent inhibitors of proliferation. Thus, the mito-honokiols appear t o
target mitochondria selectively in tumor cells, and induce antiproliferative

signaling events via a

mechanism unrelated t o conventional antioxidant mechanisms.
[0061] The invention also provides therapeutic compositions comprising at least one of the mito-

honokiol compounds of the present invention and a pharmacologically acceptable excipient or carrier.
The therapeutic composition may advantageously be soluble in an aqueous solution at a physiologically

acceptable pH.
[0062] In one embodiment, the mito-honokiol compounds of the present invention provide effective

methods of treating cancer.

In one embodiment,

invention potently inhibit tumor formation.

the mito-honokiol

compounds of the present

In some embodiments, the cancer is a primary tumor.

some embodiments, the cancer is a metastatic cancer.

In one embodiment,

In

the mito-honokiol

compounds of the present invention inhibit, reduce or prevent metastasis.
[0063] The term "metastasis," "metastatic tumor" or "secondary tumor" refers t o cancer cells that have

spread t o a secondary site, e.g., outside of the primary tumor tissue. Secondary sites include, but are

not limited to, the lymphatic system, skin, distant organs (e.g., liver, stomach, pancreas, brain, etc.) and
the like.

In some embodiments, the mito-honokiol

compounds of the present invention provide

methods of treating a primary or secondary tumor.
[0064] The compounds of the present invention also provide a neuroprotective effect t o non-cancerous
cells. Specifically, the mito-honokiol compounds of the present invention can be combined with existing

treatments t o protect non-cancerous cells in a subject.
[0065] In one embodiment,

the mito-honokiols

of the present invention may be also used in

combination with standard-of-care chemotherapeutics or with ionizing radiation t o treat resistant
cancer cells. Combining the mito-honokiols of the present invention with antiglycolytic agents (e.g. 2-

deoxyglucose, 3-bromopyruvate) and other standard-of-care drugs (e.g. gemcitabine) on the rate of

proliferation

of pancreatic cancer cells, showed impressive results.

Specifically, when tested on

MiaPaCa-2 cell line (Figure 4) both honokiol and mito-honokiol synergize with 2-deoxyglucose (2-DG) in

decreasing cellular ATP levels. Notably, mito-honokiol was needed at significantly lower concentrations

than honokiol t o deplete cellular ATP, when combined with the anti-glycolytic agent used. Similarly,

treatment with mito-honokiol

sensitized the low-glycolytic, 2-DG-resistant pancreatic cancer cell line,

Capan-2, t o 2-DG, resulting in a significant loss of cellular ATP (Fig. 17A-B).

[0066] By "tumor" w e mean any abnormal proliferation of tissues, including solid and non-solid tumors.
For instance, the composition and methods of the present invention can be utilized t o treat cancers that

manifest solid tumors such as pancreatic cancer, breast cancer, colon cancer, lung cancer, prostate
cancer, thyroid cancer, ovarian cancer, skin cancer, and the like. The composition and methods of the
present invention

can also be utilized t o treat

non-solid tumor

cancers such as non-Hodgkin's

lymphoma, leukemia and the like.

[0067] By "subject" w e mean mammals and non-mammals.

"Mammals" means any member of the

class Mammalia including, but not limited to, humans, non-human primates such as chimpanzees and

other apes and monkey species; farm animals such as cattle, horses, sheep, goats, and swine; domestic
animals such as rabbits, dogs, and cats; laboratory animals including rodents, such as rats, mice, and
guinea pigs; and the like. Examples of non-mammals include, but are not limited to, birds, fish and the
like. The term "subject" does not denote a particular age or sex.

[0068] By "treating" w e mean the management and care of a subject for the purpose of combating the
disease, condition, or disorder.

treatments.

The terms embrace preventative,

i.e., prophylactic, and palliative

Treating includes the administration of a compound of the present invention t o prevent,

ameliorate and/or improve the onset of the symptoms or complications, alleviating the symptoms or
complications, or eliminating the disease, condition, or disorder.

For example, treating cancer in a

subject includes the reducing, repressing, delaying or preventing tumor growth, reduction of tumor
volume, and/or preventing, repressing, delaying or reducing metastasis of the tumor. Treating cancer in
a subject also includes the reduction of the number of tumor cells within the subject.

[0069] By "ameliorate", "amelioration",

"improvement"

or a detectable change consistent with improvement

or the like w e mean a detectable improvement
occurs in a subject or in at least a minority of

subjects, e.g., in at least about 2%, 5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 75%, 80%, 85%,
90%, 95%, 98%, 100% or in a range about between any two of these values. Such improvement

or

change may be observed in treated subjects as compared t o subjects not treated with the mito-honokiol
compounds of the present invention, where the untreated subjects have, or are subject t o developing,
the same or similar disease, condition, symptom or the like. Amelioration

of a disease, condition,

symptom or assay parameter may be determined subjectively or objectively, e.g., self assessment by a
subject(s), by a clinician's assessment or by conducting an appropriate assay or measurement, including,
e.g., a quality of life assessment, a slowed progression of a disease(s) or condition(s), a reduced severity

of a disease(s) or condition(s), or a suitable assay(s) for the level or activity(ies) of a biomolecule(s),
cell(s) or by detection of cell migration within a subject. Amelioration may be transient, prolonged or

permanent or it may be variable at relevant times during or after the mito-honokiol compounds of the
present invention is administered t o a subject or is used in an assay or other method described herein or
a cited reference, e.g., within

about 1 hour of the administration

or use of the mito-honokiol

compounds of the present invention t o about 3, 6, 9 months or more after a subject(s) has received the
mito-honokiol compounds of the present invention.

