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BACKGROUND AND PURPOSE
Homoharringtonine (HHT) is a natural alkaloid isolated from various Cephalotaxus species. HHT has been used to treat acute
myeloid leukaemia (AML), chronic myeloid leukaemia (CML), chronic lymphocyte leukaemia and myelodysplastic syndromes.
Although HHT inhibits protein synthesis and promotes apoptosis of leukaemia cells in preclinical studies, its molecular target
proteins remain unknown. The aim of this study was to identify target proteins of HHT.

EXPERIMENTAL APPROACH
We have synthesized a biotinylated affinity column and used it to identify targets of HHT and confirmed the results by MS and
Western blots. We also examined the effects of HHT on the target protein and determined roles of the target protein in anti-
leukaemia activities of HHT through Western blots, flow cytometry and retrovirus transfection.

KEY RESULTS
Myosin-9, a member of the myosin super-family, was identified as a direct interactor of HHT. Furthermore, HHT up-regulated the
expression level of myosin-9 in both AML and CML cell lines in a time-dependent manner. Thus, HHT-induced apoptosis of
leukaemia cells begins in 6 h and continues to increase for 24 h. There is a positive correlation between up-regulated myosin-9
expression level and increased percentage of apoptotic cells mediated by HHT. Overexpression of myosin-9 could increase the
sensitivity of the leukaemia cells to the cytotoxicity of HHT and arrest cells in S and G2/M phases.

CONCLUSIONS AND IMPLICATIONS
Our results indicated that myosin-9 was the target protein of HHT and played an important role in the HHT-induced apoptosis of
leukaemia cells.
Abbreviations
AML, acute myeloid leukaemia; CML, chronic myeloid leukaemia; GST, glutathione S-transferase; HHT,
homoharringtonine; NM II, non-muscle myosin II; NMHC-IIA, non-muscle myosin heavy chain-IIA;
alternatively called myosin-9; TKI, TK inhibitor
© 2015 The British Pharmacological Society
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Bcl-2

Myeloid cell leukaemia-1(Mcl-1)
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Introduction

Homoharringtonine (HHT; omacetaxine mepesuccinate) is a
cephalotaxine ester that was initially extracted from the ever-
green tree Cephalotaxus harringtonia. The potent anti-
leukaemia effects of HHT were initially reported by Chinese
investigators in the 1970s (Chin Med J (Engl), (1976; Chin
Med J (Engl), (1977). To date, HHT-based regimens have been
widely used to treat haematopoietic malignant disorders,
such as acute myeloid leukaemia (AML) and chronic myeloid
leukaemia (CML). During the past decades, the results from a
large number of clinical trials in patients with AML have
indicated that HHT, given alone or in combination with other
chemotherapy drugs, induces remission in patients with
AML. Our group has also demonstrated that HHT in combina-
tion with cytarabine and aclarubicin resulted in a high
complete remission rate in patients with AML (Jin et al.,
2006; Jin et al., 2013; Yu et al., 2013). Furthermore, a series
of studies conducted in Western countries also confirmed
the promising effectiveness of HHT in treating patients with
CML after TK inhibitor (TKI) failure (Quintas-Cardama et al.,
2007; Quintas-Cardama et al., 2009; Cortes et al., 2012).

However, little is known about the mechanism underly-
ing the anti-leukaemia activities of HHT. According to the
results available from preclinical studies, HHTexerts its anti-
leukaemia activities by inhibiting protein synthesis and
inducing cell death in a variety of leukaemia cell lines. This
natural compound blocked substrates from binding to the
receptor site on the ribosome subunit, thereby impairing
chain elongation and inhibiting protein synthesis (Fresno
et al., 1977; Tujebajeva et al., 1989; Gurel et al., 2009). Our
previous study also revealed that cell apoptosis induced by
HHTwas mediated by the up-regulation of the proapoptotic
protein Bax and the induction of caspase-3-mediated
cleavage of PARP (Yinjun et al., 2004). Down-regulation of
myeloid cell leukaemia-1, one of the antiapoptotic proteins
of the Bcl-2 family was observed in HHT-treated leukaemia
cells (Allan et al., 2011; Chen et al., 2011). To date, the molec-
ular target and mechanisms of HHTagainst leukaemia remain
unknown.

