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ABSTRACT

Honokiol, a constituent of Magnolia officinalis, has been reported to possess potent anti-cancer activity through targeting multiple signaling
pathways in numerous malignancies including acute myeloid leukemia (AML). However, the underlying mechanisms remain to be defined.
Here, we report that honokiol effectively decreased enzyme activity of histone deacetylases (HDACs) and reduced the protein expression of
class I HDACs in leukemic cells. Moreover, treatment with proteasome inhibitor MG132 prevented honokiol-induced degradation of class I
HDACs. Importantly, honokiol increased the levels of p21/waf1l and Bax via triggering acetylation of histone in the regions of p21/waf1 and
Bax promoter. Honokiol induced apoptosis, decreased activity of HDACs, and significantly inhibited the clonogenic activity of hematopoietic
progenitors in bone marrow mononuclear cells from patients with AML. However, honokiol did not decrease the activity of HDACs and induce
apoptosis in normal hematopoietic progenitors from unbilicial cord blood. Finally, honokiol dramatically reduced tumorigenicity in a
xenograft leukemia model. Collectively, our findings demonstrate that honokiol has anti-leukemia activity through inhibiting HDACs. Thus,
being a relative non-toxic agent, honokiol may serve as a novel natural agent for cancer prevention and therapy in leukemia. J. Cell. Biochem.
116: 287-298, 2015. © 2014 Wiley Periodicals, Inc.
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The importance of epigenetic modulation such as DNA
methylation and histone acetylation in human cancer develop-
ment is becoming clear [Chen et al., 2010]. Histone deacetylases
(HDACs) have been shown to modulate many important biological
processes such as cell cycle progression, differentiation, and
development through removing the acetyl group from histones
and subsequently inhibiting gene transcription. Overexpression of
HDAC causes a global loss of monoacetylation and is associated with
leukemia development [Wang et al., 1998; Muller and Kramer, 2010].
In contrast, the expression of HDAC is very low in normal
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hematopoietic progenitor cells [Wada et al., 2009]. HDACs are
broadly classified into four classes according to their sequence
homology. Class | HDACs including HDAC1-3 and 8 are frequently
overexpressed in various human cancers and this overexpression is
associated with drug resistance and poor clinical outcome. Thus,
class I HDACs have been considered as the potential targets for
cancer [Delcuve et al., 2013].

Inhibition of HDACs has been shown to suppress cancer cell
growth and/or induce apoptosis through re-expression of tumor
suppressor genes, suggesting HDAC inhibitors possess anti-cancer
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activities in solid tumor and hematological malignancies. In fact,
several HDAC inhibitors such as vorinostat and romidepsin have
been approved by the Food and Drug Administration (FDA) for
treating advanced and refractory cutaneous T-cell lymphoma
[Marks, 2010]. Aberrant activity of HDACs has been linked with
epigenetic silencing of tumor suppressor genes and key oncogenic
events. Inhibition of HDACs with vorinostat, valproic acid, and other
compounds led to cell cycle arrest and induction of apoptosis by
increasing the expressions of cell cycle kinase inhibitor p21/waf1
and pro-apoptotic protein Bax [Huang et al., 2000; Myzak and
Dashwood, 2006; Das et al., 2007]. Therefore, p21/wafl and Bax
might play an important role in the anti-cancer activity induced by
HDAC inhibitor.

Although HDAC inhibitors show selective toxicities against tumor
cells than normal cells, the prolong usage of these compounds in
patients also leads to gastrointestinal side effects, fatigue, and severe
immune suppression [Prince et al., 2009]. Therefore, it might be
advantage to select agents with low toxicities from plant-derived
polyphenol, which has the activity of HDAC inhibition. Honokiol, a
small molecular weight natural product derived from the stem and
bark of the plant Magnolia officinalis [Chen et al., 2009], has been
reported to possess potential anti-neoplastic and anti-angiogenic
properties through targeting multiple signaling pathways including
PI3K/Akt, STAT3, nuclear factor-kappa B (NF-kappaB), epidermal
growth factor receptor (EGFR), and mammalian target of rapamycin
(m-TOR) [Arora et al., 2012]. For example, honokiol induced G1 cell
cycle arrest and apoptosis by reducing the expression of cyclin D and
surviving in adult T-cell leukemia [Ishikawa et al., 2012]. Recently, it
has been reported that plant-derived natural compounds such as
green tea polyphenols and curcumin have the ability to modulate
gene expression by inhibiting HDAC activity, finally leading to re-
expression of some tumor suppressor genes [Thakur et al., 2012b;
Chen et al.,, 2013]. However, whether honokiol can alter gene
expression by inhibiting HDAC activity in leukemic cells is not fully
determined.

AML consists of heterogeneous subgroups of neoplastic hema-
topoietic progenitor cells. Current therapeutic regiments, including
complete remission induction followed by additional intensive
chemotherapy or stem-cell transplantation, have produced limited
survival benefits and inevitably led to serious side effects. Therefore,
development of less toxic agent is urgently needed. Here, we report
that plant-derived honokiol decreased the activity of HDACs and
downregulated the expression of HDAC1-3 and 8 in leukemic cells.
Moreover, honokiol triggered the mRNA and protein levels of p21/
wafl and Bax via triggering acetylation of histone in the regions of
p21/wafl and Bax promoter. Thus, being a relative non-toxic agent
[Liu et al., 2007], honokiol might be a potential therapeutic agent
for AML.