[0070] By "modulation" of, e.g., a symptom, level or biological activity of a molecule, replication of a

pathogen, cellular response, cellular activity or the like means that the cell level or activity is detectably
increased or decreased. Such increase or decrease may be observed in treated subjects as compared t o

subjects not treated with the mito-honokiol compounds of the present invention, where the untreated
subjects have, or are subject t o developing, the same or similar disease, condition, symptom or the like.
Such increases or decreases may be at least about 2%, 5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%,

70%, 75%, 80%, 85%, 90%, 95%, 98%, 100%, 150%, 200%, 250%, 300%, 400%, 500%, 1000% or more or

about within any range about between any two of these values. Modulation

may be determined

subjectively or objectively, e.g., by the subject's self assessment, by a clinician's assessment or by
conducting an appropriate assay or measurement, including, e.g., quality of life assessments or suitable
assays for the level or activity of molecules, cells or cell migration within a subject. Modulation may be

transient, prolonged or permanent or it may be variable at relevant times during or after the mitohonokiol compounds of the present invention is administered t o a subject or is used in an assay or other
method described herein or a cited reference, e.g., within about 1 hour of the administration or use of
the mito-honokiol

compounds of the present invention t o about 3, 6, 9 months or more after a

subject(s) has received the mito-honokiol compounds of the present invention.
[0071] By "administering" w e mean any means for introducing the mito-honokiol compounds of the

present invention into the body, preferably into the systemic circulation. Examples include but are not
limited t o oral, buccal, sublingual, pulmonary, transdermal, transmucosal, as well as subcutaneous,
intraperitoneal, intravenous, and intramuscular injection. Another method of administration comprises
oral gavage.
[0072] A preferred

method

of administering

the mito-honokiol

compounds

or pharmaceutical

compositions of the present invention for treatment of cancer, particularly lung cancer, is by aerosol.
Another suitable method of administration is oral.
[0073] By "therapeutically effective amount" w e mean an amount effective, at dosages and for periods

of time necessary, t o achieve the desired therapeutic

result, such as reduction

or reversal of

angiogenesis in the case of cancers, or reduction or inhibition of T-cells in autoimmune diseases.
[0074] In one embodiment, the therapeutically

effective amount ranges from between about 5-50

mg/kg. A therapeutically effective amount of the mito-honokiol compounds of the invention may vary
according t o factors such as the disease state, age, sex, and weight of the subject, and the ability of the
mito-honokiol compounds t o elicit a desired response in the subject. Dosage regimens may be adjusted
t o provide the optimum therapeutic response. A therapeutically effective amount is also one in which
any toxic or detrimental

effects of the mito-honokiol

compounds of the present invention are

outweighed by the therapeutically beneficial effects.
[0075] A "prophylactically effective amount" refers t o an amount effective, at dosages and for periods

of time necessary, t o achieve the desired prophylactic result, such as preventing or inhibiting the rate of
metastasis of a tumor. A prophylactically effective amount can be determined as described above for
the therapeutically effective amount. Typically, since a prophylactic dose is used in subjects prior t o or at

an earlier stage of disease, the prophylactically

effective amount will be less than the therapeutically

effective amount.
[0076]

Kits. In another embodiment,

composition
material.

comprising

the present invention provides a kit comprising a pharmaceutical

the mito-honokiol

By "instructional

material"

compounds

of the present

w e mean a publication,

medium of expression which is used t o communicate

invention

a recording,

a diagram, or any other

the usefulness of the pharmaceutical

of the invention for one of the purposes set forth herein in a human. The instructional
for example, describe an appropriate
instructional

dose of the pharmaceutical

material of the kit of the invention

contains a pharmaceutical

composition

contains the pharmaceutical

composition

composition

material can also,

of the invention.

can, for example, be affixed t o a container

The
which

of the invention or be shipped together with a container which

composition.

Alternatively,

the instructional

separately from the container with the intention that the instructional
composition be used cooperatively

and instructional

material

can be shipped

material and the pharmaceutical

by the recipient.

EXAM PLES

[0077]

The following

examples are, of course, offered

intended t o limit the scope of the present invention

for illustrative

in any way.

purposes only, and are not

Indeed, various modifications

of the

invention in addition t o those shown and described herein will become apparent t o those skilled in the
art from the foregoing description and the following examples and fall within the scope of the appended
claims.

[0078] Example 1. Synthesis of mito-honokiol compounds.
[0079] The mito-honokiol

compounds

of the present

invention

are synthesized

according t o t h

following reaction :

[0080] Scheme 1. Synthesis of mito-honokiols. Reagents and conditions: (i) PPh 3, neat, 6 h, 90°C, 47%;
(ii) Honokiol, K2C0 3, DM F, 80%.

[0081] 10-Bromodecyltriphenylphosphonium bromide 1. A mixture of triphenylphosphonium

(1 g, 3.8

mmol) and dibromide (5.7 g, 19 mmol) was heated at 90°C for 6 h . After cooling, the crude product was
purified by flash chromatography

(pentane, Et 20 and CH 2C I 2/EtOH 9 : 1) t o afford the corresponding

phosphonium salt 1 as a white solid (1 g, 47% yield).

3 1 P (400.13

M Hz, CDCI 3) δ 24.32.

H NM R (400.13

M Hz, CDCI 3) δ 7.85-7.65 (15H, m), 3.73-3.66 (2H, m), 3.40-3.34 (2H, m), 1.80-1.75 (4H, m), 1.31-1.20
(12H, m).

[0082] Mito-Honokiol and Bis-Mito-Honokiol. To a mixture of honokiol (0.27 g, 2.6 mmol), anhydrous
potassium carbonate (0.28, 2 mmol) in DM F (4 mL) was added compound 1 (0.57, 1.0 mmol). The
mixture was stirred at 30 °C for 6 h . The solvent was removed under vacuum and the residue was taken
up into water and extracted with CH 2C I 2. The organic layer was dried over Na 2S0 4, and the solvent was
removed under reduced pressure. Purification by flash chromatography

(Et 20 , CH 2C I 2 and CH 2C I 2/EtOH)

delivered the corresponding M ito-Honokiols isomers (2, 3) and the Bis-Mito-Honokiol

(4) as white solids

(2, 3, 200 mg, % yield and 4, 50 mg, % yield). HRMS calculated for 2, 3 C4 6 H 5 2 0 2P [M H] + 667.3699, found,

667.3699. HRMS calculated for 4 C74 H 0 2P2 [ M H] 2+ 534.3046, found, 534.3044.

[0083] Mito-Honokiols 2, 3. 3 1 P (400. 13 M Hz, CDCI 3) δ 24.38, 24.28.

