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Abstract
Background: Telomere dysfunction results in aneuploidy, and ongoing chromosomal abnormalities. The
three-dimensional (3D) nuclear organization of telomeres allows for a distinction between normal and
tumor cells. On the other hand, aurora kinase genes (AURKA and AURKB) play an important role
regulating the cell cycle. A correlation between overexpression of aurora kinase genes and clinical
aggressiveness has been demonstrated in different types of neoplasias. To better understand cellular and
molecular mechanisms of CML evolution, it was examined telomere dysfunction (alterations in the 3D
nuclear telomere architecture), and the expression levels of AURKA and AURKB genes in two clinical
distinct subgroups of CML samples, from the same patient.

Methods: Eighteen CML patients, in total, 36 bone marrow samples (18 patients, chronic vs.
accelerated/blast phase) were eligible for 3D telomeric investigations. Quantitative 3D imaging, cytologic
diagnosis and cytogenetic determination of additional chromosomal abnormalities were assessed
according to standard protocols.

Results: Using TeloView software, two CML subgroups were de�ned based on their 3D telomeric pro�les,
re�ecting the different stages of the disease (chronic vs. accelerated/blast phase). Statistical analyses
showed signi�cant differences between the CML subgroups (p<0.001). We also found that AURKA and
AURKB mRNA were expressed at signi�cantly higher levels in both CML subgroups, when compared with
healthy donors. Our �ndings suggest that the evolution of CML progresses from a low to a high level of
telomere dysfunction, that is, from an early stage to a more aggressive stage, followed by disease
transformation, as demonstrated by telomere, additional chromosomal abnormalities, and gene
expression pro�le dynamics.

Conclusions: Thus, we demonstrated that 3D telomere organization, in accordance with the genomic
instability observed in CML samples were able to distinguish subgroup CML patients. Classifying CML
patients based on these characteristics might represent an important strategy to de�ne better therapeutic
strategies.

1. Background
Telomeres are specialized structures presents at the end of each chromosome, composed of long
sequences of TTAGGG repeats, able to maintain integrity and stability of the genome [1, 2]. Telomeres
also act protecting the cell from progressive DNA shortening during cell division, and they are essential to
prevent improper fusion of chromosomes. On the other hand, dysfunctional telomeres indistinguishable
from damaged DNA contribute to the ultimate protection of chromosomes lead to genome instability
through fusion-fusion bridge cycles increasing genomic instability, ultimately leading to cancer
development [3, 4].

Each cell division promotes the loss of telomere repeats due the “end-replication” problem. To partially
solve this situation, the telomere length is maintained by an enzyme called telomerase, which is
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overexpressed in germ cells and neoplastic tissue [1, 5]. Some investigations have pointed that cell with
shortest telomeres are preferably chosen by telomerase for elongation process [1, 5, 6]. On the other hand,
during replicative senescence, in the absence of telomerase activity, the telomeres eventually shorten, and
the cell begins cell cycle arrest, at G1 phase [6]. In this scenario, the telomere size reduction limits the
dynamics of somatic cell division and may provide a tumor suppressor mechanism. However, when cells
get critically short telomeres, replicative senescence precludes them from end-to-end fusions, that could
eventually result in aneuploidy, and tumorigenesis [6, 7].

The telomere architecture, as a re�ection of telomere shortening and telomerase activation, has been
considered an important biomarker for cell transformation [8, 9]. The 3D nuclear architecture of telomeres
has been shown to be able to distinguish between normal and malignant cells. The 3D remodeling of the
nuclear space has been also associated with genomic instability in cancer cells [8, 10, 11]. The key
elements to evaluate telomere related genomic instability are based on the following steps (1) the number
of telomeres (telomere signals), (2) telomere length (telomere signal intensity), (3) the number of telomere
aggregates (TAs), (4) telomere distribution within a nucleus, and (5) telomere positions (the distance of
each telomere from the nuclear center versus the periphery) [9, 12, 13].

