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Abstract

High hyperdiploid acute lymphoblastic leukemia (ALL) is one of the most common malig-

nancies in children. The main driver event of this disease is a nonrandom aneuploidy con-

sisting of gains of whole chromosomes but without overt evidence of chromosomal

instability (CIN). Here, we investigated the frequency and severity of defective sister

chromatid cohesion—a phenomenon related to CIN—in primary pediatric ALL. We found

that a large proportion (86%) of hyperdiploid cases displayed aberrant cohesion, fre-

quently severe, to compare with 49% of ETV6/RUNX1-positive ALL, which mostly dis-

played mild defects. In hyperdiploid ALL, cohesion defects were associated with

increased chromosomal copy number heterogeneity, which could indicate increased CIN.

Furthermore, cohesion defects correlated with RAD21 and NCAPG mRNA expression,

suggesting a link to reduced cohesin and condensin levels in hyperdiploid ALL. Knock-

down of RAD21 in an ALL cell line led to sister chromatid cohesion defects, aberrant

mitoses, and increased heterogeneity in chromosomal copy numbers, similar to what was

seen in primary hyperdiploid ALL. In summary, our study shows that aberrant sister chro-

matid cohesion is frequent but heterogeneous in pediatric high hyperdiploid ALL, ranging

from mild to very severe defects, and possibly due to low cohesin or condensin levels.

Cases with high levels of aberrant chromosome cohesion displayed increased chromo-

somal copy number heterogeneity, possibly indicative of increased CIN. These abnormali-

ties may play a role in the clonal evolution of hyperdiploid pediatric ALL.
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1 | INTRODUCTION

Changes in the number of chromosomes, termed aneuploidy, is one of

the most common genetic aberrations in cancer cells. In spite of this,

many questions remain regarding its impact on the cell and its role in

tumorigenesis. One such controversial issue is whether aneuploidy is

always associated with chromosomal instability (CIN), that is an

increased rate of missegregation of chromosomes at mitosis.1
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The high hyperdiploid (HeH; 51-67 chromosomes) subgroup of

B-cell precursor acute lymphoblastic leukemia (BCP ALL) comprises 25%

to 30% of all pediatric cases and is associated with young age (3-5 years)

at diagnosis and a superior prognosis.2 Genetically, HeH leukemia is char-

acterized by a specific aneuploidy, comprising gains of chromosomes X,

4, 6, 10, 14, 17, 18 and 21, which is believed to be the main driver event

because it occurs very early in leukemogenesis and is always present in

all leukemic cells.3-7 In contrast to many other aneuploid malignancies,

there is little evidence for CIN in HeH ALL; extra chromosomes are rarely

subclonal and the chromosomal pattern generally does not change over

the course of the disease.3,6,8,9 Thus, HeH ALL appears to be a chromo-

somally stable aneuploid disease, suggesting that aneuploidy is not neces-

sarily associated with CIN per se. However, underlying CIN that is

masked by stable dividing major clones cannot be excluded.

We recently reported that HeH childhood BCP ALL displays rela-

tively low expression of cohesin.10 Cohesin is a ring-like multi-protein

complex that includes SMC1/SMC3 heterodimers, RAD21, and a STAG1

or STAG2 subunit.11,12 One of its main functions is to mediate sister

chromatid cohesion at metaphase; a process that, if disrupted, may cause

CIN.1 Individuals with constitutional mutations in cohesin components,

which cause Cornelia de Lange syndrome, have increased levels of cohe-

sion defects13 and knockdown experiments in human cell lines have

shown that loss of expression of SMC1A, SMC3, STAG2, and RAD21 are

all associated with cohesion defects to different degrees.14-22 In cancer,

mutations in components of the cohesin complex are recurrent in a wide

variety of malignancies, including acute myeloid leukemia, but conflicting

results have been reported regarding their link to cohesion defects and

aneuploidy.23-27 In line with this, a recent study has shown that primary

HeH ALL cases present chromatid cohesion defects in addition to delays

in early mitosis and chromosome-alignment defects.28 The authors found

an association between such aberrations and defective condensin com-

plexes, aurora B kinase and the spindle assembly checkpoint28 but did

not address the possible link with cohesin levels.