H NM R (400. 13 M Hz, CDCI 3) δ

7.86-7.65 (15H, m), 7.35-6.95 (5H, m), 6.87 (lh,2d), J = 8.3, 8.5), 6.06-5.86 (2H, m), 5 . 10-4.93 (4H, m),
3.98 (1H, t , J = 3.9), 3.89 (1H, t , J = 3.8), 3.80-3.70 (2H, m), 3.4-3.33 (4H, m), 1.77-1.30 (10H, m), 1. 1-1.07
(6H, m).

[0084] Bis-Mito-Honokiol 4. 3 1 P (400.13 M Hz, CDCI3)

24.37.

NM R (400. 13 M Hz, CDCI3) δ 7.88-

7.70 (30H, m), 7.35-7.32 (2H, m), 7 . 12 (1H, d, J = 1.7), 7.07 (1H, dd, J = 8.3, 2.0), 6.88 (1H, d, J = 8.3), 6.85
(1H, d, J = 8.3), 6.05-5.85 (2H, m), 5 . 13-4.93 (4H, m), 3.97 (2H, t , J = 6.3), 3.90 (2H, t , J = 6.3), 3.85-3.73
(4H, m), 3.39 (2H, d, J = 6.8), 3.36 (2H, d, J = 6.5), 1.71-1.50 (10H, m), 1.20-1.33 (22H, m).

Example 2. Synthesis of

where

L1

and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

Synthetic example:
PPh 3 , neat

6 h , 90 °C
1, 1 0-dibromodecane

Br'

PPh,

Example 3. Synthesis of

where

L1

and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

Synthetic example:

Example 4 . Synthesis of

where L 1 and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

2,5'-Bis-Mito 3-Honokiol

Example 5. Synthesis of

where

L1

and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

Synthetic example '.
PPh 3 , neat

6 h , 90 °C
1,10-dibromodecane

Mito-io-Magnolol

Bis-Mito -Magnolol

Example 6. Synthesis of

where

L1

and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

Synthetic example:

Example 7. Synthesis of

where L 1 and/or L2 are comprised of organic linker attached to triphenylphosphonium moiety

5',5'-Bis-Mito -Magnolol

[0085] Example 8 : Use in treatment of cancer and metastasis
[0086] Lung cancer is the leading cause of cancer death in the United States. Metastasis t o lymph nodes
(LN) and distal organs, especially the brain, leads t o severe complications and is a major cause of death.

Prevention of lung cancer development and metastases is an important strategy t o reduce lung cancer
mortality.

[0087] This Example demonstrates mitochondria-targeted
than H NK in the inhibition

of lung cancer progression and lung cancer metastasis, specifically brain

metastasis. The antimetastatic
of lung tumor metastasis.

H NK (M ito-HN K) is significantly more potent

effects of Mito-HN K was evaluated in both LN and brain murine models

The H2030-BrM3 (Br-brain seeking) and DMS-273 lung tumor cells stably

transfected with luciferase and green fluorescent protein were orthotopically
LN metastases, or directly

injected into the lung for

injected into the left ventricle of the mouse for brain metastases. LN and

brain metastases were monitored

using a noninvasive bioluminescent

in vivo imaging. Unless specified,

Mito-H NKio (or Mito-H N K) relates t o the mixture of the two isomers (2'-Mito-H NK and 4'-Mito-H NK).

[0088] The efficacy of M ito-HN K in preventing the migration of tumor cells t o LN or the brain was
tested by treating mice with Mito-HN K by aerosol (for the lung-to-LN metastasis model) or oral gavage
starting the day after the tumor cell injection. Results revealed that Mito-H NK significantly
the metastasis of lung cancer cells t o LN and the brain. W e demonstrated
metastases incidence t o 30%, compared with 100% in control
nearly 70% compared with the control.

Furthermore,

prevented

that Mito-H NK decreased LN

mice, and inhibited

brain metastasis

analysis of Mito-H NK's mechanism of action,

utilizing both RNA sequencing and a tyrosine kinase assay, suggests that its effect is mediated primarily
by inhibiting
phosphorylation

the

mitochondria

complex

I-STAT3 pathway.

Mito-H NK specifically

inhibits

STAT3

regardless of EGFR (epidermal growth factor receptor) mutation status, and knockdown

STAT3 abrogated both the antiproliferative

and antimetastasis

effects of Mito-H NK in brain metastatic

and small lung cancer cells. These finding suggest that M ito-H NK could provide novel chemopreventive
or therapeutic options for preventing both lung tumor progression and lung cancer metastasis.

Materials and Methods
[0089] Cell Culture and Reagents
[0090] Brain metastatic lung cancer cell lines PC9-BrM3 and H2030-BrM3 were generous gifts from Dr.
Joan Massage (Memorial Sloan Kettering Cancer Center, New York, NY). Small cell lung cancer cell line

DMS-273 was purchased from Sigma-Aldrich (St. Louis, MO). Both PC9-BrM3 and H2030-BrM3 cell lines
were maintained in RPM I-1640 medium (Gibco) supplemented
273 cells were maintained

in Waymouth's

with 10% fetal bovine serum, and DMS-

medium supplemented

with 10% fetal bovine serum (FBS)

(Invitrogen, Carlsbad, CA) and 2 m M glutamine (Fisher Scientific, Pittsburg, PA) in a 37°C humidified 5%
C02 incubator. Honokiol was purchased from Sigma-Aldrich (St. Louis, MO).

[0091] Cell Proliferation Assay
[0092] For the cell proliferation
cells per well. Twenty-four
concentrations

assay, cells were seeded onto 96-well tissue culture plates at 2-3,000

hours after

seeding, treatment

group cells were exposed t o various

of HN K for 48 hours, and control group cells received fresh medium. The plate was

incubated at 37°C and 5% C0 2 and monitored

in IncuCyte (Essen Bioscience, Ann Arbor, M l). Data

analysis was conducted using IncuCyte 2011A software. All assays were performed in triplicate.

[0093] Transwell Invasion Assay

[0094] Boyden chamber transwells precoated with growth-factor-reduced
Fisher Scientific
manufacture's

(Pittsburgh,

protocol.

RPM I-1640 media

PA). Transwell

Briefly, 2-3xl0

containing

5

invasion assays were

Matrix were purchased from

performed

as described

in the

cells were seeded into each transwell filled with serum-free

10 µ Μ HN K. Bottom

wells were

filled

with

RM PI-1640 media

or

medium with 10% FBS and either 10 µ Μ o r 20 µ Μ H NK or 0.1 µ Μ or 0.2 µ Μ Mito-HN K.

