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1. CHRONIC LYMPHOCYTIC LEUKEMIA – DISEASE OVERVIEW 

Chronic lymphocytic leukemia (CLL), a recognized entity in the World Health 

Organization (WHO) 2017 classification of hematopoietic and lymphoid tumors1, is a clonal 

B-cell lymphoproliferative disorder defined by the accumulation of small, mature, neoplastic 

lymphocytes in the blood, spleen, bone marrow and other lymphoid tissues2,3.  

1.1 Epidemiology 

CLL is the most common form of leukemia in Europe and in the USA, with an age-

adjusted incidence of 4.1/100,000 inhabitants. It accounts for more than 15,000 newly 

detected cancers and approximately 4,500 annual deaths are estimated in the USA4. The 

average incidence of CLL varies between people from different geographical regions. It is 

less common within African or Hispanic populations, and its incidence is remarkably lower 

within Asian individuals5,6. The median age of diagnosis ranges from 70 to 72 years, with a 

male predominance (1.7:1) in all ethnic subgroups4,5. The proportion of younger patients 

diagnosed with early stage CLL seems to increase due to more frequent blood testing 

nowadays. In addition, the demographic changes in society are likely to increase the 

prevalence and mortality of CLL in the upcoming decades4,7.  

1.2 Etiology 

The disparities observed in the incidence of CLL between individuals from different 

geographical regions may indicate that CLL arise from a combination of genetic and 

environmental factors, however, the exact etiology of CLL remains elusive8. Although the 

vast majority of CLL cases occur sporadically, there is evidence of an inherited 

predisposition to this disease9. First-degree relatives of CLL patients have an 8.5-fold 

increased risk of developing the disease10. Moreover, the concordance of CLL is higher 

among monozygotic twins, when compared to dizygotic twins11. Several genome-wide 

association studies (GWAS) have also identified single-nucleotide polymorphisms (SNPs) 

from multiple low-risk CLL susceptibility loci (i.e. 4q25/LEF1, 6p25.3/IRF4) , which in total 

account for ~19% of familial risk of CLL12–20.  

In terms of environmental factors contributing to the development of CLL, data suggests 

that Agent Orange as well as exposure to insecticides might be a risk factor for CLL21,22, 

whereas less evidence is found in relation to the contributing risk of ionizing radiation, viral 

infections or blood transfusions23–25.  
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1.3 Diagnosis 

According to the latest version of the International Workshop on CLL (iwCLL) 

guidelines, the diagnosis of CLL is mainly determined by laboratory features, including 

blood count, differential counts, morphology and immunophenotyping26. CLL is diagnosed 

when there is a presence of ≥ 5 x 109/L clonal B-lymphocytes in the peripheral blood for at 

least 3 months. In terms of morphology, CLL cells are small, mature lymphocytes with a 

narrow border of cytoplasm and a dense nucleus lacking discernible nucleoli and having 

partially aggregated chromatin4,26. The clonality of circulating B-lymphocytes needs to be 

confirmed by flow cytometry, being the CLL immunophenotype characterized by the 

abnormal expression of the T-cell antigen CD5 in combination with the expression of the B-

cell antigens CD19, CD20 and CD23. In comparison to the normal B-cell counterpart, B-CLL 

cells express lower levels of surface immunoglobulin, CD20 and CD79b26–29. In addition, the 

expression of either kappa or lambda immunoglobulin light chains is restricted in each clone 

of leukemia cells28. Recent harmonization efforts have confirmed that a panel of CD5, CD19, 

CD20, CD23, kappa and lambda is sufficient to determine CLL diagnosis30. In borderline 

cases, other markers such as CD43, CD79b, CD81, CD200, CD10 or ROR1 may help to refine 

diagnosis30.  

The development of CLL is usually preceded by monoclonal B-cell lymphocytosis 

(MBL), a premalignant state defined by the presence of less than 5 x 109/L clonal B cells in 

the absence of lymphadenopathy, organomegaly (as defined by physical examination or CT 

scans) or cytopenias1,31. The rate of progression from MBL to CLL ranges from 1% to 2% per 

year32. The 2017 revision of the WHO classification of lymphoid neoplasms differentiates 

between low-count MBL and high-count MBL, depending on the number of clonal B cells in 

the peripheral blood (< 0.5 × 109/L and ≥ 0.5 × 109/L, respectively). Low-count MBL is highly 

prevalent in elderly adults and the chance of progression to CLL is very limited, not 

requiring routine follow-up outside of standard medical care33–36. In contrast, high-count 

MBL requires routine follow-up and has similar phenotypic and genetic features as early-

stage CLL36,37.  

At the other end of the spectrum, CLL may undergo histologic transformation into an 

aggressive B-cell lymphoma, being this process known as Richter’s Syndrome (RS) and 

related to a very dismal clinical outcome38. A lymph node biopsy is required to determine 

the diagnosis of CLL transformation into RS39. The WHO classification of lymphoid 
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neoplasms recognizes two distinct pathologic variants of RS: diffuse large B-cell lymphoma 

(DLBCL) or Hodgkin Lymphoma (HL). The majority of DLBCL RS cases (~80%) are clonally 

related to the CLL clone, as determined by the analysis of the rearrangement of IGHV-D-J 

genes. On the other hand, only ~40-50% of HL RS cases are clonally related to the preceding 

CLL phase, being those clonally unrelated cases considered as de novo lymphomas arising in 

a CLL patient40–43.  In the total CLL population, the incidence rate of RS is ~0.5% and ~0.05% 

per year of observation for the DLBCL and HL variants, respectively44,45.  

1.4 Risk stratification and prognostic markers 

CLL is a disease with an extremely heterogeneous clinical course. The clinical 

manifestation can range from an indolent disease with no treatment requirement and a life 

expectancy similar to that of an age-matched healthy population, to an aggressive disease 

characterized by the urgent need of therapeutic intervention, refractoriness to standard 

treatment and short overall survival (OS)3,46. In order to better classify patients in term of 

their individual clinical outcome, there are two staging systems that were proposed by Rai47 

and Binet48 more than 40 years ago and are still used nowadays with minor modifications 

due to their overall simplicity, low-cost requirements, consistence and reliability for been 

applied by physicians worldwide26. The revised version of Rai staging classifies patients into 

low, intermediate or high-risk subgroups based on lymphocytosis, anemia or 

thrombocytopenia, as well as clinical observations such as enlarged lymph nodes, 

splenomegaly or hepatomegaly. These parameters are also considered by the Binet staging 

system, which stratifies patients into three categories (A, B and C), and takes into 

consideration hemoglobin levels and platelet count47,48. In the subsequent years, other easily 

measurable prognostic markers such as lymphocyte doubling time and bone marrow 

infiltration were implemented into the CLL risk assessment algorithm49,50. 

The recent advances in the research of CLL in the last few decades have enabled the 

characterization of an impressive amount of potential biomarkers that provide prognostic 

information independently of the clinical stage51,52. These prognostic markers include 

serum markers (i.e. Beta-2 microglobulin (β2M), thymidine kinase (TK), soluble CD23)53–58, 

genetic markers (i.e. immunoglobulin heavy chain variable region (IGHV) mutational 

status59,60, B-cell receptor (BCR) immunoglobulin (IG) stereotypy61,62, chromosomal 

abnormalities63, karyotype complexity64, somatic mutations65–68, non-coding alterations69,70, 

epigenetic subtypes71,72) and immunophenotypic markers (i.e. CD38, ZAP70, CD49d)59,73–76. 
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Prognostic information about the most relevant biomarkers from each of these categories is 

depicted in Table 1, and detailed information about the prognostic impact of genetic markers 

will be addressed in Section 2: CLL Genetics. To reduce and simplify the great amount of 

prognostic markers into a few clinically relevant and accessible within hematologists 

worldwide, several prognostic scores such as the CLL International Prognostic Index (CLL-

IPI), have been developed that combine both clinical and genetic information77–79.  

 

Table 1. Main prognostic biomarkers identified in CLL. 

Marker Status predictor for adverse prognosis Ref. 

Serum biomarkers   

β2M > 3.5 mg/L 53,55 

TK > 7.0 U/L 53,56 

sCD23 sCD23 doubling time < 1 year 57,58 

Genetic biomarkers   

IGHV mutational status Unmutated 59,60 

BCR IG stereotypy Subset #1, #2 and #8 61,80 

FISH chromosomal abnormalities 17p deletion; 11q deletion 63 

Karyotype complexity Complex karyotype (≥ 3 abnormalities) 64 

Somatic mutations TP53, ATM, SF3B1, NOTCH1, BIRC3, EGR2 67,81–86 

Non-coding mutations NOTCH1 non-coding mutation 66,69 

miRNA expression ↑ miR-155, ↓ miR-150, ↓ miR-29c, ↓ miR-34a 87–90 

Epigenetic subtype Naïve B-cell like CLLs 71,72 

Immunophenotypic biomarkers   

CD38 expression ≥ 30% positive cells 59 

ZAP70 expression ≥ 20% positive cells 73,74 

CD49d expression ≥ 30% positive cells 75,76 

β2M: beta-2 microglobulin; TK: thymidine kinase; sCD23: soluble CD23; IGHV: Immunoglobulin heavy 

chain variable region; BCR: B-cell receptor; IG: immunoglobulin; FISH: fluorescence in situ hybridization; 

miRNA: micro-RNA; ↑ high expression; ↓ low expression.  
 

1.5 CLL Therapy 

1.5.1 Indication for treatment and response assessment 
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Treatment of CLL should be initiated when patients present with progressive or 

symptomatic/active disease, as defined by a combination of biological or clinical parameters 

proposed by the iwCLL guidelines26. Patients with asymptomatic disease do not require 

therapeutic intervention and should be monitored until there is evidence of disease 

progression4.  

The criteria required for assessment of treatment response are also indicated in detail in 

the iwCLL guidelines, which mainly classify treatment response into the following 

categories: complete remission, partial remission, stable disease, progression and refractory 

disease26. CLL patients that achieve complete responses can be further categorized based on 

the detection of minimal residual disease (MRD), a response-assessment marker that has 

gained crucial relevance in the last decade thanks to the development and improvement of 

multicolor flow cytometry, PCR or next-generation sequencing (NGS) techniques91,92. 

Multiple clinical trials have demonstrated that therapies that are able to eradicate MRD (as 

defined by the presence of less than 1 CLL cell in 10,000 leukocytes) result in an improved 

long-term clinical outcome93–95. 

1.5.2 Therapeutic approaches and treatment algorithm 

The treatment of patients with CLL has come a long way since the first approval of 

chemotherapy-based regimes over 50 years ago. Chemotherapeutic agents employed for 

CLL management mainly included purine analogs (most commonly fludarabine) or 

alkylating agents such as chlorambucil, cyclophosphamide or bendamustine. In the earlies 

2000s, combinations of chemotherapy with immunotherapy (mainly anti-CD20 antibodies 

such as rituximab) became the gold-standard for CLL treatment, being the combinations of 

fludarabine, cyclophosphamide and rituximab (FCR) or bendamustine plus rituximab (BR) 

the most prevalent treatment options for CLL patients. In the last decade, the deeper 

understanding of the biological processes underlying CLL pathogenesis has translated into 

the approval of drugs that target the signaling pathways that promote the growth and/or 

survival of CLL cells (alone or in combination with second-generation anti-CD20 antibodies 

such as ofatumumab or obinutuzumab). Specifically, BCR signaling inhibitors (the BTK 

inhibitors ibrutinib and acalabrutinib and the PI3K inhibitor idelalisib) and BCL2 inhibitors 

(venetoclax) are approved for the treatment of CLL nowadays2,4,96. Although the advent of 

targeted therapies has revolutionized the CLL treatment scheme, allogeneic stem cell 

transplantation (allo-TPH) is a potentially curative approach for CLL patients and can be 
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considered in relapsed/refractory (R/R) patients to targeted agents, as well as in clonally-

related RS patients responsive to chemotherapy97,98. Other promising approaches under 

investigation include the use chimeric antigen receptor T (CAR-T) cells targeting CD19 in 

combination with ibrutinib or NK cells expressing anti-CD19 CAR99–101. 

In summary, the rapidly evolving treatment landscape over the past few years has 

shifted the treatment strategy from universal chemoimmunotherapy to a more 

individualized approach for CLL patients. The current therapeutic algorithm either for 

frontline or R/R CLL depends on multiple genetic, clinical and therapeutic factors, and is 

summarized in Figure 1.  

 

 

Figure 1. Treatment algorithm for treatment-naïve (green) and relapsed refractory (R/R) (red) CLL 

patients. FCR: fludarabine + cyclophosphamide + rituximab; BR: bendamustine + rituximab; O: 

obinutuzumab; Clb: chlorambucil; R: rituximab; CIT: chemoimmunotherapy; BTKi: BTK inhibitor; BCL2i: 

BCL2 inhibitor; CM: comorbidities; Allo-TPH: allogeneic stem cell transplantation.  

 

2. CLL GENETICS   

Emerging knowledge of CLL genetics has unveiled this leukemia as a highly 

heterogeneous entity, providing information about the distinct cell types from which this 
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malignancy can originate and the complex set of genetic lesions that are associated with its 

pathogenesis and prognosis.  

2.1 Cellular origin of CLL 

The identification of the cell of origin of CLL, as defined by the non-malignant cell from 

which the leukemic transformation originated, can be useful to determine which specific 

alteration(s) are the main drivers of the disease102. The increasing understanding of CLL 

biology over the years has provide evidence of several cell types compatible to be putative 

cells of origin. In particular, this has been possible by the extensive immunogenetic study of 

the CLL BCR IG102.  

The IG molecule is an essential component of the multimeric BCR complex and defines 

a unique genetic identity that is present from the birth of every B-cell onwards, which is also 

applicable to B-CLL cells103. In the late 1990s, reports began to emerge indicating a 

pronounced skewing of the IG usage in CLL104. Specifically, CLL cells have been shown to 

preferentially use the VH1, VH3 and VH4 regions of the IGHV genes104,105, and express a 

restricted BCR repertoire, including antibodies with quasi-identical complementary-

determining region 3 (CDR3), alluding to antigen selection106–109. The fact that CLL cells 

present clonal IG rearrangements, alongside to the particular immunophenotype of these 

cells, has suggested that B-CLL cells are derived from a mature B cell that express low levels 

of B-cell markers (surface IG, CD19 and CD20) and are positive for expression of CD23, 

CD200 and CD5 antigens102. Specifically, the consistent expression of CD5 led to initial 

speculation that CLL might be derived from a B1 lineage of B cells that are involved in innate 

immunity110,111. The subsequent discovery of a group of CLL patients harboring mutations 

in the IGHV genes (M-IGHV) indicated that CLL cells from these cases are derived from 

antigen-experienced B cells that have been gone through the process of somatic 

hypermutation in the germinal center (GC) of secondary lymphoid organs104,112. On the other 

hand, there is another subgroup of CLL patients that do not harbor IGHV mutations 

(unmutated IGHV; UM-IGHV). In these patients, it remains unclear whether CLL cells are 

derived from pre-GC (naïve) B cells or GC-independent antigen-experienced B-cells60,104,112. 

This hypothesis has both biological and clinical relevance, since both subgroups have 

different prognosis. Concretely, UM-IGHV patients, as defined by absent or very limited (≥ 

98% germline identity) burden of SHM, present a more aggressive disease course, with a 

shorter time to first treatment (TTFT), poor responses to chemoimmunotherapy-based 
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regimes and reduced OS59,60. In contrast, M-IGHV patients (< 98% germline identity) usually 

carry a more indolent disease and a remarkable benefit in TTFT and OS59,60.  

In the earlies 2000s, gene-expression profiling (GEP) analyses of CLL and normal human 

B cell subsets revealed that the transcriptomic profile of both UM-IGHV and M-IGHV cells 

was more similar to CD27+ memory B cells rather than CD5+ B cells, indicating that UM-

IGHV cells originate from an antigen-experienced GC-independent CD27+ cell while M-

IGHV derive from a post-GC CD27+ B cell113,114. This hypothesis is supported by the finding 

that in ~40% CLL cases, unrelated patients can carry identical or almost identical BCR IGs, 

which have been grouped into > 200 sets of stereotyped receptors to date115–117, some of them 

with prognostic implications61,80,118–120. Further GEP studies during the last decade led to the 

suggestion that M-IGHV CLL cells originate from a previously unrecognized CD27+CD5+ 

post-GC subset, whereas UM-IGHV cells resemble CD5+CD27− naïve B cells121 (Figure 2). In 

this line, the methylation profile differs between M-IGHV and UM-IGHV CLL cells, and also 

resemble that of memory B cells and naïve B cells, respectively71. However, the possibility 

that CLL cells originate from a currently unknown non-malignant B cell subpopulation 

cannot be ruled out102.  

Another controversial aspect of the cellular origin of CLL refers to the maturation step 

where the first genetic and/or epigenetic alterations occur. The recent implementation of 

large-scale sequencing techniques as well as the improvement of patient-derived xenograft 

transplantation has suggested that these events might occur in CD34+ hematopoietic stem 

cells (HSCs)122. In this context, xenotransplantation studies showed that purified HSCs 

(CD34+CD38-) from CLL patients, were able to engraft in immunodeficient mice, producing 

a higher number of polyclonal B cell progenitors (pro-B cells; CD34+CD19+) than those mice 

engrafted with HSCs from healthy donors123, suggesting that differentiation of CLL-HSCs 

skews towards B cell lineage. In addition, CLL-HSCs xenotransplants, but not those mice 

injected with healthy donor HSCs, gave rise to clonal mature B cells with an 

immunophenotype CD5+CD23+ resembling that of MBL and CLL, presumably indicating the 

crucial role of the BCR signaling in CLL clonal selection123. Consistent with the hypothesis of 

an existence of a “CLL-HSC” is the fact that in some patients that underwent allogeneic HSC 

transplantation, pre-malignant lymphoid cells were transmitted from the donor to the 

recipient and eventually led to CLL development122,124. In addition, specific CLL-related gene 

mutations and chromosomal abnormalities have been found in CD34+ HSCs from CLL 
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patients125,126, although the difficulty of isolation of pure HSCs without contamination by 

residual CLL cells remains a major challenge127.  

Finally, recent growing body of evidence indicate that hematopoietic clones with 

acquired gene mutations (clonal hematopoiesis) become common with advancing age and 

can lead to the development of blood cancers, including CLL128,129. Some of these mutations 

can appear in genes related to CLL pathogenesis, in addition, the mutational landscape of 

low-count MBL, high-count MBL and early stage CLL is virtually undistinguishable, with 

CLL-related gene mutations appearing in all three stages, strengthening the notion that at 

least a fraction of CLL somatic mutations may occur before disease onset130. Furthermore, 

CLL-related chromosomal abnormalities have also been recently found in elderly healthy 

individuals131,132, reinforcing the hypothesis that the first genetic events might appear in 

HSCs of CLL patients.  

  In summary, the cell of origin of CLL has been a subject of continued debate over the 

years. The current suggested model (Figure 2) indicates that M-IGHV CLL cells are likely 

to originate from post-GC CD5+CD27+ cells, whereas UM-IGHV CLL cells seem to 

originate from pre-GC CD5+CD27- B cells, which might arise from naïve B cells or a 

separated lineage of precursor B cells. In addition, the first genetic events leading to the 

development of CLL may occur in a previous maturational step involving self-renewing 

HSCs. However, further studies with the implementation of novel and more accurate 

techniques such as single-cell DNA and RNA sequencing would be required to fully validate 

these hypotheses.   
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Figure 2. The cellular origin of CLL. Representative scheme of the proposed model for the cell of origin of 

CLL. The very first genetic events (lightning symbols) related to the pathogenesis of CLL have been 

suggested to occur in HSCs. These lesions might favor the polyclonal expansion of B cell progenitors and 

subsequent antigenic stimulation may lead to oligoclonal selection and expansion of mature B cells. Given 

that M-IGHV cells undergo SHM process, they are likely to derive from post-GC CD5+CD27+  cells. In 

contrast, UM-IGHV CLL cells might originate either from pre-GC CD5+CD27- naïve B cells or a separate 

lineage of B cell progenitors. Finally, the evolution of these predecessors to MBL and CLL might be 

orchestrated by additional genetic or epigenetic events, BCR signaling, T cell interaction or additional 

microenvironmental factors. TD: T-cell dependent; TI: T-cell independent. Dashed arrows indicate 

speculated pathways. (Taken from Bosch and Dalla-Favera. 2019)102. 

 

2.2 Genetic alterations in CLL 

The high prevalence of CLL and the vast availability of tumor cells in the peripheral 

blood of these patients has enabled the implementation of cutting-edge genomic techniques 

for the study of this disease over the years. This in-depth characterization has revealed an 

extremely heterogenous landscape of genomic alterations in this disease, which reflect the 

highly variable clinical course observed between patients. Some of these genetic 

modifications have been shown to be a hallmark of CLL pathogenesis and prognosis, and 

include chromosomal abnormalities, somatic gene mutations, alterations in non-coding RNA 

or epigenetic dysregulation.  

2.2.1 Chromosomal abnormalities 

Since the late 1970s, numerous studies have implemented a wide range of cytogenetic 

techniques for the detection of chromosomal abnormalities in B-CLL cells: i.e. chromosome 
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banding analysis (CBA), fluorescence in situ hybridization (FISH), genomic arrays and more 

recently, high-throughput sequencing133. These studies have shed light into the composition 

of the CLL genome, identifying a broad spectrum of cytogenetic alterations that can be found 

in up to 80% of CLL cases at diagnosis2. Among them, the most prevalent are deletions of 

the long arm of chromosome 11 and 13, del(11q) and del(13q), respectively, deletion of the 

short arm of chromosome 17, del(17p), and trisomy of chromosome 12 (trisomy 12), 

displaying a known role in CLL prognosis and evolution63,134. FISH analyses have become 

the gold-standard in clinical practice for the detection of CLL chromosomal abnormalities 

with prognostic significance, and FISH panels usually include probes targeting these four 

alterations. However, techniques such as genomic arrays or high-throughput sequencing 

have been shown to provide a more complete picture of the cytogenetic landscape of CLL, 

whereas CBA still remains as the preferential technique to determine the karyotype 

complexity of CLL patients133.  

2.2.1.1 Del(11q) 

Deletion of chromosome 11q22.3 can be found in 12-20% of CLL cases at diagnosis63,134–

136. Patients harboring this alteration are usually younger than the typical CLL patient, with 

a median age of diagnosis of 59 years, and often present with a disease characterized by a 

bulky lymphadenopathy137. This subgroup of CLLs frequently associates with poor 

prognostic features, such as UM-IGHV and ZAP70 positivity, and the clinical course of these 

patients is usually defined by a rapid disease progression, short TTFT and reduced OS in 

patients treated with chemotherapy-based regimes63,137–141. In addition, it has been reported 

by our group and others that the clonal size of del(11q) has a prognostic impact142,143. 

The presence of del(11q) is exclusively monoallelic in CLL, and the size of this deletion 

is highly variable between patients144–146. The majority of the patients harbor a large del(11q), 

usually spanning more than 20 megabases (Mb) in size. In contrast, a small subgroup of 

del(11q) patients present a smaller deletion, although the biologic or prognostic significance 

of these differences is unknown147. The implementation of high-resolution SNP arrays has 

revealed that the vast majority of del(11q) cases have a common minimally deleted region 

(MDR) of 2-3 Mb, encompassing the tumor suppressor gene ATM, among others146–149.  

The biology underlying the progressive nature of del(11q) CLL cases is currently 

unknown. Traditionally, it has been considered that ATM deletion is the main responsible 

for the pathobiology of del(11q). This has been supported by the fact that one third of 
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del(11q) patients harbor deleterious ATM mutations in the remaining allele, having as a 

consequence a biallelic ATM loss and a complete ATM dysfunction82,150. Given that ATM is 

a central regulator of the DNA damage response (DDR) signaling pathway, several reports 

have studied the role of del(11q) in chemotherapy response and genomic integrity, 

establishing that del(11q) CLL cells present an altered response to chemotherapy-based 

regimes and higher mean of copy number alterations (CNAs) representing genomic 

instability82,151–153. In addition, other genes included within this deletion have been postulated 

to have a role in CLL progression. One of these genes is BIRC3, a negative regulator of the 

nuclear factor kappa-light-chain-enhancer of activated B cell (NF-κB) signaling, which is 

deleted in  ~80% of del(11q) cases and can also be biallelically affected through truncating 

mutations in the remaining allele85,154–156. However, the biological significance of monoallelic 

and biallelic BIRC3 deletion in CLL remains unexplored. Finally, the haploinsufficiency of 

other genes located in 11q22.3 (i.e. RDX, FDX1, RAB39, CUL5, ACAT1, NPAT, KDELC2, 

EXPH5, MRE11, HA2XF, USP28 and PPP2R1B) might play a role in del(11q) pathogenesis, 

although to date there is only very circumstantial and limited data without further functional 

validation providing a link between the haploinsufficiency of some of these genes and the 

pathobiology of del(11q)147,152,157.  

2.2.1.2 Del(13q) 

Deletion of 13q14 region is found in more than 50% of CLL cases at diagnosis and is the 

most common cytogenetic abnormality detected in CLL63,134–136,158. The presence of this 

deletion defines a subset of patients associated with good prognostic characteristics, such as 

M-IGHV, longer TTFT and OS, especially in those cases harboring del(13q) as the sole 

cytogenetic abnormality63,135,159.  

This type of deletion displays substantial anatomic heterogeneity between patients, 

although the MDR usually comprises the microRNA (miRNA) cluster miR-15a/16-1 as well 

as DLEU7 and all the genes comprised in between160–164. Large deletions of 13q14 can include 

the tumor suppressor RB1, which can aggravate the outcome of this subset of del(13q) CLL 

patients165–167. In contrast to other recurrent chromosomal abnormalities in CLL, del(13q) 

biallelic losses can appear in ~30% of del(13q) CLL patients, although the clinical impact of 

this type of event is controversial159,167–169.  

At the biological level, it has been reported that the loss of miR-15a/16-1 results in 

dysregulation of cell cycle and apoptosis, both hallmarks of CLL biology2. Specifically, these 
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miRNAs seem to modulate the expression of cyclin D2 and the anti-apoptotic protein 

BCL2170,171. The role of this miRNA cluster in CLL pathogenesis has been confirmed in vivo, 

since conditional deletion of the murine locus equivalent to the human del(13q) MDR, as 

well as a larger common deleted region, recapitulate the different steps involved in evolution 

from MBL to CLL171,172. 

2.2.1.3 Del(17p) 

Deletions of 17p13/TP53 chromosomal region are found at different frequencies in CLL 

depending on the clinical stage of the disease, ranging from 4-12% at diagnosis up to 30% at 

relapse63,81,134,173–175. Del(17p) has always been considered as the highest risk chromosomal 

abnormality in CLL, and patients harboring this alteration show the shortest progression-

free survival (PFS) and OS among all cytogenetic subgroups63,134,176. In addition, many studies 

have confirmed that del(17p) responds poorly to chemotherapy-based regimes176–178, and the 

presence of this deletion is also associated with transformation into RS179,180. The clonal size 

of del(17p) has also been shown to have a prognostic impact134,181, and the presence of 

del(17p) is usually associated with poor prognostic features such as CD38 positivity and UM-

IGHV, although a subset of M-IGHV del(17p) patients with a more favorable outcome has 

also been reported182–184.  

17p13 deletions are usually large in size (~18-22 Mb) and can be the consequence of 

various structural changes such as deletion itself, unbalanced translocations or 

isochromosomes185. Del(17p) invariably comprises the tumor suppressor TP53 within its 

deleted region151. In addition, TP53 gene mutations in the remaining allele have been found 

in approximately 80% of del(17p) patients, indicating that biallelic dysfunction of this gene 

appears to be the main mechanism responsible for the pathobiology and prognostic 

implications of del(17p) CLL174,186–188.  

TP53 acts as a tumor suppressor gene that plays a key role in the intersection of several 

biological pathways such as cell cycle, apoptosis and the DDR signaling189. In particular, 

apoptotic dysregulation underlies the poor responses of del(17p) CLLs to chemotherapy 

agents, especially purine analogs and alkylators, since these agents rely on a functional TP53 

protein for a correct apoptosis induction73,190. Moreover, the role of TP53 on the DDR 

signaling has been shown to profoundly impact the genomic integrity of CLL, being the 

presence of del(17p) associated with a high genomic complexity and multiple concurrent 

CNAs such as losses of 4p, 9p, 18p and 20p, or chromosome 8 alterations (either 8p deletion 
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or 8q gain)145,148,187,191. This genetic complexity also seems to underlie transformation of 

del(17p) CLL cells into RS179,180,192. Finally, providing the large size of 17p13 deletions in CLL, 

it is presumable that this type of lesion involves additional gene downregulations, although 

further research is needed to determine the biological impact of the loss of other genes within 

del(17p)185.  

2.2.1.4 Trisomy 12 

Chromosomal gain of an entire copy of chromosome 12 appears in 12-18% of CLL cases 

at diagnosis63,134–136. Trisomy 12 has always been considered as an intermediate-risk lesion 

in newly-diagnosed CLL, however, extensive research into this cytogenetic subgroup has 

unveiled trisomy 12 as a more complex and heterogeneous clinical entity63,193–196. Trisomy 

12 CLL cells are characterized for a distinct immunophenotype, showing atypical 

morphology, high expression of CD38 and CD49d, and loss of CD5 expression in some 

cases197,198.  

Given that the entire chromosome 12 is gained in this subset of CLL patients, it has been 

difficult to establish a main set of candidate genes responsible for the pathobiology of the 

disease. Nonetheless, overexpression of several chromosome 12 genes such as MDM2, BAX, 

E2F1 or CDK4 has been observed, suggesting a dysregulation in cell cycle, apoptotic and 

proliferation in this cytogenetic subgroup199. Moreover, trisomy 12 patients present a 

distinctive cytogenetic landscape when compared to the rest of CLL subgroups, which is 

characterized by a high co-occurrence with additional trisomies (especially those on 

chromosome 18 and 19), 14q32 translocations and 14q deletions194,195,200–205. Trisomy 12 CLL 

patients have also been shown to be highly enriched for mutations in genes implicated in 

Notch and MAPK-ERK signaling pathways, possibly indicating a role of these pathways in 

the progression of trisomy 12 cases193,196,206–209.  

2.2.1.5 Other cytogenetic alterations 

In addition to the aforementioned chromosomal abnormalities, other recurrent CNAs 

have been observed in 1-5% of CLL cases. Among these, deletions of 3p, 6p, 6q, 8p, 9p, 10q, 

14q, 18p and 20p, as well as gains of 2p, 8q, trisomy 18 and trisomy 19 have been consistently 

reported in CLL145,151,153,191,210,211. The minimal deleted or amplified region of some of these 

lesions include genes involved in signaling pathways important for CLL pathogenesis, i.e. 

CDKN2A/B in 9p deletion153,210, TRAF3 in 14q deletion212, XPO1, MYCN and REL in 2p 
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amplification213,214 or MYC in 8q amplification211. Nevertheless, the biological and clinical 

implications from most of these CNAs have not been elucidated to date.  

Apart from deletions, amplifications or gains of entire chromosomes, other cytogenetic 

events such as translocations can be observed at lower frequencies in CLL. The main 

translocations observed are those involving 14q32/IGH. This event usually has recurrent 

translocation partners such as BCL2 -t(14;18)- or BCL3 -t(14;19)-, although other non-

recurrent partners have also been described215. Other translocations found in CLL can 

involve 8q24/MYC or 13q14215,216, and the prognostic impact of the presence of some of these 

translocations in CLL has been addressed in several studies203,216–219. 

2.2.1.6 Complex karyotype 

Complex karyotype (CK) is generally defined as the finding of ≥ 3 numerical and/or 

structural abnormalities in one or more clones, although some studies define CK as a finding 

of 5 or more aberrations64,215,220–222. In recent years, the presence of genomic complexity has 

attracted great interest in the CLL community, in light of reports suggesting that CK, besides 

representing an independent prognostic marker222–225, may also constitute a predictive 

marker for refractoriness, not only to chemoimmunotherapy-based regimes226,227, but also 

novel targeted agents, independent of TP53 abnormalities228–232. One particular exemption to 

the CK-associated poor-prognostic impact is constituted by a subgroup of trisomy 12 

patients that harbor additional trisomies in chromosomes 18 and 19, which shows excellent 

clinical outcomes, even better than those of non-CK CLL patients64,194.  

Although the presence of karyotype complexity has an impact in  CLL prognosis, 

evolution and treatment response233, the biological mechanisms underlying the effects of CK 

in these aspects of the disease remain far from being understood. It has been established 

however, that the presence of CK may be favored by a defective DDR signaling and incorrect 

maintenance of genomic integrity234. This is further supported by the fact that the presence 

of CK is enriched in CLL patients harboring del(11q)/ATM and/or del(17p)/TP53 

abnormalities64,153,191.  

2.2.2 Somatic mutations 

The advent of NGS and the application of whole-exome sequencing (WES) and whole-

genome sequencing (WGS) techniques has enabled the discovery of recurrent somatic 

mutations in a wide variety of driver genes, as well as refined algorithms for the detection 
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CNAs through sequencing data, transforming our understanding of the genetic 

heterogeneity of CLL65,66,83,235–240. Overall, WES and WGS studies of approximately 1000 CLL 

specimens have revealed the presence of 0.6-0.9 mutations per Mb and an average of 15.3-

26.7 somatic mutations per patient, indicating a low mutational load in comparison to other 

lymphoid or solid tumors65,66,241. In particular, seminal studies by Landau et al.65 and Puente 

et al.66 have provided the largest sequenced collections to date, revealing a vast genetic 

heterogeneity in CLL, with few driver genes mutated in 10-15% of cases, and a large number 

of candidate driver genes mutated at frequencies lower than 10% of cases (Figure 3). These 

studies have highlighted not only a high intertumoral genetic heterogeneity of CLL, but also 

have addressed the study of CLL intratumoral heterogeneity.  

Among driver genes found to be recurrently mutated in CLL, some of them have been 

shown to impact the prognosis and treatment response of CLL. In the following sections, 

mutations in the most frequently mutated genes in CLL as well as their clinical implications 

will be described.  

 

Figure 3. Recurrently mutated CLL driver genes identified in Landau et al.65 and Puente et al.66 Adapted 

from Rodríguez-Vicente AE et al. 2016241 

 

2.2.2.1 ATM mutations 

ATM mutations can be found in 10-20% of CLL patients at diagnosis or prior to 

treatment65,66,242,243. ATM mutations can be either missense substitutions, in-frame or out-of-
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frame insertions/deletions (indels) or nonsense, frameshift or splice-site mutations, giving as 

a consequence a dysfunctional or truncated ATM protein147. In addition, these type of 

mutations can occur throughout the entire coding region of the ATM gene, with no hotspot 

regions identified to date147. As indicated in the previous section (2.2.1 Chromosomal 

abnormalities), ATM is located on the chromosomal band 11q22.3, and is located in the MDR 

of virtually all del(11q) CLL patients, resulting in a monoallelic ATM loss147–149. Indeed, ATM 

mutations are highly enriched in cases harboring del(11q) -approximately one third of 

del(11q) patients harbor ATM mutations in the remaining allele-, having as a consequence a 

complete biallelic dysfunction of the ATM protein82,146,150. Although a high proportion of 

ATM mutations are somatic, germline heterozygous ATM mutations can also be found in 

CLL patients, which has been suggested to influence a rapid disease progression through 

ATM loss of the remaining allele242,244,245. 

In terms of clinical significance, ATM mutations seem to have an impact when they lead 

to a complete loss of ATM function. This has been especially observed in del(11q) patients, 

being the presence of biallelic ATM lesions related to a shorter PFS and OS than ATM wild-

type (WT) or del(11q) patients without additional ATM defects, similar to that of TP53-

altered patients82,146,150,246. In contrast, monoallelic ATM mutations do not seem to confer a 

dismal prognosis in CLL65,150,247, although they have been associated with shorter TTFT in 

some cohorts66,68.  

2.2.2.2 TP53 mutations 

Mutations in TP53 are present in 5-10% CLL at diagnosis or prior treatment, and its 

incidence is further increased in R/R patients (~ 40%)65,66,81,174,176,248. In addition, the presence 

of TP53 mutations in del(17p) CLL patients raises up to 80% of cases, indicating a crucial 

role of biallelic TP53 dysfunction in the pathogenesis of the disease174,186,187. Albeit less 

frequent, TP53 mutations can be also accompanied by a copy-number neutral loss of 

heterozygosity of the second TP53 allele, leading to biallelic TP53 dysfunction as well65,66,151. 

TP53 somatic variants include missense mutations, indels, nonsense mutations or splice-site 

mutations, leading to a gain-of-function phenotype in the case of missense substitutions, or 

a TP53 loss-of-function in the rest of the variants188,249. Although TP53 mutations have been 

found throughout the entire coding region in CLL, they are heavily concentrated in exons 4-

8, which correspond to the DNA binding domain of the TP53 protein188.  
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Alongside with del(17p), TP53 mutations are nowadays one of the strongest prognostic 

and predictive markers in CLL. They are associated with a markedly short TTFT and OS, as 

well as impaired response to chemoimmunotherapy-based regimes65,66,81,174,176,248. Both 

monoallelic and biallelic TP53 defects are associated with unfavorable outcomes, although 

several studies have reported a more detrimental effect of biallelic TP53 loss in comparison 

to monoallelic lesions81,150,186,187. TP53 mutations also seem to impact the outcome of CLL 

patients regardless of their clonal size in some cohorts68,250, although further research needs 

to be performed in this area since other studies have not found a clinical impact of subclonal 

(variant allele frequency < 10-12%) TP53 mutations156,187. Interestingly, a very recent study 

indicates that TP53 subclonal mutations only impact the outcome of UM-IGHV patients that 

have not received targeted therapy251. Finally, recent evidence suggest that TP53 lesions may 

also have a detrimental impact in the context of novel targeted agents231,252,253.  

2.2.2.3 BIRC3 mutations 

BIRC3 is mutated in 2.5-10% of CLL cases at diagnosis or prior to treatment65–67,85. BIRC3 

mutations are usually frameshift or nonsense mutations affecting exons 6-9, which result in 

a premature truncation of the C-terminal RING domain of the BIRC3 protein, resulting in a 

loss-of-function of the E3 ubiquitin ligase activity of this domain85,155. In a lesser extent, 

frameshift and missense mutations have been found in other BIRC3 coding exons as well66. 

BIRC3 mutations often associate with del(11q) in CLL (~10% of del(11q) cases), and given 

that BIRC3 is located in chromosome 11q22.2 and is monoallelicaly lost in approximately 

80% of del(11q) patients, the presence of a mutation in the remaining allele leads to a biallelic 

BIRC3 disruption, resulting in a complete functional loss of BIRC3 activity66,85,146,154,156.  

Recent studies have demonstrated that biallelic BIRC3 inactivation is an independent 

prognostic marker for TTFT and OS in CLL66,154,156. However, the prognostic significance of 

monoallelic BIRC3 mutations remains uncertain, since some studies have found BIRC3 

mutations to have a clinical impact66,85,155,254 whereas others have not65,68,156,247. Moreover, 

BIRC3 mutations are enriched in chemoimmunotherapy R/R patients, conferring reduced 

PFS and OS in some fludarabine-treated cohorts85,155, although the mechanistic insights by 

which BIRC3 mutations could contribute to fludarabine resistance have not been elucidated. 

2.2.2.4 SF3B1 mutations 
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SF3B1 encodes for the splicing factor subunit 3b, one of the components of the multi-

protein splicing machinery. SF3B1 is one of the most recurrently mutated genes in CLL, with 

a mutational incidence ranging from 10% in newly diagnosed patients to nearly 20% in 

patients in need for treatment65,66,236,238,255. SF3B1 mutations in CLL are exclusively missense 

substitutions in hotspot regions belonging to the HEAT repeats, leading to a gain-of-function 

phenotype236,238,256,257. Indeed, over 50% of SF3B1 mutations in CLL correspond to a single 

aminoacid substitution, namely K700E236,238,258. Mutations in SF3B1 usually associate with 

del(11q) and UM-IGHV, and have been shown to impact TTFT and OS in several CLL 

cohorts65,67,238,256,258–260.  

2.2.2.5 NOTCH1 mutations 

NOTCH1 mutations can be found in 8-12% of CLL patients at diagnosis or prior to 

treatment65–67,83,235,258,259,261, with a higher incidence in chemoimmunotherapy R/R and RS 

patients84,153,180,235,261. This gene encodes for a protein that plays a role as the central activator 

of the Notch signaling pathway262. NOTCH1 mutations in CLL are mostly frameshift or 

nonsense events affecting exon 34, which correspond to the protein C-terminal PEST 

domain83,84,235,258,261. More recent data have also revealed the presence of non-coding 

mutations in the 3’UTR region of NOTCH1, sharing the same functional consequence as 

“canonical” NOTCH1 mutations66. NOTCH1 mutations strongly associate with trisomy 12 

and UM-IGHV, and its presence is related to a shorter TTFT and OS in some 

cohorts84,206,207,235,258,260,261,263,264. In addition, CLL patients harboring NOTCH1 mutations do 

not favor from treatment with anti-CD20 antibodies in the context of 

chemoimmunotherapy176,265. 

2.2.2.6 Other recurrent somatic mutations with prognostic impact 

NGS studies in several CLL cohorts worldwide have addressed whether the presence of 

other recurrently mutated driver genes (Figure 3) has a clinical impact in CLL. Among these, 

mutations in EGR2, RPS15, NFKBIE, SETD2, POT1 and genes belonging to the MAPK-ERK 

signaling pathway (i.e. BRAF, KRAS, NRAS) are mostly associated with UM-IGHV and have 

been postulated to worsen the outcome of CLL patients86,117,126,156,196,208,227,239,266,267, although 

larger harmonization efforts from multiple CLL cohorts would be required in order to fully 

validate these mutations as putative and independent prognostic markers in CLL. In 
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contrast, hotspot mutations in MYD88 are associated with favorable biological factors such 

as M-IGHV and isolated del(13q), and may contribute to a longer OS67,247,268,269. 

2.2.3 microRNA expression 

Apart from the presence of chromosomal aberrations or somatic mutations in coding 

regions, CLL is also characterized for an aberrant expression of miRNAs, which are non-

coding RNAs that participate in post-transcriptional regulation of gene expression through 

direct targeting of UTR regions270,271. Indeed, CLL was the first human disease that was found 

to be associated to miRNA dysregulation, highlighting the role of miR-15a/16-1 in the MDR 

of del(13q) patients160. Since then, numerous miRNAs have been found to have a role in CLL 

biology, being the attention especially focused on those that are differentially expressed in 

subgroups with distinctive clinical and/or biological features272,273. For instance, miR-34a is 

downregulated in del(17p)/TP53 mutated patients and is involved in DDR signaling, cell 

cycle arrest and apoptosis89,274,275, whereas miR-155 is upregulated in del(11q) patients and 

acts as a BCR signaling enhancer87,274. In addition, differential expression of certain miRNAs 

such as miR-155, miR-150, miR-29c or miR-34a has an impact in the clinical outcome in CLL 

patients87,89,90,275,276.  

2.2.4 Epigenetics 

Epigenetics describes heritable phenotypic changes in a chromosome or its associated 

histones that affect transcriptional activity but do not involve changes in the DNA sequence. 

This dysregulation in the transcriptional control can be caused by aberrant DNA methylation 

and/or histone modifications and is one of the hallmarks of cancer cells277. DNA methylation 

studies have revealed that CLL displays global hypomethylation in genes and enhancer 

regions, combined with local hypermethylation in single-gene promoters71,277. In addition, 

the CLL epigenome remains highly stable since the MBL state throughout the rest of the 

disease course, as well as in relation to therapy, reflecting the epigenome of the cell of 

origin71,278,279. Indeed, methylation signatures have been able to classify CLL patients into 

three clinically relevant epigenetic subgroups that correlate with IGHV mutational status 

and patient outcome: memory-like CLL (mainly M-IGHV, good prognosis), intermediate 

CLL (mixed between M-IGHV and UM-IGHV, intermediate prognosis) and naïve-like CLL 

(mainly UM-IGHV, poor prognosis)71,72. Furthermore, high levels of intra-sample 
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methylation heterogeneity have been observed in CLL and correlate with high-risk genetic 

lesions, clonal evolution and adverse prognosis280,281. 

Recent efforts have also deepened into other aspects of the CLL epigenome by 

integrating DNA methylome, histone modification maps, chromatin accessibility, three-

dimensional chromatin architecture, as well as transcriptomic and genomic data, revealing 

that although most genetic abnormalities are not associated with consistent epigenetic 

profiles, trisomy 12 and MYD88 mutated patients show distinct chromatin configurations282. 

2.3 Clonal evolution and growth kinetics of CLL 

Clonal evolution is characterized by the acquisition of genetic lesions during the lifetime 

of a tumor cell and it was first documented in CLL by CBA and FISH studies in the 2000s. 

However, it was not until the later development of WES and WGS techniques when a more 

comprehensive picture of clonal evolution throughout the disease course was 

characterized65,237,283–286.  

Sequential sampling of peripheral blood collected at different time points of CLL patients 

helped to describe the clonal dynamic patterns of the disease. These patterns include: linear 

evolution, defined as the persistence of a founder clone with further acquisition of novel 

mutations, branching evolution, defined as the parallel evolution of competitive clones, or 

convergent evolution, defined as the acquisition of more than 1 mutation in the same gene. 

In addition, some CLL patients lack clonal evolution during the course of the disease287–289. 

Large clonal shifts have been usually observed between pre-treatment and relapsed samples 

while stable subclonal composition has been shown to be more prevalent within untreated 

CLL patients with stable disease65,237,290, being the evolution from stable to active disease 

characterized by the acquisition of novel lesions291. In terms of specific alterations, WGS and 

WES data consistently infers that del(13q), trisomy 12 and MYD88 mutations are clonal 

events occurring early in the disease course, whereas ATM, TP53 or BIRC3 mutations are 

mostly subclonal65,237.  

The growth dynamics of CLL cells is also heterogenous, some patients exhibit a logistic 

growth behavior in which the clone stabilizes overtime, whereas some others show an 

exponential growth pattern292. Those patients with exponential growth are characterized by 

a higher number of driver mutations and have a higher rate of clonal evolution after 

therapy292. In addition, it is well established that concurrent driver alterations usually coexist 
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within the same CLL clone, and the coexistence of driver alterations is not random, since 

large-scale WGS and WES have revealed specific patterns of co-occurrence or mutual 

exclusivity between CLL genetic lesions (i.e. co-occurrence of del(11q)/ATM and SF3B1 

mutations or mutual exclusivity within del(13q) and trisomy 12)65,66. Indeed, recent efforts 

have demonstrated the development of CLL in mice harboring combined deletion of ATM 

and SF3B1 mutation, but not on those carrying each single abnormality293. Nevertheless, 

extensive research needs to be performed in this field in order to unveil the biological 

determinants by which cooperation of specific abnormalities lead to exponential CLL growth 

and disease progression. 

 

3. CLL BIOLOGY – TARGETING SIGNALING PATHWAYS 

3.1 Molecular pathways in CLL 

Recurrent genetic lesions in CLL tend to cluster within specific biological pathways 

critical for CLL pathogenesis and evolution65,66. For example, both ATM and TP53 alterations 

share a common function in the DDR signaling and cell cycle checkpoints, whereas the 

pathways activated downstream BCR signaling such as the MAPK-ERK or NF-κB pathways 

can be affected by multiple alterations potentially resulting in the same functional 

consequence196,208,294–298. In addition, Notch signaling is not only affected by coding and non-

coding mutations in NOTCH1, but also alterations in genes encoding for positive (i.e MED12) 

or negative (i.e. FBXW7, SPEN, RBPJ, SNW1) regulators of NOTCH1 activity66,153,299,300. Other 

relevant molecular pathways in CLL frequently altered by genetic lesions are RNA (i.e. 

SF3B1, U1, XPO1) and ribosomal processing (i.e. RPS15)257,301–303, as well as chromatin 

modification (i.e. CHD2, STED2, HIST1H1B, HISTH1E)65,66,267,304,305. Table 2 summarizes the 

most recurrently altered drivers identified in CLL, grouped according to the biological 

pathway in which they are involved. Understanding the biology resulting from the genetic 

heterogeneity of CLL has become essential in order to develop novel targeted therapies for 

the personalized treatment of the disease. In addition, it has been recently reported that the 

number of signaling pathways altered by driver mutations has an impact in the disease 

outcome and can be used as a biomarker in prognostic models of CLL254. 
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Table 2. Biological processes affected by recurrent genetic lesions in CLL drivers.  

Biological Pathway Genes altered in CLL* 

DNA damage response & cell 

cycle control 

ATM, TP53, POT1, MIR-15A/16-1, SAMHD1, CHK1, CHK2, ATRX, CCND2, 

CDKN1B, CDKN2A/B, BRCC3, ELF4 

Apoptosis TP53, MIR-15A/16-1, BCL2  

BCR signaling EGR2, IKZF3, BCOR, IGLL5, KLHL6, PAX5, IRF4, ITPKB, CARD11  

MAPK-ERK signaling HRAS, NRAS, BRAF, PTPN11, MAP2K1 

TLR signaling MYD88, TLR2, TLR6, IRAK1, IRAK2, IRAK4 

NF-κB signaling BIRC3, BIRC2, NFKBIE, TRAF3, TRAF2, NFKB2, REL, TNFAIP3 

Notch signaling NOTCH1, FBXW7, MED12, SPEN, RBPJ, SNW1 

RNA and ribosomal processing SF3B1, XPO1, U1, RPS15, DDX3X, NXF1, XPO4, FUBP1, EWSR1 

Chromatin modification CHD2, ZMYM3, SETD2, HIST1H1B, HIST1H1E, ASXL1, ARD1A, BAZ2A, 

SETD1A, CREBBP 

Wnt signaling MED12, FAT1, BCL9, BRD7, FZD5 

Hedgehog signaling SMO, GLI1, GLI2, BCOR, MED12, CREBBP, EP300 

MYC signaling FBXW7, MGA, MYC, FUBP1, PTPN11 

*Genes affected by either recurrent CNAs and/or somatic mutations are included in the table. Bold labels: 

driver genes altered by somatic mutations and/or CNAs in more than 5% of CLL patients at diagnosis or 

prior treatment; alterations in the rest of the indicated genes are found in < 5% of CLL patients (frequencies 

can vary between untreated early stage, untreated advanced stage or R/R CLL cohorts). Note that genes may 

be involved in more than one pathway65,66,307,83,153,203,236,237,268,301,306.  

 

3.1.1 DNA damage response and cell cycle control 

DNA double strand breaks (DSBs) or single strand breaks (SSBs) represent some of the 

most toxic DNA lesions, which, if unrepaired, lead to cell death and trigger genomic 

instability308. The DDR signaling process is initiated with the recognition of such lesions and 

often results in the activation of cell cycle checkpoints to arrest cell cycle progression309. The 

DNA damage checkpoint network is composed of DNA damage sensors, signal transducers 

and multiple effector pathways, and its central components are the protein kinases ATM, 

ATR and DNA PK. These kinases have multiple substrates, for example, CHK2 and TP53 for 

ATM, or CHK1 for ATR, which orchestrate arrest in G1, S or G2 cell cycle phases, as well as 

DNA repair and cell death  (Figure 4)310.  

During G1 and G2 cell cycle checkpoints, DSBs can be repaired by two major pathways: 

non-homologous end joining (NHEJ) or homologous recombination (HR). NHEJ does not 

depend on an intact DNA template for repair, and is primarily used in the G1 phase of the 

cell cycle when a sister chromatid is not available as a template311. In brief, NHEJ relies on 
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the catalytic activity of the protein kinase DNA PK, which is recruited to the DSB site through 

interaction with the non-catalytic subunits Ku70 and Ku80 (Figure 4)308,312. Then, DNA PK in 

coordination with other proteins such as XRCC4 and Lig4 are able to promote re-ligation of 

the DSB ends in an error-prone process, since random nucleotide insertions or deletions are 

produced during re-ligation308,312. One the other hand, HR is an error-free DSB repair 

mechanism that requires the presence of an intact DNA template for repair, being its use 

therefore restricted to late S and G2 cell cycle phases311. During HR, immediately following 

the occurrence of a DSB, the MRN complex (consisting on MRE11, RAD50 and NBS1 

proteins) is recruited to the lesion site. In parallel, ATM is activated and recruited to the 

lesion through interaction with NBS1, subsequently phosphorylating histone H2AX on Ser-

139 (γH2AX), which serves as an assembly platform for the MRN complex itself and other 

DNA damage repair complexes147,313,314. ATM and the MRN complex, in coordination with 

the BRCA1 complex, regulate the HR-required process of DSB resection, creating a single-

stranded 3’ DNA overhang, which is engaged and coated by RPA. Subsequently, the RPA 

coat is replaced by RAD51 in a multi-protein dependent process that includes ATM, BRCA1 

and BRCA2 among others. Finally, RAD51 exerts a key role by mediating homology search 

and sister chromatid invasion, leading to the repair of the lesion (Figure 4)308,315. 