In this study, we first synthesized an effective HHT affinity
reagent to identify its molecular target. Myosin-9, the skeletal
contractile protein, was identified as the direct interactor of
HHT in leukaemia cells by the novel affinity column in
combination with MS and Western blot analysis. Further-
more, the effect of HHTon the target protein was evaluated.
We found that HHT up-regulated myosin-9 expression in
both AML and CML cell lines. The increase in the target
protein induced S and G2/M phase arrests of leukaemia cells,
enhanced the sensitivity of leukaemia cells to HHT and was
involved in cell apoptosis mediated by the anticancer drug.
Taken together, these data provide insights into the mecha-
nism underlying the anti-leukaemia effects of HHT.
Methods

Affinity column preparation
A total of 50mg of PFP-biotin (pentafluorophenyl ester of
biotin, Pierce, Rockford, IL, USA) was dissolved in 1mL anhy-
drous dimethylformamide (DMF), and 250mg of HHT dis-
solved in 1mL DMF was added. The mixture was stirred at
60°C in a nitrogen atmosphere shielded from light. The
production of HHT biotin ester was monitored with LC/MS
(m/z 772 [M + H]+) and MS/MS (772 → 258).

Avidin agarose beads (2 mL; Pierce) were packed in a
column and equilibrated with 10mL 0.1M PBS pH 7.4. Then,
HHT biotin ester diluted with 0.1M PBS pH 7.4 was added to
the column. The column was plugged, sealed and then
rotated for 2 h at room temperature. Then, the column was
eluted with 20mL of 0.1M PBS pH 7.4 to wash out the free
chemicals. To block the unbound avidin sites, 5mL of 1mM
biotin was added to the column. After the biotin solution
had flowed through the column, the column was plugged
and incubated for 2 h at room temperature. After incubation,
the column was eluted with 20mL 0.1M PBS pH7.4. The
control column was prepared by replacing the HHT biotin
ester with 0.1M PBS pH 7.4. The columns were stored at 4°C
in 0.1M PBS pH 7.4 with 0.02% sodium azide.
Affinity chromatography
Cells were washed with ice-cold PBS and lysed in RIPA buffer
containing protease inhibitors. Whole lysate of Kasumi-1
cells was incubated with affinity matrix or control affinity
matrix at 4°C for 2 h. After washing with 0.1M PBS pH 7.4
buffer and 2.0M NaCl in 0.1M PBS pH 7.4 buffer, the affinity
columns were eluted with 0.1M PBS pH 7.4 buffer containing
1mM HHT as a competitor, three times. The eluates were
collected and dialyzed overnight at 4°C. After drying in a
vacuum freeze drier, the samples were loaded and separated
on 8–15% Tris-Glycine SDS-PAGE. The gels were stained with
a Silver Stain Plus Kit (Bio-Rad, Hercules, CA, USA) and a
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Colloidal Blue Staining Kit (Invitrogen, Waltham, MA, USA).
The protein bands were excised and digested with trypsin.
The purified peptides were dried under a vacuum, resus-
pended in 0.1% formic acid and 5% acetonitrile and then
analysed by LC-MS/MS in the positive ion mode with a
Thermo Scientific LTQ Orbitrap Velos mass spectrometer
coupled with a Waters nanoAcquity Ultra Performance LC
system. The peptide masses obtained by LC-MS/MS analysis
were processed against the Human IPI database.

Western blot analysis
The protein samples were resuspended in loading buffer,
denatured for 5min at 95°C, subjected to SDS-PAGE and then
transferred onto nitrocellulose membranes. The membranes
were blocked for 1h at room temperature with 5% non-fat
dry milk in PBS-Tween 20 (TBS-T) and then immunoblotted
overnight at 4°C with primary antibody against myosin-9
(1:1000, ab24762, Abcam, Cambridge, UK). After washing with
TBS-T, the membranes were exposed to the HRP-conjugated
secondary antibody for 1h at room temperature, and then the
antigen–antibody complexes were allowed to react with the
SuperSignal West Pico Chemiluminescent Substrate (Pierce).