Chronic myeloid leukemia (CML) represents a common form of leukemia, characterized by a proliferation
of myeloid cell lineage. From the genetic point of view, this condition presents a chromosome
translocation, involving the chromosomes 9 and 22, originating the so-called Philadelphia (Ph)
chromosome [t(9;22) (q34;q11.2)], which generates a chimerical gene BCR-ABL [14]. The presence of the
Ph chromosome in CML, at diagnosis and the presence of additional chromosomal abnormalities along
the course of the disease constitutes important markers for evaluation of the disease progression [14,
15]. On the other hand, molecular mechanisms underlying the CML evolution are not completely
understood. Some studies have demonstrated an increased activity of the fusion protein BCR::ABL1,
followed by inactivation of tumor suppressor genes, as for example TP53, a default in DNA repair
machinery, an emergence of other chromosomal abnormalities, and occurrence of genomic instability.
However, their role in the evolution of CML remains unknown [16]. In CML, the telomeres are signi�cantly
shorter when compared to telomeres from normal cells [16, 17]. Is it also evident the cells from patients in
accelerated/blast phase show signi�cantly telomere shortening when compared with CML in chronic
phase or in cytogenetic remission [18, 19]. This information allows us to suggest, that the dynamics of
telomere architecture in CML could be associated with disease progression, and it may represent an
important biomarker for disease progression.

Aurora kinases are a family of serine/threonine kinases that plays an important role in normal mitosis by
executing various cells divisions and maintaining the integrity of the genome [20, 21]. The Aurora family
consists of three members, AURKA, AURKB and AURKC, which share 67–76% amino acid sequence
identity in their catalytic domains and few similarities in their N-terminal [20–22]. In various
malignancies, including colon and breast cancer, the expression levels of AURKA and AURKB are
generally high [23–26]. It has been also demonstrated that the levels of these genes are elevated in a
variety type of hematological malignant cells, including CML [24]. Based on previously mentioned, it is
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possible to a�rm that the differential expression of aurora kinase genes may offers a great contribution
to be used as biomarkers of cell transformation [24, 25]. In conditions in which the clinical/morphological
classi�cation determines exclusive therapeutic ways, the comparison among the levels of AURKA and
AURKB, in different stages of the disease may indicate cellular progression form a pre-neoplastic form to
neoplastic status [24, 25].

In the present study, we show direct evidence that quantitative FISH analysis, 3D nuclear architecture of
telomeres and the differential expression of aurora kinase genes were able to distinguish two distinct
groups of CML patients, based on clinical/morphological classi�cation (chronic vs. accelerated/blast
phase).

2. Methods

2.1. Samples
Thirty-six bone marrow samples from CML patients were obtained after written informed consent before
participating in the study. For each patient, we collected sample in chronic and accelerated/blast phase.
The laboratorial diagnoses were con�rmed by the presence of the Philadelphia (Ph) chromosome as the
sole abnormality (chronic phase), and the presence of additional chromosomal abnormalities for
accelerated/blast phase of CML. We used G-banding analysis and �uorescence in situ hybridization
(FISH) in all samples, to con�rm the presence of the Philadelphia chromosome. In addition, fourteen
blood samples from health donors were used as control. Informed consent was obtained from all the
patients in accordance with the declaration of Helsinki. This study received approval by the Research
Ethics Board on human studies in Brazil (CAE: 87629318.3.0000.0096).

2.2. Co-Imuno Quantitative Fluorescent in Situ Hybridization
(Q-FISH)
The bone marrow smears slides were �xed with 3.7% formaldehyde/1 × PBS for 20 min, washed three
times with 1 × PBS for 5 min, and blocked with 4% BSA in 4× saline-sodium citrate (SSC) for 15 min. The
cells were incubated with rabbit anti-CD34 antibody (ab81289, ABCAM, Cambridge, United Kingdom) as a
primary antibody and Goat Anti-Rabbit IgG H&L-Alexa Fluor® 488 (ab150077, ABCAM, Cambridge, United
Kingdom) as a secondary antibody. For Q-FISH, brie�y, slides were incubated in 3.7%
formaldehyde/1xPBS solution for 10 minutes, and after the slides were soaked in 20% glycerol/ 1xPBS
solution for 45min. The cells were treated by four repeated cycles of freeze-thaw in glycerol. After, the
slides were incubated in 0.1 HCL solution and �xation in 70% formamide/2xSCC for 1 hour. For
hybridization, slides were covered with 8µl of PNA telomeric probe (Agilent Dako, Santa Clara, California,
USA), sealed with coverslip and rubber cement. For denaturation, the slides were placed on a hot plate,
protected from direct light, for 3 minutes, at 82°C. The hybridization was carrying out for 2 hours, at 30°C.
The slides were then washed three times in 70% formamide/10mM Tris (pH 7.4) solution, for 15 minutes
followed by washing in 1xPBS at room temperature for 2 minutes, while shaking and in 0.1xSSC at 55°C
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for 5 minutes while shaking. Finally, the slides were washed in 2x SSC/ 0.05% Tween 20 solution for three
times, for 5 minutes, at room temperature while shaking. After �nal all cycles of washing, the nuclei were
counter-stained with 4’,6-diamino-2-phenylindole (DAPI) (0.1µg/ml) and antifade reagent (ThermoFisher,
USA), and covered with coverslip for image acquisition [27, 28].

