
Prognostic and Predictive
Implications of Cytogenetics

and Genomics
Viktor Ljungström, MD, PhDa,b, Panagiotis Baliakas, MD, PhDa,c,*
KEYWORDS

� CLL � Prognostication � Genomics � Prediction

KEY POINTS

� Chronic lymphocytic leukemia (CLL) lacks a disease-specific genomic aberration.

� Numerous genomic aberrations have been associated with dismal clinical outcome in pa-
tients with CLL treated with chemo(immuno)therapy.

� The only genomic aberration that currently dictates treatment choice in CLL is aberrations
of the TP53 gene (deletions and/or mutations).

� The impact of genomic aberrations in CLL may differ depending on the immunogenetic
features of the B-cell receptor.

� The predictive significance of genomic aberrations in CLL treated with novel agents is still
unclear.
INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most common hematologic malignancy
among the elderly in the western world, characterized by remarkable clinical and bio-
logical heterogeneity, which likely reflects the underlying diverse genomic back-
ground.1 CLL is the prototype of disease in which the concept of precision
medicine is applied in the clinical setting, as several disease features are taken into
consideration and dictate treatment choice.2 Among those, the genomic aberrations
carried by the clonal population are probably the most established. Indeed, all recent
official guidelines regarding the treatment algorithm of CLL propose various manage-
ment options depending among others on the presence of aberrations in the TP53
gene (deletion of chromosome 17p [del(17p)] or TP53 mutations) as well as the immu-
nogenetic features of the clonotypic B-cell receptor (BcR), namely the segregation into
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mutated- and unmutated-CLL (M-CLL and U-CLL, respectively) (the biological and
clinical significance of the immunogenetic signature of the B-cell clone in CLL is pro-
vided in another review in the current issue).2–4 That said, the genomic landscape of
CLL is far more complex with a great number of genetic aberrations being reported,
ranging from large chromosomal deletions or duplications to point mutations.5–11

The prognostic and predictive value of the most common genomic abnormalities is
discussed in the present review.

GENOMIC LANDSCAPE OF CHRONIC LYMPHOCYTIC LEUKEMIA
Recurrent Cytogenetic Aberrations in Chronic Lymphocytic Leukemia

The cytogenetic landscape of CLL was initially studied with the performance of classic
chromosome banding analyses (CBA) in the early 1990s, when the genetic heteroge-
neity of the disease and the lack of a disease-specific genetic abnormality was re-
ported.12 Over the years, and due to technical issues that did not allow obtaining of
representative metaphases, CBA was overridden by fluorescence in situ hybridization
(FISH).13 In the early 2000s a seminal study reported that almost 80% of CLL cases
carry 4 recurrent aberrations detected by FISH, namely partial deletions of chromo-
somes 13q, 11q and 17p [del(13q), del(11q), del(17p), respectively] and trisomy of
chromosome 12 (112).14 Moreover, each of these lesions was associated with a
distinct clinical outcome, and collectively they were included in the well-established
Döhner hierarchical model, which is recommended in the clinical setting according
to the latest International Workshop on CLL (iwCLL) recommendations, mostly for
the detection of del(17p).2,14 Although informative, FISH analysis offers a targeted
assessment of the clonal cytogenetic background without providing any information
on any remaining and potentially clinically relevant cytogenetic abnormalities.10

The development of trustworthy culture protocols has allowed the performance of a
number of CBA-based studies in CLL, which have identified various recurrent cytoge-
netic abnormalities with some of them being associated with distinct clinical fea-
tures.15–18 These findings have been confirmed and further enriched by studies with
microarrays.19,20 Among the cytogenetic abnormalities with potential clinical signifi-
cance in CLL that are not included in the standard FISH analysis are the following:
deletion of 6q21, gain of 2p or recurrent translocations for example, t(14;19), with all
them being associated with unfavorable prognosis.21–23

Another cytogenetic feature that is currently under investigation for its prognostic/
predictive value in CLL is cytogenetic complexity identified by CBA or microarrays.
The presence of complex karyotype (CK) defined by 3 or more structural and/or nu-
merical abnormalities is suggested to be associated with dismal prognosis and sub-
optimal response in the context of chemo-based treatment,24 whereas its predictive
value in the era of novel agents is an issue of active debate.25–31 That said, for the
time being there is no solid evidence for the implementation of CBA in the clinical
setting, as concrete guidelines on how to perform CBA and how to report potential
findings are lacking. In the context of clinical trials; however, it is highly recommended
to perform CBA, to provide information on cytogenetic complexity.2 Moreover,
mounting evidence suggests that not all CKs are equal. Only high-complexity, defined
by �5 aberrations detected by CBA or microarrays seems to be an independent un-
favorable prognostic marker, whereas specific subgroups with CK, for example, cases
carrying multiple trisomies exhibit indolent clinical courses.6,19