In this study, we have investigated the severity and frequency of

aberrant sister chromatid cohesion in primary HeH ALL, and how it may

affect chromosomal heterogeneity within the HeH subgroup. We found

that primary HeH frequently have severe cohesion defects in meta-

phase chromosomes that are associated with increased chromosomal

copy number heterogeneity, indicating that a subset of HeH ALL may

possibly harbor CIN. Our data point to a novel opportunity for targeted

therapy in HeH ALL, in line with other cancers with cohesion defects.

2 | MATERIALS AND METHODS

2.1 | Patient samples

Eighty-two childhood ALL cases were included in the study (Supporting

Information Table S1), selected on the basis of material being available.

Forty-five cases displayed HeH as ascertained by G-banding, fluores-

cence in situ hybridization (FISH) and/or single nucleotide polymor-

phism (SNP) array analysis, whereas 37 were ETV6/RUNX1-positive by

reverse transcriptase quantitative PCR (RT-PCR) and/or FISH. We have

previously shown that the latter generally display normal levels of

cohesin.10 Diagnostic samples obtained at ALL diagnosis and stored in

fixative (methanol:acetic acid, 3:1) for 1 to 31 years were utilized.

Informed consent was obtained according to the Declaration of Helsinki

and the study was approved by the Ethics Committee of Lund Univer-

sity. SNP array data from samples obtained at diagnosis were available

for all cases except HeH_29 and have been previously published.3,4

These data were reanalyzed to identify subclonal chromosome gains

using TAPS.29 The lower limit of detecting subclonality using this

technique was estimated to be approximately 10% to 20% of the cells.

2.2 | RAD21 knockdown

To investigate the effect of lower levels of cohesin, we performed

shRNA-mediated knockdown of RAD21 (RAD21-KD) in the

ETV6/RUNX1-positive ALL REH cell line (ACC-22, DSMZ, Braunschweig,

Germany) according to methods previously described.26 Briefly, lentivi-

rus carrying the shRNA construct and expressing GFP were produced

using the human cell line 293 T.26,30 REH cells were cultured in standard

cell medium (RPMI, 20% FBS, 1% P/S) and transduction was done with

two different shRNAs targeting RAD21 (RAD21 shRNA-1 and RAD21

shRNA-2, respectively) as well as a non-targeting shRNA control, with

three replicates for each. GFP+ cells were sorted by FACS 48 hours post-

transduction. Gene expression levels were determined 1 week after trans-

duction by RT-PCR (7500 Real-Time PCR system; Applied Biosystems,

Waltham, MS), using probes from Taqman (Life Technologies, Carlsbad,

CA) for RAD21 (Hs00366721_mH) and HPRT1 (Hs02800695_m1). Cyto-

genetic analysis was performed according to standard methods 2 to 3 and

immunofluorescence 4 to 5 weeks post-transduction.

2.3 | Cohesion assay

Sister chromatid cohesion assay was performed according to Sajesh

et al15 in the RAD21-KD REH cells and controls (blinded analysis) and

in the primary patient samples. For the latter, the analysis was done

without prior knowledge of expression levels of members of the

cohesin or condensin complexes. FISH or standard G-banding prepa-

rations were analyzed using a Z2 fluorescence microscope (Zeiss,

Oberkochen, Germany). Images were captured and enhanced using

the CytoVision software (Leica, Wetzlar, Germany). Aberrant cohesion

was defined as the presence of primary constriction gaps (PCGs), that

is, visible gaps between the sister chromatids at the centromeres.15

The severity of PCGs was classified based on literature,15 with the

addition of a fourth category: (a) PCG-I (mild), 1-4 chromosomes with

PCGs; (b) PCG-II (moderate) 5-19 chromosomes with PCGs; (c) PCG-

III (severe) ≥20 chromosomes with PCGs, but not all; and (d) PCG-IV

(very severe), complete loss of cohesion. Since ETV6/RUNX1 is cryptic,

leukemic blasts were identified by simultaneous detection of the

translocation by FISH or by additional chromosomal aberrations iden-

tifiable by chromosome banding. The frequency of cohesion defects

in the different subgroups was compared using the Mann-Whitney
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U test; P-values <.05 were considered significant. Furthermore, the