CELL LINES AND PRIMARY AML CELLS

K562 and HEL cells purchased from Shanghai cell bank were
employed for the present study. These cells were cultured in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine serum

(Invitrogen, Carlsbad, CA) in humidified 37°C incubator with 5%
CO,. MS-5 stromal cells were prepared at a concentration of
1 x 10° cells/ml/well in 6-well tissue plate 1-2 days prior to the
seeding primary AML cells. Primary AML cells (blasts% > 70%) were
obtained from 26 AML patients and normal hematopoietic
progenitors were obtained from unbilicial cord blood. Informed
consent was given in accordance with the Declaration of Helsinki.
All manipulations were approved by the Medical Science Ethic
Committee of Wenzhou Medical University. Bone marrow mono-
nuclear cells from AML patients and unbilicial cord blood were
isolated by Ficoll density gradient centrifugation (GE Healthcare,
Uppsala, Sweden) and were cultured in the same condition as
described above. Cell viability was determined by the trypan-blue
exclusion assay and growth inhibition rate was calculated according
to viable cell numbers of treated cells against numbers of untreated
cells. Purified honokiol (Sigma-Aldrich, St Louis, MO) was dissolved
in ethyl alcohol. Sodium butyrate (SB, Sigma-Aldrich) was dissolved
in distilled water and trichostatin A (TSA, Sigma-Aldrich) was
dissolved in ethanol. Proteasome inhibitor MG132 (Calbiochem,
Gibbstown, NJ) was dissolved in dimethyl sulfoxide. All these
compounds were kept at —20°C until use.

IMMUNOPRECIPITATION (CHIP) ASSAYS

The acetylation levels of genes promoter associated histone H3 and
H4 were examined by ChIP. ChIP analysis was performed using the
acetyl-histone ChIP assay kit (Upstate Biotechnology, Lake Placid,
NY). Briefly, treated and untreated cells were crosslinked with 1%
formaldehyde for 10min. Nuclear extracts were prepared and
chromatin was sonicated to generate 200-1000 bp DNA fragments.
Protein-DNA complexes were immunoprecipitated with 5ug of
specific antibodies (anti-acetylated histone H3, anti-acetylated
histone H4, and nonrelevant rabbit IgG) overnight at 4°C. Cross-
linking was reversed by incubating the samples at 65°C for 4 h. Then
DNA was purified and resuspended in nuclease-free water. Standard
PCR reactions were performed with primer sequences (Table S1)
specific for the Bax and p21/wafl promoter. PCR products were
subjected to electrophoresis using 2% agarose gel. Also, immuno-
precipitated DNA from leukemic cells were analyzed by quantitative
real-time PCR and the amounts of precipitated DNA were calculated
as the percentage of the input sample.

CELL CYCLE ANALYSIS

Leukemic cells were treated with different concentrations of
honokiol for 24 h. Then, about 2 x 10° cells were washed, pelleted,
and resuspended in 0.04 p.g/ml propidium iodide (Invitrogen) and
100 pg/ml RNase in PBS. The samples were incubated at room
temperature for 30min and was performed by FACSCalibur
instrument (Becton Dickinson, Mountain View, CA) using the
CELLQuest program (Becton Dickinson). Software Modifit was used
to generate histograms to determine number of cells in each phase of
the cell cycle.

APOPTOSIS DETECTION

Leukemic cells were plated in triplicate at 2 x 10° cells/ml. After
being treated with honokiol, apoptosis was detected by annexin V
(Invitrogen) in combination with propidium iodide (Invitrogen) and
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samples were analyzed by flow cytometry (Becton Dickinson) within
30min after staining. Experiments were done in duplicate and
repeated at least three times.

MEASUREMENT OF REACTIVE OXYGEN SPECIES (ROS) GENERATION
ROS generation in honokiol-treated and untreated AML blasts was
measured by flow cytometry, followed by staining with DCFH-DA
(Beyotime Institute of Biotechnology, Jiangsu, China). Briefly, AML
blasts were seeded in six-well plates (2 x 10° cells per well), and then
treated with honokiol. The cells were stained with 10 uM DCFH-DA
for 20 min at 37°C, and the fluorescence was measured by flow
cytometry according to the manufacturer’s protocol.

MRNA EXTRACT AND QUANTITATIVE REAL-TIME PCR

Total RNA from honokiol-treated and untreated cells were extracted
by TRIzol (Invitrogen, Carlsbad, CA, USA). RNA concentration and
quality were quantified by measuring the absorbance at 260 nm with
Beckman DU6400 spectrophotometer (Beckman Counter, Miami, FL,
USA) and gel analysis. Relative expression was calculated using the
2-*2T method. The primers of Bax and other gene transcripts were
indicated in Supplemental Table S1. Glyceraldehyde-3- phosphate
dehydrogenase (GAPDH) housekeeping gene was
normalization.

used for

HDAC ENZYME ACTIVITY

HDAC enzyme activity in cells was detected by the colorimetric
HDAC Activity Assay Kit (Upstate Biotechnology). HDAC assay
was performed following the manufacturer’s instruction measur-
ing the color intensity at 405nm. In vitro deacetylase assay was
performed by Fluor de Lys™ HDAC Fluorescent Activity Kit
(Enzo Life Sciences, Farmingdale, New York) according to
manufacturer’s instruction.