Recurrent molecular aberrations in chronic lymphocytic leukemia
The discovery of recurrent cytogenetic aberrations in CLL prompted screening of
small mutations in the putative tumor-suppressor genes located in the minimal deleted
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regions. Indeed, Sanger sequencing of TP53 and ATM, the proposed driver genes tar-
geted by del(17p) and del(11q) respectively, revealed recurrent point mutations.32,33

However, this restricted mutation catalog was rapidly expanded in the last decade
with the increasing availability of next generation sequencing (NGS)-based techniques
with novel findings that to some extent challenged the view established in the cytoge-
netic and Sanger era.

TP53 Mutations in Chronic Lymphocytic Leukemia

Genetic aberrations in TP53 are observed in up to 50% of all human cancer34 and
constitute a marker of adverse prognostic impact across virtually all hematological
malignancies.35 TP53 encodes the tumor-suppressor protein p53, a key cell-cycle
regulator that can trigger apoptosis or G1 cell-cycle arrest in response to DNA
damage.36 Most TP53 mutations in CLL are missense mutations concentrated in
the DNA-binding domain but disruptive variants (nonsense mutations and frame-
shift insertions and deletions) are also observed.35 TP53-aberrations [including
del(17p)] are observed in 5% to 12% of CLL cases at the time of first-line treatment,
with increased prevalence in cohorts of clinically aggressive and previously treated
cases.37 In CLL, 60% to 80% of cases with TP53-aberrations exhibit biallelic ab-
normalities typically through combination of a chromosomal deletion and a
missense mutation. Cases with monoallelic TP53 aberrations display similar clinical
properties as biallelic cases and, according to the iwCLL guidelines, should be
treated similarly.2,38

NOTCH1: a pathway to accelerated disease
NOTCH1 encodes a transmembrane ligand-activated transcription factor that on
activation transactivates genes involved in regulation of cell differentiation, prolifer-
ation, and apoptosis. The C-terminus end of the protein contains a PEST domain
that modulates degradation of the protein via the FBXW7-SCF ubiquitin ligase com-
plex and thereby limits the intensity and duration of Notch signaling. The most
frequently observed NOTCH1 mutation in CLL is a 2 base-pair frameshift deletion
in exon 34 that leads to loss of the PEST domain that renders a more stable and
active isoform of the protein.39,40 Recent investigations of the noncoding parts of
the CLL genome revealed that recurrent mutations in NOTCH1 also occur in the
30-untranslated region of the gene, causing a novel splicing event that in turn leads
to truncation of the PEST sequence, analogous to the effect of the recurrent frame-
shift deletions.8

Mutations in NOTCH1 are among the most frequently detected in newly diagnosed
CLL with a prevalence of 10% to 14% at diagnosis. Studies of more aggressive sub-
groups of CLL have revealed increasing frequencies with more advanced disease and
especially in cases resistant to or relapsing from chemoimmunotherapy.8,41,42

Agreeing with this, w80% of all NOTCH1 mutated cases belong to U-CLL and there
is a marked association with trisomy 12.43 There is a noticeable enrichment of the mu-
tations in cases that have undergone the Richter transformation with a prevalence of
w30% in such cohorts.44 Retrospective analyses early identified an association be-
tween NOTCH1 mutations and shorter overall survival (OS) and progression-free sur-
vival (PFS). The UK CLL4 study identified NOTCH1 mutations as an independent
prognostic marker of OS; however, this was not replicated in the German CLL Study
Group (GCLLSG) CLL8 study. Instead, NOTCH1 mutations were identified as a prog-
nostic marker of reduced benefit of the addition of rituximab to fludarabine and
cyclophosphamide-based regimens, which could be explained by the finding that
NOTCH1 mutated cases show reduced CD20 expression.45,46
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SF3B1: hijacking the splice machinery
Whereas mutations in TP53 and NOTCH1 to some extent could be expected based on
prior knowledge about tumor and B-cell biology, the discovery of recurrent aberra-
tions in genes involved in the splicing machinery was less expected. SF3B1 encodes
subunit 1 of the splicing factor 3b protein complex that catalyzes the removal of in-
trons from precursor messenger RNA (mRNA).47 SF3B1 mutations in CLL are clus-
tered to evolutionarily conserved hotspots residing in HEAT repeats in the
C-terminal domain. The most commonly mutated allele is K700 E that constitutes
approximately half of all reported SF3B1mutations.48 There have been several efforts
to elucidate the oncogenic mechanism of SF3B1 mutations where several studies
point to increased splicing alterations, primarily the creation of transcripts with prema-
ture stop codons.49,50 Recent studies have demonstrated that in-frame alterations
resulting from aberrant splicing likely also influence the biology, as they can result in
dysregulated Notch and DNA damage response signaling.50