The ATR/CHK1 axis is activated in response to various types of SSBs. These lesions are 

mainly repaired by the base excision repair (BER) pathway, which requires the action of 

PARP1, LIG3 and XRCC1 (Figure 4)315,316. Although the BER components are not affected by 

genetic abnormalities in CLL and rarely in other cancers, this pathway represents an 

attractive target for therapeutic approaches based on the concept of synthetic lethality, 

which is defined by a situation where the defect in either one of two genes has little impact 

on a cell but a combination of both defects results in cell death317,318. In this context, PARP1 

inhibition impairs BER, leading to the accumulation of DNA lesions that are subsequently 

repaired through HR-mediated DNA repair. If HR is unavailable, PARP1 inhibitor-induced 

DNA damage accumulates and ultimately results in cell death. This paradigm was first 

observed in BRCA1 and BRCA2 mutated cancers, which ultimately led to the clinical 

development and approval of PARP inhibitors in some HR-deficient solid tumors319–321.  

In CLL, the DDR signaling and cell cycle control are dysregulated mostly due to 

del(11q)/ATM mutations or del(17p)/TP53 mutations. Dysfunction of any of these genes 

results in the loss of the G1 or G2 cell cycle checkpoints as well as defective HR repair, 



  Introduction 

  37 

allowing CLL cells to enter mitosis with unrepaired DNA damage and favoring genomic 

instability294–296. To a lesser extent, mutations in ATRX, CHK1 and CHK2 have also been 

found in CLL and possibly contribute to a similar outcome on the DDR signaling and cell 

cycle control65,66. In addition, loss-of-function mutations in the telomere protector POT1 have 

been identified in approximately 5% of CLL patients and also result in an increased number 

of structural aberrations322. Finally, alterations in cyclin genes critical for cell cycle 

progression such as CCND2 and CDKN2A/B have also been found in CLL, being the latter 

related to CLL transformation into RS (Figure 4)66,153,179.  

 

 

Figure 4. DDR signaling and cell cycle in CLL. Schematic overview of the proteins involved in cell cycle 

checkpoints activation, DDR signaling and DNA repair pathways upon the induction of DNA damage in 

the form of DSB or SSB. Proteins codified by recurrently altered genes in CLL (either by mutation or 

chromosomal deletion/gain) are highlighted in red ( > 5% of patients) or orange ( < 5% of patients). Proteins 

represented in blue are unaffected by recurrent genetic lesions in CLL.  

 

3.1.2 Apoptosis 

Evasion of apoptosis or programmed cell death is one of the hallmarks of cancer cells323. 

Apoptosis can be triggered via two main pathways activated by extracellular or intracellular 

stimuli. The extrinsic apoptotic pathway is initiated upon ligation of TNFα family members 

to TNF family receptors on the cell surface, which triggers the assembly of a death inducing 

signaling complex and activation of initiator caspase-8. The intrinsic pathway is initiated 
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upon DNA damage or cellular stress, which alter the balance of pro- and anti-apoptotic 

proteins and result in the loss of mitochondrial membrane potential (MMP), release of 

cytochrome c, assembly of the apoptosome complex and activation of the initiator caspase-

9, eventually leading to cell death324. Changes in MMP are tightly regulated by protein 

members of the BCL2 family, consisting in a group of proteins that share BCL2 homology 

domains (BH). These proteins are subclassified in three groups depending on its function: 

anti-apoptotic (i.e. BCL2, BCL-xL, MCL1, BCL-w, BCL2A1, BCL-B), pro-apoptotic multi-

domain (BAK and BAX) or pro-apoptotic BH3-only (i.e. BIM, NOXA, PUMA, HRK)325. 

Apoptosis is triggered when pro-apoptotic multidomain proteins BAX and BAK are 

activated and oligomerize, which facilitate pore formation of the mitochondrial membrane 

and MMP loss. BAX and BAK are activated by BH3-only pro-apoptotic proteins, whereas 

the function of anti-apoptotic proteins is to sequester BH3-only proteins as well as pro-

apoptotic multidomain proteins in order to keep BAX and BAK inactivated and prevent its 

oligomerization326.  

Apoptosis is widely dysregulated in CLL and other hematological malignancies, driving 

survival, clonal evolution and resistance to therapy327. For instance, as indicated earlier, loss 

of miR-15a/16-1 through del(13q) in CLL leads to BCL2 overexpression, preventing cell death 

of CLL cells170,171. In addition, TP53 is also involved in direct apoptosis induction in response 

to DNA damage through up-regulation of pro-apoptotic proteins such as PUMA, NOXA and 

BAX328, which makes del(17p)/TP53 mutated patients highly resistant to chemotherapy-

based regimes65,190. Finally, mutations in BCL2 itself have also been described in a few 

percentage of treatment-naïve CLL cases and are likely to contribute to apoptosis 

dysregulation as well66,203.  

3.1.3 BCR signaling and TLR signaling 

The BCR is a multimeric complex composed by the antigen-specific surface IG and the 

Ig-α (CD79A) and Ig-β (CD79B) heterodimer. Antigen binding to the surface IG induces 

activation of upstream kinases SYK and LYN, which phosphorylate immunoreceptor 

tyrosine-based activation motifs (ITAMs) in CD79A and CD79B, triggering downstream 

BCR signaling by phosphorylation of other upstream kinases such as BTK or PI3K, as well 

as HS1-mediated activation of the cytoskeleton (Figure 5)329–331. BTK phosphorylation leads 

to subsequent phosphorylation of downstream kinases such as PLCγ2, and activates diverse 

pathways such as calcium, NF-κB, MAPK-ERK, or protein kinase C (PKC) signaling, 
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whereas PI3K phosphorylation activates the PI3K/AKT/mTOR signaling axis. This 

convergence of signaling pathway activation ultimately leads to increased nuclear 

transcriptional activity that results in increased migration, proliferation and survival 

(Figure 5)2,329,331. In addition, the BCR signaling is tightly controlled by the activation of the 

phosphatases SHP1, SHIP1 and SHIP2, as well as receptors CD5 and CD22, that act as 

negative regulators of the BCR signaling response (Figure 5)329.  

A functional BCR is required for the survival of mature B cells and is maintained in most 

mature B cell malignancies, including CLL2. Although the components of this pathway have 

not been found to be recurrently mutated in CLL, many genes involved in the transcriptional 

activity or signaling pathways downstream the BCR are recurrently mutated in CLL. In 

particular, mutations in genes involved in MAPK-ERK signaling (i.e. BRAF, KRAS, NRAS) 

are frequent in CLL, ultimately leading to cell cycle dysregulation and uncontrolled 

proliferation196,208. In addition, mutations in the transcription factor IZKF3 have been recently 

reported to enhance BCR signaling and drive CLL development332. Other genes indirectly 

related to this pathway recurrently mutated in CLL are EGR2, BCOR, KLHL6, PAX5, IRF4 

and those involved in the NF-κB signaling (see below)65,66.  

 

 

Figure 5. The BCR signaling pathway in CLL. Representation of the events occurring downstream the BCR 

upon antigen recognition. BTK and PI3K inhibitors can suppress BCR signaling and represent a group of 
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highly effective novel targeted agents for the treatment of CLL (see 3.3.1 section: BCR Signaling inhibitors). 

Proteins codified by recurrently altered genes in CLL (either by mutation or chromosomal deletion/gain) 

are highlighted in red ( > 5% of patients) or orange ( < 5% of patients). Note that multiple genes of the MAPK-

ERK or NF-κB signaling pathways are recurrently altered in CLL at a global frequency of > 5%. A detailed 

overview of the NF-κB signaling in CLL can be found in Figure 6. Also note that BTK and PLCG2 only 

emerge in patients under treatment with BTK inhibitors, and are not present in CLL at diagnosis333. Proteins 

represented in blue are unaffected by recurrent genetic lesions in CLL.   

 

Moreover, other receptors such as those belonging to the Toll-like receptor (TLR) family 

can fuel B cell proliferation and survival by activating downstream signaling pathways such 

as NF-κB and STAT3298,334. Some of the genes belonging to the TLR signaling are also 

recurrently mutated in CLL, being the most prominent example MYD88, and adaptor of the 

TLR signaling that acts as a signal transducer to activate canonical NF-κB signaling268. 

Mutations in other genes belonging to this pathway are less frequent in CLL (< 1%), and 

include those in TLR2, TLR6, IRAK1, IRAK2 and IRAK465,66,83,268. 

3.1.4 NF-κB signaling 

The NF-κB signaling is a key player in CLL pathogenesis, maintenance and evolution, 

and is composed of two main pathways, the canonical and the non-canonical signaling298.  

The canonical NF-κB pathway is the most extensively studied among the two in CLL, 

and is mainly triggered by downstream signaling activation coming from cell surface 

receptors such as the BCR, TLRs, TNF receptors (TNFR) or interleukin-1 receptors (IL-1R)335. 

Ligand-receptor interaction activates the IκB-kinase (IKK) complex, leading to 

phosphorylation and subsequent proteasomal degradation of the inhibitors of NF-κB 

proteins (IκBs), a family of proteins that sequester the NF-κB transcription factors and keep 

them inactive in the cytoplasm. Upon IκB degradation, NF-κB transcription factors are 

released and translocate into the nucleus to activate transcription of NF-κB target genes 

(Figure 6)298. The NF-κB transcription factors that play a role in the canonical signaling are 

p65 (RelA), p105/p50 (NFκB1) and c-Rel (Rel), and translocate into the nucleus in the form 

of various combinations of homo- or heterodimers with distinct patters of transcriptional 

activity336.  

The non-canonical NF-κB pathway is initiated by TNF signals engaging other B-cell 

receptors such as B-cell activation factor receptor (BAFFR), CD40, lymphotoxin β-73 receptor 

(LTβR) or receptor activator for NF-κB (RANK)335. In the absence of a stimulus, this pathway 

is kept inactive by the action of a multi-protein regulatory complex composed by TRAF2, 
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TRAF3, BIRC2 and BIRC3, which triggers continuous ubiquitination and proteasomal 

degradation of the NF-κB-inducing kinase (NIK)337. Upon receptor stimulation, this 

regulatory complex is recruited to the active receptor complex and NIK is stabilized in the 

cytoplasm, promoting IKKα activation which in turn phosphorylates the inactive form of the 

NF-κB transcription factor NFκB2 (p100), leading to the proteasomal degradation of its C-

terminus and the translocation of p52 into the nucleus in the form of homo- or heterodimers 

with RelB to initiate NF-κB-dependent transcription (Figure 6)338.  

Overall, the NF-κB signaling is enhanced in CLL cells in comparison to its normal B-cell 

counterparts. This increased activity can be the result of constitutive BCR, TLR or Notch 

signaling activation, fueled either by genetic abnormalities within components of these 

pathways or by the microenvironmental interactions of the CLL cells within the lymph node 

niche298. In addition, recurrent genetic alterations have been found in some of the NF-κB 

pathways proteins. Regarding the canonical signaling, truncating mutations of NFKBIE, 

encoding for IκBε, have been reported in advanced-stage CLL patients266. Alterations in 

other genes involved in the canonical signaling are losses of 6q23/TNFAIP3 or gains in 

2p16/REL 213,339. Intriguingly, albeit less studied in CLL, recurrent abnormalities are most 

frequent in genes encoding for proteins involved in the non-canonical signaling. Truncating 

mutations in BIRC3 lead to NIK cytoplasmic stabilization and constitutive pathway 

activation85,155, although it remains unclear how monoallelic BIRC3 deletion in del(11q) 

patients contribute to CLL biology and whether non-canonical signaling plays a role in CLL 

progression. Other recurrently mutated drivers belonging to the non-canonical signaling are 

TRAF2 and TRAF365,66, whereas BIRC2 is frequently deleted in del(11q) cases340. In addition, 

TRAF3 has also been found to be deleted through chromosomal loss of 14q32212 and NFKB2 

is consistently truncated in CLL patients harboring 10q24 losses66.  
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Figure 6. The NF-κB signaling pathway in CLL. Schematic overview of the canonical and non-canonical 

NF-κB pathways in CLL. Proteins codified by recurrently altered genes in CLL (either by mutation or 

chromosomal deletion/gain) are highlighted in red ( > 5% of patients) or orange ( < 5% of patients). *Note 

that family of IκB proteins is composed by several members (i.e. IκBα, IκBβ, IκBε) and only IκBε, codified 

by the NFKBIE gene, is affected by recurrent mutations in CLL. Proteins represented in blue are unaffected 

by recurrent genetic lesions in CLL. 

 

3.2 CLL microenvironment 

CLL cells are highly dependent on signals coming from the microenvironment for 

proliferation and survival. CLL cells follow chemokine gradients into lymph nodes, the 

preferential site for CLL cell proliferation. In the lymph node, CLL cells form “proliferation 

centers”, where leukemic cells contact with non-malignant stromal cells, nurse-like cells 

(NLCs), T cells and endothelial cells among others (Figure 7)2. The interactions between CLL 

cells and this complex microenvironment are mediated by a network of cell surface ligands, 

adhesion molecules, chemokines, cytokines, and their respective receptors.   

NLCs are cells of monocytic origin critical for the CLL microenvironment. They induce 

chemotaxis and promote survival of CLL cells through secretion of chemokines CXCL12 and 

CXCL13 (ligands of CXCR4 and CXCR5, respectively, in CLL cells), and expression of TNF 
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family ligands such as BAFF or APRIL, sustaining the BCR and NF-κB signaling of CLL 

cells341–344. In addition, they secrete WNT5A, the ligand of transmembrane receptor ROR1, 

activating non-canonical Wnt signaling which in turn promotes CLL proliferation and 

migration (Figure 7)345,346. NLCs also express CD31, the ligand of CD38 receptor usually 

expressed in high-risk CLLs347.  

T cells promote survival of CLL cells mainly through CD40L/CD40 ligation, which 

subsequently activates NF-κB signaling of CLL cells329,348. In addition, T cells secrete 

cytokines such as IL-4, which can upregulate the expression of the surface IG in CLL cells, 

potentially facilitating the interaction of the BCR with (auto)antigens349. Stromal cells are 

“feeder” layers of normal hematopoietic progenitors that protect CLL cells from 

spontaneous and drug-induced apoptosis. Chemotaxis of CLL towards stromal cells 

involves the CXCR4/CXCL12 axis and they contribute to CLL survival through the 

interaction between VCAM1 and α4β1 integrin (Figure 7)350,351. Finally, endothelial cells 

from high endothelial venules (HEV) play an important role in the migration of CLL to the 

lymph nodes through the secretion of CCL19 and CCL21, ligands of CCR7 in CLL cells352.  

 

 

Figure 7. The CLL microenvironment. Representative scheme of the contact of CLL with the 

microenvironment in the lymph node proliferation centers. The specific interactions between receptors and 

ligands from each individual cell type are described throughout the main text. (Taken from Kipps TJ et al.2) 
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3.3 Targeted therapy in CLL 

Treatment of CLL has profoundly changed in the last decade. The thorough study of the 

biological processes underlying CLL pathogenesis has made possible to displace 

chemotherapy-based regimes in favor of novel targeted agents such as BCR signaling 

inhibitors or BCL2 inhibitors in the majority of CLL patients nowadays, highlighting the 

importance of understanding the genetics and the biology of the disease in order to progress 

towards targeted and personalized medicine.  

3.3.1 BCR signaling inhibitors 

The deep understanding about the critical role of the BCR signaling for the survival of 

CLL cells led to the development of inhibitors targeting the BCR-related kinases BTK and 

PI3K in the earlies 2010s353–355. Subsequent clinical trials demonstrated a biological response 

characterized by rapid shrinkage of enlarged lymph nodes accompanied by CLL cell 

egression into the peripheral blood and transient lymphocytosis, which clinically translated 

into high response rates and durable remissions356,357. 

The first BTK inhibitor included in the CLL treatment algorithm was ibrutinib, a first-

in-class, orally available, irreversible BTK inhibitor that was initially approved for R/R 

CLL patients back in 2014, and is nowadays broadly used for CLL patients both in the 

frontline and R/R settings356,358–360. Its mechanism of action relies on a covalent bond with a 

conserved cysteine residue (Cys481) in the active site of BTK, inhibiting thereby downstream 

BCR signaling and impairing CLL survival, proliferation, migration and 

microenvironmental interactions (Figure 5)354,361,362. In addition to its on-target effects, 

ibrutinib has been shown to exert additional effects in other cellular pathways or even an 

immunomodulatory action on T cells by inhibiting ITK, a central regulator of the T cell 

receptor (TCR) signaling363,364. Since ibrutinib approval, second-generation BTK inhibitors 

have been subsequently developed and, in particular, acalabrutinib is already approved by 

the US Food and Drug Administration (FDA) for treatment-naïve and R/R CLL365,366. 

Acalabrutinib is a more selective, irreversible BTK inhibitor that also targets Cys481 residue, 

and its high selectivity seems to result in fewer off-target adverse events than ibrutinib367. 

Other second-generation BTK inhibitors under advanced stages of clinical development are 

zanubrutinib and tirabrutinib, also irreversible, high-selective BTK inhibitors that bind 

covalently to Cys481368,369. In addition, third-generation reversible BTK inhibitors such as 
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pirtobrutinib (LOXO-305) or ARQ-531 are in early clinical development for ibrutinib- or 

acalabrutinib-resistant R/R CLL patients370–372. 

PI3K inhibitors also represent a promising option for the inhibition of the BCR-mediated 

signal in CLL. Idelalisib is an oral, reversible inhibitor of the the PI3K catalytic subunit-δ 

isoform that blocks downstream signaling of this kinase, resulting in decreased AKT 

phosphorylation and mTOR activity (Figure 5), disrupting interactions between CLL cells 

and the microenvironment355,373. Idelalisib is currently approved for R/R CLL patients, 

although its use is limited due the better safety profile of ibrutinib or acalabrutinib357,366. 

Other next-generation PI3K inhibitors under clinical investigation are duvelisib (dual 

PI3Kγ/δ inhibitor) and umbralisib (dual PI3Kδ/CK1ε inhibitor). In particular, duvelisib is 

already granted by the FDA for the treatment of R/R CLL patients after at least 2 prior lines 

of therapy374–376. 

Although the use of BCR signaling inhibitors has enabled the achievement of durable 

and deep remissions, the development of novel mechanisms of resistance to these drugs has 

been increasingly reported and is becoming a therapeutic challenge in CLL, urging the need 

for the development of novel treatment strategies or combinatorial therapies. Ibrutinib and 

acalabrutinib resistance is associated with BTK and PLCG2 mutations, which are found in 

approximately 80% CLL patients with acquired resistance to these inhibitors333,377,378. BTK 

mutations mostly appear at the ibrutinib binding site, being the most common C481S 

mutation, which prevents the binding of ibrutinib to the BTK binding site, resulting in a loss 

of inhibition of BTK binding activity333,379. PLCG2 mutations (R665W, L845F and S707Y) are 

potentially gain-of-function lesions that promote BCR-mediated signaling independent of 

BTK inhibition333,380,381. Other proposed mechanisms of resistance include clonal evolution, 

del(8p) or mutations in downstream regulators of BTK such as ITPKB or CDIPT 288,377,382. In 

addition, CK and del(17p)/TP53 mutations have been postulated as predictive markers for 

inferior outcome in CLL patients treated with ibrutinib228,231,383. In contrast, del(11q) has been 

proposed as a predictive marker for favorable response in treatment-naïve patients, but it is 

associated with inferior PFS in R/R patients treated with ibrutinib231,384–386, however, the 

biological insights underlying this duality are currently unknown. Mechanisms of resistance 

to PI3K inhibitors have been less studied to date, although recent evidence point out to 

activating mutations in MAPK-ERK signaling genes downstream the BCR387. 

3.3.2 BCL2 inhibitors 
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BH3 mimetics are small molecules capable of binding to and antagonizing anti-apoptotic 

BCL2 family members (i.e. BCL2, BCL-xL or MCL1). Specifically, BH3-mimetic compounds 

bind to the anti-apoptotic proteins by virtue of its structural similarity to the BH3 domains 

of the BH3-only proteins (such as BIM or NOXA), displacing them and inducing apoptosis 

through BAX and BAK oligomerization388. The only BH3-mimetic molecule currently 

approved for CLL treatment is venetoclax, an orally available, highly selective BCL2 

inhibitor. Mechanistically, venetoclax binds to BCL2, displacing the BH3-only pro-apoptotic 

protein BIM and resulting in potent apoptosis induction independent of TP53389–391. 

Venetoclax was first approved for R/R CLL, where it showed high response rates in terms of 

PFS and OS across all CLL subgroups391–393, and is now approved in combination with anti-

CD20 antibodies in the treatment-naïve setting as well394,395. 

Acquired resistance to venetoclax can also occur in a subset of patients and is an 

emerging therapeutic challenge in CLL. Similar to BTK inhibitors, the first and most common 

mechanism of resistance to venetoclax identified in CLL is the acquisition of a point 

mutation in BCL2 (G101V) which dramatically reduces the binding affinity of venetoclax to 

BCL2396,397. Since the discovery of this point mutation, other missense substitutions within 

the same region of BCL2 have been discovered, resulting in reduced binding as well398–400. In 

addition, up-regulation of alternative anti-apoptotic proteins has been described as 

mechanisms of acquired resistance. In particular, MCL1 amplification or BCL-xL 

overexpression have been found in venetoclax-resistant CLL patients396,401. Other proposed 

mechanisms of resistance point to homozygous CKNA2A/B deletions, BTG1 mutations or 

high oxidative phosphorylation levels through PRKAB2 amplification401,402. Finally, less is 

known about which recurrent CLL genetic lesions can predict response to venetoclax-based 

regimes, although recent data from two clinical trials indicate that del(17p)/TP53 mutations 

remain as adverse prognostic factors253,403.  

4. IN VITRO, IN VIVO AND EX VIVO MODELS FOR THE STUDY OF 

CLL BIOLOGY 

The vast genetic heterogeneity and the diverse dysfunction of cancer-related cellular 

pathways underlying CLL clinical response highlights the need to characterize the 

individual and combined effects of specific CLL-related genetic lesions in the biology of the 

disease in order to make tailored treatment decisions. Traditionally, the biological 

significance of CLL driver alterations or dysregulated biological pathways has been studied 
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through a combination of in vitro, in vivo or ex vivo approaches, each of them with inherent 

advantages and pitfalls.  

4.1 In vitro CLL models 

Cultures of CLL-derived lymphoblastoid cell lines (LCLs) have been the cornerstone for 

the study of the biological and molecular features of CLL in vitro. These models are useful to 

interrogate gene function, regulation, protein interactions and response to CLL therapeutic 

agents. Unlike primary CLL cells, CLL cell lines present proliferative capacity in the absence 

of the tumor microenvironment and do not undergo spontaneous apoptosis, making them 

easy to grow in culture, transfect with expression vectors and engraft into immunodeficient 

mice404,405.  

However, the number of CLL cell lines accurately reflecting the heterogeneity of the 

disease is very limited404. To date, only a handful of immortalized CLL cell lines are available 

for research, and this panel of cell lines does not include models covering all the main 

cytogenetic backgrounds of the disease. For instance, there are available cell lines harboring 

del(13q), trisomy 12 or del(17p) (Table 3), but there are no authenticated del(11q) models 

in order to study the haploinsufficiency of the genes located within this deletion or the 

biological determinants underlying this cytogenetic alteration404. In addition, some of these 

cell lines present a triploid or tetraploid karyotype, which is not representative of the 

common CLL karyotypic background404. In terms of somatic mutations, some of these cell 

lines have been subjected to targeted sequencing or WES and only a few mutations in 

putative CLL drivers have been identified, hindering the study of the functional 

consequences of the majority of CLL driver mutations. Indeed, mutations in some of the most 

recurrently mutated CLL drivers such as ATM, SF3B1 or NOTCH1 have not been identified 

in any of the cell lines analyzed. Table 3 recapitulates the characteristics of the currently 

available CLL cell lines in terms of immunophenotypic, IGHV mutation, karyotype, FISH 

and CLL driver mutation status. 

The resistance of primary CLL cells to viral transformation by Epstein-Barr virus (EBV) 

has been cited as a major reason for the lack of immortalized cell lines which accurately 

reflect the heterogeneity of the disease405,406. Indeed, the utility of CLL cell lines as a surrogate 

model of primary CLL cells has been questioned primarily due to the effect of EBV-

transformation, since CLL cell lines do not recapitulate the pro-survival CLL-

microenvironment interactions and EBV-transformation itself might dysregulate critical 
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biological pathways involved in CLL pathogenesis404,407. Nevertheless, gene expression 

profiling studies have revealed that most of the differences in gene expression levels between 

LCLs and primary B cells are of small magnitude, and that LCLs can often recapitulate the 

naturally occurring gene expression variation in primary B cells407.  

 

Table 3. Characteristics of currently available, authenticated patient-derived CLL cell lines 

for research (Adapted from Lanemo-Myhrinder et al.404).   

Cell line 
Patient 

age/sex/Binet/Rai 

Immuno- 

phenotype1 
IGHV 

Karyotype/ 

FISH2 

Driver 

mutations3 

Availa-

ble at 

Ref. 

MEC1 62/Male/Rai II 
IgM, κ 

CD5-/CD19+ 
M 

Diploid4/ 

Del(17p), -12 

TP53MUT 

BIRC3DEL 
DSMZ 408 

MEC2 62/Male/Rai II 
IgM, κ 

CD5-/CD19+ 
M 

Triploid4/ 

Del(17p), -12 
TP53MUT DSMZ 408 

HG3 70/Male/Rai II 
IgM, λ 

CD5+/CD19+ 
UM 

Diploid/ 

Del(13q) 
None DSMZ 409 

PGA1 Male 
IgG, λ 

CD5dim/CD19+ 
M 

Diploid/ 

+12, del(13q) 
KRASMUT DSMZ 410 

OSU-CLL Male 
IgM, κ 

CD5+/CD19+ 
M 

Diploid/ 

+12, +19 
None OSU 405 

I83-E95 75/Male/Binet A 
IgM, λ 

CD5+/CD19+ 
M 

Tetraploid/ 

+12, del(13q), del(17p) 
NA DSMZ 404 

WaC3CD5+ Male/Rai I 
IgM, κ 

CD5+/CD19+ 
UM 

Diploid/ 

Del(13q), del(17p) 
NA DSMZ 404 

Wa-osel Male/Rai I 
IgM, κ 

CD5-/CD19+ 
UM Tetraploid NA DSMZ 404 

232B4 Male/Rai 0 
IgG, κ 

CD5-/CD19+ 
M 

Tetraploid 

-17 
NA Li.U 404 

1Information about additional immunophenotypic markers can be found at www.dsmz.de or the references 

indicated in the table. 2Only recurrent CLL CNAs are indicated in the table, for a complete karyotype 

description please refer to www.dsmz.de or the references indicated in the table. 3NGS data from MEC1, 

HG3 and PGA1 has been obtained in our laboratory using a custom-designed panel for the analysis of 54 

CLL-related drivers411. WES data is also available for MEC1, HG3 and PGA1 cell lines412. Only TP53 

mutational status is known for MEC2 cells. OSU-CLL was only analyzed for hotspot mutations in NOTCH1, 

TP53, MYD88, KLHL6, XPO1, SF3B1, BRAF and BTK genes405. 4MEC1 and MEC2 cells display a near diploid 

or triploid karyotype, respectively, with 10% of polyploidy (www.dsmz.de). M: mutated; UM: unmutated; 

NA: not available; DSMZ: German Collection of Microorganisms and Cell Cultures; OSU: Ohio State 

University; Li.U: Linköping University.  

 

4.2 In vivo CLL models 
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Mouse models that recapitulate hematological malignancies are useful tools for 

elucidation of the pathogenic mechanisms underlying disease biology and progression, as 

well as for the development of preclinical studies. In CLL, two main approaches have been 

undertaken to model and study the disease in an in vivo setting: murine xenotransplantation 

models or genetically-engineered mouse models413,414. 

Xenotransplantation models in CLL have been attempted using either CLL cell lines or 

primary CLL cells. Most of CLL cell lines have been shown to engraft either subcutaneously 

or intravenously only in highly immunodeficient recipients such as NOD-scid IL2Rγ-/- (NSG) 

or Rag2-/-γc-/- mice, characterized by the lack of B, T and NK cells405,413,415–417. 

Xenotransplantation of CLL cell lines into these models is easily reproducible, and cells are 

able to spread fast and systemically recapitulating aggressive human CLL. However, 

proliferation of cell lines is induced by EBV transformation and not by the CLL-

microenvironment interactions, impeding the study of this critical aspect of CLL 

biology413,415.  On the other hand, several efforts in the last decade have made possible to 

establish patient-derived CLL xenografts. These models use also highly immunodeficient 

mice such as NSG and are based in the intravenous infusion of CLL peripheral blood 

mononuclear cells (PBMCs), usually in the presence of autologous T cells, previously 

activated either in vitro or in vivo413,418–421. Patient-derived xenografts are useful for the study 

evaluation of drug effects in CLL cells as well as the tissue microenvironment, overcoming 

some limitations of xenotransplantation of CLL cell lines. However, there are  differences 

between methodologies across different research groups that need to be standardized for 

these models to become widely available for CLL research418–424. Notably, recent patient-

derived RS xenografts have also been developed and have been proved to be useful for the 

study of novel therapeutic approaches in CLL transformation425–427. 

CLL genetically-engineered mouse models have been generated either mimicking 

deregulated gene expression or CLL-related genetic abnormalities. The most widely utilized 

is the transgenic TCL1 mouse model which expresses the human TCL1 gene and mimic the 

development of aggressive CLL428. Other transgenic mice models include the BCL2 x Traf2dn 

double transgenic mouse, APRIL transgenic mouse or ROR1 transgenic mouse414,429–431. All 

these models are quite useful for preclinical testing and the interrogation of several aspects 

of the disease pathogenesis, although disadvantages include a delayed time to disease onset 

(usually of more than one year) and absence of human microenvironmental accessory cells. 
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Moreover, they do not recapitulate the genetic heterogeneity of CLL414,420. In terms of mouse 

models emulating recurrent CLL abnormalities, several efforts established CLL-like models 

by B cell-restricted deletion of the mouse locus of mir-15a/16-1 or the mouse 14qC3 common 

or minimal deleted region, all of them emulating del(13q) of human CLL171,172. In addition, 

exciting recent approaches have established novel models by combining B cell-restricted 

murine Sf3b1 mutation and Atm deletion293 or Ikzf3 mutation332. Nevertheless, extensive 

research would be required in order to generate mouse models covering the main genetic 

abnormalities of the heterogeneous CLL genetic landscape. Furthermore, modeling of large 

CNAs remains a challenge, not only for technical reasons, but also for notorious differences 

in gene distribution between the mouse and human chromosomes432. 

4.3 Ex vivo CLL models 

As discussed in previous sections, it is well known that CLL cells are highly dependent 

on the tumor microenvironment for survival, and leukemic cells undergo spontaneous 

apoptosis when cultured in vitro. For these reasons, ex vivo CLL culture techniques have 

focused on modelling microenvironmental interactions through co-culture systems with 

accessory cells or conditioned media to replicate microenvironmental induced signaling420.  

The most relevant co-culture systems studied to date in CLL for ex vivo cultures are those 

based on either bone marrow stromal cells (BMSCs) or NLCs. CLL-BMSCs co-cultures can 

be done with patient-derived BMSCs, murine stromal cell lines (i.e. M210B4, SUM4, KUSA-

H1) or human stromal cell lines (HS5 or StromaNKTert)433,434. These type of co-cultures have 

demonstrated efficacy in maintaining CLL cells in culture for weeks, and preventing CLL 

cells to undergo spontaneous or drug-induced apoptosis by upregulation of anti-apoptotic 

proteins or activation of pro-survival signaling pathways such as PI3K or NF-κB420,433–435. 

Additionally, CLL-NLCs co-cultures are established from patient-derived NLCs and mimic 

the CLL microenvironment by activation of the BCR and NF-κB signaling, and upregulation 

of anti-apoptotic proteins, providing long-term survival and proliferation for CLL 

cells341,343,344.  

Microenvironmental-induced signaling can be also reproduced using soluble factors 

that ligate surface receptors of CLL cells, triggering pro-survival downstream signaling 

activation. In particular, ligation of the BCR using anti-IgM mimics downstream BCR 

signaling and NF-κB activation, resulting in decreased spontaneous apoptosis and increased 

proliferation, especially in UM-IGHV cases436–438. Moreover, activation of TLR signaling 
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using the TLR9 ligand CpG-ODN is widely used for ex vivo CLL cultures and also results in 

NF-κB activation and pro-survival cytokine production439,440. CD40 stimulation via CD40L is 

another widespread method that mimics the microenvironmental interaction between CLL 

cells and T-cells348,420.  

Co-culture systems and soluble factors can also be combined for the ex vivo culture of 

CLL cells. Some of best approaches to induce CLL cell proliferation and reduction of 

spontaneous apoptosis include CLL co-culture with HS5 stromal cells in the presence of 

CpG-ODN and IL-2 or IL-15, or CLL co-culture with CD40L-expressing fibroblasts 

supplemented with IL-4 or IL-21441–444. In summary, ex vivo CLL cultures represent an 

adequate option to study CLL-microenvironmental interactions as well as CLL drug 

response in the context of the tumor microenvironment. Nevertheless, inter-patient genetic 

heterogeneity might not be well recapitulated if large cohorts of primary CLL cells are not 

used. Besides, genetic and mechanistic studies in primary CLL cells are hampered by the 

difficulty of transfection or transduction of these cells445,446.  

4.4 Genome-editing technologies for the generation of novel CLL models 

As stated throughout the previous sections, the dynamic development of high-

throughput sequencing technologies has uncovered a vast number of genetic abnormalities 

in CLL at chromosomal level, gene level, expression level or even in non-coding regions of 

the CLL genome65,66. The biological function of some of these lesions is beginning to be 

understood partly as the result of the parallel development and improvement of in vitro, in 

vivo and ex vivo CLL models404,413,414,420. However, CLL, as well as the majority of cancer types, 

arises and progresses due to complex interaction of multiple disease drivers, and new 

models are required to assess the contribution of individual or combined genetic lesions to 

cellular fitness, their preferential co-occurrences or mutual exclusivity mechanisms and how 

the resultant dysregulation of biological pathways impacts clonal evolution or treatment 

response.  

The recent advances in genome-engineering technologies have opened a broad range of 

new possibilities to model diseases in vitro and in vivo. In particular, genome-editing 

systems provide an excellent tool for precise genome modification to mimic cancer-related 

driver alterations and interrogate their functional impact. The first genome-editing 

techniques implemented in cancer modelling included zinc-finger nucleases (ZNFs) and 

transcription activator-like effector nucleases (TALENs), although their widespread 
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adoption has been limited due to technical complexity and cost447,448. However, the recent 

introduction of the Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9 technology has dramatically changed the landscape of genome engineering 

by addressing many of the limitations from earlier methods, transforming our ability to 

rapidly interrogate the role of somatic mutations or chromosomal abnormalities in vitro, in 

vivo and ex vivo449–452.  

The CRISPR/Cas9 system is derived from a prokaryotic adaptative immune system and 

is mainly composed of two biological components: the RNA-guided DNA endonuclease 

Cas9 and a chimeric single-guide RNA (sgRNA). The sgRNA molecule is composed of a 

CRISPR RNA (crRNA) sequence, complementary to the target region of interest, and a trans-

activating crRNA (tracrRNA) component, which binds to the nuclease Cas9 and directs it to 

the genomic region of interest by base pairing (Figure 8). The only requirement defining the 

target sequence is that it must be adjacent to a protospacer adjacent motif (PAM), which 

consists of either a NGG trinucleotide for S. pyogenes-derived Cas9, which is the one of most 

commonly used nucleases for CRISPR-based editing449,453. Therefore, by just combining the 

expression of the protein Cas9 and a 20 pb sgRNA sequence complementary to a target DNA 

sequence, high efficient cleavage of the target genome region can be achieved, leading to the 

formation of DSBs, which will be repaired by either NHEJ or HR (Figure 8)453 (See 

Introduction 3.1.1 section DNA damage response and cell cycle control). NHEJ-mediated repair 

frequently leads to the introduction of small indels that can result in disruptive frameshift 

mutations and the generation of premature stop codons, which can be useful to emulate loss-

of-function driver mutations. On the other hand, in the presence of an exogenous donor 

DNA template, DSBs can be repaired through HR, which can be used for precise DNA 

modifications such as missense substitutions resulting in a gain-of-function phenotype, or 

correction of existent mutations (Figure 8)449,453.  
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Figure 8. CRISPR/Cas9 system components and applications. Representative scheme of the components 

required for CRISPR/Cas9-genome editing. The nuclease Cas9 is directed towards a genomic region of 

interest (blue), adjacent to a trinucleotide PAM sequence (red) essential for site recognition, by 

complementary binding to the sgRNA molecule (green). Cas9 nuclease activity results in a formation of a 

DSB within nucleotides 17-18 of the target sequence, which will be subsequently repaired through NHEJ, 

leading to the formation of indels, or precise sequence modification via homology-directed repair (HDR) in 

the presence of a donor DNA template (Taken from Sánchez-Rivera FJ & Jacks T. 2015)453. 

 

The high simplicity and versatility of this genome-editing system has resulted in an 

impressive range of potential applications to model cancer biology, most of which have 

been successfully carried out in cell culture systems or animal models453. Apart from the 

rapid and precise engineering of both loss-of-function or gain-of-function mutations in an 

isogenic context, as well as correction of point mutations, the CRISPR/Cas9 system can be 

used to trigger chromosomal rearrangements. This can be achieved by the induction of two 

DSBs simultaneously in different chromosomes leading to the induction of a translocation, 

or by induction of two distant DSBs within the same chromosome, which can lead to either 

chromosomal inversion or deletion454–457. Other CRISPR/Cas9 applications useful for cancer 

biology research are the generation of endogenous conditional alleles for the development 

of mouse models, or the tagging of endogenous alleles with fluorescent reporters or synthetic 

tags, all of these been achieved by HR-mediated repair of the Cas9-induced DSB453,458. 

Moreover, this system can be used to interrogate the function of non-coding DNA elements 

such as enhancers or promoters459,460. In addition, the facility to multiplex the CRISPR/Cas9 

offers the opportunity to investigate synthetic lethal interactions between genes or even the 

implementation of high-throughput genetic screens to identify novel genes involved in 

various cellular processes, or unknown genes involved in either resistance or susceptibility 
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to certain drugs453,461. Variations of the CRISPR/Cas9 system can also be used to repress or 

activate gene expression, induce chromatin modifications or edit RNA sequences462–464. At 

last, this system could also potentially be used for clinical application. Indeed there are 

several clinical trials exploring the possibilities of either correcting gene mutations or 

targeting cancer-related genes465.  

Contemporary to the development of this PhD research, some studies have implemented 

the CRISPR/Cas9 technology to understand the function of CLL-related driver mutations 

such as NOTCH1, TP53, FBXW7 or RPS15 in CLL cell lines in vitro 299,303,416,466. Other studies 

have also applied this technology to elucidate the contribution of certain proteins such as 14-

3-3ζ or ADAR in Wnt signaling or RNA editing processes, respectively467,468. In addition, 

high-throughput CRISPR screens have been performed to uncover unknown mechanisms of 

resistance to venetoclax401 and attempts for multiplexed CRISPR/Cas9-mediated edition for 

the generation of mouse models harboring CLL driver mutations have recently been 

described469. Nevertheless, the versatility of the CRISPR/Cas9 offers many additional, yet 

unexplored, opportunities for the progress in our understanding of CLL. This system can be 

exploited to model not only gene mutations with unknown biological significance, but also 

chromosomal abnormalities that play a critical role in CLL pathogenesis. In addition, it can 

address unsolved questions about the process of clonal evolution and how chromosomal 

lesions and gene mutations cooperate to drive CLL progression and response to treatment. 

Finally, the CRISPR/Cas9 system can be applied to uncover therapeutic vulnerabilities based 

on synthetic lethal combinations between different driver genetic lesions, helping make 

progress towards the implementation novel treatment strategies for personalized medicine 

in CLL. 
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Recent breakthroughs in the study of chronic lymphocytic leukemia (CLL) genomics 

have highlighted this disease as an extremely heterogeneous entity at the genetic level, 

characterized by the presence of a large number of recurrent chromosomal abnormalities 

and gene mutations that ultimately reflect the highly variable clinical course observed 

between patients. High-throughput sequencing efforts have also revealed the presence of 

intra-clonal heterogeneity within CLL cells, defining preferential patterns of co-occurrence 

or mutual exclusivity between certain genetic alterations. Understanding the timing of 

appearance and the contribution of each of these lesions into the biology of CLL is essential 

to determine how the interaction between multiple disease drivers leads to clonal evolution, 

CLL progression and influences treatment responses.  

Expansion of malignant CLL clones is believed to origin from pre- or post-germinal 

center experienced B cells, depending on the immunoglobulin gene somatic hypermutation 

status. However, the specific moment during hematopoiesis where the first oncogenic CLL-

related events occur is a current matter of debate. Several reports have suggested that some 

CLL driver mutations may appear at previous maturational levels or even in hematopoietic 

stem cells (HSCs). Nevertheless, further investigation is required to assess whether 

mutations in specific genes appear preferentially at the HSC level and therefore are likely to 

contribute to CLL origin, or which lesions appear at later steps of the maturation process 

where they will be likely to contribute to CLL expansion and maintenance rather than origin 

itself. Furthermore, within the plethora of genetic abnormalities occurring in CLL cells, only 

the appearance of particular gene mutations has been interrogated at the HSC level, whereas 

the presence of certain chromosomal abnormalities such as del(11q) has not been addressed, 

leaving unsolved questions about the role of these alterations in CLL initiation.  

Monoallelic del(11q) defines a high-risk subgroup of CLL patients characterized by the 

presence of bulky lymphadenopathy, rapid disease progression and reduced survival. The 

size of this deletion is variable and it can encompass hundreds of genes, being specifically 

ATM and BIRC3 suggested to have a role in CLL pathogenesis, since loss-of-function 

mutations of ATM or BIRC3 preferentially occur in del(11q) cases. This complete dysfunction 

of ATM or BIRC3 proteins has been shown to aggravate the outcome of del(11q) patients. 

However, the biological determinants by which the co-occurrence of these abnormalities 

drives CLL progression, clonal evolution and therapy response are largely unexplored. In 

addition, other concomitant genetic abnormalities have also been described in del(11q) 
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patients, although their role in the prognosis of this specific subgroup of CLLs has not been 

established.  

The study of the biological implications of del(11q) as well as associated mutations in 

ATM or BIRC3 has been hampered by the lack of cell lines harboring this specific 

chromosomal lesion or mouse models able to recapitulate the biology of del(11q), added to 

the difficulty of manipulating primary CLL cells ex vivo. Understanding the role of these 

lesions in the biology of the disease has become more relevant than ever with the 

introduction of targeted agents into the CLL treatment landscape, not only to determine 

which subgroups of patients might benefit from current therapies, but also to explore novel 

tailored therapeutic approaches based on synthetic lethal interactions. The recent 

introduction of the CRISPR/Cas9 system for genome editing has transformed our ability to 

interrogate the function of driver mutations and chromosomal abnormalities, both in vitro 

and in vivo, and its application in CLL research open exciting new horizons to help elucidate 

how different genetic lesions interact to drive disease pathogenesis and evolution.  

We believe that the CRISPR/Cas9 system can be used to successfully establish in vitro 

and in vivo CLL models recapitulating the biology of del(11q) as well as concurrent mutations 

in ATM, BIRC3 or other genes. These models, in combination with ex vivo primary CLL 

cultures from genetically-matched patients, will help us understand the specific contribution 

of each of these genetic backgrounds into critical aspects of CLL biology and treatment 

response. In addition, the parallel implementation of high-throughput sequencing 

techniques to study the genetic landscape of del(11q) CLL patients as well as CLL-HSCs, 

could unveil other genetic lesions with prognostic relevance in this high-risk subgroup of 

CLL patients, as well as the contribution of del(11q) and other driver lesions to the origin of 

the disease. Therefore, the integration of genomic analysis and CRISPR/Cas9-generated 

models might be useful to decipher the role of del(11q) and its concurrent alterations in many 

aspects of the disease: from initiation to progression and clonal evolution, helping the 

evaluation of tailored treatment for CLL patients belonging to this cytogenetic subgroup 

based on their inherent genetic characteristics.  
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General aim 

 

 To gain insight into the biological determinants underlying del(11q) CLL initiation, 

progression and clonal evolution, as well as to explore novel therapeutic vulnerabilities that 

can be clinically exploitable in CLL patients harboring these alterations, through a 

combination of high-throughput sequencing techniques, in vitro CRISPR/Cas9-edited 

models, in vivo xenograft models and primary CLL ex vivo cultures.  

 

Specific aims 

 

1. To analyze the presence of gene mutations and chromosomal abnormalities in CD34+ 

HSCs from CLL patients to infer the stage of the B cell maturation process where 

these alterations appear as well as their contribution to CLL initiation. 

2. To determine the mutational landscape of del(11q) CLL patients to identify 

preferential patterns of co-occurrence or mutual exclusivity with clinical relevance.  

3. To generate novel isogenic CLL models that recapitulate the biology of del(11q) 

and/or associated loss-of-function mutations in ATM, TP53 or BIRC3 through 

CRISPR/Cas9-based gene-editing.    

4. To evaluate the functional consequences of monoallelic and biallelic ATM loss in 

del(11q) CLL in the DNA damage response signaling and to assess specific 

therapeutic vulnerabilities of this subgroup of patients based on synthetic lethality. 

5. To characterize the biological impact of concurrent monoallelic and biallelic ATM 

and TP53 lesions in del(11q) CLL cells in vitro and in vivo, as well as the implications 

of these genetic backgrounds in treatment response.  

6. To elucidate the biological significance of BIRC3 loss through del(11q) and/or BIRC3 

mutations in the NF-κB signaling and apoptosis dysregulation, as well as its 

contribution to CLL progression, response to therapy and clonal evolution. 
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All of them have been developed to accomplish the general aim of this work and give the 

title to this doctoral dissertation: “Unraveling the Biological Determinants of the Origin, 

Clonal Evolution and Therapeutic Vulnerabilities of del(11q) Chronic Lymphocytic 

Leukemia through Genome-Editing Approaches”. 

 

A General Discussion, with additional data and which comprises all research, is addressed 

in a separate section of this thesis. 

 

In addition, the supplementary material corresponding to each of the chapters indicated 

above is collected at the end of the thesis.  
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Abstract

Background: Chronic lymphocytic leukemia (CLL) is a highly genetically heterogeneous disease. Although CLL has
been traditionally considered as a mature B cell leukemia, few independent studies have shown that the genetic
alterations may appear in CD34+ hematopoietic progenitors. However, the presence of both chromosomal
aberrations and gene mutations in CD34+ cells from the same patients has not been explored.

Methods: Amplicon-based deep next-generation sequencing (NGS) studies were carried out in magnetically
activated-cell-sorting separated CD19+ mature B lymphocytes and CD34+ hematopoietic progenitors (n = 56) to study
the mutational status of TP53, NOTCH1, SF3B1, FBXW7, MYD88, and XPO1 genes. In addition, ultra-deep NGS was
performed in a subset of seven patients to determine the presence of mutations in flow-sorted CD34+CD19− early
hematopoietic progenitors. Fluorescence in situ hybridization (FISH) studies were performed in the CD34+ cells from
nine patients of the cohort to examine the presence of cytogenetic abnormalities.
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Results: NGS studies revealed a total of 28 mutations in 24 CLL patients. Interestingly, 15 of them also showed the
same mutations in their corresponding whole population of CD34+ progenitors. The majority of NOTCH1 (7/9) and
XPO1 (4/4) mutations presented a similar mutational burden in both cell fractions; by contrast, mutations of TP53 (2/2),
FBXW7 (2/2), and SF3B1 (3/4) showed lower mutational allele frequencies, or even none, in the CD34+ cells compared
with the CD19+ population. Ultra-deep NGS confirmed the presence of FBXW7, MYD88, NOTCH1, and XPO1 mutations
in the subpopulation of CD34+CD19− early hematopoietic progenitors (6/7). Furthermore, FISH studies showed the
presence of 11q and 13q deletions (2/2 and 3/5, respectively) in CD34+ progenitors but the absence of IGH
cytogenetic alterations (0/2) in the CD34+ cells. Combining all the results from NGS and FISH, a model of the
appearance and expansion of genetic alterations in CLL was derived, suggesting that most of the genetic events
appear on the hematopoietic progenitors, although these mutations could induce the beginning of tumoral cell
expansion at different stage of B cell differentiation.

Conclusions: Our study showed the presence of both gene mutations and chromosomal abnormalities in early
hematopoietic progenitor cells from CLL patients.

Keywords: Chronic lymphocytic leukemia, Next-generation sequencing, Hematopoietic progenitors, Mutation, FISH,
Chromosomal abnormality

Background
Chronic lymphocytic leukemia (CLL) is characterized by
the clonal proliferation and accumulation of neoplastic
B lymphocytes in the blood, bone marrow, lymph nodes,
and spleen [1, 2]. Immunophenotype analysis of CLL
cells shows expression of CD5 T cell antigen as well as
CD19, CD20, and CD23 B cell surface antigens [3]. In
molecular terms, CLL is defined by the presence of
chromosomal abnormalities (11q-, +12, 13q-, 17p-) that
play an important role in CLL prognosis [4]. The muta-
tional status of the immunoglobulin heavy chain (IGHV)
is also considered a prognostic marker in CLL [5, 6]. Re-
cently, the development of next-generation sequencing
(NGS) techniques has enabled mutations to be identified
in novel target genes in CLL [7, 8], and mutations in
some drivers such as NOTCH1, SF3B1, TP53, and
MYD88 genes have been shown to have a prognostic
impact in CLL patients [9–11].
The cellular origin of this disease remains controver-

sial [12–14]. Recent studies have reported that CLL
pathogenesis may start at a previous maturational cell
stage, or even in hematopoietic stem cells (HSCs). Fluor-
escence in situ hybridization (FISH) studies showed that
+12 and 13q- abnormalities are present in CD34+CD19
− cells, suggesting that these common chromosomal ab-
normalities could appear in HSCs [15, 16]. Interestingly,
xenotransplantation studies reported that HSCs from
CLL patients were able to reproduce the CLL phenotype
in murine models [17]. In addition, CLL mutations may
appear in HSCs, supporting the idea that CLL patho-
genic events occur at an early stage of the hematopoietic
process [18].
Taking the previous studies in this field into account,

it is well known that chromosomal abnormalities as well
as gene mutations are important events in CLL

pathogenesis [19]. However, it is still not clear which
genetic events are related with the origin of the disease
and when these alterations occur and have a functional
impact inducing tumoral cell expansion during B cell
differentiation. For these reasons, in this study, chromo-
somal abnormalities and gene mutations in hematopoietic
progenitors were analyzed, showing that the whole popu-
lation of CD34+ progenitors, even at the level of CD34
+CD19−, are already affected at genetic level in CLL pa-
tients. In particular, mutations of FBXW7, MYD88,
NOTCH1, and XPO1 as well as 11q and 13q deletions
were detected in CD34+ progenitors. By contrast, the ori-
gin of TP53 and SF3B1 mutations and IGH alterations
could take place at a later maturational stage. Apart from
B lymphocytes, some of these genetic alterations were
also observed in other mature cell fractions (T lym-
phocytes and monocytes) derived from HSCs.
Integrating all these results, a pattern of appearance
and expansion of these genetic events during B-CLL
cell differentiation was suggested.

Methods
Patients
Samples were collected from the bone marrow (BM) of
56 CLL patients. CLL was diagnosed according to the
World Health Organization (WHO) classification [20]
and the National Cancer Institute (NCI) Working Group
criteria [21]. A complete immunophenotypic analysis of
all cases was carried out by flow cytometry. The main
biological features of the CLL patients are summarized
in Additional file 1: Table S1.