Cell culture
The human AML cell lines Kasumi-1 and HL-60 (Type Culture
Collection of the Chinese Academy of Sciences, Shanghai,
China) and the human CML cell lines KCL-22 and imatinib-
resistant KCL-22M (PhD Rongzhen Xu (Cancer Institute,
Zhejiang Univ. Hangzhou 310009,China)) with T315I mu-
tant Bcr- Abl were cultured in RPMI-1640 supplemented with
10% fetal calf serum (FCS). The cell culture medium DMEM
containing 10% FCS was used to culture the Plat-GP retrovirus
packaging cell line (Cell Biolabs Inc., San Diego, CA, USA). All
these cell lines were maintained in a 37°C humidified incubator
with 5% CO2.

Cell proliferation assay
Cells were cultured in 96-well plates and treated with HHTat
various concentrations for 24 h. Cell proliferation was
measured with an MTS assay (Promega, Madison, WI, USA)
following the manufacturer’s instructions.

Assessment of apoptosis
Apoptotic cells were evaluated by annexin Vand propidium
iodide (PI) staining. Briefly, samples of the cells (106 cells per
sample) were washed once in PBS and resuspended in
annexin-binding buffer. Alexa Fluor 488 annexin V and PI
working solution were added to the cell suspension, and the
cells were incubated at room temperature for 15min as
instructed by the manufacturer (Invitrogen). The percentage
of apoptotic cells was determined by flow cytometry.

Cell cycle assay
Cultured cells were trypsinized and fixed with ice-cold 70%
ethanol. For DNA content assay, PI was added at 40 g·mL�1,
and cells were incubated in the presence of RNase at
100 g·mL�1 for 30min at 37°C. DNA contents were deter-
mined in a Becton Dickinson FACAS. The percentage of cells
in each of the phases of the cell cycles was calculated.
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Establishment of Kasumi-1 cells stably
overexpressing NMHC-IIA
Approximately, 5 × 106 Plat-GP retrovirus packaging cells
were seeded onto a 100mm culture dish without antibiotics,
including puromycin and blasticidin, 1 day before transfec-
tion. When the culture was 70–80% confluent, pMxs-non-
muscle myosin heavy chain-IIA (NMHC-IIA) or pMxs-puro
plasmid and the pCMV-VSV-G envelope vector (Cell biolabs,
San Diego, CA, USA) were mixed with X-treme GENE HP
DNATransfection Reagent (Roche Applied Science, Penzberg,
Germany), and the plat-GP cells were transfected with the
DNA-FuGENE complex. The retroviral supernatant was
harvested 48 h after transfection. Kasumi-1 cells were trans-
duced by infection with retrovirus-containing supernatants
from Plat-GP cells. At 24 h after transduction, these cells were
plated in puromycin (0.5mg·mL�1) selection medium. Resis-
tant cells transduced by the recombinant retrovirus derived
from pMXs-NMHC-IIA or pMxs-puro were designated as
Kasumi-1/NMHC-IIA or Kasumi-1/puro cells respectively.

Data analysis
The optical densities of immunoblots were quantitatively
analysed and compared by using QUANTITY ONE software
(Bio-Rad). To facilitate comparisons between groups, the
band density values were normalized to the mean value for
the control. Data are expressed as means ± SD. Differences
were evaluated by a t-test analysis of variance, and P < 0.05
was considered to be statistically significant.
Materials
Homoharringtonine was purchased from Zhejiang Institute
of Drug Control (Zhejiang, China).
Results

HHT binds to myosin-9
To identify the direct molecular target of HHT, a novel affinity
reagent was used as a molecular probe. HHTwas conjugated
to biotin by the chemical reaction between HHT and PFP-
biotin (Figure 1). The biotinylated HHTwas immobilized with
avidin agarose beads, and the resulting beads were packed in a
small column for affinity chromatography. Whole lysates of
Kasumi-1 cells were loaded onto the affinity column followed
by washing with PBS buffer and 2.0M NaCl in PBS buffer. The
proteins retained in the column were eluted with an HHT-
containing solution. SDS-PAGE analysis of the eluates
revealed two protein bands at molecular masses of approxi-
mately 220 and 40 KDa (Figure 2A and B). The two proteins
were identified as myosin-9 (220 KDa) and actin (42 KDa) by
MS-based protein sequencing (data not shown), which was
confirmed by immunoblot analysis (Figure 2C). It is known
that myosin-9 (alternatively called NMHC-IIA) is an actin-
binding protein that interacts with actin filaments at its glob-
ular head domain. When bound to actin, myosin-9 switches
to its active form and exerts its functions in cells. To deter-
mine whether HHT binds directly to myosin-9, additional



