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1. Introduction 

1.1 Genomic and chromosomal instability in CML 

An unstable genome is a common hallmark of nearly all solid tumors and most of leukemias 
in contrast to normal, healthy cells which are able to maintein genome integrity (Negrini et 
al., 2010). Genomic instability could result from changes in chromosome structure and 
number as well as changes on the DNA level. Chromosomal instability (CIN) arises from 
unproper chromosome segregation as well as division defects and leads to aneuploidy 
(Foijer, 2010), whereas accumulation of mutations and DNA alterations usually is an effect 
of the defective repair systems and DNA damage response in cancer cells (Economopoulou 
et al., 2011).  
Chronic myeloid leukemia (CML) cells expressing the BCR-ABL tyrosine kinase have been 
found to accumulate mutations as well as chromosomal abnormalities. One of the first 
indications that CML correlates with additional chromosome changes has been presented in 
1987 (Alimena et al., 1987). Moreover, authors showed that the rate of chromosomal 
anomalies increased during the blastic transformation. In the next years this has been also 
confirmed by other authors (Hagemeijer, 1987; Johansson et al., 2002; Su et al., 1999; 
Suzukawa et al., 1997). Later, random aneuploidy rate between chromosomes 9 and 18 has 
been reported in CML patients – both, untreated as well as upon imatinib therapy (Amiel et 
al., 2006). In broader analysis of CML patients it was found that chromosomal instability 
caused by centrosomal aberrations significantly correlated with the disease progression 
(Giehl et al., 2005). In the chronic phase only one sample out of 18 showed additional 
karyotypic alterations, in contrast to blast crisis where 73% patients (11/16) displayed 
additional karyotype alterations. The observation that CML patients have karyotype 
aberrations was confirmed in other studies where complex chromosomal rearrangements 
(CCR) were investigated (Babicka et al., 2006). By using cytogenetics, the FISH, and 
multicolor FISH (mFISH) methods, a very high level of the genomic instability at the 
chromosomal level, in cells obtained from chronic myeloid leukemia patients was observed.  
Altogether, it was shown that the aberrations associated with the progression of BCR-ABL-
positive CML chronic phase to the aggressive blast crisis include additional chromosomes 
(Ph1, +8, +19), isochromosome 17q (associated with the loss of p53), reciprocal 
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translocations, loss-of-heterozygosity at 14q32, homozygous mutations/deletions of pRb 
and p16/ARF, and mutations in p53 and RAS (Calabretta & Perrotti, 2004). The possible 
mechanisms participating in the BCR-ABL-mediated aneuploidy will be broadly described 
and discussed in the next paragraphs. 
BCR-ABL has been also indicated as a promoter of secondary DNA mutations in CML 
(Burke & Carroll, 2010). This is the effect of the defective DNA damage response and DNA 
repair mechanisms found in CML cells. DNA damage can occur as single-nucleotide 
alterations, single-strand breaks (SSB), or double-strand breaks (DSB). Double-strand breaks 
are proposed to be the most mutagenic, as neither strand remains intact to serve as a 
template for repair. Single-nucleotide alterations are repaired by mismatch repair (MMR) or 
nucleotide excision repair (NER) mechanisms. Single or double-strand breaks are repaired 
by either high-fidelity homologous recombination repair (HRR) or non-homologous end-
joining (NHEJ), when a sister chromatid is not available as a template. The last mechanism is 
error-prone and can lead to short deletions in the repaired strands.  
Data from different laboratories collectively indicate that BCR-ABL promotes dysfunctions 

of nearly all mechanisms participating in the DNA repair. It is known that BCR-ABL cells 

treated with genotoxic agents present higher levels of DNA damage and aberrant repair 

systems, leading to the accumulation of DNA errors (Brady, 2003; Laurent et al., 2003; 

Slupianek et al., 2002). Studies from Skorski’s group clearly showed that expression of BCR-

ABL affects different mechanisms participating in the DNA repair. They found that BCR-

ABL modifies the repair of DNA double-strand breaks (Koptyra et al., 2008; Nowicki et al., 

2004; Slupianek et al., 2006). Briefly, CML cells produced increased rate of DSBs in S and 

G2/M phases of the cell cycle, as a result of oxidative DNA damage caused by BCR-ABL. 

These breaks were repaired, however with a high mutation rate and large deletions, as a 

result of defective HRR and NHEJ repair systems, respectively. Moreover, they found that 

BCR-ABL is able to inhibit both, mismatch repair (MMR) and inhibit apoptosis as well as to 

induce point mutations (Stoklosa et al., 2008). Upon this, CML cells were able to survive 

treatment leading to generation of the O(6)-methylguanine and O(4)-methylthymine 

recognized by the MMR system, however they displayed 15-fold higher mutation frequency 

than parental counterparts.  

Deutsch et al indicated that DNA-PKcs, a protein involved in the NHEJ repair system, may 
be downregulated by BCR-ABL (Deutsch et al., 2001). This decrease was proteasome- and 
tyrosine kinase-dependent, as it was reversed by proteasome as well as tyrosime kinase 
inhibitors. Alternatively, the role of DNA-PKcs has been recently indicated to switch on the 
backup-NHEJ system, which is more error-prone (Poplawski & Blasiak, 2010). It was also 
shown that BCR-ABL upregulates the error-prone DSB repair pathways, particularly single-
strand annealing and non-homologous end-joining due to an increased level of DNA-end-
processing factor CtIP (Salles et al., 2011). Additionally, BCR-ABL also promotes the DNA 
DSB repair by using the highly mutagenic single-strand annealing (SSA) pathway which 
involves single repeats (Fernandes et al., 2009). This required the active Ras and PI3K 
pathways, acting downstream of the Y177 site of BCR-ABL, which is a major regulatory site 
for ROS induction and is necessary for the optimal activation of the PI3K and Ras pathways. 
Moreover, using stromal cell lines authors also showed that the stromal cell-conditioned 
media increased the SSA frequency, measured in K562 cells in the presence or absence of 
imatinib. This supported the hypothesis that microenvironment additionaly promotes 
mutagenesis in CML cells. 
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Altogether, there is no doubt, that defects in DNA repair mechanisms and genomic 
surveillance in CML cells are an effect of the expression of BCR-ABL itself. However, there 
was still an open question, whether occurrence of the genomic instability participates in the 
development of the blast crisis phase (Penserga & Skorski, 2007; Shet et al., 2002). This has 
been strongly indicated to play a significant role in the malignant progression of the disease 
by many authors (Burke & Carroll, 2010; Salleset al., 2011; Skorski, 2008; Skorski, 2011).  
Till now, convincing data was presented and it seems clear, that genetic instability, 
accumulation of mutations and additional chromosomal alterations are the major factors 
involved in the CML progression and resistance to cell death. This leads to an accumulation 
of additional genetic aberrations and changes in gene expression, which result in the 
expansion of differentiation-arrested and increasingly malignant cell clones. Importantly, 
genetic instability of tyrosine kinase refractory cells, including leukemia stem cells (LSCs) 
has also recently been proposed as a reason for their fast transformation leading to the 
generation of additional resistant clones and transformation to a blast phase (Skorski, 2011). 
This mechanism could be responsible for clonal evolution and expansion causing finally 
relapse and malignant progression.  
The current model of blastic transformation proposed recently by Perotti (Perrotti et al., 
2010), indicates that acquiring of additional genetic and epigenetic changes by LSCs or their 
progeny causes leukemia transformation from the chronic phase to the advanced phases. 
This can explain the complexity of the disease progression and blast crisis as well as the 
inability to find common features of cells in blast crisis and specific secondary genetic 
aberrations. Most likely different mutations and aberrations are cumulated to obtain the 
critical point allowing the disease to progress. Thus, it will be very difficult to plan the 
therapeutic strategy against genetically unstable LSCs, resistant to tyrosine kinase inhibitors, 
with the already used agents and probably novel therapies need to be developed. 

2. The role of aberrant divisions in CML cells 

It has been known for more than a century that neoplastic cells could exhibit disturbances of 
the cell division process (Boveri, 1902, 1914). Boveri observed that sea urchin embryos 
manipulated to undergo mitosis in the presence of multipolar spindles produced aneuploid 
progeny and proposed that tumors arise from normal cells becoming aneuploid as a result 
of aberrant mitoses. Boveri’s theory that division errors and aneuploidy could lead to cancer 
development has been revisited during the last decade (Duesberg et al., 2006; Holland & 
Cleveland, 2009; Weaver & Cleveland, 2006).  
Today, it is commonly accepted that aberrant mitoses result in chromosomal instability 
(CIN), leading to the gain or loss of whole or large fragments of chromosomes, which are the 
main form of genomic instability in cancers. As it was mentioned in the previous chapter, it 
is fully convincing that expression of BCR-ABL leads to significant chromosomal 
aberrations. Moreover, these abnormalities increase along with the disease progression, 
participating in the blastic transformation. Below, we present current data concerning the 
role of BCR-ABL-mediated defects in the mechanisms controlling cell division as well as the 
role of BRCA1 in the development of aneuploidy in CML. 

2.1 Centrosomal multiplication 

Centrosomes are small organelles with a crucial role in the formation of bipolar mitotic 
spindle, which is necessary for the accurate segregation of chromosomes (Fukasawa, 2007; 
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Rusan & Rogers, 2009; Tanenbaum & Medema, 2010). Briefly, they are formed by paired 
centrioles surrounded by a protein matrix of pericentriolar material, including pericentrin. 
Their function is to nucleate and anchor microtubules to form an interphase cytoplasmic-
microtubule network and mitotic spindle. During the cell division, each daughter cell 
receives one centrosome, thus the centrosome has to duplicate before the next mitosis. This 
takes place during the S phase and is driven at least partially by the Cdk2-cyclin E complex. 
Coordination of the DNA and centrosome replication is crucial to avoid their 
overduplication. Two mature centrosomes are generated at the late G2 phase and they 
become the spindle poles. It was shown that the DNA damage checkpoint proteins, such as 
ATM, ATR, Chk1 and Chk2 and others also localize at the centrosomes (Zhang et al., 2007). 
It seems that these proteins interact with gamma-tubulin and are involved in the controlling 
of microtubule kinetics during the DNA damage response. It was reported that DNA 
damage leads to centrosome amplification in the G2 phase as a result of cell cycle arrest 
(Inanc et al., 2010). Studies performed by Dodson and colleagues showed the involvement of 
ATM in the centrosome amplification in response to DNA damage, however gene targeting 
of ATM reduced, but did not abrogate completely centrosome amplification (Dodson et al., 
2004). Alternatively, data from lymphoid gamma-irradiated cells showed that neither ATM 
nor ATR kinases are involved in this process, however Chk1-dependent signaling seems to 
be crucial  (Bourke et al., 2007). This issue still needs to be clarified. 
It is commonly accepted that the appearance of supernumerary centrosomes is associated 
with aberrant mitoses and chromosomal instability. Multipolar mitoses, lagging 
chromosomes or multinuclei are observed in cells with overduplicated centrosomes. Cells 
with three centrosomes usually undergo cytokinesis and some of the generated cells are 
viable, however aneuploid. Cells with multipolar (>3) spindles fail to undergo cytokinesis 
and can become polyploid if they are p53-deficient and are able to continue the cell cycle 
(Godinho et al., 2009).  
Centrosome abnormalities are commonly observed in cancers and participate in the 
chromosomal instability and tumorigenesis (Carroll et al., 1999; Duensing & Duensing, 2010; 
Pihan et al., 2001). As mentioned before, mutlipolar mitosis as a result of centrosome 
overduplication can lead to gross chromosome missegregation and cell death. Thus cancer 
cells with supernumerary centrosomes possess the ability to suppress multipolar mitoses 
due to the inactivation, clustering or asymmetric segregation of extra centrosomes (Brinkley, 
2001; Godinhoet al., 2009). This results in the formation of a bipolar, functional, however not 
symmetric mitotic spindle and so called mitotic stability of aneuploid cancer cells. 
Abnormalities in the number of centrosomes were also found in leukemias. It was reported 
that defects in the number of centrosomes caused by the p53 mutation and cyclin E 
overexpression, detected in bladder cancers, led to centrosome amplification and 
chromosomal instability (Kawamura et al., 2004). Moreover, the centrosome aberrations 
were proposed as one of the main factors responsible for aneuploidy in acute myeloid 
leukemia (Kramer et al., 2003; Neben et al., 2003). Studies of CD34+ Ph+ cells isolated from 
chronic myeloid leukemia patients showed that centrosome aberrations correlate with the 
stage of the disease and aneuploidy (Giehl et al., 2005). In these studies freshly isolated cells 
from CML patients, in the chronic phase or blast crisis, were stained for pericentrin and 
gamma-tubulin to analyse the number as well as the structure of centrosomes. Moreover, 
they were studied for additional karyotypic abnormalities. Importantly, a strong correlation 
between the increase of centrosome aberrations, CML progression and blastic 
transformation was found. As centrosome defects were indicated as en early detectable 
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feature of CML, they have been proposed as a cause of karyotype instability and aneuploidy 
in CML progenitor cells as well as a valuable prognostic factor. In the long-term in vitro 
studies, using a cellular model of the chronic phase of CML, authors confirmed, that 
expression of BCR-ABL leads to significant centrosomal hypertrophy visible already after 4 
weeks of BCR-ABL expression (Giehl et al., 2007). This increased upon the next 10 weeks of 
propagation and correlated with the clonal expantion of aneuploid cells. 
We also found, using a mouse cellular model of CML, that the stable expression of low or 
high level of BCR-ABL in mouse progenitor 32D cells leads to the generation of cells with 
supernumerary centrosomes (Wolanin et al., 2010). This was accompanied by increased 
percentage of cells with aberrant mitoses, particularly multipolar spindles, lagging 
chromosomes and multinuclei. The presence of aberrant cells correlated with the level of 
BCR-ABL expression, indicating that the BCR-ABL itself is responsible for these 
abnormalities. Interestingly, Patel and colleagues presented that CML cells have defects in 
the centrosome-centriole cycle (Patel & Gordon, 2009). They showed that p210 (BCR-ABL1) 
and p145 (ABL1) are both, centrosome-associated proteins and form a complex with the 
pericentriolar protein, pericentrin. Numerical and structural centrosomal abnormalities 
were found in CML cell lines and in primary CD34+ cells from CML patients as a result of 
an increased level of separase participating in the abnormalities in the centrosome-centriole 
cycle. They also confirmed the previous data that abnormal centrosome distribution, 
amplification and loss are more evident in the advanced stages of CML. 
Although the tyrosine kinase inhibitors are very potent, selective and successful therapeutic 
agents for treatment of leukemia as well as some solid tumors it can not be neglected that 
some reports indicated that they can lead to centrosome aberrations in cancer as well as 
normal cells (Fabarius et al., 2005; Fabarius et al., 2008; Giehl et al., 2010). This was caused 
by blocking cells in the G1/S transition and the inhibition of cell growth which was 
followed by centrosomal aberrations. This should be taken into consideration with regards 
to the potential side-effects as well as a possible reason of dangerous clonal chromosomal 
abnormalities observed in BCR-ABL-negative progenitor cells under imatinib therapy. 