Cell isolation and DNA extraction
Total CD34+ progenitor cells and CD19+ B cells were
separately isolated from BM samples of CLL patients
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using magnetically activated cell sorting (MACS) CD34
and CD19 MicroBeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany), respectively, according to the manufac-
turer’s instructions. The workflow followed consisted of
three steps: first, the isolation of the whole population of
CD34+ cells (including CD34+CD19− early progenitors
and CD34+CD19+ pro-B cells) from the total BM
mononuclear cells, followed by the selection of CD19+
cells from the CD34 negative cell fraction resultant from
the first step. Cell purities were determined by flow cy-
tometry, being greater than 90 and 98% for each CD34+
and CD19+ cell fractions, respectively.
In addition, fluorescence-activated cell sorting (FACS)

(BD Biosciences, San Jose, CA, USA) was carried out in
order to sort the specific subpopulation of CD34+CD19
− cells as well as other mature cells such as CD19+ B
lymphocytes, CD3+ T lymphocytes, and CD14+ mono-
cytes, from peripheral blood (PB) samples in a second
time point of the disease of seven CLL patients. Samples
were stained with FITC anti-CD14 (Beckman Coulter),
phycoerythrin (PE) anti-CD3 (Becton Dickinson), PE-
Cy7 anti-CD19 (Immunostep S.L.), PerCP-Cy5.5 anti-
CD45 (BioLegend), and allophycocyanin (APC) anti-
CD34 (Becton Dickinson). Purities were greater than
98% in all cell fractions (Additional file 1: Figure S1).
Genomic DNA was extracted from the different cell

populations by column-based purification (AllPrep DNA/
RNA Mini Kit, Qiagen, Hilden, Germany) following the
manufacturer’s instructions.

Next-generation sequencing
NGS was performed in CD19+ B lymphocytes from all
56 CLL patients. Amplicon-based NGS was carried out
on a GS Junior platform (454 Life Sciences, Branford,
CT, USA) using the 454 Titanium Amplicon system
(Roche Applied Science, Penzberg, Germany) [22] to
investigate the mutational status of TP53 (exons 4–11),
NOTCH1 (exons 33–34), SF3B1 (exons 10–16), FBXW7
(exons 8–12), MYD88 (exons 4–5), and XPO1 (exons
14–15) in CD19+ cells. The mutations identified in
CD19+ cells were further analyzed in the corresponding
whole population of CD34+ progenitors in order to
determine whether the same mutations were present in
an earlier step than B mature cells. Primer information,
PCR conditions, and oligonucleotide design used in pre-
vious studies were adopted [23, 24]. The oligonucleotide
was designed as part of the work of the IRON-II net-
work. Sequencing data were obtained and analyzed using
the GS Data Analysis Software package (Roche Applied
Science, Penzberg, Germany) and the Sequence Pilot
software for genetic analysis (JSI Medical Systems,
Ettenheim, Germany). Mutations detected in more than
2% of bidirectional reads per amplicon in CD19+ cells
and in more than 10% in CD34+ cells were accepted

taking into account sequencing coverage (median 980
reads; coverage range 304–9387-fold) [25, 26] and MACS
purities from each cell population (98% for CD19+ and
90% for CD34+ cells).

Ultra-deep NGS
To define if the mutations appeared in the specific sub-
population of CD34+CD19− cells and other mature popu-
lations derived from the hematopoietic progenitors,
mutated target regions were sequenced by ultra-deep
NGS, using an Illumina platform, in flow-sorted CD34
+CD19−, CD19+, CD3+, and CD14+ cell populations
from seven CLL patients. NGS analysis was performed on
MiSeq (Illumina, San Diego, CA, USA) using genomic
DNA from peripheral blood flow-sorted CD19+ B lym-
phocytes, CD34+CD19− early progenitors, CD3+ T lym-
phocytes, and CD14+ monocytes. DNA was amplified
using REPLI-g Mini Kit (Qiagen, Hilden, Germany). Tar-
get PCRs were performed using exon-specific primers
(Additional file 1: Table S2). The experimental design and
reaction conditions followed the manufacturer’s recom-
mendations. Briefly, PCR products were purified with
High Pure PCR Product Purification Kit (Roche Diagnos-
tics, Mannheim, Germany) and quantified using Qubit
dsDNA HS Assay Kit (Life Technologies, Waltham, MA,
USA). The purified amplicons were pooled to a total
amount of 50 ng. The indexed paired-end library was pre-
pared with NEBNext Ultra II DNA Library Prep kit for
Illumina (NEW ENGLAND BioLabs) and sequenced
using MiSeq (median coverage 4399 reads; range 1491–
8614-fold). In order to verify the accuracy of the variant
allele frequency (VAF), non-amplified DNA was se-
quenced in all cases with available material, finding no
differences comparing to the VAFs obtained with a
previous step of whole-genome amplification.
In-house pipeline was performed to analyze sequen-

cing data. Sequencing reads were aligned to the refer-
ence genome GRCh37/hg19 using BWA-0.7 [27]. The
alignments were refined with tools of the GATK-3.5
suite [28], and the variants were called according to
GATK Best Practice recommendations [29, 30]. Finally,
ANNOVAR was used for annotations and prediction of
functional consequences [31].
The variant detection was set at 2% taking into account

the sequencing coverage and the purities from all sorted
cell fractions (more than 98%). Mutations detected at low
frequencies (< 15%) by ultra-deep NGS were also validated
using 454 Titanium Amplicon System (Roche Applied
Science, Penzberg, Germany) (median 1712 reads; cover-
age range 1277–2638-fold) [23, 24].

Fluorescence in situ hybridization
Interphase FISH was carried out in B cells from 56 BM
samples using commercially available probes: 11q22/
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ATM, 12p11.1-q11 (alpha satellite), 13q14, 14q32/IGH,
and 17p13/TP53 (Vysis/Abbott Co, Abbott Park, IL,
USA). Dual-color FISH using differently labeled control
and test probes was implemented following the methods
previously described [32]. FISH was also performed in
the CD34+ cells of a group of nine CLL patients to as-
sess the presence of the cytogenetic alterations identified
in the corresponding CD19+ cell fraction. Samples were
placed in a Cytospin cytocentrifuge (Thermo Scientific,
Waltham, MA, USA) to concentrate the low number of
cells. Signal screening was performed in at least 200 cells
with well-delineated fluorescence spots. According to
our cut-off standards, a score ≥ 10% was considered
positive in all cases.

Statistical analysis
Statistical analyses were performed using IBM SPSS for
Windows, Version 22.0 (IBM Corp., Armonk, NY, USA).
Time to first therapy (TFT) and overall survival (OS)
were analyzed on the date of the initial FISH study. Only
leukemia-related deaths were considered when analyzing
OS. The chi-square test was used to assess associations
between categorical variables; continuous variables were
analyzed with the Mann-Whitney U test. Variables sig-
nificantly associated with TFT and OS were identified by
the Kaplan-Meier method, and the curves of each group
were compared with the log-rank test. Results were
considered statistically significant for values of p < 0.05.

Results
Mutations of driver genes are already present in
hematopoietic progenitor cells of CLL patients
Sequencing studies revealed a total of 28 mutations in
24 of the 56 (42.9%) CLL patients. Most of these patients
(20/24; 83.3%) showed a single mutation in the analyzed
genes, and four of them had two mutations in different
genes (ID-34, ID-49, ID-50, and ID-53) (Table 1). The
most frequently mutated gene was NOTCH1 (23.2%),
followed by XPO1 (8.9%), SF3B1 (7.1%), FBXW7 (5.4%),
TP53 (3.6%), and MYD88 (1.8%) (Fig. 1). All of them
have been previously reported as mutations in the COS-
MIC database (http://cancer.sanger.ac.uk/cosmic). All
patients with mutations in NOTCH1 carried the same al-
teration (p.P2514Rfs*4), while XPO1 mutations corre-
sponded to a previously reported gain-of-function
mutation (p.E571K) in all cases. In addition, all SF3B1,
FBXW7, TP53, and MYD88 mutations analyzed were
missense mutations.
In order to assess whether the mutations identified in

CD19+ cells were also present in a previous step during
B cell differentiation, the mutated target regions were
analyzed by NGS in the total CD34+ cells. Strikingly, 15/
24 patients (62.5%) showed the same mutations in their
corresponding CD34+ cells (Table 1). The allele

frequencies of mutations observed in a higher percent-
age than 10% of both CD19+ and CD34+ cell popula-
tions were compared calculating a CD19/CD34 ratio
based on the percentage of mutated cells from each cell
population. The cut-off CD19/CD34 ratio of 2.5 revealed
two different mutational patterns between both cell frac-
tions: “maintained” (ratio < 2.5) and “decreased” (ratio
≥ 2.5). Specifically, most of the mutations in NOTCH1
(7/9) and XPO1 (4/4) presented a similar mutational
burden in both CD19+ and CD34+ cell fractions
(Table 1; Fig. 2a). By contrast, alterations in TP53 (2/2),
FBXW7 (2/2), and SF3B1 (3/4) showed a clearly lower
percentage or even an absence in the CD34+ cells with
respect to the corresponding mature B lymphocytes
(Table 1; Fig. 2b).
In a further step to assess if the mutations observed in

the whole population of CD34+ progenitor cells appeared
in the subpopulation of CD34+CD19− early hematopoietic
progenitors, ultra-deep NGS was performed. Flow-sorted
CD34+CD19− cells in a second time point from PB of a
subset of patients were sequenced, confirming that six out
of seven mutations—validated on the B lymphocytes from
this time point—were also detected in the hematopoietic
progenitor cells (Table 2). Particularly, MYD88, NOTCH1,
XPO1, and FBXW7 mutations were observed in CD34
+CD19− cells. On the other hand, SF3B1 mutation was not
observed in the CD34+CD19− cells from patient ID-50.
Apart from this, this patient, who was treated before the
second time point, did not show FBXW7 mutation in its B
lymphocytes.

Distinctive pattern of distribution of CLL driver mutations
along hematopoietic lineages
Ultra-deep NGS revealed that gene mutations can be also
present in other mature cells derived from hematopoietic
stem cells. Thus, the same mutations detected in CD19+ B
lymphocytes as well as in their corresponding CD34+CD19
− progenitors were also detected in a very low percentage
of CD3+ cells and in CD14+ cells in some CLL patients
(Table 2). Specifically, ID-13 and ID-36 patients, who har-
bored MYD88 and FBXW7 mutations, respectively, also
presented these mutations in both CD3+ and CD14+ cell
populations. Moreover, ID-57 (FBXW7 mutated) showed
the mutation on its monocytes whereas ID-37 (XPO1 mu-
tated) carried the same alteration on the T lymphocytes.
Interestingly, when the allele frequencies from all cell

populations were compared, different patterns could be
observed. First, MYD88 and NOTCH1 mutations (ID-13
and ID-42) appeared in > 10% of CD34+CD19− cells. In
case of XPO1 and FBXW7, their mutations also appeared
in CD34+CD19− cells but in a relatively low percentage
(< 5%). In addition, NOTCH1 mutations only appeared
on the hematopoietic progenitors and the mature B
lymphocytes whereas FBXW7 and MYD88 mutations
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seemed to appear in all the sequenced cell fractions, af-
fecting even myeloid lineage and T lymphoid lineage.
On the other hand, patient ID-50 did not present its
SF3B1 mutation in the CD34+CD19− nor the T lympho-
cytes and monocytes (Table 2).
All these mutations detected at low frequencies

(< 15%) in CD34+CD19−, CD3+, and CD14+ cells were
also validated by 454 sequencing when material was
available (Additional file 1: Table S3).

Several cytogenetic abnormalities are detected in a
previous developmental stage of the mature B
lymphocytes of CLL patients
FISH studies revealed a total of 39/56 (69.6%) CLL
patients with cytogenetic abnormalities in B lympho-
cytes. Specifically, 13q deletion was the most common
aberration in our cohort (46.3%), followed by trisomy 12
(17%), 11q deletion (11.3%), IGH alterations (9.3%), and
17p deletion (1.9%) (Additional file 1: Table S1).

Fig. 1 Cytogenetics and molecular characteristics of CD19+ and CD34+ cells. In the heatmap, rows correspond to the indicated alterations and
each column represents individual CLL samples. Color-coded based on the gene and cytogenetic status (dark gray, altered; light gray, not-altered;
white, not analyzed). For IGHV status: dark gray, unmutated; light gray, mutated. *Only mutations with VAF > 10% were considered for MACS
isolated CD34+ cells considering the purities obtained. **Mutations in CD34+CD19− cells were assessed by ultra-deep NGS, considering mutations
with VAF > 2%, taking into account the cell purities obtained from FACS sorting

Fig. 2 Mutational burden in CD19+ (dark gray) and CD34+ (light gray) cells from CLL patients. a NOTCH1 and XPO1 mutational burdens are
similar in CD34+ and CD19+ cell populations. b TP53, FBXW7, and SF3B1 mutational burdens were lower in the CD34+ cell population
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To asses if the chromosomal abnormalities where
also present in a previous step of the B cell differen-
tiation, FISH analyses were performed in the whole
population of CD34+ cells of a subset of patients (n
= 9) (Fig. 1). Interestingly, these analyses revealed
that five of nine CLL patients with cytogenetic alter-
ations in mature B lymphocytes showed the same
chromosomal aberration in the CD34+ cells, al-
though at a lower percentage than in CD19+ cells
(Table 3). Specifically, both CLL patients with 11q-
and three of five patients with 13q- showed the
same cytogenetic alteration in the corresponding
CD34+ cells. By contrast, IGH abnormalities identi-
fied by FISH in two CLL patients (ID-02 and ID-17)
were not identified in their corresponding CD34+
cells. Apart from these alterations, the only CLL pa-
tient with +12, whose CD34+ cells were analyzed by
FISH, did not have this trisomy in their correspond-
ing progenitor cells.

Patients with multiple genetic alterations show a
hierarchy in the appearance of these events
The combination of NGS and FISH data revealed that
two patients presented both mutations and chromo-
somal abnormalities (Table 3). The first case (ID-02)
had an IGH alteration and a NOTCH1 mutation in
the CD19+ cells. However, FISH studies and NGS
analysis of CD34+ progenitors revealed that the
NOTCH1 mutation was the only genetic event. The
second case (ID-21) showed two chromosomal abnor-
malities (11q- and 13q-) and an XPO1 mutation.
These three alterations were also observed in the
CD34+ cells, although 11q- and 13q- were present in
a higher percentage of cells (72 and 49%) than the
XPO1 variant (30%).
Four cases showed a co-occurrence of mutations in

two different genes. Thus, two patients (ID-34 and ID-
49) carried mutations in NOTCH1 and XPO1, present in
both CD19+ and CD34+ cell fractions, with NOTCH1

Table 2 Mutations in CD19+, CD34+CD19−, CD3+ and CD14+ PB cell populations identified by ultra-deep NGS
Time point 1; bone
narrow

Time point 2: peripheral blood

Patient ID IGHV mutation
status

Mutated gene AA change %mut
CD19

%mut CD34 %mut CD19+ %mut CD34+CD19− %mut CD3+ %mut CD14+

13 Mutated MYD88 p.M232T 36 22 23.1 12.2 2.6 7.7

31 Mutated NOTCH1 p.P2514Rfs*4 4 < 10 15.3 2.1 0 0

36 Mutated FBXW7 p.R465L 39 < 10 3.2 3.0 2.7 3.6

37 Unmutated XPO1 p.E571K 51 38 53.0 3.0 3.0 0.4

42 Unmutated NOTCH1 p.P2514Rfs*4 5.25 < 10 33.0 12.9 0 0.6

50 Unmutated SF3B1 p.R625H 21 < 10 15.0 1.0 0.1 0.1

50 Unmutated FBXW7 p.G423V 8 < 10 0 0 0 0

57 Mutated FBXW7 p.R465H 42 13 46.5 2.4 0.8 2.6

The cut-off set for the second time point was 2% (bold) provided that our FACS purities were higher than 98% in all cases for all cell populations

Table 3 FISH analysis in CD34+ cell populations of nine patients
FISH results NGS results

Patient
ID

IGHV mutation
status

Cytogenetic
alteration

Altered CD19+
cells (%)

Presence in
CD34+ cells

Altered CD34+
cells (%)

Mutated
gene

Mutational load
CD19+ (%)

Mutational load
CD34+ (%)

2 Unmutated IGH alt 80 No – NOTCH1 51 31

15 Mutated 13q- 65 Yes 25 –

16 Unmutated +12 22 No – –

17 Mutated IGH alt 54 No – –

21 Unmutated 11q- 64 Yes 49 XPO1 39.5 31

21 13q- 93 Yes 72

23 Unmutated 11q- 79 Yes 36 –

26 Mutated 13q- 67 Yes 46.5 –

27 Mutated 13q- 86 No – –

29 Mutated 13q- 25 No – –
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always being the dominant clone with respect to XPO1
(52 vs. 25%; 55 vs. 31%). The patient ID-50 harbored
mutations in SF3B1 and FBXW7, which occurred at a
much lower or null percentage in the CD34+ progeni-
tors (21 vs. 2.5%; 8 vs. 0%). Finally, patient ID-53 had
mutations in SF3B1 and TP53 in a low percentage of
CD34+ cells compared with that in CD19+ B lympho-
cytes (43 vs. 14%; 41.5 vs. 16.5%).

Clinical and biological correlations with genetic
alterations in CD34+ cells in CLL patients
The clinical impact of the presence of mutations in the
whole population of CD34+ cells was explored. The pres-
ence of mutations in the whole CD34+ cell population
was associated with an unmutated IGHV status (p = 0.003)
and high levels of serum β2 microglobulin (p = 0.011)
(Additional file 1: Table S4). Interestingly, patients with
mutations in their CD34+ progenitors also showed shorter
OS (p = 0.01) (Additional file 1: Figure S2A) than patients
without mutations in this cell fraction. In addition, pa-
tients harboring mutations in NOTCH1, SF3B1, and TP53
in their hematopoietic progenitors presented a shorter
TFT (p = 0.028) (Additional file 1: Figure S2B). Moreover,
comparing the two mutational patterns identified in the
CD34+ cells fraction, the mutations maintained on the
CD34+ progenitors were significantly associated with the
absence of trisomy 12 in the B lymphocytes (p = 0.014)
(Additional file 1: Table S5).
Comparing the mutational burden in the CD34+ frac-

tion between BM samples collected before and after
treatment revealed no significant differences (p = 0.605).
Four patients who received treatment before the extrac-
tion of the BM relapsed. Interestingly, all of them
showed mutations in the CD34+ progenitors with a
similar mutational burden as the corresponding CD19+
B lymphocytes (Additional file 1: Table S6).

Discussion
Our data provide evidence of the presence of mutations
and chromosomal abnormalities in early hematopoietic
progenitors in BM samples of CLL patients. These re-
sults shed light on the cell of origin of CLL in a previous
developmental stage to mature B cells, demonstrating
CLL patients can also show genetic events in the CD34+
hematopoietic progenitors. These results are consistent
with the findings of two recent studies [17, 18]. MACS
isolation was performed on the whole population of
CD34+ cells including CD34+CD19+ pro-B cells. A pre-
vious study has reported that the pro-B cell population
is larger in the bone marrow of CLL patients than in
healthy donors (mean range of 18% pro-B cells in the
total bone marrow CD34+ cell count, exceeding 30% in
some cases) [17]. This suggests that the patients who
presented a mutational burden of < 30% in the CD34+

cell population may only harbor the mutation in CD34
+CD19+ pro-B cells, rather than in the early
hematopoietic progenitors. It is of particular note that
10 out of 15 patients with mutations in the whole popu-
lation of CD34+ cells had mutational rates of > 30%,
suggesting that these mutations not only appear in the
pro-B cells, but also at earlier maturational stages of B
cell differentiation (CD34+CD19− progenitors). In order
to assess this hypothesis, we could perform ultra-deep
NGS studies of flow-sorted CD34+CD19− cells using PB
samples in a small subset of patients within the main co-
hort, detecting that all the mutations, except to one,
were already present in this cellular fraction. Therefore,
these results confirmed that mutations on CLL driver
genes could occur in early hematopoietic progenitor
cells of these patients. In particular, our sequencing re-
sults suggest that mutations in NOTCH1, MYD88,
FBXW7, and XPO1 may appear in CD34+CD19− cells
whereas TP53 and SF3B1 mutations could appear in a
later stage of B cell differentiation. As far as we are con-
cerned, these results were demonstrated for the first
time in fresh hematopoietic progenitor cells without
having been cultured.
As these driver mutations have been detected in early

hematopoietic progenitors of some CLL patients, we hy-
pothesized that these alterations can affect hematopoietic
lineages other than B cells. As it was previously reported,
some mutations in well-known CLL drivers can also ap-
pear on a low percentage in other mature cell fractions as
CD3+ T lymphocytes and/or CD14+ monocytes [18].
In order to determine the stage of B cell differentiation

in which these mutations induced an expansion of the
tumoral cell population, first, the mutational burdens in
CD19+ mature B lymphocytes and CD34+ progenitors
were compared. Since the mutational burden in CD34+
cells with NOTCH1 mutations was as high as that ob-
served in CD19+ cells in most of the cases, it could be
hypothesized that mutations in this gene induced an ex-
pansion of the CLL hematopoietic progenitors. Indeed,
ultra-deep NGS studies confirmed this in patient ID-42
who had NOTCH1 mutation in more than 10% of CD34
+CD19− cells. Moreover, every XPO1 mutation observed
in our cohort was present in the CD34+ progenitors and
the mutational burden remained similar in both cellular
fractions. However, the percentage of XPO1 mutations
in the CD34+ cells exceeded 30% in very few cases, sug-
gesting that these mutations could be enriched at an
intermediate B cell stage as CD34+CD19+ pro-B cells.
On the other hand, the mutational burdens of TP53,
SF3B1, and FBXW7 were considerably lower in the
CD34+ cell population. Although SF3B1 mutation was
not detected in CD34+CD19− cells, suggesting it as a
late event in B-CLL differentiation, one out of four
SF3B1 mutated patients (ID-43) carried a mutation in a
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high percentage of the whole population of CD34+ pro-
genitors, similar to results from a previous study [18].
Besides this, alterations in this gene have been also re-
ported in CD34+ cells of patients with myeloid malig-
nancies [33]. Therefore, it should be essential to study
larger cohorts of CLL patients in order to determine
what type of SF3B1 mutations occur in HSCs of CLL pa-
tients and functional studies to assess the differences be-
tween “CLL-HSCs SF3B1 mutated” and “MDS-HSCs
SF3B1 mutated.”
Focusing on the presence of cytogenetic abnormalities

in CD34+ cell populations in our cohort, 11q- and 13q-
appeared in the CD34+ progenitors at high percentages,
as reported previously [15, 16], supporting the hypothesis
that these chromosomal aberrations could be an early
event in CLL [8]. By contrast, IGH alterations were not
present in any of the CD34+ hematopoietic progenitors.
Previous case report studies have yielded similar results
[34, 35], suggesting that IGH alterations occur in an ad-
vanced stage of the lymphocyte maturation process.
The analysis of patients with more than one genetic al-

teration allowed us to define a hierarchy of the appear-
ance of these genetic events. When IGH alterations and
the NOTCH1 mutation are present in the same patient
(ID-02), it is clear that the NOTCH1 mutation is an earl-
ier step than the IGH alteration during B cell differenti-
ation. Moreover, when 11q-, 13q-, and XPO1 mutations

are present in the same patient (ID-21), they all appear
in the CD34+ progenitors. However, 11q- and 13q- are
certainly present at a higher allele frequency than the
mutational load of XPO1, suggesting that cells with 11q-
and 13q- were expanded in an earlier stage than the
XPO1 mutation in the pathogenesis of the disease [8].
Specifically, the dominant clone in the two cases with a
double mutation in NOTCH1 and XPO1 (ID-34 and ID-
49) was always NOTCH1 rather than XPO1. Therefore,
since XPO1 is still present in a small part of the CD34
+CD19− cell population and greatly enriched on the total
CD34+ fraction, we may consider that cells carrying XPO1
mutations are expanded in an intermediate event of B-
CLL differentiation, given the previous possible events
such as 13q- and 11q- abnormalities or MYD88 and
NOTCH1 mutations. Taking into account all these results,
a model of the appearance of genetic events during the
hematopoiesis in CLL has been suggested (Fig. 3). How-
ever, as some of these genetic alterations were observed in
few cases, it would be interesting to sequence all cell frac-
tions in larger cohorts of patients.
The prognostic impact of gene mutations and chromo-

somal abnormalities in CLL has been well characterized in
several studies of large cohorts of patients [4, 9, 23, 36].
TP53, NOTCH1, and SF3B1 are described as poor prognos-
tic mutations [10, 37–40]. The prognostic impact of the
presence of mutations in CD34+ cells from CLL patients

Fig. 3 Schematic model of events in hematopoiesis in CLL patients. Red gene names indicate the moment of appearance of mutations. Black
names indicate the presence of a gene mutation in an specific cell population whereas underlined black gene names indicate the moment of
expansion of tumoral cells harboring these gene mutations during B-CLL differentiation
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has been assessed for the first time in this study, showing
that CLL patients harboring mutations in the
hematopoietic progenitors showed worse prognosis. It is es-
sential to achieve a better understanding of these results
since only six genes were analyzed in our study, whereas a
CLL exome exhibits an average of 20 mutations [8, 10].
Therefore, further studies analyzing the whole exome in lar-
ger cohorts should be performed in order to accurately de-
fine their impact. In addition, conventional CLL therapies
may not be able to eradicate or reduce the malignant CD34
+ CLL clone and may be responsible for the relapse of pa-
tients bearing mutations in these cells. Given that these
therapies seem not to have a clear effect on CD34+ CLL
cells, allogeneic stem cell transplantation could be an op-
tion for overcoming the challenges that may arise from
CD34+ cell treatment [41].

Conclusions
Our data show that recurrent CLL chromosomal abnor-
malities and gene mutations are present not only in ma-
ture B lymphocytes but also in hematopoietic progenitors.
Although CLL is a clonal mature B cell disease, our results
provide strong evidence that CLL may originate in the
early stages of hematopoiesis. Both chromosomal alter-
ations and point mutations are highly relevant to the dis-
ease pathogenesis, with a clinical impact as soon as they
appear. To the best of our knowledge, our study is the first
to analyze both genetic events in different cellular frac-
tions of the same patients by NGS and FISH. It provides
us with a broader understanding of CLL initiation and de-
velopment, opening up possibilities for future therapies.
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+ and CD34+ mutational status. Figure S1. Representation of the purity
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Abstract
The deletion of 11q (del(11q)) invariably comprises ATM gene in chronic lymphocytic leukemia (CLL). Concomitant
mutations in this gene in the remaining allele have been identified in 1/3 of CLL cases harboring del(11q), being the biallelic
loss of ATM associated with adverse prognosis. Although the introduction of targeted BCR inhibition has significantly
favored the outcomes of del(11q) patients, responses of patients harboring ATM functional loss through biallelic inactivation
are unexplored, and the development of resistances to targeted therapies have been increasingly reported, urging the need to
explore novel therapeutic approaches. Here, we generated isogenic CLL cell lines harboring del(11q) and ATM mutations
through CRISPR/Cas9-based gene-editing. With these models, we uncovered a novel therapeutic vulnerability of del(11q)/
ATM-mutated cells to dual BCR and PARP inhibition. Ex vivo studies in the presence of stromal stimulation on 38 CLL
primary samples confirmed a synergistic action of the combination of olaparib and ibrutinib in del(11q)/ATM-mutated CLL
patients. In addition, we showed that ibrutinib produced a homologous recombination repair impairment through RAD51
dysregulation, finding a synergistic link of both drugs in the DNA damage repair pathway. Our data provide a preclinical
rationale for the use of this combination in CLL patients with this high-risk cytogenetic abnormality.

Introduction

Deletion of chromosome 11q22.3 (del(11q)) can be found
in up to 20% of chronic lymphocytic leukemia (CLL)
patients at diagnosis and is associated with poor outcome
[1–3]. Although the size of this deletion is variable [4–6],
ATM is consistently deleted in most cases [6–8]. This gene,
which plays a central role in double-strand break (DSB)
signaling and repair [9], is mutated in 10–20% of CLL cases
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at diagnosis [10–13]. One-third of CLL patients with del
(11q) carry ATM mutations in the remaining allele, resulting
in complete loss-of-function of the ATM protein [14] and
significantly reducing the survival of these patients [15].

Novel agents targeting BCL2 and BCR signaling path-
ways have revolutionized the treatment landscape in CLL
[16]. Specifically, it has been recently reported that
treatment-naïve del(11q) CLL patients show durable
responses upon first-line ibrutinib treatment [17] and an
integrated analysis of long-term follow-up data from three
randomized trials of ibrutinib in CLL revealed that
ibrutinib-treated patients with del(11q) had a significantly
longer progression-free survival than ibrutinib-treated
patients without del(11q) [18]. However, responses to
ibrutinib of high-risk patients harboring ATM functional
loss through biallelic inactivation have not been explored
yet. In addition, survival outcomes are inferior for relapsed/
refractory CLL patients, including those with del(11q) [19],
and resistance to BTK inhibitors is becoming an increasing
therapeutic challenge [20–24]. For these reasons, novel
combinatorial therapies need to be explored in CLL
patients.

One of the major impediments to the study of CLL
biology has been the lack of cellular models faithfully
representing the key genetic events of this disease, such as
del(11q). While some studies have interrogated the biolo-
gical impact of diverse individual CLL-associated genetic
alterations [25–29], very few have analyzed the effects of
concurrently expressed mutations in CLL [30]. Recently,
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 technology has allowed the efficient gen-
eration of mutations and chromosomal alterations in human
cell lines and animal models, opening new approaches for
modeling human diseases [31–34]. These new capabilities
provide fresh opportunities to generate cell lines to mimic
the concurrence of genetic alterations and to study specific
therapeutic options.

In the present study, we used the CRISPR/Cas9 tech-
nology to generate stable isogenic CLL-derived cell lines
harboring del(11q) and/or ATM mutations. The loss of ATM
by del(11q) and gene mutation led to a defective double-
strand break (DSB) signaling resulting in increased genomic
instability and hypersensitivity to the PARP inhibitor ola-
parib in vitro, in vivo and ex vivo. Furthermore, we showed
that ibrutinib synergizes with PARP inhibition triggering
synthetic lethality and significantly improving the effects of
BCR inhibition as monotherapy in del(11q) cell lines and
primary CLL cells. In addition, we demonstrated that the
synergy mechanism between both is associated with the
effect of ibrutinib in interfering with the homologous
recombination repair through RAD51 downregulation. Our
studies suggest that CRISPR/Cas9-generated models may
provide powerful tools to study the effects of individual or

combined CLL genetic alterations on cellular processes and
treatment response.

Methods

Study approval

The ex vivo study was conducted in accordance of the
Declaration of Helsinki and prior approval by the Bioethics
Committee from our institution. Written informed consent
was obtained from all patients. Animal studies were con-
ducted in accordance with the Spanish and European Union
guidelines for animal experimentation (RD53/2013, Direc-
tive-2010/63/UE, respectively) and received prior approval
from the Bioethics Committee of our institution.

Primary CLL samples

Peripheral blood mononuclear cells (PBMCs) from 38 CLL
patients were isolated using Ficoll-Paque Plus density gra-
dient media (GE Healthcare, Life Sciences) and viably
cryopreserved in liquid nitrogen until the time of analysis. A
complete immunophenotypic analysis of all cases was car-
ried out by flow cytometry. The main biological features
of the CLL patients used in the study are summarized
in Supplementary Table S1. Only CLL samples with
CD19+/CD5+ purities greater than 85% were included.

Next-generation sequencing (NGS)

NGS results from the primary samples used in the ex vivo
experiments are detailed in Supplementary Tables S2
and S3. Full details in Supplementary Information.

CRISPR/Cas9-mediated mutagenesis in CLL cell lines

HG3 and MEC1 cell lines (which harbor del(13q) and del
(17p), respectively) were transduced with lentiviral particles
containing plasmids for the constitutive Cas9 expression
(LentiCas9-Blast, Addgene_#52692).

SgRNAs were designed using the online CRISPR design
tool (http://crispr.mit.edu/) to target ATM. The selection of
the sgRNAs was based on choosing those of highest effi-
ciency to target the gene of interest and with the lowest
predicted off-targets effects. For the generation of del(11q)
on the HG3 cell line, two sgRNAs were designed targeting
two ∼17Mb distal regions on chromosome 11 (11q22.1 and
11q23.3, respectively). In addition, a sgRNA designed not
to target the human genome was used as a negative control.
Sequences of the selected sgRNAs are detailed in Supple-
mentary Table S4. SgRNAs targeting 11q23.3 were cloned
into pLKO5.sgRNA.EFS.GFP (Addgene_#57822) and
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sgRNAs targeting ATM and 11q22.1 into pLKO5.sgRNA.
EFS.tRFP (Addgene_#57823). Negative control sgRNA
was cloned in both vectors. Cloning was carried out as
previously described [35] and lentiviral transduction,
nucleofection of 11q-targeting sgRNAs and clone screening
are detailed below. At least three different clones harboring
loss-of-function mutations were chosen for each CRISPR-
generated cell line to perform further functional studies. To
mitigate against the possible biases due to off-targets effects
of the sgRNAs, clones were generated using two different
sgRNAs per gene.

Ex vivo experiments

Primary CLL ex vivo experiments were carried out in the
presence of HS-5 bone marrow stromal cells as previously
described [36]. Briefly, HS-5 stromal cells were seeded 24 h
prior to the ex vivo study at a concentration of 1.5 × 104

cells/mL. On the following day, primary CLL cells were
viably unfrozen and resuspended in RPMI 1640 medium
(Life Technologies) supplemented with 10% FBS, 1%
penicillin/streptomycin and 1.5 μg/mL CpG ODN (Sigma-
Aldrich) plus 50 ng/mL IL-2 (Peprotech) and subsequently
seeded onto the HS-5 cell layer at a co-culture ratio of 100:1
(1.5 × 106 CLL cells /mL) to stimulate proliferation of CLL
cells [37].

Cells were γ-irradiated (2 Gy) 24 h after co-culture for
γH2AX experiments. In the cell viability experiments, CLL
cells in the co-culture condition were treated with the
indicated drug doses on each experiment. After 120 h, CLL
cells were detached from the stromal cell layer and viability
was measured by CellTiter-Glo Luminescent Assay (Pro-
mega) and normalized with cells with no drug treatment.

Statistics

Statistical significance was determined using GraphPad
Prism software v6 (GraphPad Software). Data are sum-
marized as the mean ± standard deviation (SD). Otherwise
specified three independent clones per condition were used
in the functional studies. Student’s t test, Mann–Whitney,
ANOVA or Kruskal–Wallis tests were used to determine
statistical significance. P values lower than 0.05 were
considered as statistically significant.

Supplemental methods

Supplemental Methods section include detailed protocols of
cell lines and culture conditions, NGS, lentiviral production,
cell transduction and nucleofection, PCR, FISH, flow
cytometry, western blot, viability and apoptosis analyses,
immunofluorescence, comet assay, transwell migration

assay, homologous recombination (HR) activity assay and
in vivo experiments.

Results

Generation of del(11q) and ATM-deficient isogenic
CLL-derived cell lines using the CRISPR/Cas9 system

To address the biological implications of del(11q) and/or
ATM mutations in CLL, HG3 and MEC1 CLL-derived cell
lines were selected. Both are diploid for chromosome 11 and
have wild-type (WT) ATM gene. Both cell lines were trans-
duced with lentivirus expressing a constitutive Cas9 protein,
generating HG3-Cas9 and MEC1-Cas9 cell lines with a Cas9
activity greater than 80% (Supplementary Fig. S1a, b).

For the generation of del(11q), HG3-Cas9 cells were
nucleofected with two sgRNAs targeting specific regions on
chromosome 11q22.1 (sgRNA-A) and 11q23.3 (sgRNA-B),
respectively. After single-cell sorting of GFP+ RFP+
cells, clones were screened by PCR for the presence of a
fusion region between 11q22.1 and 11q23.3 (Fig. 1a).
Monoallelic del(11q) was present in 100% of the cells of the
selected clone as validated by FISH (Fig. 1b), thereby
establishing an isogenic HG3-del(11q) cell line. Truncating
mutations of ATM were introduced on the remaining WT
allele of HG3-del(11q) cells (Fig. 1a). Single-cell FACS-
sorted clones were sequenced and the absence of ATM
functional protein was assessed by western blot (Fig. 1c). In
total, we generated three different clones of HG3-del(11q)
and HG3-del(11q) ATMKO conditions. A similar approach
was used to generate single-cell clones with single ATM
mutations in MEC1 and HG3 cell lines, validating the loss
of ATM in three clones per condition (Fig. 1c; Supple-
mentary Fig. S2a, b).

Del(11q) ATMKO cells show impaired double-strand
breaks signaling, leading to DNA damage
accumulation

ATM is known to phosphorylate histone H2AX in response
to DSBs, promoting DSB repair [9]. To test how the CRISPR/
Cas9-engineered CLL cells respond to DSBs, γH2AX foci
formation was investigated in the presence or absence of
exposure to γ-irradiation (IR). By immunofluorescence, the
number of foci was markedly lower in HG3-del(11q) clones
than in HG3WT cells following IR exposure (P= 0.004;
Fig. 2a). In addition, biallelic inactivation of ATM dramati-
cally reduced the number of foci formed after IR (Fig. 2a).
These results were corroborated in HG3 and MEC1 ATMKO

cells (Supplementary Fig. S3a, b) as well as in del(11q)/ATM-
mutated primary CLL cells (Fig. 2b).

CRISPR/Cas9-generated models uncover therapeutic vulnerabilities of del(11q) CLL cells to dual BCR and. . .



 

  87 

Since del(11q) cells displayed impaired DNA damage
signaling, neutral comet assays were performed to elucidate
whether these cells presented DSB accumulation after γ-
irradiation. Notably, all the HG3 clones harboring del(11q)
showed DNA damage accumulation 3 h after IR whereas
HG3WT cells were able to repair the DSBs (Fig. 2c). Fur-
thermore, comet analyses revealed that the tail moment was
higher in HG3 cells with biallelic inactivation of ATM than
HG3-del(11q) cells with the remaining ATMWT allele (P <
0.0001; Fig. 2c).

CRISPR/Cas9-engineered del(11q)/ATMKO CLL cells
show high sensitivity to PARP inhibition in vitro and
in vivo

Considering that del(11q) and ATM mutations lead to
defective DNA repair, we hypothesized that these cells
could be hypersensitive to other drugs that also interfere the
DNA repair pathways, such us PARP inhibitors [38 ]. To
analyze this, HG3 clones were treated with olaparib. Of
note, clones with biallelic inactivation of ATM due to del

Fig. 1 Generation of 11q deletion and ATM mutations in CLL cell
lines using the CRISPR/Cas9 system. a Upper panel presents the
design of the generation of 11q deletion in HG3 cells and the genes
contained within the two sgRNA-targeting sites (sgRNA-A in red,
sgRNA-B in green). PCR primers used for detection of the deletion are
indicated by arrows. Lower panel shows a diagram with the steps for
the generation of an HG3-del(11q) cell line. Single-cell sorted clones
transitory expressing sgRNAs A and B were screened for the presence
of del(11q) by PCR reactions A, B and C, using two pairs of primers
flanking upstream and downstream sgRNAs cut sites on chromosome
11. Only del(11q)-positive clones showed amplification using the

forward primer A (11q22.1) and the reverse primer B (11q23.3)
(indicated as “PCR B”), as a result of a fusion product between both
cut sites A and B. HG3-del(11q) isogenic cell line was subsequently
used for the generation of ATM mutations on the remaining wild-type
allele of HG3-del(11q) cells. In total, n= 3 HG3-del(11q) ATMKO

clones were generated. b FISH analysis of HG3-del(11q) cell line.
Green signals correspond to 11q22/ATM probe and the control red
signals correspond to 17p13/TP53 probe. c Western blot analyses of
HG3-del(11q) and MEC1 edited single-cell clones with ATM muta-
tions (n= 3 clones per condition).
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(11q) and mutation on the other allele showed incipient
sensitivity 72 h after treatment (Supplementary Fig. S4a). In
addition, proliferation assays confirmed that del(11q)
ATMKO cells could not proliferate after olaparib treatment
even after prolonged exposure (Fig. 3a). These results were
also confirmed in MEC1 ATMKO clones (Supplementary
Fig. S4b).

To investigate the in vivo impact of olaparib treatment,
HG3WT (n= 10) and HG3-del(11q) ATMKO (n= 10)
xenografts were generated in NSG mice. Olaparib or vehi-
cle treatment started one week after cell injection (vehicle
n= 4; olaparib n= 6) and hCD45+GFP+ populations in
the peripheral blood were monitored twice weekly. By
FACS analysis, slower leukemic progression was observed
in the del(11q) ATMKO mice treated with olaparib (P=

0.004, at day 16 post-injection) whereas no differences were
found between vehicle or olaparib treated WT xenografts
(Supplementary Fig. S4c). Finally, overall survival was
assessed at the end of the experiment, showing a sig-
nificantly longer survival of del(11q) ATMKO xenografts
treated with olaparib as compared with control (P < 0.01)
(Fig. 3b).

Ibrutinib has a synergistic effect with olaparib
in vitro, enhancing its cytotoxic effects in del(11q)
CLL cells

To test whether the CRISPR/Cas9-engineered CLL cell
lines could be used as models to pre-clinically test new
therapeutic approaches, and given the promising effects of

Fig. 2 Evaluation of double-strand breaks signaling and repair in
del(11q)/ATM-deficient CLL cells. a Left panel: representative ima-
ges of γH2AX foci formation (red) in HG3WT, HG3-del(11q) and
HG3-del(11q) ATMKO clones. Upper panel shows non-irradiated
(−IR) HG3 cells and lower panel represents HG3 clones 1 h after 2
Gy irradiation (+IR). Right panel: quantification of the number of
γH2AX foci per cell 1 h after irradiation. Data are represented as the
mean values ± SD of three independent experiments. At least 75 cells
per experiment were counted. b Quantification of the number of
γH2AX foci per cell 1 h after irradiation in primary CLL samples
stimulated to proliferate for 24 h before IR (2 Gy). Groups are stratified
based on ATMWT (n= 8) ATM monoallelic (n= 6) or biallelic (n= 4)

defects in CLL samples. At least 75 cells per patient were counted.
Primary samples used in this experiment are detailed in Supplementary
Table 1. c Left panel: representative images of the neutral comet assay
experiment in HG3WT, HG3-del(11q) and HG3-del(11q) ATMKO

clones. Upper images show non-irradiated HG3 comets, middle panel
represents comets right after 40 Gy irradiation and lower images pre-
sent comets 3 h after 40 Gy irradiation, when HG3WT were able to
repair the IR-generated DNA damage. Right panel: tail moment
quantification of neutral comet assays in HG3WT, HG3-del(11q) and
HG3-del(11q) ATMKO clones 3 h after 40 Gy irradiation. Data repre-
sent the mean values ± SD of at least 50 comets analyzed per condition
in three independent experiments.
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olaparib on del(11q)/ATM-mutated CLL cells, synergy
experiments were performed to test whether PARP inhibi-
tion could be combined with other drugs employed in CLL
therapy. Strikingly, BCR inhibition by ibrutinib potentiated
the effects of olaparib in cell viability in all the HG3-del
(11q) and HG3-del(11q) ATMKO CRISPR/Cas9-generated
clones and MEC1 cells (Supplementary Fig. S5a, b). Fur-
thermore, olaparib also synergized with the alkylating agent
bendamustine in all HG3-edited cell lines (Supplementary
Fig. S5a). Responses of these isogenic HG3 cells to ibru-
tinib and bendamustine in monotherapy are depicted in
Supplementary Fig. S5c.

We next focused on the combination of olaparib and
ibrutinib due to its potential therapeutic application in del
(11q)/ATM-mutated-relapsed/refractory CLL patients.
As expected, the combination of these drugs induced

PARP cleavage added to p-BTK and downstream p-AKT
inhibition (Fig. 3c, left panel). In addition, ibrutinib
synergistically enhanced olaparib cytotoxicity, leading to
an incremented cell death, mostly by necrosis, as
shown by annexin V and PI staining (Fig. 3c, right panel;
Supplementary Fig. S5d, e). Moreover, necrosis-
dependent HMGB1 release [39] was studied in response
to the drugs alone or in combination, finding a marked
reduction of HMGB1 levels in HG3WT and HG3-del(11q)
ATMKO cells exposed to the combination of olaparib and
ibrutinib (Fig. 3c). Furthermore, we tested whether this
combination affected the CCL19-mediated migration
by chemotaxis assays, revealing that the drug combination
at non-cytotoxic doses significantly reduced migration
of CLL cell lines towards CCL19 (Supplementary
Fig. S5f).

Fig. 3 Olaparib effects in CRISPR/Cas9-edited del(11q) cells
in vitro, in vivo and in combination with ibrutinib. a HG3-edited
clones were treated with 3 μM olaparib and cell viability was assessed
by MTT every 2 days up to 12 days. Proliferation rates are presented
as MTT absorbance units, and data are shown as mean ± SD. P values
indicate differences between HG3WT and HG3-del(11q) ATMKO

clones. b Kaplan–Meier overall survival curve of HG3WT (n= 10) and
HG3-del(11q) ATMKO (n= 10) xenografted mice treated with olaparib
(n= 6) or vehicle (n= 4). The reported P value was calculated by

Log-rank test. c Left panel: immunoblot analysis of whole-cell lysates
of HG3WT and HG3-del(11q) ATMKO cells exposed to 5 μM olaparib
and ibrutinib, either alone or in combination, after 48 h. Right panel:
cytotoxicity studies by annexin V/PI staining of HG3WT and HG3-del
(11q) cells treated with 5 μM olaparib and ibrutinib for 48 h. Cyto-
toxicity is measured as the percentage of PI+ and annexin V+ cells.
Data are summarized as the mean ± SD of four independent
experiments.
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Dual BCR and PARP inhibition is highly effective in
del(11q)/ATM-mutated primary CLL samples in the
presence of stromal stimulation

In order to validate whether these del(11q)/ATM-mutated
CRISPR/Cas9 models could be used as a predictive pre-
clinical tool for the study of novel therapeutic approaches,
we examined the effects of the combination of olaparib
and ibrutinib ex vivo in primary cells from a cohort of 38
CLL samples (non-del(11q) n= 23; del(11q) n= 15).
Given that olaparib exerts its action during G2/M cell
cycle phase, CLL primary cells were stimulated to pro-
liferate in the presence of stromal cells, CpG and IL-2
[37]. Consistently, the combination of olaparib and ibru-
tinib in stimulated primary CLL cells was synergistic, and
more effective in those cases with del(11q) (Fig. 4a). The
tested drug doses did not affect the viability of the HS-5
stromal cells used in the co-culture with CLL cells
(Supplemental Fig. S6a). Furthermore, stratifying these
samples by ATM monoallelic or biallelic inactivation, we
observed that CLL cells harboring ATM biallelic inacti-
vation were even more sensitive to dual BCR and PARP
inhibition (Fig. 4b).

Next, we sought to determine if other traditional
prognostic factors would predict response to the combi-
nation of BCR and PARP inhibition. Regarding FISH
cytogenetic alterations, we found that only del(11q)
patients, and not del(13q), trisomy 12 or normal karyotype
patients, had significantly higher ex vivo sensitivity to the
drug combination (Fig. 4c). In addition, by stratifying the
cohort regarding IGHV mutational status, we detected
an improved response of IGHV unmutated patients
when compared with those IGHV mutated (Fig. 4c), in
line with previous results showing a higher sensitivity of
unmutated CLLs to ibrutinib [40]. In order to evaluate
which genetic maker could have a greater influence on
drug response, we compared IGHV unmuted/ATMWT

group versus cases with ATM biallelic inactivation,
showing that CLL patients with biallelic loss of ATM were
more sensitive to the drug combination (Supplemental
Fig. S6b). In addition, we dissected the response to
dual BCR and PARP inhibition based on the mutational
status of known CLL driver genes, demonstrating
that only patients harboring ATM mutations significantly
correlated with a greater sensitivity to the drug combi-
nation (Fig. 4c). Interestingly, SF3B1 mutations, which
also play a role on the DNA damage response
[30, 41], showed a trend towards higher sensitivity to the
combination as well. On the other hand, TP53, NOTCH1
or XPO1 mutations did not have an influence on the
response to the combination of olaparib and ibrutinib
(Fig. 4c).

BCR inhibition impairs homologous recombination
repair through RAD51 downregulation

Considering that olaparib and ibrutinib exert its action
through different pathways, we hypothesized that the
synergistic effects of this combination could be due to an
off-target effect of ibrutinib in DNA damage repair. To
determine if BTK inhibition affected the assembly of DNA
repair foci on CLL cells, we investigated whether HG3WT

and HG3-del(11q) ATMKO cells were able to recruit RAD51
to DSBs after γ-irradiation in the presence of ibrutinib.
Surprisingly, the formation of RAD51 foci 6 h after IR was
significantly reduced in CLL cells treated with ibrutinib or
the combination than in untreated cells (Fig. 5a, left panel).
In addition, ibrutinib treatment reduced the protein levels of
RAD51 in these clones (Supplementary Fig. S7a). Similar
results were obtained in MEC1 cells treated with ibrutinib
(Supplementary Fig. S7b). We further investigated these
findings through the analysis of transcriptomic RNA-seq
data of serial samples of CLL patients treated with ibrutinib
[23], confirming that RAD51 RNA levels are significantly
reduced in CLL patients after 1 month and 6 months of
ibrutinib therapy (Fig. 5a, right panel).

Moreover, we determined whether this RAD51 down-
regulation after ibrutinib exposure could be related to the
downstream PI3K/AKT/mTOR signaling modulation of
BTK inhibition. To this extent, we first used the pan-specific
PI3K inhibitior copanlisib in the CRISPR/Cas9-generated
cells, showing that PI3K inhibition also reduced the
recruitment of RAD51 to DSB lesions (Supplementary
Fig. S7c), presenting synergistic effects with olaparib in
stimulated primary CLL cells (Fig. 5b, left panel) and CLL
cell lines (Supplementary Fig. S7d). In addition, the selec-
tive PI3Kδ inhibitor idelalisib also showed synergism with
olaparib in primary CLL cells (Fig. 5b, middle panel). In line
with these results, the RAD51 inhibitor B02 also synergized
with olaparib in stimulated CLL primary samples (Fig. 5b,
right panel) and HG3WT and HG3-del(11q) ATMKO

CRISPR/Cas9-edited cells (Supplementary Fig. S7d).
We next examined whether ibrutinib-mediated down-

regulation of RAD51 could reduce the homologous
recombination (HR) repair activity of HG3 cells. Thus, we
used an HR-reporter plasmid [42, 43] where GFP expres-
sion is restored upon HR repair (Fig. 5c). Consistently,
ibrutinib treatment reduced the HR repair activity of HG3
cells at 1 and 2.5 μM concentrations (Fig. 5c).

Ibrutinib enhances olaparib and bendamustine-
dependent accumulation of DSBs in del(11q) cells

Taking into account these results, it could be suggested that
the mechanism of synergy of olaparib and ibrutinib in del
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Fig. 4 Response to dual BCR and PARP inhibition of 38 CLL
primary samples in the presence of stromal stimulation. a, b Pri-
mary CLL cells were seeded in co-culture with HS-5 bone marrow
stromal cells, 1.5 μg/mL CpG and 50 ng/mL IL-2 and treated with
olaparib (5 μM), ibrutinib (1 μM) or the combination of both for
5 days. Normalized surviving fraction is expressed relative to untreated
cells. Data are presented as the mean ± SD of del(11q) (n= 15) vs. non
del(11q) (n= 23) (a) or ATMWT (n= 20); ATM monoallelic defective

(n= 11) and ATM biallelic defective (n= 7) CLL cases (b).
c Response of primary CLL cells (n= 38) to the combination of
olaparib (5 μM) and ibrutinib (1 μM) based on cytogenetics, IGHV
mutational status and mutations in known CLL driver genes. Cells
were seeded in co-culture with HS-5 bone marrow stromal cells, 1.5
μg/mL CpG and 50 ng/mL IL-2 and treated with the drug combination
for 5 days.
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(11q) cells could be explained, at least in part, by synthetic
lethality. Therefore, the addition of a DNA damage-inducing
agent should increase the cytotoxicity of this combination

due to large amounts of unrepaired DSBs. Interestingly, the
addition of bendamustine to olaparib and ibrutinib syner-
gistically reduced viability in all the HG3-del(11q) and
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MEC1 ATMKO CRISPR/Cas9-edited clones (Fig. 6a; Sup-
plementary Fig. S8a). In addition, the combination of the
three of these drugs also resulted in decreased viability in a
subset of stimulated CLL primary cells (Fig. 6b).