2.3. 3D image acquisition and analysis using TeloView™
For each sample were analyzed 30 CD34 + interphase nuclei, using an AxioImager M1 microscope (Carl
Zeiss, Jena, Germany), coupled to an AxioCam HRm charge-coupled device (Carl Zeiss, Jena, Germany)
and a 63-x oil objective lens (Carl Zeiss, Jena, Germany). The acquisition times was 500 milliseconds
(ms) for Cy3 (telomeres) and 5 ms for DAPI (nuclei). Sixty z-stacks were acquired at a sampling distance
of x,y: 102 nm and z: 200 nm for each slice of the stack. AxioVision 4.8 software (Carl Zeiss, Jena,
Germany) was used for 3D image acquisition. Deconvolved images were converted into TIFF �les and
exported for 3D-analysis using the TeloView™ (3D Signatures Inc.) software [29].

2.4. Aurora kinase mRNA Analysis
RNA was isolated from CML samples using TRIzol reagent (ThermoFisher, USA) according previously
described [30]. Complementary DNA (cDNA) was synthesized from ~ 1µg of total RNA using a High-
Capacity cDNA reverse transcription Kit (Applied BioSystems, Foster City, CA, USA), following the
manufacturer's instructions. For analysis of aurora kinase genes, primers and probes were developed by
Assay on Demand (AURKA: Hs00269212_m1 and AURKB: Hs00177782_m1; Applied BioSystems). The
AURKA and AURKB genes and GAPDH mRNA, used as endogenous internal control for each sample, were
analyzed in duplicate on the same MicroAmp optical 96-well plates using a 7500 Real-Time PCR System
(Applied BioSystems).

Real-time quantitative polymerase chain reaction (RQ-PCR) assays were performed in a �nal reaction
volume of 20µl. The comparative cycle threshold (Ct) method was used to determine the relative
expression level of AURKA and AURKB genes. On comparative analysis of CML samples and healthy
donors, AURKA and AURKB gene expression was calculated as a relative quanti�cation to the GAPDH
housekeeping gene. The gene expression AURKA and AURKB from CML samples was calculated as
relative quanti�cation to normal controls (ΔΔCt = ΔCt patient – ΔCt healthy donors+) and expressed as 2−ΔΔCt,
according previously described [30]. All primers were standardized by conventional semi-quantitative PCR
analysis before proceeding to the real-time quantitative analysis.

2.5. Data image analysis – 3D telomere architecture
To compare telomere architecture between the different stages of CML we used the software TeloView
(3D Signatures Inc.) [29]. TeloView® measures six distinct parameters for each sample: (1) the number of
telomeres (signals); (2) the total intensity (telomere size); (3) the distribution and frequency of telomere
aggregates, which means clusters of telomeres that are found in proximity that cannot be further
resolved; (4) the a/c ratios represent a measure de�ned by the cell cycle progression through interphase
cells [8]. Thus, it is possible to check if there was a difference in cell cycle between the CML samples
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groups. The telomere dynamics varies according to the stages of the cell cycle (G0/G1, S, and G2); (5)
Finally, TeloView (3D Signatures Inc.) software allows us to measure the distance of each telomere signal
from the nuclear center versus the periphery [29]. For both CML groups, a graphical representation was
obtained showing the distribution of the intensity of the acquired telomere �uorescent signals, the
distribution of the frequency of telomere aggregates per cell and the acquired signals per cell.

2.6. Statistical Analysis for telomere architecture
Two distinct subgroups were de�ned based on their 3D telomeric pro�les (chronic vs. blastic phase). The
telomeric parameters (number, length, telomere aggregates, nuclear volumes, and a/c ratio) were
compared between these subgroups using analysis of variance. Distribution of all telomere parameters in
both subgroups was compared using chi-square analysis. Cell parameters averages were analyzed
between subgroups with nested factorial analysis of variance taking both patient and cellular variations
into account. Signi�cante level was set at 0.05.