WESTERN BLOTTING

Western blotting analysis was performed using standard techniques.
The following antibodies were used: Bax, p21/waf1, bcl-2, cleavaged
caspase-3 (Cell Signaling Technology, Beverly, MA); ac-H3, ac-H4
(Upstate Biotechnology); HDAC1, HDAC2, HDAC3, HDACS, p53,
RaR-a, and AML1 (Santa Cruz Biotechnology, Santa Cruz, CA). As
necessary, blots were stripped and reprobed with B-actin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) as an internal control.
Signals were detected by chemiluminescence reagents (Millipore,
Billerica, MA). All experiments were repeated three times with the
similar results.

COLONY ASSAY

Bone marrow (BM) was obtained from six patients with AML.
Mononuclear cells were separated by Ficoll-Paque liquid and
suspended in IMDM (Gibco). Cells diluted 1:10 in IMDM containing
10% fetal bovine serum (Invitrogen) with or without 40 WM honokiol
were plated in 10 cm dishes with Methocult H4434 Classic (Stem Cell
Technologies, Vancouver, BC, Canada) for 14 days of incubation at
37°C with 5% CO,. Colony (>40 cells) was counted as one colony.
Granulocyte macrophage colony-forming unit (CFU-GM) and
erythroid burstforming unit (BFU-E) were counted according to
the manufacturer’s protocol. These experiments were approved by

the Medical Science Ethic Committee of Wenzhou Medical
University.

IN VIVO STUDIES

Female athymic nude mice (5 weeks old) were purchased from SLAC
(Shanghai SLAC Laboratory Animal, Shanghai, China) and were
housed in a pathogen-free animal facility. Animal studies were
performed according to Wenzhou Medical University Institutional
Guidelines. A total of 2 x 107 viable K562 cells in 200 pL of PBS were
injected subcutaneously into right flank of each nude mouse. After
24, mice were randomly divided into two groups. One group of
mice was treated with 100 mg honokiol/kg body weight in 100 wL of
PBS by oral gavage twice per week. The other group of mice received
an equal volume of PBS by gavage and served as a control group.
Mice were sacrificed and the tumors from each mouse were harvested
when the experiment was terminated at 10 weeks after tumor cell
inoculation. The wet weights and volumes of tumors were recorded.
Tumor volumes were measured using the equation V (in mm’)=A
x B?[2, where A is the largest diameter and B is the perpendicular
diameter. Also, tumor lysates were prepared for western blotting
analysis and HDAC activity assay.

STATISTICAL ANALYSIS

The significance of the difference between groups was determined by
Student’s t-test. A P-value of less than .05 was considered
statistically significant. All statistical analyses were performed
with SPSS software (Chicago, IL).

HONOKIOL CAUSES CELL CYCLE ARREST AND INDUCES APOPTOSIS
IN LEUKEMIC CELLS
To explore the potential anti-cancer effects of honokiol in leukemic
cells, we analyzed cell proliferation, cell cycle, and apoptosis in K562
and HEL cells treated with honokiol. As shown in Fig. 1B, treatment
with different concentrations of honokiol in K562 and HEL cells
significantly inhibited cell proliferation in a time- and concen-
tration-dependent manner, which paralleled to the reduced viability
(Fig. 1C). At 48 h of treatment, 5 pM honokiol led to 7.5% and 11%
cell death in K562 and HEL cells, respectively, while 40 uM honokiol
almost caused cell death in K562 and HEL cells (Figs. 1B and C). Next,
we investigate whether honokiol induced cytotoxicity by way of
apoptosis in leukemic cells. Annexin V-FITC/PI double staining was
performed in K562 and HEL cells treated with different concen-
trations of honokiol for 24 h. As compared with untreated cells, a
high percentage of annexin V"' labeling was detected in cells treated
with honokiol (Figs. 1D and E). Notably, the sensitivity of K562 cells
in honokiol-induced apoptosis was lower than that of HEL cells.
To determine whether honokiol-inhibited cell proliferation is due
to cell cycle arrest, K562 and HEL cells were treated with 5, 10, and
20 M honokiol for 24h. Analysis of DNA content by flow
cytometry indicated that honokiol led to a marked increase in the
percentage of GO/G1 phase. Honokiol treatment in K562 cells caused
an arrest of 33.2% in GO/G1 phase at 5 wM, which further increased
to 40.2% at 10 uM and 48.5% at 20 wM, compared with an arrest of

JOURNAL OF CELLULAR BIOCHEMISTRY

289

HoNoOKIOL INHIBITED HDACs IN AML



A B
R
o S 10
5 @
oM E g
= 40
]
u,c/ Q g 0 / S
Honokiol Cy 2h 48h 24h 48h
s K562 HEL
D
80 @ Con
R 60 | @10 MHNK
+
> N 20 uMHNK
£ 40
% B 40 M HNK
E 20 E
0 57\ E2E [—
K562 HEL
F
100 K562
£ 80 B Con
(]
w
(]
K —
o
£
»n
]
3

GU/G1

G2/M

Fig. 1.

120 pCon
EaswiK o 0 (M8 @5 UM HNK
GIOUMHNK 2 g [| | 93 10 M HNK
w20uMHK S a0 (| f ‘_ 20 M HNK
mavuti ~ 20 1) 8 |7 B s
21h 48h 2uh 48h
K562 HEL
E . 10 20

40 pM HNK

K562

Annexin V

Cells in phase (%)

G2M

Effects of honokiol on cell growth, apoptosis, and cell cycle in leukemic cell lines. (A) Chemical structure of honokiol. (B-C) Cell growth inhibition and viability were

counted by trypan-blue exclusion assay in K562 and HEL cells treated with different concentrations of honokiol (10-40 M) for 24 and 48 h. (D-E) K562 and HEL cells were
treated with different concentrations of honokiol (10-40 pM) for 24 h. The number of cells undergoing apoptosis were determined using Annexin V staining. (F-G) Distribution
of cells were recorded in different stages of cell cycle analyzed using fluorescence activated cell sorting analysis in K562 and HEL cells treated with different concentrations of
honokiol (5-20 uM) for 24 h. Data represent the mean =+ SD of three different assays.

