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Genomic arrays for the identification of high-risk chronic lymphocytic leukemia: ready for
prime time?
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Hematopoietic tumors develop through the acquisi-
tion of multiple molecular cytogenetic lesions,
which confer growth advantage to the neoplastic

cells, favoring the emergence of clones resistant to treat-
ment. Not surprisingly, a high number of chromosome
aberrations represents an unfavorable prognostic factor in
several hematologic neoplasias, including acute myeloid
leukemia,1 myelodysplastic syndrome,2 myelofibrosis3

and chronic lymphocytic leukemia (CLL).4

Conventional banding analysis (CBA) is a well-estab-
lished method allowing for a complete overview of the
cell genome, with high specificity and low sensitivity.
The presence of three or more chromosome lesions in the
same clone, usually referred to as complex karyotype,
was associated with a shorter overall survival in CLL as
early as 1990.5 Since then, reports have documented the
negative prognostic significance of a complex karyotype
in patients treated with chemoimmunotherapy and with
novel mechanism-based therapy.6-10

While prognostic factors associate with outcome inde-

pendently of the treatment, predictive factors are able to
identify patients who are likely to obtain improved sur-
vival with a specific therapy and can only be identified in
comparative trials.11 Because different types of treatment
can be offered to CLL patients, biological factors predicting
outcome with a specific drug are very useful in clinical
practice and CBA was proposed as a desirable procedure in
the diagnostic workup within prospective clinical studies.12

Interestingly, high efficacy of venetoclax plus obinutuzum-
ab in patients with a complex karyotype and CLL was
recently documented in the CLL14 trial,13 pointing to a pos-
sible role of complex karyotype as a predictive marker. 
Despite the introduction of effective mitogens, CBA is

quite a cumbersome procedure requiring fresh dividing
cells. For this reason, molecular methods such as array
comparative genomic hybridization (CGH), single
nucleotide insertional polymorphisms and next-genera-
tion sequencing have been applied in CLL, consistently
showing that a high number of genetic lesions is associat-
ed with an inferior outcome.14-16

The long road of genetic advances with a clinical impact on chronic lymphocytic leukemia. CNV: copy number variation; cnLOH: copy neutral loss of heterozygosity;
≥3 and ≥5: three or more, or five or more aberrations in the same clone, respectively.



In this issue of Haematologica, Leeksma and co-work-
ers17 report the results of high-resolution genome-wide
detection of copy-number alterations (CNA) in a large
multicenter cohort of CLL patients, showing that genom-
ic arrays are more sensitive than molecular cytogenetic
methods and that high genomic complexity (i.e., 5 or
more CNA) represents an independent adverse prognos-
ticator.
In their analysis, 13 laboratories connected to the

European Research Initiative in CLL (ERIC) group ana-
lyzed 2,293 patients by array-CGH and performed con-
current fluorescence in situ hybridization (FISH) in 260
patients using the classical four-probe panel detecting
17p-, 11q-, +12 and 13q- and concurrent CBA in 122
patients. Nine-hundred seventy-two patients, known to
be untreated at the time of sampling, were included in the
overall survival analyses.
Overall, CNA were detected in 78.9% of the cases and,

as expected, previously treated patients and patients with
high-risk CLL (i.e., in advanced stage or with unfavorable
genetic features) had a significantly higher number of
CNA.
In one-third of the cases genomic lesions detected by

array-CGH were not detected by FISH. However, despite
a high concordance between the two approaches, sub-
clonal chromosome lesions detected by FISH, including
11q- and 17p-, were not detected by array-CGH.
In previous analyses, similar results were observed

when comparing FISH and CBA.18,19 Interestingly,
Leeksma and co-workers suggest that CGH may be more
sensitive than CBA, given that a direct comparison of
results from 122 patients showed chromosomal abnor-
malities in 86.1% of patients by genomic arrays versus
73.8% by CBA (P=0.015).
Among 972 untreated patients, 57 (5.8%) had high

genomic complexity (i.e., ≥5 CNA). This parameter was
an independent prognostic factor associated with shorter
overall survival (hazard ratio = 2.19; 95% confidence
interval: 1.35-3.54) and shorter time to first treatment
(hazard ratio = 2.00; 95% confidence interval: 1.28-3.14),
thus confirming the results of a recent international report
on CBA.8 It is worth noting that, as the authors wisely
pointed out, this series included patients treated with dif-
ferent chemoimmunotherapy regimens and that the role
of genomic complexity in patients treated with novel
agents is still unknown. 
Besides the classical biomarkers and molecular genetic

lesions associated with inferior prognosis, array-CGH
identified gains of 8q, and losses of 9p and 18p as candi-
date markers possibly associated with a shorter overall
survival in univariable Cox regression analysis.
Interestingly, a minority of patients (n=32) showed very
complex rearrangements, consisting of ≥10 oscillating
copy number alterations involving two or three copy
number states on one chromosome, a pattern suggestive
of catastrophic mitotic events, usually referred to as chro-
mothripsis.20 Putative chromothripsis was associated
with a dismal outcome in this series.
It is worth noting that, despite heterogeneity of the

