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Favorable clinical outcome and unique characteristics in
association with Twist1 overexpression in de novo acute
myeloid leukemia
C-C Chen1,2, J-Y You3,4, J-P Gau3,5, C-E Huang1, Y-Y Chen1, Y-H Tsai2,6, H-J Chou1, J Lung6,10 and M-H Yang5,7,8,9,10

Epithelial–mesenchymal transition (EMT) is a critical process for inducing stem-like properties of epithelial cancer cells. However,
the role of EMT inducers in hematological malignancies is unknown. Twist1, an EMT inducer necessary for cell migration, has
recently been found to have transcriptionally regulatory activity on the expression of Bmi1, and these two are capable of promoting
tumorigenesis in a synergized manner. Knowing that Bmi1 expression is essential for maintenance of leukemic stem cells, we
speculate that Twist1 might govern the pathogenesis of acute myeloid leukemia (AML) development as well. We found that
upregulated Twist1 increased Bmi1 expression in AML and endued leukemic cells a higher proliferative potential and increased
resistance to apoptosis. In primary AML samples, there was strong positive correlation between the expression levels of Twist1 and
Bmi1. AML patients whose leukemic blasts harbored overexpressed Twist1 had a more aggressive clinical phenotype, but they were
more likely to have a better clinical outcome after standard therapy. In vitro studies confirmed that Twist1-overexpressing leukemic
cells were more susceptible to cytarabine, but not daunorubicin, cytotoxicity. Our findings suggest that, in a subset of AML patients,
Twist1 has a prominent role in the pathogenesis of the disease that leads to unique clinical phenotypes.
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INTRODUCTION
Acute myeloid leukemia (AML) is a clonal hematological disease
characterized by multiple genetic anomalies resulting in altered
self renewal, impaired cell differentiation, excessive proliferation
and inadequate apoptosis.1 Although a significant portion of
patients would achieve complete remission (CR) after induction
chemotherapy, the outcomes for AML patients remain dismal as
the majority of those attaining CR ultimately relapse. Recent
advances in molecular biology have led to identification of several
genetic markers with important prognostic implication in AML,
such as mutations in FLT3 (fms-like tyrosine kinase 3),2 NPM1
(nucleophosmin 1)3 and CEBPA (CCAAT/enhancer binding protein
alpha).4 These markers are adequately incorporated in clinical
guidelines to predict outcome and direct therapy in AML.5,6

However, a large number of AML patients do not possess these
predictive markers and there remains significant discrepancy in
the clinical outcome of patients within the same categorized risk
group.7 Therefore, there is a pressing urgency that additional
biomarkers with novel pathognomic indication and accurate
prognostic value are needed for further refinement of AML risk
categorization.
BMI1 is a member of the Polycomb group genes that have

essential roles in maintaining chromatin silencing.8,9 It is critically
involved in the self-renewal of hematopoietic, intestinal and

neural stem cells through repression of INK4A–ARF locus.10–13

Originally identified as a collaborating oncogene in the induction
of lymphoma,14,15 Bmi1 was subsequently reported overexpressed
in various human cancers.16 In addition to functions in normal
hematopoiesis, Bmi1 has been suggested to have a role in
leukemogenesis as well.16,17 In AML CD34+ cells, downmodulation
of Bmi1 results in impairment of long-term expansion and loss of
self-renewal capacity.18 Studies have shown that Bmi1 expression
is elevated in leukemic blasts of AML.19,20 High Bmi1 expression is
correlated with survival outcome in AML patients.21 These data
highlight the functional importance of Bmi1 overexpression
in AML.
Epithelial–mesenchymal transition (EMT) is a process which

involves in the reprogramming of epithelial cells into a
mesenchymal-like cells, and the importance of EMT has been
highlighted in different human cancers.22 Recently, EMT has been
shown to generate cells with stem-like properties,23,24 which is
very important in the late-stage progression and metastatic
colonization of epithelial cancers. However, the role of EMT
inducers in hematological malignancies is largely unknown.
Twist1, a bHLH (basic helix–loop–helix) transcription factor, is a
well-known EMT inducer that is necessary for cell migration, tissue
reorganization and morphogenesis during embryonic
development.25 These cell functions are also required for tumor
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invasion and metastasis.26 Indeed, high levels of Twist1 expression
have been correlated with invasive/metastatic features of
carcinoma of breast, stomach, prostate and nasopharyngeal
cancer.27–30 We recently demonstrated that Twist1 could activate
Bmi1 expression via direct binding to its regulatory region.31

Moreover, Twist1 and Bmi1 are mutually essential for promoting
tumor-initiating ability, and co-occupancy of Twist1 and Bmi1 on
the regulatory regions are required to repress p16INK4A.31 These
data provide a critical mechanism in which Twist1 induces
chromatin remodeling by activating Bmi1 expression. Sporadic
reports indicate the aberrant expression and deregulation of
Twist1 in myeloid neoplasms, including myelodysplastic syndrome
and chronic myeloid leukemia.32,33 Knowing that Bmi1 expression
is essential for maintenance and self-renewal of leukemic stem
and progenitor cells, we speculate that Twist1 might govern the
pathogenesis of development of AML as well. In the current work,
we aim to investigate potential interaction between Twist1 and
Bmi1 in AML and dissect the prognostic relevance of Twist1 in
these patients.