31% in GO/G1 phase in control (Fig. 1F). Similarly, honokiol caused
an arrest of 46.2% at 5pM, 52.4% at 10 uM and 61% at 20 pM,
respectively, compared with 40.3% in untreated HEL cells (Fig. 1G).
This increase in GO/G1 cell population was accompanied with a
concomitant decrease of cell number in S phase (Figs. 1F-G).

To address whether HDAC inhibitors present anti-leukemia
activity, cell proliferation and cell apoptosis were detected in
leukemic cells treated with two well known class I and II HDAC
inhibitor trichostatin A (TSA) and class I HDAC inhibitor sodium
butyrate (SB). As indicated in Figure SIA-B, 1 WM TSA and 1 mM SB
significantly inhibited cell proliferation and reduced cell viability in
K562 and HEL cells. Meanwhile, apoptosis was analyzed in K562 and
HEL cells treated with TSA and SB for 24 h. TSA and SB obviously
induced apoptosis both in K562 and HEL cells (Fig. S1C-D).

HONOKIOL REDUCES ENZYME ACTIVITY OF HDACS AND INHIBITS
THE PROTEIN LEVELS OF HDAC1-3 AND 8 VIA ENHANCED
PROTEASOME-MEDIATED PROTEIN DEGRADATION OF HDACS IN
LEUKEMIC CELLS

To address whether honokiol could inhibit HDAC activity, K562 and
HEL cells were treated with different concentrations of honokiol and
1M TSA for 24h and HDAC enzyme activity was detected. We

found treatment of 20 and 40 p.M honokiol resulted in a significant
decrease of about 20-60% HDAC activity in K562 and HEL cells
(Fig. 2A). TSA, serving as positive control, reduced the HDAC activity
by approximately 80% in leukemic cells. Thus, honokiol treatment
causes dose-dependent inhibition of HDAC enzyme activity. To
determine whether honokiol is a direct inhibitor of HDAG, cell lysates
of K562 and HEL were incubated with honokiol in vitro for 6h,
followed by the measurement of HDAC activity. We found only
40 pM honokiol led to significant decrease of HDAC activity, but 10
and 20 pM honokiol failed to inhibit HDAC activity in cell lysates
(Fig. 2B). Although honokiol effectively decreased the activity of
HDAG, it is unknown whether honokiol affected the expression of
class I HDACs including HDAC1-3 and HDACS. As indicated in
Figure 2E, honokiol significantly downregulated the protein levels of
HDAC1-3 and HDACS8 in K562 and HEL cells. Intriguingly, honokiol
did not alter the mRNA levels of HDAC1-3 and HDACS (Figs. 2C-D).

Although our data suggest honokiol reduced activity of HDAC
enzyme and inhibited the protein levels of HDAC1-3 and 8, the
underlying mechanism was unknown. Next, we asked whether
proteasomal degradation pathway mediated honokiol-induced in-
hibition of class IHDACs. K562 and HEL cells were treated with 40 M
honokiol for 18 h followed by addition of 10 and 20 puM MG132, an
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Effects of honokiol on HDAC enzyme activities and protein levels of class | HDACs in leukemic cells. (A) HDAC activity was measured by colorimetric HDAC Activity Assay

Kit in K562 and HEL cells treated with indicated concentrations of honokiol and 1 uM TSA for 24 h.*P < 0.01 versus untreated cells. (B) Cell lysates from K562 and HEL cell were
incubated with different concentrations of honokiol and 1 M TSA for 6 h. HDAC activity was measured by the Fluor de Lys™ HDAC Fluorescent Activity Kit. *P< 0.01 versus
untreated cells. (C-E) The mRNA and protein levels of HDAC1-3 and 8 were measured in K562 and HEL cells treated with indicated concentrations of honokiol for 24 h by
quantitative real-time PCR (C-D) and western blotting (E). (F) K562 and HEL cells were cultured with 40 M honokiol for 18 h, followed by treatment with or without 10 and
20 oM MG132 for additional 6 h. The protein levels of HDAC1-3 and 8 were detected by western blotting. B-actin antibody served as an internal control.

inhibitor of proteasomal degradation, for additional 6 h. As indicated
in Figure 2F, the levels of class I HDAC proteins were significantly
higher in the cells treated with honokiol plus MG132 compared with
honokiol alone, suggesting that proteasome-mediated degradation of
HDACs is a possible mechanism through which honokiol decreases the
levels of class I HDACs in leukemic cells.

In order to determine the expression of class I HDACs in AML
blasts, we measured the mRNA levels of HDAC1-3 and 8 in 26
leukemic blasts and 10 normal hematopoietic progenitors obtained
from unbilicial cord blood (UCB). Because UCB includes plenty of
normal hematopoietic progenitors and the amounts of hema-
topoietic progenitors are sufficient to complete the following series
of tests, hematopoietic progenitors obtained from UCB were
commonly used for the normal control. The expression of HDAC1
and HDAC2 were significantly higher in leukemic blasts compared
with those in UCB (Fig. S2A-B). However, no significant differ-
ences of HDAC3 and HDACB8 levels were found between leukemic

blasts and UCB (Figs. S2C-D). Finally, we found HDAC activity was
significantly increased in leukemic blasts compared with that in
UCB (Fig. S2E).

