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Introduction 

Chronic lymphocytic leukemia (CLL) is defined as a clonal
expansion of small, relatively monomorphic B cells which infil-
trate the bone marrow, peripheral blood and often the lymph
nodes, and have surface expression of CD5, CD19, CD20 and
CD23, and low levels of surface immunoglobulin (IG).1 Despite
this phenotypic homogeneity, the clinical course of CLL is
highly variable and ranges from rapid disease progression
requiring early and frequent treatment, to survival for decades
with minimal or no treatment. Whilst treatment of CLL has
advanced significantly over the last decade with the current
standard of care for medically fit patients consisting of combi-
nation chemoimmunotherapy with fludarabine, cyclophos-
phamide and rituximab (FCR) and achieving an overall
response rate of approximately 90%, the disease ultimately
remains incurable, or at best is therapeutically converted into a
chronic disease.2,3 In addition, while it is known that patients
harboring abnormalities within the TP53 gene respond poorly
to FCR, accounting for approximately 40% of refractory
patients, the molecular basis for chemorefractoriness in the
remaining cases remains unexplained.4 In recent years, genom-
ic approaches have been applied to interrogate the genomic
landscape of CLL, and have revealed novel genetic alterations
in CLL, most notably NOTCH1, SF3B1 and BIRC3mutations.5-
9 Alterations to these genes occur in 2%-12% of CLL patients
at diagnosis; however, their prevalence increases during
advanced phases of the disease conferring a poor prognosis.9-20

Here we aim to review the molecular events and processes that
underlie the evolution of CLL, and then, drawing from more
recent advances using next generation sequencing (NGS),
attempt to trace the evolution of CLL from a pre-leukemic state
to overt disease. Although in its infancy, we also describe cur-
rent knowledge of the subclonal complexity of CLL, and the
resulting implications for the progression and treatment of this
disease.  

Genomic landscape of CLL: how many and what types of
mutations drive CLL?
At variance with other lymphoid malignancies, CLL is char-

acterized by a relatively stable genome and is devoid of a com-
mon translocation. Nevertheless, at diagnosis more than 80%
of cases harbor genomic aberrations and the most frequent
chromosomal abnormalities are partial losses of one affected
chromosome, such as deletions at 13q (approx. 55%), 11q
(12%-18%) or 17p (5%-10%), or gain of a chromosome, e.g.
trisomy 12 (approx. 15%).21,22 The finding of these specific
recurrent abnormalities against a backdrop composed of an
overall low number of copy-number alterations bodes well for
their role in disease pathogenesis, potentially by bestowing the
CLL cells containing these lesions with a fitness advantage.23,24

This line of thinking was subsequently substantiated by the
finding that certain cytogenetic abnormalities are associated
with a poor clinical outcome, and from these observations
stemmed one of the earliest molecular classification schemata
in cancer, the Döhner classification, which defined a hierarchy
of genetic changes detected by fluorescence in situ hybridiza-
tion (FISH) analysis that could predict disease progression and
survival, del(17p) > del(11q) > trisomy 12 > normal FISH analy-
sis > isolated del(13q), and ultimately shape therapeutic strate-
gies.21 While del(17p) is detrimental due to deletion of the TP53
gene, and the poor prognosis of patients with del(11q) may
relate to the impact of the ATM gene on the integrity of the
genome, the mechanism by which trisomy 12 contributes to
lymphoproliferation remains unknown.21,23 That said, a dis-
tinct, albeit small subgroup of patients with co-existence of tri-
somy 12 and trisomy 19 has recently been described in CLL,
and the emergence of trisomy 18 in 75% of these cases implies
that cells harboring both trisomies have a clonal advantage and
that the acquisition of trisomy 18 represents a clonal evolution
event.25,26

To further investigate the dynamics of genomic aberrations
and their relation to clinical features, several studies in the pre-
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NGS era analyzed longitudinal samples to investigate the
issue of clonal evolution.24,27-30 Although differing in the
methodologies utilized (i.e. FISH, single nucleotide poly-
morphism arrays or array-based comparative genomic
hybridization) and overall study design, the overarching
consensus was that: i) new aberrations could be acquired
over time; ii) the acquisition of new genomic abnormalities
coincided with a shorter time-to-first-treatment (TTFT) or
overall survival (OS); iii) the nature of the new lesion,
according to the Döhner classification, was important, with
acquisition of del(17p) and/or del(11q) associated with clin-
ical aggressiveness and a poor response to therapy; and iv)
the appearance of new abnormalities was not restricted to
cases that had undergone therapy. Owing to these observa-
tions, newer guidelines recommend FISH analysis prior to
treatment initiation and also following relapse or lack of
response to therapy.31,32
Despite these findings, the relative paucity of genomic

