
Introduction

One of the most common properties of cancer cells is genomic
instability, most often present as chromosomal instability (CIN).
CIN is defined by an elevated frequency of the occurrence of novel
chromosomal aberrations and therefore, in contrast to aneuploidy,
represents a rate rather than a state of genomic aberrations [1, 2].
Recently, CIN has been shown to play a role in both early malignant

transformation and tumour progression in mice [3, 4]. Further evi-
dence for the tumourigenic potential of CIN stems from the obser-
vation of an elevated incidence of malignancies in patients with
mosaic variegated aneuploidy (MVA), a recessive disorder charac-
terized by constitutional mosaicism for chromosomal gains and
losses due to defects in mechanisms normally ensuring the proper
segregation of the replicated chromosomes in mitosis [5]. Moreover,
activation of the DNA damage response, presumably being a reaction
to oncogenic stress leading to CIN, is most pronounced in early
stages of human tumourigenesis, which is consistent with CIN evolv-
ing early during tumourigenesis [6, 7]. Whereas presence and extent
of CIN have been reported for various cancer cell lines [1, 8] and
solid tumours [9–12], CIN has never been investigated in haemato-
logical malignancies. Moreover, data for a defined population of pri-
mary malignant cells in different stages of disease are lacking.
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The myelodysplastic syndromes (MDS) are clonal stem-cell
disorders characterized by ineffective haematopoiesis and a high
propensity for transformation into acute myeloid leukaemia
(AML). Furthermore, recurrent chromosomal aberrations are
shared by both MDS and AML, and the occurrence of centroso-
mal aberrations in these disorders further suggests a potential
role of CIN in leukaemogenesis [13–17]. Given their premalignant
state, their frequent progression to AML and their origin in an
easy accessible stem-cell compartment, MDS was considered as
a suitable model for studying the role of CIN in tumour initiation
and progression.

Methods

Patient samples

Between June 2006 and February 2008, we isolated CD34-positive
(CD34�) cells from 18 patients with MDS, 30 patients with AML, 10
healthy control subjects and 7 control patients with lymphoma not involv-
ing the CD34� cell compartment (Table S1). In patients where samples
from multiple time-points were available, the sample from the first presen-
tation was used for end-point analysis. Informed consent was obtained
according to the Declaration of Helsinki. The study was approved by the
institutional review board. Following Ficoll density separation, CD34� cells
were magnetically sorted using CD34-microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). To evaluate the purity of the sorted cells, the
percentage of CD34�CD45dim cells was determined by flow cytometry
(FACS) in 42 consecutive samples and was 92.1% � 6.6% (mean � SD).

Fluorescence-in situ-hybridization

Fluorescence-in situ-hybridization (FISH) was performed as described
elsewhere [18], hybridizing centromeric probes for chromosomes 1, 6, 7
and 8 (clones pUC1.77, pEDZ6, p7t1, pZ8.4, respectively, provided by
Mariano Rocchi [19, 20]) to interphase CD34� cells. To quantify the cell-
to-cell variability of the chromosome content for each of these chromo-
somes, the modal number of signals per chromosome was determined.
The percentage of cells whose chromosome number differed therefrom
represented the proportion of ‘aberrant cells’, which was separately eval-
uated for each of the four chromosomes. These four measurements were
combined to define the ‘numerical CIN level’ as the median percentage of
aberrant cells. To test for structural instability, subtelomeric probes (pro-
vided by Lyndal Kearney) for short and long arms of chromosomes 6
(PAC 62I11 and PAC57H24, respectively [21]) and 8 (BAC77L23 and
PAC489D14, respectively [21]) were hybridized pairwise to the CD34�

cells, thereby allowing for the detection of gains or losses of single chro-
mosome arms. To minimize false positive results due to weak fluores-
cence signals, only unbalanced gains relative to the modal number were
regarded as aberrant. For each pair of centromeric and subtelomeric
probes, a minimum of 100 cells was carefully analysed in a double-
blinded manner by a single investigator. Fluorescence images were cap-
tured and processed using a Zeiss Axiovert 200 M fluorescence micro-
scope equipped with AxioVision Software and a Zeiss Plan-Neofluar

100x/1.32 oil immersion objective. Images were cropped and processed
using Photoshop CS3 (Adobe).