Waymouth's

After 36 hours, cells were fixed with 10% formalin and stained with 5% crystal violet in 70% ethanol.
Invaded cells were counted at a magnification

of lOx in three randomly selected areas of each transwell,

and the results were normalized t o the control.

[0095] PathScan Receptor Tyrosine Kinase Assay
[0096] H2030-BrM3 and DMS-273 cells treated with control DMSO and various doses of HN K and MitoH NK for four hours were lysed with 200 µ

lysis buffer containing

proteinase inhibitor

cocktails (Cell

Signaling Technology, Danvers, MA), sheared 10 times with a 28-gauge needle, spun at 16,000
min, and normalized

by protein

concentration

as determined

by the Bradford method.

χ

g for 30

Normalized

lysate was resolved in a PathScan RTK Signaling Array, and the signaling array was examined by a Li-COR
Odyssey infrared imaging system (Li-COR Biosciences-Biotechnology,

Lincoln, N E).

[0097] Western Blot Analysis
[0098] Cells were lysed with 200 µ

of RIPA buffer containing

proteinase

inhibitor

Scientific, Pittsburg, PA), sheared 10 times with a 28-gauge needle, spun at 16,000
normalized

by protein concentration

as determined

antibodies

cocktails (Fisher
g for 30 minutes,

by the Bradford method, and boiled for 5 min.

Normalized lysate was resolved by 4-12% sodium dodecyl sulfate polyacrylamide
(SDS-PAGE) (Invitrogen,

χ

Carlsbad, CA) and immunoblotting

with indicated

were used: p-EGFR (#3777S, Cell Signaling Technology,

gel electrophoresis

antibodies.

The following

Danvers, MA), p-STAT3 (#9131S,

9134S, Cell Signaling Technology, Danvers, MA), p-AKT(#4060S, Cell Signaling Technology, Danvers, MA),
EGFR (4267S, Cell Signaling Technology,

Danvers, MA), STAT3 (9139S, Cell Signaling Technology,

Danvers, MA), AKT(9272S, Cell Signaling Technology,

Danvers, MA), Actin

(SC-8432, Santa Cruz

Biotechnology, Dallas, TX).

[0099] RNA Sequencing and Pathway Analysis

[00100] W e conducted an RNA sequence study of human lung tumor metastases in mouse brains. Three
brain metastases were sampled from mice not treated with HN K, and another three brain metastases
were obtained from mice treated with HN K. Total RNA samples were extracted from these six samples
using a Qiagen RNeasy M ini Kit. The quality of the total RNA samples obtained was very high, with
(RNA integrity

RIN

number) values in the range of 9-10, and subjected t o m RNA sequencing. W e used a

NEBNext Ultra RNA Library Prep Kit for lllumina t o construct the RNA sequence libraries for these brain
metastasis samples. The Agilent High Sensitivity DNA Chip analysis showed a narrow distribution
1000 bp) with a peak size of approximately

indicating that they are of high quality for sequencing. A whole transcriptome
sequence library samples was performed

(200-

300 bp for the prepared RNA sequence library samples,
analysis of these RNA-

using the HiSeq 2500 Sequencing platforms

(lllumina,

San

Diego, CA). The experiment was single-end with a 50 nt read length. The qualities of the
reads

were

analyzed

using

the

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
15 million-32

FastQC

NA sequence

program

Coverage for the samples ranged from

million reads per sample. The quality scores across all bases of the individual reads were

at least >30, with an average around 37, and greatly exceeded the normal threshold of 20. In order t o
identify and unequivocally separate graft (human) and host (mouse) reads, processed sample reads
were sequentially aligned t o both graft (complete hgl9 human genome [UCSC version, February 2009])
and host (complete mm9 mouse genome [UCSC version, July 2007]) genomes using Bowtie-TopHat
(version 2.0.4, segment length 29 nt, one mismatch in segment permitted,
coverage search performed)

for maximum sensitivity,

(Langmead et al., 2009; Trapnell et al., 2009). No deduplication

was

performed for post-assembly RNA-sequence analysis. Read counts were obtained using HTseq (Anders
et al., 2015). Data normalization and differential expression analysis were performed using the statistical
algorithms implemented in the EdgeR Bioconductor package (Robinson et al., 2010). False discovery rate
(FDR)-corrected p-values of less than 0.05 were used as criteria for significantly regulated genes. In
addition, both metastatic tumors (human) and stroma (mouse) cells were used t o identify key gene
expression patterns in response t o HN K using the species-specific RNA-sequence approach. W e used a
strategy that efficiently separates human lung tumor sequence data from that of xenograft mice (mice
with

genetically

human tumors)

into separate

microenvironment

and tumor

expression profiles

(Bradford et al., 2013; Rossello et al., 2013). Using this tool, w e obtained more-accurate RNA expression
profiles for both metastatic human lung tumors and mouse stromal cells.
[00101] Endogenous STAT3 Knockdown
[00102] Lentiviral particles against STAT3 were purchased from Santa Cruz Biotechnology,

Inc. (Dallas,

Texas). Lentiviral particles were infected in PC9-BrM3, H2030-BrM3, and DMS-273 in the presence of 8
µ g/mL polybrene, and infected cells were selected with puromycin (2 µ g/ml) for three days t o obtain

stable knockdown cells.
[00103] Brain Metastases in Mouse Model via Ultrasound-Guided
[00104] Animal

procedures were performed

Left Ventricle Injection Technique

in accordance with the Medical College of Wisconsin

Institutional Animal Care and Use Committee. For the lung cancer brain metastasis study, four-six-weekold, female, nonobese-diabetic-background

(NOD/SCI D) mice were used. 2x105 brain-seeking cells,

H2030-BrM3, were suspended in 0 . 1 m l PBS and injected into the left ventricle under ultrasound guide
(ECHO 707, GE, Milwaukee, Wl). One day after engrafting H2030-BrM3 cells in arterial circulation, mice

were randomly grouped into the vehicle treatment group or the HNK treatment group (10 mg/kg body
weight). Mice were treated with either solvent control (0.1% DMSO in coin oil) or HNK by oral gavage for
four weeks; during this time, metastases were monitored by bioluminescence with an Xenogen IVIS-200
(Alameda, CA) alone at treatment
fluorescent
endpoint.