instability in CLL implies that chromosomal aberrations
may not be solely responsible for the observed clinical het-
erogeneity and that additional mechanisms must play a
role. Mutations within key tumor suppressor genes such as
TP53 (95% of mutations are localized within the central
DNA-binding domain and lead to impaired DNA binding
and target gene transactivation) and ATM (a mutational
hotspot has yet to be defined) have previously been identi-
fied in CLL and can affect the response to therapy, and con-
sequently survival.13,19,20,33-39 While most patients with
del(17p) carry mutations within the remaining TP53 allele
(Figure 1), sole TP53mutations occur in approximately 3%-
6% of patients.40-42 Such TP53 mutations have an equally
profound impact on outcome and are enriched in patients
with both poor prognosis and higher genetic complexity.
More specifically, at diagnosis the incidence of TP53 muta-
tions has been reported to be approximately 4%. However,
as the disease progresses, this incidence rises to 10%-12%
(first-line treatment) and approximately 40% (refractory
CLL).40,42,43 Due to these observations, the European
Research Initiative on CLL (ERIC) recommends TP53muta-
tional screening (exons 4-9) for all patients before the
administration of any therapy in order to select TP53-inde-
pendent therapy where appropriate.42 The p53 pathway can
also be inhibited independent of TP53 by inactivation of
ATM, thus it is worthy of note that a proportion of CLL
patients (20%-30%) harboring del(11q) carry mutations
within ATM.37,44-46 Such patients exhibiting biallelic inactiva-
tion of ATMwere reported to have a poorer prognosis than
cases carrying only the deletion.37,44-46 Due to the size of the
ATM gene (62 coding exons) and the absence of any well-
defined mutational hotspots, screening of ATM within a
clinical setting has not been feasible. However, this situa-
tion is likely to change due to advances in NGS and the
availability of custom-designed gene panels that enable
sequencing of a large number of genes and patients simul-
taneously.47 

Next generation sequencing has proven revolutionary 
and shifted the paradigm of CLL genomics
The most recent developments in CLL genomics revolve

around NGS studies which have effectively clarified the
level of genomic complexity in CLL, and revealed that the
average number of non-synonymous mutations at diagno-
sis lies between 10-20, thus rendering CLL with one of the
lowest numbers of mutations per case of any adult cancer
studied to date.5-8,48 However, this range does vary widely

among individual cases. Another interesting observation
arising from these initial screening studies is that CLL does
not appear to be defined by a unifying mutation, in the
sense that in some hematologic malignancies a common
mutation occurs, and is hence thought to be the primary
driver mutation, e.g. in hairy cell leukemia (HCL) a muta-
tion (V600E) within the BRAF gene is found in all cases,
while in Waldenström macroglobulinemia the MYD88
L265P mutation is found in more than 90% of cases.49,50
Though CLL may not be associated with a large number of
alterations, in addition to mutations within TP53 and ATM,
it is characterized by a relatively well-defined set of recur-
rent mutations which appear to be clinically significant.5-20
Among the genes found mutated in CLL, NOTCH1,

which plays an essential role in hematopoiesis, has
emerged as a recurrent target of genetic lesions.5-8 A 2bp
deletion accounts for approximately 90% of all NOTCH1
mutations and generates a premature stop codon within the
PEST domain, resulting in the constitutive activation of
NOTCH1 signaling.5,6,11,14-20,51-53 Mutations within the
NOTCH1 PEST domain have been found in 4%-12% of
patients at diagnosis, rising to 21% in patients with
chemorefractoriness and to 30% in cases transformed to
Richter syndrome (RS).5,6,11,14-20,51-54 NOTCH1 mutations are
significantly more frequent in advanced versus early stage
patients and treated versus untreated patients, and exhibit a
strong positive association with CLL cases expressing
unmutated immunoglobulin (IG) genes (U-CLL), stereo-
typed B cell receptors typical of subset #8, trisomy 12 and
an increased risk of RS (Figure 1).5,11-15,17-20,51-54 Patients with
NOTCH1 mutations have a shorter TTFT and shorter OS
independent of other prognostic factors, such as TP53
abnormalities and IGHV gene mutation status.11-21,25,26,52-55
Perhaps one of the most unexpected and intriguing obser-