Statistical analysis

The cumulative probability of survival and risk of progression to leukaemia
were estimated using the Kaplan–Meier method. Differences in survival
between groups were assessed using the log-rank test. Student’s t-test,
Fisher’s exact test and chi-square test were used as appropriate for com-
parison of other variables.

Results

Analysis of numerical and structural CIN in primary
MDS and AML cells

To determine the role of CIN in malignant transformation and can-
cer progression in primary human cells, we examined CD34�

haematopoietic progenitor cells from 18 patients with MDS, 14
patients with secondary AML, 16 patients with de novo AML, 10
healthy control subjects and 7 control patients with lymphoma not
involving the CD34� cell compartment. To measure numerical CIN
based on a method described by Lengauer and colleagues [1], the
cell-to-cell variability of the chromosome content was determined
by FISH of interphase CD34� cells, using a panel of centromeric
probes. As a significant proportion of MDS and AML patients har-
bour recurrent chromosomal aberrations, with individual chromo-
somes involved at different frequencies (e.g. chromosomes 7 and
8 frequently, chromosomes 1 and 6 rarely being aberrant [22]), we
sought to investigate whether differing instabilities of individual
chromosomes are responsible for these different frequencies.
Therefore, we included both chromosomes frequently affected by
recurrent aberrations (chromosomes 7 and 8) and chromosomes
typically not showing such recurrent aberrations (chromosomes 1
and 6) in our study. We found no evidence for a higher level of
numerical CIN of chromosomes 7 and 8 as compared to chromo-
somes 1 and 6, indicating that recurrent chromosomal aberrations
are caused by clonal selection and not by different instability lev-
els of individual chromosomes (data not shown). Therefore, we
combined the measurements resulting from centromeric probes
for chromosomes 1, 6, 7 and 8 to define the ‘numerical CIN level’
(nCIN) as the median percentage of cells with an aberrant chromo-
some content.

Likewise, the percentage of cells exhibiting CIN at the structural
level was determined using subtelomeric probes for the long and
short arms of chromosomes 6 and 8, thereby allowing the detection
of losses or gains of one chromosome arm relative to the other. The
analysis of structural CIN was performed in 56 samples but did not
show any significant correlation with outcome, clinical stages or
risk scores, questioning a major role for random chromosomal
breaks in the progression of MDS to AML (Tables S1 and S2).
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Elevated numerical CIN levels correlate with poor
outcome in MDS patients

Numerical CIN levels were analysed in 65 samples and were
 consistently low in healthy control subjects (mean nCIN � SD:
6.0% � 1.5%, range 3.8–7.9%), control patients with lymphoma
not involving the CD34� cell compartment (mean nCIN � SD:
6.0% � 1.1%, range 4.2–7.7%) and in all but one patient with 
de novo AML (mean nCIN � SD: 5.9% � 1.7%, range 3.5–9.2%).
The nCIN levels observed in patients with MDS (mean nCIN � SD:
7.0% � 2.5%, range 3.8–13.5%) and secondary AML (mean 
nCIN � SD: 9.0% � 12.2%, range 2.7–49.6%) were higher and
showed a somewhat broader distribution than in the other patient
groups (Fig. 1A, Table 1). However, these differences were not
 statistically significant (P � 0.17 and P � 0.38, respectively, com-
pared to the group of healthy control subjects), likely due to the
relatively small size of our patient cohort.