Approximately 10% of patients with newly diagnosed CLL carry SF3B1 mutations
and similar to TP53 and NOTCH1, the mutation prevalence increases with more
advanced disease. Interestingly, almost half of CLL cases with IGHV3-21 usage
belonging to the stereotyped subset #2 carry SF3B1mutations, indicating an interplay
between microenvironmental stimuli and the propensity to acquire specific muta-
tions.51,52 In the UK CLL4 trial, SF3B1mutation status was associated with intermedi-
ate OS, similar to patients with del(11q) and correlated with PFS, whereas the
GCLLSG CLL8 trial found SF3B1 mutation status to have independent prognostic
impact only on PFS.45,53

Recurrently affected pathways
Although TP53, NOTCH1, and SF3B1 are by far the most frequently mutated genes in
their respective pathway in CLL, recurrent aberrations are observed in other compo-
nents of DNA damage response, Notch signaling, and RNAmetabolism. Dysregulated
response to DNA damage is a common hallmark of aggressive cancer, which is also
true for CLL, as demonstrated by the aforementioned clinicobiological impact of TP53
aberrations. Another key player in the DNA damage response pathway is ATM, which
encodes a protein that is activated in response to double-strand DNA breaks. Small
mutations in ATM are observed in 10% to 20% of CLL, commonly together with
del(11q) leading to biallelic inactivation and are usually mutually exclusive with
TP53-mutations.8,42 Although ATM aberrations are frequently observed in CLL, their
prognostic value as monoallelic genetic events is unclear.48,54 Another central mech-
anism of maintaining genome stability is telomere maintenance in which POT1, a sub-
unit of the shelterin telomere binding complex, is mutated in 5% to 10% of CLL.8,42,55

Aside from NOTCH1, recurrent aberrations of the Notch pathway are observed pri-
marily as loss-of-function (LOF) mutations in FBXW7 and MED12 in 2% to 5% of
CLL.11,42,56–58 Both genes encode proteins involved in proteasomal degradation of
Notch1 among other proteins and as such, LOF mutations in these genes lead to
elevated expression levels of NOTCH1 target genes.59–61 Another observed mecha-
nism of Notch dysregulation is inactivating mutations in SPEN, a putative co-
repressor of the nuclear Notch pathway effector RBPJ, with mutations observed in
approximately 1% of CLL.8,62

Other mutations affecting spliceosomal subunits are generally rare in CLL as
compared with, for example, myelodysplastic syndrome. Instead, recurrent mutations
have been detected in XPO1 that encodes an essential nuclear export protein that is
responsible for shuttling molecules across the nuclear envelope.63 XPO1 mutations
are detected in w5% of CLL with an enrichment in cases that have undergone the
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Richter transformation.8,42,64 Whole-genome and RNA sequencing studies have
enabled analysis of small nuclear RNAs (snRNA) and interestingly, recurrent mutations
in the U1 snRNA responsible for recognizing the 50 splice site during mRNA splicing
have been detected in w4% of CLL. Analogous to SF3B1 mutations, aberrant U1
snRNA leads to novel splice junctions resulting in an altered global splice pattern.65

The compendium of mutated genes in CLL is extensive with even more candidate
drivers reported in recent years. Among them, BIRC3 lesions and NFKBIE mutations
affecting the NF-KB pathway, as well as mutations in EGR2 and RPS15 with the sec-
ond being linked to impaired ribosome fidelity, are associated with dismal clinical
outcome at least in the chemo-based era.5,66–72 Finally, mutations in the Ras–MAPK
pathway have recently been reported in CLL and are associated with aggressive dis-
ease and unfavorable prognosis,70 whereas mutations in MYD88 are correlated with
indolent disease, representing the only molecular genetic aberration with potential
favorable prognosis.11,73,74
Challenging the “prognostic and predictive” markers in chronic lymphocytic leukemia
today
The great majority of the genomic markers in CLL named previously, with the excep-
tion of isolated del(13q) andMYD88 mutations, has been associated with unfavorable
prognosis and poor response after treatment with chemo(immuno)therapy (Fig. 1).
However, the only genetic marker that according to the official guidelines should
dictate treatment choice today is TP53-aberrations, with patients carrying del(17p)
or TP53 mutations being treated with novel agents.2 In other words, despite the evi-
dence that a number of genetic features may be associated with dismal outcome at
least in the context of chemo-based treatment, no consensus has been reached on
which of those markers should dictate treatment choice. The reasons for this inconsis-
tency could vary from socioeconomic differences among countries and health care
systems to lack of data in the context of prospective clinical data.
Regarding clinical trials, we should, however, point out that we will probably never