vations arising from initial NGS studies was the finding that
SF3B1, a ubiquitously expressed component of the spliceo-
some machinery, was recurrently mutated in CLL (5%-
17%), the varying frequencies presumably reflecting the
heterogeneous nature of the cohorts studied.5-8,10,15,19,20
Although the precise functional relevance of SF3B1 muta-
tions remains unknown, the fact that mutations cluster
within evolutionarily conserved hotspots speaks highly for
their role in CLL pathogenesis, with SF3B1 mutations
potentially leading to aberrant splicing as a consequence of
defective spliceosome complex formation. Investigations
into the clinical relevance of SF3B1 mutations indicate that
they have a lower incidence in early stage CLL, are more
common in advanced disease, have strong positive associa-
tions with del(11q), and are extremely frequent in stereo-
typed CLL subset #2 (IGHV3-21, variable IG mutational sta-
tus and very poor clinical outcome) (Figure 1).7,10,12,13,15,18-20,54,56-
61 Taken collectively, these findings strongly suggest the
acquisition of SF3B1 mutations during clonal evolution of
the disease. 
While mutational analyses were initially performed in

heterogeneous retrospective CLL cohorts, the clinical signif-
icance of NOTCH1 and SF3B1 have since been validated in
the context of randomized, prospective clinical trials.12,19
More specifically, in the UK LRF CLL4 trial (comparison of
chlorambucil and fludarabine with and without cyclophos-
phamide in previously untreated patients), mutations with-
in NOTCH1 or SF3B1were found to identify patients iden-
tify patients with an intermediate survival comparable to
patients with del(11q).12 Therefore, although TP53 aberra-
tions remained the most informative predictor of poor out-
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come within this study, mutations within NOTCH1 and
SF3B1 were found to be independent prognostic biomark-
ers and hence deemed to be potentially useful in the risk-
adapted stratification of CLL patients. Results from the
mutational analysis of patients enrolled in the CLL8 trial
(evaluation of first-line therapy with FC or FCR among
untreated CLL patients) confirmed SF3B1 mutations as an
independent factor for a more rapid disease progression
while NOTCH1 mutations were found to have a reduced
prognostic role.19 The varying prognostic capacity of
NOTCH1 mutations implies that the influence of gene
mutations may differ depending on the type and intensity
of the treatment regimen, thus indicating that prognostic
markers will need to be reassessed for every novel therapy.
That said, although the mutational status of NOTCH1was
not found to be prognostically informative within this trial,
a relationship was identified between NOTCH1 mutations
and rituximab whereby patients with NOTCH1 mutations
did not appear to benefit from its addition. Consequently,
NOTCH1mutations may prove to be a predictive factor for
the reduced benefit from rituximab; however, this finding
needs to be confirmed in independent trials before being
applied in clinical practice.    
Another gene fitting the category of those recurrently

mutated in CLL and joining SF3B1, NOTCH1 and TP53 as
mutations that may contribute to disease
progression/chemorefractoriness is BIRC3.5-9 Although
mutations within BIRC3 are frequent in chemorefractory
patients (24%), they are rare at diagnosis (2%-4%) and
have been found to occur mutually exclusive to del(17p). In
addition, they are highly enriched in cases carrying del(11q)

or trisomy 12 (Figure 1); these latter aberrations were found
to be distributed among BIRC3mutated cases in a mutually
exclusive manner.9,15,20,39 Such patterns of co-occurrence and
mutual exclusivity between specific mutations hint at syn-
ergy and redundancy.
Although great attention has been given to identifying

individual genes that are recurrently mutated, this gene-
centric approach may overlook signaling pathways that are
disrupted due to the presence of mutations within several
genes, as opposed to harboring recurrent mutations within
a single gene. However, this should not automatically ren-
der these mutations less important without further investi-
gation. Disruption of such pathways may be critical in a
proportion of CLL patients, perhaps providing treatment
strategies that have not yet been harnessed. Along these
lines, genomic analyses using NGS have identified multiple
mutations within the NF-κB signaling pathway. One such
example involves the NFKBIE gene that is up-regulated fol-
lowing NF-κB activation and whose role involves inhibition
of NF-κB-directed transactivation via cytoplasmic retention
of REL proteins. In CLL, mutations within the NFKBIE gene
(nonsense and small deletion), reported to occur in almost
11% of advanced stage patients, result in a truncated pro-
tein which fundamentally leads to sustained activation of
the NF-κB pathway.8,62,63 