In the groups of MDS and secondary AML, we were able to
identify patients with numerical CIN levels that were elevated more
than two standard deviations relative to the mean of healthy con-
trol subjects (cut-off: 8.9%). Compared to MDS patients with nor-
mal levels of nCIN, MDS patients with high nCIN had a signifi-
cantly poorer prognosis: all three patients in this group reached
the end-point, defined as either progression to AML (two patients)
or death (one patient), within 4.9, 10.2 and 12.3 months after
sample collection, respectively, whereas among the 15 patients
with normal nCIN levels, only three patients (20%) reached the
end-point (3.9, 15.8 and 20.1 months after sample collection)
after a median follow-up of 17.2 months (P � 0.001; Fig. 1B).
Notably, none of the patients with high nCIN levels had a karyotype
indicative of high-risk according to the criteria of the international
prognostic scoring system (IPSS) [23] (Table 2), which convinc-
ingly demonstrates that the nCIN level provides additional prog-
nostic information beyond conventional karyotyping. It should
also be noted that there were no other statistically significant dif-
ferences between the two patient groups regarding patient charac-
teristics and established risk factors (Table 3).

A rising numerical CIN level may predict AML
evolution

Serial measurements of numerical CIN were available for two MDS
patients with elevated and five MDS patients with normal nCIN levels
at baseline evaluation. Four of these patients reached the end-point,
among those both patients with initially elevated nCIN levels.

Remarkably, we documented an increase in nCIN levels pre-
ceding leukaemic transformation in all three MDS patients that
progressed to AML. In one of those patients (#15), the nCIN level
increased massively from 13.5% to 51.2% within 1 month, fol-
lowed by progression to AML 4 months later, thereby supporting
a causal instead of a bystander role for CIN in tumour evolution
(Fig. 2A and B). Moreover, when comparing CD34� cells and
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Fig. 1 Numerical CIN correlates with outcome in patients with MDS. (A)
Comparison of the median numerical CIN levels in CD34� haematopoi-
etic progenitor cells from healthy control subjects, control patients with
lymphoma not involving the CD34� cell compartment, MDS patients,
patients with secondary AML and patients with de novo AML. The dashed
red line indicates the cut-off between normal and elevated numerical CIN
levels (mean � 2 SD of the numerical CIN levels in healthy control sub-
jects). (B) Kaplan–Meier plot showing the progression-free survival of
MDS patients with normal (blue line) and elevated numerical CIN levels
(red line) at a median follow-up of 17.2 months (log-rank test: P �

0.001). The combined end-point was defined as either progression to
AML or death.
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Table 1 Numerical CIN: results and patient group characteristics

MDS: myelodysplastic syndrome; AML: acute myeloid leukaemia; nCIN: numerical chromosomal instability; SD: standard deviation. P-values are
given relative to the group of healthy control subjects.

Healthy control 
subjects

Lymphoma patients Patients with MDS
Patients with
 secondary AML

Patients with 
de novo AML

N � 10 N � 7 N � 18 N � 14 N � 16

Female sex 0/10 2/7 8/18 4/14 6/16

Age (years)

Median 35 60 69 68.5 56.5

Range 0�73 40�68 42�85 37�74 23�81

nCIN (%)

Mean ± SD 6.0 � 1.5 6.0 � 1.1 7.0 � 2.5 9.0 � 12.2 5.9 � 1.7

Median 6.0 5.8 6.9 5.6 6.0

Range 3.8�7.9 4.2�7.7 3.8�13.5 2.7�49.6 3.5�9.2

P-value � 0.98 0.17 0.38 0.89

Table 2 MDS patient characteristics

Follow-up is given in months from sample acquisition. Diagnoses are listed according to the WHO classification. AML: acute myeloid leukaemia;
nCIN: numerical chromosomal instability; sCIN: structural chromosomal instability; IPSS: International Prognostic Scoring System; RA: refractory
anaemia; RAEB: refractory anaemia with excess of blasts; RCMD: refractory cytopenia with multi-lineage dysplasia; RCMD-RS: refractory cytope-
nia with multi-lineage dysplasia with ringed sideroblasts; 5q-: 5q minus syndrome; NR: not reached; NA: not available.