HONOKIOL TRIGGERS THE MRNA AND PROTEIN EXPRESSION OF
P21/WAF1 AND BAX IN LEUKEMIC CELLS

HDAC inhibitors have been reported to induce cell cycle arrest by
increasing p21/wafl expression and activate apoptosis by upregu-
lating Bax expression in various cancer cells [Huang et al., 2000;
Myzak and Dashwood, 2006]. Next, we explored whether honokiol-
induced inhibition of HDACs also resulted in the upregulation of
p21/wafl and Bax. As demonstrated in Figure 3A, exposure of
honokiol in leukemic cells led to the increased protein levels of p21/
wafl and Bax in a concentration-dependent manner. Also, treatment
of honokiol significantly increased the mRNA expression of p21/
wafl and Bax in a concentration-dependent manner in both K562
and HEL cells (Fig. 3B). A 2.8-5.0-fold increase and 2.5-4.1-fold
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increase of p21/waf1 were found in K562 and HEL cells, respectively.
Meanwhile, a 1.4-8.4-fold increase and 2.7-5.3-fold increase of Bax
were found in K562 and HEL cells, respectively. Finally, we found
honokiol significantly decreased the protein levels of Bcl-2 in
leukemic cells (Fig. 3A).

Because previous studies clearly established that p21/wafl and
Bax were direct downstream targets of p53 tumor suppressor gene
[Zeng and Berger, 2006; Kizildag and Ates, 2010], we then asked
whether konokiol affects p53 expression in K562 and HEL cells. As
indicated in Figure 3A, honokiol failed to modulate the levels of p53
in HEL cells. However, the expression of p53 is lacking in K562 cells.

HONOKIOL INCREASES BINDING OF ACETYLATED H3 (AC-H3) AND
ACETYLATED H4 (AC-H4) TO THE PROMOTER REGIONS OF P21/
WAF1 AND BAX GENES

Low levels of acetylation on histones H3 and H4 (ac-H3 and ac-H4)
are linked to HDACs- mediated gene silence. We then determined
whether honokiol could increase the levels of ac-H3 and ac-H4 in
K562 and HEL cells. As indicated in Figure 4A, the levels of ac-H3
and ac-H4 were markedly increased in honokiol-treated K562 and
HEL cells than untreated cells. Although honokiol effectively

blocked HDAC activity (Figs. 2A-B) and increased the levels of
ac-H3 and ac-H4, it was not determined whether honokiol
modulated the levels of histone acetylation in p21/wafl and Bax
promoter region. To test it, we performed ChIP to detect the levels of
histone acetylation in p21/wafl and Bax promoter regions. As
indicated in Figure 4C-D, the band densities of p21/waf1- and Bax-
associated acetylated histone proteins were obviously higher in
chromatin that was extracted from honokiol-treated cells than in
chromatin extracted from untreated cells. Moreover, immunopre-
cipitated DNA from leukemic cells was analyzed by quantitative
real-time PCR. The levels of ac-H3 and ac-H4 in p21/wafl and Bax
promoter regions were increased by 4-8-fold in honokiol-treated
cells compared with untreated cells (Figs. 4E-F).

THE EFFECTS OF HONOKIOL ON PRIMARY BLASTS FROM AML
PATIENTS AND NORMAL HEMATOPOIETIC PROGENITORS FROM
UNBILICIAL CORD BLOOD

To explore if honokiol has anti-cancer activity in primary leukemic
blasts, bone marrow mononuclear cells from AML patients were
separated and treated with honokiol or not for 24 h. Firstly, apoptosis
was detected by annexin V/PI staining. As indicated in Table I,
40 uM honokiol led to an increase of percentage of apoptotic cells
from 5.1% to 68.3% in mononuclear cells from 26 AML patients.
Totally, honokiol induced apoptosis in 20 of 26 (77%) AML blasts
irrespective of FAB status and karyotype. As previous data reported
that honokiol induced caspase-dependent apoptosis [Ishikawa
et al.,, 2012], we then determine whether honokiol induced
caspase-3 activation in AML blasts. We found caspase-3 was
cleavaged in three of four honokiol-treated blasts (Fig. S3A), which
were induced apoptosis by honokiol (Fig. S3B). Meanwhile,
substantial increases of ROS levels were also observed in three of
four honokiol-treated blasts (Fig. S3C), which were induced
apoptosis by honokiol. Since bone marrow stromal cells are essential
components of the leukemic microenvironment in promoting
leukemic cell survival and chemoresistance, we then determine
whether stromal cells affected honokiol-induced apoptosis in AML
blasts. Honokiol also induced apoptosis in AML blasts in the
presence of stromal cells (Fig. S3D), but the co-treatment with
stromal cells obviously decreased the rate of apoptotic cells in #1 and
#4, but not in #2.