MATERIALS AND METHODS
Study population and sample collection
Diagnostic bone marrow samples were collected and cryopreserved from
patients diagnosed with AML. All patients gave written informed consent
in accordance with the Declaration of Helsinki to participate in the study.
This study was approved by the Institutional Review Board of Chang-Gung
Memorial Hospital.
Overall, 41 samples were collected. All patients were treated according

to institutional guidelines. Cytogenetic and molecular risk groups were
categorized according to European LeukemiaNet recommendations.5 CR,
relapse, disease-free survival and overall survival were defined according to
previously proposed criteria.34

Cell culture and reagents
Human AML cell lines, KG1a and THP1, were purchased from Bioresearch
Collection and Research Center, Hsinchu, Taiwan. Both cells were
maintained according to the distributor's recommendation. Cytarabine
and daunorubicin were obtained from Pfizer (Taipei, Taiwan).

Plasmids and transfection
Production of the pFlag-Twist plasmid has been previously described.35

The plasmids for small interfering RNA (siRNA) experiments, generated by
inserting an oligonucleotide containing a specific siRNA target sequence
directed against Twist1 or a scrambled sequence into the pLKO_TRC005
and pLKO.1 vectors, respectively, were purchased from National RNAi Core
Facility (Taipei, Taiwan). Nucleofection was performed using the Amaxa
Cell Line Nucleofector Kits (Lonza Cologne AG, Cologne, Germany)
according to the manufacturer’s instructions. Cells were harvested after
48 h of transfection and subjected to western blotting, cytotoxic assay,
apoptotic assay and immunophenotyping. The numbers of surviving cell
were counted using trypan blue and recorded daily until 1 week following
transfection.

Western blotting
Western blotting analysis was performed as described previously.36

Antibodies against Bmi1 (Millipore, Billerica, MA, USA), Twist1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p14 (Cell Signaling Technology,
Danvers, MA, USA), p16 (Cell Signaling Technology) and Histone H3 (Santa
Cruz Biotechnology) were all used in a 1/1000 dilution, and antibody
against actin was used in a 1/10 000 dilution. Anti-mouse and anti-rabbit
secondary antibody (both from Millipore) was used in a 1/5000 dilution.

Growth-inhibition assay
Exponentially growing cells were cultured overnight. Growth-inhibition
assay as performed previously, and the drug concentration that inhibited
cell growth by 50% (IC50) was determined.37

Immunophenotyping and apoptotic assay
Detection of cell surface antigen expression was performed as described
previously.36 CD34, CD33, CD13 and CD14 monoclonal antibodies were
purchased from Becton Dickinson, San Jose, CA, USA. All fluorescence-
activated cell sorter analyses were performed on a FACSCalibur flow
cytometer (Becton Dickinson). For apoptotic assay, propidium iodide and
Annexin V was obtained from BD Pharmingen, San Diego, CA, USA.

Real-time quantitative reverse transcriptase-PCR (qRT-PCR)
analysis
Total RNA was extracted using TRIzol reagent according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA) and treated
with DNaseI before cDNA synthesis to remove DNA contamination. First-
strand cDNA was generated using Super-Script III first-strand synthesis
system as recommended by the manufacturer (Invitrogen). The expression
levels of Twist-1, BMI-1 and β-actin were measured by qRT-PCR using dual-
labeled TaqMan probes (Applied Biosystem, Carlsbad, CA, USA) containing
5′ FAM (5-carboxyfluorescein) reporter dye and 3′ NFQ (nonfluorescent
quencher). Primers and Taqman probes were designed by Probe Finder
(Roche, Indianapolis, IN, USA; http://www.universalprobelibrary.com). The
sequences are listed in Table 1. qRT-PCR was performed using the Qiagen
Rotor Gene Q system (Qiagen, Hilden, Germany). For amplification of
Twist1, the condition was 95 °C for 10min and 50 cycles of 95 °C for 15 s
and 60 °C for 1 min. For Bmi1 amplification, the condition was 95 °C for
10min and 50 cycles of 95 °C for 15 s, 64 °C for 30 s and 72 °C for 30 s. The
β-actin-normalized data are presented as the fold change in gene
expression in the treatment group compared with controls. Changes in
gene expression level relative to the normal bone marrow samples were
calculated using the 2−ΔΔCT method.

Statistical analysis
All assays were carried out in triplicate. Data are expressed as mean and
s.d. Data analysis and compassion was performed using appropriate
statistical methods. A two-sided P-value of o0.05 was considered
statistically significant for all tests.