be able to obtain solid conclusions for many of the recurrent genetic features in CLL,
Fig. 1. The prognostic and predictive significance of genomic features in CLL in the context
of the administered treatment.
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because their low incidence would demand the inclusion of thousands of patients in
each trial to reach statistical power.
The uncertainty of the potential predictive significance of all the preceding genomic

features becomes even more profound when we turn to novel agents. In the relapsed/
refractory setting, response seems more likely to be linked to the number of previous
treatments, primary refractoriness to fludarabine and potential side effects that lead to
pause of treatment. That said, TP53 aberrations and cytogenetic complexity, with the
second not yet consistently investigated, seem to be associated with suboptimal
response also in this setting. In front-line treatment with novel agents, the genomic
background does not seem to affect the treatment outcome. However, the rather short
follow-up of these patients and the limited number of patients with biallelic TP53 aber-
rancy included in the trials do not allow solid conclusions to be drawn. The current
trend in ongoing clinical trials in CLL is the combination of novel agents in an effort
to reach deep responses followed by either consolidation or retreatment in case of
early relapse.75 Such approaches would be considered as successful if they could
overcome the unfavorable impact of genomic aberrations and be driven by the
assessment of measurable residual disease, as well as screening for resistance
mechanisms.
Another parameter that should be taken into consideration when assessing the

impact of a specific genomic aberration in CLL is the immunogenetic signature of
the clonotypic BcR. Mounting evidence suggests that the impact of each genomic ab-
normality may differ between M-CLL and U-CLL, such as for trisomy 12, which is an
unfavorable marker in M-CLL but a favorable one among patients who belong to
U-CLL.76 Moreover, some genomic aberrations that seem to be of importance when
assessed in the whole CLL, do not retain their prognostic significance within specific
subgroups of CLL, for example, in patients assigned to specific stereotyped sub-
sets.77 A typical example is the impact of SF3B1 mutations among patients assigned
to stereotyped subset #2.
A reasonable approach to overcome all the preceding difficulties in an effort to bet-

ter stratify patients is to generate prognostic and/or predictive indices.78 However,
although informative, such indices fail to assign with 100% accuracy all patients
with CLL and could be applied as an endeavor rather than a tool that could guide
the selection of therapeutic options. Moreover, each one of those indices is limited
by biases regarding the included patients as well as the parameters that have been
assessed, which typically include only limited genomic features.
Finally, regarding the assessment of the preceding genomic markers, we should

point out that several methodological issues are still unaddressed. The lack of official
guidelines for the performance of CBA, as well as the lack of validation and harmoni-
zation among laboratories performing NGS in the clinical setting, are only a few of the
difficulties that are associated with nonuniform genomic characterization of patients
with CLL in the western world. Moreover, even in the presence of international guide-
lines, national consortia and institutional policies may differ.
FUTURE PERSPECTIVES/SUMMARY

The genomic landscape of CLL is today considered well characterized. That said,
despite the numerous genomic aberrations with prognostic and potentially predictive
value, only a select few, mainly TP53 aberrations, are taken into consideration at the
time of treatment decision making. CLL lacks a specific defining genetic abnormality,
whereas most of the recurrent genomic aberrations are present in less than 10% of the
whole CLL. Hence, it seems rather difficult for these aberrations to be evaluated in the
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context of prospective clinical trials, because that would require the inclusion of thou-
sands of patients. Large population-based observational studies could provide insight
into the identification of genomic features that should be further evaluated within clin-
ical trials, especially in the era of targeted non–chemo-based therapies.

CLINICS CARE POINTS
� CLL lacks a disease-specific genomic aberration.

� Numerous genomic aberrations have been associated with dismal clinical outcome in
patients with CLL treated with chemo(immuno)therapy.

� Most of the recurrent aberrations in CLL are present in fewer than 10% of patients.

� The clinical impact of genomic aberrations in CLL should be evaluated after considering the
immunogenetic features of the clonotypic BcR.

� The administration of novel agents in CLL seems in some cases to overcome the unfavorable
impact of genomic aberrations even aberrations of the TP53 gene.
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