To validate that this reduction in cell viability was due to
the accumulation of lethal DSBs, neutral comet assays were
performed on HG3WT and HG3-del(11q) ATMKO cells after
treatment with olaparib, ibrutinib and/or bendamustine.
Remarkably, the triple combination of olaparib, ibrutinib and
bendamustine led to larger amounts of unrepaired DSBs
(Fig. 6c, Supplementary Fig. 8b). Of note, the dual combi-
nations of olaparib+ ibrutinib or ibrutinib+ bendamustine
induced higher levels of DNA damage than these drugs in
monotherapy, supporting the aforementioned ibrutinib-
mediated impairment of HR repair. In addition, HG3-del
(11q) ATMKO cells exhibited more DNA damage upon ola-
parib+ ibrutinib and the triple combination than HG3WT

cells, providing further evidence of the selective hypersensi-
tivity of del(11q)/ATMKO CLL cells to PARP inhibitors in
combination with ibrutinib.

Discussion

The advent of next-generation sequencing has made feasible
to unveil CLL as a highly genetically heterogeneous disease
[12, 13]. Specifically, del(11q) patients represent a hetero-
geneous group inclusive of individuals carrying bi-allelic
inactivation of ATM [6, 14, 15]. The absence of cellular
models harboring this deletion and the difficulty of col-
lecting large cohorts of patients harboring all the possible
combinations of del(11q) and/or ATM truncating mutations,

have left remaining questions about the biological effects
and treatment response related to these genomic alterations.
In this study, we explored the implementation of the
CRISPR/Cas9 technology to generate in vitro CLL models
carrying del(11q) and/or ATM mutations. In this fashion, we
generated unique isogenic cell lines mimicking the ATM-
related genomic heterogeneity seen in CLL patients.

Considering the genetic intratumoral heterogeneity
underlying CLL patients, we have generated del[11q)/ATM-
mutated models in two different cytogenetic backgrounds
(del(13q) in HG3 and del(17p) in MEC1). In addition,
multiple driver mutations can co-occur within the same
tumoral clone, usually driving clonal expansion of CLL
cells [44, 45]. Therefore, it is important to study how
genetic alterations could synergistically act within the same
tumor cell. To this extent, our CRISPR/Cas9 model is the
first of its kind analyzing the biological impact of con-
current del(11q) and ATM mutations.

Our data show that these models faithfully represent the
biology of ATM loss in the pathogenesis of CLL. In this
way, the response of our CRISPR/Cas9-generated isogenic
cell models to γ-irradiation was analyzed, showing that
biallelic loss of ATM strongly impaired γH2AX foci for-
mation after irradiation [46], leading to the accumulation of
unrepaired DSBs. Interestingly, del(11q) CLL cells also
showed moderate levels of unrepaired DNA damage after
irradiation and biallelic ATM inactivation lead to higher
levels of unrepaired DNA damage. Of note, del(11q) CLL
patients displayed a higher rate of genomic alterations than
patients without del(11q) [47, 48]. Therefore, our results
suggest that the presence of del(11q) together with ATM
mutations may be able to increase the risk of developing
secondary genetic abnormalities in CLL cells, contributing
to the appearance of subclonal genomic alterations fre-
quently observed in CLL patients during the disease course
and associated with poor outcomes [12, 44, 49].

Ibrutinib-mediated BCR inhibition has transformed the
treatment landscape of CLL. Despite its proved benefits,
disease progression on ibrutinib is being increasingly
reported and ibrutinib resistance has emerged as a ther-
apeutic challenge [20–24]. In addition, complex
karyotype, which is associated with del(11q) [50], has been
associated with poor outcome in ibrutinib-treated patients
[51]. Therefore, novel therapeutic approaches need to be
explored in high-risk CLL patients. Some studies have
shown the efficacy of PARP inhibitors in ATM-deficient cell
lines and murine models, respectively, but not in isogenic
del(11q) models or large cohorts of genetically-matched
CLL samples [52, 53]. The application of PARP inhibition
to our CLL models has highlighted the efficacy of this drug
in del(11q) cells with biallelic inactivation of ATM in vitro,
in vivo and ex vivo. Remarkably, olaparib was especially
effective in CLL cells with complete dysfunctional ATM

Fig. 5 Effects of ibrutinib in RAD51-mediated HR repair in CLL.
a Left panel: representative images and quantification of the number
RAD51-positive cells 6 h after irradiation (2 Gy) in HG3WT and HG3-
del(11q) ATMKO clones. Cells were pretreated for 24 h with 5 μM
olaparib, 1 μM ibrutinib or the drug combination. Data are represented
as the mean values ± SD of three independent experiments. Cells were
scored RAD51+when five or more foci were formed. At least 100
cells per experiment were counted. Right panel: volcano plots of
transcripts changes comparing 1- (top) and 6-month (bottom) post-
ibrutinib initiation vs. pretreated longitudinal samples in 14 CLL
patients. RAD51 expression is significantly downregulated in samples
after 1 month and 6 months of ibrutinib therapy. Log2 of fold-changes
(treatment vs. control) are shown in x axis and statistical significance
(-log10 of qvalue) is shown in y axis. RNA-seq data were previously
generated in Landau et al. [23]. b Primary CLL cells were seeded in
co-culture with HS-5 bone marrow stromal cells, 1.5 μg/mL CpG and
50 ng/mL IL-2 and treated with the indicated drugs and doses for
5 days. Normalized surviving fraction is expressed relative to untreated
cells. Data are presented as the mean ± SD. c Upper panel displays a
representation of the HR-reporter plasmid adapted from Seluanov et al.
[43]. Lower-left panel represents the HR repair efficiency as calculated
by dividing the number of GFP+ cells of the totality of positive-
transfected DsRed+ cells. Data represent mean ± SD of three inde-
pendent experiments. Right panel displays representative plots of the
HR efficiency of HG3 treated with DMSO or ibrutinib (1 μM).
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protein. Since CLL patients harboring biallelic inactivation
of ATM represent a group with dismal outcome [6, 14, 15],
olaparib could be a rational therapeutic alternative for this
high-risk subgroup of CLL patients. Therefore, our
CRISPR/Cas9-engineered CLL cell lines may be also sui-
table models to predict drug response of CLL-related
genomic alterations.

Our work provides evidence of synergizing effects of
PARP and BCR inhibition in isogenic CLL cell lines as well
as in primary CLL cells combining olaparib and ibrutinib
treatment. Since ibrutinib has been proven to be one of the
most optimal therapeutic strategies for fludarabine-relapsed/
refractory CLL patients [54], and olaparib is highly effective
in del(11q)/ATM-mutated CLL cells, the combination of

both drugs could be effective for del(11q)-relapsed/refrac-
tory CLL patients. Furthermore, our study suggests that the
synergy mechanism could be due to a PI3K signaling-
dependent off-target effect of ibrutinib on HR repair through
downregulation of RAD51, triggering synthetic lethality
when combined with PARP inhibitors. Interestingly, com-
bined PI3K and PARP inhibition have also provided more
efficient responses in BRCA1-deficient breast cancer cells
[55] and dual ATR and BCR inhibition has also been proven
to be synergistic in ATM-defective CLL cells [56]. More-
over, it has been reported that BCR inhibitors could increase
genomic instability in B cells [57] and transcriptomic data
also support the evidence of RAD51 downregulation in CLL
patients treated with ibrutinib (Fig. 5a) [23]. In fact, since the

Fig. 6 Implications of BCR inhibition in HR-mediated DSBs repair
in CRISPR/Cas9-edited clones and primary CLLs. a HG3WT, HG3-
del(11q) and HG3-del(11q) ATMKO cells were treated with olaparib,
ibrutinib and/or bendamustine and cell viability was assessed by MTT
assay 72 h later. Surviving fraction is expressed relative to untreated
controls and data are presented as the mean ± SD of two independent
experiments. b Primary CLL cells were seeded in co-culture with HS-5
bone marrow stromal cells, 1.5 μg/mL CpG and 50 ng/mL IL-2 and

treated with the indicated doses of olaparib, ibrutinib and/or bend-
amustine for 5 days. Normalized surviving fraction is expressed
relative to untreated cells. c Tail moment quantification of neutral
comet assays in HG3WT (blue) and HG3-del(11q) ATMKO (red) clones
16 h after olaparib (5 μM), ibrutinib (5 μM) and/or bendamustine
(50 μM). Data are shown as the mean values ± SD of at least 50 comets
analyzed per condition in three independent experiments.
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addition of ibrutinib to bendamustine plus rituximab can
significantly improve outcomes of CLL patients [58] and
PARP inhibitors have been proven to be highly effective in
HR-impaired breast and ovarian cancer patients [59, 60],
relapsed/refractory del(11q)/ATM-mutated CLL patients
may potentially benefit from this combinatorial strategy.

Altogether, our results highlight that the CRISPR/
Cas9 system is an applicable technique for the generation of
in vitro CLL models mimicking specific genomic alterations
frequently observed in CLL patients. By using these mod-
els, we have delved into the knowledge on the effects of
monoallelic del(11q) or biallelic ATM loss on the DNA
damage response signaling in CLL. Furthermore, this work
demonstrates that PARP inhibition in combination with
ibrutinib may be explored as a therapeutic option for del
(11q) CLL patients showing ATM biallelic inactivation.
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Abstract
Background: Several genetic alterations have been identified as driver events
in chronic lymphocytic leukemia (CLL) pathogenesis and oncogenic evolution.
Concurrent driver alterations usually coexist within the same tumoral clone,
but how the cooperation of multiple genomic abnormalities contributes to dis-
ease progression remains poorly understood. Specifically, the biological and clin-
ical consequences of concurrent high-risk alterations such as del(11q)/ATM-
mutations and del(17p)/TP53-mutations have not been established.

Abbreviations: ATR, ataxia telangiectasia and Rad3 related; BCR, B cell receptor; CLL, chronic lymphocytic leukemia; CRISPR, clustered regularly
interspaced short palindromic repeats; DDR, DNA damage response; FACS, fluorescence-activated cell sorting; FISH, fluorescence in situ
hybridization; GFP, green fluorescent protein; iwCLL, international workshop on CLL; MACS, magnetically activated cell sorting; MTT,
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NGS, next-generation sequencing; OS, overall survival; PBS, phosphate-buffered saline;
WES, whole exome sequencing studies
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Methods:We integrated next-generation sequencing (NGS) and clustered regu-
larly interspaced short palindromic repeats (CRISPR)/Cas9 techniques to char-
acterize the in vitro and in vivo effects of concurrent monoallelic or biallelic
ATM and/or TP53 alterations in CLL prognosis, clonal evolution, and therapy
response.
Results: Targeted sequencing analysis of the co-occurrence of high-risk alter-
ations in 271 CLLs revealed that biallelic inactivation of both ATM and TP53was
mutually exclusive, whereas monoallelic del(11q) and TP53 alterations signifi-
cantly co-occurred in a subset of CLL patients with a highly adverse clinical out-
come. We determined the biological effects of combined del(11q), ATM and/or
TP53mutations in CRISPR/Cas9-edited CLL cell lines. Our results showed that
the combination of monoallelic del(11q) and TP53 mutations in CLL cells led
to a clonal advantage in vitro and in in vivo clonal competition experiments,
whereas CLL cells harboring biallelic ATM and TP53 loss failed to compete in
in vivo xenotransplants. Furthermore, we demonstrated that CLL cell lines har-
boring del(11q) andTP53mutations show only partial responses to B cell receptor
signaling inhibitors, but may potentially benefit from ATR inhibition.
Conclusions:Ourwork highlights that combinedmonoallelic del(11q) andTP53
alterations coordinately contribute to clonal advantage and shorter overall sur-
vival in CLL.

KEYWORDS
biomarkers, chromosomal abnormality, chronic lymphocytic leukemia, CRISPR/Cas9 system,
next-generation sequencing, TP53 gene

1 BACKGROUND

Chronic lymphocytic leukemia (CLL) is a clonal B-cell
malignancy characterized by an extremely variable clin-
ical course.1,2 This variability is a result of the underly-
ing biological heterogeneity, highlighted by the presence of
genomic alterations that play an important role in disease
prognosis.3–5 Monoallelic deletion of chromosome 11q22.3
(del(11q)) is present in 15–20% of CLL cases at diagno-
sis, and it is considered a high-risk cytogenetic alteration
in CLL.3,6,7 The size of this deletion is variable, with a
commonly minimal deleted region almost always encom-
passing the ATM gene.8–10 ATM has a key role in cell-
cycle checkpoint activation and theDNAdamage response
(DDR) pathway.11 Although the presence of this deletion
is associated with poor outcomes,3,12 del(11q) CLL exhibits
considerable clinical heterogeneity,13 suggesting that other
concomitant genetic alterations may have a role in the
prognosis of CLL patients from this high-risk subgroup.14
Indeed, it has been reported that monoallelic ATM dele-
tion is not enough to cause a CLL-like disease in mice.15
Deleterious mutations in the remaining allele of ATM or
gain-of-function SF3B1mutations in del(11q) patients have

been shown to drive CLL oncogenesis, being associated
with a worse prognosis.15–19 Nevertheless, these mutations
only account for 30% or 20% of del(11q) cases, respectively,
leaving more than half of del(11q) patients with unknown
second driver of the disease.
Another high-risk-associated cytogenetic feature in CLL

is the deletion of chromosome 17p13.1 (del(17p)), which
appears in 4–10% of CLL cases at diagnosis20,21 and in up
to 40% of relapsing cases to chemoimmunotherapy.22,23
Del(17p) invariably comprises the tumor suppressor gene
TP53, which is mutated in ∼10% of CLL cases at diagno-
sis and plays a critical role in the DDR pathway, apopto-
sis and cell cycle.24 In addition, TP53 gene mutations in
the remaining allele of del(17p) patients have been found
in 80% of these cases,25 indicating that biallelic dysfunc-
tion of this gene appears to be the main mechanism driv-
ing CLL progression and relapse in this subgroup CLL
patients.20,26
Some studies have reported that biallelic ATM abnor-

malities appear in low co-occurrence with TP53 lesions,
suggesting that the complete dysfunction of any of these
proteins cannot coexist with the defect of the other.20,27
On the contrary, monoallelic del(11q) or ATM mutations
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have been associated in some cases with monoallelic TP53
defects, suggesting that monoallelic abnormalities in both
of these genes may be co-selected during the disease
evolution.20,28However, these observations have only been
made through FISH or next-generation sequencing (NGS)
studies. There lacks further research investigating the bio-
logical effects of combined monoallelic or biallelic ATM
and TP53 alterations in CLL. Recent work by our group
and others has implemented the clustered regularly inter-
spaced short palindromic repeats (CRISPR)/Cas9 tech-
nology for the efficient generation of CLL driver gene
mutations or chromosomal abnormalities in human cell
lines and animal models,15,29–32 offering new opportuni-
ties to study the potential co-operative effects of con-
current genetic alterations in CLL as well as the bio-
logical basis of mutual exclusivity among CLL driver
alterations.
In this study, we used targeted sequencing and

CRISPR/Cas9 approaches to systematically character-
ize the biological effects of concurrent monoallelic or
biallelic ATM and/or TP53 lesions in CLL cells in rela-
tion to patient clinical outcome. We showed that TP53
alterations are a robust prognostic marker for overall
survival in monoallelic del(11q) patients, whereas biallelic
inactivation of both of these genes occurs in a mutually
exclusive way. We functionally validated these findings
with isogenic CRISPR/Cas9 generated models of del(11q)
together with TP53 and/or ATM mutations, showing
that CLL cell lines harboring biallelic loss of ATM and
TP53 present abnormal cell cycle and mitotic profiles,
failing to engraft and compete in murine xenotransplants.
These results offer a functional insight into the mutual
exclusivity of these alterations in CLL. Conversely, TP53
mutations conferred a clonal advantage of CLL cells with
a monoallelic del(11q) background, being able to outgrow
cells with single del(11q) in in vivo clonal competition
experiments.

2 METHODS

2.1 Patients

This study was based on 271 well-characterized CLL
cases, diagnosed according to the international work-
shop on CLL (iwCLL) guidelines, with clinical data and
FISH information. Overall, this cohort was enriched in
del(11q)/del(17p) cases in concordance to the main pur-
pose of the study. Forty-seven patients harbored del(11q),
and the rest of them (n = 224), designated as the con-
trol group, were representative of the entire CLL cohort
in terms of demographic and clinical-biologic characteris-
tics. At the time of analysis, 94% of patients were untreated

and 50% of them received treatment during follow-up. The
median follow-up was 60 months (range 0–264 months),
and the median time to first treatment (TFT) was 18.5
months (range 0–221 months). Clinical and biological
characteristics of the 271 CLL patients are summarized in
Table 1.
Samples and clinical data were collected from 16 Span-

ish institutions. This study was approved by the local ethi-
cal committee (Comité Ético de InvestigaciónClínica,Hos-
pital Universitario de Salamanca). Written informed con-
sent was obtained from all participants before they entered
the study. In addition, 136 CLL patients (n del(11q) = 38)
from an independent cohort were included for external
validation.10

2.2 NGS

Mutational analysis was performed in the whole cohort of
CLL patients included in this study (n = 271). Genomic
DNA was isolated from peripheral blood or bone marrow
MACS-sorted CD19+ B-lymphocytes. The Agilent SureS-
electQXT Target Enrichment system for Illumina Multi-
plexed Sequencing (Agilent Technologies, SantaClara, CA,
USA) was used to produce libraries of exonic regions from
54 CLL-related genes included in a custom-designed panel
previously validated33 (Table S1). Genomic DNA extracted
from each sample was fragmented and used to construct
a sequencing library with the SureSelectQXT Library Prep
Kit following the manufacturer’s instructions. Paired-end
sequencing (151-bp reads)was run on the IlluminaNextSeq
instrument (Illumina, SanDiego, CA,USA).Median cover-
age of target regions was 600 reads/base, with at least 100X
in 97% of them. Data analysis and variant calling were per-
formed using the bioinformatic pipelines described in the
Supplementary Methods.

2.3 CRISPR/Cas9-mediated
mutagenesis in CLL cell lines

The constitutive Cas9 expression vector (LentiCas9-Blast,
Addgene#52962)was used to generateHG3 cell lines stably
expressing the proteinCas9. Lentiviral particles containing
plasmid-expressing Cas9 and blasticidine resistance were
transduced into each cell line and selected by blasticidine
(20 µg/ml) for 2 weeks.34 Cas9 activity was tested using a
previously reported system based on the pXPR-011 plasmid
(Addgene#59702)which delivers green fluorescent protein
(GFP) and RNA guide (sgRNA) targeting GFP.35
SgRNAs were designed using the online CRISPR

design tool (http://crispr.mit.edu/) to target TP53 (exon
4) and/or ATM (exon 10). These exons were chosen
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TABLE 1 Clinical and biological characteristics of CLL patients
Non del(11q)
(n = 224), %

del(11q)
(n = 47), % p value

Male 63.8 73.7 0.239
Age of diagnosis (median, range) 73 (38-97) 69 (43-97) 0.152
Binet stage B/C 24.0 41.3 0.016
IGHV unmutated 38.1 81.0 <0.001
CD38 positivity 25.3 44.8 0.034
Hepatomegaly 3.9 11.4 0.046
Splenomegaly 15.6 27.3 0.066
FISH cytogenetics

Del(13q) 62.1 48.9 0.095
Trisomy 12 21.4 2.2 0.002
Del(17p) 7.6 25.5 0.0003

Next-generation sequencing
Mutated gene 75.4 92.5 0.014
ATMMUT 4.9 34.0 <0.001
NOTCH1MUT 20.5 17.0 0.574
SF3B1MUT 10.3 17.0 0.19
BIRC3MUT 3.6 19.1 < 0.001
TP53MUT 12.1 23.4 0.043

Monoallelic TP53 alteration (% del(17p)/ %TP53MUT) 10.3 (2.7/7.6) 14.9 (8.5/6.4) 0.413
Biallelic TP53 alteration (del(17p) and TP53MUT) 4.5 17.0 0.002

for editing in order to generate frameshift mutations
that result in a complete deletion of the DNA Binding
Domain of TP53 or the FAT and PIKK C-terminal domains
of ATM,11,25 producing a protein disruption as a con-
sequence. The selection of the sgRNAs was based on
choosing those of highest efficiency to target the gene of
interest and with the lowest predicted off-targets effects.
In addition, a sgRNA designed not to target the human
genome was used as a negative control. Sequences of the
selected sgRNAs are detailed in Table S2. The procedure
and sgRNAs used for the generation of del(11q) were
previously described.32 SgRNAs targeting TP53 were
cloned into pLKO5.sgRNA.EFS.GFP (Addgene_#57822)
or pLKO5.sgRNA.EFS.tRFP (Addgene_#57823), and
sgRNAs targeting ATM into pLKO5.sgRNA.EFS.tRFP
(Addgene_#57823). Negative control sgRNA was cloned in
both vectors. Cloning, transduction, and clone screening
are detailed in Supplementary Methods.
The presence of CRISPR/Cas9-mediated off-target

indels was examined in each generated clone by analyzing
the top #3 gene off-targets of each sgRNA designed using
Sanger sequencing. TheOff-Spotter online tool was used to
predict the off-target regions for each sgRNA (https://cm.
jefferson.edu/Off-Spotter/).36 Off-target regions, number
of mismatches and primers designed for sequencing are
detailed in Table S3.

2.4 In vivo clonal competition and
survival experiments

Animal studies were conducted in accordance with the
Spanish and European Union guidelines for animal exper-
imentation (RD53/2013, Directive-2010/63/UE, respec-
tively) and received prior approval from the Bioethics
Committee of our institution.
For the in vivo clonal competition experiments, a total

of 16 4- to 5-week-old female NSG mice were previously
randomized and used for intravenous injection of pooled
HG3WT + HG3 TP53MUT cells (1.25 × 106 cells/mice; ratio
1:1; n = 8) and HG3-del(11q) + HG3-del(11q) TP53MUT+ HG3-del(11q) ATMMUTTP53MUT (1.25 × 106 cells/mice;
ratio 1:1:1; n = 8). Mice were sacrificed 7 and 14 days
after cell injection (n = 4/condition each time point),
and spleens and bone marrow were collected for engraft-
ment and clonal evolution analysis. Red blood cells were
lysed with erythrocyte lysis buffer, and the remaining
cells were then washed twice in phosphate-buffered saline
(PBS). Samples were subjected to FACS analysis on a FAC-
SAria flow cytometer. Data were analyzed with FlowJo
software based on GFP and/or RFP positivity: HG3WT

(GFP+RFP−), HG3 TP53MUT (GFP−RFP+); HG3-del(11q)
(GFP−RFP+), HG3-del(11q) TP53MUT (GFP+RFP−), HG3-
del(11q) ATMMUTTP53MUT (GFP+RFP+).
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For the survival analysis, 1.25 × 106 cells of HG3WT, HG3
TP53MUT, HG3-del(11q), HG3-del(11q) TP53MUT, and HG3-
del(11q) ATMMUTTP53MUT clones were injected individu-
ally into NSG mice (n = 5/group). Peripheral blood was
extracted at day 17 post-injection for the assessment of
engraftment by flow cytometry.Mice weremonitored daily
during the experiment and euthanized by anesthesia over-
dose when they presented symptoms of severe disease.

2.5 Statistics

Statistical analyses were performed using IBM SPSS for
Windows, Version 23.0 (IBM Corp.) or GraphPad Prism
software v6 (GraphPad Software). Data are summarized
as the mean ± standard deviation (SD). Student’s t-test,
Mann-Whitney, ANOVA, and Kruskal-Wallis tests were
used to determine statistical significance. The chi-square
test was used to assess associations between categorical
variables. Variables significantly associated with OS were
identified by the Kaplan-Meier method, and the curves of
each group were compared with the log-rank test. p values
lower than 0.05were considered as statistically significant.

3 RESULTS

3.1 Monoallelic del(11q) can co-occur
with TP53 alterations while biallelic ATM
and TP53 alterations are mutually exclusive
in CLL patients

A total of 271 patients were included in this study: 47
del(11q) cases and 224 non-del(11q). Mutational analyses
showed that 93.6% (44/47) of del(11q) patients harbored a
mutation in at least one of the 54 genes analyzed, whereas
75.4% (169/224) were mutated within the control group
(p = 0.014) (Table 1). High mutational frequencies in
ATM (34%), TP53 (23.4%), BIRC3 (19%), SF3B1 (17%), and
NOTCH1 (17%) were observed in del(11q) patients (Fig-
ure 1A), being ATM, BIRC3, and TP53 mutations signif-
icantly associated with del(11q) (p < 0.0001, p < 0.0001,
p = 0.043, respectively) (Table 1).
TP53 alterations (deletions and/or mutations) were one

of the most abundant genetic lesions in our del(11q) series
(15/47, 31.9%), after ATM mutations (16/47, 34%) (Fig-
ure 1A). Within this subgroup, a total of 12 patients had
del(17p), and eight of them exhibited a TP53 mutation in
the remaining allele (67%), therefore considered to have
a biallelic TP53 alteration. In addition, TP53 mutations
were detected in three del(11q) patients without del(17p).
Regarding the type of the genetic mutations in patients
with del(11q) and del(17p), we found that four of themwere

frameshift, one encoded for a stop codon, and nine were
missense mutations, while mutations in del(11q) patients
without del(17p) were all missense substitutions (Table 2).
In addition to the mutational analysis, we also focused

on the co-occurrence of del(11q)/ATM mutations and
del(17p)/TP53 mutations in CLL patients, according to
the presence of monoallelic or biallelic alteration and the
type of the genetic alteration: deletion or gene mutation.
First, regarding only mutations, we detected a signifi-
cantly low co-occurrence between ATM and TP53 muta-
tions (p < 0.0001). Second, considering also chromosomal
deletions in the analysis, we found a significant lack of
ATM mutations in patients with biallelic TP53 alterations
(deletion and mutation) (p = 0.002) as well as a complete
absence of TP53 mutations in patients with biallelic ATM
inactivation (p = 0.0002) (Figure 1B). We also detected
a mutual exclusivity between biallelic TP53 and biallelic
ATM alteration (p = 0.03). Conversely, we observed a sta-
tistically significant association between TP53 alterations
(del(17p) and/or TP53 mutation) and monoallelic ATM
loss by del(11q) (p = 0.0002) (Figure 1B). Altogether, these
results indicate that del(11q) CLL cells may harbor addi-
tional TP53 alterations as long as they have the remaining
ATMWT allele intact.

3.2 CLL patients harboring combined
del(11q) and TP53 alterations exhibit a
highly adverse outcome

We next analyzed whether mutations in the most fre-
quently mutated genes in del(11q) patients had an impact
on their survival. Notably, only TP53 mutations were able
to stratify del(11q) patients in terms of clinical impact:
those patients with TP53 mutations had shorter OS than
the rest of del(11q) (median 15 vs 88 months, p < 0.0001)
(Figure 1C; Table S4). In addition, no significant dif-
ferences regarding OS were observed between del(11q)
patients harboring mutations in the rest of the genes ana-
lyzed by targeted NGS (Table S4; Figure S1).
Given the clinical impact of TP53 mutations in the OS

of del(11q) patients, we performed a clinical analysis with
respect to the number of alleles affected by TP53 alter-
ations. Regarding the entire CLL cohort, we observed that
patients harboring a biallelic TP53 inactivation showed
a significantly shorter overall survival than those with
monoallelic TP53 alteration (median 19 vs 60 months,
p = 0.016) (Figure S2A).
Within del(11q) cases, the median OS of patients

with biallelic TP53 alteration was significantly shorter
than del(11q) TP53WT patients (median 11 vs 88 months,
p = 0.001) (Figure 1D). Besides, we detected differ-
ences between the median OS of del(11q) cases harboring
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F IGURE 1 Mutational analysis and overall survival (OS) of del(11q) patients. (A) Mutational landscape of del(11q) patients; each column
represents a patient and each row corresponds to a genetic alteration. Mutation or cytogenetic events are indicated in red, IGHV unmutated
status in dark yellow, and IGHV mutated status in light yellow. White indicates missing data. (B) Significantly high and low co-occurrences
of ATM and TP53 alterations in CLL patients (chi-square test). Each column corresponds to one patient, and the presence of mutations or
deletions is clustered according to the type of ATM and TP53 alterations, shown in blue. Left red rectangle indicates the presence of high co-
occurrence between monoallelic del(11q) and TP53 alterations (** p < 0.01). Right table indicates the grades of low co-occurrences between
the indicated conditions. (C) Impact of TP53 mutations in the survival of del(11q) CLL patients. (D) OS of del(11q) patients according to the
presence of monoallelic or biallelic TP53 alterations (deletion and/or mutation). (E) Clinical impact of the presence of del(11q) in patients with
TP53 alterations (deletion and/or mutations). (F) Mutational analysis and (G) overall survival (OS) of del(11q) patients in the validation cohort
from the UK LRF CLL4 trial
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TABLE 2 TP53 alterations identified in del(11q) CLL patients

Patient
ID

del(11q), %
of cells

TP53
alterations
(del/mut)

del(17p),
% of cells

TP53
mutations,
AA change
(Transcript:
NM_000546.5) VAF, % Other mutated genes

16 92 del/wt 86 – – ATM, BIRC3, ZMYM3, SETD2
17 50 del/wt 34 – – BIRC3, NOTCH1, CHD2,

BCOR
18 20.5 del/wt 18 – – CHD2
19 90 del/wt 22 – – KRAS
20 15 del/mut 59 R273L;

I332fs;
M384fs

4.75; 3.09;
2.86

BIRC3, RPS15, DDX3X

21 62 del/mut 24 L330R 6.26 BIRC3, DDX3X
22 89 del/mut 87 P278R 98.96 BIRC3, NFKBIE
23 48.5 del/mut 38 R342X 15.33 BIRC3
24 62 del/mut 65 R273L;

G105fs;
P152L

33.96; 7.91;
3.77

SF3B1, MAP2K1, BRAF,
DDX3X, FUBP1, ZC3H18

25 50 del/mut 25 R290H;
Y163C

42.35; 11.92 NOTCH1, ZMYM3, ASXL1,
FAT1

26 54 del/mut 51 I195T 20.72 –
27 46 del/mut 38 L130V; L93fs 21.9; 13.53 MGA
28 43 wt/mut – L145P 65.57 SF3B1, ARID1A, ASXL1,

MED12
29 10 wt/mut – Y234C 3.33 –
30 83 wt/mut – Y205D 7 –

Abbreviations: fs, frameshift mutation; VAF, variant allele frequency.

monoallelic TP53 alterations by either del(17p) or somatic
mutation and the rest of del(11q) patients (median 17 vs
88 months, p = 0.01) (Figure 1D). Interestingly, no differ-
ences in OS were observed between biallelic and monoal-
lelic del(11q) TP53ALT patients (median 11 vs 17 months,
p = 0.882), suggesting that the highly negative clinical
impact of this co-occurrence is independent of the num-
ber of alleles affected by TP53 aberrations. In addition,
patients with combined del(11q) and TP53 abnormalities
had a shorter TFT than those with only TP53 alterations
(median 7 vs 36 months, p = 0.05), while there were no
significant differences with respect to the presence of sole
del(11q) abnormality (median 7 vs 11 months, p = 0.33)
(Figure S2B).
Furthermore, the presence of del(11q) also contributed

to a shorter OS for patients with TP53 alterations in our
study (median 17 vs 36 months, p = 0.022), corroborating
that the coexistence of both del(11q) and TP53 alterations
accounts for a marked poor outcome even in del(17p) cases
(Figure 1E). These results were validated in cases from a
previously published cohort from the UK LRF CLL4 trial
(Figure 1F),10 where TP53 alterations also accounted for

a reduced survival of del(11q) patients (median 10 vs 54
months, p = 0.005; Figure 1G).

3.3 Concurrence of biallelic ATM and
TP53 alterations in CLL cells results in
defective mitosis and the formation of
abnormal multinucleated cells

Based on the sequencing results observed in our CLL
cohort, we next prompted to address the biological impli-
cations of concurrent monoallelic or biallelic loss of ATM
and TP53 in del(11q) CLL cells. For this purpose, we
used the HG3 CLL derived cell line, which is diploid for
chromosomes 11 and 17 and also has wild-type ATM and
TP53 genes. HG3 parental cells were transduced to sta-
bly express Cas9 protein, and sgRNAs targeting chromo-
some 11q22.1/11q23.3 were introduced to generate an iso-
genic HG3 CLL cell line harboring del(11q) (HG3-del(11q))
of ∼17 Mb size including ATM gene (Figures 2A and
2B).32 We then introduced sgRNAs targeting ATM and/or
TP53 genes in both wild-type HG3 cells (HG3WT) and
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F IGURE 2 Generation of CRISPR/Cas9-edited CLL cell lines harboring del(11q), TP53 and/or ATMmutations and phenotypical analysis
of edited cells. (A) Upper panel: experimental design for the introduction of del(11q), TP53, and ATM mutations in the HG3 CLL derived
cell line using the CRISPR/Cas9 system. sgRNAs targeting 11q22.1 and 11q23.3 were nucleofected for transitory expression in HG3-Cas9 cells.
Nucleofected single-cell sorted clones were screened for the presence of del(11q), and the presence of this deletion was validated by Sanger
sequencing and FISH. The resulting HG3-del(11q) isogenic cell line, as well as parental HG3-Cas9 cells, was further transduced with sgRNAs
targeting TP53 and/or ATM genes for the generation of truncating mutations. In total, 3 HG3WT, 3 HG3 TP53MUT, 3 HG3-del(11q), 5 HG3-
del(11q) TP53MUT, and 5 HG3-del(11q) ATMMUTTP53MUT clones were generated. Lower panel: number of alleles affected by mutations and
deletions in the CRISPR/Cas9-generated cell lines. (B) Representative FISH images of HG3WT andHG3-del(11q) cells. Green signals correspond
to 11q22/ATM probe and the control red signals correspond to 17p13/TP53 probe. (C) Western blot analysis of isogenic HG3-edited clones with
TP53 mutations. Upper panel shows TP53 protein expression of 2 HG3WT clones and 3 HG3 TP53MUT clones. Lower panel shows GAPDH,
which was used as loading control. (D) Western blot analysis of HG3-edited single-cell clones. Upper and middle panels show ATM and TP53
expression, respectively, of 2HG3WT clones, 5HG3-del(11q)TP53MUT clones, 5HG3-del(11q)TP53MUTATMMUT clones, and 2HG3-del(11q) clones.
β-actin was used as loading control. (E) Bright field and Giemsa stained representative images of HG3-edited cell lines
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HG3-del(11q) cells. Single-cell FACS sorted clones were
expanded and screened for the presence of truncating
mutations in TP53 and ATM. In total, we generated 3-
5 different single-cell clones of the following conditions:
HG3WT, HG3 TP53MUT (biallelic TP53 truncating muta-
tion), HG3-del(11q) (monoallelic ATM loss), HG3-del(11q)
TP53MUT (monoallelicATM loss / biallelicTP53 truncating
mutation), and HG3-del(11q) ATMMUTTP53MUT (biallelic
ATM loss / biallelicTP53 truncatingmutation) (Figure 2A).
The type of CRISPR/Cas9-mediated indels of TP53 and/or
ATM in each generated clone is specified in Table S5, and
the functional absence of these proteins was validated by
western blot (Figures 2C and 2D). In addition, no off-target
indels were found in any of the HG3-edited clones (Table
S5).
Phenotypical analyses of these edited cell lines revealed

that HG3-del(11q) ATMMUTTP53MUT cells were markedly
enlarged compared to the rest of the conditions (Fig-
ure 2E). Giemsa staining of these cell lines showed that
these atypical cells had an irregular cytoplasm with the
presence of degenerative vacuoles and were frequently
multinucleated, suggesting a profound defect in mitosis.
In fact, the mitotic index was found significantly lower in
these cells than CLL cells without biallelic loss of ATM
and TP53 (Figure 2E; Table S6). 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and growth
assays corroborated impaired proliferation of these cells in
comparison to HG3 TP53MUT cells (Figures 3A and 3B).
Besides, cell-cycle distribution analysis under basal con-
ditions revealed the presence of increased G2/M and >4n
events in HG3-del(11q) ATMMUTTP53MUT clones (Fig-
ures 3Dand 3E). Interestingly, these differences in prolifer-
ation were not related to an apoptotic defect, since PARP1
and caspase-3 cleavage levels were similar between all cell
lines (Figure 3C).
In order to determine how these CRISPR/Cas9-

generated cell lines responded to double strand breaks
induction, cells were irradiated (IR), and cell cycle profiles
were analyzed by measuring the DNA content after
staining with propidium iodide (PI) 24, 48, and 72 hours
after irradiation (Figures 3D and 3E). As expected, we
found that HG3WT and HG3-del(11q) cells exhibited cell
cycle arrest 24 hours post-IR, but after that time cells
had repaired their lesions and escaped the G2 arrest.
In addition, HG3 TP53MUT, and HG3-del(11q) TP53MUT
cells showed a G2/M cell cycle arrest in accordance with
TP53-defective cell-cycle phenotype,37 which was also
overcame 48 hours post-IR. Conversely, HG3-del(11q)
ATMMUTTP53MUT cells exhibited a profound G2/M cell-
cycle arrest 24 hours post-IR, with an increase in the
number of events >4n, revealing the existence of poly-
ploid cells in accordance with the presence of enlarged
multinucleated cells even in the absence of exogenous

DNA damage. The polyploid population (>4n), together
with the persistence of G2/M arrest after irradiation (Fig-
ure 3E), further indicates the presence of mitotic defects
in CLL cells harboring biallelic ATM and TP53 defects.

3.4 TP53mutations can co-exist with
monoallelic del(11q), favoring in vivo clonal
expansion of del(11q) CLL cells

Considering that TP53mutations or deletions were signif-
icantly enriched in the subset of monoallelic del(11q) CLL
patients fromourNGSanalysis and significantly correlated
with a worse prognosis, we next investigated the effects of
the combination of these alterations in our CRISPR/Cas9-
engineered cell lines. We first interrogated whether the
introduction of these alterations had an impact on CLL
cell growth in vitro. Viability and growth assays revealed
that the introduction of TP53 mutations in HG3WT cells
resulted in increased proliferation (Figures 3A and 3B). In
addition, HG3-del(11q) TP53MUT cells had higher in vitro
growth rates than HG3-del(11q) cells. Notably, the intro-
duction of an ATM truncating mutation in the remaining
allele of these cell lines suppressed this proliferative advan-
tage, since HG3-del(11q) ATMMUTTP53MUT cells growth
rates were comparable to those of HG3-del(11q) cells (Fig-
ures 3A and 3B).
In order to evaluate how monoallelic or biallelic ATM

and/or TP53 lesions contributed to the clonal dynamics of
CLL in an in vivo setting, GFP and/or RFP-tagged HG3WT

and HG3 TP53MUT cells, as well as HG3-del(11q), HG3-
del(11q) TP53MUT, and HG3-del(11q) ATMMUTTP53MUT
were mixed at a ratio 1:1 and injected into NSG mice (Fig-
ures 4A and 4B). Clonal evolution was assessed by quanti-
fying the relative number of the different subclones in both
the spleen and the bone marrow one and 2 weeks after
cell injection. In the first subset of mice, clonal competi-
tion betweenHG3WT andHG3TP53MUT cellswas assessed,
showing that TP53MUT cells were able to rapidly outcom-
peteWT cells in spleen (Figure 4A). Intriguingly, TP53MUT
cells had a preferential engraftment toward spleen than
bone marrow of xenotransplanted mice, since HG3WT cell
counts were higher in the bone marrow 1week after injec-
tion. However, TP53MUT cells were able to progress at a
higher growth rate in the bone marrow compartment in
the following week (Figure 4A).
The second subset of mice was injected with HG3-

del(11q), HG3-del(11q) TP53MUT, and HG3-del(11q)
ATMMUTTP53MUT cells. At day 7, a marked clonal advan-
tage of HG3-del(11q) TP53MUT cells over HG3-del(11q) in
spleen was observed, being these differences even higher
14 days after injection (Figure 4B). Similar effects were
observed in the bone marrow of these mice, being the
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F IGURE 3 Effects of biallelic loss of TP53 and ATM on viability, cell growth, apoptosis, and cell cycle control of CRISPR/Cas9-edited
cell lines. (A) Effects of del(11q), TP53, and/or and ATM mutations on proliferation of HG3 cells after 72 hours. MTT absorbance values are
normalized with the HG3WT clones. Data are summarized as the mean ± SD. (B) HG3-edited cell lines were seeded at a concentration of
3 × 104 cells/mL, and cell growth was assessed at five time points every 24 hours by Trypan Blue exclusion. Data were fitted in an exponential
growth equation, and time point values are presented as the mean ± SEM. (C) Representative immunoblot analyses of HG3WT, HG3 TP53MUT,
HG3-del(11q), HG3-del(11q) TP53MUT, and HG3-del(11q) ATMMUTTP53MUT whole cell lysates. ATM, PARP1, and Caspase-3 protein expression
and/or cleavage were analyzed. β-actin was used as loading control. (D) Cell cycle phase distribution of HG3-edited cell lines upon exposure to
irradiation at the indicated time points. Data represent the mean values ± SD of at least three independent experiments. p < 0.05 (*), p < 0.01
(**). (E) Representative cell cycle profiles of CRISPR/Cas9-edited clones after 72 hours irradiation exposure (2 Gy). All the events placed right
from the G2/M peak at 400 DNA content units were considered >4n population
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F IGURE 4 In vivo clonal competition analysis of xenotransplanted NSG mice. (A) HG3WT GFP-tagged and HG3 TP53MUT RFP-tagged
cells weremixed at a ratio 1:1 and injected into NSGmice (n= 8). Spleen and bonemarrow infiltration were assessed by flow cytometry 7 (n= 4)
and 14 (n = 4) days post-injection. (B) HG3-del(11q) RFP-tagged, HG3-del(11q) TP53MUT GFP-tagged, and HG3-del(11q) ATMMUTTP53MUT GFP,
and RFP-tagged cells were mixed at a ratio 1:1:1 and injected into NSG mice (n = 8). Spleen and bone marrow infiltration were assessed by
flow cytometry 7 (n = 4) and 14 (n = 4) days post-injection. Data are represented as the mean ± SD. p < 0.05 (*), p < 0.01 (**), p < 0.001
(***). (C) Quantification of GFP+ and/or RFP+ cell populations in the peripheral blood of HG3WT and HG3 TP53MUT (left), and HG3-del(11q),
HG3-del(11q) TP53MUT, and HG3-del(11q) ATMMUTTP53MUT (right) xenografted mice 17 days after intravenous injection. Data are shown as
mean ± SEM. p < 0.001 (***). (D) Kaplan-Meier overall survival curve of HG3WT (n = 5) and HG3 TP53MUT (n = 5) xenografted mice (left
panel) and HG3-del(11q) (n = 5), HG3-del(11q) TP53MUT (n = 5), and HG3-del(11q) ATMMUTTP53MUT (n = 5) xenotransplants (right panel). The
reported p value was calculated by using the Log-rank test

growth dynamics of HG3-del(11q) TP53MUT cells four-fold
faster than HG3-del(11q) cells. Interestingly, HG3-del(11q)
ATMMUTTP53MUT cells failed to engraft and compete with
HG3-del(11q) and HG3-del(11q) TP53MUT cells, almost
disappearing from both spleen and bone marrow 2 weeks
after cell injection (Figure 4B).

In an additional experiment, HG3-edited clones were
injected individually into NSG recipients (n = 5/group)
to investigate the effects of clonal expansion of each cell
line in mice survival. To evaluate the engraftment capacity
of each condition in the peripheral blood, mice were
bled at day 17 post-injection, and blood cell counts were
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analyzed by flow cytometry. In concordance with the
results observed in the clonal competition experiments,
HG3 TP53MUT and HG3-del(11q) TP53MUT xenotrans-
planted mice had higher percentage of leukemic cells
than HG3WT and HG3-del(11q) xenotransplants, respec-
tively, whereas the percentage of leukemic cells in mice
xenografted with HG3-del(11q) ATMMUTTP53MUT was
almost negligible (Figure 4C). These observations cor-
related with an impact in OS, having HG3 TP53MUT
and HG3-del(11q) TP53MUT xenotransplants a signif-
icantly shorter OS than HG3WT and HG3-del(11q)
mice, respectively (Figure 4D). Moreover, HG3-del(11q)
ATMMUTTP53MUT xenotransplants had the longest sur-
vival of all groups, being still alive at the end of the
experiment (day 35, Figure 4D). Altogether, these results
are consistent with the poorer prognosis observed in
del(11q) patients harboring TP53 alterations (Figure 1)
and strongly reinforce the severe cell cycle defects in
HG3-del(11q) ATMMUTTP53MUT cells and therefore, the
mutual exclusivity of biallelic ATM alterations and TP53
loss in CLL patients.

3.5 Del(11q) TP53MUT CLL cells show
incomplete responses to B cell receptor
signaling inhibitors

Given that TP53 mutations seem to be a key determi-
nant on disease progression for del(11q) CLL cells, we
next evaluated drug responses of these isogenic CLL cell
lines harboring high-risk alterations. To validate that our
CRISPR/Cas9-generated cell lines could be used as mod-
els for treatment response, we tested the responses of all
the cell lines to fludarabine since TP53 mutations are a
well-known marker for fludarabine refractoriness.22,23 We
confirmed that truncated TP53 was associated with flu-
darabine resistance independently of ATM status since
HG3-del(11q) TP53MUT, as well as HG3 TP53MUT and
HG3-del(11q) ATMMUTTP53MUT cells showed consistently
higher IC50 values compared to HG3WT cells 72 hours after
fludarabine treatment (mean IC50 8.8, 8.48, 8.58 vs 4.36
µM, respectively) (Figures 5A and 5C). These results were
also confirmed at longer fludarabine exposure times (Fig-
ures 5B and 5D).
Moreover, we tested responses of these cell lines

to the novel targeted B cell receptor (BCR) signaling
inhibitors such as ibrutinib and idelalisib, which were
initially approved specifically for del(17p)/TP53-mutated
CLL patients. Notably, HG3-del(11q) TP53MUT and HG3
TP53MUT cells showed a response to these drugs, although
the IC50 values were still higher than the ones observed on
the HG3WT clones, especially in the case of idelalisib treat-
ment (27.42 and 20.64 vs 1.78 µM, respectively, 72 hours

after treatment) (Figures 5A, 5E, and 5G). HG3-del(11q)
TP53MUT and HG3 TP53MUT cells also showed higher IC50
values thanHG3WT cells after a 120-hour exposure to these
drugs (Figures 5B, 5F, and 5H).
Considering these results, we next prompted to assess

whether this partial response of HG3-del(11q) TP53MUT
cells to ibrutinib and idelalisib could be overcome with
the use of novel preclinical therapies. Since AZD6738,
an Ataxia Telangiectasia and Rad3 related (ATR) ser-
ine/threonine protein kinase inhibitor, has been shown to
induce synthetic lethality on TP53- or ATM-defective CLL
cells,38 we determined the response of our CRISPR/Cas9-
edited cell lines to this inhibitor. We found that HG3-
del(11q) TP53MUT cells were as sensitive to selective ATR
inhibition as HG3WT cells (Figures 5I and 5J), with a com-
parable 96-hour treatment IC50 value between both condi-
tions (mean IC50 0.55 vs 0.67 µM).

4 DISCUSSION

Although the biological and prognostic impact of some
individual CLL-related alterations has been addressed in
recent years,4,5,16,21,22,29–31 most of these alterations usu-
ally co-exist within the same tumoral clone, and how and
which one of them cooperates with each other to drive
leukemogenesis remains largely unknown. In this study,
we explored the concurrence of monoallelic and biallelic
del(11q)/ATM and TP53 lesions by generating isogenic
CRISPR/Cas9 in vitro models mimicking the genetic het-
erogeneity we observed in a high-risk cohort of del(11q)
CLL patients. Using this approach, we were able to deter-
mine the biological basis of the concurrence or mutual
exclusivity of TP53 alterations in del(11q) CLL.
Our targeted sequencing data of del(11q) CLL patients

provide an understanding into the additional driver events
accompanying this cytogenetic abnormality, highlighting
that the vast majority of del(11q) patients harbormutations
in known CLL driver genes (Figure 1A), in contrast to
what has been reported in del(13q) patients where 50%
of them do not harbor any additional abnormalities.4,5
Specifically, mutations in ATM and BIRC3 in our study
were significantly associated with the presence of del(11q),
in accordance with previous studies showing that trun-
cating mutations in these genes in del(11q) CLL patients
result in a complete loss of functional ATM and BIRC3
proteins.5,10,16,39 In addition, we also detected the presence
ofTP53 lesions in a subset of del(11q) patients with a highly
adverse clinical outcome. Indeed, TP53 alterations were
the onlymarker associatedwith aworseOSwithin the sub-
group of del(11q) patients. Furthermore, we were able to
recapitulate this combination of events (del(11q)TP53MUT)
in in vitro CLL models using the CRISPR/Cas9 editing
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F IGURE 5 Cell viability studies of HG3-edited clones in response to different drug treatments. (A and B) Tables indicating the IC50 ± SEM
values of each CRISPR/Cas9-edited HG3 cell line in response to fludarabine, ibrutinib, idelalisib or AZD6738, as well as the p-values of the
comparison betweenHG3WT IC50 mean concentrations with themean IC50 values from the rest of the conditions. (C-J) HG3-edited clones were
treated with escalating doses of fludarabine (C and D), ibrutinib (E and F), idelalisib (G and H), and AZD6738 (I and J), and cell viability was
assessed by MTT assay after the indicated treatment times. Surviving fraction is expressed relative to untreated controls. Data are summarized
as the mean ± SD of three independent experiments

system, showing that these cells have an in vivo clonal
advantage over del(11q) cells without TP53 alterations,
offering a biological insight into the cooperation of these
alterations inCLL progression and relapse. Taken together,
our results suggest that the presence of TP53 alterations
in monoallelic del(11q) CLL patients may contribute to a
negative predictive impact due to an increase competitive
fitness of CLL clones harboring both of these alterations.

Large-scale whole exome sequencing studies (WES)
have revealed that genetic alterations in CLL do not
randomly occur, and patterns of co-occurrence or
mutual exclusivity between these alterations have been
suggested.4,5,40 However, the relationship between
del(11q)/ATM and del(17p)/TP53 lesions has not been
well-established. Previous reports have suggested that
alterations in both of these genes tend to be mutually
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exclusive18,27 whereas others have reported the con-
currence of these alterations within the same tumoral
clone.20,28 In addition, WES studies from more than
1000 CLL samples were not able to identify any statis-
tical evidence for a specific pattern of co-occurrence or
mutual exclusivity of ATM and TP53 genetic alterations in
CLL.4,5 Our NGS and functional studies based on isogenic
CRISPR/Cas9-generatedmodels indicate that co-existence
of these alterations within the same CLL clone robustly
depends on the number of alleles affected by these events.
We found that monoallelic del(11q) CLLsmay harbor addi-
tional del(17p) and/or TP53 mutations, whereas biallelic
loss of ATM and TP53 is virtually inexistent and therefore
mutually exclusive in CLL patients. When we generated
these scenarios in vitro, HG3 del(11q) ATMMUTTP53MUT
cells showed abnormal phenotypic features such asmitotic
impairment, leading to cell enlargement, polyploidy, and
diminished proliferation capacity. Indeed, these cells failed
to compete in vivo in xenotransplantedmice, being rapidly
outcompeted by HG3-del(11q) or HG3-del(11q) TP53MUT
cells. Thus, CRISPR/Cas9-engineered CLL cell lines could
be useful models not only to study the effects of individual
or concurrent genetic abnormalities, but also to define
the mechanisms underlying mutual exclusivity in order to
find synthetic lethal interactions of clinical interest.
In the recent years, BCR kinase inhibitors such as ibru-

tinib and to a lesser extent idelalisib have revolutionized
the treatment paradigm in CLL.41 Despite their proved
benefits in comparison to previous chemotherapy-based
regimes in high-risk cytogenetics patients, disease pro-
gression after treatment with these inhibitors has been
increasingly reported.42–44 Our CRISPR/Cas9-edited iso-
genic models have highlighted that del(11q) TP53MUT cell
lines show only a partial response to ibrutinib or idelalisib,
indicating that clones harboring these alterations might
not be fully sensitive in a real-life setting under therapy
with these inhibitors. Although further studies in addi-
tional CLL cell lines with different genetic backgrounds
would be required to validate these findings, our results
are in line with observations made in ex vivo studies and
clinical trials where del(17p)/TP53 mutations are still a
marker for less sensitivity and shorter OS in ibrutinib
treated patients.45,46 In the case of idelalisib, although the
presence of del(17p)/TP53mutation did not show negative
effects on clinical outcomes in a phase III trial of idelal-
isib in combination with rituximab,47 overall responses of
TP53-altered patients are still less frequent within this sub-
group of patients.48,49 Altogether, our results suggest that
these CRISPR/Cas9-edited CLL cell lines could be useful
models to further predict treatment response of high risk
del(11q) TP53MUT CLL cells, providing a pre-clinical tool to
explore novel therapeutic strategies such as ATR inhibitors
in this subset of CLL cases.