Table 1. Clinical and laboratory features of 41 patients with AML,
stratified by Twist1 expression level

Twist1(+)
(n= 22)

Twist1(− )
(n=19)

P-value

Age (years) 58.1±16.9 62.5± 17.6 0.410
Male, n (%) 13 (59.1%) 11 (57.9%) 1.000
WBC (×109/l) 55.7± 75.5 38.4± 74.1 0.466
Hemoglobin (g/dl) 7.9± 2.3 8.7± 2.5 0.325
Platelet count (×109/l) 47± 36 129± 206 0.103
Platelet count o150× 109/l,
n (%)

22 (100%) 14 (73.7%) 0.016

ANCo0.5 × 109/l, n (%) 6 (27.3%) 1 (5.3%) 0.099
PB myeloblast ⩾ 30%, n (%) 17 (77.3%) 7 (36.8%) 0.012
LDH (U/dl) 1071± 1976 461± 666 0.223
LDHo1.5 ×UNL, n (%) 4 (28.6%) 10 (55.6%) 0.086
Uric acid (g/dl) 6.9± 4.4 7.0± 2.9 0.938
Albumin (g/dl) 2.8± 0.7 3.4± 0.6 0.024
BM cellularity (%) 86.0± 15.4 88.9± 14.5 0.541
BM blast (%) 76.0± 23.7 72.9± 20.6 0.665
BM fibrosis, nil or mild, n (%) 19 (90.5%) 13 (81.3%) 0.634
Extramedullary involvement
(+), n (%)

4 (18.2%) 3 (15.8%) 1.000

Abbreviations: AML, acute myeloid leukemia; ANC, absolute neutrophil
count; BM, bone marrow; LDH, lactate dehydrogenase; PB, peripheral
blood; UNL, upper normal limit; WBC, white blood cell count. Values are
reported as mean± s.d. unless otherwise indicated. P-values with
statistically significant differences are shown in bold.
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RESULTS
Bmi1 transcripts are upregulated in AML Cells with Twist1
overexpression
We screened several AML cell lines and found that KG1a and
THP1 cells had low and high expression levels of Twist1,
respectively (Figure 1a). To investigate whether the expressional
status of Twist1 affects the activation of Bmi1, we transfected
THP1 cells with either Twist1-targeted siRNA or scrambled control.
Downregulation of Twist1 resulted in decreased expression of
Bmi1 in THP1 cells (Figure 1b). To see whether these findings were
clinically relevant, we checked the expression levels of Twist1 and
Bmi1 in primary AML samples by qRT-PCR. As shown in Figure 1c,
there was a good positive correlation between the expression
levels of Twist1 and Bmi1 in the leukemic blasts of our AML
patients (correlation coefficient r= 0.5662, Po0.0001; Pearson’s
correlation). Consistent with our previous findings in a different
tumor model,31 these results demonstrate that regulation of Bmi1
expression by Twist1 also occurs in the leukemic blasts of AML.

Twist1 overexpression confers a survival advantage in AML cells
To determine whether Twist1 overexpression alters the pheno-
types of AML, we evaluated the surface antigen expression and
measured the growth rates in leukemic cells with differential
Twist1 expression. Altered Twist1 level did not lead to changes in
immunophenotypes of AML cells (data not shown). On the other
hand, KG1a cells transfected with Twist1 outgrew their control
counterparts after 6 days in continuous culture (Figure 2a),
whereas THP1 cells treated with Twist1 siRNA exhibited a lower
growth rate than those transfected with scramble control
(Figure 2b). To explore further, we examined the effects of Twist1
on apoptosis. As shown in Figure 3a, Twist1-transfected KG1a cells
had decreased apoptotic death compared with empty vector-
transfected cells, as revealed by Annexin V and propidium iodide
staining. On the contrary, downmodulation of Twist1 in THP1 cells
led to increased apoptotic ratio (Figure 3b). The data suggest that

upregulated Twist1 confers a survival advantage in the AML cells,
probably by rendering them less prone to apoptotic death.

Twist1-overexpressing AML patients exhibit unique clinical
characteristics
To test the clinical significance of Twist1 overexpression in patients
with AML, we divided our AML patient cohort into two distinct
groups based on the expressional status of Twist1 and compared
their baseline characteristics. Bone marrow samples from six adult
control individual were assessed for their Twist1 expression levels
by real-time RT-PCR. AML patients whose leukemic blasts
harbored Twist1 expression level higher than that of the mean
value of control samples by real-time RT-PCR were categorized
into Twist1(+) group, whereas the remaining patients were
subgrouped as Twist1(− ). Among 41 AML patients, Twist1 was
overexpressed in 22 of them (53.7%). As shown in Table 1, there
were no differences in patient’s age, gender, hemogram at
diagnosis, serum levels of lactate dehydrogenase (LDH) and uric
acid, bone marrow cellularity, marrow blast percentage, degree of
marrow fibrosis and prevalence of extramedullary involvement by
leukemia between these two groups. Patients with overexpressed
Twist1 did have lower serum level of albumin than those without
(2.8 vs 3.4 g/dl, P= 0.024). By taking a closer look, we found that
the pretreatment platelet count was lower, whereas the percen-
tage of blasts in peripheral blood (PB) as well as the serum LDH
level was higher in Twist1-overexpressed patients, although the
differences between these two groups were not statistically
significant.
We next divided PB blast percentage, PB absolute neutrophil

count, platelet count and serum level of LDH into respective
dichotomous variables based on clinically meaningful cutoff
levels. The results are listed in Table 1 as well. Compared with
those with low Twist1 activity, AML patients with high Twist1
expression were more likely to have PB blasts ⩾30%, and there
also was a greater chance for them to be thrombocytopenic
(platelet count o150× 109/l) at diagnosis. Furthermore, there
were trends for those Twist1-overexpressing patients to have LDH
levels 41.5 times upper normal limits as well as absolute
neutrophil count levels below 0.5 × 109/l. These clinical parameters
indicate that AML patients with high Twist1 activity might have a
more aggressive disease.