3. Results
The purpose of this investigation was to perform a pilot study with 36 bone marrow CML samples from
18 patients (chronic vs. blast phase), to de�ne the 3D nuclear telomeric pro�les based on telomere
numbers, telomeric aggregates, telomere signal intensities, nuclear volumes, and nuclear telomere
distribution for each phase. In addition, we also obtained the expression pro�le for AURKA and AURKB
genes in eight patients (chronic vs. blast phase). For both analysis (telomere and gene expression) we
blindly subdivided the CML patients into 2 groups. The cytogenetic pro�le of 18 CML patients are shown
in Table 1.

CML is a myeloproliferative neoplasm characterized by the expansion of the early hematopoietic
progenitor cells pool which express CD34 antigen [31]. CML cells were differentiated from other
hematopoietic cells based on the intensity of green �uorescence signals emitted by the CD34 antibody
(Fig. 1).

To examine the 3D nuclear telomere architecture in CML cells, 3D Q-FISH was performed. After image
acquisition and deconvolution, 30 nuclei for each time point were analyzed with TeloView (3D Signatures
Inc.) to determine the parameters reported in Material and Methods. The telomeres were visualized as red
dots (Fig. 2) [29].

For each CML samples we obtained the 3D telomere pro�les, considering the total number of telomeres,
intensity, lengths of each telomere and the number of telomeres aggregates per cell. For analysis of each
sample, it was used the software TeloView (3D Signatures Inc.) [29]. The organization pattern of
telomeres per sample made it possible to identify in each CML sample cell populations with short,
intermediate, and long telomeres (Fig. 3). Based on this characteristic, it was able to stratify the same
pro�les in distinct subgroups. According to 3D telomere pro�les, two CML subgroups were stablished
based on blindly analysis and without any information about the status of the disease (chronic vs. blastic
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phase). We noted that all eighteen samples clinically classi�ed as chronic phase exhibited a similar 3D
telomere pro�le. On the other hand, a distinct pro�le was observed among the patient samples classi�ed
as blastic phase. Statistical analyses showed signi�cant differences between the two CML subgroups (p 
< 0.001). Considering the telomere parameters investigated, all of them showed signi�cant differences
between CML chronic phase and CML blastic phase (Table 2). Considering that the samples analyzed, in
the different stages of the disease, belong to the same patient, the telomere dynamic observed
(intensities, number, and frequency of telomere aggregates) may represent a clonal evolution of the
disease.

From the cytogenetic point of view, two subgroups were stablished (Table 1), and we found patients with
distinct chromosomal abnormalities during the blastic phase of the disease. All eighteen patients
exhibited additional chromosomal abnormalities after comparison between chronic and blast phase,
indicating cumulative acquisition. However, in our analysis we noted that only three patients did not show
the presence of Ph chromosome in blastic phase (Table 1). The cytogenetic pro�le of the samples was
important to discriminate the patient subgroups status and was consonant with the 3D nuclear telomeric
obtained. The number of signals per nucleus, telomere aggregates per nucleus, total telomere intensity,
and average intensity of signals were all higher in blastic phase, as compared with chronic phase (p < 
0.0001). Thus, in addition to cytogenetic pro�le we observed that telomere parameters represent a fully
accurate tool to distinguish both CML groups.

In the context of telomere dynamics, it is also possible to obtain information regarding cell cycle
progression, considering nuclear volume, distribution of the telomeres per nuclear volume and the a/c
ratio. In our results, the nuclear volume showed itself signi�cantly higher in blastic phase than chronic (p 
< 0.0001) (Table 2). The process of transformation of chronic to blastic phase become evident by the
variation in the nuclear volume. These �ndings emphasize the capacity of “morphological” recognition by
3D analysis of telomeres, over a population of blast cells, during CML. Verifying the a/c ratio and
telomere distribution per nuclear volume, we noted signi�cant difference between the subgroup of
samples (Table 2), which might re�ect proliferative advantage of blast cells when compared with cells in
chronic phase.