Next generation sequencing reveals a surprising level of
clonal complexity in CLL: the rise and fall of the minority
As detailed above, NGS has greatly increased our ability

to characterize the genetic landscape of cancers. This deci-
phering of the cancer genome has not only identified clon-
ally dominant mutations (i.e. mutations within the majority
of tumor cells and potentially representing initiating
events), but has also revealed that most cancers, both hema-
tologic and solid, evolve through a complex branching
architecture owing to the presence of subclonal mutations,
i.e. mutations that only exist in a fraction of tumor cells.64
While several studies have attempted to unravel the sub-
clonal population structure within hematologic malignan-
cies such as acute myeloid leukemia (AML) or follicular
lymphoma (FL), research into intratumoral heterogeneity
within CLL remains in its infancy.65-69 That said, a few key
studies utilizing deep sequencing methodologies and ana-
lyzing consecutively obtained samples, thus enabling muta-
tion evolutionary hierarchy to be inferred based on tempo-
ral changes, have given an insight into the intratumoral
structure of mutations and the (sub)clonal behavior that
may shape CLL progression in terms of clonal evolution.70-72
Such studies have revealed significant mutational complex-
ity, indicating that the diversity and relative dominance of
subclones varies throughout the disease course, and that the
number of genetic abnormalities present within a subclone
does not automatically render that subclone numerically
dominant, i.e. the major clone. An illustrative example of
this phenomenon emanates from a study in which whole
genome sequencing was used to track clonal heterogeneity
in 3 CLL patients subjected to repeated cycles of therapy.70
The remarkably different temporal patterns of sub(clonal)
repopulation that emerged following treatment varied from
a stable equilibrium to dramatic shifts in the clonal dynam-
ics, whereby a minor subclone eventually replaced the
dominant clone (Figure 2). Another study, also utilizing
ultra-deep sequencing, took a slightly different experimen-
tal approach, and by focusing solely on the TP53 gene in a
large cohort of newly diagnosed CLL patients (n=309), they
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Figure 1. Association between recurrent gene mutations and other
genetic/immunogenetic features in CLL. Distinct patterns of associa-
tions between recurrent mutations and other molecular features have
been evidenced in CLL, suggesting different pathways for clonal evolu-
tion. For example, NOTCH1 mutations exhibit a strong positive associ-
ation to trisomy 12 while mutations within SF3B1 often co-occur with
del(11q). Although specific patterns of co-occurrence and mutual
exclusivity between novel recurrent mutations have been reported,
new associations may emerge as larger cohorts are studied.



were able to detect mutations in small CLL subclones
(down to 0.3% allele frequency) that went undetected by
Sanger sequencing (limit of detection, 15%-20% allele fre-
quency).72 Until now, the prevailing assumption had been
that minor subclones would have limited, if any, clinical
impact. However, Rossi et al. convincingly demonstrated
that, when it comes to TP53, response to treatment, and
hence survival, will be affected irrespective of the size of the
clone.72 More specifically, they showed that the 6% of
patients with subclonal TP53mutations exhibited an equal-
ly adverse survival as the 9% in whom TP53 mutations
were detected by conventional methods; put simply, size
doesn’t matter. These minor subclones, or perhaps more
aptly microclones, became the predominant population
over time and prognosticated chemorefractoriness, under-
scoring the importance of TP53 as a driver mutation. Very
recently, Malcikova et al. also performed a deep sequencing
study investigating therapy-driven clonal evolution of TP53
mutations in CLL.73 They found that TP53mutations within
a minor clone had a high risk of being positively selected by
therapy, thus corroborating the results by Rossi et al.72 In
particular, they not only demonstrated that the majority of
minor clones bearing TP53 mutations expanded to domi-
nant clones under the selective pressure of chemotherapy,
but that multiple minor clones with TP53 mutations are
common and may expand simultaneously. A final point
worthy of note that stems from such studies relates to the
observation that, in some patients, mutations within
known driver genes were clonal whereas in other patients
such mutations were subclonal.71 Therefore, even variants
with known driver potential can be acquired late in CLL
evolution. This implies a striking variability across patients

as to which are early molecular events and which arise later
during tumor progression. 
A recent large-scale study attempted to demystify clonal

evolution within CLL by combining exome sequencing
and copy number data.71 By determining what proportion
of tumor cells carried a specific mutation they could clas-
sify mutations or genetic lesions as either clonal, i.e. occur-
ring in at least 95% of the sample, or subclonal; MYD88,
del(13q) and trisomy 12 were deemed to be clonal while
SF3B1 and TP53 were reported as subclonal. Their strate-
gy also enabled them to distinguish earlier events from
later events. Findings from the aforementioned studies
highlight the intricate ‘ecosystem’ at play within CLL,
where the balance between evolving clones results from
the complex interplay between intrinsic and extrinsic/
environmental factors. 