2.2 Mitotic checkpoint failure 

The spindle assembly checkpoint (SAC) plays a major role in the division control and 

segregation of sister chromatids, preventing occurence of aneuploidy (Chin & Yeong, 2010; 

Kops, 2008; Logarinho & Bousbaa, 2008; Nezi & Musacchio, 2009). SAC proteins, including 

Mad1 (mitotic arrest-deficient protein 1), Mad2, Bub1 (budding uninhibited by 

benzimidazoles 1), BubR1 (Bub1-related kinase 1) and Bub3 are recruited to unattached or 

tensionless kinetochores, forming mitotic checkpoint complex, which inhibits the anaphase 

promoting complex (APC). This protects cells from preearly anaphase entry and unproper 

segregation of chromatids. In physiological conditions the mitotic checkpoint is temporarily 

activated until the mitotic spindle is properly formed, whereas in anticancer therapy it is 

activated upon treatment with a group of microtubule damaging agents, such as taxanes 

and vinca alcaloids. Both interfere with tubulin organization and spindle formation, leading 

to the cell cycle arrest in mitosis and eventually cell death.  

It is known that the complete loss of the mitotic checkpoint function results in embryonic 
lethality, what was shown in Caenorhabditis  elegans (Kitagawa & Rose, 1999) as well as in 
mammalian cells (Michel et al., 2001; Schliekelman et al., 2009). Alternatively, partial loss of 
its function leads to chromosomes missegregation and chromosomal instability (Bharadwaj 
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& Yu, 2004; Ito & Matsumoto, 2010). This was due to the inability to activate the mitotic 
checkpoint and to arrest in mitosis in response to some disturbances. Instead - further 
progression of mitosis eventually leads to aberrant divisions and unproper chromosomes 
segregation. 
Dysfunctions of the mitotic checkpoint were reported in different types of cancers (Baker et 
al., 2005; Bannon & Mc Gee, 2009; Tanaka & Hirota, 2009). They correlated with aneuploidy, 
disease progression and the increase of aggressiveness. Interestingly, similar effects were 
observed in case of the upregulation or decreased expression of mitotic checkpoint 
members. For example, the Mad2 protein has been recently proposed as a critical factor 
leading to aneuploidy in cancers with defects in the Rb and p53 pathways (Schvartzman et 
al., 2011). Authors found that Mad2 expression is repressed by p53 via the Rb pathway, thus 
the cancer cells lacking the Rb protein require Mad2 upregulation leading to chromosomal 
instability and tumor progression in vivo. On the other hand, also Mad2 haplo-insufficiency 
caused chromosomal instability in human cancer cells and murine primary embryonic 
fibroblasts (Michelet al., 2001).  
BubR1 dysfunctions has also been found as a cause of cancer-susceptible disorder mosaic 
variegated aneuploidy (MVA) (Suijkerbuijk et al., 2010). Similarly to Mad2, BubR1 can be 
also overexpressed in cancer, what was shown in hepatocellular carcinoma (HCC) (Liu et 
al., 2009). Authors suggest that BubR1 overexpression, which was found in 45% of patients 
correlated with later stages and was associated with worse prognosis, thus it can be used as 
a potential prognostic factor  for HCC. 
 There were indications that CML cells could have a dysfunctional mitotic checkpoint, as 

their resistance to spindle poisons was reported previously. In the K562 and Lama-84 CML 

cell lines, microtubule disruption caused either by paclitaxel, nocodazole or novel 

microtubule-targeting agent PBOX-6 led to polyploidization without the presence of 

significant apoptosis (Greene et al., 2007). Imatinib treatment minimized the formation of 

polyploid cells and enhanced the apoptotic index upon treatment of CML cells with spindle 

poisons. Resistance to paclitaxel was also shown in K562 cells (Blagosklonny, 2001), but 

mitotic checkpoint competence was not investigated. All these data suggested that BCR-

ABL could somehow affect the response to microtubule disruption; however this issue was 

not discussed by the authors. 

We have shown for the first time that the expression of BCR-ABL in mouse 32D cells 

decreases the expression of SAC proteins, such as Mad2, Bub1, Bub3 and BubR1, as well as 

their mRNA levels, what was estimated by real time RT-PCR (Wolanin et al., 2010). 

Decreased levels of the mitotic checkpoint proteins were associated with dysfunctions in the 

mitotic checkpoint competence observed upon nocodazole and paclitaxel treatment as well 

as resistance to cell death induced by these agents. We found that the inhibition of the BCR-

ABL kinase activity by imatinib reversed the observed phenotype confirming the crucial role 

of BCR-ABL.  

2.3 Aberrant expression of mitotic kinases  

Mitotic kinases have also been implicated in the regulation of the centrosome cycle, spindle 
checkpoint and microtubule-kinetochore attachment, as well as spindle assembly and 
chromosome condensation. The family of Aurora kinases consists of the following proteins: 
Aurora A, B and C. The whole family has serine/threonine kinase activity which modifies 
microtubules during chromosome movement and segregation. Aurora kinases have been 

www.intechopen.com



BCR-ABL Hits at Mitosis; Implications for Chromosomal  
Instability, Aneuploidy and Therapeutic Strategy 

 

7 

found at the centrosomes of interphase cells, at the poles of the bipolar spindle and in the 
midbody of the mitotic apparatus. All three Aurora kinases members are overexpressed in 
many human cancers. This correlated with chromosomal instability and clinically aggressive 
forms of disease (Fu et al., 2007; Meraldi et al., 2004). Aurora A is localized in centrosomes 
and is important for maturation, spindle assembly and metaphase I spindle orientation. It 
has two independent functions in centrosome maturation and asymmetric protein 
localization during mitosis. Ectopic overexpression of Aurora A was shown to induce 
oncogenic transformation (Katayama et al., 2003). Moreover, overexpression of Aurora A 
and aneuploidy have been proposed as predictors of poor outcome in serous ovarian 
carcinoma (Lassus et al., 2011). Also a high level of Aurora B has been reported to promote 
tetraploidy and tumorigenesis in the mouse Xenograft model (Nguyen et al., 2009). 
High expression of Aurora A in leukemia cell lines and freshly isolated leukemia CML cells 

has been presented by Ochi T et al (Ochi et al., 2009). We also showed that the expression of 

BCR-ABL leads to the mislocalization of Aurora A in the chromosomal passenger complex 

(Wolanin et al., 2006). The importance of Aurora A-dependent signaling in CML has been 

shown in studies indicating that Aurora inhibitors seem to be very effective therapeutics for 

CML treatment (Gontarewicz et al., 2008),  what will be discussed by us later. 

Another family of tubulin-associated serine/threonine kinases, Polo-like, has also received 

significant attention regarding its participation in tumorigenesis. As far, in mammalian cells 

four members of this family have been identified (PLK1-4), and each one of them has a 

distinct function. PLK1 is essentially involved in the control of mitotic steps, PLK2 and PLK3 

have been described as potential regulators of the G1 and early S phases of the cell cycle, 

PLK4 as a major centrosome duplication regulator. Polo-like kinase 1 (PLK1) is a key 

regulator of mitosis and participates in regulating this process from its entry to cytokinesis 

(Yuan et al., 2011). Transcription and translation of PLK1 is highly coordinated with cell 

cycle progression. Plk1 mRNA and protein levels begin to accumulate in the S-phase and 

reach a peak at the G2/M transition and then decline upon mitotic exit (Lee et al., 1995). At 

the G2/M phase, PLK1 regulates the Cdk1/Cyclin B1 complex promoting mitotic entry and 

regulating mitotic progression due to regulation of phosphorylation of Cyclin B1, Cdk1, 

Myt1 and Cdc25C. PLK1 also plays a role in centrosome maturation by promoting increased 

recruitment of microtubules to the spindle pole bodies. It also regulates the localization of 

Aurora A to the centrosomes for proper maturation. It is known today that all mitotic 

kinases interplay with each other and form an extensive functional network, thus targeting 

any of them has tremendous consequences for cell physiology (Lens et al., 2010). 

Additionally, it was shown that PLK1 catalysis survivin priming phosphorylation at Ser20, 

what is necessary for survivin-mediated Aurora B docking to the centromere and activation 

(Chu et al., 2010). Expression of the non-phosphorylable survivin mutant prevented Aurora 

B activation and corrected spindle microtubule attachment. We also observed that silencing 

of survivin in CML cells significantly affected CPC function and mitosis as well as proper 

completion of cytokinesis leading to the formation of giant polyploid cells (Wolanin et al., 

2006). PLK1 also regulates the spindle assembly checkpoint (Nezi & Musacchio, 2009) 

probably by phosphorylation of BubR1 and finally, regulates chromosome segregation, 

cytokinesis and mitotic exit. 

PLK1, similarly to other mitotic kinases has been shown to be upregulated in cancers, 
including lymphomas. Studies of a big group of non-Hodgkin’s lymphoma (NHLs) patients 
presented that the level of PLK1 expression was significantly lower in low-grade NHLs than 
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in high-grade and intermediate-grade NHLs. Moreover, PLK1 has been proposed as a 
valuable marker of proliferating cells, even better than the commonly used Ki67 (Mito et al., 
2005). It was also described that PLK1 is overexpressed in AML cell lines as well as in 
primary cells and its inhibition preferentially targeted lymphoid cells, indicating an 
important role of the PLK1-mediated signaling (Renner et al., 2009). Importantly, healthy 
hematopoietic progenitor CD34+ cells were much less sensitive to growth inhibition caused 
by PLK1 targeting, indicating a high potential of this therapeutic strategy. This observation 
was confirmed by studies performed by Ikezoe and colleagues, who also found PLK1 
overexpressed in a number of human leukemia cell lines and freshly isolated leukemia cells 
from individuals with acute myelogenous leukemia as well as acute lymphoblastic 
leukemia, in comparison with normal bone marrow mononuclear cells (Ikezoe et al., 2009). 
As previously, they indicated PLK1 inhibition as a potent way to inhibit proliferation and 
induce cell death in leukemia cells. Moreover, the functional link between PLK1 and mTOR 
pathway has been shown in AML cells (Renner et al., 2010). Abnormal growth of cells 
overexpressing the active form of PLK1 was reversed by rapamycin, a specific inhibitor of 
the TORC1 complex. This showed a novel aspect of PLK1’s role in leukemia and opened 
new therapeutic possibilities.  
In chronic myeloid leukemia, PLK1was found to be expressed in the phosphorylated form 
in the CML cell line K562 as well as in primary CML cells from patients (Gleixner et al., 
2010). Studies presenting the potential of the PLK1 inhibitors in therapy against CML were 
performed and indicate an important role of PLK1 in CML development and progression. 
They will be discussed in a detailed way in the chapter dedicated to anti-mitotic therapies 
against leukemia. 