We also compared the expression pro�le of AURKA and AURKB genes in the two CML subgroups,
comparing with healthy donors. However, this strategy was possible to apply in only sixteen samples
(CML 01 to CML 08, table 1). Signi�cant differences were observed (AURKA [mean value of 2-∆∆Ct ± SD]:
1.08 ± 0.10 versus 2.85 ± 0.20, p < 0.001, in healthy donors versus CML chronic phase cells; AURKA [mean
value of 2-∆∆Ct ± SD]: 1.12 ± 0.12 versus 4.12 ± 0.22, p < 0.001, in healthy donors versus CML chronic
accelerated/blast phase (Fig. 4A). The higher expression of AURKA in both groups was con�rmed by
FISH using a commercial probe for AURKA gene (Data not shown). Using the same strati�cation criteria
for the patients as previously showed (AURKA), we found signi�cant differences for AURKB (AURKB
[mean value of 2-∆∆Ct ± SD]: 1.08 ± 0.02 versus 2.62 ± 0.12, p < 0.001 in healthy donors versus CML
chronic phase cells; AURKB [mean value of 2-∆∆Ct ± SD]: 1.06 ± 0.14 versus 3.02 ± 0.21, p < 0.001, in
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healthy donors versus CML chronic accelerated/blast phase (Fig. 4B). The results obtained were
con�rmed by FISH, by using a commercial probe for AURKB gene (Data not shown).

4. Discussion
Abnormalities related to telomere organization has been described in many cases of cancer [8, 32, 28, 10,
33]. On the other, hand few investigations have explored the telomere organization in CML, regarding its
dynamics during the disease progression. For the �rst time, we compare the telomere organization in two
distinct phases of the disease, whose samples became from the same patient. By using 3D nuclear
telomeric analysis, it was possible to determine the telomere numbers, the presence of telomere
aggregates, telomere signal intensities, nuclear volumes, and nuclear telomere distribution in CML cells.
In addition, at the gene expression level, we demonstrated differences in both CML groups, by comparing
the expressions of AURKA and AURKB genes. These parameters, independently, became possible
subdivide the CML cells into distinct subgroups. Thus, our results are compatible with the “thesis” that
telomere abnormalities generate genomic instability, leading to the CML cells transformation, during the
evolution of the disease.

Samassekou et al. (2013) [33] identi�ed abnormal telomere nuclear organization pro�le on twelve
patients diagnosed with CML in chronic phase. According to their analysis the samples were
characterized by a high number of telomeric aggregates, and changes in telomeric position. Despite of
the absence of correlation with clinical data, Samassekou et al. (2013) [33] con�rmed that the telomeres
abnormalities observed in CML samples manifested in an early stage of malignancy. Some studies have
pointed that telomere from CML cells are shorter than those from healthy leukocytes and are also
associated with poor prognostic [34–36]. A high number of telomeric aggregates is closely associated to
genomic instability [27].

According to our results the number of telomeric aggregates increases when the disease progress from
chronic to accelerated/blastic phase. Therefore, some factors have been proposed to be responsible for
telomere abnormalities in CML. The rapid proliferation rate of leukemic cells may represent the force
underlying telomere abnormalities. From a not yet clear way, during the disease evolution, telomere
abnormalities might be able to induce cell proliferation in one cell lineage, and apoptosis in another cell
population, at the same time. In the �rst situation, the genomic instability gives the cells a proliferative
advantage. For the second ones, the genomic instability leads to cell death. This imbalance could explain
the clonal expansion and the selective apoptosis in the bone marrow of CML patients [28]. In addition, the
elevated activity of tyrosine kinase can generate reactive oxygen species, which are prone to cause
damage on telomeres. The occurrence of these events over the course of the disease corroborates for the
increase level of genomic instability, making treatment strategies less effective [37].

Previous studies have pointed out that the 3D nuclear telomere abnormalities act as reliable biomarker to
predict disease evolution [10, 11, 28, 32]. Our investigation has demonstrated that is possible to
distinguish between “cellular status” of lower/elevated level of genomic instability, considering the
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presence and frequency of telomere aggregates. We found telomere aggregates in all samples. However,
signi�cant difference between was observed between chronic and accelerated/blastic phase (Table 2; p < 
0.001). This evidence makes the nuclear telomere analysis an indicator of disease progression and
become the CML an important model to clarify molecular mechanisms underlying tumorigenesis.