Clinical implications of clonal evolution and its role 
in resistance to therapy
The ascent of cancer genomics has not been without for-

midable challenge and questions, many of which relate to
therapy. Can we accurately predict the course of the dis-
ease? Can we predict which patients will respond to vari-
ous therapies? Can we use genomic information to target
therapy to the underlying genetic alterations? The list con-
tinues, and in order to address such questions and fully inte-
grate patient specific mutations and targeted therapeutic
strategies into clinical care, it will be imperative to under-
stand the complex clonal architecture evidenced in CLL
cells and distinguish between issues such as driver muta-
tions versus passenger mutations, initiation versus progres-
sion, and dominant clones versus subclones. 
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Figure 2. Clonal evolution in CLL. Potential routes by which clonal evolution may proceed following therapy. (A) Therapy has little effect on
the major clone while minor subclones begin to expand possibly through the acquisition of new genomic lesions. (B) Therapy is effective in
eradicating the major clone. However, minor subclones continue to proliferate with the potential to eventually become the dominant clone.
w&w; watch and wait.



Changes imposed on the aforementioned tumor ‘ecosys-
tem’ after therapy may alter the relative competitiveness of
individual subclones. This is exemplified by Schuh et al.,
whereby a CLL clone containing biallelic ATM inactivation
due to del(11q) and a nonsense ATMmutation was tracked
throughout various treatment protocols.70 Monitoring
revealed that following standard FC treatment, this sub-
clone initially gained a proliferative advantage, but was
completely abolished after treatment with FCR. An inde-
pendent subclone was responsible for a subsequent relapse,
thereby providing evidence that minor cancer cell popula-
tions that survive treatment are capable of regenerating the
malignancy and ultimately gaining pre-eminence (Figure 2).
Such minor clones may persist due to a differential response
among subclones to the therapy administered, i.e. by har-
boring genetic lesions that render them resistant to a partic-
ular therapy, certain subclones may survive and expand
uninhibited, since the treatment may have effectively erad-
icated any susceptible competitor (sub)clones. Thus, if we
return to the studies detailing the evolution of clones har-
boring TP53 mutations, following the reasoning outlined
above, it is not surprising that failure of chemotherapy to
completely eradicate CLL cells resulted in subclonal expan-
sion which gave rise to a more resistant, and hence a more
‛dangerous’ subclone.72,73
A similar scenario was observed by Landau et al. who

reported that patients who received therapy exhibited a
greater degree of clonal evolution, and that this increased
heterogeneity was linked to a poor clinical outcome.71 Since
selection can stem from the use of chemotherapeutic
agents, it is now apparent that it is vitally important to iden-
tify low-level molecular lesions that may predict for
chemoresistance so that treatment can be tailored appropri-
ately. Although it is difficult to discern whether such minor
subclones could have: i) pre-existed at diagnosis but were
below the limit of detection; or alternatively ii) whether a
cell from the dominant clone randomly survived treatment
and subsequently gained a mutation that now conveyed
resistance, if one considers that patients harboring new
genetic lesions at relapse tend to require further treatment
sooner than patients without new mutations, this time
frame speaks in favor of the former (Figure 2). 
In line with this reasoning, it is worth mentioning that it

remains computationally challenging to accurately charac-
terize and resolve genetically distinct microclones within
mixed-cell populations, and high resolution or sequencing
depth, i.e. the number of times that an individual base or
genomic position is sequenced, together with a highly sen-
sitive and specific variant calling method are of paramount
importance. Regardless of this, since CLL (or at least some
CLL) harbor numerous subclones with a seemingly com-
plex and dynamic nature throughout the course of the dis-
ease, it will be necessary to monitor disease progression by
re-examining the mutational signature not only prior to ini-
tiating any line of treatment, but also upon relapse(s), akin
to the monitoring and testing that is currently undertaken
for TP53. It will also be critical to determine a means of
identifying which clones are most biologically relevant to
the disease, such as those with genotypes that confer risk of
progression or drug resistance.