3. BCR-ABL-mediated downregulation of BRCA1 

BRCA1, a tumor suppressor isolated in 1994 (Miki et al., 1994) has been implicated in a 
broad range of cellular processes, including DNA repair, cell cycle checkpoint control, cell 
division and gene transcription (Linger & Kruk, 2010; Thompson, 2010; Wu et al., 2010; Yang 
& Xia, 2010). It is a known familiar ovarian and breast cancer-specific tumor suppressor, 
however today it seems that it is involved in the development of other types of cancers as 
well. The protein contains two motifs: a RING domain at the N-terminus and two tandem 
copies of BRCT domain at the C-terminus (Baer, 2001). In vivo it exists in a heterodimeric 
complex with the BRCA1-associated RING domain (BARD1) protein, which resembles 
BRCA1 (Wu et al., 1996).  
The first observation that BRCA1 protein is nearly undetectable in leukemia cells from 
chronic myeloid leukemia (CML) patients has been made by Deutsch et al (Deutsch et al., 
2003). They found a significant downregulation of BRCA1 in primary CD34+ cells obtained 
from both, the chronic phase and the blast crisis patients as well as in cell lines expressing 
BCR-ABL. This was not accompanied by a decrease of the  BRCA1 mRNA, what was studied 
by real-time RT-PCR in one of the investigated cell lines.  
Our group studied the direct influence of BCR-ABL on the BRCA1 expression, using the 
previously mentioned mouse progenitor 32D cell line stably expressing with BCR-ABL, 
particularly in clones, expressing low and high BCR-ABL levels (Fig.1A), (Wolanin et al., 
2010). We found that BCR-ABL expression leads to a strong decrease of BRCA1 at the 
protein level. This was reversed by treatment with imatinib, a specific inhibitor of the BCR-
ABL tyrosine kinase, confirming dependence on the tyrosine kinase activity (Fig. 1B). The 
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lack of a significant decrease of mRNA confirmed the previous observation that BCR-ABL 
affects the posttranscriptional stages of protein expression. Incubation with the proteasome 
inhibitor MG132 did not lead to an increase at the BRCA1 protein level (Fig. 1C), thus 
excluding the possibility that increased degradation is responsible for the protein 
downregulation.  
Recently, it was shown that BCR-ABL interferes with the Fanconi Anemia/BRCA1 pathway, 
thus increasing the predisposition to DNA repair errors and development of centrosomal 
and chromosomal aberrations (Valeri et al., 2010). The interference of BCR-ABL with the 
formation of BRCA1 and FANCD2 nuclear foci was observed in hematopoietic progenitors 
from CML patients. These authors also showed that the ectopic expression of BRCA1 
reverted the generation of aberrant centrosomes induced by BCR-ABL. This suggests, 
however not directly studied, that overexpression of BRCA1 could antagonize also other 
effects of BCR-ABL expression, if they are mediated by BRCA1 downregulation, indeed.  
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Fig. 1. The influence of BCR-ABL expression on the level of the BRCA1 Protein. 
A. Expression of BCR-ABL leads to downregulation of the BRCA1 protein. The level of 
BRCA1 was determined by Western Blot in mouse progenitor 32D cells, control or stably 
expressing BCR-ABL at low (C2 cells) or high (C4 cells) level.  
B. Imatinib treatment leads to upregulation of the BRCA1 protein level in cells expressing 
BCR-ABL. 32D and C4 cells were treated with 0.5 μM imatinib for 1, 2.5 or 4 hours (upper 
panel) or with 0.5 or 5 μM imatinib for 4 and 6 hours (lower panel) followed by estimation 
of the BRCA1 protein level.  
C. BRCA1 downregulation caused by BCR-ABL is not a result of increased proteasomal 
degradation. 32D, C2 and C4 cells were treated with 10 μM proteasome inhibitor MG132 for 
6 hours, followed by determination of the BRCA1 protein level by Western Blot. 

Altogether, there are strong evidences indicating that the decrease of the BRCA1 protein and 
the BRCA1-dependent signaling is caused by BCR-ABL expression and is also specific for 
chronic myeloid leukemia, in addition to other types of tumors. There is a number of 
intracellular processes crucial for cell physiology controlled by BRCA1, including DNA 
damage response as well as activation of the cell cycle checkpoints, chromatin remodelling, 
apoptosis and mitosis. Aberrations in any of them, lead to the accumulation of mutations, 
genomic instability and finally an increased risk of cancerogenesis. Thus, we postulate that 
the decrease of BRCA1 caused by BCR-ABL could have tremendous consequences due to 
defective control of genomic stability. The role of BRCA1 in the regulation of the DNA 
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damage response and cell cycle checkpoint control has been already well explained (Huen et 
al., 2010; Kim & Chen, 2008; Wuet al., 2010; Yang & Xia, 2010; Zhang & Powell, 2005). The 
detailed role of BRCA1 in the regulation of mechanisms participating in the occurence of 
genomic instability as a result of mitosis dysfunctions, referred as a CIN (chromosomal 
instability) will be discussed in the next paragraphs.  

4. The role of BRCA1 in mitosis 

4.1 BRCA1 in the transcriptional regulation 

Currently, there is a lot of evidence suggesting that BRCA1 is involved in the transcriptional 
regulation. This opens a new list of possible interactions with intracellular processes 
(Murray et al., 2007). It has been shown that BRCA1 is a component of the RNA polymerase 
II (pol II) holoenzyme (Scully et al., 1997). Authors developed a purification strategy for the 
mammalian pol II holoenzyme to search for specific transcription factors and they found 
that the wild-type BRCA1 protein was copurified. Moreover, immunopurification of BRCA1 
complexes also contained TFIIF, TFIIE and TFIIH transcription factors, which were 
previously reported to form a complex with the pol II holoenzyme (Maldonado et al., 1996). 
This strongly suggested that one of the BRCA1 functions is to regulate genes expression.  
Unlike many enhancer-specific activators, BRCA1 does not appear to require the specific 
DNA binding domain to stimulate gene transcription, what was shown by investigation of 
the p53-responsive promoter MDM2 (Nadeau et al., 2000). BRCA1 interacts rather with 
multiple transcription factors. Among them we can name ATF1, a member of the cAMP 
response element-binding protein/activating transcription factor (CREB/ATF) family. 
BRCA1 stimulates its transcription from a natural promoter as well as reporter systems 
(Houvras et al., 2000). Moreover, BRCA1 significantly enhanced the transcription of NF-
kappaB target genes due to the binding to p65/RelA, one of the two subunits of the 
transcription factor NF-kappaB (Benezra et al., 2003). Authors suggested that BRCA1 acts as 
a coactivator and proposed a model in which BRCA1 interacts physically with p65/RelA, 
CBP as well as with RNA polymerase II and enhances transcriptional activation of the NF-
kappaB target genes. Additionally, MacLachlan reported that p53 can be stabilized by 
BRCA1 in response to DNA damage and by this selectively transactivated towards genes 
involved in the growth arrest and DNA repair (MacLachlan et al., 2002). The role of BRCA1 
in the regulation of p53-dependent gene expression has been also shown by other groups 
(Ouchi et al., 1998; Zhang et al., 1998).  
BRCA1 is also able to interact with components of the histone deacetylase complex, 
particularly with HDAC1 and HDAC2 (Yarden & Brody, 1999). It was shown to interact in 
vitro and in vivo with the Rb protein as well as with the RB-binding proteins, RBAp46 and 
RBAp48, which are components of the histone deacetylase complexes and are involved in 
chromatin remodelling. Involvement of BRCA1 in chromatin remodelling suggests its 
important role in the regulation of transcription, replication, recombination and others. 
BRCA1-mediated activation of specific genes may result from sequestration of histone 
deacetylases from DNA promoters. It was also reported that BRCA1 interacts with the 
hGCN5/TRAP histone acetyltransferase complex (Oishi et al., 2006), which co-activates the 
transactivation function of BRCA1. 
More recently, BRCA1 has also been shown to play a role in the transcriptional repression 
by ubiquitin-dependent mechanism (Horwitz et al., 2007). It leads to ubiquitination of the 
transcriptional preinitiation complex, thus preventing the stable association of TFIIE and 
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TFIIH transcription factors and blocking the initiation of mRNA synthesis. Amphiregulin 
(AREG) and early growth response-1 (EGR-1) are examples of genes repressed by BRCA1 in 
breast cancers. This phenomen could be broader and may contribute to the BRCA1-
mediated tumor suppression. 

4.2 BRCA1 in the regulation of the mitotic checkpoint  

The role of BRCA1 in the regulation of the mitotic checkpoint has been indicated. BRCA1 
was identified as a mitotic target of the Chk2 kinase in the absence of DNA damage (Stolz et 
al., 2010). Accordingly, loss of BRCA1 or its Chk2-mediated phosphorylation led to defects 
in the spindle formation and chromosomal instability (CIN) due to generation of lagging 
chromosomes and chromosome missegregation. It was shown that MCF-7 cells transfected 
with BRCA1 siRNA display a reduced mitotic index followed by premature cyclin B1 
degradation upon paclitaxel treatment. This suggested that BRCA1 depletion results in the 
inactivation of the spindle checkpoint (Chabalier et al., 2006). They presented that BRCA1 
up-regulates the expression of the protein kinase BubR1, an essential component of the 
functional spindle checkpoint. This indicated that BRCA1 directly influences the expression 
of the mitotic checkpoint components. It was also shown that BRCA1, due to an interaction 
with the transcription factor OCT-1, mediates the transactivation of Mad2 (mitotic arrest 
deficient protein 2) (Wang et al., 2004). The studies of BRCA1 knock-down in human 
prostate and breast cancer cell lines, by using the microarray technique, showed that BRCA1 
depletion caused downregulation of many genes involved in mitosis progression (Bae et al., 
2005). Specifically, mitotic checkpoint components (Bub1, STK6), proteins involved in the 
chromosome segregation and centrosome function as well as cytokinesis (including PLK) 
and finally proteins regulating mitosis entry and progression, such as cyclin B1, Cdc2 and 
Cdc20 were downregulated. 
The influence of BRCA1 on the expression of components of the mitotic checkpoint was also 

confirmed in our studies (Wolanin et al., 2010). We showed that the downregulation of 

BRCA1, caused either by BCR-ABL expression or by gene silencing using siRNA, resulted in 

the downregulation of Mad2 as well as BubR1 and Bub3 gene expression, which all belong 

to the mitotic checkpoint complex and undergo common regulation. Decreased levels of 

these proteins finally led to dysfunctions of the mitotic checkpoint and increased occurence 

of aberrant mitoses and chromosomal instability. Moreover, we observed the increased rate 

of supernumerary centrosomes as well as aberrant divisions in cells expressing BCR-ABL. 

We propose that decrease of the BRCA1 protein caused by BCR-ABL could be an important 

factor participating in the development of genomic instability due to the generation of 

chromosomally unstable cells. We added the regulation of mitotic checkpoint to the 

repertoir of BRCA1-mediated mechanisms participating in the development of aneuploidy 

in CML cells.  