overall frequency of chromosomes with cohesion defects per patient

was calculated taking the number of chromosomes with cohesion

defects and dividing it by the total number of chromosomes times the

number of analyzed cells.15

2.4 | Immunoflourescence

The frequency of aberrant mitoses in REH cells under RAD21 knock-

down was investigated in a blinded manner using the RAD21-KD cells

and controls. Slide preparation was performed according to the guide-

lines “Cell Staining for Immunofluorescence Microscopy” provided by

BD Biosciences (Franklin Lakes, NJ), with minor modifications. A mini-

mum of 100 mitoses were analyzed for each replicate, and statistical

significance was evaluated by the Mann-Whitney U test; P-values

<.05 were considered significant. Primary antibodies anti-tubulin

alpha (produced in rabbit, SAB4500087; Sigma–Aldrich, St. Louis,

MO) and anti-tubulin gamma (produced in mouse, T6557;

Sigma–Aldrich) were used to label microtubuli and centrosomes,

respectively. Samples were counterstained with anti-rabbit IgG (FITC

green, F1262; Sigma–Aldrich) and anti-mouse IgG (Cy3 orange,

C2181; Sigma–Aldrich) and slides were mounted with Vectashield

medium with DAPI (H-1200; Vector Laboratories, Burlingame, CA).

2.5 | Interphase FISH

Interphase FISH was done in a blinded manner on RAD21-KD cells and

controls according to standard methods. Slides from each replicate

were hybridized with FISH probes for chromosomes X, 2, 3 and

21 (Vysis, Abbott Laboratories, Chicago, IL). A total of 300 nuclei were

analyzed for each replicate, with each probe counted separately. Inter-

phase FISH on HeH primary samples was done in a blinded manner in

>300 nuclei in five cases with high percentage and five cases with low

percentage of cohesion defects, all chosen according to availability of

material, using probes for chromosomes X, 2, 3, 6, 10, and 21 (Vysis).

To minimize technical artefacts, only cases with the same copy number

for the analyzed chromosome in the major clone were included in each

analysis. To ensure that only leukemic blasts were analyzed, only nuclei

where the other probes confirmed hyperdiploidy were included.

2.6 | Gene expression correlation

Data from RNA-sequencing were available for 36 of the HeH and

32 ETV6/RUNX1-postive cases (Supporting Information Table S1).31

For each cohesin- and condensin-related gene, HeH cases were

divided into two groups: high expression and low expression (top and

bottom 50% of cases for the given gene); one-sided Mann-Whitney

U test was applied to inquire whether the low expression groups pres-

ented higher levels of cohesion defects. Genes included in the analysis

were core subunits of the cohesin and condensin complexes, that is,

RAD21, SMC1A, SMC3, STAG1, STAG2 (cohesin), NCAPD2, NCAPD3,

NCAPG, NCAPG2, NCAPH, NCAPH2, SMC2 and SMC4 (condensin I and

II); P < .05 was considered significant.

3 | RESULTS

3.1 | Primary patient samples of HeH ALL have
aberrant sister chromatid cohesion

To investigate whether primary ALL samples display cohesion defects,

we first ensured that we could detect cohesion defects by analyzing

the RAD21-knockdown cells (2 to 2.5-fold decrease in RAD21 expres-

sion; Supporting Information Figure S1). The proportion of mitotic cells

displaying cohesion defects was clearly higher in RAD21-knockdown

cells: 36% and 33%, respectively, of two technical replicates vs 4% of

control cells (P = 0.0119, Mann-Whitney U test; Supporting

Information Figure S2A-B and Table S2). RAD21-KD cells also displayed

more severe defects, ranging from PCG I-III, while controls presented

only PCG I (Supporting Information Table S2). These results are in line

with previous reports of cohesin knockdown,14,16 and shows that our

analysis is able to detect sister chromatid cohesion defects.