The time frame of CLL evolution: from a pre-malignant
state to overt disease to relapse

i. Monoclonal B-cell lymphocytosis
Based on the information above, it is undeniable that our

understanding of the genetic basis, clonal architecture and
evolution in CLL pathogenesis has significantly improved
(Figure 3). However, a more obscure area of knowledge
concerns both the time line and pathway that a normal B
lymphocyte follows before transforming to a fully-fledged
CLL cell. It has recently been proposed that in CLL,
hematopoietic stem cells (HSC) may aberrantly generate
monoclonal B cells with CLL-like phenotypes.74 This sce-
nario reflects the finding of pre-leukemic HSCs in other dis-
ease subtypes such as HCL and AML.75,76 Indeed, Damm et
al. have recently identified mutations in several well-known
CLL oncogenes e.g. NOTCH1, SF3B1 and TP53, in the pro-
genitor cells of CLL patients and hypothesized that this
may lead to the subsequent transformation of CLL.63
Although these findings suggest that primary genetic alter-
ations leading to CLL may be acquired at the self-renewing
CLL-HSC level, none of the recurrent CLL chromosomal
abnormalities were found in the HSC compartment, thus
raising the question of how such clones could be selected
and subsequently expand into CLL. 
That said, the situation is far from bleak, and we now

know that CLL is invariantly preceded by a clonal B-cell
expansion whose immunophenotype is consistent with
that of CLL.77 This condition, termed monoclonal B-cell
lymphocytosis (MBL), is observed in 3.5%-12% of older
adults in apparent good health and can be divided into low-
count (LC) MBL (<0.5x109 cells/L) and clinical/high-count
(HC) MBL (>0.5x109 cells/L), with the clinical relevance dif-
fering between the two subgroups.78-86 In the former, the
risk of progressing to CLL is negligible and could merely
reflect immunosenescence due to aging, and thus be the
ultimate biological fate for all humans should they live long
enough.83 A somewhat different scenario is evidenced in
HC-MBL with 1%-2% of individuals within this subgroup
progressing to CLL requiring therapy per year.87-92 However,
since only a very small proportion of cases evolve into CLL,
significant somatic changes must occur within HC-MBL
before it emerges as a clinical entity. Therefore, MBL per se
cannot be considered a surrogate marker for CLL and addi-
tional factors must fuel this transition. 
What triggers this progression from a ‛pre-malignant con-

dition’ to full-blown CLL remains unknown; however,
thinking logically, if HC-MBL is considered a pre-cursor
stage to CLL, then one could assume that they share a
genetic profile with CLL. Focusing first on genetic aberra-
tions, perhaps surprisingly, both MBL subgroups were
found to harbor the hallmark cytogenetic abnormalities
associated with CLL.81,83,89,93-96 However, this observation
may be reconciled with the finding of cells carrying the
t(14;18) translocation, the cytogenetic hallmark of FL, in the
peripheral blood of more than 50% of healthy individuals;
thus underscoring the idea that the presence of these genet-
ic lesions does not inevitably equate with a lymphoma
diagnosis, rather it is the frequency of the alteration that
may act as a predictive biomarker.97,98 In addition, since
CLL-associated genomic aberrations are also found in LC-
MBL, the actual pathogenetic role of these abnormalities
should perhaps only be considered in the context of clinical
progression. Following this line of thought, the observation
that unfavorable cytogenetic lesions, such as del(17p) and
del(11q), were rare in Rai 0-CLL (early stage), and even less
frequent in HC-MBL, implies that these aberrations are
acquired over time and perhaps signify clonal evolution.91,94
Nevertheless, the finding of del(13q) in approximately 50%
of MBL (reflecting the frequency in CLL), infers that this
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alteration may represent an early event in CLL pathogene-
sis.21,22,95,96 
Moving to gene mutations and recalling that the propor-

tion of CLL cases possessing these alterations is quite low at
diagnosis, such genetic lesions are rarely seen in MBL
(based on Sanger sequencing data).94,99-101 In fact, when HC-
MBL was compared with Rai 0-CLL, no significant differ-
ences regarding the frequency of recurrent
aberrations/mutations (NOTCH1 and SF3B1) were
observed; however, the proportion of early stage CLL cases
exhibiting 3 or more unfavorable markers was larger than
that of HC-MBL.94 
More recently, NGS has been applied to MBL and appears

also to be characterized by mutations in putative CLL driver
genes e.g. ATM, SF3B1, BIRC3 and NOTCH1. Ojha et al.
provided insights into the temporal succession of genetic
events in MBL and demonstrated the existence of recurrent
mutations in small subclones.102 Mutations remained stable
or became more prevalent over time and although the num-
ber of cases analyzed was low, several other aspects of clon-
al evolution were observed, such as alternating clonal dom-
inance and the emergence of novel mutations within genes
such as SF3B1 at subsequent time points. All 4 cases with
putative CLL mutations eventually transitioned to overt dis-