Due to its function in the regulation of mitotic checkpoint competence, BRCA1 has been 
shown to correlate with the sensitivity to spindle poisons (Byrski et al., 2008; Quinn et al., 
2007). As mentioned before, cells ability to activate the mitotic checkpoint is necessary for 
the sensitivity to spindle poisons. BRCA1 downregulation resulted in resistance to 
microtubule damage due to the inability to efficiently activate the mitotic checkpoint, block 
cells in mitosis and induce apoptosis. In our studies, cells expressing BCR-ABL with a 
significantly decreased BRCA1 level were resistant to cell death activated by nocodazole or 
paclitaxel (Wolanin et al., 2010). This was reversed by imatinib treatment, resulting in 
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BRCA1 upregulation. In ovarian cancer it was suggested that BRCA1 can act as a predictive 
marker of response to chemotherapy (Quinn et al., 2009) and dysfunctional BRCA1 resulted 
in resistance to taxanes and other chemotherapeutics. On the other hand, reconstitution of 
BRCA1 into ovarian cancer cells, carrying BRCA1 mutation, reversed the resistance and 
sensitized cells to paclitaxel (Zhou et al., 2003). BRCA1 was also proposed as a predicive 
marker of drug sensitivity in breast cancer treatment (Mullan et al., 2006). As resistance to 
spindle poisons has been reported for CML cells, this supports the previously proposed 
idea, that the overexpression of BRCA1 diminishes some effects of BCR-ABL expression. In 
our opinion, BRCA1 level could serve as a prognostic marker of sensitivity to different 
therapies also those used in leukemias. 

4.3 BRCA1 in the regulation of centrosome number and function 

The first observation that BRCA1 localizes to centrosomes has been made by Hsu et al (Hsu 
& White, 1998), who showed that BRCA1 is associated with centrosomes during mitosis in a 
cell cycle-dependent manner. Moreover, they found that BRCA1 forms a complex with 
gamma-tubulin, which is preferentially associated with the hypophosphorylated form of 
BRCA1. Gamma-tubulin is a crucial component of centrosomes and is responsible for 
nucleation of microtubules. Therefore, this confirmed the idea that BRCA1 could play a role 
in the regulation of centrosome amplification and function and led to the later findings that 
a BF3 domain of BRCA1 (BRCA1 fragment no. 3, amino acids 504-803) is responsible for the 
gamma-tubulin binding (Hsu et al., 2001). Overexpression of the BF3 domain in COS-7 cells 
resulted in the accumulation of mitotic cells with supernumerrary centrosomes and 
abnormal spindles, what is known to lead to aneuploidization.  
The role of BRCA1 in the regulation of centrosome number has been indicated by 
experiments using the mutated forms of BRCA1. Centrosomal amplification was shown in 
mouse embryonic fibroblasts carrying a targeted deletion of exon 11 of BRCA1 (Xu et al., 
1999) and in a BRCA1-mutant breast cancer cell line HCC1937 (Schlegel et al., 2003). What is 
important, Waever et al showed that mouse embryonic fibroblasts carrying different BRCA1 
defects show supernumerary centrosomes and other features similar to human breast cancer 
cells, indicating that the mechanisms are conserved between mice and humans (Weaver et 
al., 2002).  
Moreover, immunohistochemical analysis of 50 samples from breast cancer patients showed 

that numerical centrosome aberrations were signicantly associated with the negative BRCA1 

expression as well as with the BRCA1 germline mutation, whereas there was no significant 

correlation with the centrosome aberrations in size (Shimomura et al., 2009). This suggests 

that BRCA1 plays a role rather in the regulation of centrosome duplication and defects in its 

expression or function result in numerical aberrations. Very recently, direct studies of 14 

different missense mutations in the RING domain of BRCA1 and their influence on the 

control of centrosome number were performed (Kais et al., 2011). Authors showed that only 

2 out of the 14 BRCA1 variant proteins were neutral in the centrosome duplication assay. 

The others were either very effective and resulted in mutated BRCA1 proteins that caused 

centrosome amplification (C24R, C27A, C39Y, H41F, C44F, C47G, M18T and I42V) or had an 

intermediate, however still significant effect on centrosome duplication (I21V, I31M, L52F 

and D67Y). 

Interestingly, we also observed a correlation between the loss of BRCA1 expression and 
increased percentage of cells with supernumerary centrosomes in murine lymphoid cells 
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expressing BCR-ABL oncogene (Wolanin et al., 2010). This was in contrast with the hypothesis 
that BRCA1 defects lead to centrosome amplification in breast cells but not in other types of 
cells (Starita et al., 2004). This idea has been based on the data obtained using the transient 
expression of the BRCA1-inhibiting BIF peptide in nine different cell lines, where four non-
breast cell lines - prostate (PC3), cervix (HeLa), colon (DLD-1) and osteosarcoma (U2OS), did 
not accumulate extra centrosomes. However, lymphoid cells were not included in these 
studies. To date, there were other indications, apart from ours, that the loss or mutation of 
BRCA1 could affect the centrosome number also in other types of cells. Recently, it was shown 
that BCR-ABL intereferes with the Fanconi Anemia (FA)/BRCA pathway and the ectopic 
expression of BRCA1 in CD34+ progenitor cells reversed the appearance of aberrant 
centrosomes, thus confirming our previous observations (Valeri et al., 2010). 
The direct mechanism of BRCA1-mediated control of centrosome number is still not fully 

clear, although the BRCA1-dependent ubiquitination of gamma-tubulin is proposed to be 

involved in the regulation of centrosome function (Staritaet al., 2004). Gamma-tubulin is an 

important protein involved in the initiation of microtubule nucleation by centrosomes. 

Gamma-tubulin’s lysines 48 and 344 have been indicated as crucial in the regulation of 

centrosome duplication and microtubule nucleation function, respectively (Sankaran et al., 

2005). Cells with mutated lysines on gamma-tubulin, unable to be ubiquitinated, were 

characterized by centrosome amplification. On the other hand, the same phenotype was 

observed after inhibition of the enzymatic activity of BRCA1 by transfection of the BRCA1 

(I26A) ligase-defective mutant (Sankaran et al., 2006). Additionally, in vitro experiments 

using Xenopus extracts, purified centrosomes and BRCA1 together with ubiquitination 

factors confirmed that BRCA1 is involved in the microtubule nucleation. It seems that 

BRCA1 controls the centrosome number by preventing reduplication due to ubiquitination 

of lysines of gamma-tubulin, which needs to be phosphorylated to prevent reduplication 

(Ko et al., 2006). Loss of BRCA1 did not affect centrosome duplication in the early S phase 

but rather caused a second round of duplication just prior to mitosis. The model has been 

proposed, in which BRCA1 marks centrosomes as already duplicated via the BRCA1-

mediated ubiqutination of gamma-tubulin (Wong & Stearns, 2003). This issue is still not 

fully clarified, however there is no doubt about the significant role of the BRCA1-mediated 

ubiquitination of gamma-tubulin in this process (Kais & Parvin, 2008). Altogether, this led to 

the conclusion that the E3 ubiquitin ligase activity of BRCA1 is crucial for the effects on the 

biology of centrosomes, and controls centrosome duplication as well as microtubules 

nucleation.  

Recently, it was demonstrated that BRCA1 interacts with centrosomal protein Nlp (ninein-

like protein) (Jin et al., 2009), which is a fast turnover protein and plays a role in the 

centrosome maturation and spindle formation (Casenghi et al., 2005). Authors found that 

Nlp is a BRCA1-associated protein and colocalizes with BRCA1 in different types of cancer 

cells, including HeLa and U2OS cells. Moreover, Nlp expression and stability depends on 

normal cellular BRCA1 function. A variety of different types of cells expressing the mutated 

BRCA1 or silenced for BRCA1 exhibited disrupted Nlp colocalization to centrosomes as well 

as enhanced Nlp degradation. This data was consistent with our observations concerning 

the role of BRCA1 in different types of cancers. The lack of Nlp protein led to centrosome 

amplification, aberrant chromosome segregation, cytokinesis failure and appearance of 

miltinuclei, thus resembling the phenotype upon BRCA1 disruption. Recent studies showed 

that Nlp is recruited by the Aurora B protein and localizes at the midbody during 
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cytokinesis, thus its depletion or increased degradation triggers aborted division and 

subsequently leads to multinucleated phenotypes (Yan et al., 2010). 

Altogether, this data strongly supported the idea that BRCA1 is one of the key elements 
controlling mitosis and the loss of BRCA1 could result in very severe dysfunctions of cell 
division. We propose that this can significantly participate in the generation of aneuploidy, 
CML progression and blastic transformation. A proposed model showing the influence of 
BCR-ABL-mediated downregulation of BRCA1 on the occurrence of genomic instability and 
aneuploidy in CML cells is presented in Figure 2. 
 

Bcr -Abl

BRCA1 expression

Decreased expression of 
BRCA1 transcriptional targets

(BubR1, Mad2, Bub1, Bub3, cyclin B1)

Lower mitotic checkpoint 
competence 

High rate of genomic/chromosomal instability 
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Centrosomes 
amplification

Mitotic spindle abnormalities 
Unproper chromosomes segregation

Dysfunctions of DNA 
damage response 

Defective cell cycle  
checkpoints function 

Error-prone DNA repair 
 

 

Fig. 2. Proposed scheme of the mechanisms influenced by BCR-ABL-mediated BRCA1 
downregulation; role in the genomic instability and generation of aneuploid cells. 

5. Therapeutic targeting of mitosis in CML cells 

The effects of the improper control of mitosis in the development and progression of 
leukemias, including chronic myeloid leukemia has been already described above. The 
importance of these processes and their potential as targets for therapy is already obvious. 
In general, looking for new treatment options or combined therapies is still necessary to 
overcome the insensitivity or resistance to tyrosine kinase inhibitors, often developed in 
CML patients. In our opinion, targeting the chromosomal passenger complex and mitotic 
kinases is a very promising trend in the development of novel anti-leukemia therapeutic 
strategies. We will discuss the current data and implications for the future.  

5.1 Chromosomal passenger complex and Aurora kinases  

The chromosomal passenger complex (CPC) is a group of proteins, which are involved in 
the regulation of nearly all stages of mitosis (Vader et al., 2006; Vagnarelli & Earnshaw, 2004; 
Yanet al., 2010). In most organisms, the chromosomal passenger complex is formed by four 
main proteins: Aurora B kinase, INCENP, Survivin and Borealin/Dasra-B (Ruchaud et al., 
2007). Other proteins, like telophase disk 60 kDa (TD-60) have been shown to interact with 
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the CPC proteins and have a typical localization, however they are not members of the core 
complex. The complex undergoes a characteristic scenario of translocations during mitosis – 
they localize at the inner centromeres in prometaphase and metaphase then, at anaphase 
onset, they leave the chromosomes and transfer to the kinetochores at the central spindle to 
finally move to the midbody at cytokinesis. It plays a crucial role in the regulation of 
chromatin condensation, kinetochore function, mitotic checkpoint competence as well as 
cytokinesis (Terada, 2001; Vaderet al., 2006). Very recently it was presented that the 
chromosomal passenger complex is essential for correcting the non-bipolar chromosome 
attachments and for cytokinesis (Becker et al., 2010). To do this, Aurora B and INCENP have 
to be localized to centromeres. This is a very important finding as it indicates the supportive 
role of the CPC complex in case of mitotic checkpoint failure. Moreover, the translocation of 
Aurora B and other CPC proteins from centromeres to the spindle midzone in anaphase is 
necessary to prevent mitotic checkpoint engagement at anaphase (Vazquez-Novelle & 
Petronczki, 2010). 
Members of the CPC complex have been proposed as very potent therapeutic targets. 
Treatment of imatinib-resistant CML cells carrying the T315I mutation with small molecule 
inhibitor, PHA-739358, which selectively targets BCR-ABL and Aurora kinases led to strong 
antiproliferative and apoptotic effects (Gontarewicz et al., 2008). Moreover, this has also 
been observed in CD34+ cells derived from untreated CML patients and from imatinib-
resistant patients in the chronic phase or blast crisis, including those harbouring the T315I 
mutation. Similar effects were obtained by combined treatment of imatinib resistant CML 
cells with vorinostat together with Aurora kinase inhibitor MK-0457 (Dai et al., 2008). 
Effectivity of this combined treatment has been shown against primary CD34+ CML cells, 
murine Ba/F3 cells with various BCR-ABL mutations (T315I, E255K, and M351T), as well as 
in imatinib-resistant K562 cells with BCR-ABL-independent, Lyn-dependent resistance. The 
same combination of therapy was presented also in other studies by Fiskus et al (Fiskus et 
al., 2008). Authors studied different CML cell lines, murine cells expressing BCR-ABL as 
well as primary CML and AML cells and came to the same conclusions. Novel inhibitors of 
Aurora kinases are still investigated in the anti-leukemia therapy of imatinib-resistant cells 
(Fei et al., 2010; Kelly et al., 2010). Usually they are proposed to be used together with 
tyrosine kinase inhibitors, such as imatinib or dasatinib.  
Survivin has been also proposed as a universal target for anticancer therapy (Andersen et 
al., 2007). Several trials are currently undergoing, using different methodologies, from small 
molecule antagonists to immunotherapy (Kanwar et al., 2010). However, the development 
of survivin inhibitors is not as advanced as other therapeutic small inhibitors. It is important 
to point that anti-survivin therapy should be probably combined with other treatments, as it 
is known that survivin depletion uncovers the function of the mitotic as well as post-mitotic 
p53-p21-dependent checkpoints, which protect from polyploidization upon mitosis 
disturbances (Beltrami et al., 2004). In case of cancers with the defective p53 function, 
survivin silencing led to reduced mitotic arrest and enhanced polyploidy, what is a very 
unwanted and dangerous side-effect. Also in our studies, specific depletion of survivin by 
siRNA approach in CML cells with checkpoints defects, resulted in strong polyploidization 
and chromosomal instability (Wolanin et al., 2006). However, when we used a natural 
compound – curcumin, which has been shown as a broadly acting, very potent anticancer 
agent, we found that it affects the CPC proteins and induces mitotic catastrophe, however 
without polyploidization. Curcumin decreased the level of survivin and caused unproper 
localization of Aurora B, leading to perturbances in mitosis and defective cytokinesis.  
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Thus, the status of the mitotic checkpoint competence as well as p53 should be taken into 
consideration when anti-survivin therapy is proposed. Another natural compound, 16-
hydroxycleroda-3,13-dien-15,16-olide (PL3), one of the clerodane diterpenoid compounds 
isolated from Polyalthia longifolia, induced degradation of Aurora B, mitotic checkpoint 
dysfunctions and finally led to cell death of CML cells, including the T315I-mutated BCR-
ABL+ BA/F3 cells (Lin et al., 2011). Additionally, it reversed the sensitivity to imatinib of 
T315I-mutated CML cells in comparizon to treatment only with imatinib.  
Recently, Aurora inhibitors were indicated as promising agents for acute myeloid and 
chronic myeloid leukemias (Moore et al., 2010). The most promising data was obtained for 
FLT3-mutated AML and imatinib-resistant Ph+ CML, particularly with the T315I mutation. 
Clinical trials investigating these agents have been already initiated (Cheung et al., 2011). 