No. Sex Age Diagnosis IPSS Follow-up End-point nCIN sCIN Cytogenetics 

1 F 65 RAEB-2 2.5 10.2 m AML 10.0% 4.5% 46,XX [16] 

2 F 63 RCMD 0.5 21.9 m NR 5.4% 1.5% 46,XX [25] 

3 M 71 RAEB-2 1.5 15.8 m death 4.6% 4.0% 46,XY 

4 F 67 5q- 0 17.2 m NR 7.3% 0.5% 46,XY,del(5)(q13q33) [9] 

5 F 68 RAEB-2 2.5 20.1 m AML 7.7% 2.0% 46,XX [26] 

6 F 66 RA 0.5 5.6 m NR 8.5% 7.0% 46,XY,t(2;19)(p13;p13) [26] 

7 M 76 RCMD-RS 0 25.4 m NR 6.9% 4.5% 45X,-Y [16] / 46,XY [10] 

8 F 81 RCMD 1 3.9 m death 6.5% 2.6%
45,XX,del(1)(p22),del(5)(q13q33),
del(20)(q11q13),-22 [12] 

9 F 70 RAEB-1 0.5 24.7 m NR 6.2% 4.0% 46,XY,del5q 

10 M 74 RAEB-1 1 12.3 m death 10.6% NA 46,XY [25] 

11 M 58 RA 0 7.6 m NR 4.6% NA 46,XY [25] 

12 M 72 RCMD 0.5 12.8 m NR 6.9% 5.0% 46,XY [25] 

13 F 85 RAEB-2 2 12.1 m NR 3.8% 8.0% 46,XX [26] 

14 M 67 RAEB-2 2 6.2 m NR 6.2% 2.5% 47,XY,+8 [4] / 46,XY [22] 

15 M 69 RAEB-2 2 4.9 m AML 13.5% 6.0%
45,X,inv(9)(p11q13),-Y [17] /
46,XY,inv(9)(p11q13) [8] 

16 M 79 RAEB-1 2 19.6 m NR 6.9% 4.0% 46,XY,del(7)(q32q36) [25] 

17 M 69 RAEB-2 2 17.4 m NR 3.8% 3.5% 46,XY [24] 

18 M 42 RAEB-1 1 21.5 m NR 6.9% 5.0% 46,XY [26] 
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CD34� mononuclear cells from the bone marrow of this patient,
we found high nCIN levels to be confined to the CD34� compart-
ment (Fig. 2C).

Patients #1 and #5 were also found to have an increase in nCIN
preceding disease progression: patient #1 showed an increase
from 10.0% to 11.2% at the second visit and progressed to AML
6 months thereafter. In patient #5, initially having a normal nCIN
level of 7.7%, an increase to 9.6%, and thus above the cut-off for
‘high nCIN’ was observed at follow-up 1 month later. Secondary
AML was diagnosed 19 months later. The fourth patient (#3) who
reached the end-point showed no increase in nCIN on follow-up
(data not shown), but succumbed to a fatal bleeding episode 15
months later. Remarkably, in this patient, there was no evidence of
leukaemic transformation. The remaining three patients neither
showed an increase in nCIN on follow-up, nor did one of these
patients reach the end-point.

One additional patient with AML secondary to MDS (#53) was
found to have a highly elevated nCIN level of 16.5% at sample col-
lection albeit having a normal male karyotype. Although this
patient’s rapid progression to AML within only 5 months after the
first diagnosis of MDS may lend further support to CIN as a pro-
gression-driving mechanism in MDS, a causal link could not be

established due to the lack of an additional patient sample before
AML evolution.