Figure 1
Structure of biotinylated HHT.
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pull down assays were performed. The recombinant proteins
glutathione S-transferase (GST)-myosin-9 and GST were
individually incubated with biotinylated HHT, and the
complexes were isolated with avidin agarose. Western blot
analysis indicated that HHTspecifically binds with myosin-9
but not GST protein (Figure 2D). These results suggest that
myosin-9, the actin-binding protein, is the target protein that
directly interacts with HHT in leukaemia cells.
HHT up-regulates myosin-9 expression in
leukaemia cells
There are few studies regarding the importance of myosin-9
in leukaemia, and no evidence indicating the myosin-9 is
involved in the mechanism underlying the antitumour activ-
ities of chemotherapeutic drugs. Therefore, we investigated
the role of myosin-9 in the anti-leukaemia action of HHT.
First, the effect of HHT on the expression of myosin-9 in
leukaemia cells was measured. Kasumi-1 cells were treated
with HHT (20 ng·mL�1) and collected at different time points.
Then, the expression level of myosin-9 was determined by
immunoblot analysis. As shown in Figure 3A, a time-
dependent increase in myosin-9 protein was found in the
cells after exposure to HHT. An increase in myosin-9 was de-
tected as early as 6 h, and the expression level continued to
increase in the following 6–18 h. Next, we treated the HL-60
cell line, the U937 cell line, the THP-1 cell line, the CML cell
line KCL-22 and imatinib-resistant KCL-22M cells (T315I
mutant Bcr-Abl) with IC50 concentration of HHT for 6, 12
and 24 h and examined the myosin-9 expression in these
cells. Similar elevations in myosin-9 expression were ob-
served in these cell lines (Figure 3C–G). These results suggest
that an up-regulation in myosin-9 expression occurs in not
only AML but also in CML cells, as well as in imatinib-
resistant CML cells. In addition, we treated primary
haematopoietic stem/progenitor cells (HSPCs) cells from
three newly diagnosed adult AML patients with HHTand de-
termined the myosin-9 expression levels. The results showed
that HHT treatment increased myosin-9 expression in these
primary cells (Figure 3H–J). Next, we determined whether
the IC50 value of HHTcorrelated with the baseline expression
of myosin-9. As expected, baseline levels of myosin-9 in leu-
kaemia cells were detected. However, the myosin-9 baselines
did not show a good correlation with the IC50 values of
HHT in these cells (Supporting Information).
Importance of myosin-9 for HHT-induced
cytotoxicity
To determine whether the HHT-induced increase in myosin-9
protein is associated with the apoptosis caused by this
compound, we examined the apoptosis of leukaemia cells
after HHT exposure. Kasumi-1 cells were treated with HHT
(20 ng·mL�1), and then cell apoptosis was evaluated by flow
cytometry with annexin V/PI staining at the indicated time
points. As shown in Figure 4A, apoptosis was observed at 6 h
and peaked at 24 h after exposure to HHT. Early apoptotic
cells (PI � AV+ cells) were increased more than four-fold be-
tween 6 and 24h and late apoptotic cells (PI + AV+ cells) in-
creased five-fold over the same period. However the
proportion of necrotic cells (PI + AV�) was unaffected. Analy-
sis of corelations between induction of apoptosis and levels of
myosin-9 in the leukaemia cells treated with HHT (Figure 4B)
demonstrated a clear association between the percentage of
apoptotic cells and up-regulation of myosin-9 expression
(R2 = 0.959, P = 0.021), suggesting that the levels of myosin-
9 were involved in the cell apoptosis induced by HHT in leu-
kaemia cells.