Cohesion defects were detected in 86% of HeH cases vs 49% of

ETV6/RUNX1-positive cases (P = 3.02 × 10−8; Mann-Whitney U test;

Figure 1, Supporting Information Table S3). In HeH cases, 0% to 85% of

the cells displayed cohesion defects (Figure 1E), with mild defects (PCG

I) seen in 27%, moderate defects (PCG II) in 40%, and severe defects

(PCG III) in 11% of cases (Figure 1). Complete loss of cohesion was

observed in two cells from case HeH_14 and in one cell each from

cases HeH_18 and HeH_45 (7% of cases). In ETV6/RUNX1-positive

cases, cohesion defects were seen in 0% to 18% of cells, with 30% of

cases classified as mild, 14% as moderate and 5% as severe. Complete

loss of cohesion was not observed. Taken together, the distribution

between the categories (PCG I-PCG IV) clearly differed between the

two subtypes (Figure 1F). Furthermore, the frequency of chromosomes

displaying cohesion defects per case (based on each case's modal chro-

mosome number) was significantly higher in HeH ALL than in ETV6/

RUNX1-positive ALL (P = 4.74 × 10−8, Mann-Whitney U test;

Supporting Information Table S3). Remission samples from twelve HeH

and eight ETV6/RUNX1-positive cases were also analyzed to investigate

the frequency of cohesion defects in normal cells. Of 210 analyzed nor-

mal cells, only one cell in one remission sample had mild cohesion

defects (0.48%). Thus, sister chromatid cohesion defects were both sig-

nificantly more common and more severe in primary HeH as compared

with primary ETV6/RUNX1-positive ALL and normal bone marrow cells.

3.2 | Cohesion defects are associated with
increased chromosomal heterogeneity in primary
HeH ALL

Next, we investigated whether cohesion defects lead to increased

chromosomal heterogeneity, which is indicative of CIN, in primary
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ALL by interphase-FISH. There was an increase in copy number varia-

tion for all the six assessed chromosomes in cases with high levels of

cohesion defects, being statistically significant for chromosomes 3, 6,

10 and 21 (P = .0357, P = .00794, P = .0286, and P = .0179, respec-

tively; Figure 2, Supporting Information Table S4). Thus, sister chro-

matid cohesion defects were associated with increased chromosomal

copy number heterogeneity in HeH ALL, indicating that cohesion

defects may lead to increased CIN.

To investigate whether sister chromatid cohesion defects

were also associated with the number of subclones involving

whole chromosomes in primary HeH ALL, SNP array data was

analyzed in 44 of the HeH cases. Subclonality was detected for

1 to 4 chromosomes in 18 cases (40%). No difference in the fre-

quency of cohesion defects was seen between cases with and

without subclonal chromosome changes (P = .747; Mann-Whitney

U test).

3.3 | Cohesion defects are associated with
decreased RAD21 and NCAPG expression in primary
HeH ALL

To investigate whether sister chromatid cohesion defects could be

linked to cohesin or condensin levels, we analyzed whether mRNA

expression of core subunits from both protein complexes correlated

with the percentage of cells displaying cohesion defects. Consistent

with our hypothesis, the expression of RAD21 was negatively corre-

lated with the number of cells displaying cohesion defects in HeH ALL

(P = .00111; one-sided Mann-Whitney U test; Supporting

Information Figure S3C). Moreover, low NCAPG levels also correlated

with aberrant cohesion (P = .00424; one-sided Mann-Whitney U test;

Supporting Information Figure S4C). No other correlations were seen

in the HeH cases only (Supporting Information Figure S3, Supporting

Information Figure S4), the ETV6/RUNX1-positive cases only, or in

both groups combined.