5.2 Polo-like kinases 

Polo-like kinases are of strong interest according to potential anticancer therapy, as similarly 
to Aurora kinases, they can be targeted with selective small molecule inhibitors (Warner et 
al., 2008). Additionally, many natural compounds with the ability to prevent cancerogenesis, 
such as wortmanin, quercetin, thymoquinone, genistein, indirubin and others, have been 
shown to modulate PLK1 level or activity. It is proposed that naturally occurring PLK1 
inhibitors with low or no toxicity should be considered as interesting agents in prevention 
as well as treatment of cancer (Schmit et al., 2010).  
As described before, PLK1 has been upregulated in different cancers, including leukemias. 
Its inhibition or silencing resulted in cell cycle arrest, decrease of cell viability and induction 
of apoptosis in various cancer cells. Inhibition of PLK1 by different small molecule 
compounds in acute myeloid leukemia (AML) cells led to mitotic accumulation and 
apoptosis (Didier et al., 2008). Comprehensive studies of PLK1 silencing and inhibition 
using the novel selective inhibitor GW843682X in a broad range of different leukemia cell 
lines and primary cells led to the conclusion that PLK1targeting can be a promising strategy 
(Ikezoeet al., 2009). This observation was confirmed by other studies of leukemia primary 
cells (Renneret al., 2009). The potential of PLK1 inhibition to improve the chemotherapy or 
irradiation of resistant leukemia cells has been also investigated in primary patient cells as 
well as in vivo, in mouse Xenograft models of B-lineage ALL studies, with the same 
conclusions (Uckun et al., 2010). Currently, several PLK1 inhibitors are in different phases of 
clinical development for anticancer therapy (Chopra et al., 2010; Schoffski, 2009). Data from 
one of the first clinical trials indicated that the PLK1 inhibitor BI 2536 was well tolerated and 
showed antitumor activity in patients with advanced solid tumors and refractory or 
relapsed AML (Wasch et al., 2010). According to CML, this scheme of therapy was not very 
intensively studied till now, however it also seems to be very potent and prospective. PLK1 
inhibitor BI 2536 in a low, nanomolar concentration was able to induce growth inhibition 
and mitotic arrest followed by apoptosis in CML cells, including cell lines and primary cells 
from patients (Gleixneret al., 2010). Importantly, this agent was very effective not only 
against imatinib-sensitive CML cells, but also imatinib-resistant cells carrying the T315I 
mutation. Treatment with BI2536 together with imatinib or nilotinib showed synergistic 
effect, indicating possibility of a combined therapeutic application.  

6. Final conclusions 

Taken together, it is already clear that BRCA1 due to its multifunctional nature, is one of the 
key molecules controlling mitosis on the different levels of organization. There is no doubt 
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that the decrease of BRCA1 caused by BCR-ABL in CML cells could be a critical factor 
determining the generation of supernumerary centrosomes, aberrant mitotic spindles, 
mitosis and cytokinesis failures, finally leading to aneuploidization. All data presented in 
this review convincingly show that activity of the BCR-ABL kinase is directly responsible for 
the promotion of chromosomally unstable phenotype. As chromosomal instability seems to 
play a crucial role in the disease progression, mitosis is a prospective target for treatment in 
CML. This opens new possibilities for therapeutical intervention based on the targeting 
processes involved in the control of mitosis. It can be an alternative strategy for alone or 
combined treatment of leukemia cells, which developed resistance to imatinib or second-
generation tyrosine kinase inhibitors, such as dasatinib or nilotinib.  

7. Acknowledgment 

This work has been partially superted by grants from the Ministry of Science and Higher 
Education:  2P04A 05729 and N N301 425938 (for K.P.) and Iuventus Plus IP2010 032870 (for 
P.P-B.)  Authors would like to thank Dr. Sharon McKenna from Cork Cancer Research 
Centre in Ireland for providing the 32D, C2 and C4 cell lines. 

8. References 

Alimena, G., De Cuia, M. R., Diverio, D., Gastaldi, R.&Nanni, M. (1987). The karyotype of 
blastic crisis. Cancer Genet Cytogenet 26(1): 39-50. 

Amiel, A., Yukla, M., Gaber, E., Leopold, L., Josef, G., Fejgin, M.&Lishner, M. (2006). 
Random aneuploidy in CML patients at diagnosis and under imatinib treatment. 
Cancer Genet Cytogenet 168(2): 120-3. 

Andersen, M. H., Svane, I. M., Becker, J. C.&Straten, P. T. (2007). The universal character of 
the tumor-associated antigen survivin. Clin Cancer Res 13(20): 5991-4. 

Babicka, L., Zemanova, Z., Pavlistova, L., Brezinova, J., Ransdorfova, S., Houskova, L., 
Moravcova, J., Klamova, H.&Michalova, K. (2006). Complex chromosomal 
rearrangements in patients with chronic myeloid leukemia. Cancer Genet Cytogenet 
168(1): 22-9. 

Bae, I., Rih, J. K., Kim, H. J., Kang, H. J., Haddad, B., Kirilyuk, A., Fan, S., Avantaggiati, M. 
L.&Rosen, E. M. (2005). BRCA1 regulates gene expression for orderly mitotic 
progression. Cell Cycle 4(11): 1641-66. 

Baer, R. (2001). With the ends in sight: images from the BRCA1 tumor suppressor. Nat Struct 
Biol 8(10): 822-4. 

Baker, D. J., Chen, J.&van Deursen, J. M. (2005). The mitotic checkpoint in cancer and aging: 
what have mice taught us? Curr Opin Cell Biol 17(6): 583-9. 

Bannon, J. H.&Mc Gee, M. M. (2009). Understanding the role of aneuploidy in 
tumorigenesis. Biochem Soc Trans 37(Pt 4): 910-3. 

Becker, M., Stolz, A., Ertych, N.&Bastians, H. (2010). Centromere localization of INCENP-
Aurora B is sufficient to support spindle checkpoint function. Cell Cycle 9(7): 1360-
72. 

Beltrami, E., Plescia, J., Wilkinson, J. C., Duckett, C. S.&Altieri, D. C. (2004). Acute ablation 
of survivin uncovers p53-dependent mitotic checkpoint functions and control of 
mitochondrial apoptosis. J Biol Chem 279(3): 2077-84. 

www.intechopen.com



 
Myeloid Leukemia – Basic Mechanisms of Leukemogenesis 

 

18

Benezra, M., Chevallier, N., Morrison, D. J., MacLachlan, T. K., El-Deiry, W. S.&Licht, J. D. 
(2003). BRCA1 augments transcription by the NF-kappaB transcription factor by 
binding to the Rel domain of the p65/RelA subunit. J Biol Chem 278(29): 26333-41. 

Bharadwaj, R.&Yu, H. (2004). The spindle checkpoint, aneuploidy, and cancer. Oncogene 
23(11): 2016-27. 

Blagosklonny, M. V. (2001). Treatment with inhibitors of caspases, that are substrates of 
drug transporters, selectively permits chemotherapy-induced apoptosis in 
multidrug-resistant cells but protects normal cells. Leukemia 15(6): 936-41. 

Bourke, E., Dodson, H., Merdes, A., Cuffe, L., Zachos, G., Walker, M., Gillespie, 
D.&Morrison, C. G. (2007). DNA damage induces Chk1-dependent centrosome 
amplification. EMBO Rep 8(6): 603-9. 

Boveri, T. (1902). Ueber mehrpolige Mitosen als Mittel zur Analyse des Zellkerns Vehr. d. 
phys. med. Ges. zu Wurzburg NF 35: 67–90. 

Boveri T. (1914). Zur Frage der Entstehung maligner Tumoren (The Origin of Malignant 
Tumors), Gustav Fischer, Jena. 

Brady, H. J. (2003). Apoptosis and leukaemia. Br J Haematol 123(4): 577-85. 
Brinkley, B. R. (2001). Managing the centrosome numbers game: from chaos to stability in 

cancer cell division. Trends Cell Biol 11(1): 18-21. 
Burke, B. A.&Carroll, M. (2010). BCR-ABL: a multi-faceted promoter of DNA mutation in 

chronic myelogeneous leukemia. Leukemia 24(6): 1105-12. 
Byrski, T., Gronwald, J., Huzarski, T., Grzybowska, E., Budryk, M., Stawicka, M., Mierzwa, 

T., Szwiec, M., Wisniowski, R., Siolek, M., Narod, S. A.&Lubinski, J. (2008). 
Response to neo-adjuvant chemotherapy in women with BRCA1-positive breast 
cancers. Breast Cancer Res Treat 108(2): 289-96. 

Calabretta, B.&Perrotti, D. (2004). The biology of CML blast crisis. Blood 103(11): 4010-22. 
Carroll, P. E., Okuda, M., Horn, H. F., Biddinger, P., Stambrook, P. J., Gleich, L. L., Li, Y. Q., 

Tarapore, P.&Fukasawa, K. (1999). Centrosome hyperamplification in human 
cancer: chromosome instability induced by p53 mutation and/or Mdm2 
overexpression. Oncogene 18(11): 1935-44. 

Casenghi, M., Barr, F. A.&Nigg, E. A. (2005). Phosphorylation of Nlp by Plk1 negatively 
regulates its dynein-dynactin-dependent targeting to the centrosome. J Cell Sci 
118(Pt 21): 5101-8. 

Chabalier, C., Lamare, C., Racca, C., Privat, M., Valette, A.&Larminat, F. (2006). BRCA1 
downregulation leads to premature inactivation of spindle checkpoint and confers 
paclitaxel resistance. Cell Cycle 5(9): 1001-7. 

Cheung, C. H., Coumar, M. S., Chang, J. Y.&Hsieh, H. P. (2011). Aurora kinase inhibitor 
patents and agents in clinical testing: an update (2009-10). Expert Opin Ther Pat 
21(6): 857-84. 

Chin, C. F.&Yeong, F. M. (2010). Safeguarding entry into mitosis: the antephase checkpoint. 
Mol Cell Biol 30(1): 22-32. 

Chopra, P., Sethi, G., Dastidar, S. G.&Ray, A. (2010). Polo-like kinase inhibitors: an emerging 
opportunity for cancer therapeutics. Expert Opin Investig Drugs 19(1): 27-43. 

Chu, Y., Yao, P. Y., Wang, W., Wang, D., Wang, Z., Zhang, L., Huang, Y., Ke, Y., Ding, 
X.&Yao, X. (2010). Aurora B kinase activation requires survivin priming 
phosphorylation by PLK1. J Mol Cell Biol. 