Although honokiol inhibited the activity of HDACs in K562 and
HEL cells, it is still unknown whether honokiol suppressed the
activity of HDACs in primary leukemic cells. Next, we measured the
relative activities of HDACs in bone marrow mononuclear cells
treated with 40 wM honokiol or not. We found honokiol decreased
the activities of HDACs in 21 of 26 (80%) AML blasts (Fig. 5A).
Furthermore, we analyzed the relative mRNA levels of p21/wafl and
Bax in fresh AML blasts treated with 40 wM honokiol for 24 h. P21/
waf1l and Bax were increased in 22 of 26 (84.6%) AML blasts and 17
of 26 (65%) AML blasts (Figs. 5B and C), respectively. Finally, we
determined the effects of honokiol on the clonogenic activity of fresh
bone marrow from six patients with AML. As shown in Figure 5D-F,
honokiol obviously decreased the number of CFU-GM and BFU-E in
six of six AML patients.

To determine the effects of honokiol on normal human
hematopoietic progenitors, mononuclear cells were freshly isolated
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sample. *P < 0.01 versus untreated cells.

from six UCB. We firstly measured the activities of HDAC enzyme in
hematopoietic progenitors cultured with or without 40 uM honokiol
for 24 h. No significant change of HDAC activities was found in
honokiol-treated hematopoietic progenitors compared with un-
treated cells (Fig. 5G). We also found honokiol did not decrease
HDAC activities in cell lysates of hematopoietic progenitors from
UCB in vitro (Fig. S4A). Furthermore, honokiol failed to increase the
levels of ac-H3 and ac-H4 in hematopoietic progenitors from four
UCB (Fig. S4B). No significant cell apoptosis or death was observed in
honokiol-treated normal hematopoietic progenitors than untreated
cells (Fig. 5H). Finally, we detected the mRNA levels of p21/waf1 and
Bax. Honokiol failed to affect the transcript levels of p21/waf1l and
Bax in honokiol-treated hematopoietic progenitors compared with
untreated cells (data not shown).

EFFECTS OF HONOKIOL IN A K562 XENOGRAFT MODEL

Next, we determined whether honokiol could reduce the tumor-
igenicity in a xenograft model. About 2 x 107 viable K562 cells
were injected subcutaneously into right flank of each nude mice.

After 24 h, honokiol was administered by oral gavage twice a
week. All the mice that were treated with honokiol did not
indicate any abnormal behavior or visible sign of toxicity,
suggesting its safety. All mice were sacrificed and the tumor from
each mouse was harvested to measure tumor volume and tumor
weight. Tumors in honokiol-treated mice were significantly
smaller than those in PBS-treated mice (Fig. 6A). The average
tumor volume in administration of honokiol was reduced by
46.3% compared with those in administration of PBS (Fig. 6B).
Similarly, honokiol resulted in 44.8% decrease in average tumor
weight (Fig. 6C).

To further explore whether the reduction of tumor xenograft by
honokiol was linked with the inhibition of HDAC activity, HDAC
activity was detected in tumor lysates. The average HDAC activity in
honokiol-treated mice was reduced by 60.6% than that in PBS-
treated mice (Fig. 6D). Finally, the levels of class I HDACs, p21/waf1,
and Bax were detected in honokiol-treated mice and control mice. As
indicated in Figure 6E, the protein levels of HDAC1-3 and HDAC8
were significantly decreased, while the levels of p21/waf1 and Bax
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TABLE I. Effects of Honokiol on Blasts of Individuals With AML

Annexin V* %

No. Sex Age (year) FAB subtype Karyotyoe Blasts % Ethyl alcohol Honokiol
1 M 53 M1 46, XY 83 5.4£0.2 30.4 + 4.5%
2 F 62 M1 47, XX, +8 75 124+1.8 13.142.0

3 M 57 M1 46, XY 88 3.6+0.6 35.2+4.3%
4 F 52 M1 47, XX,+13 90 11.7+0.9 123408

5 M 64 M2 46, XY 72 7.3£0.9 45.6 + 5.7
6 F 48 M2 ND 89 5.8+0.3 18.5+3.2%
7 M 42 M2 46, XY 92 6.2+£0.4 37.2+3.6%
8 F 38 M2 46, XX, t(8;21) 72 6.4+0.5 53.5+3.2*
9 M 35 M2 48, XY, +8, +11 78 73408 37.9+3.1*
10 F 52 M2 46, XX 76 42404 35.2 +3.0°
11 M 49 M3 46, XY, (15;17) 84 8.1£0.6 9.8+ 1.4

12 M 52 M3 46, XY, 1(15;17) 88 7.840.7 40.2 +3.7*
13 F 48 M3 46, XY, t(15;17) 71 9.6+0.6 115+ 2.1

14 F 51 M4 47, XX,+8, Inv (16) (p13q22) 93 8.3+0.9 68.3 +8.3*
15 M 55 M4 46, XY 85 5.7+0.3 52.8 4 6.7*
16 M 64 M4 46, XY, 7q- 82 7.9+£0.6 26.8 + 3.4
17 F 57 M4 46, XX 80 6.6+0.5 42.9+3.9%
18 F 56 M4 46, XX, t(9;11) (p22;923) 79 9.3+0.8 36.2 +4.5%
19 F 46 M5 46, XX 94 6.6 0.4 28.7 + 1.9
20 M 67 M5 ND 86 49405 48.2+3.8*
21 M 35 M5 47, XY, 411 82 5.2+0.2 32.2+4.3
22 M 46 M5 43, XY, -3, -17, -18 74 47404 5.140.4

23 F 54 M5 46, XX 91 6.8+0.6 24.5+2.8*
24 F 58 M5 46,XX, 1(6;11) (q27;923) 79 7.340.7 9.2+ 1.1

25 M 62 M5 46, XY 85 53+0.3 48.6 +3.7
26 F 68 M5 46,XX, 1(9;11) (p22;923) 80 7.3£0.5 34.4+2.4%

ND, not determined.
"P< 0.01 verse Ethyl alcohol.

were obviously increased in the tumors obtained from honokiol-
treated mice as compared with control mice.