Discussion

Our study for the first time demonstrates nCIN to be present in a
well-defined progenitor cell-population of a malignant haemato-
logical disorder. Despite the small size of our study cohort, we
found a highly significant correlation between elevated nCIN levels
and poor outcome in MDS. One could argue that complex cytoge-
netic aberrations have long been established as a predictor of poor
prognosis in both MDS and AML [14, 24], so there might be no
additional value of CIN levels as a risk predictor beyond conven-
tional karyotyping. However, our data clearly demonstrate that all
cases with elevated nCIN levels had low or intermediate-risk cyto-
genetics but nevertheless a poor prognosis. Also, an elevated
nCIN level was found only in one of 13 AML patients with an
abnormal karyotype. Hence, the cytogenetic risk score (represent-
ing a state) and the nCIN level (representing a rate) are independent
from each other, with the nCIN level providing additional prognostic
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Table 3 Comparison of MDS patients with high and normal CIN levels

SD: standard deviation; a unpaired t-test; b chi-square test; c Fisher’s exact test.

High nCIN Normal nCIN P

Number of patients 3 15

Median age (years) 69 69 0.91 a

Range 65�74 42�85

MDS RAEB 3/3 8/15 0.24 c

Time since diagnosis (months) 0.39 a

Mean ± SD 27.2 � 24.0 11.7 � 19.8

Range 6.4�53.5 0—67.9

IPSS 0.53 b

Median 2 1

Range 1�2.5 0�2.5

IPSS parameters

Blast count (mean) 11% 7% 0.40 a

Range 4�17% 0�16%

Cytogenetic risk score (median) 0 0 0.60 b

Range 0�0.5 0�1

Cytopenias (median) 2 2 0.24 b

Range 2�2 1�3
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Fig. 2 Increasing numerical CIN levels pre-
cede the progression to AML. (A) Bone
marrow specimens from patient #15 (see
Table 2), who initially presented with MDS,
were obtained at the indicated time-points.
Blasts were quantified by routine cytology,
and numerical CIN levels in CD34�

haematopoietic progenitor cells were eval-
uated in the same specimens. A blast
count exceeding 20% and thus progres-
sion to AML was first detected at month 5,
while a massive rise in the CIN level was
already apparent at month 1. (B) CD34�

cells of patient #15 at the first visit (left
panel) and 1 month later (right panel),
hybridized with centromeric FISH probes
to chromosomes 6 (red) and 7 (green).
DNA was counterstained with DAPI (blue).
The increase in CIN preceded the evolution
to secondary AML by 4 months. (C) The
numerical CIN level was determined by
evaluating the number of the indicated
chromosomes per cell in at least 100 cells.
Comparison of CD34-negative (left panel)
and CD34-positive (right panel) bone mar-
row cells from patient #15 at month 5
revealed that numerical CIN was confined
to CD34� cells and equally affected all
analysed chromosomes.
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information. Additionally, the results of serial measurements of
nCIN, which show that rising nCIN levels were consistently
observed before MDS progression into secondary AML, further
support a causal role of nCIN in leukaemic transformation. Taken
together, the data presented here corroborate the concept that CIN
does contribute to the evolution of malignancies, with the extent
of CIN being correlated with clinical outcome.

Recent work by Breems and colleagues showed that autoso-
mal monosomies confer a poor prognosis in AML, irrespective
of the chromosome affected [25]. Since such random mono-
somies are most likely explained by nCIN, this notion further
corroborates the concept of CIN as a driving force in tumour
evolution and therefore an indicator of worse outcome.
Moreover, several studies have shown increased rates of pro-
grammed cell death in bone marrow cells of patients with low-
grade MDS [26]. Therefore, since CIN hampers proliferation and
induces apoptosis, it might also contribute to progressive
cytopenia in MDS [27–30].

nCIN does not seem to be generally present in MDS and AML,
which may be explained by either other forms of genomic instabil-
ity contributing to leukaemogenesis in the remaining cases or by
CIN only transiently occurring in the majority of cases. The latter
possibility of genomic instability being mostly a transient phe-
nomenon in the setting of tumourigenesis and tumour progres-
sion has been repeatedly postulated [31] and is supported by the
recent finding that permanent genomic instability is disadvanta-
geous to malignant cells [3].

We conclude that the numerical CIN level might be a valuable
measure for identifying patients with high-risk MDS more reliably

and possibly for predicting progression to AML, and should be
evaluated as a diagnostic tool in larger prospective series.
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