Dai, Y., Chen, S., Venditti, C. A., Pei, X. Y., Nguyen, T. K., Dent, P.&Grant, S. (2008). 
Vorinostat synergistically potentiates MK-0457 lethality in chronic myelogenous 
leukemia cells sensitive and resistant to imatinib mesylate. Blood 112(3): 793-804. 

www.intechopen.com



BCR-ABL Hits at Mitosis; Implications for Chromosomal  
Instability, Aneuploidy and Therapeutic Strategy 

 

19 

Deutsch, E., Dugray, A., AbdulKarim, B., Marangoni, E., Maggiorella, L., Vaganay, S., 
M'Kacher, R., Rasy, S. D., Eschwege, F., Vainchenker, W., Turhan, A. G.&Bourhis, J. 
(2001). BCR-ABL down-regulates the DNA repair protein DNA-PKcs. Blood 97(7): 
2084-90. 

Deutsch, E., Jarrousse, S., Buet, D., Dugray, A., Bonnet, M. L., Vozenin-Brotons, M. C., 
Guilhot, F., Turhan, A. G., Feunteun, J.&Bourhis, J. (2003). Down-regulation of 
BRCA1 in BCR-ABL-expressing hematopoietic cells. Blood 101(11): 4583-8. 

Didier, C., Cavelier, C., Quaranta, M., Demur, C.&Ducommun, B. (2008). Evaluation of Polo-
like Kinase 1 inhibition on the G2/M checkpoint in Acute Myelocytic Leukaemia. 
Eur J Pharmacol 591(1-3): 102-5. 

Dodson, H., Bourke, E., Jeffers, L. J., Vagnarelli, P., Sonoda, E., Takeda, S., Earnshaw, W. C., 
Merdes, A.&Morrison, C. (2004). Centrosome amplification induced by DNA 
damage occurs during a prolonged G2 phase and involves ATM. Embo J 23(19): 
3864-73. 

Duensing, A.&Duensing, S. (2010). Centrosomes, polyploidy and cancer. Adv Exp Med Biol 
676: 93-103. 

Duesberg, P., Li, R., Fabarius, A.&Hehlmann, R. (2006). Aneuploidy and cancer: from 
correlation to causation. Contrib Microbiol 13: 16-44. 

Economopoulou, P., Pappa, V., Papageorgiou, S., Dervenoulas, J.&Economopoulos, T. 
(2011). Abnormalities of DNA repair mechanisms in common hematological 
malignancies. Leuk Lymphoma 52(4): 567-82. 

Fabarius, A., Giehl, M., Frank, O., Duesberg, P., Hochhaus, A., Hehlmann, R.&Seifarth, W. 
(2005). Induction of centrosome and chromosome aberrations by imatinib in vitro. 
Leukemia 19(9): 1573-8. 

Fabarius, A., Giehl, M., Rebacz, B., Kramer, A., Frank, O., Haferlach, C., Duesberg, P., 
Hehlmann, R., Seifarth, W.&Hochhaus, A. (2008). Centrosome aberrations and G1 
phase arrest after in vitro and in vivo treatment with the SRC/ABL inhibitor 
dasatinib. Haematologica 93(8): 1145-54. 

Fei, F., Stoddart, S., Groffen, J.&Heisterkamp, N. (2010). Activity of the Aurora kinase 
inhibitor VX-680 against Bcr/Abl-positive acute lymphoblastic leukemias. Mol 
Cancer Ther 9(5): 1318-27. 

Fernandes, M. S., Reddy, M. M., Gonneville, J. R., DeRoo, S. C., Podar, K., Griffin, J. D., 
Weinstock, D. M.&Sattler, M. (2009). BCR-ABL promotes the frequency of 
mutagenic single-strand annealing DNA repair. Blood 114(9): 1813-9. 

Fiskus, W., Wang, Y., Joshi, R., Rao, R., Yang, Y., Chen, J., Kolhe, R., Balusu, R., Eaton, K., 
Lee, P., Ustun, C., Jillella, A., Buser, C. A., Peiper, S.&Bhalla, K. (2008). Cotreatment 
with vorinostat enhances activity of MK-0457 (VX-680) against acute and chronic 
myelogenous leukemia cells. Clin Cancer Res 14(19): 6106-15. 

Foijer, F. (2010). CINister thoughts. Biochem Soc Trans 38(6): 1715-21. 
Fu, J., Bian, M., Jiang, Q.&Zhang, C. (2007). Roles of Aurora kinases in mitosis and 

tumorigenesis. Mol Cancer Res 5(1): 1-10. 
Fukasawa, K. (2007). Oncogenes and tumour suppressors take on centrosomes. Nat Rev 

Cancer 7(12): 911-24. 
Giehl, M., Fabarius, A., Frank, O., Erben, P., Zheng, C., Hafner, M., Hochhaus, A., 

Hehlmann, R.&Seifarth, W. (2007). Expression of the p210BCR-ABL oncoprotein 
drives centrosomal hypertrophy and clonal evolution in human U937 cells. 
Leukemia 21(9): 1971-6. 

www.intechopen.com



 
Myeloid Leukemia – Basic Mechanisms of Leukemogenesis 

 

20

Giehl, M., Fabarius, A., Frank, O., Hochhaus, A., Hafner, M., Hehlmann, R.&Seifarth, W. 
(2005). Centrosome aberrations in chronic myeloid leukemia correlate with stage of 
disease and chromosomal instability. Leukemia 19(7): 1192-7. 

Giehl, M., Leitner, A., Haferlach, C., Duesberg, P., Hofmann, W. K., Hofheinz, R., Seifarth, 
W., Hochhaus, A.&Fabarius, A. (2010). Detection of centrosome aberrations in 
disease-unrelated cells from patients with tumor treated with tyrosine kinase 
inhibitors. Eur J Haematol 85(2): 139-48. 

Gleixner, K. V., Ferenc, V., Peter, B., Gruze, A., Meyer, R. A., Hadzijusufovic, E., Cerny-
Reiterer, S., Mayerhofer, M., Pickl, W. F., Sillaber, C.&Valent, P. (2010). Polo-like 
kinase 1 (Plk1) as a novel drug target in chronic myeloid leukemia: overriding 
imatinib resistance with the Plk1 inhibitor BI 2536. Cancer Res 70(4): 1513-23. 

Godinho, S. A., Kwon, M.&Pellman, D. (2009). Centrosomes and cancer: how cancer cells 
divide with too many centrosomes. Cancer Metastasis Rev 28(1-2): 85-98. 

Gontarewicz, A., Balabanov, S., Keller, G., Colombo, R., Graziano, A., Pesenti, E., Benten, D., 
Bokemeyer, C., Fiedler, W., Moll, J.&Brummendorf, T. H. (2008). Simultaneous 
targeting of Aurora kinases and Bcr-Abl kinase by the small molecule inhibitor 
PHA-739358 is effective against imatinib-resistant BCR-ABL mutations including 
T315I. Blood 111(8): 4355-64. 

Greene, L. M., Kelly, L., Onnis, V., Campiani, G., Lawler, M., Williams, D. C.&Zisterer, D. M. 
(2007). STI-571 (imatinib mesylate) enhances the apoptotic efficacy of pyrrolo-1,5-
benzoxazepine-6, a novel microtubule-targeting agent, in both STI-571-sensitive 
and -resistant Bcr-Abl-positive human chronic myeloid leukemia cells. J Pharmacol 
Exp Ther 321(1): 288-97. 

Hagemeijer, A. (1987). Chromosome abnormalities in CML. Baillieres Clin Haematol 1(4): 963-
81. 

Holland, A. J.&Cleveland, D. W. (2009). Boveri revisited: chromosomal instability, 
aneuploidy and tumorigenesis. Nat Rev Mol Cell Biol 10(7): 478-87. 

Horwitz, A. A., Affar el, B., Heine, G. F., Shi, Y.&Parvin, J. D. (2007). A mechanism for 
transcriptional repression dependent on the BRCA1 E3 ubiquitin ligase. Proc Natl 
Acad Sci U S A 104(16): 6614-9. 

Houvras, Y., Benezra, M., Zhang, H., Manfredi, J. J., Weber, B. L.&Licht, J. D. (2000). BRCA1 
physically and functionally interacts with ATF1. J Biol Chem 275(46): 36230-7. 

Hsu, L. C., Doan, T. P.&White, R. L. (2001). Identification of a gamma-tubulin-binding 
domain in BRCA1. Cancer Res 61(21): 7713-8. 

Hsu, L. C.&White, R. L. (1998). BRCA1 is associated with the centrosome during mitosis. 
Proc Natl Acad Sci U S A 95(22): 12983-8. 

Huen, M. S., Sy, S. M.&Chen, J. (2010). BRCA1 and its toolbox for the maintenance of 
genome integrity. Nat Rev Mol Cell Biol 11(2): 138-48. 

Ikezoe, T., Yang, J., Nishioka, C., Takezaki, Y., Tasaka, T., Togitani, K., Koeffler, H. 
P.&Yokoyama, A. (2009). A novel treatment strategy targeting polo-like kinase 1 in 
hematological malignancies. Leukemia 23(9): 1564-76. 

Inanc, B., Dodson, H.&Morrison, C. G. (2010). A centrosome-autonomous signal that 
involves centriole disengagement permits centrosome duplication in G2 phase after 
DNA damage. Mol Biol Cell 21(22): 3866-77. 

Ito, D.&Matsumoto, T. (2010). Molecular mechanisms and function of the spindle 
checkpoint, a guardian of the chromosome stability. Adv Exp Med Biol 676: 15-26. 

www.intechopen.com



BCR-ABL Hits at Mitosis; Implications for Chromosomal  
Instability, Aneuploidy and Therapeutic Strategy 

 

21 

Jin, S., Gao, H., Mazzacurati, L., Wang, Y., Fan, W., Chen, Q., Yu, W., Wang, M., Zhu, X., 
Zhang, C.&Zhan, Q. (2009). BRCA1 interaction of centrosomal protein Nlp is 
required for successful mitotic progression. J Biol Chem 284(34): 22970-7. 

Johansson, B., Fioretos, T.&Mitelman, F. (2002). Cytogenetic and molecular genetic evolution 
of chronic myeloid leukemia. Acta Haematol 107(2): 76-94. 

Kais, Z., Chiba, N., Ishioka, C.&Parvin, J. D. (2011). Functional differences among BRCA1 
missense mutations in the control of centrosome duplication. Oncogene. 

Kais, Z.&Parvin, J. D. (2008). Regulation of centrosomes by the BRCA1-dependent ubiquitin 
ligase. Cancer Biol Ther 7(10): 1540-3. 

Kanwar, R. K., Cheung, C. H., Chang, J. Y.&Kanwar, J. R. (2010). Recent advances in anti-
survivin treatments for cancer. Curr Med Chem 17(15): 1509-15. 

Katayama, H., Brinkley, W. R.&Sen, S. (2003). The Aurora kinases: role in cell transformation 
and tumorigenesis. Cancer Metastasis Rev 22(4): 451-64. 

Kawamura, K., Izumi, H., Ma, Z., Ikeda, R., Moriyama, M., Tanaka, T., Nojima, T., Levin, L. 
S., Fujikawa-Yamamoto, K., Suzuki, K.&Fukasawa, K. (2004). Induction of 
centrosome amplification and chromosome instability in human bladder cancer 
cells by p53 mutation and cyclin E overexpression. Cancer Res 64(14): 4800-9. 

Kelly, K. R., Ecsedy, J., Medina, E., Mahalingam, D., Padmanabhan, S., Nawrocki, S. T., 
Giles, F. J.&Carew, J. S. (2010). The novel Aurora A kinase inhibitor MLN8237 is 
active in resistant chronic myeloid leukemia and significantly increases the efficacy 
of nilotinib. J Cell Mol Med. 

Kim, H.&Chen, J. (2008). New players in the BRCA1-mediated DNA damage responsive 
pathway. Mol Cells 25(4): 457-61. 

Kitagawa, R.&Rose, A. M. (1999). Components of the spindle-assembly checkpoint are 
essential in Caenorhabditis elegans. Nat Cell Biol 1(8): 514-21. 

Ko, M. J., Murata, K., Hwang, D. S.&Parvin, J. D. (2006). Inhibition of BRCA1 in breast cell 
lines causes the centrosome duplication cycle to be disconnected from the cell cycle. 
Oncogene 25(2): 298-303. 

Kops, G. J. (2008). The kinetochore and spindle checkpoint in mammals. Front Biosci 13: 
3606-20. 