To better understand the involvement of myosin-9 in the
action of HHT against leukaemia, we established Kasumi-1
cells that stably expressed a high level of myosin-9 (Kasumi-
1/NMHC IIA) using pMxs-NMHC-IIA and a retrovirus expres-
sion system (Figure 5A) and then determined the effects of
myosin-9 overexpression on HHT-induced leukaemia cell
growth inhibition by MTS assay. As shown in Figure 5B, the
myosin-9-overexpressing cells were found to be more suscep-
tible to the cytotoxicity of HHT than the control cells. Taken
together, these findings indicate that the HHT-induced
increase in myosin-9 is involved in the effects of this anti-
leukaemia drug.
British Journal of Pharmacology (2016) 173 212–221 215



Figure 2
Identification of myosin-9 as a HHT target protein. (A) Silver-stained gel and (B) colloidal blue-stained gel loaded with lysates of Kasumi-1
cells eluted from biotin-conjugated (control, lane 1) and HHT-conjugated (lane 2) affinity columns. Two proteins with molecular masses
of approximately 220 and 40 KDa were detected in the eluates. (C) The two bands were confirmed to be myosin-9 and actin by immunoblot
analysis with the corresponding antibodies. (D) HHT directly binds to the myosin-9 protein. Purified GST-myosin-9 and GST proteins were
individually incubated with biotinylated HHT, and the complexes were isolated with avidin agarose. Immunoblot analysis showed that
HHT pulled down myosin-9 protein but not GST protein.
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To examine the effect of the increased myosin-9 on cell
cycle of leukaemia cells, flow cytometry was used to measure
the proportions of cells in various cell cycle phases. As shown
in Figure 6, in the Kasumi-1/NMHC-IIA cells, the percentage
of G0/G1 phase cells was lower and the percentage of cells
in S phase was higher, relative to the corresponding values
in Kasumi-1/puro cells. The proportion of cells in G2/M
phase was also relatively higher in the Kasumi-1/NMHC-IIA
cells. These data indicate that myosin-9 overexpression
induced cell cycle arrest in S phase and G2 phase in Kasumi-1
cells.
Discussion
Since the antitumour activities of HHT were initially
reported in the 1970s, HHT has exhibited a good efficacy
and safety profile in patients with AML and CML. The
results from clinical studies have shown that the HHT-based
induction regimen is an effective and safe treatment option
for patients with AML. Moreover, HHT has been shown to
be a valuable option for patients who have imatinib-
216 British Journal of Pharmacology (2016) 173 212–221
resistant CML, including those who carry TKI-insensitive
mutations, such as the T315I mutation. Preclinical studies
have shown that an interruption in protein synthesis and in-
duction of cell apoptosis are responsible for the HHT-mediated
inhibition of cell proliferation in a variety of leukaemia cell
lines. However, to date, the molecular mechanisms underlying
the anti-leukaemic activities of HHT have not yet been fully
elucidated.

Here, we showed that myosin-9 and actin were putative
target proteins for HHT in myeloid cells using affinity chro-
matography, MS and immunoblot analysis. Myosin-9, an
actin-binding protein, is the heavy-chain subunit of non-
muscle myosin IIA (Mermall et al., 1998; Conti and Adelstein,
2008). Previous studies have shown that non-muscle myosin
II belongs to the myosin super-family and is involved in cell
migration, adhesion and cell shape maintenance (Even-Ram
et al., 2007; Vicente-Manzanares et al., 2009). Non-muscle
myosin II consists of two heavy chains and two pairs of light
chains (Richards and Cavalier-Smith, 2005). The globular
head region of the heavy chains contains the ATP binding
sites and their motor domain interacts with actin filaments.
When myosin heavy chains bind to actin, their catalytic sites
with ATPase activity are activated, causing the hydrolysis of