Twist1 overexpression is associated with some good prognostic
features in AML patients
Table 2 showed the results of different cytogenetic and molecular
risk stratification between the two groups of patients. Most of our
patients had intermediate-risk cytogenetics. Twist1 was over-
expressed in both two patients with favorable cytogenetic change,
whereas only one of the four adverse-risk patients exhibited
upregulated Twist1. There was no significant difference in these
two groups of patients with regard to presence of NPM1 and FLT3
mutations. We next incorporated cytogenetic and molecular data
together and categorized our patients into different risk groups
according to the European LeukemiaNet recommendations.5 We
found that Twist1 overexpression was less commonly seen in
patients with adverse cytogenetic/molecular features. This was a
clear contrast to those in good-risk groups, as all five patients in
this category had upregulated Twist1 in their leukemic blasts
(Table 2, P= 0.031).

Twist1 overexpression is correlated with better treatment
response and superior survival outcome in AML patients receiving
standard treatment
Among our patient cohort, 14 patients were given supportive care
only because of advanced age, poor performance, presence of
multiple co-morbidities or their unwillingness to receive aggressive

Figure 1. Expression of Twist1 and its correlation with Bmi1 level in
AML cell lines and primary AML samples. (a) Western blotting results
of the expression levels of Twist1 protein in the whole cell lysates of
two AML cell lines, THP1 and KG1a. β-Actin was used as an internal
control. Representative data from three independent experiments
are presented. (b) Effects of Twist1-targeted siRNA on the protein
levels of Twist1 and Bmi1 in THP1 cells. Twist1-overexpressing
THP1 cells were transiently transfected with either Twist1-targeted
siRNA or scrambled control for 48 h, and the nuclear lysates were
examined by western blotting. Histone 3 was used as a loading
control. Representative data from three independent experiments
are shown. (c) Positive correlation between Twist-1 and Bmi-1 gene
expression in primary AML samples examined by real-time RT-PCR
(r= 0.5662, Po0.0001, Pearson’s correlation).
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treatment. The other 27 patients were treated with standard
induction chemotherapy followed by adequate consolidation
therapy per our institutional guideline. We tested the potential
effects of Twist1 overexpression on the clinical outcome of those 27

AML patients. Patients with upregulated Twist1 were more likely to
achieve CR after induction chemotherapy than those without
(13/14 vs 6/13, P=0.013; Table 2). For those attaining CR, Twist1-
overexpressing AML patients did so with fewer cycles of induction

Figure 2. Investigation of effects of altered Twist1 expression on cellular growth of AML cells. (a) Effects of Twist1 upregulation in KG1a cells.
The KG1a cells were transiently transfected with either a pFLAG-Twist1 plasmid or an empty vector, and the number of surviving cells were
counted using trypan blue and recorded at 24, 48, 72 and 144 h. (b) Effects of Twist1 downregulation in THP1 cells. The THP1 cells were
transiently transfected with either Twist1-targeted siRNA or scrambled control, and the number of surviving cells were counted using trypan
blue and recorded at 24, 48, 72 and 144 h. Each value is the mean± s.d. of three independent experiments.

Figure 3. Investigation of effects of altered Twist1 expression on apoptosis. (a) Flow cytometric analysis using propidium iodide and Annexin V
staining for apoptosis in KG1a cells 48 h after transfection with either a pFLAG-Twist1 plasmid or an empty vector. (b) The proportion of
apoptotic cells in THP1 cells transiently transfected with either Twist1-targeted siRNA or scrambled control. The percentages of apoptotic cells
were expressed as the mean± s.d. of three independent experiments.
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chemotherapy than those with low Twist1 activity (mean cycles of
chemotherapy to CR: 1.1 ± 0.3 vs 1.8 ± 1.2, respectively, P=0.037,
Table 2). The observation of Twist1-imposed clinical benefits could
be extended to survival outcome, as Twist1-overexpressing AML
patients had a significantly longer overall survival than their
counterparts did (log-rank test, P=0.033, Figure 4a).

Increased susceptibility of leukemic blasts harboring
overexpressed Twist1 to cytarabine cytotoxicity
To delineate the reason behind a better treatment response and a
superior survival outcome conferred by Twist1 overexpression in
AML patients, we next used AML cell lines to access their
vulnerability to the cytotoxicity of either cytarabine or daunor-
ubicin, the two standard chemotherapeutic agents used in
combination during induction treatment for AML patients. Com-
pared with empty vector-transfected cells, Twist1-overexpressing
KG1a cells were more susceptible to the treatment of cytarabine, as
shown by a lower IC50 value (Figure 4b). Nevertheless, the cells’
sensitivity to daunorubicin cytotoxicity did not exhibit apparent
disparities with the differential expression levels of Twist1
(Figure 4c). Looking further, we found that p14ARF and p16INK4A,
two cell cycle regulators downstream of Twist1 transcriptional
activity,31 were decreased in Twist1-overexpressing KG1a cells
(Figure 4d). These data imply that by supressing p14 and p16
expression, Twist1 promotes cell cycle entry and renders leukemic
cells more vulnerable to the cytotoxicity of phase-specific
chemotherapeutic agent cytarabine. As a result, AML patients
whose leukemic blasts harbored overexpressed Twist1 exhibited a
higher response rate to treatment and a superior survival
outcome.