In conclusion, this work addresses the biologic and
prognostic implications of concurrent TP53 alterations in
del(11q) CLL. We show that mutations in TP53 can appear
in a subset of monoallelic del(11q) CLL cases, conferring
clonal advantage in vivo, and therefore a dismal clinical
impact in terms of OS in this subgroup of CLL patients.
In addition, we also assess the biological basis of mutual
exclusivity of biallelic ATM and TP53 alterations in CLL,
underscoring the importance of the number of alleles
affected by these alterations in CLL, establishing novel
pre-clinical models for the study of the biology and ther-
apeutic response of concurrent genetic abnormalities in
the disease.
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BIRC3 is monoallelically deleted in up to 80% of chronic lymphocytic leukemia (CLL) cases harboring del(11q). In addition, 

truncating mutations in the remaining allele of this gene can lead to BIRC3 biallelic inactivation, which has been shown to be a 
marker for reduced survival in CLL. Nevertheless, the biological mechanisms by which these lesions could contribute to del(11q) 
CLL pathogenesis and progression are partially unexplored. We implemented the CRISPR/Cas9-editing system to generate 
isogenic CLL cell lines harboring del(11q) and/or BIRC3 mutations, modeling monoallelic and biallelic BIRC3 loss. Our results 

reveal that monoallelic BIRC3 deletion in del(11q) cells promotes non-canonical NF-kB signaling activation via RelB-p52 nuclear 
translocation, being these effects allelic dose-dependent and therefore further enhanced in del(11q) cells with biallelic BIRC3 
loss. Moreover, we demonstrate ex vivo in primary cells that del(11q) cases including BIRC3 within their deleted region show 
evidence of non-canonical NF-kB activation which correlates with high BCL2 levels and enhanced sensitivity to venetoclax. 

Furthermore, our results show that BIRC3 mutations in del(11q) cells promote clonal advantage in vitro and accelerate leukemic 
progression in an in vivo xenograft model. Altogether, this work highlights the biological bases underlying disease progression 
of del(11q) CLL patients harboring BIRC3 deletion and mutation.  

 
Key words: BIRC3, del(11q), chronic lymphocytic leukemia, NF-kB signaling, CRISPR/Cas9 
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INTRODUCTION 
Chronic lymphocytic leukemia (CLL) patients 

harboring 11q22.3 deletion (del(11q)) are 
characterized by the presence of bulky 

lymphadenopathy, rapid disease progression 

and short time to first treatment (TTFT) and 

overall survival (OS) (1–4), even in early stage 
Binet A CLL cases (5). The size of this deletion is 

heterogeneous, it can cover a region greater than 

20 Mb in most of the patients, involving the loss 

of over a hundred genes (6). The minimal deleted 

region almost always includes ATM, a putative 
CLL driver gene and one of the key components 

of the DNA damage response signaling (7, 8). 

Another gene that has been hypothesized to also 

contribute to the pathobiology of del(11q) is 
BIRC3, which is located in the chromosomal 

band 11q22.2 and is entirely deleted in 

approximately 80% of del(11q) cases (9). In 

addition, it has been shown that BIRC3 

disruption through truncating mutations occurs 
recurrently in CLL, ranging from frequencies of 

3-5% in untreated cohorts to a two-fold higher 

incidence in relapsed/refractory CLL patients 

(10–13). Interestingly, BIRC3 mutations can 

appear in the remaining allele of approximately 
10% of del(11q) patients with BIRC3 monoallelic 

loss, resulting in a biallelic BIRC3 inactivation 

(10, 12, 14). Recent studies have shown that 

biallelic inactivation of BIRC3 is an independent 
prognostic marker of inferior TTFT and OS in 

CLL (14, 15). However, the clinical significance of 

BIRC3 monoallelic mutations or deletion remains 

uncertain. Some studies have provided evidence 

of the clinical impact of BIRC3 monoallelic 
mutations whereas others have not (10, 12, 14, 

16–20). Moreover, BIRC3 mutations have also 

been found to be enriched in fludarabine 

relapsed/refractory CLL cases in some cohorts 

(10, 18), although the mechanistic insights by 

which BIRC3 mutations could contribute to 

fludarabine resistance have not been elucidated. 
Biologically, BIRC3 is known to have a role 

as a negative regulator of the non-canonical NF-

kB signaling (21). This pathway, alongside with 

the canonical NF-kB signaling, plays a key role 
on CLL pathogenesis, evolution and therapy 

response (22). The non-canonical signaling is 

initiated by tumor necrosis factor (TNF) signals 

engaging B-cell activation factor receptor 

(BAFFR), CD40, lymphotoxin β-receptor (LTβR) 
or receptor activator for NF-kB (RANK) among 

others. In the absence of a stimulus, this pathway 

is kept inactive by the BIRC3-mediated 

ubiquitination and proteasomal degradation of 
NF-kB-inducing kinase (NIK). Upon receptor 

stimulation, BIRC3 is recruited to the active 

receptor complex and NIK is stabilized in the 

cytoplasm, promoting IKKa activation which in 

turn phosphorylates p100, leading to the 
proteasomal degradation of its C-terminus and 

the translocation of p52-RelB heterodimers into 

the nucleus to initiate NF-kB-dependent 

transcription (23). In CLL, BIRC3 mutations 

usually result in the loss of the E3 ubiquitin ligase 
domain essential for NIK targeting for 

proteasomal degradation, constitutively 

activating the non-canonical NF-kB signaling in 

a ligand-independent manner (10). Nevertheless, 
the most frequent BIRC3 alteration in CLL is 

monoallelic deletion of the entire gene through 

del(11q), being the functional consequences of 

this type of BIRC3 monoallelic loss unexplored. 

In addition, it is unclear how biallelic BIRC3 
defects through del(11q) and BIRC3 mutation in 

the remaining allele could contribute to a NF-kB-

dependent acceleration of CLL progression. 
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The implementation of novel genomic 

editing technologies into the study of CLL has 

opened exciting possibilities to interrogate the 
functional effects of multiple driver genetic 

alterations as well as how some of these events 

cooperate to drive CLL progression and therapy 

response (24–27). In this study, we used the 
CRISPR/Cas9 system to generate isogenic CLL 

derived cell lines harboring del(11q) and/or 

BIRC3 mutations in the remaining allele. We 

show that monoallelic BIRC3 loss through 

del(11q) is enough to promote NIK-mediated 
non-canonical NF-kB signaling via p52-RelB 

nuclear translocation. Ex vivo experiments in 

primary del(11q) CLL cases revealed that 

del(11q) patients encompassing BIRC3 within the 
deleted region had higher NIK levels as well as 

p52-RelB activity, which correlated with BCL2 

overexpression. In addition, BIRC3 loss-of-

function mutations in del(11q) cells resulted in a 

higher activation of the non-canonical NF-kB 
signaling cascade, ultimately leading to 

increased clonal advantage in vitro and 

acceleration of leukemic progression in an in vivo 

xenograft model. Thus, our study provides novel 

biological insights about the role of BIRC3 
deletion and mutation in CLL evolution and 

progression. 
 

METHODS 

CRISPR/Cas9-mediated engineering of CLL 
cell lines 
HG3 and MEC1 Cas9-expressing cell lines (HG3-

Cas9 and MEC1-Cas9) were previously 

generated and tested for Cas9 activity (27). 

Single-guide RNAs (sgRNAs) targeting BIRC3 

(exons 2 or 7) were designed using the online 
CRISPR tool (http://crispr.mit.edu/), based on the 

predicted on-target efficiency and the lowest off-

target effects. In addition, a sgRNA designed not 

to target the human genome was used as a 

negative control. SgRNAs targeting BIRC3 were 
cloned into pLKO5.sgRNA.EFS.GFP 

(Addgene_#57822) plasmids and control 

sgRNAs were cloned in 

pLKO5.sgRNA.EFS.tRFP (Addgene_#57823). 
Sequences of the selected sgRNAs are detailed in 

Supplementary Table S1. The procedures and 

sgRNAs used for the generation of del(11q) and 

TP53 mutations in HG3 cells were previously 

described (27, 28). pLKO5 vectors carrying the 
desired sgRNAs were transduced into HG3-Cas9 

and MEC1-Cas9 cells and single-cell flow-sorted 

clones were expanded and screened. At least 

three different clones harboring loss-of-function 
mutations were chosen for each CRISPR-

generated cell line to perform functional studies. 

 

Primary CLL samples 
Viably cryopreserved peripheral blood 
mononuclear cells (PBMCs) from 22 CLL patients 

were used in the ex vivo studies. PBMCs were 

isolated by Ficoll-Paque Plus density gradient 

media (GE Healthcare, Life Sciences) and a 

complete immunophenotypic analysis was 
performed in all samples by flow cytometry. 

Only samples with a CD19+/CD5+ fraction 

greater than 85% were included in the study. 

Supplementary Table S2 summarizes the main 
biological characteristics of CLL patients. 

Research was conducted in accordance of the 

Declaration of Helsinki and prior approval by the 

Bioethics Committee from our institution. 

Written informed consent was obtained from all 
patients.  

Next-generation sequencing (NGS) data 

from the primary CLLs used in the ex vivo 

experiments are detailed in Supplementary Table 
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S3 and Supplementary Fig. S1. A custom NGS 

panel was applied and analyzed as previously 

reported (27, 29). Full details about NGS 
procedure and analysis can be found in 

Supplementary Information.  

 

NF-kB family members activity ELISA 
Canonical (p65/RelA, NF-kB1 p50, c-Rel) and 

non-canonical (NF-kB2 p52, RelB) NF-kB activity 

of nuclear extracts of HG3 and MEC1 clones and 

lysates from primary CLL samples was 

measured using the NF-kB Transcription Factor 
Assay Kit (Colorimetric) (Abcam, ab207216) 

following manufacturer’s instructions. Briefly, 

an oligonucleotide containing the NF-kB 

consensus site (5’-GGGACTTTCC-3’) has been 
immobilized onto a 96-well plate. Active NF-kB 

subunits present on the nuclear extracts 

specifically bind this oligonucleotide and p65, 

p50, c-Rel, p52 or RelB subunits are recognized 

by using specific primary antibodies accessible 
only when NF-kB is activated and bound to its 

target DNA. 

 

Ex vivo co-culture conditions 
HS-5 stromal cells were seeded 24 hours prior to 
the ex vivo experiments at a concentration of 7.5 x 

104 cells/well in a 6-well plate. On the following 

day, primary CLL cells were viably thawed and 

resuspended in RPMI 1640 medium (Life 
Technologies) supplemented with 10% FBS, 1% 

penicillin/streptomycin and 1.5 µg/mL CpG 

ODN (Sigma-Aldrich) plus 50 ng/mL IL-2 

(Peprotech) and subsequently seeded onto the 

HS-5 cell layer at a co-culture ratio of 100:1 (7.5 x 
106 CLL cells /well) (30). CLL cells were carefully 

detached and lysed 24 hours after co-culture and 

proteins were subjected to NF-kB activity assays 

and/or immunoblot. CpG stimulation was 

chosen in order not to involve receptors directly 

implicated in non-canonical NF-kB activation 

such as CD40 or BAFFR.  
 

Xenograft experiments 
Animal studies were conducted in accordance 

with the Spanish and European Union guidelines 
for animal experimentation (RD53/2013, 

Directive- 2010/63/UE, respectively) and 

received prior approval from the Bioethics 

Committee of our institution. 

For intravenous xenograft experiments, 20 
four-to-five-week-old female NSG mice were 

used for injection of HG3 cells harboring del(11q) 

and/or BIRC3 mutations (n=5/each group). 3 x 106 

cells were resuspended in 100 µL of RPMI media 
and injected into the tail vein of the mice. 14 days 

after cell injection, mice were culled and spleens 

were subjected to FACS and 

immunohistochemistry analyses. For FACS 

analysis, spleens were lysed with erythrocyte 
lysis buffer, and the remaining cells were then 

washed twice in PBS.  Samples were stained with 

fluorophore-conjugated antibodies against 

mouse-CD45 (PerCP-Cy5.5, BD Biosciences) and 

human-CD45 (hCD45) (CF Blue, Immunostep). 
Data were obtained on a FACSAria flow 

cytometer and analyzed with FlowJo software. 

Full details about subcutaneous xenografts in the 

Supplementary Information. 
 

Statistics 
Statistical analyses were carried out using 

GraphPad Prism software v6 (GraphPad 

Software). Otherwise specified, data are 
summarized as the mean ± standard deviation 

(SD). Student’s t test, Mann–Whitney, ANOVA 

or Kruskal–Wallis tests were used to determine 

statistical significance. P values lower than 0.05 
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were considered as statistically significant. At 

least three independent clones per condition 

were used in the functional studies. 

 
Supplementary Methods 

Supplementary Methods section includes 

detailed protocols of cell lines, culture 

conditions, drugs and reagents, NGS, FISH, 

subcellular fractionation and western blot, 
viability, apoptosis and cell cycle analyses, in 
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Figure 1. Generation of isogenic CRISPR/Cas9-edited CLL cell lines harboring del(11q) and/or BIRC3 mutations. (A) 
Experimental design for the CRISPR/Cas9-mediated generation of BIRC3-related alterations in the Cas9-expressing HG3 
CLL-derived cell line. Upper panel represents the design for monoallelic del(11q) (including monoallelic BIRC3 loss) by 
the introduction of sgRNAs targeting 11q22.1 and 11q23.3. Middle panel displays the introduction of BIRC3 mutations in 
HG3-del(11q) cells by the lentiviral transduction of a BIRC3-targeting sgRNA, generating HG3 cells with biallelic BIRC3 
loss through del(11q) and mutation in the remaining allele. Lower panel shows the steps required for the generation of 
BIRC3 mutations (either in BIRC3 exon 2 or exon 7) in HG3 cells without del(11q). The presence of del(11q) and/or BIRC3 
mutations was validated by FISH and Sanger sequencing, respectively. In total, at least three independent clones per 
condition were generated. (B) Left panel: BIRC3 WT and mutant protein diagram indicating the protein domains and the 
corresponding exons of the BIRC3 codifying sequence included in each BIRC3MUT-generated cell line. Right panel: BIRC3 
western blot analysis of HG3-edited single-cell clones. b-actin was used as loading control. 
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vitro clonal competition assays, subcutaneous in 

vivo xenografts and immunohistochemistry.  

 
RESULTS 

CRISPR/Cas9-mediated generation of isogenic 
CLL cell lines harboring del(11q) and/or BIRC3 
mutations 
In order to understand how monoallelic or 

biallelic BIRC3 loss contribute to the 

pathobiology of del(11q) CLL, we used the 

CRISPR/Cas9-editing technology to model these 

alterations in an in vitro system. For this purpose, 
we selected HG3 and MEC1 CLL derived cell 

lines. HG3 is diploid for chromosome 11 and has 

wild type (WT) BIRC3 gene. sgRNAs targeting 

chromosomal bands 11q22.1 and 11q23.3 were 
introduced in Cas9-expressing HG3 cells, 

generating an isogenic HG3 CLL cell line 

harboring a ~17 Mb monoallelic del(11q) (HG3-

del(11q)) encompassing BIRC3 gene among 

others (27). sgRNAs specifically targeting BIRC3 
(exon 2) were then introduced in HG3-del(11q) 

cells in order to induce BIRC3 truncating 

mutations (BIRC3MUT) in the remaining WT 

allele, generating HG3-del(11q) BIRC3MUT 

isogenic cell lines (Fig. 1a), mimicking the BIRC3 
biallelic loss through del(11q) and mutation 

observed in high-risk CLL patients. Furthermore, 

we also generated HG3 cell lines harboring only 

BIRC3 mutation (HG3 BIRC3MUT) following the 
same strategy (Fig. 1a). BIRC3 mutations were 

generated in a monoallelic or a biallelic fashion 

either in BIRC3 exon 2 or exon 7, having as a 

consequence the truncation of the BIR or CARD 

BIRC3 protein domains, respectively (Fig. 1b, left 
panel), emulating the type of BIRC3 mutations 

mainly detected in CLL (12, 16). BIRC3 protein 

expression was evaluated by western blot in all 

the generated clones, showing that BIRC3 levels 

were absent in cells harboring truncating 

mutations in the exon 2 (BIR domain) or 

detecting a truncated form of BIRC3 in those 
clones harboring exon 7 mutations (CARD 

domain) (Fig. 1b; right panel). 

In parallel, we used the MEC1 cell line as a 

model to study the BIRC3 allelic dose effects in 
CLL. Parental MEC1 cells harbor a monoallelic 

BIRC3 deletion (MEC1 BIRC3DEL/WT) as indicated 

by NGS copy number analysis (Supplementary 

Fig. S1). We also introduced sgRNAs targeting 

BIRC3 (exon 2) following the previous approach, 
generating MEC1 cell lines harboring biallelic 

BIRC3 loss through deletion and mutation 

(MEC1 BIRC3DEL/MUT) (Supplementary Fig. S2). 

  
BIRC3 loss through del(11q) promotes p52-RelB 
nuclear translocation and activation of the non-
canonical NF-kB signaling downstream targets 
Considering the role of BIRC3 in the NF-kB 

signaling (21, 31), we assessed the impact of 
monoallelic and biallelic BIRC3 loss through 

del(11q) and/or mutation in this pathway using 

our CRISPR/Cas9-engineered cell lines. We first 

analyzed the nuclear DNA-binding activity of 

the main NF-kB transcription factors implicated 
in both the canonical and non-canonical 

pathway. Regarding the canonical signaling, we 

did not observe significant changes in the activity 

of p65 and c-Rel. However, HG3-del(11q) 
BIRC3MUT cells showed a significant increase of 

p50 nuclear activity in comparison to HG3WT cells 

(Fig. 2a). Conversely, monoallelic BIRC3 loss in 

HG3-del(11q) cells resulted in a marked increase 

of p52 and RelB activity, being this effect further 
enhanced in HG3-del(11q) BIRC3MUT cells (Fig. 

2a). These results were also confirmed in HG3 in 

all BIRC3MUT clones (Supplementary Fig. S3a), 

confirming that either truncating mutations in 
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the BIR or CARD domains have the same 

functional consequence on the non-canonical 

NF-kB signaling. Additional characterization of 

proteins involved in the non-canonical NF-kB 
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Figure 2. Evaluation of canonical and non-canonical NF-kB activity in del(11q)/BIRC3-deficient CRISPR/Cas9-
engineered CLL cells. (A) ELISA measurement of relative NF-kB family transcription factor DNA-binding activity in 
nuclear extracts from HG3-edited clones. Left panel shows DNA-binding activity of NF-kB transcription factors involved 
in the canonical signaling (p65, c-Rel and p50). Right panel displays the DNA-binding activity of non-canonical NF-kB 
transcription factors (p52 and RelB). Data are represented as the mean ± SD. (B) Whole-cell, cytoplasmic and nuclear lysates 
of HG3-del(11q) clones analyzed by immunoblotting for NIK, p-IKKa/β, p-NF-kB2, NF-kB2 (p100/p52), NF-kB1 (p105/p50) 
and RelB proteins. GAPDH was used as loading control for whole-cell and cytoplasmic lysates and H3 was used as loading 
control for nuclear extracts. Relative quantification for each protein (mean of three clones per condition) is depicted in 
Supplementary Fig. 3b. (C) Whole-cell lysates from HG3WT, HG3-del(11q) and HG3-del(11q) BIRC3MUT analyzed by 
immunoblotting for BCL2 family members: BCL2, BCL-xL, MCL1, BIM, NOXA, BAK and BAX. b-actin was used as loading 
control. Relative quantification for each protein (mean of three clones per condition)  is detailed in Supplementary Fig. 4a. 
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signaling by western blot revealed that 

monoallelic, and to a greater extent, biallelic 

BIRC3 loss resulted NIK cellular stabilization and 

increased levels of phosphorylated IKKa/β and 

NF-kB2, in line with a higher p52 and RelB 

accumulation in the nucleus (Fig. 2b; 

Supplementary Fig. S3b). Furthermore, we 

corroborated an increase of p50 nuclear levels in 

the nucleus of HG3-del(11q) BIRC3MUT cells (Fig. 

2b; Supplementary Fig. S3b).  

To validate these results in an independent 

CLL cell line, NF-kB activity as well as NIK and 

p52 levels were analyzed in MEC1 cells. As 

expected, MEC1 BIRC3DEL/MUT clones likewise 

presented higher p52, RelB and p50 activity rates, 

NIK stabilization and accumulation of p52 in the 

nucleus than MEC1 BIRC3DEL/WT cells 

(Supplementary Fig. S3c, d). 

Given that activation of the non-canonical 

signaling has been shown to upregulate some 

anti-apoptotic proteins such as BCL2 and BCL-xL 

(32, 33), we next assessed the protein levels of 

such these targets in our CRISPR/Cas9-edited cell 

lines in order to determine the impact of 

monoallelic or biallelic BIRC3 loss in the 

regulation of these proteins expression. 

Interestingly, HG3-del(11q) BIRC3MUT CLL cell 

lines showed higher levels of BCL2 and BCL-xL, 

alongside to reduced levels of pro-apoptotic 

protein BAX, whereas no changes were observed 

regarding MCL1 or pro-apoptotic family 

members such as BIM, BAK and NOXA (Fig. 2c; 

Supplementary Fig. S4a). To test whether these 

increased levels of anti-apoptotic proteins were 

the result of BIRC3-mediated non-canonical 

signaling activation, cells were treated with a 

NIK small molecule inhibitor (NIK SMI1) (34), 

showing that NIK-dependent inhibition of 

p100/p52 processing translated into 

downregulation of BCL2 and BCL-xL protein 

expression in HG3-del(11q) BIRC3MUT cells 

(Supplemental Figure S4b). 

 

BIRC3-deleted primary del(11q) CLL cells show 
enhanced non-canonical NF-kB activity which 
correlates with high BCL2 levels 
In order to validate whether the results obtained 

in our CRISPR/Cas9-generated models could 

resemble the actual biology of BIRC3-deleted 

del(11q) CLL patients, we tested the DNA-

binding activity of non-canonical NF-kB 

transcription factors in a cohort of 22 CLL cases 

(n = 11 BIRC3WT; n = 11 BIRC3-deleted through 

del(11q) or mutation) (Supplementary Table S2) 

in the absence or presence of stromal + CpG + IL-

2 stimulation. Remarkably, stimulated BIRC3-

deleted CLL cells showed higher p52 activity 

than BIRC3WT cases (Fig. 3a; left panel), in line 

with the results observed in HG3-del(11q) cells. 

To a lesser extent, BIRC3-deleted cases also 

showed a trend of higher RelB activity than 

BIRC3WT cells (Fig. 3a, left panel). In addition, 

focusing on the subgroup of patients harboring 

del(11q), we could observe a significant 

correlation between the percentage of BIRC3-
deleted cells and p52 activity (Fig. 3a, right 

panel), further evidencing the NF-kB-related 

effect of BIRC3 monoallelic loss in del(11q) cases. 

Next, we performed western blot analyses in 

a homogenous cohort of del(11q) samples 

including or not including BIRC3 within the 

deleted region (n = 4, del(11q)/BIRC3 deleted; n = 

3,  del(11q)/BIRC3 undeleted). Interestingly, 

del(11q)/BIRC3 deleted cases presented high 

levels of stabilized NIK, resulting in a marked 

NF-kB2 p52 processing, which was virtually 

absent in del(11q)/BIRC3 undeleted cases (Fig. 

3b). Indeed, there was a clear correlation between 
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NIK and p52 levels in these patients (Fig. 3c, 

upper panel). Of note, del(11q)/BIRC3 deleted 

cases also showed increased levels of RelB and a 

reduction of NF-kB1 p105 precursor levels, 
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Figure 3. Effects of BIRC3 loss in NF-kB activity and BCL2 levels of del(11q) primary CLL cells. (A) Left panel: ELISA 
measurement of relative NF-kB2 p52 and RelB DNA-binding activity in cell lysates from BIRC3WT (including both non-
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although we did not observe differences in p50 

protein expression between these groups (Fig. 

3b). In addition, among anti-apoptotic BCL2 
family members, del(11q)/BIRC3 deleted cases 

showed higher BCL2 protein expression than 

del(11q)/BIRC3 undeleted cases (Fig. 3b), which 

correlated to the amount of p52 levels in these 
patients (Fig. 3c, lower panel).  

 

Biallelic BIRC3 loss confers sensitivity to BCL2 
and BCL-xL inhibition in vitro 

Considering the effects of BIRC3 loss in the 
upregulation of some anti-apoptotic family 

members, we next evaluated the response of the 

isogenic CRISPR/Cas9 HG3 clones to selective 

BCL2, BCL-xL or MCL1 inhibition. BCL2 
inhibition with venetoclax (ABT-199) highlighted 

a higher sensitivity of HG3-del(11q) BIRC3MUT 

cells than HG3WT cells (Fig. 4a), in line with the 
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observed non-canonical NF-kB-dependent BCL2 

upregulation of these cell lines. In addition, HG3-

del(11q) and HG3-del(11q) BIRC3MUT cells were 

also more sensitive to BCL-xL inhibition by 

A1331852 than HG3WT cells (Fig. 4a). Contrarily, 

monoallelic or biallelic BIRC3 loss in HG3 cells 

did not seem to influence the response to MCL1 

inhibition by S63845 (Fig. 4a), consistently with 

our observations regarding MCL1 protein levels. 

Furthermore, we also tested the response of these 

cell lines to the BTK inhibitor ibrutinib, showing 

that HG3-del(11q) BIRC3MUT cells were slightly 

less sensitive in comparison to HG3WT cells 

(Supplementary Fig. S5a). 

Moreover, since BIRC3 disruption in CLL 

patients has been associated with fludarabine 

refractoriness even in TP53 wild-type CLLs (10), 

we tested HG3-del(11q) clones (with or without 

BIRC3 disruption) for evidence of resistance to 

fludarabine treatment. HG3 TP53MUT clones, also 

generated by CRISPR/Cas9, were used as 

positive controls for fludarabine resistance. 

Interestingly, after 72 hours of fludarabine 

treatment, only TP53MUT clones presented 

marked resistance (by MTT assay) whereas HG3-

del(11q) BIRC3MUT clones showed the same 

sensitivity as HG3WT cells (Fig. 4b, left panel). 

Longer drug exposures were also tested, and we 

found no significant resistance of BIRC3 

disrupted clones (Fig. 4b, right panel). Further 

support for fludarabine treatment-induced 

apoptosis in BIRC3-deficient clones was 

observed through the appearance of a sub-G0 

peak in cell cycle profiles and annexin studies 

(Supplementary Fig. S5b, c). 

 

Biallelic BIRC3 loss in del(11q) CLL cells favors 
clonal advantage in vitro 

We next hypothesized that the effects of BIRC3 

loss in the NF-kB signaling and apoptosis may 

have an impact on CLL evolution and 

progression. For this purpose, proliferation 

assays were performed to characterize the 

consequences of the CRISPR/Cas9-generated 

alterations in CLL expansion. We noted that 

HG3-del(11q) BIRC3MUT cells showed enhanced 

viability and growth than HG3-del(11q) and 

HG3WT cells (Fig. 5a, left panel; Supplementary 

Fig. S6a). In addition, cell cycle analyses of these 

clones revealed that HG3-del(11q) BIRC3MUT cells 

had a higher proportion of cells transitioning 

through S-phase (Supplementary Fig. S6b) To 

test whether this effect on proliferation could be 

attributed to BIRC3 loss, MTT and growth assays 

were carried out in HG3 BIRC3MUT cells without 

del(11q), and these indeed confirmed the higher 

proliferation rates of BIRC3-deficient cells (Fig. 

5a, right panel; Supplementary Fig. S6a). 

Moreover, HG3WT cells treated with the 

BIRC2/BIRC3 inhibitor birinapant also displayed 

increased growth (Supplementary Fig. S6c) as 

well as MEC1 BIRC3DEL/MUT cells in comparison to 

MEC1 BIRC3DEL/WT (Supplementary Fig. S6d). We 

also determined that this enhanced proliferation 

rate was driven by enhanced BIRC3-mediated 

non-canonical NF-kB signaling activation, since 

NIK inhibition by SMI1 was able to reduce 

viability of HG3-del(11q) and HG3-del(11q) 

BIRC3MUT cells (Fig. 5b).  

In order to evaluate how BIRC3 deletion 

and/or mutation could contribute to the CLL 

clonal dynamics, we next carried out in vitro 

clonal competition experiments by mixing RFP- 

or GFP-tagged CRISPR/Cas9-edited cells at a 

ratio 1:1 and tracked clonal evolution overtime 

by flow cytometry. In the first experiment, clonal 

competition was assessed to investigate how 
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BIRC3 mutation could confer a clonal advantage 
of del(11q) cells. Notably, HG3-del(11q) 

BIRC3MUT cells progressively outgrew HG3-

del(11q) cells overtime (Fig. 5c). In a second 

experiment, we evaluated the clonal competition 
between HG3WT and HG3 BIRC3MUT cells, 

showing that HG3 BIRC3MUT cells were able to 

outcompete HG3WT cells (Fig. 5c). 

 

Biallelic BIRC3 loss in del(11q) CLL cells 
accelerates leukemic progression in in vivo 
xenografts 
To confirm the effects of BIRC3 loss in a 

physiological context in vivo, we individually 
injected the monoallelic and biallelic BIRC3-

deleted CRISPR/Cas9-edited cell lines 

intravenously into NSG mice, observing that 

mice xenografted with HG3 BIRC3MUT and HG3-

del(11q) BIRC3MUT cells showed an increase of 
human CD45+ cells in spleen 14 days after 

- +
0.0

0.2

0.4

0.6

0.8

V
ia

bi
lit

y 
48

h 
(M

TT
 a

bs
or

ba
nc

e) ns

- +
0.0

0.2

0.4

0.6

0.8

V
ia

bi
lit

y 
48

h 
(M

TT
 a

bs
or

ba
nc

e)

P = 0.011

- +
0.0

0.2

0.4

0.6

0.8

V
ia

bi
lit

y 
48

h 
(M

TT
 a

bs
or

ba
nc

e)

- +
0.0

0.2

0.4

0.6

0.8

V
ia

bi
lit

y 
48

h 
(M

TT
 a

bs
or

ba
nc

e)

P = 0.015

NIK SMI1 (1 uM)

WT Del(11q) Del(11q)
BIRC3MUT

W
T

BIR
C3

MUT
0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
M

TT
 a

bs
or

ba
nc

e 
(7

2h
)

W
T

Del(
11

q)

Del(
11

q) B
IR

C3
MUT

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
M

TT
 a

bs
or

ba
nc

e 
(7

2h
) P = 0.006

P = 0.009

P = 0.001

HG3

0 5 10 15 20
0

20

40

60

80

100

Days

%
 c

el
ls

Del(11q)
Del(11q) BIRC3MUT

0 5 10 15 20
0

20

40

60

80

100

Days

%
 c

el
ls

WT
BIRC3MUT

P = 0.006 P = 0.02

A B

W
T

BIR
C3

MUT
0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
M

TT
 a

bs
or

ba
nc

e 
(7

2h
)

W
T

Del(
11

q)

Del(
11

q) B
IR

C3
MUT

0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e 
M

TT
 a

bs
or

ba
nc

e 
(7

2h
) P = 0.006

P = 0.009

P = 0.001

HG3

0 5 10 15 20
0

20

40

60

80

100

Days

%
 c

el
ls

Del(11q)
Del(11q) BIRC3MUT

0 5 10 15 20
0

20

40

60

80

100

Days

%
 c

el
ls

WT
BIRC3MUT

P = 0.006 P = 0.02
C

Figure 5. Effects of del(11q) and/or BIRC3 mutations in CLL cell lines proliferation and clonal evolution. (A) Analysis 
of del(11q) and/or BIRC3 mutations on proliferation of HG3 cells after 72 hours. MTT absorbance values are normalized 
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injection, compared to HG3WT and HG3-del(11q) 

cells, respectively, by flow cytometry (Fig. 6a). By 

immunohistochemistry, spleens collected from 

HG3 BIRC3MUT and HG3-del(11q) BIRC3MUT 

intravenous xenografted cells propagating in vivo 

also showed evidence of NF-kB2 activation (Fig. 

6b). 

In addition, to validate this effect in the 

proliferation, HG3WT and HG3 BIRC3MUT cells 

were injected subcutaneously in the flank of NSG 
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mice and tumor growth was monitored for 17 

days. HG3 BIRC3MUT cells generated larger 

tumors than HG3WT cells (Supplementary Fig. 
S7a). Besides, tumors collected from HG3 

BIRC3MUT engrafted mice showed higher levels of 

p52 expression than those from HG3WT mice 

(Supplementary Fig. S7b). 
 

DISCUSSION 

Del(11q) is one of the most frequent cytogenetic 

abnormalities occurring in CLL patients (4, 35, 

36), yet, the functional consequences of the 
haploinsufficiency of the vast majority of genes 

comprised within this region remains largely 

unknown. Here, we undertook a CRISPR/Cas9-

based genome editing approach to characterize 
novel biological implications of monoallelic and 

biallelic BIRC3 loss in del(11q) CLL. In this way, 

our work presents in vitro, ex vivo and in vivo 

evidence of how BIRC3-deletion and/or mutation 

in the remaining allele of del(11q) cells 
contributes to NF-kB signaling activation, CLL 

progression and therapy response. 

Our data indicate that monoallelic BIRC3 

deletion contributes to the pathobiology of 

del(11q) by a NIK-dependent triggering of the 
non-canonical NF-kB signaling, resulting in 

enhanced p52-RelB nuclear translocation and 

activation (Supplementary Figure S8). This effect 

appears to be allelic dose-dependent, since 
biallelic BIRC3 loss resulted in higher activation 

rates (Fig. 2). Our results obtained in isogenic 

CLL-derived cell lines provide a more 

comprehensive landscape of the role of each CLL 

BIRC3-related alterations in the non-canonical 
NF-kB pathway, complementing previous 

findings hinted in a panel of lymphoid-related 

cell lines (18). In addition, we were also able to 

address the biological differences between 

del(11q) CLL patients including or not BIRC3 

within their deleted region, showing that, in 

response to stromal stimulation and TLR ligation 
by CpG, del(11q)/BIRC3-deleted cases present 

marked levels of stabilized NIK and p52 activity. 

Indeed, further evidence of hyperactive non-

canonical signaling was found in B-lymphocytes 
from mice lacking cIap1/cIap2 (Birc2/Birc3) (37) 

and in B-cells treated with BIRC2/BIRC3 

inhibitors (21), as well as in our isogenic del(11q) 

CLL cell lines (Fig. 2). Furthermore, a previous 

report observed that CLL cells with low BIRC3 
mRNA expression presented activation of the 

canonical NF-kB signaling in the presence of 

BAFF or CD40L stimulation (31). Interestingly, 

we did find partial evidence of canonical NF-kB 
activation by increased nuclear p50 activity in 

HG3-del(11q) BIRC3MUT cells, which has also 

been shown to contribute in the pathogenesis of 

Eµ-TCL1 model of CLL (38). This enhanced p50 

activity could be in line with the high 
phosphorylation levels of IKKβ, a member of the 

IkB-kinase (IKK) complex, implicated in 

canonical NF-kB activation (39). Altogether, 

these results suggest that, in the presence of the 

CLL microenvironment, BIRC3 loss displays a 
dual role on both canonical and non-canonical 

NF-kB signaling activation. 

The recent introduction of the selective BCL2 

inhibitor venetoclax into the CLL treatment 
scheme has led to effective remissions for 

relapsed/refractory CLL patients, especially 

when combined with anti-CD20 antibodies (40, 

41). Nevertheless, little is still known regarding 

which genetic alterations may predict for better 
venetoclax responses in CLL. We show that 

enhanced non-canonical NF-kB activity in 

BIRC3-deleted cells results in BCL2 

overexpression, making isogenic del(11q) 
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BIRC3MUT cells more sensitive to venetoclax 

treatment. These observations are limited due to 

the use of CLL cell lines which do not display the 

same venetoclax sensitivity as primary CLL cells 

(42). However, we also observe a correlation 

between BCL2 levels and the percentage of 

BIRC3-deleted cells in del(11q) cases, as well as 

between p52 and BCL2 levels, suggesting that 

BIRC3-deleted cases may potentially benefit 

from venetoclax-based regimes. In fact, recent 

data from the CLL14 trial suggest that del(11q) or 

BIRC3MUT patients significantly favor from 

venetoclax plus obinutuzumab in comparison to 

the chlorambucil plus obinutuzumab treatment 

arm (43). In addition, we show that NIK 

pharmacological inhibition can counteract 

BIRC3-mediated non-canonical NF-kB signaling 

and anti-apoptotic protein overexpression, 

making it an attractive candidate for 

combinatorial therapy with venetoclax (44). 

Contrarily, del(11q) BIRC3MUT cells did not 

selectively benefit from ibrutinib treatment, in 

agreement with previous reports indicating that 

BTK inhibition does not suppress non-canonical 

NF-kB signaling activity (18, 45). Furthermore, 

we also assessed the treatment implications of 

BIRC3 deletion and/or mutation in response to 

fludarabine, given that these alterations have 

been associated with fludarabine relapse in 

some, but not all, cohorts (10, 12, 18). 

Nonetheless, neither isogenic HG3-del(11q) 

BIRC3MUT nor BIRC3MUT cells show evidence of 

fludarabine resistance, whereas isogenic HG3 

TP53MUT cells present marked resistance in the 

same conditions (Fig. 4b). These results indicate 

that BIRC3 alterations may not be enough to 

generate fludarabine resistance per se, as opposed 

to TP53 alterations. Further investigation is 

required to decipher whether extrinsic factors 

such as the CLL microenvironment as well as the 

concurrence with other genetic alterations would 

play a critical role in fludarabine resistance of 

BIRC3 mutated CLL cells. 

Although there is still controversy regarding 

clinical impact of BIRC3 mutations, recent 

reports have highlighted the negative predictive 

impact on TTFT and OS of biallelic BIRC3 loss 

through del(11q) and mutation in the remaining 

allele (14, 15). Our work biologically 

demonstrates that biallelic BIRC3 loss promotes 

CLL proliferation, clonal evolution and 

progression in vitro and in vivo. These results are 

further supported by the notion that mice lacking 

cIap1/cIap2 show an uncontrolled accumulation 

of B-cells in vivo (37). Interestingly, we did not 

observe enhanced proliferation of isogenic cell 

lines harboring monoallelic BIRC3 loss, 

suggesting that BIRC3 mutations may only have 

a clinical impact in patients with a previous 

del(11q) background. These data therefore 

reinforce the notion that biallelic BIRC3 

inactivation should be considered as a high-risk 

CLL entity. 

In summary, this work displays a 

comprehensive biological analysis of the impact 

of monoallelic and biallelic BIRC3 lesions in 

del(11q) CLL patients by combining in vitro, ex 

vivo, and xenograft models. We show that 

monoallelic BIRC3 deletion activates NF-kB 

signaling in del(11q) CLL cells, contributing to 

the pathobiology of this high-risk cytogenetic 

alteration. We also demonstrate that BIRC3 

mutation in the remaining allele of del(11q) CLL 

cells confers clonal advantage which could 

account for the negative predictive impact of 

BIRC3 biallelic inactivation in CLL. Moreover, 

cells harboring these alterations could be 

therapeutically targeted with BCL2 inhibitors. 
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Taken together, our results suggest that del(11q) 

CLL patients harboring BIRC3 mutations should 

be considered as a CLL subgroup at a high risk 
of progression that might benefit from 

venetoclax-based therapies. 
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CLL is a highly genetically heterogeneous disease characterized by the presence of 

recurrent chromosomal abnormalities and gene mutations that modify diverse biological 

pathways, ultimately impacting the clinical course of patients suffering from this disease 65,66. 

Individual genetic lesions are not likely to be the only responsible for CLL pathogenesis, 

indeed, the vast majority of patients harbor different combinations of multiple alterations 

that coexist within the same tumoral clone237. These interactions between disease drivers 

have been postulated to contribute to cellular fitness, fueling disease evolution292.  

Understanding the biological function of these abnormalities, both individually and 

combined, and their role in CLL initiation, progression and therapy response has become 

essential to assess patient prognosis and adopt therapeutic decisions, as well as to evaluate 

novel tailored therapeutic approaches based on the genetic profile of each patient.  

It is well known that cancer is a clonal disease that arises from the accumulation of 

acquired abnormalities in an individual cell. However, the cell of origin of many cancers, 

including CLL, is widely unknown, and the exact initial lesion(s) that triggers the cascade 

of events leading to malignant transformation is yet to be identified. This question is relevant 

not only to determine what type of genetic events orchestrate the initiation of CLL, but also 

to understand which cell populations should be the target for therapeutic approaches. In the 

first study from this PhD research, this critical issue was addressed by analyzing the presence 

of somatic mutations and chromosomal abnormalities in CD34+ hematopoietic progenitors 

isolated from bone marrow aspirates of CLL patients (Results Section – Chapter 1: Next-

generation sequencing and FISH studies reveal the appearance of gene mutations and chromosomal 

abnormalities in hematopoietic progenitors in chronic lymphocytic leukemia). This study was 

inspired by the previous findings from Kikushige et al.123 and Damm et al.126, which pointed 

out towards HSCs as the cell of origin of CLL where the first driver events occur. We initially 

confirmed that somatic mutations in well-known CLL driver genes such as NOTCH1, XPO1 

and MYD88 can appear in the total CD34+ cell population from CLL patients, which include 

CD34+CD19- HSCs as well as CD34+CD19+ pro-B cells that are already committed to B-cell 

lineage. Furthermore, we subsequently validated the presence of some of these mutations in 

FACS-sorted CD34+CD19- HSCs (Results Section – Chapter 1: Figure 1-2; Table 2). Later 

studies have validated and expanded these observations, indicating that CLL driver 

mutations can appear in early HSCs and multi-potent progenitor cells (MPP), as defined by 

a Lin−CD34+CD38lowCD45RA−CD90+/CD90− immunophenotype127,470. Altogether, these 
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results clearly indicate that some CLL driver lesions can appear in early steps of 

hematopoiesis, tightening the net around the cell of origin of CLL.  

Nevertheless, there are still limitations and further questions that should be 

acknowledged in this regard. First, our study and others are based on the analysis of small 

cohorts of CLL patients and a study restricted to few CLL driver genes, leaving unsolved 

questions about the complete genetic landscape of CLL-HSCs and which are the most 

prevalent mutations or biological pathways dysregulated at this maturational step. In 

addition, Marsilio et al.127 showed that isolation of pure CD34+ cell fractions without 

contaminants from CD19+ mature B-CLL cells is a challenging process, and subsequent 

improvement of high-sensitivity MRD detection methods by flow cytometry or ultra-deep 

NGS may help the evaluation of the CLL-HSC genetic landscape in larger cohorts of patients 

with purer HSCs fractions. These questions could be further addressed thanks to the recent 

refinement of single-cell DNA and RNA sequencing strategies471–473, which I believe could 

shed light into these aspects in the near future.   

On the other hand, one of the strengths of our study was the evaluation not only of driver 

gene mutations, but also well-known chromosomal abnormalities in CD34+ cells, an issue 

that was not addressed in any of the other studies investigating this topic123,126,127,470. Indeed, 

the four most recurrent cytogenetic abnormalities in CLL (del(11q), trisomy 12, del(13q) and 

del(17p)) are present in approximately 80% of the total of CLL cases63, and WES analysis of 

the cancer cell fraction from > 500 patients have revealed that del(11q), del(13q) and trisomy 

12 are mostly clonal lesions that are likely to appear early in the disease course65. Our results 

further expand these observations, describing the presence of del(13q) and del(11q) in CD34+ 

cells from 3/5 and 2/2 patients, respectively, thus confirming the early nature of these 

abnormalities and placing its appearance in CD34+ progenitors (Results Section – Chapter 

1: Table 3). Two recent studies analyzed chromosomal mosaicism of > 300,000 elderly 

individuals and also described the presence del(13q) and del(11q), as well as trisomy 12 in 

age-related hematopoietic clones131,132, suggesting that these chromosomal abnormalities are 

already present years before disease onset. This finding further reinforces the notion that 

these alterations may appear in CD34+ HSCs and presumably contribute to the origin of CLL. 

Intriguingly, these specific abnormalities are considerably more prevalent in European 

individuals when compared to Asian individuals, being the subjects harboring these 
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alterations at higher risk of developing CLL131,132, which is consistent with the geographical 

incidence of CLL and the crucial role of these abnormalities in the initiation of the disease.  

Taken together, these facts could suggest that the presence of genetic lesions in HSCs 

favor CLL initiation but it might not be sufficient to drive expansion of mature B-CLL clones, 

requiring from other subclonal events in order to gain cellular fitness and to contribute to 

disease progression65,126,292. This could be the case of del(11q) as inferred from the results 

obtained in chapters second, third and fourth of this PhD thesis. First of all, in the study of 

mutational status of 54 CLL drivers genes in a cohort of 47 del(11q) CLL cases, we observed 

that the vast majority of them (93.6%) harbored alterations in at least one of these drivers 

(Results Section – Chapter 3: Figure 1A), indicating that del(11q) cases invariably present 

additional concurrent genetic alterations65. Second, our CRISPR/Cas9-generated models 

biologically demonstrate that the presence of monoallelic del(11q) can favor genomic 

instability by impaired repair of DSBs, which could facilitate the subsequent acquisition of 

subclonal events (Results Section – Chapter 2: Figure 2). Indeed, del(11q) cases have been 

shown to present high levels of genomic instability in other independent cohorts151–153. Third, 

we provide functional evidence about the synergistic role of additional ATM, BIRC3 or TP53 

mutations in del(11q) CLL expansion and progression, in agreement with the subclonal  and 

concurrent nature of these mutations in del(11q) CLL cells, especially those on ATM and 

BIRC365. 

In the case of ATM (Results Section – Chapter 2: CRISPR/Cas9-generated models uncover 

therapeutic vulnerabilities of del(11q) CLL cells to dual BCR and PARP inhibition), we show that 

the loss of the second allele through truncating mutation leads to a profound dysregulation 

of the DDR resulting in higher genomic instability as determined by γH2AX analysis and 

comet assays, respectively. Although we did not observe an in vitro proliferative advantage 

of HG3-del(11q) ATMMUT cells in comparison to HG3-del(11q) cells, we did find a marked 

increase in the homing capacity of HG3-del(11q) ATMMUT cells in the spleen of NSG mice 

when compared to HG3-del(11q) or HG3WT cells (Supplementary Appendix – Chapter 2: 

Appendix 2). Certainly, recent studies analyzing the growth dynamics over time of 

untreated CLL cells revealed that ATM mutations usually arise in cases with progressive 

disease and are related to an exponential growth pattern292,474. Albeit we could not analyze 

the mutational status of ATM in our cohort of CD34+ cells from CLL patients, Damm et al. 

analyzed the CD34+CD19- fraction of 5 patients harboring ATM mutations in the mature 
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CD19+ B-CLL population, and interestingly, none of these patients presented ATM mutations 

in their CD34+CD19- counterparts126, further indicating that ATM mutations are subclonal 

events that appear late in CLL development and possibly contribute to clonal expansion 

when they co-occur with del(11q) through impaired DDR and increased genomic instability. 

In relation to BIRC3 (Results Section – Chapter 4: Biological significance of monoallelic and 

biallelic BIRC3 loss in del(11q) chronic lymphocytic leukemia progression), our studies reveal that 

truncating mutations in the remaining allele of this gene in del(11q) cells constitutively 

activate non-canonical NF-κB signaling leading to upregulation of anti-apoptotic BCL2 

family members, which translates into enhanced clonal advantage in vitro and in vivo. We 

also show that this promotion of the non-canonical NF-κB signaling is dependent on BIRC3 

allelic dosage, since monoallelic BIRC3 loss through del(11q) boosts non-canonical NF-κB 

activity in a lesser extent than biallelic BIRC3 loss (Results Section – Chapter 4: Figure 2). 

However, the non-canonical signaling activity of monoallelic del(11q) does not seem 

sufficient enough to drive clonal expansion of CLL cells in our in vitro model (Results 

Section – Chapter 4: Figure 5 and 6), which is consistent with the hypothesis that del(11q) 

cells need from other subclonal events, in this case truncating mutation of the remaining 

allele of BIRC3, to orchestrate CLL progression. In accordance, BIRC3 mutations have always 

been found to be subclonal events in independent cohorts, and its presence in del(11q) cases 

confers a shorter TTFT65,154,156. In addition, subclonal BIRC3 mutations have been shown to 

increase their variant allele frequency in longitudinal samples from CLL patients and 

associate with the development of active disease291,474. Even though none of the current 

studies analyzing CD34+ populations of CLL patients, including ours, have looked for BIRC3 

mutations in HSCs, they are not likely to appear until a later maturational step as it is 

observed in the case of ATM mutations, although further studies in larger cohorts of CD34+ 

samples would be required126,127,470.  

Moreover, the results from our NGS study of 47 del(11q) CLL cases prompted us to 

further interrogate the biological basis of concurrent TP53 biallelic lesions in del(11q) CLL 

cells (Results Section – Chapter 3: Dissecting the role of TP53 alterations in del(11q) chronic 

lymphocytic leukemia). In accordance to the reduced survival of del(11q) patients harboring 

additional TP53 lesions in our cohort, we could demonstrate that TP53 alterations 

contributed to enhanced cellular fitness and clonal advantage of del(11q) cells in vitro and in 

vivo (Results Section – Chapter 3: Figure 3A-B, Figure 4). The functional basis underlying 
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this aggressiveness may be related to a cooperative dysregulation of the DDR and loss of 

cell-cycle checkpoints, resulting in increased genomic instability as already observed in 

del(11q)/ATM and del(17p)/TP53 mutated patients64,151–153. Moreover, a recent report showed 

that CLL transformation into RS is primarily dictated by the accumulation of mutations in 

genes involved in the DDR signaling pathway192, providing further evidence about the 

impact of dysregulation of this pathway in CLL evolution. In consistence to the 

aforementioned scenarios for ATM and BIRC3, TP53 mutations are usually subclonal in CLL 

and have been proposed as late events of the disease course65,237. In the context of del(11q), 

our NGS results reveal that the variant allele frequency is predominantly lower for TP53 

mutations than del(11q) (Results Section – Chapter 3: Table 2), highlighting its subclonal 

nature in this specific subset of CLL patients. This is consistent with our findings in CD34+ 

cells, where we detected TP53 mutations in a considerably lower proportion (borderline to 

our cut-off of 10%) than in their mature CD19+ counterparts (Results Section – Chapter 1: 

Figure 2).  