patients and of the methods employed in the different
laboratories (i.e., total blood or purified CD19-positive
lymphocytes, different array-CGH platforms and proto-

cols) the study by Leeksma et al. has the following merits:
(i) rigorous criteria were applied for the detection of
CNA, with reference to the 5 Mb cut-off that is close to
the chromosome band size; (ii) virtually all the results cor-
responded to established cytogenetic imbalances expect-
ed to occur in CLL; and (iii) the highly complex karyotype
(i.e., ≥5 changes) was detected, with results in patients
being superimposable to those with concurrent CBA. 
On the other hand, an intrinsic limit of genomic arrays,

like that of other genomic techniques, is the lack of iden-
tification of subclones and translocations; furthermore,
the major specific contributions generated in this analy-
sis, i.e., chromothripsis and copy neutral loss of heterozy-
gosity, could not be analyzed in detail. 
Although not yet validated in prospective studies,

genomic arrays could become an accurate tool for CLL
risk stratification, as they may represent a widely applica-
ble method for the detection of DNA gains and losses.
Indeed, while FISH remains the gold standard for the
detection of 11q- and 17p-, the introduction of array-
CGH in clinical trials may be advantageous as it may
allow for investigations on the role of genomic complex-
ity as a prognostic/predictive factor in clinical trials,
assisting clinicians in the choice of the most appropriate
treatment for their patients. 
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Mature red blood cells (RBC) lack a nucleus and
mitochondria, relying almost entirely on their
own glycolytic degradative processes to generate

energy. One of the major reaction pathways in RBC is the
Embden-Meyerhof in which a series of enzymes convert
glucose anaerobically into usable energy: adenosine
triphosphate (ATP).1 The pathway utilizes two ATP to ini-
tiate the reaction, with ultimately two more ATP being
produced. This pathway is essential to meeting the energy
demands of RBC, including maintenance of red cell mem-
brane flexibility and, therefore, impacting RBC shape.1

In the Embden-Meyerhof pathway, a pyruvate kinase
(PK) isoform unique to RBC, PK-R, is a rate-limiting
enzyme that plays a critical role in the formation of pyru-
vate from phosphoenolpyruvate (PEP) with the simultane-
ous generation of ATP from adenosine diphosphate (ADP)2

(Figure 1). Among the most common enzyme defects relat-
ed to the Embden-Meyerhof pathway is an inherited disor-
der in which homozygote individuals display signs and
symptoms of hemolytic anemia due to the deficiency of the
PK-R enzyme. PK defects have been documented world-
wide, although most cases have been identified in people of
Northern European ancestry.3

This rare hereditary disorder is characterized by changes
in RBC metabolism including manifestation of anemia and
a compromised energetic profile (ATP production). RBC
deficient in PK cannot produce enough energy to maintain
normal membrane function. Potassium and water leak from
the cell, while calcium concentrations increase. As a result,
these cells become rigid, lose flexibility, and are more sus-
ceptible to premature hemolysis.4

In mammals, two PK genes are expressed depending on
anatomical region and cell type: PK muscle (PKM) and PK
liver and red blood cell (PKLR). PKLR controls the expres-

sion of the red blood cell (PK-R) or liver (PK-L) isoforms
from tissue-specific promoters. Mutations in the PKLR gene
cause PK deficiency with clinical symptoms apparently
confined to RBC. PK-R of RBC is a tetrameric enzyme that
exists in equilibrium between a less active T-state and a
more active R-state that can be induced by binding to the
glycolytic intermediate fructose bisphosphate (FBP).
Therefore, intervention strategies designed to counter this
condition included the stabilization of the active R state of
PK-R, directly restoring PK activity above and beyond the
endogenous activation by FBP.5

An early investigation that screened for drugs targeting
the PK enzyme resulted in the discovery of a small mole-
cule, AG-348, which allosterically activates wild type PK as
well as the mutant form of the enzymes. The activities of
this molecule were demonstrated in vitro, in mice, and ex
vivo in human RBC.6 A partially resolved crystal structure of
AG-348 bound to PK-R (2.75 A˚ resolution) showed that
AG-348 is bound in the PK enzyme pocket at the dimer–
dimer interface away from the FBP-binding domain and is
buried in a cluster of apolar amino acids inducing post bind-
ing conformational change to the final R-state reminiscent
of the classic R to T transition in another red cell protein,
hemoglobin.7

In this issue of Haematologica, Rab et al.8 report on the
effects of AG-348 on RBC from a small number of
patients with PK deficiency. In this investigation, the
group carried out ex vivo experiments on RBC from a
broad range of patient phenotypes, including measuring
several parameters such as activities of the intermediates
in the glycolytic pathway and ATP levels. They showed
that AG-348 affects thermostability of the PK-R, protein
levels and the shape of RBC. They also reported a modest
increase in ATP and improvement in PK thermostability.