DISCUSSION
Twist1 has been implicated in several molecular pathways that are
engaged in tumor progression, apoptosis and EMT.27–31 Recent
studies have also shown that its dysregulation is involved in the
pathophysiology of myelodysplastic syndrome and chronic
myeloid leukemia,32,33,38 two myeloid neoplasms that share similar
ancestral background with AML in the hierarchy of hematopoietic
differentiation. However, the role of Twist1 activation in AML is
elusive. Here we demonstrate that the Twist1–Bmi1 axis is critical
in the biology of AML as well. The regulation of chromatin
modifier Bmi1 by Twist1 was confirmed in AML cells enforced with
Twist1 overexpression and indirectly affirmed by the strong
positive correlation between their expression levels in primary
AML samples. In vitro assay showed Twist1 conferred AML cells a
higher proliferation potential and increased apoptosis resistance,
while clinical data suggested it caused a more aggressive disease
phenotype. Strikingly, AML patients with high Twist1 expression
had a more favorable clinical course, as exhibited by a higher
chance of remission induction success and a longer overall
survival. This was considered to be the results of increased
susceptibility of leukemic blasts to cytarabine chemotherapy, as
AML cells with Twist1 upregulation were confirmed to be more
sensitive to the toxicity of cytarabine in vitro.
There have been some reports on the Twist1/Bmi1-associated

aggressiveness in myeloid neoplasms. In chronic myeloid leuke-
mia, patients whose leukemic cells harbor increased Twist1 are
more likely to fail therapies with tyrosine kinase inhibitors.33

Similarly in myelodysplastic syndrome, the expression levels of
Bmi1 are higher in those with advanced-stage diseases, and it
predicts a potential of earlier progression in low-risk patients.21

Our Twist1-overexpressing AML patients exhibited a more
aggressive clinical phenotype as well, as a more significant
proportion of these patients were thrombocytopenic and/or had a
PB blast count 430%. There were also trends for them to have an
absolute neutrophil count below 0.5 × 109/l and a high LDH level
41.5 times upper normal limit. The high PB blast counts and LDH
levels suggest the aggressiveness of Twist1-associated AML,
whereas the thrombocytopenia and neutropenia probably repre-
sent a poorer marrow reserve in Twist1-overexpressing AML
patients. To confirm the clinical observation of Twist1-associated
aggressive phenotypes, we used in vitro AML cell line models to
demonstrate that Twist1 endued leukemic cells more proliferation
potential and more resistance to apoptosis.
Our findings of Twist1/Bmi1-associated apoptosis resistance

echoed several previous reports in AML and myelodysplastic
syndrome/AML.18,32,38 Rizo et al.18 showed that Bmi1 expression
protects AML cells against oxidative stress in a series of elegantly
designed experiments. By downmodulating Bmi1 in primary AML
CD34+ cells, they found that progenitor and stem cell frequencies
were reduced, and this was associated with increased expression
of p14ARF and p16INK4A as well as an enriched level of
intracellular reactive oxygen species. As a result, there was
enhanced apoptosis in these cells.18 Convincingly, they showed
that treatment with antioxidant N-acetyl cysteine in those
Bmi1-downregulated AML cells led to decreased reactive oxygen
species accumulation and restored progenitor frequencies, which
further confirmed the Bmi1-conferred protective effects of
leukemic blasts against apoptosis. Similarly, in the studies by
Li et al.,32,38 downmodulation of Twist1 in KG1a cells was
associated with increased apoptosis. Through immunoprecipita-
tion, they demonstrated that endogenous Twist1 interacted with
p53 in KG1a cells. In cells treated with Twist1 siRNA, there were
increased levels of the pro-apoptotic proteins BID and BAX as well
as enhanced nuclear factor-κB and p53 activities.32,38 Together,
these data and our results concordantly substantiate a prominent
role of Twist1/Bmi1 axis in the pathophysiology of AML.

Table 2. Cytogenetic/molecular risk and treatment outcome of 41
patients with AML, stratified by Twist1 expression level