Additional evidence supporting the hypothesis that del(11q) requires from other events 

to drive CLL pathogenesis has been recently addressed in mouse models293. Specifically, Yin 

et al. generated mouse models with B-cell restricted monoallelic ATM deletion and SF3B1 

gain-of-function mutation. Interestingly, ATM deletion alone was not sufficient to cause a 

CLL-like disease in mice, neither SF3B1 mutation alone. However, mice harboring the 

combination of both ATM deletion and SF3B1 mutation were able to develop a CLL-like 

disease characterized by increased genomic instability and dysregulation of multiple CLL-

related biological pathways such as the BCR signaling293. This is consistent with the high co-

occurrence observed between del(11q) and SF3B1 mutations in CLL patients, which indeed 

accounts for a reduced TTFT67. Furthermore, other significantly concurrent genetic events 

have been described in del(11q) CLL cases. For instance, amp(2p) is a recurrent abnormality 

in advanced-stage CLL and it is strongly associated with the presence of del(11q)65,475. The 

common amplified region includes oncogenes such as XPO1, REL or MYCN and its 

biological role in CLL remains elusive476. Although further functional investigation is 

required, it could be presumable that del(11q) in combination with overexpression of any of 

these genes located in the common amplified region of 2p might drive CLL progression, 

evolution and therapy response. 
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Another interesting aspect highlighted by large-scale WES studies in CLL is the presence 

of mutually exclusive genetic lesions65,66. This phenomenon has also been observed across 

multiple cancer types, and it is usually attributed to a redundant effect of different alterations 

in the same biological pathway, suggesting that the coexistence of two of these alterations 

does not provide an additional benefit to the cell477,478. However, if that were the case, the co-

occurrence of both alterations should not bring any negative consequences to the cell. 

Therefore, another potential explanation is that coexistence of two lesions may be harmful 

and causes cell cycle exit, senescence, or death478,479. These scenarios have remained largely 

unexplored in vitro or in vivo even though the knowledge of this aspect of cancer biology 

might be useful in order to identify novel synthetic lethal interactions that may be 

therapeutically exploited. In CLL, mutual exclusivity is mainly observed between del(13q) 

and trisomy 12 or SF3B1 mutations and trisomy 12, among other patterns65,66, nevertheless, 

any of these interactions has been further functionally explored. In this regard, our in vitro 

and in vivo work shed light into the mutual exclusive nature of biallelic ATM and TP53 

alterations in CLL, underscoring the detrimental effect of the combination of these lesions 

in CLL proliferation and in vivo homing (Results Section – Chapter 3: Figure 3A-B, Figure 

4). Interestingly, as mentioned earlier, the opposite effect was observed in those cells 

harboring monoallelic ATM deletion through del(11q) in combination with TP53 alterations, 

highlighting that the number of alleles affected by these lesions is critical to determine a 

cooperative or detrimental function in CLL clonal fitness.  

Importantly, to fully understand the biology underlying del(11q) in CLL, further 

investigation is indispensable to assess whether the collective or individual 

haploinsufficiency of genes (other than ATM or BIRC3) encompassed within this deletion 

play a role in the pathogenesis of the disease. Despite the lack of functional studies 

investigating this issue in CLL, it has been suggested that loss of NPAT, CUL5 or PPP2R1B 

might result in dysregulation of apoptosis and cell cycle157. Indeed, NPAT germline loss-of-

function mutations have been identified as a risk factor for familial Hodgkin lymphoma480, 

whereas CUL5 deficiency has been shown to promote small-cell lung cancer metastasis481. 

PPP2R1B alterations have been found in lung and colon cancer482. This gene encodes for a 

subunit of the protein phosphatase 2A (PP2A), a master regulator for diverse cellular 

functions such as cell cycle, mTOR signaling or MAPK-ERK signaling483. Interestingly, 

alternative splicing transcripts of PPP2R1B have been reported in CLL cases, resulting in 

reduced PP2A activity157, and pharmacological activation of PP2A elicits apoptosis of CLL 
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cells via SHP1 activation, which results in dephosphorylation of the BCR signaling protein 

LYN484. Based on these data, it could be hypothesized that reduced PP2A activity through 

PPP2R1B loss in del(11q) might influence phosphorylation of BCR signaling proteins, and 

we are currently investigating this aspect as well as the implication of PP2A activity in 

ibrutinib response. Other genes within del(11q) that have been proposed to have a role in 

the pathogenesis of CLL are MRE11 and H2AFX, both implicated in the DDR signaling152. In 

addition, the deubiquitinase USP28 is usually deleted through del(11q), and it has been 

shown that reduced USP28 expression results in activation of NOTCH1 signaling, 

suggesting that del(11q) might influence this pathway in CLL485. 

In addition to the study of the biological role of del(11q) and associated mutations in CLL 

initiation, clonal evolution and progression, this PhD research work explored how these cells 

can be therapeutically targeted by novel pre-clinical approaches. In this regard, we mainly 

focused on synthetic lethal approaches based on the DDR signaling dysfunction and 

impaired HR-mediated DSB repair observed in del(11q) CLL cells harboring additional ATM 

mutations. We first hypothesized that these cells could be targeted with PARP inhibitors that 

inhibit BER-mediated SSB repair, in the same way it has been reported with BRCA1 or 

BRCA2 deficiency in breast cancer and other solid tumors319–321. In accordance, we observed 

that HG3-del(11q) ATMMUT cells were hypersensitive to PARP inhibition with olaparib in 

vitro and in vivo, which is consistent with two previous reports on primary CLL cells and the 

TCL1 mouse model486,487. Notably, our study on CRISPR/Cas9-generated isogenic models 

highlighted that ATM biallelic loss is required for this hypersensitivity, since HG3-del(11q) 

cells without ATM mutation in the remaining allele were able to proliferate after olaparib 

exposure (Results Section – Chapter 2: Figure 3A).  

Furthermore, our data revealed that the combination of olaparib and the BTK inhibitor 

ibrutinib was synergistic and especially effective in CLL harboring biallelic ATM loss, which 

was subsequently validated in ex vivo cultures of del(11q) ATMMUT patients in the presence 

of the microenvironmental stimulation, providing a novel off-target effect of BTK/PI3K 

inhibitors on the HR repair through RAD51 dysregulation (Results Section – Chapter 2: 

Figure 3, 4 and 5). This previously unappreciated effect of BCR signaling inhibitors in the 

HR repair process opens a new window of possibilities for synthetic lethal combinatorial 

strategies in HR-deficient CLL by combining BCR signaling inhibitors with chemotherapy 

and/or other drugs inhibiting DSB or SSB repair pathways. Indeed, we show that the 
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combination of ibrutinib with bendamustine is synergistic and results in a higher amount of 

unrepaired DSBs (Results Section – Chapter 2: Figure 6). Our results expand previous 

observations from other studies that also found evidence of synergism between these two 

drugs or between idelalisib and bendamustine488–490. In addition, combinations between BCR 

signaling inhibitors and chemoimmunotherapy are also being currently explored in young 

CLL patients and have shown promising results in early trials, achieving deep and durable 

responses with undetectable MRD491–493, although longer follow-up and cytogenetic and 

mutational status data would be required to determine whether del(11q) ATMMUT patients 

would benefit from these approaches. Furthermore, other groups have also explored the 

field of synthetic lethality as a therapeutic strategy for del(11q)/ATM mutated or 

del(17p)/TP53 mutated HR-defective CLL. Specifically, the ATR inhibitor AZD6738 showed 

remarkable responses in pre-clinical studies using ex vivo primary CLL cultures and in vivo 

patient-derived xenografts494. This study also showed a synergistic effect of ATR inhibition 

and ibrutinib, further reinforcing the use of BCR signaling inhibitors in combination with 

DNA damage repair inhibitors494. Notably, we also demonstrated that AZD6738 was 

effective in isogenic in vitro models harboring combined del(11q) and TP53 alterations. 

Future experiments in these models and genetically-matched primary CLL cells are 

warranted to explore the combination AZD6738 and BCR signaling inhibitors for CLLs with 

this extremely high-risk genetic background. Finally, other promising therapeutic strategies 

interfering the DNA damage repair pathways for ATM-defective CLL include SSB repair 

inhibition by the DNA-PKcs inhibitors KU-0060648 or CC-115495,496, whereas the use of CHK1 

or USP7 inhibitors has been shown to be effective in ATM- or TP53-defective CLL cells497,498. 

In agreement with our results, it would be presumable that combination therapies between 

these drugs and ibrutinib or other BCR signaling inhibitors may enhance the responses of 

each of these treatments, although further studies would be required to assess the pre-clinical 

efficacy of these combinations. 

After analyzing tailored treatment strategies for del(11q) ATMMUT CLLs, we also 

explored whether del(11q) cells harboring additional BIRC3 mutations could be 

therapeutically targeted. Based on the results obtained regarding the biological function of 

BIRC3 deletion and/or mutation in vitro, in vivo and ex vivo, we hypothesized that del(11q) 

BIRC3MUT CLLs could be targeted by either inhibiting the non-canonical NF-κB signaling 

pathway or by inhibiting the resultant overexpression of anti-apoptotic BCL2 and BCL-xL 

proteins. To disrupt the non-canonical signaling activation of these cells we used the NIK 



  General Discussion 

 150 

inhibitor NIK SMI1, observing that it was capable of inhibiting the induced proliferation 

resultant of non-canonical constitutive signaling mediated by BIRC3 loss (Results Section – 

Chapter 4: Figure 5B). These results are in agreement with a very recent report that showed 

that NIK inhibition with CW15337 abrogated CD40L-induced non-canonical NF-κB 

signaling activation in primary CLL cells499. In addition, NIK inhibition has also been 

explored in other lymphoid malignancies such as multiple myeloma, where the non-

canonical NF-κB signaling is also hyperactive due to alterations in BIRC3 and other 

components of the pathway500–502. Nevertheless, neither our study nor the one from 

Haselager et al. showed a high cytotoxic activity of NIK inhibition alone in CLL cells499, 

suggesting that these inhibitors may be explored in combination with other agents. Indeed 

Haselager et al. showed that NIK inhibition enhances sensitivity of CLL cells to venetoclax499. 

In accordance, we also showed that del(11q) BIRC3MUT cells were more sensitive to 

venetoclax or BCL-xL inhibition by A1331852 and a previous study also reported that low 

BIRC3 expression predicts for enhanced venetoclax or navitoclax sensitivity, being the latter 

a dual BCL2/BCL-xL inhibitor340. Collectively, these results suggest that del(11q) BIRC3MUT 

cells could be therapeutically targeted by counteracting anti-apoptotic protein expression 

using BCL2 or BCL-xL inhibitors, as well as abrogating constitutive non-canonical NF-κB 

activation by using NIK inhibitors.  

Our work also revealed that the presence of del(11q) and/or associated mutations in 

ATM, BIRC3 or TP53 might predict responses to current treatment strategies. For instance, 

del(11q) ATMMUT CLL cells are more sensitive to ibrutinib ex vivo (Results Section – Chapter 

2: Figure 4), whereas del(11q) BIRC3MUT cells favor from venetoclax therapy (Results Section 

– Chapter 4: Figure 4). These observations challenge the traditional risk stratification model 

based on the hierarchy of FISH-detected cytogenetic alterations134,503, where patients 

harboring del(11q) carry a dismal prognosis in terms of both PFS and OS. However, these 

models are based on data from the chemoimmunotherapy treatment era, and the dramatic 

changes that have taken place in the treatment algorithms of CLL in the last few years urge 

the need to reevaluate the prognostic implications of some CLL genetic alterations such as 

del(11q).  In fact, the pooled analysis of three phase III clinical trials (RESONATE, 

RESONATE-2 and HELIOS) comparing ibrutinib versus chemotherapy or 

chemoimmunotherapy has demonstrated that del(11q) patients present a more favorable 

outcome than those patients harboring other cytogenetic alterations or those with a normal 

karyotype385. In addition, data from the extended analysis of the trial RESONATE-2 have 
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revealed that del(11q) cases treated frontline with ibrutinib show excellent and durable 

responses, demonstrating again a superior PFS of these patients in comparison to the rest of 

cytogenetic groups384. These clinical observations are in line with the results we have 

obtained in our ex vivo models, reinforcing their validity for prediction of treatment response. 

Our next research step focuses on characterizing the whole transcriptome, proteome and 

phospho-proteome of del(11q) CLL cells in order to understand the biological implications 

by which the presence of this cytogenetic abnormality increases sensitivity to BCR-mediated 

inhibition by ibrutinib. 

Nevertheless, the promising results observed with ibrutinib treatment for frontline 

del(11q) CLL patients are in marked contrast to those obtained in trials when ibrutinib was 

administered in the chemotherapy R/R CLL population, where del(11q) emerges again as a 

poor prognostic marker both for PFS and OS231,386. The inherent mechanism(s) underlying 

poor responses of del(11q) chemotherapy R/R patients to ibrutinib and this sharp contrast in 

comparison to del(11q) patients treated frontline are still unknown. One hypothesis could be 

related to the crucial role of del(11q) and ATM in the DDR signaling and HR repair. In this 

way, chemotherapy-induced DSBs in ATM-deficient CLL cells may not be satisfactory 

repaired, thus increasing genomic instability in these clones and ultimately resulting in the 

appearance of CK, which is a bona-fide predictive marker of poor response to ibrutinib228,231. 

These intriguing aspects are currently being addressed thanks to my PhD research 

collaboration abroad at Dr. Thomas J Kipps lab in the University of California, San Diego, 

last year. Early findings in serial del(11q) patients collected before and after treatment 

confirm that treatment with chemotherapy-based regimes increases the genomic complexity 

of del(11q) cases, whereas treatment with non-chemotherapy-based regimes do not. In 

addition, preliminary findings of long-term chemotherapy (i.e. bendamustine) exposure of 

our CRISPR/Cas9-generated models corroborate the acquisition of novel chromosomal 

abnormalities in HG3-del(11q) ATMMUT cells, but not in those HG3WT clones. Additional 

research is currently being performed in order to expand these data, and hopefully the 

resulting answers will help refine treatment decisions for del(11q) in the context of novel 

targeted therapies. 

All in all, the advances made throughout this PhD research have been possible thanks to 

the combined implementation of NGS and the CRISPR/Cas9 genome-editing system to 

generate novel in vitro del(11q) models. This versatile technique is rapidly changing our 
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ability to interrogate the function of individual and concurrent genetic lesions in cancer, and 

its true explosion is yet to come for the study of CLL biology. What the immediate future 

holds relies on the generation of additional in vitro and in vivo models investigating the 

functional consequences of CLL driver alterations with unknown biological significance65,66. 

This is especially important in a genetically heterogeneous disease like CLL, where a large 

fraction of driver alterations are present in a low percentage of patients, which would require 

impressively large and homogeneous cohorts of primary CLL cells to address genotype-

specific biological functions. Moreover, the implementation of large-scale CRISPR screens 

will be essential in CLL therapy in order to help uncover which genes and biological 

pathways play a role in resistance to novel targeted agents as well as to identify and 

characterize essential genes in the CLL genome that can be targeted by synthetic lethal 

approaches401,461,504. A qualitative leap that is yet to be achieved is the capacity of 

CRISPR/Cas9-mediated genome-editing of primary CLL cells. If accomplished, it will 

substantially help overcome the limitations associated to the use of CLL cell lines and mouse 

models, improving our understanding of CLL-related lesions in an ex vivo context in the 

presence of the microenvironment or in vivo in patient-derived xenografts. To be able to 

genetically manipulate primary CLL cells, it will be necessary to improve transfection or 

transduction methods in order to deliver the CRISPR/Cas9 system components. In this way, 

a very recent preprint describes a novel strategy of highly efficient retroviral transduction of 

primary CLL cells, unveiling previously unappreciated functions of NOTCH1 mutations in 

CLL505. It would be of great interest to apply this method to retrovirally deliver the 

CRISPR/Cas9 components into primary CLL cells in order to investigate loss-of-function or 

gain-of-function CLL-related driver mutations, as well their concurrent effects in an ex vivo 

setting. Finally, genetic manipulation of primary B cells or CD34+ HSCs from healthy 

individuals are feasible strategies nowadays that have been applied for the study of other 

hematological malignancies, and their implementation to interrogate the role of CLL-related 

lesions could improve our understanding of disease initiation and progression451,506–509. 

In summary, this work has established novel CRISPR/Cas9-based models to understand 

the biological mechanisms governed by concurrent CLL-related driver lesions in disease 

initiation and progression, as well as to identify specific therapeutic vulnerabilities amenable 

for therapeutic interventions. The present research highlights the feasibility of genome-

editing approaches for the study of the biology of CLL, laying the groundwork for future 
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investigations aiming to untangle the biological determinants underlying the genetic 

heterogeneity of CLL. 
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1. Driver chromosomal abnormalities and gene mutations are present not only in 

mature B lymphocytes, but also in CD34+ hematopoietic progenitors of CLL patients. 

Specifically, del(11q) and del(13q), as well as mutations in NOTCH1 and MYD88 are 

early events in CLL hematopoiesis, whereas IGH alterations and TP53, SF3B1 and 

FBXW7 mutations emerge at later B-cell maturational steps.  

2. The majority of del(11q) CLL patients present additional mutations in CLL driver 

genes. The mutational landscape of these patients is characterized by a high co-

occurrence of mutations in ATM, TP53 and BIRC3.  

3. Isogenic CRISPR/Cas9-generated CLL models represent a novel and powerful tool 

to interrogate the effects of individual or concurrent CLL driver alterations in cellular 

processes and clonal evolution. Moreover, these models provide a novel pre-clinical 

platform for the study of genotype-specific therapeutic responses in CLL.  

4. Monoallelic ATM loss through del(11q) results in impaired double strand break 

signaling and repair, leading to DNA damage accumulation, which is further 

enhanced when the remaining ATM allele is affected by loss-of-function mutations. 

CLL cells harboring biallelic ATM inactivation show in vitro, in vivo and ex vivo 

hypersensitivity to PARP inhibition with olaparib.  

5. Dual BCR and PARP inhibition through the combination of ibrutinib and olaparib is 

synergistic in del(11q)/ATM mutated CLL cell lines and primary cells, overcoming 

the induction of proliferation from the stromal microenvironment. The mechanism 

of synergy of this combination relies in an off-target effect of ibrutinib in the 

homologous recombination repair, leading to RAD51 foci formation impairment in 

double strand break lesions and enhancing the lethal DNA damage accumulation of 

del(11q) CLL cells.  

6. Biallelic ATM and TP53 lesions are mutually exclusive in CLL patients. 

Mechanistically, the combination of both events leads to defective mitosis and 

impaired clonal fitness in vitro, added to deficient engraftment in vivo.  

7. The combination of monoallelic del(11q) and TP53 alterations defines an extremely 

high-risk subgroup of CLL patients with shorter overall survival than patients 

harboring these alterations individually. Del(11q) cooperates with TP53 loss to drive 

clonal advantage in vitro and in vivo, as well as to alter in vitro responses to BCR and 

PI3K inhibitors.  
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8. BIRC3 mutation and/or deletion through del(11q) in CLL cells activates non-

canonical NF-κB signaling through NIK cytoplasmic stabilization and RelB-p52 

nuclear translocation and activation, resulting in BCL2 overexpression and defining 

a genotype-specific vulnerability to venetoclax. Moreover, BIRC3-dependent non-

canonical NF-κB signaling activation can be counteracted by pharmacological NIK 

inhibition using NIK SMI1.  

9. BIRC3 mutation in the remaining allele of del(11q) CLL cells further enhances non-

canonical NF-κB signaling activation, conferring clonal advantage in vitro and 

accelerating leukemic progression in an in vivo xenograft model, providing a 

biological explanation of the negative predictive impact of BIRC3 biallelic 

inactivation in CLL patients.
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1. LEUCEMIA LINFÁTICA CRÓNICA – CARACTERÍSTICAS 

GENERALES 

La leucemia linfática crónica (LLC) es una entidad reconocida en la clasificación de 

neoplasias hematopoyéticas y linfoides de la Organización Mundial de la Salud (OMS) del 

año 20171. La LLC es una síndrome linfoproliferativo de células B clonales, caracterizado por 

la acumulación de linfocitos neoplásicos de aspecto pequeño y maduro, que se acumulan en 

la sangre, bazo, médula ósea y otros órganos linfoides2,3.  

1.1 Epidemiología 

La LLC es la forma más frecuente de leucemia en Europa y Estados Unidos, con una 

incidencia de 4,1/100.000 casos. Esta neoplasia supone más de 15.000 nuevos diagnósticos de 

cáncer y más de 4,500 muertes anuales en Estados Unidos4. La incidencia de LLC varía entre 

sujetos de diferentes regiones geográficas. Es menos común en poblaciones africanas o 

hispanas, y su incidencia es marcadamente baja en individuos asiáticos5,6. La mediana de 

edad al diagnóstico se encuentra entre los 70-72 años, con una predominancia en hombres 

en un ratio 1,7:1 en todos los subgrupos étnicos4,5. La proporción de pacientes jóvenes 

diagnosticados con LLC de estadio temprano ha incrementado en los últimos años, 

posiblemente debido al incremento de los análisis de sangre en la rutina clínica. Además, es 

posible que los cambios demográficos en la sociedad actual se traduzcan en un incremento 

de la prevalencia y la mortalidad de la LLC en las próximas décadas4,7.  

1.2 Etiología 

Las disparidades observadas en la incidencia de LLC en diferentes regiones geográficas 

apuntan a que la LLC podría surgir por una combinación de factores genéticos y ambientales, 

sin embargo, la etiología exacta de esta enfermedad no es conocida8. A pesar de que la gran 

mayoría de casos de LLC ocurren de forma esporádica, existen evidencias de predisposición 

hereditaria a padecer esta patología9. En primer lugar, los familiares de primer grado de 

pacientes con LLC tienen un riesgo 8,5 veces mayor de desarrollar esta enfermedad10. 

Además, la concordancia de LLC es mayor entre gemelos monocigóticos en comparación 

con gemelos dicigóticos11. Numerosos estudios de asociación de genoma completo (GWAS; 

genome-wide association studies) han identificado polimorfismos de nucleótido único 

(SNPs; single-nucleotide polymorphisms) en múltiples loci de susceptibilidad de LLC (ej. 
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4q25/LEF1, 6p25.3/IRF4), que en total suponen aproximadamente el 19% del riesgo 

hereditario de LLC12–20.  

Respecto a factores ambientales que contribuyan al desarrollo de la LLC, ciertas 

evidencias sugieren que tanto el Agente Naranja como la exposición a insecticidas podrían 

considerarse factores de riesgo en LLC21,22, mientras que no hay certeza de que la radiación 

ionizante, las infecciones virales o las transfusiones de sangre tengan una implicación en este 

aspecto23–25.  

1.3 Diagnóstico 

De acuerdo a la última versión de las guías del grupo internacional de LLC (iwCLL; 

International Workshop on CLL), el diagnóstico de la LLC se determina principalmente a 

través de test de laboratorio, como el recuento de leucocitos y linfocitos, morfología e 

inmunofenotipo26. La LLC se diagnostica cuando hay una presencia de ≥ 5 x 109/L linfocitos 

B clonales en sangre periférica durante al menos 3 meses. En términos morfológicos, las 

células de LLC se corresponden con linfocitos pequeños y maduros con un citoplasma 

reducido y un núcleo denso, con un nucléolo indiscernible y agregados parciales de 

cromatina4,26. La clonalidad de los linfocitos B circulantes necesita ser confirmada por 

citometría de flujo, estando el inmunofenotipo de la LLC caracterizado por la expresión 

anormal del antígeno de célula T CD5 en combinación con los antígenos de célula B CD19, 

CD20 y CD23. En comparación con las células B sanas, los linfocitos B de LLC expresan 

menores niveles de inmunoglobulina de superficie, CD20 y CD79b26–29. Además, la expresión 

de las cadenas ligeras de inmunoglobulinas está restringida a kappa o lambda en cada clon 

leucémico28. Recientes trabajos colaborativos de armonización han confirmado que un panel 

de CD5, CD19, CD20, CD23, kappa y lambda es suficiente para determinar el diagnóstico de 

LLC30. En casos dudosos, otros marcadores como CD43, CD79b, CD81, CD200, CD10 o ROR1 

podrían también ayudar a refinar el diagnóstico de la enfermedad30.  

El desarrollo de la LLC está normalmente precedido por linfocitosis B monoclonal 

(LBM), una entidad pre-maligna definida por la presencia de menos de  5 x 109/L células B 

clonales en ausencia de linfadenopatía, organomegalia (definida por examinación física o 

tomografía computarizada) o citopenias1,31. El ratio de progresión de LBM a LLC es de un 1-

2% por año32. La revisión del 2017 de la clasificación de la OMS para neoplasias linfoides 

diferencia entre LBM de bajo recuento y alto recuento, dependiendo del número de células 

B clonales en sangre periférica (< 0.5 × 109/L y ≥ 0.5 × 109/L, respectivamente). La LBM de bajo 
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recuento tiene una alta prevalencia en individuos de edad avanzada y su riesgo de 

progresión a LLC es muy limitado, por lo que no requiere de control clínico específico 

adicional al seguimiento rutinario33–36. Por el contrario, la LBM de alto recuento sí que 

requiere seguimiento específico y tiene un fenotipo y unas características genéticas similares 

a la LLC de estadio temprano36,37.  

En el extremo contrario, una LLC puede sufrir una transformación histológica en un 

linfoma agresivo de célula B, en un proceso conocido como síndrome de Richter (RS; 

Richter’s Syndrome), que está asociado con un pronóstico marcadamente desfavorable38. 

Para el diagnóstico de transformación a RS se requiere una biopsia del ganglio linfático39. La 

clasificación de la OMS de neoplasias linfoides reconoce dos variantes patológicas distintas 

de RS: linfoma difuso de células B grandes (DLBCL; difuse large B cell lymphoma) o Linfoma 

Hodgkin (HL; Hodgkin lymphoma). La mayoría de los casos de DLBCL RS (~80%) están 

relacionados a nivel clonal con el clon iniciador de la LLC según los estudios de 

recombinación de los genes IGHV-D-J. Por el contrario, solamente el  ~40-50% de los casos 

HL RR están relacionados clonalmente con el estadio precedente de LLC, siendo estos casos 

sin relación clonal considerados como linfomas de novo que surgen en el paciente de LLC40–

43.  En la totalidad de casos de LLC, la incidencia de transformación a RS es de ~0.5% y ~0.05% 

por año de observación para las variantes DLBCL y HL, respectivamente44,45.  

1.4 Grupos de riesgo y marcadores pronósticos 

La LLC es una enfermedad con un curso clínico extremadamente heterogéneo. Las 

manifestaciones clínicas pueden variar desde formas indolentes de la enfermedad sin 

necesidad de tratamiento y expectativa de vida similar a la de la población sana, hasta una 

enfermedad agresiva caracterizada por la necesidad urgente de intervención terapéutica, 

refractariedad al tratamiento estándar y supervivencia global (OS; overall survival) 

reducida3,46. Para la clasificación de los pacientes en base a sus características clínicas, existen 

dos modelos de estratificación propuestos por Rai47 y Binet48 hace más de 40 años, que se 

siguen usando a día de hoy con modificaciones menores debido principalmente a su 

simplicidad, requerimientos de bajo coste, consistencia y fiabilidad para ser usados por 

hematólogos en todo el mundo26. La versión revisada de la clasificación Rai estratifica a los 

pacientes en riesgo bajo, intermedio o alto dependiendo de parámetros como linfocitosis, 

anemia o trombocitopenia, así como observaciones clínicas como agrandamiento de ganglios 

linfáticos, esplenomegalia o hepatomegalia. Estos parámetros están también recogidos en la 
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clasificación de Binet, que subdivide a los pacientes en tres categorías (A, B y C) y considera 

también los niveles de hemoglobina y el recuento de plaquetas47,48. Tras la definición de estos 

sistemas, otros marcadores pronósticos de fácil acceso como el tiempo de doblaje linfocitario 

o la infiltración de médula ósea han sido implementados también en el algoritmo de 

estratificación de riesgo49,50. 

Los recientes avances en la investigación de la LLC en las últimas décadas han permitido 

la caracterización de una cantidad significativa de potenciales biomarcadores que 

proporcionan información pronóstica independiente del estadio clínico51,52. Estos 

marcadores pronósticos incluyen proteínas a nivel de suero (ej. Beta-2 microglobulina (β2M), 

timidina quinasa (TK), CD23 soluble)53–58, marcadores genéticos (ej. Estado mutacional de la 

región variable del gen de la cadena pesada de las inmunoglobulinas (IGHV)59,60, 

estereotipos de la inmunoglobulina (IG) del receptor de célula B (BCR; B-cell receptor)61,62, 

alteraciones cromosómicas63, cariotipo complejo64, mutaciones somáticas65–68, alteraciones en 

regiones no codificantes del genoma69,70, subtipos epigenéticos71,72) y marcadores 

inmunofenotípicos (ej. CD38, ZAP70, CD49d)59,73–76. La información pronóstica de los 

biomarcadores más relevantes de cada una de estas categorías se encuentra reflejada en la 

Tabla 1, además, se proporcionará más información sobre el impacto pronóstico de los 

marcadores genéticos en la Sección 2: Genética de la LLC. Para reducir y simplificar la gran 

cantidad de marcadores pronósticos disponibles, en unos pocos con relevancia clínica 

probada y accesibles para hematólogos alrededor del mundo, se han creado índices 

pronósticos que combinan tanto información genética como clínica, como es el caso del CLL-

IPI (CLL International Prognostic Index)77–79.  

 

Tabla 1. Principales biomarcadores pronósticos identificados en LLC. 

Marcador Predictor de pronóstico adverso Ref. 

Biomarcadores serológicos   

β2M > 3.5 mg/L 53,55 

TK > 7.0 U/L 53,56 

sCD23 sCD23 tiempo de doblaje < 1 año 57,58 

Biomarcadores genéticos   

Estado mutacional IGHV No mutado 59,60 

Estereotipo BCR IG Subset #1, #2 y #8 61,80 
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Alteraciones cromosómicas Deleción de 17p; deleción de 11q 63 

Cariotipo complejo Cariotipo complejo (≥ 3 alteraciones) 64 

Mutaciones somáticas TP53, ATM, SF3B1, NOTCH1, BIRC3, EGR2 67,81–86 

Mutaciones no-codificantes NOTCH1 3’UTR 66,69 

Expresión de miRNAs ↑ miR-155, ↓ miR-150, ↓ miR-29c, ↓ miR-34a 87–90 

Subtipos epigenéticos “Naïve B-cell like” LLCs 71,72 

Biomarcadores 

inmunofenotípicos 

  

Expresión de CD38 ≥ 30% células positivas 59 

Expresión de ZAP70 ≥ 20% células positivas 73,74 

Expresión de CD49d ≥ 30% células positivas 75,76 

β2M: beta-2 microglobulina; TK: timidina quinasa; sCD23: CD23 soluble; IGHV: región variable del gen de 

la cadena pesada de las inmunoglobulinas; BCR: receptor de célula B; IG: immunoglobulina; FISH: 

hibridación fluorescente in situ; miRNA: micro-RNA; ↑ alta expresión; ↓ baja expresión.  
 

1.5 Terapia de la LLC 

1.5.1 Necesidad de tratamiento y evaluación de la respuesta  

El tratamiento de la LLC debe ser iniciado en el momento en el que el paciente presente 

progresión o enfermedad activa o sintomática, definida por una combinación de parámetros 

clínicos y biológicos recogidos en las guías del iwCLL26. Los pacientes con enfermedad 

asintomática no requieren de intervención terapéutica y deben ser monitorizados hasta que 

haya evidencia de progresión de la enfemerdad4.  

Los criterios de evaluación de respuesta al tratamiento están también recogidos en 

detalle en las guías del iwCLL, y clasifican principalmente la respuesta en las siguientes 

categorías: remisión completa, remisión parcial, enfermedad estable y enfermedad 

refractaria26. Los pacientes de LLC que alcanzan remisión completa pueden ser 

subclasificados en base a la detección de enfermedad mínima residual (MRD; minimal 

residual disease), un marcador de respuesta que ha ganado amplia relevancia en la última 

década gracias al desarrollo y la mejora de técnicas como la citometría de flujo multicolor, 

PCR o la secuenciación masiva (NGS; next-generation sequencing)91,92. Numerosos ensayos 

clínicos han demostrado que las terapias que son capaces de eliminar la MRD (definida como 

la presencia de menos de 1 célula de LLC por cada 10.000 leucocitos) dan lugar a un beneficio 

clínico a largo plazo93–95. 
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1.5.2 Aproximaciones terapéuticas y algoritmo de tratamiento 

El tratamiento de los pacientes de LLC ha recorrido una larga trayectoria desde la 

primera aprobación de regímenes basados en quimioterapia hace más de 50 años. Los 

agentes quimioterapéuticos empleados para el tratamiento de la LLC principalmente 

incluyen fármacos análogos de las purinas (comúnmente fludarabina) o agentes alquilantes 

como el clorambucilo, la ciclofosfamida o la bendamustina. A principios de los años 2000, el 

uso de quimioterapia en combinación con inmunoterapia (principalmente en la forma de 

anticuerpos anti-CD20 como rituximab) se convirtió en el tratamiento de referencia en la 

LLC, siendo las combinaciones de fludarabina, ciclofosfamida y rituximab (FCR) o 

bendamustina y rituximab (BR) las opciones más ampliamente utilizadas. En la última 

década, el conocimiento en profundidad de los procesos biológicos causantes de la 

patogénesis de la LLC ha resultado en la aprobación de fármacos dirigidos que inhiben vías 

de señalización responsables del crecimiento y/o supervivencia de las células de LLC (solos 

o en combinación con anticuerpos anti-CD20 de segunda generación como ofatumumab o 

obinutuzumab). Específicamente, los inhibidores de la señalización por BCR (los 

inhibidores de BTK ibrutinib y acalabrutinib, así como el inhibidor de PI3K idelalisib) y los 

inhibidores de BCL2 (venetoclax) han sido aprobados para el tratamiento de la LLC2,4,96. A 

pesar de que la llegada de las terapias dirigidas ha supuesto una revolución en los esquemas 

del tratamiento de la LLC, el trasplante alogénico de progenitores hematopoyéticos es una 

estrategia terapéutica potencialmente curativa en la LLC y puede considerarse para aquellos 

pacientes refractarios o en recaída (R/R) a terapias dirigidas, así como en los casos de RS con 

relación clonal a la LLC precedente que responden a quimioterapia97,98. Otra aproximación 

terapéutica prometedora que se encuentra en fase de investigación es la inmunoterapia CAR-

T anti-CD19 en combinación con ibrutinib, así como el uso de células NK que expresan anti-

CD19 CAR99–101. 

En resumen, la evolución constante del algoritmo de tratamiento de la LLC en los últimos 

años ha supuesto un cambio de paradigma, sustituyendo los regímenes basados en 

quimioterapia en favor de estrategias más individualizadas para los pacientes de LLC. El 

esquema de tratamiento actual tanto para LLC en primera línea como R/R depende de 

múltiples parámetros genéticos, clínicos y terapéuticos, y se encuentra resumido en la Figura 

1.  
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Figure 1. Algoritmo de tratamiento para pacientes de LLC en primera línea (verde) o en recaída o con 

enfermedad refracataria (R/R) (rojo). FCR: fludarabina + ciclofosfamida + rituximab; BR: bendamustina + 

rituximab; O: obinutuzumab; Clb: clorambucilo; R: rituximab; CIT: quimioinmunoterapia; BTKi: inhibidor 

de BTK; BCL2i: inhibidor de BCL2; CM: comorbilidades; Allo-TPH: trasplante alogénico de progenitores 

hematopoyéticos.  

 

2. GENÉTICA DE LA LLC   

El creciente conocimiento de la genética de la LLC en las últimas décadas ha permitido 

definir a este tipo de leucemia como una entidad altamente heterogénea, proporcionando 

información acerca de los distintos tipos celulares a partir de los cuales esta enfermedad se 

podría originar, así como el complejo conjunto de lesiones genéticas que están asociadas con 

su patogénesis y pronóstico.  

2.1 Origen celular de la LLC 

La identificación de la célula de origen de la LLC, definida como la célula no maligna a 

partir de la cual se inicia la transformación leucémica, puede ser útil para determinar qué 

alteración o alteraciones específicas son los principales “drivers” de la enfermedad102. El 

estudio biológico de la LLC en los últimos años ha proporcionado evidencia acerca de varios 
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tipos celulares compatibles como iniciadores de la enfermedad. Concretamente, esto ha sido 

posible gracias al análisis exhaustivo del BCR IG mediante técnicas de inmunogenética102.  

La molécula de IG es un componente esencial del complejo multimérico que compone el 

BCR y define una identidad genética única que está presente desde el nacimiento de cada 

célula B a lo largo de su vida, lo que es aplicable también a aquellas células B de la LLC103. A 

finales de la década de 1990, varias investigaciones empezaron a sugerir un sesgo en el uso 

de la IG en LLC104. Específicamente, se demostró que las células de LLC usan preferente las 

regiones VH1, VH3 y VH4 de la familia de genes IGHV104,105, y expresan un repertorio de 

BCRs restringido, incluyendo anticuerpos con una región determinante de 

complementariedad 3 (CDR3) casi idéntica, indicando la posibilidad de una selección 

antigénica106–109. El hecho de que las células de LLC presenten reordenamientos clonales de 

la molécula de IG, en paralelo al inmunofenotipo particular de estas células, sugería que las 

células de LLC derivan de un tipo de célula B madura que expresa bajos niveles de 

marcadores de célula B (IG de superficie, CD19 y CD20), y es positiva para la expresión de 

los antígenos CD23, CD200 y CD5102. Concretamente, la expresión de CD5 llevó a la 

especulación inicial de que la LLC podría derivar de células B B1 involucradas en inmunidad 

innata110,111. El posterior descubrimiento de un grupo de pacientes de LLC que portaban 

mutaciones somáticas en los genes IGHV (M-IGHV) indicaba que las células de LLC de estos 

casos procedían de células B con experiencia antigénica, es decir, que habían sufrido el 

proceso de hipermutación somática (SHM; somatic hypermutation) en los centros 

germinales (GC; germinal center) de órganos linfoides secundarios104,112. Por otro lado, hay 

otro grupo de pacientes que no porta mutaciones en IGHV (UM-IGHV). En estos casos, no 

está claro si este tipo de LLCs derivan de células B naïve (pre-GC) o de células B con 

experiencia antigénica independientes de los GC60,104,112. Esta hipótesis tiene relevancia tanto 

a nivel biológico como clínico, ya que ambos subgrupos (M-IGHV y UM-IGHV) tienen 

implicaciones pronósticas. Particularmente, los pacientes UM-IGHV, definidos por la 

ausencia o carga limitada (≥ 98% identidad con la línea germinal) de SHM, presentan un 

curso clínico más agresivo, con un menor tiempo hasta el primer tratamiento (TTFT; time to 

first treatment), mala respuesta a regímenes basados en quimioinmunoterapia y OS 

reducida59,60. Por el contrario, los pacientes M-IGHV (< 98% identidad con la línea germinal) 

normalmente presentan una enfermedad de carácter más indolente y tiempos de TTFT y OS 

más elevados59,60.  
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A principios de los años 2000, el empleo de técnicas para el estudio del perfil de expresión 

génica (GEP; gene-expression profiling) en células B normales y células B de LLC reveló que 

el perfil transcriptómico tanto de los casos UM-IGHV como los M-IGHV es más similar al de 

las células B de memoria CD27+ que al de las células B CD5+, indicando que las células de 

LLC UM-IGHV se originan a partir de células B CD27+ con experiencia antigénica e 

independientes de los GC, mientras que las células M-IGHV derivan de células B CD27+ post-

GC113,114. Esta hipótesis es apoyada por el hecho de que en aproximadamente el 40% de los 

casos de LLC, pacientes no relacionados entre sí portan idénticos o casi idénticos BCR IGs, 

que han sido agrupados en > 200 subgrupos de “receptores estereotipados” hasta la fecha115–

117, algunos de ellos con implicaciones pronósticas61,80,118–120. Posteriores estudios adicionales 

de GEP han sugerido que las células M-IGHV derivan de una entidad B CD27+CD5+ post-GC 

previamente desconocida, mientras que los casos UM-IGHV se parecerían más a  células B 

naïve CD5+CD27−121 (Figura 2). En concordancia, el perfil de metilación global es también 

diferente entre los casos M-IGHV y UM-IGHV, y se asemeja a las células B de memoria y a 

las células B naïve, respectivamente71. Sin embargo, la posibilidad de que las células de LLC 

deriven de un tipo de célula B no conocido hasta el momento tampoco puede ser 

descartada102.  

Otro aspecto controvertido en relación al origen celular de la LLC hace referencia al 

momento de la maduración en el que ocurre el primer evento genético o epigenético que 

desencadena la enfermedad. La reciente implementación de técnicas de secuenciación del 

exoma y genoma, así como la mejora de los métodos de xenotrasplante de células humanas 

en ratón, han sugerido que estos eventos podrían ocurrir en progenitores hematopoyéticos 

CD34+ (HSCs; hematopoietic stem cells) 122. En este contexto, estudios de xenotrasplante han 

mostrado que las células HSCs  (CD34+CD38-) purificadas de muestras de médula ósea de 

pacientes de LLC son capaces de injertar en ratones inmunodeficientes, dando lugar a un 

número elevado de progenitores B policlonales (células pro-B; CD34+CD19+), en 

comparación con ratones trasplantados con HSCs de individuos sanos123, sugiriendo que la 

diferenciación de las células HSCs de LLC está sesgada hacia el linaje de célula B. Además, 

los xenotrasplantes de células HSCs de LLC, pero no aquellos de HSCs de individuos sanos, 

dan lugar a células B clonales y maduras con un inmunofenotipo CD5+CD23+ similar al de la 

LBM y LLC, potencialmente indicando el rol crucial de la señalización del BCR en la selección 

clonal123. En consistencia con la hipótesis de existencia de una célula HSC de LLC, existen 

evidencias de que en algunos pacientes que han sido sometidos a trasplante alogénico de 
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progenitores hematopoyéticos, se han transmitido células linfoides pre-neoplásicas del 

donante al receptor, que con el tiempo han dado lugar al desarrollo de una LLC122,124. 

Adicionalmente, se ha reportado la presencia de mutaciones somáticas y alteraciones 

cromosómicas típicas de la LLC en CD34+ HSCs de pacientes de LLC125,126, aunque la 

dificultad de separación de poblaciones HSC puras sin contaminación de células de LLC 

residuales sigue siendo un reto metodológico127.  

Finalmente, numeroso estudios recientes han indicado que existen clones 

hematopoyéticos con mutaciones génicas adquiridas (hematopoyesis clonal). Estos clones 

son más frecuentes en edades avanzadas y pueden conducir al desarrollo de neoplasias 

hematológicas, incluyendo la LLC128,129. Algunas de estas mutaciones pueden aparecer en 

genes relacionados con la patogénesis de la LLC, además, el panorama mutacional de la LBM 

de bajo recuento, la LBM de alto recuento y la LLC de estadio temprano es prácticamente 

indistinguible, con mutaciones génicas que aparecen en indistintamente en estas tres 

entidades, reforzando la hipótesis de que al menos una fracción de las alteraciones somáticas 

en la LLC ocurre previamente al desarrollo de la enfermedad130. Además, recientemente se 

ha reportado la presencia de alteraciones cromosómicas típicas de la LLC en individuos 

sanos de edad avanzada131,132, lo que podría concordar con la aparición del primer evento 

genético de la LLC en el estadio de maduración correspondiente a las HSCs. 

  En resumen, la célula de origen de la LLC ha sido objeto de continuo debate durante 

años. El modelo más aceptado a día de hoy (Figura 2) indica que es probable que las células 

de LLC M-IGHV deriven de células B CD5+CD27+ post-GC, mientras que las células de LLC 

UM-IGHV parecen originarse a partir de células B CD5+CD27- pre-GC, que podrían surgir 

de células B naïve o a partir de un linaje alternativo de precursores de célula B. Además, el 

primer evento genético que conduce al desarrollo de la LLC podría ocurrir en un estadio de 

maduración temprano que afecte a células HSC con capacidad de autorrenovación. Sin 

embargo, futuros estudios que incorporen nuevas y precisas técnicas como la secuenciación 

de célula única de ADN y ARN serían necesarios para validar plenamente estas hipótesis.   
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Figura 2. El origen celular de la LLC. Esquema representativo del modelo actual propuesto para el origen 

de la LLC. Se ha sugerido que el primer evento genético (símbolo del rayo) relacionado con la patogénesis 

de la enfermedad puede ocurrir en HSCs. Estas lesiones podrían favorecer la expansión de progenitores B 

policlonales y la subsecuente estimulación antigénica podría conducir a una selección oligoclonal y posterior 

expansión de células B maduras.  Dado que las células M-IGHV sufren un proceso de SHM, es probable que 

deriven de células B CD5+CD27+  post-GC. Por el contrario, las células de LLC UM-IGHV podrían originarse 

o bien a partir de células B naïve CD5+CD27- pre-GC, o bien a partir de un linaje alternativo de progenitores 

B. Finalmente, la evolución de estos predecesores a LBM y LLC podría estar orquestada por eventos 

genéticos o epigenéticos adicionales, señalización por BCR, interacciones con células T o interacciones con 

elementos del microambiente. TD: dependiente de célula T; TI: independiente de célula T. Las flechas con 

guiones indican posibles vías implicadas (Tomada de Bosch & Dalla-Favera. 2019)102. 

 

2.2 Alteraciones genéticas en la LLC 

La elevada prevalencia de LLC y la amplia disponibilidad de células tumorales en la 

sangre periférica de estos pacientes ha permitido la implementación de técnicas genómicas 

pioneras para el estudio de esta enfermedad a lo largo de los años. Esta profunda 

caracterización ha mostrado que el panorama de alteraciones genéticas de la LLC es 

extremadamente heterogéneo, lo que se traduce la gran variabilidad observada entre el curso 

clínico de diferentes pacientes. Alguna de estas alteraciones son una marca distintiva de la 

patogénesis y el pronóstico de la enfermedad, e incluyen alteraciones cromosómicas, 

mutaciones somáticas, alteraciones en ARN no codificante o desregulación epigenética.  

2.2.1 Alteraciones cromosómicas 
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Desde finales de 1970, numerosos estudios han implementado un amplio abanico de 

técnicas citogenéticas para la detección de alteraciones cromosómicas en la LLC. Estas 

técnicas incluyen el cariotipo convencional o bandeo G (CBA; chromosome banding 

analysis), hibridación fluorescente in situ (FISH; fluorescence in situ hybridization), arrays 

genómicos, y más recientemente, secuenciación masiva133. Estos estudios han aportado 

información acerca de la composición del genoma de la LLC, identificando una amplia 

variedad de alteraciones citogenéticas que pueden aparecer hasta en un 80% de los casos de 

LLC al diagnóstico2. De todas ellas, las más frecuentes son las deleciones del brazo largo de 

los cromosomas 11 y 13, del(11q) y del(13q), respectivamente, la deleción del brazo corto del 

cromosoma 17, del(17p), y la trisomía del cromosoma 12 (trisomía 12). Estas cuatro 

alteraciones tienen además un papel destacado en el pronóstico y evolución de la LLC63,134. 

El estudio de FISH se ha convertido en la técnica de referencia en la práctica clínica para la 

detección de alteraciones cromosómicas con relevancia pronóstica, y los paneles de FISH 

normalmente incluyen sondas que detectan estas cuatro alteraciones. Sin embargo, otras 

técnicas como los arrays genómicos y la secuenciación masiva han demostrado proporcionar 

un panorama citogenético más completo de los pacientes de LLC, mientras que el cariotipo 

convencional sigue siendo la técnica de referencia para la determinación de la complejidad 

genómica en la LLC133.  

2.2.1.1 Del(11q) 

La deleción de la región cromosómica 11q22.3 aparece en un 12-20% de los casos de LLC 

al diagnóstico63,134–136. Los pacientes portadores de esta alteración suelen ser más jóvenes que 

el paciente de LLC promedio, con una mediana de edad al diagnóstico de 59 años, y 

presentan una enfermedad caracterizada por linfadenopatías de gran volumen137. Este 

subgrupo de LLCs normalmente se asocia con características de mal pronóstico, como UM-

IGHV y positividad de ZAP70, y el curso clínico de estos pacientes está definido 

habitualmente por una rápida progresión de la enfermedad, TTFT corto y OS reducida en 

aquellos pacientes tratados con regímenes basados en quimioterapia63,137–141. Además, 

nuestro grupo y otros han reportado previamente que el tamaño clonal de la del(11q) tiene 

un impacto pronóstico142,143. 

La presencia de del(11q) es exclusivamente monoalélica en la LLC, y el tamaño de esta 

deleción es altamente variable entre pacientes144–146. La mayoría de los casos suelen presentar 

una deleción larga que normalmente abarca un tamaño de más de 20 Mb. Por el contrario, 
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un pequeño porcentaje de pacientes con del(11q) presenta una deleción corta, aunque el 

significado biológico o pronóstico de estas diferencias se desconoce147. La implementación 

de arrays de SNP de alta resolución ha revelado que la práctica totalidad de pacientes con 

del(11q) presentan una región común delecionada (MDR; minimal deleted region) de 2-3 

Mb, que comprende al gen supresor de tumores ATM, entre otros146–149.  

Se desconocen las causas biológicas subyacentes a la elevada tasa de progresión de los 

casos de LLC con del(11q). Tradicionalmente, se ha considerado que la deleción de ATM es 

la principal responsable de la patobiología de la del(11q). Esto además se apoya en el hecho 

de que un tercio de los pacientes con del(11q) presentan mutaciones en el alelo restante de 

ATM, dando como consecuencia una pérdida bialélica de ATM y una completa pérdida de 

función de la proteína ATM82,150. Dado que ATM es un regulador central de la señalización 

en respuesta a daño en el ADN (DDR; DNA damage response), numerosos estudios han 

investigado el papel de la del(11q) en la respuesta a quimioterapia y en la integridad 

genómica, demostrando que las células de LLC con del(11q) presentan alteraciones en la 

respuesta a regímenes basados en quimioterapia y una media más elevada de alteraciones 

del número de copias (CNAs; copy-number alterations), lo que es indicativo de inestabilidad 

genética82,151–153. Además, se ha propuesto que otros genes incluidos en esta deleción podrían 

tener un papel en la progresión de la LLC. Uno de estos genes es BIRC3, un regulador 

negativo de la ruta no canónica de NF-κB (“nuclear factor kappa-light-chain-enhancer of 

activated B cell”), que aparece delecionado en ~80% de los casos con del(11q) y puede estar 

también afectado de forma bialélica como consecuencia de mutaciones truncadoras en el 

alelo restante85,154–156. Sin embargo, la significancia biológica de la pérdida monoalélica o 

bialélica de BIRC3 no ha sido explorada. Finalmente, la haploinsuficiencia de otros genes 

localizados en 11q22.3 (ej. RDX, FDX1, RAB39, CUL5, ACAT1, NPAT, KDELC2, EXPH5, 

MRE11, HA2FX, USP28 y PPP2R1B) podría tener un papel en la patogénesis de la 

enfermedad, aunque hasta el momento solo hay evidencias circunstanciales y datos 

limitados sin validación a nivel funcional que relacionen la haploinsuficiencia de alguno de 

estos genes y la patobiología de la del(11q)147,152,157.  

2.2.1.2 Del(13q) 

La deleción de la región cromosómica 13q14 está presente en más del 50% de los casos 

de LLC al diagnóstico y es la alteración citogenética más frecuente detectada en este tipo de 

leucemia63,134–136,158. La presencia de esta deleción define un subgrupo de pacientes con 
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características de buen pronóstico, como M-IGHV y mayor TTFT y OS, especialmente en 

aquellos casos que portan del(13q) como alteración única63,135,159.  

Este tipo de deleción muestra una heterogeneidad anatómica manifiesta, aunque la 

MDR normalmente comprende los miRNAs miR-15a/16-1 así como DLEU7, y todos los 

genes comprendidos entre ambos160–164. Las deleciones más largas de 13q14 pueden incluir 

al gen supresor de tumores RB1, lo que empeora el pronóstico del subgrupo de pacientes con 

del(13q)165–167. Al contrario de lo que sucede con otras alteraciones citogenéticas recurrentes 

en la LLC, se pueden dar del(13q) bialélicas en un ~30% de los casos de este subgrupo, 

aunque no existe un consenso acerca del impacto clínico de este tipo de eventos159,167–169.  

A nivel biológico, se ha postulado que la pérdida de miR-15a/16-1 produce una 

desregulación del ciclo celular y la apoptosis2. Específicamente, estos miRNAs modulan la 

expresión de la ciclina D2 y la proteína anti-apoptótica BCL2170,171. El papel de este conjunto 

de miRNAs en la patogénesis de la LLC se ha confirmado in vivo, dado que la deleción 

condicional del locus murino equivalente a la MDR de la del(13q), así como deleciones más 

grandes, son capaces de recapitular diferentes pasos de la evolución de LBM a LLC en 

modelos de ratón171,172. 