time, and were confirmed with ex vivo luminescence, ex vivo green

protein (GFP) fluorescence, and haematoxylin

and eosin (H&E) and GFP staining at the

[00105] For the lung tumor lymph nodes metastasis study, 10 4 cells were resuspended in a 1:2 mixture

of PBS and growth factor reduced Matrigel (BD Biosciences, San Jose, CA) and then injected into the
lung. HNK treatment was started one day post orthotopical injection of tumor cells via aerosol delivery.
[00106] In Vivo Orthotopic Lung Cancer Mouse Model
[00107] W e used an orthotopic model of lung adenocarcinoma cells (H2030-BrM3 cells) in nude mice t o

evaluate the inhibitory effect of aerosolized HNK on lung tumor growth and lymph node metastasis.
Five-week-old male athymic nude mice were used for experiments.

Mice were anesthetized with

isoflurane and placed in the right lateral decubitus position. A total of 1x10 s H2030-BrM3 cells in 50 µ g
of growth factor reduced Matrigel (BD Biosciences, San Jose, CA) in 50 µ of

PM I-1640 medium were

injected through the left rib cages of mice into their left lungs, as previously described (Nguyen et al.,
2009). One week after the injections, mice in the HNK group were treated with 5 mg/ml aerosolized HNK
once a day, five days a week, for four weeks. Tumor growth and metastases phenotypes were
monitored during this time by bioluminescence with an Xenogen IVIS-200. M ice were sacrificed at the
endpoint; tissues were extracted, freshly frozen, and OCT-fixed or formalin-fixed with 10% zinc for later
western blot and immunohistochemistry

( I HC) analyses.

[00108] In Vivo Imaging System
[00109] An in vivo imaging system (IVIS) consists of a highly sensitive, charge-coupled digital camera

with accompanying advanced computer software for image data acquisition and analysis. This system
captures photons of light emitted by reagents or cells that have been coupled or engineered t o produce
bioluminescence in the living animal. The substrate luciferin was injected into the intraperitoneal cavity
at a dose of 150 mg/kg body weight (30 mg/ml luciferin) approximately

10 minutes before imaging.

Mice were anesthetized with isoflurane/oxygen and placed on the imaging stage. Photons emitted from
the lung region were quantified using Living Image software (Xenogen Corporation, Alameda, CA).
[00110] Histopathology Analysis
[00111] Mouse brains were fixed in a 10% zinc formalin solution overnight and stored in 70% ethanol for

histopathology evaluation. Serial tissue sections (5 µιη each) were made and stained with H&E or GFP
and examined histologically under a light microscope t o assess the severity of the tumor development.
[00112] Statistical Analysis
[00113] A two-tailed Student's T-test was used t o evaluate the differences between the control samples

and the treated samples. * P < 0.05 and * * P<0.005 were considered statistically significant.
Results

[00114] Inhibition of Mitochondrial Complex I Activity
[00115] Mito-HN K is designed t o target mitochondria, so w e examined the specificity of Mito-H NK in

the inhibition of mitochondrial

function and cellular respiration. W e previously published that HNK

inhibited squamous lung cancer progression by at least partially targeting mitochondria.
that Mito-H NK inhibits cellular respiration (or OCR) and mitochondrial

Results indicate

function at a concentration

more

than 100-fold lower than HN K in intact H2030-BrM3 brain metastatic lung cancer cells (Figs. 5A and 5B)
and highly invasive DMS-273 small cell lung cancer cells (Figs. 5C and 5D). Both the basal respiration and
the response t o mitochondrial

stressors (oligomycin, dinitrophenol)

were diminished by Mito-H NK (not

shown). To investigate the mechanism of inhibition of mitochondrial function, w e measured the activity
of mitochondrial

complexes in response t o HNK and Mito-H NK. W e pretreated cells with Mito-HN K and

HNK for 24 h, permeabilized

their cell membranes, and measured their OCR upon the addition of

mitochondrial substrates/inhibitors.
lack of requirement
mitochondrial

This approach has many advantages, including high throughput, the

of cell fractionation,

and the possibility

of monitoring

the effect

on two

complexes in a single run. Figs. 5A and 5C show OCR changes in control and rotenone-

and malonate-treated

permeabilized cells. Rotenone (a complex I inhibitor) greatly diminished the OCR

that was restored by added succinate. In the presence of malonate (a complex

II

inhibitor) that did not

significantly affect complex l-mediated OCR, the addition of succinate did not stimulate OCR and the
addition of antimycin A decreased both pyruvate- and succinate-induced

OCR (Fig 5A and 5C). These

studies established the optimal use of permeabilized cells for bioenergetics function assays (Salabei JK,
Gibb AA, Hill BG. Comprehensive

measurement

of respiratory

activity in permeabilized

cells using

extracellular flux analysis. Nat Protoc. 2014;9(2):421-38).

[00116] Effects of Mito-Honokiol

in Production of Superoxide (0 2"~) and Mitochondrial

Peroxiredoxin-3

Oxidation

[00117] Many factors may be responsible for the Mito-HN K-induced activation of AM PK, one of the
proposed mechanisms involving ROS generation (Hwang AB, Ryu EA, Artan M, Chang HW, Kabir M H,
Nam HJ, et al. Feedback regulation

via AM PK and HIF-1 mediates

ROS-dependent longevity

in

Caenorhabditis elegans. Proc Natl Acad Sci U S A . 2014; 111(42)). W e have shown that HNK induces
mitochondrial

ROS production

(Pan J, Zhang Q, Liu Q, Komas SM, Kalyanaraman B, Lubet RA, et al.

Honokiol inhibits lung tumorigenesis
(Phila). 2014;7(ll):1149-59).

through

inhibition

of mitochondrial

function.