Figure 3
HHT increases myosin-9 in leukaemia cells. (A) Expression of myosin-9 protein. Kasumi-1 cells were treated with HHT (20 ng·mL�1) for 6, 12 and
24 h, and the protein expression was determined by immunoblot analysis. α-Tubulin expression was used as the internal standard. (B) Relative
band densities of myosin-9. Densities of protein bands were analysed and normalized to α-tubulin. The data are expressed as percentage of
sham-operated control. Data shown are means ± SD, n = 3, *P < 0.05, significantly different from sham. (C–G) Levels of myosin-9 expression in
HL-60 cells, U937 cells, THP-1 cells, KCL-22 cells and KCL-22M cells were evaluated after treatment with HHT. H–(J) Myosin-9 expression levels
in AML haematopoietic stem and progenitor cells after HHT treatment.
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ATP to generate energy. Then, the heavy chains, combined
with myosin light chains and actin filaments, participate in
a series of cellular functions (Even-Ram et al., 2007; Vicente-
Manzanares et al., 2009). In this study, the result of pull-down
assays confirmed that myosin-9 interacted directly with HHT.
Currently, three isoforms of non-muscle myosin II (NM IIA,
NM IIB and NM IIC) have been described in humans based
on the isoforms of the heavy chains (NMHC IIA, IIB and
IIC), which are encoded by three different genes, MYH9,
MYH10 and MYH14 (Simons et al., 1991; Golomb et al.,
2004). It is interesting that myosin-9 is the only non-muscle
myosin heavy chain expressed in human haematopoietic
cells, such as platelets, lymphocytes, monocytes and neutro-
phils (Maupin et al., 1994). However, the role of myosin-9 in
the haematopoietic system is poorly understood. An earlier
study showed that myosin-9 functioned as a herpes simplex
virus 1 entry receptor (Arii et al., 2010). It is known that many
mutations in the MHY-9 gene are highly associated with a
group of inherited haematologic diseases, MYH9 disorders
(Seri et al., 2003; Althaus and Greinacher, 2009; Kunishima
British Journal of Pharmacology (2016) 173 212–221 217



Figure 4
Correlation between myosin-9 expression in leukaemia cells and HHT-induced cell apoptosis and death. (A) Kasumi-1 cells were seeded in
six-well plates and treated with HHT (20 ng·mL�1) for the indicated time points. Annexin V/PI staining was used to measure the apoptotic
cells. Data presented are means ± SD of results from three independent experiments. *P < 0.05; **P < 0.01, significantly different from
corresponding values at t=0. (B) Percentage of apoptotic cells correlated with levels of myosin-9. Apoptosis in Kasumi-1 cells, measured by
annexin/PI at various time points, was correlated with the myosin-9 expression level.

Figure 5
Up-regulation in myosin-9 expression increases the sensitivity of leukaemia cells to HHT. (A) The expression of myosin-9 in Kasumi-1/puro and
Kasumi-1/NMHC-IIA cells was evaluated by immunoblot analysis. (B) Sensitivity of Kasumi-1/puro and Kasumi-1/NMHC-IIA cells to HHT.
Kasumi-1/puro and Kasumi-1/NMHC-IIA cells were seeded in 96-well plates and treated with HHT at concentrations of 5.0 and 10 ng·mL�1.
Cell proliferation was measured by MTS assays. Data presented are the means ± SD of results from three independent experiments. *P < 0.05,
significantly different from Kasumi-1/puro values.
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and Saito, 2010). An increase in the expression of myosin-9
was found during the course of myeloid differentiation
(Sagara et al., 1982; Toothaker et al., 1991). In addition,
myosin-9 expression was decreased in familial platelet
218 British Journal of Pharmacology (2016) 173 212–221
disorder/AML megakaryocytes (Bluteau et al., 2012). These
data suggest that myosin-9 may play an essential role in
haematopoietic cells and is possibly associated with
haematopoietic disease. Here, our findings demonstrate that



Figure 6
The effect of myosin-9 overexpression on cell cycles in leukaemia cells. The cell cycle distribution of (A) Kasumi-1/NMHC IIA and (B) Kasumi-1/puro was
analysed with flow cytometry. (C) The percentage of cells in each of the phases of the cell cycles was calculated. Data presented are the means ± SD of
results from three independent experiments. *P < 0.05, significantly different from Kasumi-1/puro values.
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an HHT-affinity column binds directly to the protein. This is
the first example of a known anti-leukaemia drug interacting
with the cytoskeletal contractile protein myosin-9.