2.2.1.3 Del(17p) 

Las deleciones de la región cromosómica 17p13/TP53 se han reportado en diferentes 

frecuencias dependiendo del estadio clínico de la enfermedad, y oscilan desde un 4-12% al 

diagnóstico hasta más de un 30% en pacientes en recaída63,81,134,173–175. La Del(17p) siempre se 

ha considerado como la alteración citogénetica de mayor riesgo en LLC, y los pacientes 

portadores de esta deleción muestran la supervivencia libre de progresión (PFS; progression-

free survival) y la OS más corta dentro de todos los subgrupos citogenéticos63,134,176. Además, 

numerosos estudios han demostrado que los pacientes con del(17p) no responden al 

tratamiento con regímenes basados en quimioterapia176–178, y la presencia de esta deleción se 

ha asociado también con un mayor riesgo de transformación a RS179,180. El tamaño clonal de 

la del(17p) también ha mostrado tener un impacto pronóstico134,181, y la presencia de esta 

alteración se asocial normalmente con características de mal pronóstico como positividad de 

CD38 y UM-IGHV, aunque cabe destacar que el subgrupo de pacientes con M-IGHV y 

del(17p) puede presentar un pronóstico más favorable182–184.  
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Las deleciones de 17p13 son normalmente de tamaño considerable (~18-22 Mb) y pueden 

ser el resultado de varios cambios estructurales como deleción en sí, translocaciones no 

balanceadas o isocromosomas185. La del(17p) comprende de forma invariable al gen 

supresor de tumores TP53151. Además, se han reportado mutaciones de TP53 en el alelo 

restante de un 80% de pacientes con del(17p), lo que indica que la pérdida bialélica de este 

gen es el mecanismo principalmente responsable de la patobiología y las implicaciones 

pronósticas de este subgrupo citogenético174,186–188.  

TP53 es un gen supresor de tumores que desempeña un papel clave en la intersección de 

múltiples vías de señalización como el ciclo celular, la apoptosis o la señalización por 

DDR189. Particularmente, la desregulación de la apoptosis es el proceso causante de las malas 

respuestas de los pacientes con del(17p) a agentes quimioterapéuticos como los análogos de 

las purinas o los agentes alquilantes, dado que estos fármacos dependen de una proteína 

TP53 funcional para una correcta inducción de la apoptosis en las células tumorales73,190. 

Además, el papel que ejerce TP53 en el DDR es clave para el mantenimiento de la integridad 

genómica, estando la presencia de del(17p) significativamente asociada con una alta 

inestabilidad genética y con una concurrencia de determinados CNAs como pérdidas de 4p, 

9p, 18p y 20p, o alteraciones en el cromosoma 8 (tanto deleción de 8p como ganancia de 

8q)145,148,187,191. La presencia de esta gran complejidad genética parece ser una de las 

principales causas de la transformación de células de LLC con del(17p) a RS179,180,192. 

Finalmente, debido al gran tamaño de las deleciones de 17p13 en LLC, es posible que este 

tipo de alteración involucre la desregulación de otros genes adicionales a TP53, aunque se 

necesitan realizar más estudios para determinar el impacto biológico de estas 

haploinsuficiencias asociadas a del(17p)185.  

2.2.1.4 Trisomía 12 

La ganancia de una copia extra del cromosoma 12 es frecuente en la LLC, afectando a un 

12-18% de los pacientes al diagnóstico63,134–136. La trisomía 12 se considera como una 

alteración de riesgo intermedio en las LLCs de nuevo diagnóstico, sin embargo, el estudio 

exhaustivo de este subgrupo citogenético ha revelado que esta entidad es bastante 

heterogénea a nivel clínico63,193–196. Las células de LLC con trisomía 12 se caracterizan por 

una alta expresión de CD38 y CD49d, y pérdida de expresión del antígeno CD5 en algunos 

casos197,198.  
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Dado que existe una copia completa adicional del cromosoma 12 en este subgrupo de 

pacientes, resulta difícil determinar un candidato o grupo de genes responsable de la 

patobiología de la enfermedad. Sin embargo, se ha observado una sobreexpresión de varios 

genes localizados en el cromosoma 12 (ej. MDM2, BAX, E2F1 o CDK4), sugiriendo una 

desregulación del ciclo celular, apoptosis o proliferación en este subtipo citogenético199. 

Además, los pacientes con trisomía 12 presentan un panorama citogenético característico en 

comparación con el resto de subgrupos de LLC, definido por una alta concurrencia con 

trisomías adicionales (especialmente en los cromosomas 18 y 19), translocaciones de 14q32 y 

pérdida de 14q194,195,200–205. Los pacientes de LLC con trisomía 12 también están enriquecidos 

en mutaciones que afectan genes implicados en la vía de Notch o MAPK-ERK, lo que podría 

indicar un papel clave de estas rutas en la progresión de los casos con trisomía 12193,196,206–209.  

2.2.1.5 Otras alteraciones citogenéticas 

Además de las alteraciones cromosómicas mencionadas en los anteriores apartados, 

otros CNAs recurrentes han sido reportados en 1-5% de los casos de LLC. Concretamente, 

se han reportado de forma consistente tanto deleciones de 3p, 6p, 6q, 8p, 9p, 10q, 14q, 18p y 

20p, como ganancias en 2p, 8q, trisomía 18 y trisomía 19145,151,153,191,210,211. Las regiones mínimas 

delecionadas o amplificadas de estas lesiones incluyen genes implicados en vías de 

señalización importantes para la patogénesis de la LLC, por ejemplo, CDKN2A/B en la 

deleción de 9p153,210, TRAF3 en la deleción de 14q212, XPO1, MYCN y REL en la amplificación 

de 2p213,214 o MYC en la amplificación de 8q211. Sin embargo, el impacto biológico y clínico de 

muchas de estas alteraciones citogenéticas no ha sido estudiado hasta el momento.  

Además de deleciones, amplificaciones o ganancias de cromosomas enteros, otros 

eventos citogenéticos como las translocaciones son recurrentes, en bajas frecuencias, en la 

LLC. Las principales translocaciones que se han observado en estos enfermos suelen 

involucrar a la región 14q32/IGH, normalmente de forma recíproca con los genes BCL2 -

t(14,18)- o BCL3 -t(14,19)-, aunque también se han descrito otros genes acompañantes no 

recurrentes215. Otras translocaciones que pueden encontrarse en células de LLC afectan a 

8q24/MYC o 13q14215,216, y el impacto pronóstico de algunas de estas alteraciones ha sido 

estudiado en varias investigaciones203,216–219. 

2.2.1.6 Cariotipo complejo 
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El cariotipo complejo (CK; complex karyotype) se define como la presencia de ≥ 3 

alteraciones citogenéticas numéricas o estructurales en uno o más clones, aunque algunos 

estudios establecen el límite en 5 o más alteraciones64,215,220–222. Recientemente, la presencia de 

complejidad genómica ha ganado gran relevancia en la comunidad de la LLC, dado que 

numerosos estudios han reportado que la presencia de CK, además de representar un 

marcador pronóstico independiente222–225, podría servir como marcador predictivo de 

refractariedad, no solo a los regímenes basados en quimioinmunoterapia226,227, sino también 

a nuevos fármacos dirigidos, de manera independiente a las alteraciones en TP53228–232. Una 

particular excepción al pronóstico adverso conferido por la presencia de CK está constituida 

por el subgrupo de pacientes con trisomía 12 que portan trisomías adicionales en los 

cromosomas 18 y 19. Estos pacientes muestran unas respuestas clínicas excelentes, que 

pueden llegar a ser incluso mejores que las de aquellos pacientes que no tienen CK64,194.  

A pesar de que la presencia de complejidad genética tiene un impacto en el pronóstico 

de la LLC, su evolución y la respuesta al tratamiento233, los mecanismos biológicos 

responsables de estos aspectos de la enfermedad no han sido dilucidados completamente. 

Se ha demostrado que la presencia de CK puede estar favorecida por defectos en la 

señalización de DDR y un incorrecto mantenimiento de la integridad genómica234. Estos 

datos están en consonancia con la mayor presencia de CK observada en casos de LLC con 

alteraciones en del(11q)/ATM y del(17p)/TP5364,153,191.  

2.2.2 Mutaciones somáticas 

La aparición de las técnicas de NGS y la aplicación de la secuenciación del exoma 

completo (WES; whole-exome sequencing) y genoma completo (WGS; whole-genome 

sequencing) ha permitido el descubrimiento de mutaciones génicas recurrentes en una 

amplia variedad de genes driver, así como la refinación de algoritmos para la detección de 

CNAs a partir de datos de secuenciación, transformando nuestro conocimiento acerca de la 

heterogeneidad genética en la LLC65,66,83,235–240. En general, estudios de WES y WGS en 

aproximadamente 1000 casos de LLC han revelado la presencia de 0,6-0,9 mutaciones por 

Mb y una media de 15,3-26,7 mutaciones somáticas por paciente, indicando una carga 

mutacional relativamente baja en comparación con otros tumores de origen linfoide o 

tumores sólidos65,66,241. Específicamente, dos influyentes estudios  llevados a cabo por Landau 

et al.65 y Puente et al.66 han proporcionando las series más grandes de pacientes de LLC 

secuenciados por WES/WGS hasta la fecha, revelando una marcada heterogeneidad 
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genética, con muy pocos genes driver mutados en frecuencias mayores al 10%, y un enorme 

número de candidatos driver mutados en frecuencias inferiores al 10% de los casos (Figura 

3). Estos estudios no sólo han aportado información acerca de la heterogeneidad inter-

tumoral en la LLC, sino que también han profundizado en el conocimiento de la 

heterogeneidad intra-tumoral en muchos de estos pacientes. 

Alguno de los genes driver recurrentemente mutados en la LLC tienen un impacto 

pronóstico y en la respuesta al tratamiento de la LLC. En las próximas secciones, se 

describirán las mutaciones más frecuentes observadas en la LLC así como sus implicaciones 

clínicas.  

 

Figura 3. Genes driver recurrentemente mutados en la LLC, identificados en los estudios de Landau et 
al.65 y Puente et al.66 Adaptada de Rodríguez-Vicente AE et al. 2016241 

 

2.2.2.1 Mutaciones de ATM 

Se han reportado mutaciones en el gen ATM en aproximadamente un 10-20% de los casos 

de LLC al diagnóstico o en el momento previo al inicio del tratamiento65,66,242,243. Las 

mutaciones de ATM pueden ser sustituciones de tipo missense, inserciones o deleciones 

(indels) in-frame o out-of-frame, o mutaciones nonsense, frameshift o del sitio de splicing que dan 

como consecuencia una proteína ATM truncada o no funcional147. Además, estas mutaciones 

pueden darse a lo largo de toda la región codificante de ATM, sin ningún hotspot claro 

identificado hasta la fecha147. Como se indicó en la sección anterior (2.2.1 Alteraciones 
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cromosómicas), ATM se encuentra en la región cromosómica 11q22.3, y está incluido en la 

MDR de la práctica totalidad de los casos con del(11q), dando como resultado una pérdida 

monoalélica de ATM147–149. De hecho, los casos con del(11q) están enriquecidos de 

mutaciones en ATM – aproximadamente un tercio de los pacientes con del(11q) presentan 

mutaciones de ATM en el alelo restante-, teniendo como consecuencia una completa pérdida 

de función de ATM82,146,150. A pesar de que una alta proporción de las mutaciones de ATM en 

la LLC son de carácter somático, se han reportado algunos casos de LLC con mutaciones 

heterocigóticas germinales de ATM, en los que se ha sugerido que la pérdida del alelo 

restante de ATM da lugar a una rápida progresión de la enfermedad242,244,245. 

En relación con la relevancia a nivel clínico, las mutaciones de ATM tienen impacto 

pronóstica cuando dan lugar a una complete pérdida de función de ATM. Esto ha sido 

observado de manera significativa en los casos de LLC con del(11q), en los que la pérdida 

bialélica de ATM se relaciona con una PFS y OS  más corta que en aquellos casos con del(11q) 

sin alteraciones adicionales en ATM82,146,150,246. Por el contrario, las mutaciones monoalélicas 

en ATM no parecen conferir un pronóstico adverso en la LLC65,150,247, aunque se han asociado 

con una reducción en el TTFT en algunas cohortes66,68.  

2.2.2.2 Mutaciones de TP53 

Las mutaciones en TP53 están presentes en un 5-10% de los pacientes con LLC al 

diagnóstico o en el momento previo al tratamiento, y su incidencia es bastante mayor los 

pacientes en recaída o con enfermedad refractaria (~40%)65,66,81,174,176,248. Además, la presencia 

de mutaciones en TP53 se eleva hasta el 80% en los casos con del(17p), indicando un papel 

crucial de la disfunción de TP53 en la patogénesis de la enfermedad174,186,187. En menor 

frecuencia, las mutaciones de TP53 también pueden estar acompañadas de una pérdida de 

heterocigosidad del segundo alelo de TP53, dando igualmente como consecuencia una 

disfunción bialélica de este gen65,66,151. Las variantes somáticas en TP53 incluyen tanto 

mutaciones de tipo missense, indels, mutaciones nonsense o mutaciones del sitio de splicing, 

dando lugar a un fenotipo de ganancia de función en el caso de las sustituciones missense, o 

a una pérdida de función de TP53 para el resto de variantes188,249. A pesar de que se han 

encontrado mutaciones a lo largo de toda la región codificante de TP53, la mayoría de ellas 

se agrupa entre los exones 4-8, correspondientes al dominio de unión al ADN de la proteína 

TP53188.  
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Junto a la del(17p), las mutaciones de TP53 son uno de los marcadores pronósticos y 

predictivos más robustos en la LLC. Están asociadas con una marcada reducción en el TTFT 

y OS, así como una respuesta defectuosa a regímenes basados en quimioinmunoterapia 

65,66,81,174,176,248. Tanto los defectos monoalélicos como bialélicos de TP53 están asociados con 

un pronóstico desfavorable, aunque algunos estudios han sugerido un mayor impacto de las 

alteraciones bialélicas en comparación con las monoalélicas81,150,186,187. Las mutaciones de 

TP53 también parecen tener un impacto pronóstico sin importar su tamaño clonal en algunas 

cohortes68,250, aunque se necesitan más estudios al respecto ya que otras investigaciones no 

han encontrado un impacto clínico de las mutaciones subclonales de TP53 (frecuencia 

variante alélica < 10-12%)156,187. Cabe destacar que un estudio muy reciente ha mostrado que 

las mutaciones subclonales de TP53 solo tienen un impacto clínico en los pacientes UM-

IGHV que no han recibido tratamiento con terapias dirigidas251. Finalmente, investigaciones 

recientes sugieren que las lesiones en TP53 podrían tener también un impacto en el 

pronóstica de los pacientes tratados con fármacos dirigidos231,252,253.  

2.2.2.3 Mutaciones de BIRC3 

BIRC3 aparece recurrentemente mutado en un 2.5-10% de casos de LLC al diagnóstico o 

en el momento previo al tratamiento65–67,85. Las mutaciones en este gen son habitualmente de 

tipo frameshift o nonsense que afectan a los exones 6-9 y resultan en un truncamiento 

prematuro del dominio RING situado en el extremo C-terminal de la proteína BIRC3, 

teniendo como consecuencia una pérdida de función de la actividad E3-ubiquitina ligasa de 

este dominio85,155. También se han reportado en menor medida mutaciones de tipo frameshift 

o missense en otros codones de BIRC366. Las mutaciones de BIRC3 aparecen frecuentemente 

en casos con del(11q) (~10%), y dado que BIRC3 está localizado en la región cromosómica 

11q22 y está perdido de forma monoalélica en aproximadamente un 80% de los casos con 

del(11q), la presencia de mutaciones en el alelo restante da lugar a una pérdida bialélica de 

BIRC3 y una completa pérdida de función proteica66,85,146,154,156.  

Estudios recientes han demostrado que la inactivación bialélica de BIRC3 es un marcador 

pronóstico independiente de TTFT y OS en la LLC66,154,156. Sin embargo, el significado 

pronóstico de las mutaciones monoalélicas en este gen es incierto, dado que algunos estudios 

han mostrado que las mutaciones de BIRC3 tienen un impacto clínico66,85,155,254, mientras que 

otros no lo han validado65,68,156,247. Además, las mutaciones de BIRC3 están enriquecidas en 

pacientes R/R a quimioinmunoterapia, confiriendo una PFS y OS reducidas en algunas 
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cohortes de pacientes tratados con fludarabina85,155, aunque el mecanismo biológico por el 

cual las mutaciones de BIRC3 podrían contribuir a la resistencia a fludarabina no ha sido 

descrito hasta el momento.  

2.2.2.4 Mutaciones de SF3B1 

SF3B1 es un gen que codifica la subunidad 3b del factor de splicing, componente de un 

complejo multi-proteico que se encarga de este proceso celular. SF3B1 es uno de los genes 

más frecuentemente mutados en la LLC, con una incidencia que oscila entre el 10% de los 

casos de nuevo diagnóstico, hasta el 20% de los casos con necesidad de 

tratamiento65,66,236,238,255. Las mutaciones en este gen son exclusivamente de tipo missense, 

agrupándose en un hotspot mutacional en los dominios proteicos HEAT, y dando lugar a un 

fenotipo de ganancia de función236,238,256,257. De hecho, más del 50% de las mutaciones de 

SF3B1 en la LLC corresponden a una sustitución exclusiva de un aminoácido, denominada 

como mutación K700E236,238,258. Las mutaciones de SF3B1 se asocian normalmente a del(11q) 

y UM-IGHV, y han mostrado tener impacto pronóstico a nivel de TTFT y OS en múltiples 

cohortes de LLC65,67,238,256,258–260.  

2.2.2.5 Mutaciones de NOTCH1 

Se han reportado mutaciones de NOTCH1 en un 8-12% de los casos de LLC al diagnóstico 

o previos al inicio del tratamiento65–67,83,235,258,259,261, siendo esta incidencia mayor en aquellos 

casos R/R a quimioinmunoterapia así como en pacientes con RS84,153,180,235,261. Este gen codifica 

para una proteína que juega un papel clave como activador de la vía de señalización de 

Notch262. Las mutaciones de NOTCH1 son predominantemente de tipo frameshift o nonsense 

y afectan al exón 34, que corresponde al dominio PEST en el extremo C-terminal 

proteico83,84,235,258,261. Estudios recientes también han revelado la presencia de mutaciones no 

codificantes en la región 3’UTR de NOTCH1, dando lugar a la misma consecuencia funcional 

que las mutaciones “canónicas” de NOTCH166. Estas alteraciones son altamente concurrentes 

con trisomía 12 y UM-IGHV, y su presencia ha sido relacionada con un reducido TTFT y OS 

en algunas cohortes84,206,207,235,258,260,261,263,264. Además, los pacientes de LLC con mutaciones de 

NOTCH1 no se benefician del tratamiento con anticuerpos monoclonales anti-CD20 en el 

ámbito de la quimioinmunoterapia176,265. 

2.2.2.6 Otras mutaciones somáticas recurrentes con impacto pronóstico 
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Numerosos estudios de NGS en múltiples cohortes de LLC alrededor del mundo han 

investigado el impacto clínico de otros genes frecuentemente mutados en la enfermedad 

(Figura 3). De todos ellos, las mutaciones en EGR2, RPS15, NFKBIE, SETD2, POT1 y genes 

pertenecientes a la vía de señalización MAPK-ERK (iej. BRAF, KRAS, NRAS) están 

particularmente asociadas a casos UM-IGHV y han sido relacionados con un posible 

pronóstico desfavorable86,117,126,156,196,208,227,239,266,267, aunque se necesitan mayores esfuerzos a 

nivel colectivo y de armonización de datos de múltiples cohortes independientes para 

validar realmente estas mutaciones como marcadores pronósticos independientes en la LLC. 

Por el contrario, mutaciones hotspot en MYD88 se asocian con marcadores biológicos de buen 

pronóstico como M-IGHV y del(13q) única, y podrían contribuir a una OS 

prolongada67,247,268,269. 

2.2.3 Expresión de microRNAs 

Además de la presencia de alteraciones cromosómicas o mutaciones somáticas en 

regiones codificantes, la LLC también se caracteriza por una expresión aberrante de 

miRNAs, que son definidos como ARNs no codificantes que participan en la regulación post-

transcripcional de la expresión génica a través de una unión directa a las regiones UTR270,271. 

De hecho, la LLC fue la primera enfermedad en la que se observó una desregulación de los 

miRNAs, destacando el papel de miR-15a/16-1 en la MDR de los pacientes con del(13q)160. A 

partir de ahí, se ha investigado el papel de numerosos miRNAs en la biología de la LLC, con 

especial atención en aquellos diferencialmente expresados por subgrupos de pacientes con 

características clínicas y biológicas distintivas272,273. Por ejemplo, el miR-34a se encuentra 

infraexpresado en los casos con del(17p)/TP53 mutado y está involucrado en la señalización 

de DDR, arresto del ciclo celular apoptosis89,274,275, mientras que el miR-155 está 

sobreexpresado en casos con del(11q) y actúa como un amplificador de la señalización del 

BCR87,274. Además, se ha demostrado que la expresión diferencial de ciertos miRNAs como 

miR-155, miR-150, miR-29c o miR-34a tiene un impacto pronóstico en los pacientes de LLC 

87,89,90,275,276.  

2.2.4 Epigenética 

La epigenética describe cambios fenotípicos y hereditables en un cromosoma o sus 

histonas asociadas, que afectan a la actividad transcripcional pero no suponen un cambio en 

la secuencia del ADN. Esta desregulación en el control transcripcional puede estar causada 
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por metilación aberrante del ADN y/o modificaciones post-traduccionales de histonas, 

suponiendo una de las marcas distintivas de las células tumorales277. Estudios de metilación 

de ADN han revelado que la LLC muestra hipometilación a nivel global en genes y enhancers, 

en combinación con hipermetilación local en promotores de algunos genes71,277. Además, el 

epigenoma de la LLC permanece estable desde el estadio de LBM a lo largo del resto del 

curso de la enfermedad, reflejando el de la célula de origen de la enfermedad71,278,279. De 

hecho, diferentes firmas de metilación han permitido clasificar a los pacientes de LLC en tres 

subgrupos que se correlacionan con el estado mutacional de IGHV y el pronóstica de la 

enfermedad. Estos grupos son “memory-like CLL” (principalmente M-IGHV, buen 

pronóstico), “intermediate-like CLL” (casos tanto M-IGHV o UM-IGHV con un pronóstico 

intermedio) o “naïve-like CLL” (principalmente UM-IGHV, mal pronóstico)71,72. Además, 

altos niveles de heterogeneidad intra-clonal a nivel de metilación se han observado en 

algunos casos de LLC y se correlaciona con alteraciones genéticas de alto riesgo, evolución 

clonal y pronóstico desfavorable280,281. 

Investigaciones recientes también han abordado el estudio de otros aspectos del 

epigenoma de la LLC mediante integración del análisis del metiloma del ADN, mapas de 

modificación de histonas, accesibilidad de la cromatina y arquitectura tridimensional de la 

cromatina, en correlación con datos del transcriptoma y el genoma completo, revelando que 

aunque la mayoría de las alteraciones genéticas no están asociadas de forma consistente con 

un perfil epigenético concreto, los pacientes con trisomía 12 o mutaciones en MYD88 

muestran configuraciones distintivas a nivel de la cromatina282. 

2.3 Evolución clonal y cinética de crecimiento de la LLC 

La evolución clonal se caracteriza por la adquisición del alteraciones genéticas durante 

el tiempo de vida de una célula tumoral, y fue documentada por primera vez en la LLC 

gracias a estudios de cariotipo convencional y FISH en los años 2000. Sin embargo, no se ha 

obtenido un panorama completo de la evolución clonal a lo largo de la enfermedad hasta el 

desarrollo e implementación de las técnicas de WES y WGS en el estudio de la LLC65,237,283–

286.  

El análisis de muestras pareadas de sangre periférica a lo largo de diferentes tiempos en 

el transcurso de la enfermedad ha permitido describir los patrones de dinámicas clonales en 

la LLC. Estos patrones incluyen: evolución lineal, definida como la persistencia de un clon 

fundador con la adquisición de nuevas alteraciones, evolución ramificada, definida como la 
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evolución en paralelo de diferentes clones que compiten entre ellos, o evolución 

convergente, que se da cuando se adquiere más de una mutación o alteración en el mismo 

gen. Además, algunos pacientes no muestran evolución clonal a lo largo del curso de la 

enfermedad287–289. Se han observado grandes fluctuaciones clonales entre muestras previas 

al tratamiento y en el momento de la recaída, mientras que una composición subclonal 

estática es más frecuente en aquellos casos que no requieren tratamiento y tienen una 

enfermedad estable65,237,290. Por otro lado, la evolución de enfermedad estable a enfermedad 

activa está caracterizada por la adquisición de nuevas lesiones genéticas291. En cuanto a 

alteraciones específicas, los datos de WGS y WES indican que la del(13q), la trisomía 12 y las 

mutaciones en MYD88 son eventos clonales que ocurren temprano durante el curso de la 

enfermedad, mientras que las mutaciones de ATM, TP53 o BIRC3 son principalmente 

subclonales65,237.  

Las dinámicas del crecimiento de la LLC también son heterogéneas, algunos pacientes 

muestran un crecimiento logístico en el que el tamaño clonal se estabiliza a lo largo del 

tiempo, mientras que otros pacientes muestran un patrón de crecimiento exponencial292. 

Estos últimos casos están caracterizados por un mayor número de mutaciones en genes driver 

y muestran una mayor proporción de evolución clonal tras el tratamiento292. Por otro lado, 

se conoce que las alteraciones driver normalmente coexisten en el mismo clon tumoral, y 

además, la coexistencia de estas alteraciones no es aleatoria, dado que el análisis de datos 

genómicos a gran escala ha permitido identificar patrones específicos de concurrencia y 

mutual exclusividad entre lesiones características de la LLC (ej. concurrencia de del(11q) y 

mutación en SF3B1 o mutua exclusividad entre del(13q) y trisomía 12)65,66. De hecho, un 

estudio reciente ha demostrado que la combinación de deleción de ATM y mutación en 

SF3B1 en un modelo murino da lugar al desarrollo de LLC, mientras que las mismas 

alteraciones por separado no son capaces de generar este fenotipo293. Sin embargo, aún se 

necesita realizar un trabajo de investigación exhaustivo en este campo para poder 

determinar las causas biológicas por las que la cooperación de alteraciones específicas da 

lugar a un crecimiento exponencial de la LLC y progresión de la enfermedad. 

 

3. BIOLOGÍA DE LA LLC – RUTAS DE SEÑALIZACIÓN COMO 

DIANAS TERAPÉUTICAS 

3.1 Vías moleculares en la LLC 
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Las lesiones genéticas recurrentes observadas en la LLC se suelen agrupar en genes que 

pertenecen a rutas moleculares específicas, que tienen un papel crucial en la patogénesis y 

evolución de la enfermedad65,66. Por ejemplo, tanto las alteraciones de ATM como las de TP53 

comparten una función común en la señalización de DDR y en los checkpoints del ciclo celular, 

mientras que las vías MAPK-ERK y NF-κB, activadas como resultado de la señalización por 

BCR, pueden estar afectadas por múltiples alteraciones que potencialmente tienen la misma 

consecuencia a nivel funcional196,208,294–298. Además, la vía de Notch no sólo está afectada por 

mutaciones en regiones codificantes y no codificantes del gen NOTCH1, sino también por 

alteraciones en genes codificantes de reguladores positivos (ej. MED12) o negativos (ej. 

FBXW7, SPEN, RBPJ, SNW1) de la actividad de NOTCH166,153,299,300. Otras rutas moleculares 

relevantes en la LLC que están frecuentemente afectadas a cause de lesiones genéticas son el 

procesamiento del ARN (ej. SF3B1, U1, XPO1) o el procesamiento ribosómico (ej. 

RPS15)257,301–303, así como la modificación de la cromatina (ej. CHD2, STED2, HIST1H1B, 

HISTH1E)65,66,267,304,305. La Tabla 2 resume las alteraciones de genes driver más frecuentemente 

identificadas en la LLC, agrupadas en base a la ruta biológica en la que están involucradas. 

Comprender la biología resultante de la heterogeneidad genética en la LLC es esencial a la 

hora de desarrollar nuevos fármacos dirigidos para el tratamiento personalizado de la 

enfermedad. Además, se ha reportado recientemente que el número de vías moleculares 

afectadas por mutaciones driver tiene un impacto pronóstico en la LLC y podría ser utilizado 

como biomarcador en los modelos pronósticos de la LLC254. 

 

Tabla 2. Procesos biológicos afectados por alteraciones genéticas recurrentes en genes driver 

de la LLC.  

Ruta biológica Genes alterados en LLC* 

Respuesta a daño en el ADN y 

control del ciclo celular 

ATM, TP53, POT1, MIR-15A/16-1, SAMHD1, CHK1, CHK2, ATRX, 

CCND2, CDKN1B, CDKN2A/B, BRCC3, ELF4 

Apoptosis TP53, MIR-15A/16-1, BCL2  

Señalización de BCR EGR2, IKZF3, BCOR, IGLL5, KLHL6, PAX5, IRF4, ITPKB, CARD11  

Señalización de MAPK-ERK  HRAS, NRAS, BRAF, PTPN11, MAP2K1 

Señalización de TLR MYD88, TLR2, TLR6, IRAK1, IRAK2, IRAK4 

Señalización de NF-κB BIRC3, BIRC2, NFKBIE, TRAF3, TRAF2, NFKB2, REL, TNFAIP3 

Señalización de Notch NOTCH1, FBXW7, MED12, SPEN, RBPJ, SNW1 

Procesamiento de ARN y ribosoma SF3B1, XPO1, U1, RPS15, DDX3X, NXF1, XPO4, FUBP1, EWSR1 
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Modificación de cromatina CHD2, ZMYM3, SETD2, HIST1H1B, HIST1H1E, ASXL1, ARD1A, BAZ2A, 

SETD1A, CREBBP 

Señalización de Wnt MED12, FAT1, BCL9, BRD7, FZD5 

Señalización de Hedgehog SMO, GLI1, GLI2, BCOR, MED12, CREBBP, EP300 

Señalización de MYC  FBXW7, MGA, MYC, FUBP1, PTPN11 

*Se han incluido en la tabla los genes afectados tanto por CNAs recurrentes y/o mutaciones somáticas. Los 

genes marcados en negrita son aquellos afectados por alteraciones genéticas en más de un 5% de los casos 

de LLC al diagnóstico o previos al tratamiento; el resto de genes indicados presentan alteraciones ocurren 

en una frecuencia menor al 5% (estas frecuencias pueden variar entre las LLCs de estadio temprano, no 

tratadas de estadio tardío o cohortes de pacientes R/R). Algunos genes pueden estar involucrados en más 

de una vía de señalización65,66,307,83,153,203,236,237,268,301,306.  

 

3.1.1 Respuesta a daño en el ADN y control del ciclo celular  

Las roturas de doble cadena (DSBs; double-strand breaks) o de cadena sencilla (SSBs; 

single-strand breaks) en el ADN representan una de los tipos de lesiones más perjudiciales 

en el ADN, y si no son reparadas pueden dar lugar a muerte celular o desencadenar 

inestabilidad genómica308. El proceso de señalización de DDR se inicia con el reconocimiento 

de estas lesiones y normalmente resulta en la activación de los checkpoints del ciclo celular 

para parar su progresión309. El mecanismo de activación de los checkpoints en respuesta a 

daño en el ADN está compuesto por sensores de daño, transductores de la señal y múltiples 

vías efectoras, y sus reguladores centrales son las proteínas quinasas ATM, ATR y DNA PK. 

Estas quinasas tienen numerosos sustratos, por ejemplo, CHK2 y TP53 son sustratos de 

ATM, mientras que CHK1 lo es de ATR, que en conjunto orquestan la parada del ciclo celular 

en las fases G1, S o G2, así como la iniciación de la reparación del daño y la muerte celular 

(Figura 4)310.  

Durante los checkpoints en fase G1 y G2 del ciclo celular, las DSBs pueden repararse 

principalmente por dos vías: recombinación no homóloga (NHEJ; non-homologous end 

joining) o recombinación homóloga (HR; homologous recombination). La NHEJ no 

depende de un molde de ADN intacto para la reparación, y se usa principalmente en la fase 

G1 del ciclo celular cuando no hay una cromátida hermana que pueda servir como molde de 

la reparación311. Brevemente, la NHEJ depende de la actividad catalítica de la proteína 

quinasa DNA PK, que es reclutada al sitio donde el DSB ha tenido lugar mediante la 

interacción con las subunidades no catalíticas Ku70 y Ku80 (Figura 4)308,312. Tras esto, DNA 

PK, en coordinación con otras proteínas como XRCC4 y Lig4 es capaz de promover la 

ligación de los extremos del DSB en un proceso que es propenso a errores, ya que se pueden 
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producir pequeñas inserciones o deleciones de manera aleatoria308,312. Por otro lado, la HR es 

un proceso de reparación de alta fiabilidad que requiere de un molde intacto de ADN para 

la reparación de la lesión, por lo que su uso está restringido a la fase S tardía o a la fase G2 

del ciclo celular311. Durante la HR, inmediatamente después de la aparición de un DSB, el 

complejo MRN (consistente en las proteínas MRE11, RAD50 y NBS1) es reclutado al lugar 

de la lesión. En paralelo, ATM es activado y reclutado también al lugar de la lesión mediante 

interacción con NBS1, fosforilando subsecuentemente a la histona H2AX en el aminoácido 

Ser-139 (γH2AX), lo que sirve como una plataforma de ensamblaje para el propio complejo 

MRN y otros complejos de reparación de ADN147,313,314. ATM y el complejo MRN, en 

coordinación con el complejo BRCA1, regulan el proceso de resección del ADN, creando una 

hebra saliente de cadena sencilla 3’, a la que se une y cubre la proteína RPA. Posteriormente, 

RPA es reemplazado por RAD51 en un proceso multi-proteico regulado por ATM, BRCA1 

and BRCA2 y otras proteínas. Finalmente, RAD51 desempeña una función crucial en la 

búsqueda por homología e invasión de la cromátida hermana, dando lugar finalmente a la 

reparación de la lesión (Figura 4)308,315. 

El eje de señalización ATR/CHK1 se activa en respuesta a varios tipos de SSBs. Estas 

lesiones son principalmente reparadas por el mecanismo de reparación por excisión de 

bases (BER; base excision repair), que precisa de la acción de las proteínas PARP1, LIG3 y 

XRCC1 (Figura 4)315,316. A pesar de que los componentes del BER no están afectados por 

lesiones genéticas en la LLC, y raramente en otros tipos de cáncer, este mecanismo representa 

una diana terapéutica atractiva, que se basa en el concepto de letalidad sintética. Esta noción 

está definida como la situación en la que la pérdida de cualquiera de uno de dos genes no 

tiene un impacto en la célula, mientras que la combinación de ambos defectos tiene como 

resultado la muerte celular317,318. En este contexto, los inhibidores de PARP1 inhiben el 

mecanismo de BER, lo que da lugar a la acumulación de lesiones en el ADN que en ausencia 

de esta vía de reparación deben ser reparadas mediante HR. Si la HR tampoco está 

disponible, el daño en el ADN inducido por la inhibición de PARP1 se acumula hasta que 

resulta tóxico para la célula y desencadena un proceso de muerte celular. Este paradigma fue 

inicialmente observado en tumores sólidos con mutaciones en BRCA1 y BRCA2, y ha dado 

lugar al desarrollo clínico y aprobación de inhibidores de PARP en varios tipos de tumores 

con lesiones en genes implicados en HR319–321.  
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En la LLC, la señalización de DDR y el control del ciclo celular están desregulados 

principalmente por lesiones en del(11q)/ATM o del(17p)/TP53. La función alterada de 

cualquiera de estos dos genes resulta en una pérdida de los checkpoints en fase G1 o G2 así 

como una deficiencia en la reparación por HR, permitiendo a las células que entren en fase 

de mitosis con lesiones que no han sido reparadas, lo que favorece la aparición de 

inestabilidad genética294–296. En menor medida, también se han descrito mutaciones en los 

genes ATRX, CHK1 o CHK2 en casos de LLC, y es posible que produzcan un resultado similar 

en la señalización de DDR y el control del ciclo celular65,66. Además, las mutaciones de 

pérdida de función en el protector de telómeros POT1, que aparecen en un 5% de casos de 

LLC aproximadamente, también favorecen la aparición de alteraciones cromosómicas 

estructurales322. Finalmente, se han reportado alteraciones  en genes codificantes de ciclinas 

cruciales para la progresión del ciclo celular, como CCND2 y CDKN2A/B, estando la pérdida 

de este último relacionada con la transformación a RS (Figura 4)66,153,179.  

 

 

Figura 4. Señalización de DDR y ciclo celular en la LLC. Representación esquemática de las proteínas 

involucradas en la activación de los checkpoints del ciclo celular, señalización de DDR y vías de reparación 

del ADN en respuesta a la formación de DSBs o SSBs. Las proteínas codificadas por genes recurrentemente 

alterados en la LLC (bien por mutación somática o bien por ganancia o pérdida cromosómica) están 

señaladas en rojo (presentes en > 5% de los pacientes) o naranja (presentes en < 5% de los pacientes). Las 

proteínas señaladas en azul no están afectadas por lesiones genéticas recurrentes en la LLC.  
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3.1.2 Apoptosis 

La evasión de la apoptosis, o muerte celular programada, es una de las marcas distintivas 

de las células tumorales323. La apoptosis se puede desencadenar por dos vías principales que 

se activan por estímulos extracelulares o intracelulares. La vía extrínseca de la apoptosis se 

inicia tras la unión de ligandos de la familia  TNFα a receptores TNF en la superficie celular, 

lo que desencadena la formación de un complejo inductor de muerte celular y la activación 

de la caspasa-8. La vía intrínseca se inicia a partir de daño en el ADN o estrés celular, 

alterando el balance de proteínas pro- y anti-apoptóticas que da lugar a una pérdida del 

potencial de membrana mitocondrial (MMP, mitochondrial membrane potential), liberación 

de citocromo c, ensamblaje del complejo apoptosoma y activación de la caspasa-9 iniciadora, 

finalizando en muerte celular324. Los cambios en el MMP están altamente regulados por 

miembros de la familia de proteínas BCL2, consistente en un grupo de proteínas que 

comparten dominios de homología BCL2 (BH). Estas proteínas se subdividen en tres grupos 

en base a su función: anti-apoptóticas (ej. BCL2, BCL-xL, MCL1, BCL-w, BCL2A1, BCL-B), 

pro-apoptóticas multi-dominio (BAK y BAX) o pro-apoptóticas solo BH3 (ej. BIM, NOXA, 

PUMA, HRK)325. La apoptosis se desencadena cuando las proteínas pro-apoptóticas multi-

dominio BAX and BAK se activan y oligomerizan, lo que facilita la formación de poros en la 

membrana mitocondrial y una pérdida del MMP. BAX y BAK son activados por proteínas 

pro-apoptóticas solo BH3, mientras que la función de las proteínas anti-apoptóticas es la de 

secuestrar las proteínas solo BH3 así como las pro-apoptóticas multi-dominio para mantener 

a BAX y BAK inactivos y prevenir su oligomerización326.  

La apoptosis está ampliamente desregulada en la LLC y en otras neoplasias 

hematológicas, favoreciendo la supervivencia, la evolución clonal y la resistencia al 

tratamiento327. Por ejemplo, como se indicó anteriormente, la pérdida de miR-15a/16-1 a 

través de la del(13q) da lugar a sobreexpresión de BCL2, lo que evita la muerte de las células 

de LLC170,171. Además, TP53 también está involucrado de forma directa en la inducción de 

apoptosis en respuesta a daño en el ADN a través de la sobreexpresión de proteínas pro-

apoptóticas PUMA, NOXA y BAX328, lo que hace que los pacientes con del(17p) y/o mutación 

de TP53 sean altamente resistentes a regímenes basados en quimioinmunoterapia65,190. 

Finalmente, se han descrito mutaciones en el propio gen BCL2 en un pequeño porcentaje de 

pacientes con LLC previa al tratamiento, y es posible que contribuyan también a una 

desregulación de la apoptosis66,203.  
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3.1.3 Señalización de BCR y TLR 

El BCR es un complejo multimérico compuesto por una molécula de IG de superficie 

específica de antígeno y un heterodímero formado por Ig-α (CD79A) y Ig-β (CD79B). La 

unión del antígeno a la IG de superficie induce la activación de las quinasas proximales SYK 

y LYN, que fosforilan los motivos de activación basados en tirosina (ITAMs) en CD79A y 

CD79B, desencadenando la señalización de BCR por fosforilación de otras quinasas 

proximales como BTK o PI3K, así como la activación del citoesqueleto mediada por HS1 

(Figura 5)329–331. La fosforilación de BTK supone la posterior fosforilación de otras quinasas 

como PLCγ2, lo que activa diversas vías moleculares como liberación de calcio, NF-κB, 

MAPK-ERK, o la vía de señalización de la proteína quinasa C (PKC), mientras que la 

fosforilación de PI3K activa el eje de señalización mediado por PI3K/AKT/mTOR. Esta 

convergencia de activación de rutas biológicas da lugar a una alta actividad transcripcional 

en el núcleo celular que finalmente desencadena procesos de migración, proliferación y 

supervivencia (Figura 5)2,329,331. Además, la señalización de BCR está altamente regulada por 

la activación de las fosfatasas SHP1, SHIP1 y SHIP2, así como los receptores CD5 y CD22, 

que actúan como reguladores negativos de la respuesta a la señalización por BCR (Figura 

5)329.  

La presencia de un BCR funcional es esencial para la supervivencia de los linfocitos B 

maduros, lo que se mantiene en la mayoría de neoplasias linfoides, incluyendo la LLC2. A 

pesar de que los componentes de esta ruta no suelen aparecer recurrentemente mutados en 

la LLC, muchos genes involucrados en la actividad transcripcional o en las rutas biológicas 

resultantes de la activación de esta vía sí son afectados por lesiones genéticas en esta 

enfermedad. En particular, las mutaciones en genes pertenecientes a la vía de señalización 

de MAPK-ERK (ej. BRAF, KRAS, NRAS) son frecuentes en la LLC, y dan lugar a una 

desregulación del ciclo celular y una proliferación descontrolada196,208. Además, se ha 

reportado recientemente que las mutaciones en el factor de transcripción IZKF3 incrementan 

la señalización de BCR y favorecen el desarrollo de la LLC332. Otros genes relacionados de 

manera indirecta con esta vía y que aparecen mutados de forma recurrente en la LLC son 

EGR2, BCOR, KLHL6, PAX5, IRF4 y aquellos pertenecientes a la vía de señalización de NF-

κB (ver siguiente apartado)65,66.  
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Figura 5. Señalización de BCR en la LLC. Representación de los eventos que ocurren tras el reconocimiento 

antigénico del BCR. Los inhibidores de BTK y PI3K son capaces de suprimir esta vía de señalización y 

representan un novedoso subgrupo de terapias dirigidas de gran eficacia para el tratamiento de la LLC (ver 
sección 3.3.1: Inhibidores de la señalización de BCR). Las proteínas codificadas por genes recurrentemente 

alterados en la LLC (bien por mutación somática o bien por ganancia o pérdida cromosómica) están 

señaladas en rojo (presentes en > 5% de los pacientes) o naranja (presentes en < 5% de los pacientes). Nota 

1: múltiples genes pertenecientes a las vías de señalización de MAPK-ERK y NF-κB están recurrentemente 

alterados en una frecuencia global > 5%. Una visión en detalle de la vía de NF-κB se puede encontrar también 

en la Figura 6. Nota 2: las mutaciones en BTK y PLCG2 solo aparecen en aquellos pacientes tratados con 

inhibidores de BTK, y no están presentes en ningún caso de LLC al diagnóstico333. Las proteínas señaladas 

en azul no están afectadas por lesiones genéticas recurrentes en la LLC.  

 

Además, la señalización por otros receptores, como los que pertenecen a la familia Toll-

like (receptores TLR), pueden inducir la proliferación y supervivencia de las células de LLC 

mediante la activación de vías como NF-κB y STAT3298,334. Algunos genes pertenecientes a la 

señalización de TLR aparecen recurrentemente mutados en la LLC, siendo el ejemplo más 

característico MYD88, un adaptador que actúa como transductor de la señal procedente de 

los TLR para activar la vía canónica de NF-κB268. Las mutaciones en otros genes de esta vía 

son menos frecuentes en la LLC (< 1%), e incluyen aquellas en TLR2, TLR6, IRAK1, IRAK2 e 

IRAK465,66,83,268. 

3.1.4 Señalización de NF-κB 
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La vía de NF-κB desempeña un papel importante en la patogénesis, mantenimiento y 

evolución de la LLC, y está compuesta por dos rutas principales, la vía canónica y la vía no 

canónica298.  

La vía canónica de NF-κB es, con diferencia, la más estudiada de las dos en la LLC, y se 

desencadena principalmente por la activación de receptores de membrana como el BCR, 

TLRs, receptores TNF (TNFR) o receptor de interleucina-1 (IL-1R)335. La interacción entre el 

ligando y el receptor activa la el complejo quinasa IκB (IKK), dando lugar a la fosforilación 

y posterior degradación mediada por el proteasoma de los inhibidores de las proteínas de 

NF-κB, conocidos como IκBs, que son una familia de proteínas que secuestran a los factores 

de transcripción de NF-κB y los mantienen inactivos en el citoplasma. Tras la degradación 

de los IκBs, los factores de transcripción de NF-κB son liberados y se translocan al núcleo 

celular para activar la transcripción de sus genes diana (Figura 6)298. Los factores de 

transcripción de NF-κB que están involucrados en la vía canónica son p65 (RelA), p105/p50 

(NFκB1) y c-Rel (Rel), y se translocan al núcleo celular formando varias combinaciones de 

homodímeros y heterodímeros con distintos patrones de actividad transcripcional336.  

La vía no canónica de NF-κB  se inicia cuando diversos estímulos de TNF se unen a 

otros receptores de membrana de la célula B como el receptor del factor de activación B 

(BAFFR), CD40, el receptor de linfotoxina β-73 (LTβR) o el receptor activador de NF-κB 

(RANK)335. En la ausencia de estímulo, esta vía se encuentra inactiva gracias a la acción de 

un complejo regulador multi-proteico que está compuesto por TRAF2, TRAF3, BIRC2 y 

BIRC3, que ubiquitina de forma continua a la quinasa inducible de NF-κB (NIK), 

produciendo su degradación por el proteasoma337. Cuando se produce un estímulo del 

receptor, este complejo regulador es reclutado por el receptor activado y NIK se estabiliza 

en el citoplasma, promoviendo la activación de IKKα que fosforila a la forma inactiva del 

factor de transcripción NFκB2 (p100), lo que produce una degradación de su extremo C-

terminal y la translocación de p52 al núcleo celular en forma de homo- o heterodímero con 

RelB para iniciar la transcripción dependiente de NF-κB (Figura 6)338.  

De manera general, la señalización de NF-κB está aumentada en las células de LLC en 

comparación con células B normales. Este incremento de actividad es el resultado de la 

activación constitutiva de la señalización de BCR, TLR o Notch, resultado de la presencia de 

alteraciones genéticas en alguno de los componentes de estas vías, o bien por interacciones 

con células del microambiente tumoral en el nicho del ganglio linfático298. Además, las 
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alteraciones genéticas en genes que codifican para componentes de la vía de NF-κB  son 

frecuentes en LLC. En relación con la vía canónica, se han reportado mutaciones truncadoras 

de NFKBIE, que codifica para la proteína inhibidora IκBε, en pacientes con LLC de estadio 

avanzado266. Otras alteraciones en genes pertenecientes a esta ruta son las pérdidas de 

6q23/TNFAIP3 o las ganancias de 2p16/REL213,339. De manera interesante, a pesar de estar 

menos estudiada en la LLC, las alteraciones genéticas recurrentes son más frecuentes en 

genes implicados en la vía no canónica. Las mutaciones truncadoras de BIRC3 dan lugar a la 

estabilización citoplasmática de NIK y activación constitutiva de la ruta85,155, aunque no está 

claro cómo la pérdida monoalélica de BIRC3 a través de la del(11q) contribuye a la biología 

de la LLC y si la activación constitutiva de la ruta no canónica de NF-κB contribuye en la 

progresión de la LLC. Otros drivers recurrentemente mutados que pertenecen a la vía no 

canónica son TRAF2 y TRAF365,66, mientras que BIRC2 está frecuentemente delecionado en 

los casos con del(11q)340. Además, TRAF3 también se pierde por deleción cromosómica de 

14q32212 y NFKB2 puede estar afectado por truncamientos en pacientes con pérdida de 

10q2466.  
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Figura 6. Señalización de NF-κB en la LLC. Representación esquemática de la vía canónica y no canónica 

de NF-κB en LLC. Las proteínas codificadas por genes recurrentemente alterados en la LLC (bien por 

mutación somática o bien por ganancia o pérdida cromosómica) están señaladas en rojo (presentes en > 5% 

de los pacientes) o naranja (presentes en < 5% de los pacientes). *Nota: la familia de proteínas IκB está 

compuesta por varios miembros (ej. IκBα, IκBβ, IκBε) y solamente IκBε, codificado por el gen NFKBIE, está 

afectado por alteraciones recurrentes en la LLC. Las proteínas señaladas en azul no están afectadas por 

lesiones genéticas recurrentes en la LLC.  

 

3.2 El microambiente de la LLC 

Las células de LLC  son altamente dependientes de las señales proporcionadas por el 

microambiente para promover su proliferación y supervivencia. Los linfocitos de LLC son 

dirigidos a los ganglios linfáticos a través de gradientes de quimiocinas. Una vez allí, las 

células forman “centros de proliferación”, lugares donde las células leucémicas entran en 

contacto con células no tumorales del estroma, células “nurse-like” (NLCs), células T y 

células endoteliales entre otros grupos (Figura 7)2. Las interacciones entre las células de LLC 

y este microambiente complejo son mediadas por una red de señalización que incluye 

ligandos de superficie, moléculas de adhesión, quimiocinas, citoquinas, y sus respectivos 

receptores.  

Las NLCs son células de origen monocítico y desempeñan un papel clave en el 

microambiente de la LLC. Son capaces de inducir quimiotaxis y promover la supervivencia 

de la LLC a través de la secreción de las quimiocinas CXCL12 y CXCL13 (que son los ligandos 

de CXCR4 y CXCR5, respectivamente, en las células de LLC), y expresión de ligandos de la 

familia de TNF como BAFF o APRIL, promoviendo la señalización por BCR y NF-κB en las 

células de LLC341–344. Además, también secretan WNT5A, el ligando del receptor 

transmembrana ROR1, activando la señalización no canónica de Wnt, que induce la 

proliferación y migración de las células de LLC (Figura 7)345,346. Las NLCs también expresan 

CD31, el ligando del receptor CD38 que se expresa habitualmente en los casos de LLC de 

alto riesgo347.  

Las células T promueven la supervivencia de las células leucémicas principalmente por 

las interacciones mediadas por el eje CD40L/CD40, lo que activa la señalización de NF-κB en 

las células de LLC329,348. Adicionalmente, las células T secretan citoquinas como IL-4, 

favoreciendo la sobreexpresión de la IG de superficie en las células de LLC, y facilitando la 

interacción del BCR con (auto)antígenos349. Las células estromales están formadas por una 

capa de progenitores hematopoyéticos sanos que protegen a las células de LLC de la 
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apoptosis espontánea y la apoptosis inducida por fármacos. La quimiotaxis de las células de 

LLC hacia las células estromales está mediada por el eje CXCR4/CXCL12, y estas a su vez 

contribuyen a la supervivencia de la LLC gracias a interacciones entre VCAM1 y la integrina 

α4β1 (Figura 7)350,351. Finalmente, las células endoteliales forman estructuras denominadas 

vénulas de endotelio alto (HEV; high endothelial venules), y desempeñan un papel 

importante en la migración de las LLCs al ganglio linfático gracias a la secreción de CCL19 

y CCL21, que son ligandos del receptor CCR7 en las células de LLC352.  