ease. In a separate study, the NOTCH1 2bp deletion was
detected in 11% of MBL and 13.4% of CLL Binet stage A
patients following deep sequencing.101 This mutation was
frequently observed at a low clonal level, particularly in
MBL patients, and sequential analyses demonstrated that
the NOTCH1mutation generally did not appear during the
disease course, and that the mutational load in positive
cases remained stable over time. These findings corroborate
the recent work by Baliakas et al. who reported that among
untreated early stage CLL patients, while the incidence of
SF3B1 and TP53 mutations appears to increase over time,
no such increase was observed for NOTCH1 mutations.20
Since responsibility for the appearance of MBL and the
transformation to CLL does not appear to lie with a single
genetic alteration, microenvironmental factors are also con-
sidered to play a pivotal role in the evolution of CLL clones.
The existence of stereotyped BcRs in approximately 30% of
CLL cases, i.e. expression of  highly homologous IG heavy
and light chain complementarity determining region 3
(CDR3) amino acid sequences, together with the tendency
of CLL cells to express poly- and auto-reactive BcRs are
indicative of selective pressures, such as autoantigens or
pathogens, that favor specific IG gene rearrangements.58,59,103-
105 Such persistent stimulation through the surface IG may
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Figure 3. CLL pathobiology: from MBL to Richter syndrome. Although the MBL to CLL conundrum is far from solved, a plausible (although spec-
ulative) explanation could be that mechanisms that induce clonal expansion, such as ongoing antigenic stimulation through the B-cell receptor
together with accessory cells operating within specific micro-environmental niches, trigger the clonal development of MBLs. Over time, the
pressure of stimulation may give rise to enhanced proliferation leading to the acquisition of genetic abnormalities, e.g. del(13q), and gene
mutations that appear late in the expanding clone, and eventually some MBLs may progress into overt CLL. Since not all cases of MBL have
the potential to progress into overt full-blown CLL, the type of micro-environmental stimulation occurring throughout time as well as the occur-
rence of distinct genomic aberrations may account for such transformation. Progression toward a more malignant disease may be fueled by
the presence of specific genetic lesions, e.g. TP53 abnormalities, NOTCH1, which in turn may lead to resistance to therapy and in rare cases,
transformation to Richter syndrome.



be the central event that drives the evolution from a pre-
leukemic state to overt leukemia, thereafter chronic BcR
engagement may favor the selection of a monoclonal pop-
ulation which subsequently acquires genetic alterations
which in some instances may provide a survival and
growth advantage.            

ii. Refractory CLL
The natural history of many CLLs involves progression

toward a more malignant disease and, having transitioned
from MBL and now deemed overtly leukemic, the predis-
position to clinical progression of CLL appears to be influ-
enced by the acquisition of genetic lesions. TP53 abnormal-
ities are the best documented predictors of poor survival
and refractoriness in CLL and consequently have a well-
established clinical relevance.4,13,15,16,18,20,33-35,40-43 Although the
molecular basis by which each of the newly identified
genetic lesions may bring about an aggressive phenotype is
not fully understood, the observation that these alterations
are enriched in patients requiring therapy and refractory to
fludarabine (NOTCH1 mutations: 20%; SF3B1 mutations:
17%; BIRC3 disruption: 24%) compared with CLL at diag-
nosis (NOTCH1 mutations: 4%-12%; SF3B1 mutations:
5%-14%; BIRC3 disruption: 2%-4%) or compared with
cases requiring therapy but sensitive to the drug is highly
suggestive of a contributing role;9-20 thus a gradual accrual of
genetic lesions may occur as the tumor cells transit through
the various disease stages, i.e. pre-malignancy, overt disease
and relapse. Nevertheless, much of this reasoning stems
from a limited number of studies and the role of novel
recurrent mutations in refractory CLL needs to be con-
firmed by additional studies.