Some studies have pointed out that telomere positions, in the nuclei, may act as an important factor
beyond chromosome territory. Thus, disruptions in this dynamic process can produce as consequence a
differential gene expression pattern, induce chromosomal abnormalities, and disrupt cell function [27,
39–42]. It is possible that in CML, the differential positioning of telomeres may be a consequence of
BCR::ABL1 activity, additional chromosomal abnormalities, as seen in different stages of the disease, and
gene expression. AURKA and AURKB mRNA were expressed at signi�cantly higher levels in both CML
subgroups, when compared to healthy donors.

The relative expression of AURKA and AURKB genes, by adopting the mean value from ΔCt, identi�ed two
distinct subgroups of CML patients, based on clinical and cytogenetic evidence. Gene ampli�cation may
be one, but not the main mechanism leading to overexpression of aurora genes. It´s possible that
telomere disruption, in some way, may be related to aurora kinase overexpression and, therefore, to
induce mitotic abnormalities. Few years ago, we have demonstrated that AURKA and AURKB
overexpression were associated with genomic instability in cytogenetically strati�ed group (Normal vs.
Abnormal karyotype) of hematopoietic cells and bone marrow derived mesenchymal stem cells (MSCs)
of myelodysplastic syndrome patients [43]. However, the regulation of AURKA during DNA damage
remains most of the time to be well elucidated [44].

Overexpression and ampli�cation of the Aurora kinase genes, particularly AURKA, have been documented
for many types of neoplasia, with some data evidencing association with clinical parameters, survival,
and cancer risk [45]. In human breast cancer, overexpression of these kinases induced aneuploidy,
centrosome ampli�cation and tumorigenic transformation. Altered expression of these genes was also
reported to correlate with the invasiveness and chromosomal instability of the disease [46]. In agreement,
our results suggest that overexpression of AURKA and AURKB are associated with genomic instability
and markers of poor prognosis during CML evolution.

This study demonstrates that 3D telomere organization and the expression levels of aurora kinase genes
can be used to subgroup CML patients. Classifying CML patients based on these characteristics might
represent an important strategy to de�ne better therapeutic strategies. Our results also suggest an
association between progressive telomeric dysfunction and elevated aurora kinase expression, as
important components for the evolution of CML. Like previous studies, we found telomere pro�les in CML
to correlate with distinct clinical phases of the disease [10, 11, 27, 28, 32]. Thus, we propose that 3D
telomere organization may be a novel prognostic marker in hematological disorders with de�ne stages
driven by genomic instability. However, our study has one limitation, the cohort of patients was relatively
small, and we did not determine sorted myeloid cells from bone marrow for all telomere investigations,
although previous studies showed that no signi�cant differences in CML telomere lengths are observed
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when comparing peripheral mononuclear blood cells, fractionated peripheral neutrophils, and non-
fractionated bone marrow mononuclear cells [47].
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Tables
Table 1. Cytogenetic pro�le of CML patients during the two distinct phases of the disease (chronic vs.
accelerated/blast phase).
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CML
samples

Age/Sex Chronic phase Accelerated/Blast phase

CML 01 47/M 46,XY,t(9;22)(q34;q11.2)
[20]

46-47,XY,+8[5],t(9;22)(q34;q11.2)[20]

CML 02 52/F 46,XX,t(9;22)(q34;q11.2)
[20]

46-48,XX,+8[7],+19[2],t(9;22)(q34;q11.2)[20]

CML 03 49/F 46,XX,t(9;22)(q34;q11.2)
[20]

46-47,XX,+8[12],t(9;22)(q34;q11.2)[16]

CML 04 39/F 46,XX,t(9;22)(q34;q11.2)
[20]

46,XX,t(9;22)(q34;q11.2)[14],del(13)(q14q32)[7]

CML 05 53/M 46,XY,t(9;22)(q34;q11.2)
[20]

47,XY,+i(9)(q10),t(9;22)(q34;q11.2)(q34;q11.2)
[16]

CML 06 45/M 46,XY,t(9;22)(q34;q11.2)
[20]

44,XY,der(5;17)(q10;q10),-7,add(20)(q13)[16]

CML 07 51/M 46,XY,t(9;22)(q34;q11.2)
[20]

47,XY,+8,t(9;11)(p21-22;q23)

CML 08 66/M 46,XY,t(9;22)(q34;q11.2)
[20]