Cancer Prev Res

Because Mito-HN K is more potent than HN K in complex I inhibition (Fig. 5),

w e hypothesized that M ito-HN K would significantly increase ROS levels in lung cancer cells. Preliminary
data show that Mito-H NK induces ROS formation in H2030-BrM3 cells. 2-OH-E +, the 0 2 -specific product
of hydroethidine

(HE) oxidation, was increased in Mito-H NK (1 µ M)-treated

H2030-BrM3 and DMS-723

cells (Fig. 6). A strong induction of one-electron oxidation of HE with the formation of diethidium ( E+- E+)
also was observed, indicating that Mito-H NK induces generation of another, stronger oxidant in both

H2030-BrM3 and DMS-273 cells (Fig. 7). To determine the possible direct targets of ROS stimulated upon
inhibition

of the mitochondrial

mitochondrial

complex

I,

w e tested the oxidation

(Prx3) peroxiredoxins. Results indicate that 24-h treatment

status of cytosolic (Prxl)

and

of H2030-BrM3 and DMS-273

cells with Mito-H NK (0.2 and 0.4 µ Μ , respectively) leads t o significant oxidation of mitochondrial

Prx3

with relatively a small extent of oxidation of cytosolic Prxl (Fig. 7). This is consistent with Mito-HN Kinduced mitochondrial
cytosol.

ROS formation,

with possible diffusion of a fraction of 0 2"~ and/or H20 2 into the

[00118] Mito-H NK Exhibits Sub-Micromole

Potency on Lung Cancer Proliferation

and Invasion

[00119] Next, w e examined the anticancer effects of Mito-H NK compared t o H NK in

vitro. Various doses

of HN K and Mito-HN K were treated in either H2030-BrM3 or DMS-273 cells, and the antiproliferative
effects were monitored

with an IncuCyte Live-Cell Imaging Analyzer. Both HNK and M ito-HN K show

antiproliferative

in H2030-BrM3

Interestingly,

effects

and DMS-273, as shown in Figs. 8A and 8B, respectively.

Mito-HN K inhibits cell proliferation

at significantly

lower doses than H NK with the IC50

values of 0.26 and 27 µ Μ for H2030-BrM3 and 0.2 and 30 µ Μ for DMS-273, respectively. Furthermore,
w e examined the anti-invasive

effects of Mito-H NK in H2030-BrM3

and DMS-273 cells via a Boyden

chamber invasion assay. Both cells were treated with vehicle control (DMSO), HNK (20 µ Μ ), and M itoH NK (0.2 µ Μ ) for 36 hours, and invaded cells were determined.

As shown in Fig.8C, H2030-BrM3 and

DMS-273 cells treated

with both HNK and Mito-HN K have significantly

vehicle-control-treated

cells (Figs. 8C and 8D). Antiproliferative

effects (Figs. 8C and 8D) of MitoH NK in vitro demonstrated

fewer invasive cells than the

(Figs. 8A and 8B) and anti-invasive

nearly a 100-fold increase in antiproliferative

and anti-invasive potency by targeting HN K t o mitochondria.
[00120] ST AT3-Mitochondrial

Complex I as Potential Target of Mito-HN K in the Inhibition of Lung Cancer

Brain Metastasis
[00121] Our results

demonstrated

the effects of Mito-H NK on the inhibition

of lung cancer brain

metastasis, but w e wanted t o look at the molecular mechanism of action behind the effects of MitoHN K. W e examined

metastatic

the potential

mechanisms of Mito-HN K action on the inhibition

of both brain

lung cancer cell and SCLC cell progression via a PathScan receptor tyrosine kinases (RTK)

assay (Fig. 9A), which has been used extensively t o study mechanisms of action of candidate drugs
(Vazquez-Martin

et al., 2013). The PathScan RTK signaling array allows the examination

tyrosine kinase receptors as well as 11 downstream

signaling nodes that frequently

of 28 different

are deregulated

in

many types of cancer, including lung cancers. For the RTK signaling array, w e treated DMS-273 cells with
two different

doses of HN K (10 µ Μ and 20 µ Μ ) and Mito-H NK (0.2 µ Μ ) for six hours. The PathScan RTK

signaling array results revealed that both HNK and Mito-HN K treatments
phosphorylation

levels compared t o that of vehicle-control-treated

could be the major downstream

dramatically

decreased STAT3

cells (Fig. 9A), suggesting that STAT3

target of Mito-HN K. W e also observed similar pattern in H2030-BrM3

cells treated with HN K or Mito-H NK (Sup Fig. 9A). Then, w e further validated the effects of H NK and
Mito-H NK on STAT3 phosphorylation
cytoplamic and mitochondrial
Previously,

HN K was reported

in DMS-273 cells via a Western

STAT3 phosphorylation
t o be effective

was significantly

in the treatment

blot analysis (Fig. 9B). Both

inhibited by Mito-H NK (Fig. 9B).

of head and neck squamous

cell

carcinoma by targeting the EGFR signaling pathway (Park et al., 2009). However, w e observed that HN K
only targets EGFR phosphorylation

in the PC9-BrM3 cell line that harbors the EGFR mutation

but not in

the H2030-BrM3 that harbors the KRAS mutation (data not shown). Therefore, the effects of HN K o n the
EGFR signaling pathway could be in a manner specific t o cell type, tissue, or driver mutation.

inhibited STAT3 phosphorylation

in PC9-BrM3 (EGFR mutation),

Mito-H N K-

H2030-BrM3 (KRas mutation), and DMS-

273 (both EGFR and KRas wild type) regardless of the driver mutation

status, suggesting that STAT3

could be a universal target of H NK via multiple receptor tyrosine kinases regardless of driver mutations
in lung cancers.
[00122] Next, w e validated

the role of STAT in mediating anticancer effects of Mito-H NK in lung cancer

cells. W e used the sh NA approach t o knock down endogenous STAT3 expression levels (Fig. 9C) and
tested if the STAT3 knockdown decreased the anticancer effects of Mito-H NK. W e found that the STAT3
knockdown

significantly

decreased the proliferation

rate of DMS-273 cells compared t o vector control

infected cells (Fig. 9D). In addition, the fact that the STAT3 knockdown abrogated the antiproliferative
effect of Mito-H NK in DMS-273 cells at the dose and time w e tested indicates that STAT3 plays a
significant role in mediating the anticancer effects of Mito-H N K.
[00123] W e examined the toxicity of Mito-H NK in N HBE (normal lung epithelial

cells) and confirmed that

Mito-H NK has minimal toxic effects in normal lung cells, whereas it has great cytotoxic effects in lung
cancer cells (Fig. 9E).
[00124] Mito-HN K Overcomes EGFR TKI Resistance in Lung Cancer
[00125] Mitochondrial