iii. Richter Syndrome (RS)
Whereas MBL mimics what is observed in low-risk early

stage CLL, at the other end of the scale we have RS, a highly
aggressive form of CLL, which morphologically mimics dif-
fuse large B-cell lymphoma (DLBCL) and typically has a dis-
mal outcome, especially when clonally related to CLL.1,106-108
Over time, a small fraction of CLL cases (approx. 15%)
transform into RS which is characterized by TP53 disrup-
tion (50%-60%), NOTCH1 activation (30%), and MYC
abnormalities (30%).107,108 These lesions are frequently
acquired at transformation, underscoring the relevance of
these genetic lesions in the emergence and maintenance of
the DLBCL phenotype.5,108 In fact, mutations in NOTCH1
tend to be mutually exclusive of TP53 disruption at CLL
diagnosis thus differing from what is observed in RS in
which mutations of NOTCH1 associate with TP53 disrup-
tion in 50% of patients, implying that the concomitant
occurrence of NOTCH1 mutations and TP53 disruption
leads to clinical aggressiveness and, potentially, histological
transformation to aggressive lymphoma.5,53 TP53 disruption
and MYC-activating events often co-operate as dual hits in
RS reminiscent of what is observed during the evolution of
other mature B-cell-derived tumors as they transit from an
indolent to an aggressive state.109,110 A plausible explanation
for the exceptionally high frequency of TP53 disruption
observed in RS is that pressure from multiple lines of treat-
ment (at the CLL stage) drove the selection of a clone resist-
ant to therapy. Although the overall genomic complexity
appears to differ among transformed cases and no single
genetic alteration is common to all RS cases (a third of cases
harbor trisomy 12), the fact that the vast majority of cases
display alterations to TP53, NOTCH1, MYC, and
CDKN2A/B (in varying combinations) implies that genes
partaking in core cellular functions such as tumor suppres-

sion, cell cycle control and proliferation may play a role in
transformation from CLL to RS, while B-cell signaling path-
ways may play a lesser role.111,112  

Conclusions

Next generation sequencing has been a major success
story in CLL genomics and through its application the
mechanisms that drive CLL pathogenesis are gradually
unfolding. However, while we are certainly moving in a
promising direction, the rise of CLL genomics has not been
without difficulties and we now need to look not only at
the opportunities they present but also at the confounding
issues.
We know that CLL is characterized by a relatively well-

defined set of recurrent mutations and genetic lesions that
appear to be clinically relevant. The clinical implications of
these molecular lesions are in some instances well estab-
lished, as with TP53 disruption, which is at present the only
molecular marker that changes the therapeutic approach,
since cases with aberrant TP53 should be considered for
alternative therapies upfront. That said, assessment of novel
lesions (e.g. SF3B1 and NOTCH1) may also be prognostical-
ly informative and may help to guide treatment decisions in
the near future. 
From a clinical perspective, attempts to devise a compre-

hensive prognostic model which would include both chro-
mosomal abnormalities and gene mutations have already
begun; however, discrepancies between studies have
emerged.13,18,20 Differences potentially relate to the composi-
tion and size of the evaluated cohorts. Nevertheless, regard-
less of the reason, additional studies are strongly warranted
before such schemes can be implemented, ideally within a
prospective setting. 
In addition, several of the newly identified recurrently

mutated genes in CLL, e.g. BIRC3 and SF3B1, represent sub-
clonal driver events that may expand during the disease
course. Similar to the study by Rossi et al.72 which assessed
the clinical impact of subclonal mutations within TP53,
deep-sequencing of these lesions at multiple time points, at
least before treatment and at progression/relapse, may rep-
resent a means to follow disease evolution, in particular in
the context of therapy decisions or upon relapse.
Thus, further work is clearly needed to establish: i)

whether the extent of clonal diversity could predict for an
increased risk of progression, and therefore whether the
degree of heterogeneity could serve as a predictive bio-
marker for clinical progression; ii) whether clonal hetero-
geneity may be relevant to the response to therapy or
indeed whether cancer therapeutics may augment or exac-
erbate genomic complexity, and thus, there is a need to
track the mutational signature of subclones throughout
therapy; iii) whether mutations within minor subclones can
have an impact on clinical outcome, i.e. whether low-fre-
quency somatic events may drive tumor growth, and
whether mutations in subclones may have the same thera-
peutic relevance as if they were in the dominant clone; and
iv) whether different clones can interact and if so does this
enhance disease progression or promote resistance to ther-
apy. Each of these aspects of clonal heterogeneity will have
consequences for drug discovery and biomarker validation
approaches, especially if one bears in mind that the tumor
subclone that may ultimately influence therapeutic out-
come may evade detection because of its absence or pres-
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ence at low frequencies at diagnosis. 
The presence of such high variability in the genomic

architecture across CLL patients highlights the need for
therapeutic interventions directed at multiple targets rather
than a single genomic anomaly. Understanding the subclon-
al architecture of individual patients will be critical to not
only interpret but also hopefully predict individual respons-
es to therapy. Through the identification of events that may
predispose to therapeutic failure, novel combinatorial ther-
apeutic strategies may be capable of impeding future tumor
evolutionary networks and drug resistance mechanisms.
Thus although much has to be learned, the likely scenario
for a successful targeted therapy will be based on a combi-

nation of drugs targeting actionable mutated genes within a
heterogeneous setting or dysregulated pathways detected
in major or minor clones within the tumor. 
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