We then evaluated the effects of HHTon the expression of
myosin-9. The results of the Western blot analysis showed
that HHT treatment increased myosin-9 expression in
Kasumi-1 cells and in other AML cell lines, such as HL-60,
THP-1 and U937 cells. In addition, HHT treatment enhanced
the expression of myosin-9 in human primary HSPCs. More-
over, we found a similar up-regulation in the CML cell line
KCL-22 and imatinib-resistant KCL-22M cells that carry the
T315i-mutated BCR/ABL. This finding may explain why
HHT is effective in the treatment of not only AML but also
CML. Imatinib, which acts on the ATP binding site of
BCR/ABL1 kinase, has been the standard treatment for CML
patients. However, this TKI appears to be ineffective in CML
with BCR/ABLmutations. In recent years, in vitro studies have
shown that HHT inhibits the proliferation of CML cells re-
gardless of whether the cells have an unmutated BCR/ABL
or imatinib-resistant mutations (Scappini et al., 2002). HHT-
based therapy has also produced encouraging results in pa-
tients who have failed TKI treatment (Chen et al., 2006;
Cortes et al., 2012). Our findings suggest that the up-
regulated myosin-9 expression may be partly responsible for
the action of HHTagainst imatinib resistance.

Our group further examined whether myosin-9 is
involved in the course of HHT-induced apoptosis in
leukaemia cells. A time-dependent increase in apoptosis is ob-
served in Kasumi-1 cells after exposure to the drug and the
HHT-mediated cell apoptosis was positively associated with
increased target protein. Furthermore, the sensitivity to
HHT in NMHC IIA-transgenic cells that stably expressed high
levels of myosin-9 was higher than that in the control.

It is well known that the accumulation of mutations and
chromosomal translocations are strongly associated with
tumourigenesis. In normal cells, when DNA damage occurs,
cell cycle checkpoint control will arrest cell cycle progression
and start to repair any DNA defects detected. If repair fails,
cell will initiate the process of programmed cell death to
ensure unrepaired DNA damage is not transmitted to the next
generation. However, one feature of cancer is uncontrolled
proliferation due to dysfunction of normal cell cycle control,
causing increased genomic instability. A number of
antitumour agents induce G0/G1, S and G2/M phase arrests
and promote cell apoptosis. Thus, the cell cycle distribution
of Kasumi-1/NMHC IIA and Kasumi-1/puro cells was
analysed with flow cytometry. The results showed overex-
pression of myosin-9-induced S and G2/M phase arrest,
which may provide an opportunity for leukaemia cells to
undergo apoptotic progression. Moreover, HHT in combina-
tion with cytarabine has been widely used in the treatment
of AML in China. The antitumour action of cytarabine is
specific for cells in S phase of cell cycle through inhibiting
the synthesis of DNA. The S phase arrest may partly
British Journal of Pharmacology (2016) 173 212–221 219
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contribute to the synergism of HHTwith cytarabine or other
chemotherapy drugs acting on cancer cells in the S and
G2/M phases of the cell cycle. These findings indicated that
myosin-9 was a critical target of HHT and that the HHT-
induced increase in myosin-9 could be responsible for its
anti-leukaemia activity. Needless to say, the functions of
myosin-9 in leukaemia cells and the role of myosin-9 in the
cytotoxicities induced by chemotherapeutic agents are com-
plicated and need to be further studied.

In conclusion, the present study indicates that myosin-9
is a direct molecular target of HHTin leukaemia. Furthermore,
HHT up-regulated myosin-9 expression in both AML and
CML cell lines, and the increase in the target protein was asso-
ciated with HHT-mediated cell apoptosis and induced S and
G2/M cell cycle arrests. Taken together, these data provide in-
sights into the mechanism underlying the anti-leukaemia ac-
tivity of HHT. To our knowledge, this is the first report that
myosin-9, a cytoskeletal protein, is a direct target protein of
anticancer agents and that it plays an essential role in the de-
velopment of tumour apoptosis and cell death. This finding
reveals new pathways that should be investigated regarding
the molecular mechanisms underlying antitumour effects.
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