ROS and STAT3 have been demonstrated

t o play a critical role in mediating

cancer drug resistance in many types of cancers ((Alas and Bonavida, 2003; Bewry et al., 2008; Lee et al.,
2014; Li et al., 2016; Nair et al., 2012; Yu et al., 2015). Therefore,
anticancer effect in afatinib, the EGFR TKI drug-resistant

w e examined if Mito-HN K has an

lung cancer cell lines (AR1, AR2, and AR3) that

w e previously developed (Lee et al., 2016). As shown in Fig. 10, both afatinib-sensitive
afatinib-resistant

AR1, AR2, and AR3 cells were sensitive t o HN K (Fig. 10B) and Mito-H NK (Fig. 10 A,C),

with Mito-H NK showing efficiency at submicromolar
[00126] Mito-HN K Exhibits Anticancer
[00127] In both the H2030-BrM3

concentrations.

Effects in Orthotopic

and DMS-273 orthotopic

the left lung and then spread within
hemithorax.

H1975 cells and

Lung Cancer Model In Vivo

lung cancer models, lung tumors grew within

the lung, t o the mediastinum,

Mice did not show any observable

and t o the chest wall of the left

side effects when treated

with

H NK o r M ito-HN K.

Remarkably, Mito-H NK significantly reduced lymphatic tumor metastasis compared t o that of the groups
treated with either vehicle control o r H NK (Figure 11).
[00128] Mito-H NK Inhibits both NSCLC and SCLC Brain Metastasis In Vivo

[00129 ] To investigate

the effect of Mito-HN K o n metastasis, a previously characterized

experimental

lung cancer brain metastasis model was used t o generate brain metastases (Nguyen et al., 2009). W e
also generated GFP-luciferase expressing DMS-273 SCLC cells and confirmed
273 cells. W e used an ultrasound-guided

brain metastasis of DMS-

procedure t o secure the precise injection of brain-seeking lung

cancer cells into the left ventricle of NOD/SCID mice (Fig. 12A). One day after cell inoculation,
were randomly

put into vehicle control,

were monitored

over 15 days using bioluminescence

showed significantly

HN K, and Mito-HN K groups; tumor

metastases

with an Xenogen IVIS-200. Mito-H NK-treated mice

fewer brain metastases compare t o vehicle-control-

12C). At necropsy o n 15 days post left-ventricle

growth/brain

the mice

injection,

o r HN K-treated groups (Fig.

brain metastases were qualified

by ex vivo

bioluminescence

imaging, H&E and GFP staining as shown in Fig 12B. Mito-HN K treatment

decreased

brain metastasis t o nearly one-third of that of the control, as measured by luminescence intensity in the
mouse brain. (Figs. 12D, E). These data suggest that Mito-H NK could be a potent agent in preventing lung
cancer brain metastases.
[00130] Discussion
[00131] Lung cancer is the leading cause of cancer mortality

spread of tumor cells t o the brain is a major contributor

in the United States, and the metastatic

t o lung-cancer-related

mortality

(Goldberg et

al., 2015; Jemal et al., 2010). A key approach t o controlling this disease is the prevention of lung cancer

development

as well as its progression, especially metastases. Current available therapies t o address

CNS metastases

treatment

include whole brain/CNS irradiation

or surgical resection

with anti-EGFR agents in patients with EGFR mutations

these treatment

in eligible patients,

and

(Goldberg et al., 2015). However,

options are available only after the diagnoses of brain tumors and at certain disease

stages, whereas in many cases these metastasized tumors remain undiagnosed for a long time or are
unable t o be treated with either radiation therapy or surgery. Therefore, development

of systematic

prevention options t o control metastases before diagnosis is necessary. Recently, w e demonstrated
potent efficacy of HNK in the chemoprevention

of lung tumor development

in mice (Pan et al., 2014).

Analysis of HN K's mechanism of action suggests that its effect is primarily
apoptosis through a mitochondria-dependent

the

mediated

by inducing

mechanism (Lin et al., 2012; Martin et al., 2013; Pan et al.,

2014). Here, by using novel mitochondria-targeted

HNK with a well-documented

brain metastasis

murine model, w e report that Mito-H NK exerts an inhibition effect on lung cancer brain metastases, and
w e demonstrate

HN K as a potential chemoprevention

agent not only effective in primary lung tumor but

also on lung cancer brain metastases.
[00132] Direct injection

of tumor cells into the left ventricle is the most widely used brain metastasis

model in rodents; though it bypasses precolonization
homing,

it recapitulates

microenvironment.

the

cancer cells'

steps such as dissemination,

BBB crossing,

invasion,

extravasation,

and outgrowth

in the

and
brain

Metastatic brain lesions vary from round, circumscribed lesions typical of those seen

in humans, t o very infiltrative

tumor cells, which, if given time, will form typical round lesions; such

lesions are ideal for use in evaluating the preventive effect of Mito-H NK o n lung cancer metastasis. The
brain homing H2030 and PC9 cell lines were developed t o have 100% brain-metastatic

potential, H2030

with a KRASG12C mutation (Phelps et al., 1996), and PC9 with an EGFRAexonl9 mutation (Koizumi et al.,
2005). These cells were engineered t o stably express GFP-luciferase fusion for real-time monitoring
metastatic tumor growth.

In our study, w e monitored

of

metastatic tumor growth by both live animal

imaging and endpoint ex vivo imaging. Also, tumor growth was validated with H&E and GFP staining
assays, which consistently showed nearly 70% inhibition o n brain metastases.
[00133] In this study, w e represent

proliferation,

migration,

phosphorylation.

that Mito-HN K effectively

and invasion mainly through

inhibits brain metastatic

inhibition

of mitochondria

lung cancer

complex

I-STAT3

HN K has been reported t o target multiple signaling pathways including EGFR, MAPK,

and PI3K-Akt (Crane et al., 2009; Deng et al., 2008; Garcia et al., 2008; Tse et al., 2005). Recently,

S I RT3

and GRP78 also were suggested as potential binding targets of HNK in different tissue types (Martin et

al., 2013; Pillai et al., 2015). Interestingly,

STAT3 is a major downstream

mediator of multiple receptor

tyrosine kinase pathways (De Simone et al., 2015; W u et al., 2014; Yau et al., 2005; Zhou et al., 2007).