Koptyra, M., Cramer, K., Slupianek, A., Richardson, C.&Skorski, T. (2008). BCR/ABL 
promotes accumulation of chromosomal aberrations induced by oxidative and 
genotoxic stress. Leukemia 22(10): 1969-72. 

Kramer, A., Schweizer, S., Neben, K., Giesecke, C., Kalla, J., Katzenberger, T., Benner, A., 
Muller-Hermelink, H. K., Ho, A. D.&Ott, G. (2003). Centrosome aberrations as a 
possible mechanism for chromosomal instability in non-Hodgkin's lymphoma. 
Leukemia 17(11): 2207-13. 

Lassus, H., Staff, S., Leminen, A., Isola, J.&Butzow, R. (2011). Aurora-A overexpression and 
aneuploidy predict poor outcome in serous ovarian carcinoma. Gynecol Oncol 
120(1): 11-7. 

Laurent, E., Mitchell, D. L., Estrov, Z., Lowery, M., Tucker, S. L., Talpaz, M.&Kurzrock, R. 
(2003). Impact of p210(Bcr-Abl) on ultraviolet C wavelength-induced DNA damage 
and repair. Clin Cancer Res 9(10 Pt 1): 3722-30. 

Lee, K. S., Yuan, Y. L., Kuriyama, R.&Erikson, R. L. (1995). Plk is an M-phase-specific protein 
kinase and interacts with a kinesin-like protein, CHO1/MKLP-1. Mol Cell Biol 
15(12): 7143-51. 

Lens, S. M., Voest, E. E.&Medema, R. H. (2010). Shared and separate functions of polo-like 
kinases and aurora kinases in cancer. Nat Rev Cancer 10(12): 825-41. 

www.intechopen.com



 
Myeloid Leukemia – Basic Mechanisms of Leukemogenesis 

 

22

Lin, Y. H., Lee, C. C., Chan, W. L., Chang, W. H., Wu, Y. C.&Chang, J. G. (2011). 16-
Hydroxycleroda-3,13-dien-15,16-olide deregulates PI3K and Aurora B activities that 
involve in cancer cell apoptosis. Toxicology 285(1-2): 72-80. 

Linger, R. J.&Kruk, P. A. (2010). BRCA1 16 years later: risk-associated BRCA1 mutations and 
their functional implications. Febs J 277(15): 3086-96. 

Liu, A. W., Cai, J., Zhao, X. L., Xu, A. M., Fu, H. Q., Nian, H.&Zhang, S. H. (2009). The 
clinicopathological significance of BUBR1 overexpression in hepatocellular 
carcinoma. J Clin Pathol 62(11): 1003-8. 

Logarinho, E.&Bousbaa, H. (2008). Kinetochore-microtubule interactions "in check" by Bub1, 
Bub3 and BubR1: The dual task of attaching and signalling. Cell Cycle 7(12): 1763-8. 

MacLachlan, T. K., Takimoto, R.&El-Deiry, W. S. (2002). BRCA1 directs a selective p53-
dependent transcriptional response towards growth arrest and DNA repair targets. 
Mol Cell Biol 22(12): 4280-92. 

Maldonado, E., Shiekhattar, R., Sheldon, M., Cho, H., Drapkin, R., Rickert, P., Lees, E., 
Anderson, C. W., Linn, S.&Reinberg, D. (1996). A human RNA polymerase II 
complex associated with SRB and DNA-repair proteins. Nature 381(6577): 86-9. 

Meraldi, P., Honda, R.&Nigg, E. A. (2004). Aurora kinases link chromosome segregation and 
cell division to cancer susceptibility. Curr Opin Genet Dev 14(1): 29-36. 

Michel, L. S., Liberal, V., Chatterjee, A., Kirchwegger, R., Pasche, B., Gerald, W., Dobles, M., 
Sorger, P. K., Murty, V. V.&Benezra, R. (2001). MAD2 haplo-insufficiency causes 
premature anaphase and chromosome instability in mammalian cells. Nature 
409(6818): 355-9. 

Miki, Y., Swensen, J., Shattuck-Eidens, D., Futreal, P. A., Harshman, K., Tavtigian, S., Liu, 
Q., Cochran, C., Bennett, L. M., Ding, W.&et al. (1994). A strong candidate for the 
breast and ovarian cancer susceptibility gene BRCA1. Science 266(5182): 66-71. 

Mito, K., Kashima, K., Kikuchi, H., Daa, T., Nakayama, I.&Yokoyama, S. (2005). Expression 
of Polo-Like Kinase (PLK1) in non-Hodgkin's lymphomas. Leuk Lymphoma 46(2): 
225-31. 

Moore, A. S., Blagg, J., Linardopoulos, S.&Pearson, A. D. (2010). Aurora kinase inhibitors: 
novel small molecules with promising activity in acute myeloid and Philadelphia-
positive leukemias. Leukemia 24(4): 671-8. 

Mullan, P. B., Gorski, J. J.&Harkin, D. P. (2006). BRCA1--a good predictive marker of drug 
sensitivity in breast cancer treatment? Biochim Biophys Acta 1766(2): 205-16. 

Murray, M. M., Mullan, P. B.&Harkin, D. P. (2007). Role played by BRCA1 in transcriptional 
regulation in response to therapy. Biochem Soc Trans 35(Pt 5): 1342-6. 

Nadeau, G., Boufaied, N., Moisan, A., Lemieux, K. M., Cayanan, C., Monteiro, A. 
N.&Gaudreau, L. (2000). BRCA1 can stimulate gene transcription by a unique 
mechanism. EMBO Rep 1(3): 260-5. 

Neben, K., Giesecke, C., Schweizer, S., Ho, A. D.&Kramer, A. (2003). Centrosome 
aberrations in acute myeloid leukemia are correlated with cytogenetic risk profile. 
Blood 101(1): 289-91. 

Negrini, S., Gorgoulis, V. G.&Halazonetis, T. D. (2010). Genomic instability--an evolving 
hallmark of cancer. Nat Rev Mol Cell Biol 11(3): 220-8. 

Nezi, L.&Musacchio, A. (2009). Sister chromatid tension and the spindle assembly 
checkpoint. Curr Opin Cell Biol 21(6): 785-95. 

Nguyen, H. G., Makitalo, M., Yang, D., Chinnappan, D., St Hilaire, C.&Ravid, K. (2009). 
Deregulated Aurora-B induced tetraploidy promotes tumorigenesis. Faseb J 23(8): 
2741-8. 

www.intechopen.com



BCR-ABL Hits at Mitosis; Implications for Chromosomal  
Instability, Aneuploidy and Therapeutic Strategy 

 

23 

Nowicki, M. O., Falinski, R., Koptyra, M., Slupianek, A., Stoklosa, T., Gloc, E., Nieborowska-
Skorska, M., Blasiak, J.&Skorski, T. (2004). BCR/ABL oncogenic kinase promotes 
unfaithful repair of the reactive oxygen species-dependent DNA double-strand 
breaks. Blood 104(12): 3746-53. 

Ochi, T., Fujiwara, H., Suemori, K., Azuma, T., Yakushijin, Y., Hato, T., Kuzushima, 
K.&Yasukawa, M. (2009). Aurora-A kinase: a novel target of cellular 
immunotherapy for leukemia. Blood 113(1): 66-74. 

Oishi, H., Kitagawa, H., Wada, O., Takezawa, S., Tora, L., Kouzu-Fujita, M., Takada, I., 
Yano, T., Yanagisawa, J.&Kato, S. (2006). An hGCN5/TRRAP histone 
acetyltransferase complex co-activates BRCA1 transactivation function through 
histone modification. J Biol Chem 281(1): 20-6. 

Ouchi, T., Monteiro, A. N., August, A., Aaronson, S. A.&Hanafusa, H. (1998). BRCA1 
regulates p53-dependent gene expression. Proc Natl Acad Sci U S A 95(5): 2302-6. 

Patel, H.&Gordon, M. Y. (2009). Abnormal centrosome-centriole cycle in chronic myeloid 
leukaemia? Br J Haematol 146(4): 408-17. 

Penserga, E. T.&Skorski, T. (2007). Fusion tyrosine kinases: a result and cause of genomic 
instability. Oncogene 26(1): 11-20. 

Perrotti, D., Jamieson, C., Goldman, J.&Skorski, T. (2010). Chronic myeloid leukemia: 
mechanisms of blastic transformation. J Clin Invest 120(7): 2254-64. 

Pihan, G. A., Purohit, A., Wallace, J., Malhotra, R., Liotta, L.&Doxsey, S. J. (2001). 
Centrosome defects can account for cellular and genetic changes that characterize 
prostate cancer progression. Cancer Res 61(5): 2212-9. 

Poplawski, T.&Blasiak, J. (2010). BCR/ABL downregulates DNA-PK(CS)-dependent and 
upregulates backup non-homologous end joining in leukemic cells. Mol Biol Rep 
37(5): 2309-15. 

Quinn, J. E., Carser, J. E., James, C. R., Kennedy, R. D.&Harkin, D. P. (2009). BRCA1 and 
implications for response to chemotherapy in ovarian cancer. Gynecol Oncol 113(1): 
134-42. 

Quinn, J. E., James, C. R., Stewart, G. E., Mulligan, J. M., White, P., Chang, G. K., Mullan, P. 
B., Johnston, P. G., Wilson, R. H.&Harkin, D. P. (2007). BRCA1 mRNA expression 
levels predict for overall survival in ovarian cancer after chemotherapy. Clin Cancer 
Res 13(24): 7413-20. 

Renner, A. G., Creancier, L., Dos Santos, C., Fialin, C., Recher, C., Bailly, C., Kruczynski, A., 
Payrastre, B.&Manenti, S. (2010). A functional link between polo-like kinase 1 and 
the mammalian target-of-rapamycin pathway? Cell Cycle 9(9): 1690-6. 

Renner, A. G., Dos Santos, C., Recher, C., Bailly, C., Creancier, L., Kruczynski, A., Payrastre, 
B.&Manenti, S. (2009). Polo-like kinase 1 is overexpressed in acute myeloid 
leukemia and its inhibition preferentially targets the proliferation of leukemic cells. 
Blood 114(3): 659-62. 

Ruchaud, S., Carmena, M.&Earnshaw, W. C. (2007). Chromosomal passengers: conducting 
cell division. Nat Rev Mol Cell Biol 8(10): 798-812. 

Rusan, N. M.&Rogers, G. C. (2009). Centrosome function: sometimes less is more. Traffic 
10(5): 472-81. 

Salles, D., Mencalha, A. L., Ireno, I. C., Wiesmuller, L.&Abdelhay, E. (2011). BCR-ABL 
stimulates mutagenic homologous DNA double-strand break repair via the DNA-
end-processing factor CtIP. Carcinogenesis 32(1): 27-34. 

www.intechopen.com



 
Myeloid Leukemia – Basic Mechanisms of Leukemogenesis 

 

24

Sankaran, S., Starita, L. M., Groen, A. C., Ko, M. J.&Parvin, J. D. (2005). Centrosomal 
microtubule nucleation activity is inhibited by BRCA1-dependent ubiquitination. 
Mol Cell Biol 25(19): 8656-68. 

Sankaran, S., Starita, L. M., Simons, A. M.&Parvin, J. D. (2006). Identification of domains of 
BRCA1 critical for the ubiquitin-dependent inhibition of centrosome function. 
Cancer Res 66(8): 4100-7. 

Schlegel, B. P., Starita, L. M.&Parvin, J. D. (2003). Overexpression of a protein fragment of 
RNA helicase A causes inhibition of endogenous BRCA1 function and defects in 
ploidy and cytokinesis in mammary epithelial cells. Oncogene 22(7): 983-91. 

Schliekelman, M., Cowley, D. O., O'Quinn, R., Oliver, T. G., Lu, L., Salmon, E. D.&Van 
Dyke, T. (2009). Impaired Bub1 function in vivo compromises tension-dependent 
checkpoint function leading to aneuploidy and tumorigenesis. Cancer Res 69(1): 45-
54. 

Schmit, T. L., Ledesma, M. C.&Ahmad, N. (2010). Modulating polo-like kinase 1 as a means 
for cancer chemoprevention. Pharm Res 27(6): 989-98. 

Schoffski, P. (2009). Polo-like kinase (PLK) inhibitors in preclinical and early clinical 
development in oncology. Oncologist 14(6): 559-70. 