47,XY,del(6)(q23q25),+7[20]

CML 09 42/M 46,XY,t(9;22)(q34;q11.2)
[28]

46,XY,del(7)(q22;qter),t(9;22)(q34;q11.2)
[13]/46,XY[2]

CML 10 39/F 46,XX,t(9;22)(q34;q11.2)
[22]

46,XX,t(9;22)(q34;q11.2),del(20)(p11)
[17]/46,XX,del(20)(p11)[3]

CML 11 45/M 46,XY,t(9;22)(q34;q11.2)
[22]

46,XY,t(9;22)(q34;q11.2)[5]/46,XY,t(11;22;X)
(q13;q11.2;p22.3)[20]

CML 12 41/F 46,XX,t(9;22)(q34;q11.2)
[20]/46,XX[10]

46,XX,t(9,22)(q34;q11.2)
[1]/47,XX,+8[2]/46,XX[17]

CML 13 31/M 46,XY,t(9;22)(q34;q11.2)
[28]

46,XY,t(9,22)(q34;q11.2)[5]/47,XY,+8[21]

CML 14 33/M 46,XY,t(9;22)(q34;q11.2)
[22]

47,XY,+8,t(9;22)(q34;q11.2),iso(17q)[20]

CML 15 72/F 46,XX,t(9;22)(q34;q11.2)
[30]

46,XX,t(9,22)(q34;q11.2)[4]/48,XX,+8,t(9;22)
(q34;q12),+19[20]

CML 16 56/F 46,XX,t(9;22)(q34;q11.2)
[21]

46,XX,t(9,22)(q34;q11.2)[5]/48,XX,+8,t(9;22)
(q34;q11.2),iso(17q),+21[18]

CML 17 29/M 46,XY,t(9;22)(q34;q11.2)
[23]

45,XY,-7,t(9;22)(q34;q11.2)[20]

CML 18 36/M 46,XY,t(9;22)(q34;q11.2)
[27]

48,XY,+8,t(9;22)(q34;q12),+19[20]
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Table 2. Telomere parameters according to CML subgroups.

CML patients Total number
of telomeres  
             (mean
± SD)

Total number
of telomere
aggregates
(mean ± SD)

Total
intensity
(mean ±
SD)

Intensity
of all
signals
(mean ±
SD)

a/c
ratio      
           
(mean ±
SD)

Nuclear
volume
(mean
± SD)

Chronic phase 39,45 ± 6,49 3,37 ± 1,19 414618,5
±
235693,0

13889 ±
2254

2,55 ±
0,48

191790
±
85724

Accelerated/

blast phase

41,51 ± 5,25 4,73 ± 0,92 512852,4
±
155272,4

14574 ±
2739

6,65 ±
1,97

328714
±
134704

p.value between
chronic and
accelerated
CML phases

p< 0,001 p< 0,001 p< 0,001 p< 0,001 p<
0,0001

p<
0,0001

Figures

Figure 1

Telomere signals in CD34+ CML cells (A–D with magni�ed view in A1–D1). (A) The CML CD34 positive
cells �uoresce green, whereas the other hematopoietic cells remained unstained (see box in white). The
telomeres, hybridized with Cy3-labeled PNA probes, appear as red signals (B). (C) Merge of FITC (CD34)
and Telomeres (CY3). The nuclei are counterstained with DAPI (blue) (D).

Figure 2

Evolution of 3D nuclear architecture in CML. The left side shows representative 3D nuclear telomere
distribution (red) within the counterstained nucleus (blue). During disease evolution, the 3D nuclear
architecture undergoes distinct changes: The number of telomere signals, the number of telomere
aggregates and the nuclear volume increase. 

Figure 3
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Graph distribution of number of telomeres according to their intensity (length of telomeres) for two
samples from the same patient (chronic vs. accelerated/blastic phases). The image represents the 3D
telomere distribution of the 3D telomeric pro�le. Black bars separate the 3 cell populations with short,
intermediate, and long telomeres, respectively.

Figure 4

qPCR analysis of AURKA and AURKB mRNA expression in CML cells. Patients were divided in three
distinct sub-groups (health donors, chronic phase and accelerated phase/blast phase). The graphs
represent the mean±SD of three independent experiments. The p values are indicated in the graphs;
*p<0.05, **p<0.01; ANOVA test and Bonferroni post-test.