Twist1 (+) Twist1 (− ) P-value

Cytogenetic risk 0.222
Good 2 0
Intermediate 15 16
Poor 1 3

NPM1 mutation 0.464
Mutated 7 3
Wild type 15 15

FLT3 mutation 1.000
Mutated 5 4
Wild type 17 14

Molecular/cytogenetic risk 0.031
Good 5 0
Intermediate 15 13
Poor 2 6

Achievement of CR 0.013
Yes 13 6
No 1 7

No. of chemo cycles to CR 1.1± 0.3 1.8± 1.2 0.037

Abbreviations: AML, acute myeloid leukemia; CR, complete remission.
P-values with statistically significant differences are shown in bold.
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Chowdhury et al.20 reported an adverse prognostic outcome of
high Bmi1 expression in patients with AML, which was contrary to
our results that showed the association between Twist1 upregula-
tion and improved overall survival in those patients. The
discrepancies on the predictive value of Twist1/Bmi1 axis probably
lie in the difference of treatment regimen. Repetitive courses of
high-dose cytarabine (HDAC, 2–3 g/m2 for six doses) have been an
integral part of postremission therapy in our institute. Fourteen
out of the 19 AML patients (74%) who achieved CR1 in our cohort
were medically fit and received HDAC as consolidation treatment.
On the other hand, only 9% (6 out of 64) of the patients in the
series by Chowdhury et al.20 received either HDAC or stem cell
transplantation as consolidation therapy. Our in vitro data provide
an appropriate explanation by demonstrating that Twist1-over-
expressing AML cells are more vulnerable to the cytotoxicity of
phase-specific cytarabine through suppression of cell cycle
regulator p16. The finding on Twist1-mediated p16 suppression
was parallel to previous report demonstrating that Twist1
overexpression could lead to inhibition of INK4A/ARF activity in
cancer cells.39 Similarly, convincing evidence has shown that the
Polycomb-group protein Bmi1 controlled cell cycle propagation
through repression of p14 and p16 expression.13,40 In contrast,
altered expressional level of Twist1 in leukemic cells did not affect

their sensitivity to daunorubucin. Our results suggest that HDAC,
instead of anthracycline, could be more beneficial in AML patients
with higher Twist1 expression.
Using European LeukemiaNet-defined AML risk grouping, we

find that Twist1 overexpression is most commonly associated with
good-risk patients (5/5, 100%), but it is less frequently seen in
patients with poor molecular/cytogenetic risk (2/8, 25%). The
mechanism underlying such an association is not immediately
clear. In spite of the facts that the expression of Bmi1 could be
regulated by Twist1 and that Bmi1 is constantly associated with
the ‘stemness’ properties of AML and hematopoietic cells, Twist1,
as a transcriptional factor, might affect leukemogenesis through
other unidentified pathways that are independent of Bmi1 activity.
It is plausible that Twist1 interacts with the molecular signaling
pathways used by those good-risk AML subtypes and coordinately
confers them a survival advantage. Therefore, a multivariate
analysis needs to be carried out to confirm the unequivocal
prognostic value of Twist1 in AML. Unfortunately, we are unable to
do so because of the limited case number in our cohort.
In conclusion, the current study provides strong evidence for a

novel and crucial role of Twist1 in the pathophysiology of a subset
of AML patients that leads to unique clinical phenotypes. The data
also add values to the complex picture of molecular pathogenesis

Figure 4. Impacts of Twist1 overexpression on phenotypes of clinical patients and AML cell lines. (a) Kaplan–Meier estimates of overall survival
(OS) for AML patients receiving standard treatment according to Twist1 gene expression level. Patients with higher Twist1 expression had
significantly longer OS than those with lower expression (P= 0.033, log-rank test). (b and c) Roles of Twist1 upregulation on the cellular
susceptibility to chemotherapeutic compounds and expression levels of downstream proteins in AML cells. After transient transfection with
either a pFLAG-Twist1 plasmid or an empty vector for 48 h, the KG1a cells were exposed to various concentrations of cytarabine (b) and
daunorubicin (c) for 72 h for viability assay. The numbers of surviving cells were counted using trypan blue, and the survival curves were
plotted. Each value represents the mean± s.d. of three independent experiments. (d) Cellular levels of Bmi1, p14ARF and p16INK4A proteins
linked to altered expression of Twist1 in KG1a cells. The KG1a cells, expressing low endogenous Twist1, were transiently transfected with either
a pFLAG-Twist1 plasmid or an empty vector for 48 h, and the nuclear lysates were subjected to western blotting analysis. Histone 3 was used
as a loading control. Representative data from three independent experiments are presented.
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in AML. Although further elucidation and molecular dissection is
mandatory, our results indicate that Twist1 could represent a
powerful biomarker that serves as a prognostic as well as
therapeutic guide for patients with AML.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS
The study was supported by National Science Council grants to C-C Chen and
M-H Yang (NSC99-2314-B-182-009-MY3), Chang-Gung Memorial Hospital grant to
C-C Chen (CMRPG6B0371) and a grant from Ministry of Education, Aim for the Top
University Plan to M-H Yang.

REFERENCES
1 Doepfner KT, Boller D, Arcaro A. Targeting receptor tyrosine kinase

signaling in acute myeloid leukemia. Crit Rev Oncol Hematol 2007; 63:
215–230.

2 Gilliland DG, Griffin JD. The roles of FLT3 in hematopoiesis and leukemia. Blood
2002; 100: 1532–1542.

3 Falini B, Mecucci C, Tiacci E, Alcalay M, Rosati R, Pasqualucci L et al. Cytoplasmic
nucleophosmin in acute myelogenous leukemia with a normal karyotype. N Engl J
Med 2005; 352: 254–266.

4 Preudhomme C, Sagot C, Boissel N, Cayuela JM, Tigaud I, de Botton S et al.
Favorable prognostic significance of CEBPA mutations in patients with de novo
acute myeloid leukemia: a study from the Acute Leukemia French
Association (ALFA). Blood 2002; 100: 2717–2723.