3.4 | Knockdown of RAD21 leads to increased
chromosomal heterogeneity and aberrant mitoses in
leukemic cells

To assess further whether the low levels of cohesin affect chromo-

somal stability in hematopoietic cells, we performed interphase FISH

in the RAD21-KD cells. For all four investigated chromosomes,

RAD21-KD cells displayed increased variation in copy number; how-

ever, it was only statistically significant for chromosome 21 (Figure 3,

Supporting Information Table S5). Taken together, the interphase

FISH showed increased chromosomal heterogeneity in RAD21-KD

cells, indicating that decreased levels of cohesin lead to

increased CIN.

Next, we investigated whether low expression of RAD21 affects

cell division in ALL cells by analyzing for spindle defects—monopolar,

tripolar, and tetrapolar mitoses—and chromatin bridges/lagging

F IGURE 1 Analysis of sister chromatid cohesion, detected as
primary constriction gaps (PCGs), in primary patient samples from
high hyperdiploid and ETV6/RUNX1-positive ALL cases. A, Metaphase
from case HeH_3, classified as PCG I, where two chromosomes
(arrows) displayed cohesion defects; B, metaphase from case HeH_40,
classified as PCG II, where seven chromosomes (arrows) displayed
cohesion defects; C, metaphase from case HeH_26, classified as PCG
III, where 22 chromosomes (arrows) displayed cohesion defects; D,
metaphase from case HeH_14, classified as PCG IV, that is, complete
loss of cohesion. E, Incidence of cohesion defects, comparing high
hyperdiploid and ETV6/RUNX1-positive ALL cases: cohesion defects,
shown as percentage of total cells presenting PCGs per case, where
the boxes show the interquartile range and median (line) values,
whiskers show minimum and maximum values in the cohort and
outliers are shown as circles; F, classification of ETV6/RUNX1-positive
and high hyperdiploid cases according to the cohesion assay criteria,
from “no PCG” to “PCG I-IV”
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chromosomes (Supporting Information Figure S2C-F, Table S6). The

overall frequency of mitotic aberrations in RAD21-KD cells was 6.5%,

while no control cells had such aberrations (P = .0119, Mann-Whitney

U test; Supporting Information Figure S2G). Spindle defects were

detected in 4.8% of RAD21-KD cells; in particular, tripolar mitoses

were more frequent (P = .0119; Mann-Whitney U test). Chromatin

bridges/lagging chromosomes were only seen in RAD21-KD cells

(1.6% of the cells). Taken together, lower expression of RAD21

increased the frequency of spindle defects, in particular tripolar

mitoses.

F IGURE 2 Copy number in HeH ALL primary patient cells with high PCG (primary constriction gaps) (HeH_4, HeH_14, HeH_18, HeH_40 and
HeH_41) and low PCG (HeH_21, HeH_23, HeH_30, HeH_39 and HeH_42), analyzed by interphase fluorescence in situ hybridization for
chromosomes X, 2, 3, 6, 10 and 21. A, Overall copy number of chromosome X, disomy expected; B, overall copy number of chromosome
2, disomy expected; C, overall copy number of chromosome 3, disomy expected; D, overall copy number of chromosome 6, trisomy expected;
E, overall copy number of chromosome 10, trisomy expected; F, overall copy number of chromosome 21, tetrasomy expected; G, nucleus from
HeH_42, showing disomy of chromosome X, disomy 3 and trisomy 10; H, nucleus from HeH_14, showing disomy X, monosomy 3 and trisomy
10; I, nucleus from HeH_40, showing trisomy X, disomy 3 and trisomy 10; J, nucleus from HeH_14, showing disomy X, trisomy 3 and trisomy
10; K, nucleus from HeH_14, showing monosomy 2,trisomy 6 and disomy 10; L, nucleus from HeH_41, showing trisomy 2, trisomy 6 and trisomy
10; M, nucleus from HeH_30, showing disomy 2, tetrasomy 6 and trisomy 10; N, nucleus from HeH_30, showing disomy 2, trisomy 6 and
tetrasomy 10; O, nucleus from HeH_18, showing disomy 6, two copies of ETV6 (chromosome 12) and four copies of RUNX1 (chromosome 21);
P, nucleus from HeH_40, showing tetrasomy 6, two copies of ETV6 and five copies of RUNX1; Q, nucleus from HeH_18, showing trisomy 6, three
copies of chromosome ETV6 and five copies of RUNX1; R, nucleus from HeH_40, showing trisomy 6, two copies of ETV6 and three copies of
RUNX1
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4 | DISCUSSION