[00134] In this study w e also demonstrate that, regardless of EG F mutation status, M ito-HN K decreased
STAT3 phosphorylation

in both PC9-BrM3 and H2030-BrM3

brain metastatic

addition, the knock down of endogenous STAT3 abrogated the antiproliferative,

lung cancer cell lines. In
antimigratory,

and anti-

invasive effects of Mito-H NK in both brain metastatic lung cancer cell lines. Our data suggest that STAT3
could be a universal downstream

target of Mito-H NK, regardless of the lung cancer's driver mutation

status.

[00135 ] The development
o r highly metastatic

of new and effective therapies for patients with either brain metastatic NSCLC

SCLC is urgently

strategy t o treat lung cancers.
H NK, t o facilitate

needed. Targeting

Here, w e demonstrate

cancer metabolism

is a novel therapeutic

a new mitochondria-targeted

its delivery of HN K t o mitochondria.

compound,

W e successfully demonstrate

Mito-

the therapeutic

potential of Mito-H NK using both in vitro and in vivo models and determine its mechanism of action. The
Mito-H NK provides

novel preventive

and therapeutic

options

for lung cancer patients

with

brain

metastases.

Example 9: Additional in vitro testing

[00136] Using similar methods as described in Example 8, Mito-H NK was tested in other tumor cell lines.
Figure 14B-D shows the effects of M ito-HN K (14B and 14C) and Bis-Mito-H NK (14D) o n U87 cells, a brain
cancer cell line, as compared with HN K alone (Fig. 14A). Thus, Mito-HN K can be used t o reduce and
inhibit brain cancer.

[00137] Fig. 15A and B demonstrates
concentrations,

the effect of Mito-H NK as compared with H NK at two different

0.2 µ Μ (Fig. 15A) and 1 µ Μ (Fig. 15B) in MiaPaCa-2 cells (pancreatic cancer cell line).

Further, the combining the mito-honokiols

of the present invention

deoxyglucose) reduced the rate of proliferation
as shown for a number of different

inhibition

with antiglycolytic

agents (e.g. 2-

of pancreatic cancer cells than either treatment

concentrations

in Fig. 15C-F. Figure 16 further demonstrates

alone,

in vitro

of cell growth for MiaPaCa cells for HN K alone (Fig. 16A), magnolol (Fig. 16B), as compared t o

mito-magnolol

(Fig. 16C) and mito-phenyl-HN K (Fig. 16D).

[00138] Figure 17A and B show the effects of the combination
total ATP levels in Capan-2 cells (pancreatic adenocarcinoma

of mito-honokiols

with 2-deoxyglucose o n

cell line).
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Claims

We Claim :
1.

A modified honokiol compound according t o the following structure:

Where Li and/or L2 is:

where Li and L2 cannot be H at the same time.

A mito-honokiol compound according to the following structure:

(4-MitOi 2-Honokiol).

A mito-honokiol compound according to the following structure:

-MitOio-Honokiol).
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9.

A mito-honokiol compound according to the following structure:

(4-Mito 4-Honokiol).

A mito-honokiol compound according to the following structure:

(Bis-Mito 4-Honokiol).

A mito-honokiol compound according to the following structure:

(2'-Mito -Honokiol).

A mito-honokiol compound according to the following structure:

(4-Mito 2-Honokiol).

A mito-honokiol compound according to the following structure:

(Bis-Mito 2-Honokiol).

A mito-honokiol compound according to the following structure:

A mito-honokiol compound according to the following structure

(4-MitOphen-Honokiol).

A mito-honokiol compound according to the following structure

-MitOphen-Honokiol).

A mito-honokiol compound according t o the following structures:

wherein

and L2 comprise an organic linker attached t o a triphenylphosphonium moiety.

A mito-honokiol compound according t o the following structures:

wherein

and L2 comprise an organic linker attached t o a triphenylphosphonium moiety.

19.

A method of reducing, inhibiting or preventing tumor formation in a subject comprising

administering t o the subject a therapeutically effective amount of a composition comprising at least one
mito-honokiol compound of any one of claims 1-18.

20.

A kit comprising at least one mito-honokiol compound of any one of claims 1-18, a

pharmaceutically acceptable carrier or diluent, and instructional material.
21.

The method of claim 19, wherein the tumor is a lung cancer.

22.

The method of claim 19, wherein the tumor is a metastatic tumor.

23.

The method of 19, wherein reducing, inhibiting or preventing breast cancer cell growth

comprises inhibiting, reducing or preventing cancer cell proliferation, invasiveness of breast cancer cells,

or cancer cell metastasis in a patient.

24.

A method of treating cancer in a patient, the method comprising: administering an effective

amount of a pharmaceutical composition comprising at least one M ito-HN Kt o treat the cancer in the
patient.

25.

The method of claim 24, wherein the cancer in the patient is a primary cancer or a secondary

(metastatic) tumor thereof.

The method of claim 24, wherein the method further comprises treatment of the patient with

antiglycolytic agents and other standard-of-care drug.

27.

The method of claim 26, wherein the antiglycolytic agent is selected from the group consisting

of 2-deoxyglucose or 3-bromopyruvate.

28.

The method of claim 24, wherein the method further comprises treating the patient with

surgery, radiation therapy ( T ), or chemotherapy (CT) prior t o or concurrently with administering the

pharmaceutical composition.

29.

The method of any one of claims 24-28, wherein the cancer is selected from the group

consisting of lung cancer, breast cancer, pancreatic cancer, brain cancer, and lymphoma.

30.

A method of preventing, inhibiting, or reducing metastasis of a cancer, comprising administering

an effective amount of a pharmaceutical composition comprising at least one Mito-H NK t o treat the

cancer in the patient.
31.

The method of claim 30, wherein the metastasis is in a lymph node or distal organ.

32.

The method of claim 31, wherein the metastasis is in the brain.

33.

Use of the mito-honokiol of any one of claims 1-18 for the treatment of cancer.

34.

The use of claim 33, wherein the cancer is lung cancer.

35.

The use of claim 33, wherein the cancer is brain cancer.
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