5 Dohner H, Estey EH, Amadori S, Appelbaum FR, Buchner T, Burnett AK et al.
Diagnosis and management of acute myeloid leukemia in adults: recommenda-
tions from an international expert panel, on behalf of the European LeukemiaNet.
Blood 2010; 115: 453–474.

6 Mrozek K, Marcucci G, Nicolet D, Maharry KS, Becker H, Whitman SP et al.
Prognostic significance of the European LeukemiaNet standardized system for
reporting cytogenetic and molecular alterations in adults with acute myeloid
leukemia. J Clin Oncol 2012; 30: 4515–4523.

7 Patel JP, Levine RL. How do novel molecular genetic markers influence treatment
decisions in acute myeloid leukemia? Hematol Am Soc Hematol Educ Program
2012; 2012: 28–34.

8 Boyer LA, Plath K, Zeitlinger J, Brambrink T, Medeiros LA, Lee TI et al. Polycomb
complexes repress developmental regulators in murine embryonic stem cells.
Nature 2006; 441: 349–353.

9 Lee TI, Jenner RG, Boyer LA, Guenther MG, Levine SS, Kumar RM et al. Control of
developmental regulators by Polycomb in human embryonic stem cells. Cell 2006;
125: 301–313.

10 Molofsky AV, Pardal R, Iwashita T, Park IK, Clarke MF, Morrison SJ. Bmi-1 depen-
dence distinguishes neural stem cell self-renewal from progenitor proliferation.
Nature 2003; 425: 962–967.

11 Sangiorgi E, Capecchi MR. Bmi1 is expressed in vivo in intestinal stem cells. Nat
Genet 2008; 40: 915–920.

12 Iwama A, Oguro H, Negishi M, Kato Y, Morita Y, Tsukui H et al. Enhanced self-
renewal of hematopoietic stem cells mediated by the polycomb gene product
Bmi-1. Immunity 2004; 21: 843–851.

13 Jacobs JJ, Kieboom K, Marino S, DePinho RA, van Lohuizen M. The oncogene and
Polycomb-group gene bmi-1 regulates cell proliferation and senescence through
the ink4a locus. Nature 1999; 397: 164–168.

14 Haupt Y, Alexander WS, Barri G, Klinken SP, Adams JM. Novel zinc finger gene
implicated as myc collaborator by retrovirally accelerated lymphomagenesis in E
mu-myc transgenic mice. Cell 1991; 65: 753–763.

15 van Lohuizen M, Verbeek S, Scheijen B, Wientjens E, van der Gulden H, Berns A.
Identification of cooperating oncogenes in E mu-myc transgenic mice by provirus
tagging. Cell 1991; 65: 737–752.

16 Valk-Lingbeek ME, Bruggeman SW, van Lohuizen M. Stem cells and cancer; the
polycomb connection. Cell 2004; 118: 409–418.

17 Lessard J, Sauvageau G. Bmi-1 determines the proliferative capacity of normal and
leukaemic stem cells. Nature 2003; 423: 255–260.

18 Rizo A, Olthof S, Han L, Vellenga E, de Haan G, Schuringa JJ. Repression of BMI1 in
normal and leukemic human CD34(+) cells impairs self-renewal and induces
apoptosis. Blood 2009; 114: 1498–1505.

19 van Gosliga D, Schepers H, Rizo A, van der Kolk D, Vellenga E, Schuringa JJ.
Establishing long-term cultures with self-renewing acute myeloid leukemia stem/
progenitor cells. Exp Hematol 2007; 35: 1538–1549.

20 Chowdhury M, Mihara K, Yasunaga S, Ohtaki M, Takihara Y, Kimura A. Expression
of Polycomb-group (PcG) protein BMI-1 predicts prognosis in patients with acute
myeloid leukemia. Leukemia 2007; 21: 1116–1122.

21 Mihara K, Chowdhury M, Nakaju N, Hidani S, Ihara A, Hyodo H et al. Bmi-1 is useful
as a novel molecular marker for predicting progression of myelodysplastic syn-
drome and patient prognosis. Blood 2006; 107: 305–308.

22 Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin
Invest 2009; 119: 1420–1428.

23 Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY et al. The epithelial-
mesenchymal transition generates cells with properties of stem cells. Cell 2008;
133: 704–715.

24 Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation of
breast cancer stem cells through epithelial-mesenchymal transition. PLoS One
2008; 3: e2888.

25 Castanon I, Baylies MK. A Twist in fate: evolutionary comparison of Twist structure
and function. Gene 2002; 287: 11–22.

26 Thiery JP. Epithelial-mesenchymal transitions in tumour progression. Nat Rev
Cancer 2002; 2: 442–454.

27 Yang J, Mani SA, Donaher JL, Ramaswamy S, Itzykson RA, Come C et al. Twist, a
master regulator of morphogenesis, plays an essential role in tumor metastasis.
Cell 2004; 117: 927–939.

28 Kwok WK, Ling MT, Lee TW, Lau TC, Zhou C, Zhang X et al. Up-regulation of TWIST
in prostate cancer and its implication as a therapeutic target. Cancer Res 2005; 65:
5153–5162.