In this study, we found that HeH ALL cells frequently harbor aberrant

cohesion, in line with the recent investigation by Molina et al.28 In a

further expansion of their findings, we report that the incidence and

severity of defects vary within the subgroup. HeH ALL displayed both

a higher frequency and more severe cohesion defects compared to

ETV6/RUNX1-positive cases. Notably, the percentage of aberrant

cohesion ranged from 0% to 85% in primary HeH ALL, where 40% of

the cases presented moderate and 18% presented severe or very

severe cohesion defects, showing that aberrant sister chromatid cohe-

sion is a widespread, yet heterogeneous, phenomenon in HeH

childhood ALL.

Sister chromatid cohesion defects may be associated with CIN,

which in turn may give rise to increased heterogeneity in chromo-

somal copy numbers. Whether HeH ALL display CIN or not is a con-

troversial issue. Some investigators have reported widespread

chromosomal heterogeneity when using interphase FISH to analyze

commonly gained chromosomes.28,32-34 However, a major problem

with these studies is that they have compared HeH samples con-

taining trisomies with normal or other BCP ALL samples containing

disomies. Since the baseline number of the chromosomes differ

between these two groups, appropriate cut-off levels for the probes

cannot be determined and solid data are thus lacking. Here, we cir-

cumvented this problem by comparing two groups of HeH cases, only

including cases with the same copy number for the analyzed chromo-

somes. We detected a clear difference between cases with high levels

of sister chromatid cohesion defects and those with low levels/no

cohesion defects. Thus, we can conclude that aberrant sister chroma-

tid cohesion result in increased levels of chromosomal copy number

heterogeneity. Although the link between chromosomal copy number

heterogeneity and CIN is not absolute, these findings suggest that

cohesion defects are associated with increased CIN. However, this did

not translate into an increased number of subclones detectable by

SNP array analysis in cases with high levels of cohesion defects, likely

due to the lower limit of detection of subclonal trisomies with this

F IGURE 3 Copy number in REH cells
with low expression of RAD21
(RAD21-KD cells) and controls, analyzed
by interphase fluorescence in situ
hybridization for chromosomes X, 2, 3 and
21. A, Overall copy number of
chromosome X, monosomy expected; B,
overall copy number of chromosome
21, trisomy expected; C, nucleus from

replicate RAD21.1-3, showing one copy of
chromosome X and two copies of
chromosome 21; D, nucleus from replicate
RAD21.2-3, showing two copies of
chromosome X and three copies of
chromosome 21; E, nucleus from replicate
RAD21.2-2, showing one copy of
chromosome X and four copies of
chromosome 21; F, nucleus from replicate
RAD21.1-3, showing one copy of
chromosome X and five copies of
chromosome 21; G, overall copy number
of chromosome 2, disomy expected; H,
overall copy number of chromosome
3, disomy expected; I, nucleus from
replicate RAD21.2-4, showing two copies
of chromosome 2 and one copy of
chromosome 3; J, nucleus from replicate
RAD21.2-5, showing one copy of
chromosome 2 and three copies of
chromosome 3; K, nucleus from replicate
control 5, showing two copies of
chromosome 2 and three copies of
chromosome 3; L, nucleus from replicate
control 5, showing two copies of
chromosome 2 and two copies of
chromosome 3
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method being approximately 10-20%, preventing detection of smaller