Post-translational modifications of histone that affect chromatin
structure might play important roles in epigenetic alterations.
Acetylation and deacetylation are the two main histone modifica-
tions that are clinically identified as predictors of cancer initiation
and progression. In our present study, we find plant-derived natural
compound honokiol possesses the ability of inhibiting the HDAC
activity and decreases the expression of class I HDACs, which is
mediated by the enhanced proteasomal degradation. Furthermore,
honokiol increases the expression of p21/wafl and Bax through
triggering ac-H3 and ac-H4 in the promoter regions of p21/waf1 and
Bax, finally leading to cell cycle arrest and apoptosis in leukemic
cells.

Recently, emerging data have demonstrated that HDAC inhibitors
induce cell cycle arrest, differentiation, and apoptosis in leukemia
cells through induction of pro-apoptotic proteins and cell cycle
kinase inhibitors. For example, HDAC inhibitors vorinostat and
MS275 induced both p21 and tumor necrosis factor-related
apoptosis-inducing ligand expression via directly triggering the
promoters [Nebbioso et al., 2005]. TSA restored the function of
apoptosome component Apaf-1, whose functional activity was
impaired in ovarian cancer cells, to enhanced cisplatin-induced
apoptosis [Tan et al., 2011]. Consistent with the previous reports
[Battle et al., 2005; Ishikawa et al., 2012], honokiol significantly

reduced the proliferation and viability of human leukemic cell lines
and primary AML blasts but failed to cause cell death in normal
hematopoietic progenitors. The parallel concentration- and time-
dependence suggest that the inhibition of cell growth by honokiol
may be mediated, at least in part, through the downregulation of
class I HDAC proteins and inhibition of HDAC activity in these
leukemic cells. Further support for this possibility was demonstrated
by the effects of HDAC inhibitors which also reduced cell viability
and induced cell apoptosis in leukemic cell lines. All these data
suggest that the action of honokiol against leukemic cells is partly
similar to that of these synthetic HDAC inhibitors.

Plant-derived compounds, which have the ability to inhibit the
activity of HDAC, are minimally toxic compared with chemical
derived-compounds. Toxicity of honokiol was evaluated in Sprague-
Dawley rats by intravenous administration with honokiol. No
significant differences were observed in hematological values, serum
biochemical values, body weight, and others between honokiol-
treated rats and vehicle-treated rats [Wang et al., 2011]. The potential
genotoxic effects of Magnolia bark extract were also assessed in
Chinese hamster lung cells and Chinese hamster ovary cells by
chromosomal aberration assays. No mutagenic activity was observed
[Zhang et al., 2008]. These results suggest that honokiol either alone or
as a part of magnolia bark extract does not induce toxicity in animal
models and thus will be clinically safe. Green tea polyphenols (GTPs)
reactivated epigenetically silenced genes through inhibiting HDAC
activity and reducing class [HDACs expression in prostate cancer cells
[Thakur et al., 2012a]. Honokiol was reported to induce apoptosis and
inhibit growth via decreasing class | HDACs expression in non-small
cell lung cancer [Singh et al., 2012]. Therefore, without severe side
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Fig. 5. The effects of honokiol on primary AML blasts and normal human hematopoietic progenitors from unbilicial cord blood. (A-C) Bone marrow mononuclear cells from 26
AML patients were treated with 40 M honokiol or not for 24 h. HDAC activities were measured by colorimetric HDAC Activity Assay (A). The mRNA levels of p21/waf1 and Bax
were detected by quantitative real-time PCR, respectively (B—C). (D-F) Bone marrow mononuclear cells from six AML patients (1 M1, 2 M2, and 3 M5) were cultured with 40 uM
honokiol for colony assay as described in Material and methods. Representative images of colony for the case 1 patient (D). Images were visualized with a LEICA DMIRB (LEICA,
Wetzlar, Germany) microscope equipped witha x 40/0.5 numerical aperture objective lens (LEICA) and were captured through Canon digital camera. The numbers of CFU-GM (E)
and BFU-E (F) colonies containing >40 cells in each dish was counted. All experiments were done twice using triplicate plates per experimental point. (G-H) Mononuclear cells
were freshly isolated from six unbilicial cord blood and then were treated with 40 M honokiol or not for 24 h. HDAC activities were measured by colorimetric HDAC Activity
Assay (G). The numbers of cells undergoing apoptosis were determined using Annexin V/PI staining (H).

effects, these compounds isolated from plant with the inhibition of
HDAC activity can be utilized in the prevention and treatment for
different tumors including hematological malignancies. The levels of
HDAC activity can be altered through modulation of HDAC protein
levels or direct inhibition of HDAC enzyme activity. HDAC inhibitors
vorinostat and TSA were reported to inhibit HDAC enzymatic activity
via directly interacting with catalytic sites of HDAC protein [Finnin
et al., 1999]. Although honokiol reduced class  HDACs expression in
leukemic cells, further studies are required to determine whether
honokiol inhibits HDAC enzymatic activity via directly interacting
with catalytic sites of HDAC protein.