29 Horikawa T, Yang J, Kondo S, Yoshizaki T, Joab I, Furukawa M et al. Twist and
epithelial-mesenchymal transition are induced by the EBV oncoprotein latent
membrane protein 1 and are associated with metastatic nasopharyngeal
carcinoma. Cancer Res 2007; 67: 1970–1978.

30 Rosivatz E, Becker I, Specht K, Fricke E, Luber B, Busch R et al. Differential
expression of the epithelial-mesenchymal transition regulators snail, SIP1, and
twist in gastric cancer. Am J Pathol 2002; 161: 1881–1891.

31 Yang MH, Hsu DS, Wang HW, Wang HJ, Lan HY, Yang WH et al. Bmi1 is essential in
Twist1-induced epithelial-mesenchymal transition. Nat Cell Biol 2010; 12: 982–992.

32 Li X, Marcondes AM, Gooley TA, Deeg HJ. The helix-loop-helix transcription factor
TWIST is dysregulated in myelodysplastic syndromes. Blood 2010; 116: 2304–2314.

33 Cosset E, Hamdan G, Jeanpierre S, Voeltzel T, Sagorny K, Hayette S et al. Dereg-
ulation of TWIST-1 in the CD34+ compartment represents a novel prognostic
factor in chronic myeloid leukemia. Blood 2011; 117: 1673–1676.

34 Cheson BD, Bennett JM, Kopecky KJ, Buchner T, Willman CL, Estey EH et al. Revised
recommendations of the International Working Group for Diagnosis, Standardiza-
tion of Response Criteria, Treatment Outcomes, and Reporting Standards for
Therapeutic Trials in Acute Myeloid Leukemia. J Clin Oncol 2003; 21: 4642–4649.

35 Yang MH, Wu MZ, Chiou SH, Chen PM, Chang SY, Liu CJ et al. Direct regulation of
TWIST by HIF-1alpha promotes metastasis. Nat Cell Biol 2008; 10: 295–305.

36 Chen CC, Chu CB, Liu KJ, Huang CY, Chang JY, Pan WY et al. Gene expression
profiling for analysis acquired oxaliplatin resistant factors in human gastric car-
cinoma TSGH-S3 cells: the role of IL-6 signaling and Nrf2/AKR1C axis identifica-
tion. Biochem Pharmacol 2013; 86: 872–887.

37 Chen CC, Chen LT, Tsou TC, Pan WY, Kuo CC, Liu JF et al. Combined modalities of
resistance in an oxaliplatin-resistant human gastric cancer cell line with enhanced
sensitivity to 5-fluorouracil. Br J Cancer 2007; 97: 334–344.

38 Li X, Xu F, Chang C, Byon J, Papayannopoulou T, Deeg HJ et al. Transcriptional
regulation of miR-10a/b by TWIST-1 in myelodysplastic syndromes. Haematolo-
gica 2013; 98: 414–419.

39 Valsesia-Wittmann S, Magdeleine M, Dupasquier S, Garin E, Jallas AC, Combaret V
et al. Oncogenic cooperation between H-Twist and N-Myc overrides failsafe
programs in cancer cells. Cancer Cell 2004; 6: 625–630.

40 Bruggeman SW, Valk-Lingbeek ME, van der Stoop PP, Jacobs JJ, Kieboom K,
Tanger E et al. Ink4a and Arf differentially affect cell proliferation and neural stem
cell self-renewal in Bmi1-deficient mice. Genes Dev 2005; 19: 1438–1443.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Twist1 overexpression in AML
C-C Chen et al

7

Blood Cancer Journal

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Favorable clinical outcome and unique characteristics in association with Twist1 overexpression in de novo acute myeloid leukemia
	Introduction
	Materials and methods
	Study population and sample collection
	Cell culture and reagents
	Plasmids and transfection
	Western blotting
	Growth-inhibition assay
	Immunophenotyping and apoptotic assay
	Real-time quantitative reverse transcriptase-PCR (qRT-PCR) analysis
	Statistical analysis

	Table 1 Clinical and laboratory features of 41 patients with AML, stratified by Twist1 expression level
	Results
	Bmi1 transcripts are upregulated in AML Cells with Twist1 overexpression
	Twist1 overexpression confers a survival advantage in AML cells
	Twist1-overexpressing AML patients exhibit unique clinical characteristics
	Twist1 overexpression is associated with some good prognostic features in AML patients
	Twist1 overexpression is correlated with better treatment response and superior survival outcome in AML patients receiving standard treatment

	Figure 1 Expression of Twist1 and its correlation with Bmi1 level in AML cell lines and primary AML samples.
	Figure 2 Investigation of effects of altered Twist1 expression on cellular growth of AML cells.
	Figure 3 Investigation of effects of altered Twist1 expression on apoptosis.
	Increased susceptibility of leukemic blasts harboring overexpressed Twist1 to cytarabine cytotoxicity

	Discussion
	Table 2 Cytogenetic/molecular risk and treatment outcome of 41 patients with AML, stratified by Twist1 expression level
	Figure 4 Impacts of Twist1 overexpression on phenotypes of clinical patients and AML cell lines.
	A5
	A6
	ACKNOWLEDGEMENTS
	REFERENCES