subclones. Molina et al28 reported that inhibition of AURKB,

suggested to be the functional outcome of defective condensin in

their study, in CD34-positive hematopoietic stem/progenitor cells led

to an increase in the number of hyperdiploid cells, although no further

characterization of the exact chromosomal content of these cells was

done. However, considering that we show that not all HeH cases dis-

play cohesion defects, regardless of the underlying cause, it does

seem unlikely that these are directly causative of the aneuploidy, in

particular as the allelic patterns in HeH ALL suggest that the majority

of extra chromosomes are gained in one abnormal cell division.35-37

Rather, sister chromatid cohesion defects may promote clonal evolu-

tion in HeH ALL through increased chromosomal heterogeneity.

Taken together, since the incidence of cohesion defects as well as the

level of chromosomal heterogeneity varies among HeH cases, these

phenomena are likely not early events in leukemogenesis, but could

rather have a role in later optimization of the chromosomal gains once

the initial hyperdiploidy has been established.

We recently reported that HeH ALL display low levels of

cohesin compared to ETV6/RUNX1-positive cases and normal BCP

cells.10 This was shown on the protein level as well in multiple

mRNA datasets and impacted the overall gene expression. Since low

cohesin levels would be expected to also result in aberrant cohe-

sion, we investigated whether the cohesion defects described here

in primary HeH ALL correlated with the expression of cohesin sub-

units in HeH ALL. We found a negative correlation between RAD21

mRNA expression and the incidence of cohesion defects, in agree-

ment with prior in vitro studies,14,15 whereas no statistically signifi-

cant correlation was seen for the remaining genes. Another recent

study investigated the incidence of mitotic and chromosomal

defects in HeH ALL compared to other B-ALL subgroups, suggesting

that impairment of aurora B kinase and the condensin complex were

underlying such abnormalities.28 Although the authors observed no

correlation at the mRNA expression level of condensin, suggesting

that posttranslational modifications were likely to be the cause of

condensin impairment, we here found that NCAPG mRNA expres-

sion correlates with cohesion defects within the HeH ALL subgroup.

Taken together, we cannot definitely state whether dysregulation of

cohesin, condensin, or a combination of both causes cohesion

defects in primary ALL.

There are conflicting data in the literature on the link between

cohesin dysregulation and aneuploidy. Solomon et al18,25 reported

increased variability in chromosome numbers in cell lines with knock-

down of STAG2, whereas Balbás-Martínez et al38 did not observe such

effects. Using interphase FISH, we detected increased chromosomal

heterogeneity for chromosome 21, the only investigated trisomy, in

REH leukemic cells with knockdown of RAD21, but not for

chromosomes X, 2 and 3. Whether this discrepancy is due to an

underlying chromosome-specific effect—as recently shown to exist

for certain CIN-associated phenomena39—or to the fact that more

copy number variation can be expected for trisomic chromosomes,

simply because there are more copies that can be affected, remain to

be investigated. Taken together, our data support that low expression

of RAD21 compromises the integrity of chromosome segregation in

BCP ALL cells, at least for some chromosomes.

Recent studies have suggested possible agents for targeted ther-

apy in cohesion-defective cancers, based on synthetic lethality experi-

ments in cells with aberrant cohesion. In particular, inhibition of the

anaphase promoting complex in the presence of aberrant cohesion

has been shown to have synthetic lethality, leading to mitotic death.40

Furthermore, synthetic lethality has been described for cohesin

defects and poly-ADP ribose polymerases (PARP)—a protein involved

in double-stranded DNA repair—where cell lines under siRNA-

mediated depletion of SMC1, SMC3 or RAD21 showed increased sen-

sitivity to the PARP-inhibitor olaparib.41 Thus, considering our data

showing that primary samples have cohesion defects, such treatments

could be a possible future option in at least a subset of HeH ALL.
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