Schvartzman, J. M., Duijf, P. H., Sotillo, R., Coker, C.&Benezra, R. (2011). Mad2 Is a Critical 
Mediator of the Chromosome Instability Observed upon Rb and p53 Pathway 
Inhibition. Cancer Cell 19(6): 701-14. 

Scully, R., Anderson, S. F., Chao, D. M., Wei, W., Ye, L., Young, R. A., Livingston, D. 
M.&Parvin, J. D. (1997). BRCA1 is a component of the RNA polymerase II 
holoenzyme. Proc Natl Acad Sci U S A 94(11): 5605-10. 

Shet, A. S., Jahagirdar, B. N.&Verfaillie, C. M. (2002). Chronic myelogenous leukemia: 
mechanisms underlying disease progression. Leukemia 16(8): 1402-11. 

Shimomura, A., Miyoshi, Y., Taguchi, T., Tamaki, Y.&Noguchi, S. (2009). Association of loss 
of BRCA1 expression with centrosome aberration in human breast cancer. J Cancer 
Res Clin Oncol 135(3): 421-30. 

Skorski, T. (2008). BCR/ABL, DNA damage and DNA repair: implications for new 
treatment concepts. Leuk Lymphoma 49(4): 610-4. 

Skorski, T. (2011). Chronic myeloid leukemia cells refractory/resistant to tyrosine kinase 
inhibitors are genetically unstable and may cause relapse and malignant 
progression to the terminal disease state. Leuk Lymphoma 52 Suppl 1: 23-9. 

Slupianek, A., Hoser, G., Majsterek, I., Bronisz, A., Malecki, M., Blasiak, J., Fishel, 
R.&Skorski, T. (2002). Fusion tyrosine kinases induce drug resistance by 
stimulation of homology-dependent recombination repair, prolongation of G(2)/M 
phase, and protection from apoptosis. Mol Cell Biol 22(12): 4189-201. 

Slupianek, A., Nowicki, M. O., Koptyra, M.&Skorski, T. (2006). BCR/ABL modifies the 
kinetics and fidelity of DNA double-strand breaks repair in hematopoietic cells. 
DNA Repair (Amst) 5(2): 243-50. 

Starita, L. M., Machida, Y., Sankaran, S., Elias, J. E., Griffin, K., Schlegel, B. P., Gygi, S. 
P.&Parvin, J. D. (2004). BRCA1-dependent ubiquitination of gamma-tubulin 
regulates centrosome number. Mol Cell Biol 24(19): 8457-66. 

Stoklosa, T., Poplawski, T., Koptyra, M., Nieborowska-Skorska, M., Basak, G., Slupianek, A., 
Rayevskaya, M., Seferynska, I., Herrera, L., Blasiak, J.&Skorski, T. (2008). BCR/ABL 
inhibits mismatch repair to protect from apoptosis and induce point mutations. 
Cancer Res 68(8): 2576-80. 

www.intechopen.com



BCR-ABL Hits at Mitosis; Implications for Chromosomal  
Instability, Aneuploidy and Therapeutic Strategy 

 

25 

Stolz, A., Ertych, N., Kienitz, A., Vogel, C., Schneider, V., Fritz, B., Jacob, R., Dittmar, G., 
Weichert, W., Petersen, I.&Bastians, H. (2010). The CHK2-BRCA1 tumour 
suppressor pathway ensures chromosomal stability in human somatic cells. Nat 
Cell Biol 12(5): 492-9. 

Su, X. Y., Wong, N., Cao, Q., Yu, L. Z., Niu, C., Wickham, N., Johnson, P. J., Chen, Z.&Chen, 
S. J. (1999). Chromosomal aberrations during progression of chronic myeloid 
leukemia identified by cytogenetic and molecular cytogenetic tools: implication of 
1q12-21. Cancer Genet Cytogenet 108(1): 6-12. 

Suijkerbuijk, S. J., van Osch, M. H., Bos, F. L., Hanks, S., Rahman, N.&Kops, G. J. (2010). 
Molecular causes for BUBR1 dysfunction in the human cancer predisposition 
syndrome mosaic variegated aneuploidy. Cancer Res 70(12): 4891-900. 

Suzukawa, K., Taki, T., Abe, T., Asoh, H., Kamada, N., Yokota, J.&Morishita, K. (1997). 
Identification of translocational breakpoints within the intron region before the last 
coding exon (exon 12) of the EVI1 gene in two cases of CML-BC with 
inv(3)(q21q26). Genomics 42(2): 356-60. 

Tanaka, K.&Hirota, T. (2009). Chromosome segregation machinery and cancer. Cancer Sci 
100(7): 1158-65. 

Tanenbaum, M. E.&Medema, R. H. (2010). Mechanisms of centrosome separation and 
bipolar spindle assembly. Dev Cell 19(6): 797-806. 

Terada, Y. (2001). Role of chromosomal passenger complex in chromosome segregation and 
cytokinesis. Cell Struct Funct 26(6): 653-7. 

Thompson, M. E. (2010). BRCA1 16 years later: nuclear import and export processes. Febs J 
277(15): 3072-8. 

Uckun, F. M., Ozer, Z., Qazi, S., Tuel-Ahlgren, L.&Mao, C. (2010). Polo-like-kinase 1 (PLK1) 
as a molecular target to overcome SYK-mediated resistance of B-lineage acute 
lymphoblastic leukaemia cells to oxidative stress. Br J Haematol 148(5): 714-25. 

Vader, G., Medema, R. H.&Lens, S. M. (2006). The chromosomal passenger complex: 
guiding Aurora-B through mitosis. J Cell Biol 173(6): 833-7. 

Vagnarelli, P.&Earnshaw, W. C. (2004). Chromosomal passengers: the four-dimensional 
regulation of mitotic events. Chromosoma 113(5): 211-22. 

Valeri, A., Alonso-Ferrero, M. E., Rio, P., Pujol, M. R., Casado, J. A., Perez, L., Jacome, A., 
Agirre, X., Calasanz, M. J., Hanenberg, H., Surralles, J., Prosper, F., Albella, 
B.&Bueren, J. A. (2010). Bcr/Abl interferes with the Fanconi anemia/BRCA 
pathway: implications in the chromosomal instability of chronic myeloid leukemia 
cells. PLoS One 5(12): e15525. 

Vazquez-Novelle, M. D.&Petronczki, M. (2010). Relocation of the chromosomal passenger 
complex prevents mitotic checkpoint engagement at anaphase. Curr Biol 20(15): 
1402-7. 

Wang, R. H., Yu, H.&Deng, C. X. (2004). A requirement for breast-cancer-associated gene 1 
(BRCA1) in the spindle checkpoint. Proc Natl Acad Sci U S A 101(49): 17108-13. 

Warner, S. L., Stephens, B. J.&Von Hoff, D. D. (2008). Tubulin-associated proteins: Aurora 
and Polo-like kinases as therapeutic targets in cancer. Curr Oncol Rep 10(2): 122-9. 

Wasch, R., Hasskarl, J., Schnerch, D.&Lubbert, M. (2010). BI_2536--targeting the mitotic 
kinase Polo-like kinase 1 (Plk1). Recent Results Cancer Res 184: 215-8. 

Weaver, B. A.&Cleveland, D. W. (2006). Does aneuploidy cause cancer? Curr Opin Cell Biol 
18(6): 658-67. 

Weaver, Z., Montagna, C., Xu, X., Howard, T., Gadina, M., Brodie, S. G., Deng, C. X.&Ried, 
T. (2002). Mammary tumors in mice conditionally mutant for Brca1 exhibit gross 

www.intechopen.com



 
Myeloid Leukemia – Basic Mechanisms of Leukemogenesis 

 

26

genomic instability and centrosome amplification yet display a recurring 
distribution of genomic imbalances that is similar to human breast cancer. Oncogene 
21(33): 5097-107. 

Wolanin, K., Magalska, A., Kusio-Kobialka, M., Podszywalow-Bartnicka, P., Vejda, S., 
McKenna, S. L., Mosieniak, G., Sikora, E.&Piwocka, K. (2010). Expression of 
oncogenic kinase Bcr-Abl impairs mitotic checkpoint and promotes aberrant 
divisions and resistance to microtubule-targeting agents. Mol Cancer Ther 9(5): 1328-
38. 

Wolanin, K., Magalska, A., Mosieniak, G., Klinger, R., McKenna, S., Vejda, S., Sikora, 
E.&Piwocka, K. (2006). Curcumin affects components of the chromosomal 
passenger complex and induces mitotic catastrophe in apoptosis-resistant Bcr-Abl-
expressing cells. Mol Cancer Res 4(7): 457-69. 

Wong, C.&Stearns, T. (2003). Centrosome number is controlled by a centrosome-intrinsic 
block to reduplication. Nat Cell Biol 5(6): 539-44. 

Wu, J., Lu, L. Y.&Yu, X. (2010). The role of BRCA1 in DNA damage response. Protein Cell 
1(2): 117-23. 

Wu, L. C., Wang, Z. W., Tsan, J. T., Spillman, M. A., Phung, A., Xu, X. L., Yang, M. C., 
Hwang, L. Y., Bowcock, A. M.&Baer, R. (1996). Identification of a RING protein that 
can interact in vivo with the BRCA1 gene product. Nat Genet 14(4): 430-40. 

Xu, X., Weaver, Z., Linke, S. P., Li, C., Gotay, J., Wang, X. W., Harris, C. C., Ried, T.&Deng, 
C. X. (1999). Centrosome amplification and a defective G2-M cell cycle checkpoint 
induce genetic instability in BRCA1 exon 11 isoform-deficient cells. Mol Cell 3(3): 
389-95. 

Yan, J., Jin, S., Li, J.&Zhan, Q. (2010). Aurora B interaction of centrosomal Nlp regulates 
cytokinesis. J Biol Chem 285(51): 40230-9. 

Yang, E. S.&Xia, F. (2010). BRCA1 16 years later: DNA damage-induced BRCA1 shuttling. 
Febs J 277(15): 3079-85. 

Yarden, R. I.&Brody, L. C. (1999). BRCA1 interacts with components of the histone 
deacetylase complex. Proc Natl Acad Sci U S A 96(9): 4983-8. 

Yuan, K., Huang, Y.&Yao, X. (2011). Illumination of mitotic orchestra during cell division: a 
Polo view. Cell Signal 23(1): 1-5. 

Zhang, H., Somasundaram, K., Peng, Y., Tian, H., Zhang, H., Bi, D., Weber, B. L.&El-Deiry, 
W. S. (1998). BRCA1 physically associates with p53 and stimulates its 
transcriptional activity. Oncogene 16(13): 1713-21. 

Zhang, J.&Powell, S. N. (2005). The role of the BRCA1 tumor suppressor in DNA double-
strand break repair. Mol Cancer Res 3(10): 531-9. 

Zhang, S., Hemmerich, P.&Grosse, F. (2007). Centrosomal localization of DNA damage 
checkpoint proteins. J Cell Biochem 101(2): 451-65. 

Zhou, C., Smith, J. L.&Liu, J. (2003). Role of BRCA1 in cellular resistance to paclitaxel and 
ionizing radiation in an ovarian cancer cell line carrying a defective BRCA1. 
Oncogene 22(16): 2396-404. 

www.intechopen.com



Myeloid Leukemia - Basic Mechanisms of Leukemogenesis

Edited by Dr Steffen Koschmieder

ISBN 978-953-307-789-5

Hard cover, 484 pages

Publisher InTech

Published online 14, December, 2011

Published in print edition December, 2011

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

The current book comprises a series of chapters from experts in the field of myeloid cell biology and myeloid

leukemia pathogenesis. It is meant to provide reviews about current knowledge in the area of basic science of

acute (AML) and chronic myeloid leukemia (CML) as well as original publications covering specific aspects of

these important diseases. Covering the specifics of leukemia biology and pathogenesis by authors from

different parts of the World, including America, Europe, Africa, and Asia, this book provides a colorful view on

research activities in this field around the globe.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Katarzyna Piwocka, Kamila Wolanin, Monika Kusio-Kobialka and Paulina Podszywalow-Bartnicka (2011). BCR-

ABL Hits at Mitosis; Implications for Chromosomal Instability, Aneuploidy and Therapeutic Strategy, Myeloid

Leukemia - Basic Mechanisms of Leukemogenesis, Dr Steffen Koschmieder (Ed.), ISBN: 978-953-307-789-5,

InTech, Available from: http://www.intechopen.com/books/myeloid-leukemia-basic-mechanisms-of-

leukemogenesis/bcr-abl-hits-at-mitosis-implications-for-chromosomal-instability-aneuploidy-and-therapeutic-

strategy



© 2011 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