Most cellular proteins are degraded by ubiquitin-proteasome system.
Several reports showed that HDAC1-3 were degraded through
ubiquitin-proteasome system [Gopal and Van, 2006; Zhao
et al.,, 2010; Zhang et al., 2011]. Although HDAC inhibitor valproic
acid selectively led to proteasomal degradation of HDAC2 protein

through inducing the E2 ubiquitin conjugase Ubc8 and the E3 ubiquitin
ligase RLIM expressions, TSA failed to cause HDAC2 protein
degradation because TSA rapidly decreases RLIM protein level in
addition to inducing Ubc8. Further, an anticancer agent 3, 3'-
Diindolylmethane (DIM) selectively induced proteasome-mediated
degradation of HDAC in human colon cancer cells through inducing
the formation of the ubiquitin-labeled HDAC, but not inducing RLIM
expression [Li et al., 2010]. Therefore, HDAC inhibitors induced
proteasomal degradation of HDAC through a quite complicated
mechanism. Considering that honokiol inhibited all class I HDACs
and MG 132 prevented honokiol-caused downregulation of HDACs, we
speculate that honokiol may enhance the ubiquitin-labeled HDAC1-3
and 8 expressions to promote degradation in leukemic cells.
Leukemogenic proteins such as AML1-ETO and PML-RARa were
also degraded through the Ubc8-and E3-ligase SIAH-1-dependent
ubiquitin-proteasome system. Furthermore, HDAC inhibitor resulted in
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Fig. 6. The anti-tumor effect of honokiol in K562 tumor xenograft. About 2 x 10 viable K562 cells were injected subcutaneously into right flank of each nude mouse. After

24 h, honokiol was administered by oral gavage (100 mg/kg body weight of mice) twice a week. All mice were sacrificed and the tumors from each mouse were harvested at
10 weeks. (A) A photograph of tumors in honokiol-treated mice and control mice. (B-C) All tumors were harvested at the termination of experiment to measure net weight (B)
and net volume (C). (D) Tumor lysates from honokiol-treated mice and control mice were prepared for HDAC activity assay. (E) The protein levels of class | HDACs, p21/waf1, and
Bax were detected in tumor lysates from one honokiol-treated mouse and one control mouse.

AMLI1-ETO and PML-RARa degradation through inducing Ubc8
expression [Kramer et al., 2008]. In order to determine whether
honokiol degraded AML1-ETO and PML-RARa fusion proteins, Kasumi
and NB4 cells, which carry AML1-ETO and PML-RAR« fusion proteins,
respectively, were treated with honokiol [Muller et al., 1998; Markova
et al., 2012]. Our data showed treatment with honokiol decreased
AML1-ETO protein expression in Kasumi cells, but failed to reduce
PML-RAR« protein expression in NB4 cells (Figs. SSA-B).

Increased activity of histone deacetylases was demonstrated in
childhood acute leukemia and philadelphia-negative chronic
myeloproliferative neoplasms [Skov et al., 2012; Sonnemann
et al., 2012]. HDAC2, HDAC3, HDAC6, and HDACS8 were overex-
pressed in childhood acute lymphoblastic leukemia (ALL) compared
with normal bone marrow samples. Moreover, higher expressions of
HDAC7 and HDAC9 were associated with poorer prognosis in
childhood ALL, respectively [Moreno et al., 2010]. Therefore,
inhibition of these overexpressed individual HDACs might contrib-
ute to the clinical treatment. In addition to inhibiting class I HDAC
expressions, honokiol also decreased class I HDACs such as HDAC4,
5, and 6 in K562 and HEL cells (Figs. S6A-B), suggesting that
honokiol may be a pan-HDAC inhibitor in leukemic cells.

Previous data reported that HDAC inhibitors increased acetylation
of p53 and enhanced its DNA-binding activity to promote to the
expression of its downstream targets, such as p21/waf1l and Bax [Oh
et al., 2012]. Our data showed honokiol increased the expression of
p21/wafl and Bax in K562 cells, in which wide-type p53 expression
was lacking [Feinstein et al., 1992], suggesting honokiol-induced
upregulation of p21/wafl and Bax might be independent of p53.
Although our data indicated that honokiol failed to affect the protein
levels of p53 in HEL cells, it still remains to elucidate that whether
honokiol might cause the acetylation of wild-type p53, which finally
enhances binding to the p21/wafl and Bax promoter to increase
their expression. Intriguingly, in addition to activating transcription
of genes, HDAC inhibitors were reported to regulate genes at multiple
levels. For example, HDAC inhibitors increased p21/waf1 expression
via inducing p21/wafl mRNA stabilization [Hirsch and
Bonham, 2004]. Therefore, further studies are still needed to explore
whether honokiol can induce p21/waf1 and Bax mRNA stabilization
to increase their expression.

Here, we report that honokiol decreases HDAC enzyme activity
and reduces the expression of class  HDACs in vitro and in vivo, but
fails to alter HDAC activity in normal hematopoietic progenitors,
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suggesting that honokiol presents selective toxicity against leukemic
cells. Further, the decrease in HDAC activity by honokiol is
associated with increased global ac-H3 and ac-H4 as well as
increased acetylation of histone in the promoter regions of p21/waf1
and Bax, finally leading to the increased expression of p21/waf1 and
Bax. Collectively, the anti-cancer effects of honokiol might be due,
in part, to HDAC inhibition. Therefore, in combination with other
modes of therapy or not, honokiol has the potential to develop into a
therapeutic agent for leukemia without severe side effects.
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