 

 

Figura 7. El microambiente de la LLC. Figura representativa del contacto de la célula de LLC con el 

microambiente tumoral localizado en los centros de proliferación de los ganglios linfáticos. Las interacciones 

específicas entre receptores y ligandos de cada tipo celular individual están descritas a lo largo del texto 

principal. (Tomada de Kipps TJ et al.2) 
 

3.3 Terapias dirigidas en la LLC 

El tratamiento de la LLC ha cambiado radicalmente a lo largo de la última década. El 

estudio en profundidad de los procesos biológicos causantes de la patogénesis de la LLC ha 

hecho posible reemplazar el tratamiento con regímenes basados en quimioterapia por 

novedosas terapias dirigidas como los inhibidores de la señalización de BCR o los 

inhibidores de BCL2 en la mayoría de los pacientes, demostrando la importancia del estudio 
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de la genética y la biología de la enfermedad para el progreso hacia el desarrollo de terapias 

más eficaces en un contexto de medicina personalizada.  

3.3.1 Inhibidores de la señalización de BCR 

El amplio conocimiento adquirido durante años acerca del papel clave del receptor de 

BCR en la supervivencia de la célula de LLC resultó finalmente en el desarrollo de 

inhibidores de específicos de quinasas de la ruta del BCR en la última década, en concreto 

los inhibidores de BTK y PI3K353–355. Ensayos clínicos posteriores demostraron que los 

pacientes tratados con estos fármacos mostraban una respuesta biológica característica, 

definida por una rápida reducción del tamaño de los ganglios linfáticos acompañada por 

una egresión de las células de LLC a la sangre periférica y linfocitosis transitoria, lo que se 

traduce en buenas respuestas y remisiones duraderas a nivel clínico356,357. 

El primer inhibidor de BTK que se ha introducido en el esquema de tratamiento de la 

LLC es ibrutinib, un inhibidor de primera generación, oral e irreversible de BTK, que fue 

inicialmente aprobado para el tratamiento de la LLC R/R en el año 2014, y a día de hoy se 

usa ampliamente tanto en primera línea de tratamiento como en pacientes R/R356,358–360. Su 

mecanismo de acción se basa en la unión covalente a un residuo conservado de cisteína 

(Cys481) en el sitio activo de BTK, inhibiendo por la tanto la señalización del BCR y su efecto 

en la supervivencia, proliferación, migración e interacciones con el microambiente tumoral 

de la LLC (Figura 5)354,361,362. Además de sus efectos on-target, se ha demostrado que ibrutinib 

ejerce otros efectos en vías moleculares adicionales o incluso una acción inmunomoduladora 

de las células T mediante la inhibición de la quinasa ITK, que es un regulador central de la 

señalización del receptor de célula T (TCR)363,364. Desde la aprobación de ibrutinib, han 

surgido nuevos inhibidores de BTK de segunda generación, y en particular, acalabrutinib 

ha sido aprobado por la FDA y la EMA para el tratamiento de la LLC en primera línea o 

R/R365,366. Acalabrutinib también es un inhibidor de irreversible de BTK en el residuo Cys481, 

aunque es más selectivo que ibrutinib, lo que resulta en un mejor perfil de seguridad y la 

aparición de menos efectos adversos367. Otros inhibidores de BTK de segunda generación 

que se encuentran en fases avanzadas de ensayos clínicos son zanubrutinib y tirabrutinib, 

que también se unen de forma irreversible y altamente selectiva al residuo Cys481 de 

BTK368,369. Además, se han desarrollado nuevos inhibidores reversibles de BTK de tercera 

generación como pirtobrutinib (LOXO-305) y ARQ-531, y se encuentran en la actualidad en 
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fases tempranas de investigación clínica para aquellos pacientes de LLC R/R resistentes a 

ibrutinib o acalabrutinib370–372. 

Los inhibidores de PI3K también representan una opción prometedora para la 

inhibición de la señalización mediada por BCR en la LLC. Idelalisib es un inhibidor oral y 

reversible de la subunidad catalítica de la isoforma δ de PI3K y bloquea la señalización 

mediada por esta quinasa, resultando en una inhibición de la fosforilación de AKT y 

reducción de la actividad de mTOR (Figura 5), alterando las interacciones entre las células 

de LLC y el microambiente tumoral355,373. Idelalisib se encuentra aprobado a día de hoy para 

el tratamiento de la LLC R/R, aunque su uso es limitado debido a que ibrutinib o 

acalabrutinib tienen un mejor perfil de seguridad357,366. Otros inhibidores de PI3K de nueva 

generación en fases de investigación clínica son duvelisib (un inhibidor dual de PI3Kγ/δ) y 

umbralisib (inhibidor dual de PI3Kδ/CK1ε). En particular, duvelisib ha sido recientemente 

aprobado por la FDA para pacientes con LLC R/R que han recibido al menos dos líneas 

previas de tratamiento374–376. 

Aunque el uso de inhibidores de la señalización de BCR ha permitido conseguir 

respuestas profundas y duraderas en muchos pacientes de LLC, el desarrollo de nuevos 

mecanismos de resistencia a estas terapias se reporta cada vez de forma más frecuente y se 

ha convertido en un reto a nivel terapéutico en la LLC, precisando del uso de nuevos 

tratamientos o regímenes de combinación. La resistencia a ibrutinib y acalabrutinib está 

principalmente asociada a la aparición de mutaciones en  BTK y PLCG2, que han sido 

reportadas en aproximadamente un 80% de los pacientes con resistencia adquirida a estos 

inhibidores333,377,378. Las mutaciones de BTK normalmente aparecen en el sitio de unión de 

ibrutinib, siendo la más común la sustitución C481S, que impide la unión de ibrutinib al sitio 

activo de BTK, resultando en una pérdida de la inhibición de la actividad mediada por esta 

enzima333,379. Por otro lado, las mutaciones en PLCG2 (R665W, L845F and S707Y) son una 

potencial ganancia de función y promueven la señalización de BCR de forma independiente 

a la inhibición de BTK333,380,381. También se han propuesto otros mecanismos de resistencia 

como la evolución clonal, la del(8p) o las mutaciones en reguladores de BTK como ITPKB o 

CDIPT288,377,382. Además, la presencia de CK o alteraciones en del(17p)/TP53 también se han 

postulado como marcadores predictivos de mal pronóstico al tratamiento con 

ibrutinib228,231,383. Por el contrario, varios estudios han sugerido que la del(11q) podría ser un 

marcador predictivo de respuesta favorable en pacientes tratados en primera línea, pero se 
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asocia con una reducción en la PFS en pacientes R/R231,384–386, aunque se desconocen las causas 

biológicas de esta respuesta diferencial entre ambos subgrupos de pacientes. Los 

mecanismos de resistencia a inhibidores de PI3K han sido menos estudiados, aunque una 

investigación reciente apunta a la presencia de mutaciones activadoras de los genes de la vía  

MAPK-ERK387. 

3.3.2 Inhibidores de BCL2 

Los miméticos BH3 son pequeñas moléculas antagonistas de proteínas anti-apoptóticas 

de la familia BCL2  (ej. BCL2, BCL-xL o MCL1). Concretamente, los miméticos BH3 se unen 

a las proteínas anti-apoptóticas gracias a su similitud estructural a los dominios BH3 de las 

proteínas pro-apoptóticas solo BH3 como BIM y NOXA, reemplazando a estas e induciendo 

la apoptosis mediada por la oligomerización de BAX y BAK388. El único mimético BH3 

aprobado actualmente para el tratamiento de la LLC es venetoclax, un inhibidor oral 

altamente selectivo de BCL2. A nivel de mecanismo, venetoclax se une a BCL2, desplazando 

a BIM y provocando una potente inducción de la apoptosis en un mecanismo independiente 

de TP53389–391. Venetoclax fue inicialmente aprobado para los pacientes de LLC R/R, en los 

que mostró respuestas muy eficaces tanto a nivel de PFS como OS en todos los subgrupos de 

LLC391–393, y actualmente su uso está aprobado en combinación con anticuerpos anti-CD20 

también para los pacientes de LLC en primera línea394,395. 

La resistencia adquirida a venetoclax también puede surgir en algunos pacientes 

tratados con este fármaco y supone un reto a nivel clínico. De forma similar a lo que se 

observa con los inhibidores de BTK, el primer mecanismo de resistencia descubierto, y el 

más común, es la adquisición de una mutación puntual en BCL2 (G101V), lo que reduce 

drásticamente la afinidad de unión de venetoclax a BCL2396,397. Desde el descubrimiento de 

esta mutación, se han reportado otras sustituciones de tipo missense en la misma región, y 

todas ellas dan como resultado una reducción de la afinidad de unión de venetoclax398–400. 

Además, también se ha descrito la sobreexpresión de proteínas anti-apoptóticas alternativas 

como posibles mecanismos de resistencia. Concretamente, se ha observado amplificación de 

MCL1 o sobreexpresión de BCL-xL en algunos pacientes resistentes a venetoclax396,401. Otros 

mecanismos de resistencia que han sido propuestos son las deleciones CKNA2A/B, las 

mutaciones en BTG1 o niveles altos de fosforilación oxidativa mediada por amplificación de 

PRKAB2401,402. Finalmente, aunque todavía no se sabe mucho sobre el valor predictivo de las 

alteraciones genéticas recurrentes de la LLC en respuesta a venetoclax, dos ensayos clínicos 
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recientes sugieren que las alteraciones en del(17p)/TP53 se mantienen como un marcador de 

pronóstico adverso al tratamiento con estos regímenes253,403.  

4. MODELOS IN VITRO, IN VIVO y EX VIVO PARA EL ESTUDIO DE LA 

BIOLOGÍA DE LA LLC 

La elevada heterogeneidad genética y la diversa desregulación de vías de señalización 

en la LLC, así como los efectos de estas alteraciones en la respuesta clínica de estos enfermos, 

hace necesario el estudio de los efectos individuales o combinados de las lesiones genéticas 

de la LLC en la biología de la enfermedad con el fin de tomar decisiones terapéuticas 

personalizadas. Tradicionalmente, la significancia biológica de las alteraciones driver de la 

LLC se ha estudiado a través de la combinación de aproximaciones in vitro, in vivo o ex vivo, 

cada una de ellas con unas ventajas y desventajas.  

4.1 Modelos in vitro 

El cultivo de líneas celulares linfoblastoides (LCLs) derivadas de pacientes de LLC ha 

sido la punta de lanza del estudio biológico y molecular de la LLC a nivel in vitro. Estos 

modelos son útiles para la determinación de funciones génicas, regulación de vías de 

señalización o interacciones proteicas, así como para evaluar la respuesta a diversos 

tratamientos. Al contrario que las células primarias de LLC, las líneas celulares presentan 

gran capacidad proliferativa en ausencia del microambiente tumoral y no sufren procesos 

de apoptosis espontánea, lo que hace que sean fáciles de mantener en cultivo, transfectar con 

vectores de expresión o injertar en ratones inmunodeficientes404,405.  

Sin embargo, el número de líneas celulares de LLC que reflejan la heterogeneidad 

inherente a la enfermedad es muy limitado404. Hasta la fecha, solo unas pocas líneas 

celulares inmortalizadas derivadas de pacientes de LLC están disponibles para la 

investigación en laboratorio, y este conjunto de líneas celulares no cubre todos los subgrupos 

citogenéticos de la enfermedad. Por ejemplo, existen líneas celulares con del(13q), trisomía 

12 o del(17p), pero no existen modelos celulares con del(11q), impidiendo el estudio del 

impacto biológico de esta alteración citogenética o las consecuencias de la haploinsuficiencia 

de determinados genes localizados en esta región404. Además, algunas de estas líneas 

presentan un cariotipo triploide o tetraploide, algo que no es representativo del panorama 

citogenético habitual de los pacientes con LLC404. A nivel de mutaciones somáticas, algunas 

de estas líneas celulares han sido estudiadas mediante técnicas de WES, y solo se han 
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identificado mutaciones en algunos genes driver de la enfermedad, lo que dificulta al estudio 

de las consecuencias funcionales de la mayoría de mutaciones driver observadas en los 

pacientes. De hecho, en ninguna de estas líneas celulares se han identificado mutaciones 

somáticas en muchos de los genes más frecuentemente mutados en la LLC como ATM, SF3B1 

o NOTCH1. La Tabla 3  resume las principales características a nivel de inmunofenotipo, 

estado mutacional de IGHV, cariotipo, FISH y NGS de las líneas celulares de LLC 

disponibles para investigación en la actualidad. 

La resistencia de las células de LLC a la transformación viral mediada por el virus de 

Epstein-Barr (EBV) ha sido citada como el principal motivo de ausencia de variedad de líneas 

celulares inmortalizadas de LLC405,406. Además, la utilidad de líneas celulares como modelos 

ha sido cuestionada debido a los efectos producidos por la transformación mediada por EBV, 

ya que las líneas celulares no recapitulan las interacciones pro-supervivencia del 

microambiente y además la propia inmortalización en sí podría desregular vías de 

señalización importantes en la patogénesis de la LLC404,407. Sin embargo, estudios del perfil 

de expresión génica han demostrado que la mayoría de cambios transcripcionales entre las 

LCLs y las células B primarias son de pequeña magnitud, y las LCLs normalmente 

recapitulan la variación en la expresión génica que se observa en las células B primarias407.  

 

Tabla 3. Características de las líneas celulares derivadas de pacientes de LLC y verificadas, 

disponibles para investigación (Adaptada de Lanemo-Myhrinder et al.404).   

Línea 

celular 

Edad/sexo/Binet/

Rai del paciente 

Immuno- 

fenotipo1 
IGHV 

Cariotipo/ 

FISH2 

Mutación 

drivers3 

Disponi

ble en 

Ref. 

MEC1 62/Hombre/Rai II 
IgM, κ 

CD5-/CD19+ 
M 

Diploide4/ 

Del(17p), -12 

TP53MUT 

BIRC3DEL 
DSMZ 408 

MEC2 62/Hombre/Rai II 
IgM, κ 

CD5-/CD19+ 
M 

Triploide4/ 

Del(17p), -12 
TP53MUT DSMZ 408 

HG3 70/Hombre/Rai II 
IgM, λ 

CD5+/CD19+ 
UM 

Diploide/ 

Del(13q) 
Ninguna DSMZ 409 

PGA1 Hombre 
IgG, λ 

CD5dim/CD19+ 
M 

Diploide/ 

+12, del(13q) 
KRASMUT DSMZ 410 

OSU-CLL Hombre 
IgM, κ 

CD5+/CD19+ 
M 

Diploid/ 

+12, +19 
Ninguna OSU 405 

I83-E95 75/Hombre/Binet A 
IgM, λ 

CD5+/CD19+ 
M 

Tetraploide/ 

+12, del(13q), del(17p) 
ND DSMZ 404 

WaC3CD5+ Hombre/Rai I 
IgM, κ 

CD5+/CD19+ 
UM 

Diploide/ 

Del(13q), del(17p) 
ND DSMZ 404 
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Wa-osel Hombre/Rai I 
IgM, κ 

CD5-/CD19+ 
UM Tetraploide ND DSMZ 404 

232B4 Hombre/Rai 0 
IgG, κ 

CD5-/CD19+ 
M 

Tetraploide 

-17 
ND Li.U 404 

1Más información acerca de marcadores inmunofenotípicos adicionales en www.dsmz.de o las referencias 

indicadas en la tabla. 2Solo los CNAs recurrentes están indicados en la tabla, para más información del 

cariotipo completo consultar www.dsmz.de o las referencias indicadas en la tabla. 3Los datos de NGS para 

las líneas celulares MEC1, HG3 y PGA1 han sido obtenidos en nuestro laboratorio mediante el estudio de 

un conjunto de 54 genes driver de la LLC411. También hay disponibles datos de WES para las líneas MEC1, 

HG3 y PGA1412. En el caso de la línea celular MEC2, solo se conoce el estado mutacional de TP53. En la línea 

celular OSU-CLL solo se han analizado mutaciones en las regiones hotspot de los genes NOTCH1, TP53, 

MYD88, KLHL6, XPO1, SF3B1, BRAF y BTK405. 4Las líneas celulares MEC1 y MEC2 presentan un cariotipo 

casi diploide o triploide, respectivamente, con un 10% de poliploidía (www.dsmz.de). M: mutato; UM: no 

mutado; ND: no disponible; DSMZ: German Collection of Microorganisms and Cell Cultures; OSU: Ohio 

State University; Li.U: Linköping University.  

 

4.2 Modelos in vivo de LLC 

Los modelos de ratón que mimetizan las neoplasias hematológicas humanas son útiles 

para determinar los mecanismos implicados en la biología de la enfermedad y su progresión, 

así como para la evaluación de respuesta a fármacos en estado pre-clínico. En la LLC, existen 

principalmente dos tipos de abordaje para el estudio in vivo de la enfermedad: los modelos 

de xenotrasplante murino o los modelos de ratón generados mediante técnicas de ingeniería 

genética413,414. 

Los modelos de xenotrasplante murino se han llevado a cabo utilizando o bien líneas 

celulares de LLC o bien células primarias de pacientes. La mayoría de las líneas celulares son 

capaces de injertar de forma subcutánea o intravenosa en ratones con gran 

inmunodeficiencia como los de las cepas NOD-scid IL2Rγ-/- (NSG) o Rag2-/-γc-/-, que se 

caracterizan por la falta de células B, T y NK405,413,415–417. El xenotrasplante de líneas celulares 

de LLC a estos modelos es fácilmente reproducible, y las células se diseminan de forma 

rápida y sistémica en el ratón, emulando el comportamiento de la LLC humana de alto 

riesgo. Sin embargo, una de las limitaciones que tienen estos modelos es que la proliferación 

celular es inducida por la transformación mediada por EBV y no por las interacciones con el 

microambiente tumoral, lo que impide el estudio de este aspecto crítico en la LLC413,415.  Por 

otro lado, en la última década se han llevado a cabo numerosos esfuerzos para el desarrollo 

de modelos xenograft derivados de pacientes de LLC. Estos modelos también emplean 

ratones con alto grado de inmunodeficiencia como los NSG y se basan en la infusión 

intravenosa de células mononucleadas de sangre periférica de pacientes de LLC, 
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normalmente en presencia de células T autólogas previamente activadas in vitro o in 

vivo413,418–421. Los modelos xenograft derivados de pacientes de LLC son herramientas útiles 

para evaluar la respuesta a fármacos así como las interacciones con el microambiente 

tumoral, supliendo las limitaciones de los modelos xenograft de líneas celulares. Sin 

embargo, las diferencias metodológicas que han sido reportadas entre distintos grupos de 

investigación han de ser estandarizadas para que se pueda realizar un uso generalizado de 

este tipo de modelos en la investigación de la LLC418–424. Cabe destacar que recientemente se 

han desarrollado también modelos xenograft derivados de pacientes con RS, demostrando 

que son útiles para la evaluación de nuevas aproximaciones terapéuticas en este subgrupo 

de alto riesgo425–427. 

Los modelos de ratón generados mediante técnicas de ingeniería genética se basan en 

dos aproximaciones: emulación de la desregulación de la expresión génica o emulación de 

lesiones genéticas específicas de la LLC. El modelo más empleado con diferencia es el ratón 

transgénico TCL1, que sobreexpresa el gen humano TCL1 y emula el desarrollo de una forma 

agresiva de LLC428. Otros modelos de este tipo para el estudio de la LLC incluyen el modelo 

doble transgénico BCL2 x Traf2dn, el ratón transgénico APRIL o el ratón transgénico 

ROR1414,429–431. Todos estos modelos son bastante útiles para el estudio de respuesta a 

fármacos en fase pre-clínica y para determinar diversos aspectos de la patogénesis de la 

enfermedad, aunque también conllevan desventajas como un largo tiempo de manifestación 

de la enfermedad (normalmente de más de un año) y ausencia de células del microambiente 

tumoral. Además, tampoco recapitulan la heterogeneidad genética de la LLC414,420. Con 

respecto a modelos de ratón que emulan las lesiones genéticas de la LLC, se ha investigado 

que la deleción restringida al linfocito B del locus del mir-15a/16-1 o del las regiones comunes 

o mínimas delecionadas del cromosoma 14qC3 del genoma del ratón, todas ellas análogas a 

la del(13q) humana, es capaz de generar una neoplasia linfoide con fenotipo de LLC171,172. 

Además, gracias al empleo de novedosas y prometedoras aproximaciones se han conseguido 

establecer recientemente modelos de ratón que desarrollan una enfermedad de fenotipo de 

LLC mediante la combinación restringida al linfocito B de deleción de Atm y mutación de 

Sf3b1293 o mediante la mutación de Ikzf3332. Sin embargo, se necesitarían numerosos estudios 

futuros para poder generar modelos murinos que sean capaces de cubrir las principales 

lesiones del heterogéneo panorama genético de la LLC. Además, los modelos murinos de 

CNAs de gran tamaño suponen un gran reto, no solo por razones técnicas, sino por las 

notorias diferencias en la distribución génica entre los cromosomas humanos y murinos432. 
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4.3 Modelos ex vivo de LLC 

Como se mencionaba en las secciones anteriores, las células de LLC tienen una alta 

dependencia del microambiente para su supervivencia, por este motivo, las células primarias 

presentan apoptosis espontánea cuando son cultivadas in vitro. De esta forma, los cultivos ex 

vivo de LLC se han enfocado tradicionalmente en emular las interacciones con el 

microambiente mediante la implementación de sistemas de co-cultivo con células accesorias 

o medio condicionado que sea capaz de replicar la señalización inducida por el 

microambiente420.  

Los sistemas más relevantes de co-cultivo hasta el momento se basan en el uso de células 

del estroma de la médula ósea (BMSCs; bone marrow stromal cells) o NLCs. En los co-

cultivos de LLC y BMSCs se pueden emplear BMSCs derivadas de pacientes, líneas 

celulares de estroma murino (ej. M210B4, SUM4, KUSA-H1) o líneas celulares de estroma 

humano (HS5 o StromaNKTert)433,434. Este tipo de co-cultivo ha mostrado una alta eficacia en 

el mantenimiento de las células de LLC en cultivos durante semanas, previniendo tanto la 

apoptosis espontánea como la inducida por fármacos, mediante la sobreexpresión de 

proteínas anti-apoptóticas o activación de vías de señalización pro-supervivencia como PI3K 

o NF-κB420,433–435. Adicionalmente, los co-cultivos de LLC y NLCs se establecen a partir de 

NLCs derivadas de pacientes que son capaces de inducir activación de la señalización por 

BCR y NF-κB, resultando en sobreexpresión de proteínas anti-apoptóticas y proporcionando 

supervivencia a largo plazo e inducción de la proliferación de las células de LLC341,343,344.  

La señalización inducida por el microambiente tumoral también se puede reproducir ex 

vivo mediante el empleo de factores solubles que funcionen como ligandos de los receptores 

de superficie de las células de LLC, desencadenando la señalización de diversas vías pro-

supervivencia. Concretamente, la ligación del BCR mediante anti-IgM induce la señalización 

de BCR y activación de NF-κB, lo que resulta en una disminución de la apoptosis espontánea 

y un incremento de la proliferación, especialmente en los casos UM-IGHV436–438. Además, la 

estimulación de la señalización del TLR mediante CpG-ODN se usa de manera generalizada 

en los cultivos ex vivo y también da lugar a activación de NF-κB y producción de citoquinas 

pro-supervivencia439,440. La estimulación de CD40 por medio de su ligando, CD40L, es 

también otro método ampliamente utilizado en cultivos ex vivo y emula las interacciones 

entre las células T y los linfocitos B de LLC348,420.  
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Los sistemas de co-cultivo y factores solubles también se pueden usar de forma 

combinada para los cultivos ex vivo de células primarias de LLC. Algunas de las mejores 

aproximaciones para inducir proliferación de la LLC y alta reducción de la apoptosis 

espontánea incluyen co-cultivo con células estromales HS5 en presencia de CpG-ODN e IL-

2 o IL-15, así como co-cultivo con fibroblastos que expresan de forma constitutiva CD40L 

suplementados con IL-4 o IL-21441–444. En resumen, los cultivos ex vivo de células primarias 

de LLC representan una opción adecuada para el estudio de las interacciones de las células 

leucémicas con los componentes del microambiente, así como la respuesta a fármacos en el 

contexto de estas interacciones. Sin embargo, la heterogeneidad genética que existe entre 

diferentes pacientes en la LLC es difícil de recapitular en este tipo de modelos a no ser que 

se empleen cohortes de un elevado número de casos. Además, los estudios a nivel genético 

y de mecanismos biológicos en estas células son muy limitados debido a la gran dificultad 

de transfección o transducción de las  células primarias de LLC445,446.  

4.4 Técnicas de edición genética para la generación de nuevos modelos de 

LLC 

Como se ha ido indicando a lo largo de esta sección de introducción, el dinámico 

desarrollo de técnicas genómicas de alta resolución ha revelado la presencia de un enorme 

número de alteraciones genéticas en la LLC tanto a nivel de cromosoma, como a nivel de 

genes individuales o la expresión de estos, así como incluso en regiones no codificantes del 

genoma65,66. Las funciones biológicas de algunas de estas lesiones están empezando a ser 

entendidas parcialmente gracias a la mejora de los modelos in vitro, in vivo y ex vivo de la 

enfermedad404,413,414,420. Sin embargo, la LLC, así como la mayoría de los tipos de cáncer, se 

presenta y progresa gracias a la compleja interacción entre múltiples drivers de la 

enfermedad, por lo que se requieren nuevos modelos capaces de evaluar la contribución 

individual o conjunta de estas lesiones genéticas en la capacidad proliferativa y de 

supervivencia de la célula, sus mecanismos de concurrencia o mutual exclusividad 

preferentes y cuál es el resultado de la desregulación de las vías biológicas en la evolución 

clonal o la respuesta al tratamiento.  

Avances recientes en el campo de la ingeniería genética han abierto un amplio abanico 

de posibilidades para generar nuevos modelos de diferentes enfermedades, tanto a nivel in 

vitro como in vivo. En particular, los sistemas de edición genómica proporcionan una 

excelente herramienta para modificar el genoma de una forma precisa, y, de esa forma, 
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evaluar el impacto de alteraciones driver específicas en la función celular. Las primeras 

técnicas de edición genética implementadas para la generación de modelos celulares en 

cáncer fueron las nucleasas ZNFs (zinc-finger nucleases) y TALENs (transcription activator-

like effector nucleases), aunque su uso generalizado fue limitado por su complejidad técnica 

y altos costes447,448. Sin embargo, la reciente introducción de la tecnología denominada en 

inglés como Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 

ha supuesto un cambio sustancial en el panorama de la ingeniería genética, resolviendo las 

limitaciones aportadas por los métodos anteriores. Así, este sistema de edición genética ha 

sido capaz de transformar nuestra capacidad de evaluar el impacto de las mutaciones 

somáticas y alteraciones cromosómicas a nivel in vitro, in vivo y ex vivo 449–452.  

La tecnología CRISPR/Cas9 deriva del sistema inmune adaptativo de organismos 

procariotas y está formado principalmente por dos componentes biológicos: una 

endonucleasa de ADN guiada por ARN y denominada Cas9 y un ARN guía quimérico 

denominado sgRNA (single-guide RNA). La molécula de sgRNA se compone a su vez de 

una secuencia de ARN CRISPR (crRNA), complementaria a la región diana de interés, y un 

crRNA transactivador (tracrRNA), que se une a la nucleasa Cas9 y la dirige a la región 

genómica de interés mediante complementariedad de bases (Figura 8). El único 

requerimiento de la región diana es que debe ser adyacente a un motivo PAM (protospacer 

adjacent motif), que consiste en una secuencia de tres nucleótidos NGG, en el caso de utilizar 

una proteína Cas9 derivada de  S. pyogenes, que es una de las nucleasas más comunes para 

la edición genética mediante CRISPR449,453. De esta forma, con solo combinar la expresión de 

la proteína Cas9 y un sgRNA de 20 pares de bases complementario a la región de ADN de 

interés, se puede conseguir una ruptura de alta eficiencia en la región genética diana, dando 

lugar a la aparición de un DSB que será reparado por los mecanismos de NHEJ o HR (Figura 

8)453 (Ver sección 3.1.1 Respuesta a daño en el ADN y control del ciclo celular). La reparación 

mediada por NHEJ da lugar a la introducción de pequeñas indels que resultan en la 

aparición de mutaciones frameshift y la generación de codones de parada prematuros, lo que 

es útil para emular mutaciones de pérdida de función. Por otro lado, en presencia de un 

molde de ADN donador, los DSBs se pueden reparar mediante el mecanismo de HR, lo que 

se puede usar para hacer modificaciones precisas de la secuencia del ADN como 

sustituciones de tipo missense que dan lugar a un fenotipo de ganancia de función, así como 

la corrección de mutaciones existentes (Figura 8)449,453.  



Resumen - Introducción 

 210 

 

 

Figura 8. Componentes del sistema CRISPR/Cas9 y sus aplicaciones. Esquema representativo de los 

componentes requeridos para el sistema de edición genética CRISPR/Cas9.  La nucleasa Caso es dirigida a 

la región genómica de interés (azul), adyacente a la secuencia de tres nucleótidos PAM (rojo) esencial para 

el reconocimiento del lugar de acción, por complementariedad de pases de la molécula de sgRNA (verde). 

La actividad nucleasa de la proteína Cas9 resulta en la formación de un DSB entre los nucleótidos 17 y 18 

de la secuencia diana, que será posteriormente reparado por NHEJ, dando lugar a la formación de indels, o 

mediante modificación precisa de la secuencia mediante reparación dirigida por homología (HDR; 

homology-directed repair) en la presencia de un molde de ADN donador (Tomada de Sánchez-Rivera FJ & 

Jacks T. 2015)453. 

 

La simplicidad y versatilidad de este sistema de edición genética ha supuesto el 

desarrollo un amplio rango de aplicaciones para la generación de modelos de estudio de 

la biología del cáncer, muchas de las cuales han sido implementadas de manera exitosa en 

cultivos celulares y modelos animales453. Además de poder reproducir mutaciones de 

pérdida o ganancia de función en un contexto isogénico y de manera rápida y sencilla, así 

como la corrección de mutaciones puntuales, el sistema CRISPR/Cas9 se puede utilizar para 

generar reordenamientos cromosómicos. Esto se puede conseguir introduciendo dos DSBs 

de forma simultánea en diferentes cromosomas, lo que puede dar lugar a translocaciones, o 

introduciendo dos DSBs en dos sitios distantes de un mismo cromosoma, produciendo 

inversiones o deleciones cromosómicas454–457. Otras aplicaciones del sistema CRISPR/Cas9 

útiles para el estudio del cáncer son la generación de alelos condicionales para el desarrollo 

de modelos animales o el marcaje de alelos con reporteros fluorescentes o etiquetas sintéticas 

453,458. Además, este sistema se puede emplear para determinar la función de elementos no 

codificantes del ADN como promotores y enhancers459,460. La facilidad de multiplexar el 

sistema CRISPR/Cas9 también ofrece numerosas oportunidades para investigar 
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interacciones entre genes que dan lugar a letalidad sintética o también para realizar 

screenings genéticos a gran escala para identificar nuevos genes implicados en diversos 

procesos celulares, o para descubrir genes implicados en resistencia o vulnerabilidad a 

fármacos453,461. Adicionalmente, se pueden usar variaciones del sistema CRISPR/Cas9 para 

reprimir o activar la expresión génica, inducir modificaciones a nivel de cromatina o editar 

secuencias de ARN462–464. Por último, este sistema puede ser potencialmente aplicable a nivel 

clínico y, de hecho, existen numerosos ensayos clínicos en curso explorando la posibilidad 

de corregir mutaciones o inhibir la función de genes relacionados con procesos tumorales465.  

En paralelo al desarrollo de esta tesis doctoral, algunos estudios han empleado el sistema 

CRISPR/Cas9 para dilucidar la función de algunas mutaciones en genes driver de la LLC 

como NOTCH1, TP53, FBXW7 o RPS15 a nivel in vitro en líneas celulares de LLC299,303,416,466. 

Otros estudios también han aplicado esta metodología para estudiar la contribución de 

proteínas específicas como 14-3-3ζ o ADAR en la señalización de Wnt o en procesos de 

edición de ARN, respectivamente467,468. Además, se han empleado screens de CRISPR a gran 

escala para investigar mecanismos desconocidos implicados en la resistencia a venetoclax401 

y recientemente se ha descrito la edición de genes driver de LLC de forma combinada para 

la generación de nuevos modelos murinos469. Sin embargo, la versatilidad del sistema 

CRISPR/Cas9 ofrece muchísimas oportunidades, hasta el momento inexploradas, para el 

progreso de nuestro conocimiento en la LLC. Esta tecnología se puede aprovechar no solo 

para reproducir mutaciones génicas de significado biológico desconocido, sino también para 

reproducir alteraciones cromosómicas que juegan un papel clave en la patogénesis de la 

enfermedad. Además, esta metodología nos permite profundizar en el conocimiento del 

proceso de evolución clonal, así como saber de qué forma cooperan las alteraciones 

cromosómicas y mutaciones génicas para influir en la progresión de la enfermedad y en la 

respuesta al tratamiento. Finalmente, el sistema CRISPR/Cas9 puede ser empleado para el 

descubrimiento de nuevas vulnerabilidades terapéuticas basadas en letalidad sintética, 

aportando valiosa información para la implementación de novedosas estrategias 

terapéuticas y para el progreso de la medicina personalizada en la LLC.
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Los recientes avances perpetrados en el estudio del genoma de la leucemia linfática 

crónica (LLC) han desvelado la amplia heterogeneidad a nivel genético que define a esta 

entidad, caracterizada por la presencia de un gran número de alteraciones cromosómicas y 

mutaciones génicas recurrentes que reflejan en gran medida el variable curso clínico entre 

diferentes pacientes. Los avances realizados también en el campo de la secuenciación masiva 

de ADN han revelado la presencia de una gran heterogeneidad intra-clonal en la LLC, 

definiendo patrones específicos de concurrencia y mutua exclusividad entre algunas 

alteraciones genéticas. Es importante comprender cuál es el momento de la aparición de estas 

lesiones así como la contribución de cada una de ellas en la biología de la enfermedad, con 

el fin de determinar cómo la interacción entre múltiples drivers da lugar a evolución clonal y 

progresión de la LLC, así como su influencia en la respuesta al tratamiento.  

Ciertas evidencias sugieren que la expansión de clones malignos de LLC se origina a 

partir de células que han transitado, o no, a través de los centros germinales, dependiendo 

del estado mutacional de la región variable del gen de la cadena pesada de las 

inmunoglobulinas. Sin embargo, el momento específico de la hematopoyesis en el que ocurre 

el primer evento oncogénico relacionado con la LLC es un asunto controvertido que no está 

claro a día de hoy. Varios estudios han sugerido que algunas mutaciones driver de la LLC 

podrían aparecer en un estadio de maduración previo, o incluso en los propios progenitores 

hematopoyéticos CD34+. Sin embargo, se necesitan nuevas investigaciones para determinar 

si existen alteraciones genéticas específicas que aparecen de forma preferente en este estadio 

de la maduración y por lo tanto son candidatas a participar en el origen de la LLC, o bien si 

existen lesiones determinadas que aparecen en momentos más tardíos, lo que sugeriría un 

papel en el mantenimiento y expansión de la enfermedad más que en el origen en sí. Además, 

de todo el conjunto de alteraciones genéticas identificadas en la LLC, solo se ha investigado 

la presencia de mutaciones génicas específicas en los progenitores hematopoyéticos de estos 

pacientes, mientras que la existencia de algunas alteraciones citogenéticas como del(11q) no 

ha sido estudiada, lo que genera interrogantes acerca del papel de este tipo de alteraciones 

en la iniciación de la enfermedad.  

La deleción monoalélica del brazo lago del cromosoma 11, del(11q), define un subgrupo 

de pacientes de LLC de alto riesgo que se caracterizan por la presencia de linfadenopatías 

evidentes, rápida progresión de la enfermedad y supervivencia reducida. El tamaño de esta 

deleción es variable, y puede llegar a abarcar cientos de genes, de entre los cuales se ha 
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sugerido que específicamente ATM y BIRC3 podrían tener un papel en la patogénesis de la 

enfermedad, ya que se dan mutaciones de pérdida de función en ATM o BIRC3 de forma 

preferente en casos con del(11q). Se ha demostrado que la disfunción completa de las 

proteínas ATM o BIRC3 empeora el pronóstico de los pacientes de LLC con del(11q). Sin 

embargo, los determinantes biológicos por los que la concurrencia de estas alteraciones 

orquestan la progresión, evolución clonal y respuesta al tratamiento de la LLC son 

ampliamente desconocidos. Además, se han descrito otras alteraciones genéticas 

concomitantes en pacientes con del(11q), pero su papel en el pronóstico de este subgrupo 

específico de enfermos no ha sido dilucidado.  

El estudio de las implicaciones biológicas de la del(11q), así como las mutaciones 

asociadas en ATM o BIRC3 ha sido muy limitado debido a la falta de líneas celulares que 

porten estas lesiones cromosómicas específicas y a la falta de modelos murinos que 

reproduzcan la biología de la del(11q), sumado a la dificultad de manipulación de células 

primarias de LLC ex vivo. Comprender el papel que desempeñan estas alteraciones en la 

biología de la enfermedad es más relevante que nunca debido a la introducción de nuevos 

fármacos dirigidos en el algoritmo de tratamiento de la LLC, no solo para determinar qué 

subgrupos específicos de pacientes podrían beneficiarse de estas terapias, sino también para 

explorar nuevas aproximaciones terapéuticas basadas en letalidad sintética. La reciente 

introducción del sistema de edición genética CRISPR/Cas9 ha transformado nuestra 

capacidad de dilucidar la función de mutaciones driver y alteraciones cromosómicas, tanto a 

nivel in vitro como in vivo, y su aplicación en la LLC abre prometedores horizontes para 

determinar cómo interaccionan las diferentes lesiones genéticas en la patogénesis y 

evolución de la enfermedad.  

Creemos que el sistema CRISPR/Cas9 puede ser empleado para generar nuevos modelos 

in vitro e in vivo de LLC que reproduzcan de forma precisa la biología de la del(11q) y las 

mutaciones concurrentes en ATM, BIRC3 y otros genes. Estos modelos, en combinación con 

cultivos ex vivo de células primarias de pacientes con las mismas alteraciones genéticas, nos 

permitirán entender la contribución específica de cada una de estas lesiones en aspectos 

cruciales de la biología y respuesta al tratamiento de la LLC. Además, la implementación en 

paralelo de técnicas de secuenciación masiva de ADN para el estudio del perfil mutacional 

de los pacientes con del(11q) y sus progenitores hematopoyéticos, podría descifrar otras 

alteraciones genéticas con relevancia pronóstica en este subgrupo de pacientes de alto riesgo, 
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así como la contribución de la del(11q) y otras lesiones driver en el origen de la enfermedad. 

Por lo tanto, la integración del análisis genómico y de los modelos celulares generados 

mediante CRISPR/Cas9 podría ser útil para entender el papel de la del(11q) y sus alteraciones 

concurrentes en numerosos aspectos de la enfermedad: desde la iniciación a la progresión y 

evolución clonal, mejorando el tratamiento personalizado de este subgrupo de pacientes en 

base a su perfil genético. 
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Objetivo general 

 

 Profundizar en los determinantes biológicos causantes de la iniciación, progresión y 

evolución clonal de la LLC con del(11q), así como explorar nuevas vulnerabilidades 

terapéuticas en este subgrupo de pacientes, mediante la combinación de técnicas de 

secuenciación masiva, modelos in vitro isogénicos editados mediante CRISPR/Cas9, modelos 

de xenotrasplante murino in vivo y cultivos ex vivo de células primarias de LLC.  

 

Objetivos específicos 

 

1. Analizar la presencia de mutaciones génicas y alteraciones cromosómicas en 

progenitores hematopoyéticos CD34+ de pacientes de LLC para determinar el estadio 

de maduración donde estos eventos ocurren así como la contribución de estas 

lesiones al origen de la LLC.  

2. Determinar el perfil mutacional de los enfermos de LLC con del(11q) para identificar 

patrones preferentes de concurrencia o mutual exclusividad con relevancia clínica.  

3. Generar modelos isogénicos de LLC que reproduzcan la biología de la del(11q) y/o 

mutaciones de pérdida de función asociadas en los genes ATM, TP53 o BIRC3 

mediante el sistema de edición genómica CRISPR/Cas9.    

4. Evaluar el impacto funcional de la pérdida monoalélica y bialélica de ATM en la LLC 

con del(11q) a nivel de señalización en respuesta a daño en el ADN e identificar 

potenciales vulnerabilidades terapéuticas de este subgrupo de pacientes basadas en 

letalidad sintética. 

5. Caracterizar el impacto biológico de la concurrencia de alteraciones monoalélicas y 

bialélicas en los genes ATM y TP53 en la LLC con del(11q) a nivel in vitro e in vivo. 

Determinar la implicación de la combinación de estas lesiones genéticas en la 

respuesta al tratamiento.  

6. Dilucidar el efecto biológico de la pérdida de BIRC3 mediada por del(11q) y/o 

mutaciones de pérdida de función de BIRC3 en la señalización de NF-κB y en la 

desregulación de la apoptosis, así como su contribución en la progresión, respuesta 

al tratamiento y evolución clonal de la LLC.
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INTRODUCCIÓN Y OBJETIVOS 

La leucemia linfática crónica (LLC) es una neoplasia de células B maduras que presenta 

una elevada heterogeneidad a nivel genético. Tradicionalmente, se ha considerado que las 

alteraciones genéticas de la LLC aparecen en el propio linfocito B maduro, sin embargo, 

varios estudios independientes han sugerido que algunas de estas alteraciones podrían 

aparecer en estadios más tempranos de la maduración, afectando a progenitores 

hematopoyéticos CD34+. Estos estudios se han centrado principalmente en el análisis de 

mutaciones de genes driver en células CD34+ de pacientes de LLC, pero se desconoce si las 

alteraciones citogenéticas típicas de la LLC aparecen también en estadios tempranos de la 

maduración, y la presencia combinada de alteraciones citogenéticas y mutaciones génicas en 

las células CD34+ de un mismo paciente no ha sido estudiada hasta la fecha. De esta forma, 

nos propusimos analizar la presencia tanto de mutaciones somáticas como de alteraciones 

citogenéticas en células progenitoras CD34+ de la médula ósea de pacientes con LLC, con el 

fin de determinar cuáles de estos eventos ocurren en una etapa inicial de la diferenciación 

de células B.  

PACIENTES Y MÉTODOS 

Se analizaron muestras obtenidas de médula ósea de un total de 56 pacientes de LLC. De 

cada una de estas muestras, se realizó un aislamiento de la población de progenitores 

hematopoyéticos CD34+ (que incluye tanto células madre hematopoyéticas (HSCs) 

CD34+CD19- como células pro-B CD34+CD19+) y de la población de linfocitos B maduros 

CD19+ mediante separación inmunomagnética (MACS) empleando MicroBeads CD34 y 

CD19, respectivamente (Miltenyi Biotec). Se determinó la pureza de cada una de estas 

fracciones celulares mediante citometría de flujo, siendo mayor del 90% y del 98% para las 

poblaciones CD34+ y CD19+, respectivamente. Las fracción CD19+ de todos los pacientes de 

la serie fue analizada mediante hibridación fluorescente in situ (FISH) y secuenciación 

masiva (NGS) de amplicones con el sistema GS-Junior (454-Roche) para el estudio de 

alteraciones citogenéticas recurrentes y el estado mutacional de TP53 (exones 4-11), NOTCH1 

(exones 33-34), SF3B1 (exones 10-16), FBXW7 (exones 8-12), MYD88 (exones 4-5), y XPO1 

(exones 14-15). Todas las todas las mutaciones reportadas en este análisis fueron 

posteriormente investigadas en la fracción CD34+ mediante la misma metodología. Además, 

la fracción CD34+ de 9/56 pacientes fue analizada mediante FISH para determinar la 

presencia de alteraciones citogenéticas en este subtipo celular.  
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Por otro lado, se realizó separación por citometría de flujo de la subpoblación específica 

de HSCs CD34+CD19- de 7/56 pacientes, así como de poblaciones pertenecientes a otros 

linajes celulares  maduros como linfocitos T (CD3+) y monocitos (CD14+), obteniendo purezas 

mayores del 98% para todos los tipos celulares. Estas subpoblaciones fueron analizadas por 

NGS de alta profundidad en el sistema MiSeq (Illumina), obteniendo una cobertura media 

4399 lecturas por amplicón.  

RESULTADOS  

Los estudios de NGS de amplicones revelaron la presencia de un total de 28 mutaciones 

en 24 de los 56 (42,9%) pacientes de la serie. El gen más frecuentemente mutado fue NOTCH1 

(23,2%), seguido de XPO1 (8,9%), SF3B1 (7,1%), FBXW7 (5,4%), TP53 (3,6%) y MYD88 (1,8%). 

15 de estos 24 pacientes (62,5%) presentaron las mismas mutaciones en su correspondiente 

fracción CD34+. Comparando la frecuencia alélica de estas variantes entre cada una de las 

poblaciones, se pudieron distinguir principalmente dos patrones. Por un lado, la mayoría de 

las mutaciones en NOTCH1 (7/9), XPO1 (4/4) y MYD88 (1/1) mostraron una carga mutacional 

similar entre las fracciones CD19+ y CD34+. Por otro lado, las mutaciones en TP53 (2/2), 

FBXW7 (2/2) y SF3B1 (3/4) mostraron una frecuencia variante alélica considerablemente 

inferior, o incluso ausencia de mutación, en la población CD34+ en comparación con la 

fracción CD19+. El estudio de NGS de alta profundidad en 7 pacientes confirmó la presencia 

de las mutaciones de NOTCH1, XPO1, MYD88 y FBXW7 en la subpoblación CD34+CD19- de 

progenitores hematopoyéticos tempranos (6/7). Además, se detectó la presencia de alguna 

de estas mutaciones concretas (MYD88 y FBXW7) en las fracciones CD3+ y CD14+, mientras 

que las mutaciones en NOTCH1 (2/2) solo se observaron en la población CD34+CD19- y en 

los linfocitos B maduros CD19+.  Finalmente, el análisis de FISH en 9 pacientes de la serie 

reveló la presencia de del(11q) (2/2) y del(13q) (3/5) en la fracción CD34+, mientras que las 

alteraciones de IGH no fueron detectadas en esta subpoblación celular en ninguno de los 

pacientes analizados (0/2).  

En base a los resultados obtenidos mediante los estudios de NGS y FISH, las diferentes 

cargas alélicas en cada una de las alteraciones observadas en las diferentes fracciones 

celulares, así como el análisis de pacientes con alteraciones concurrentes, sugerimos un 

modelo de aparición y expansión de estas lesiones a lo largo de la diferenciación B de los 

pacientes con LLC. De esta forma, gran parte de los eventos driver de la LLC aparecerían 

inicialmente en los progenitores hematopoyéticos de estos pacientes, sin embargo, cada una 
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de estas alteraciones podría participar en el inicio de la expansión tumoral en diferentes 

estadios de la maduración. 

CONCLUSIONES 

Este estudio demuestra la presencia tanto de mutaciones genéticas como alteraciones 

cromosómicas en los progenitores hematopoyéticos CD34+ de los pacientes de LLC. En 

concreto, las mutaciones en NOTCH1 y MYD88, así como la del(11q) y del(13q) podrían 

considerarse eventos tempranos de la enfermedad, mientras que la expansión de las 

mutaciones de XPO1 tendría lugar en un estadio intermedio de la maduración B. Por otro 

lado, el origen y expansión de las mutaciones en TP53, SF3B1 y FBXW7, así como las 

alteraciones de IGH, aparecería en los linfocitos B maduros de la LLC. 
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INTRODUCCIÓN Y OBJETIVOS 

La del(11q) es una alteración citogenética frecuente que puede afectar a alrededor de un 

20% de los pacientes de LLC al diagnóstico, asociándose con una rápida progresión de la 

enfermedad y un pronóstico adverso. Aunque el tamaño de esta deleción es altamente 

variable, en la práctica totalidad casos la región mínima común delecionada incluye al gen 

supresor de tumores ATM, que además, puede estar afectado por mutaciones de pérdida de 

función en el alelo restante de un tercio de los pacientes con del(11q). Esta inactivación 

bialélica de ATM confiere un pronóstico aún más desfavorable que el de la del(11q) única, y 

también se relaciona con resistencia a regímenes de tratamiento basados en quimioterapia. 

En el contexto de los nuevos fármacos dirigidos como los inhibidores de la señalización del 

BCR o de BCL2, se desconoce la implicación pronóstica de la pérdida monoalélica o bialélica 

de ATM, sin embargo, las resistencias a estas terapias se han convertido en un reto a nivel 

clínico, lo que hace necesaria la exploración de nuevas aproximaciones terapéuticas para el 

tratamiento de la LLC de alto riesgo.  

Uno de los mayores impedimentos para el estudio de la biología de la LLC, y en especial 

de las consecuencias funcionales que tienen las distintas alteraciones en genes driver de la 

enfermedad, ha sido la falta de modelos celulares que reproduzcan de forma fidedigna estas 

lesiones. Por ejemplo, en el caso de la del(11q), no existen líneas celulares portadoras de esta 

alteración, y tampoco existen líneas celulares derivadas de LLC con mutaciones en ATM. Sin 

embargo, la reciente irrupción del sistema de edición genómica CRISPR/Cas9 ha abierto 

nuevas posibilidades para la generación rápida y eficiente de modelos isogénicos que 

reproducen mutaciones génicas y alteraciones cromosómicas diversas, entre otros tipos de 

lesiones. Por este motivo, nos propusimos emplear el sistema CRISPR/Cas9 para la 

generación de modelos celulares isogénicos derivados de LLC y portadores de del(11q) y/o 

mutaciones en ATM, con el fin de dilucidar el impacto funcional de la pérdida mono- y 

bialélica de este gen en la patogénesis de la LLC, así como de encontrar nuevas 

vulnerabilidades terapéuticas que puedan ser aprovechadas para el tratamiento de este 

subgrupo de pacientes de alto riesgo.  

PACIENTES Y MÉTODOS 

Para la generación de modelos celulares portadores de del(11q) y/o mutaciones de 

pérdida de función en ATM se emplearon las líneas celulares derivadas de LLC HG3 (que 

presenta del(13q)) y MEC1 (que presenta del(17p)). Estas líneas celulares fueron 
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transducidas de forma estable con la nucleasa Cas9. Para la generación de del(11q) se 

diseñaron dos sgRNA dirigidos a las regiones 11q22.1 y 11q22.3, separadas entre sí por 

aproximadamente 17 Mb, y se introdujeron de forma simultánea en las líneas celulares con 

expresión constitutiva de Cas9 mediante nucleofección. Se realizó una separación de célula 

única por citometría de flujo de las células positivas para ambos sgRNAs, y los clones 

resultantes se validaron por PCR y secuenciación Sanger para detectar la fusión entre ambas 

regiones cromosómicas. Además, la presencia de la del(11q) en el 100% de las células de la 

línea celular seleccionada se confirmó por FISH. Por otro lado, las mutaciones de pérdida de 

función de ATM se introdujeron en líneas celulares con o sin del(11q) mediante el diseño de 

un sgRNA frente al exón 10 de la secuencia codificante de ATM. La selección y validación de 

clones con mutaciones truncadoras de ATM en estos tipos celulares se realizó con las mismas 

metodologías que las empleadas en la generación de la del(11q), y se confirmó la ausencia 

de proteína mediante western blot. Por último, el impacto biológico y en la respuesta al 

tratamiento de estas líneas celulares se evaluó mediante diversas técnicas entre las que se 

incluyen inmunofluorescencia, ensayos de cometa, citometría de flujo, western blot, ensayos 

de viabilidad y apoptosis, migración en transwell, ensayos de recombinación homóloga y 

modelos in vivo de xenotrasplante murino.  

Para el modelo ex vivo se aislaron células mononucleadas de sangre periférica de 38 

pacientes de LLC mediante gradiente por Ficoll-Paque Plus (GE Healthcare), que fueron 

criopreservadas de forma viable hasta el momento de su análisis. Todas las muestras 

mostraron una pureza CD19+CD5+ mayor del 85% por citometría de flujo, y se analizó la 

presencia de del(11q) y otras alteraciones cromosómicas mediante FISH. Para la 

determinación del estado mutacional de ATM y otros 54 genes driver de la LLC se emplearon 

técnicas de NGS de captura (Agilent SureSelect) en la plataforma NextSeq (Illumina). Los 

experimentos de viabilidad ex vivo se realizaron en un sistema de co-cultivo con células 

estromales HS5 en suplementación de CpG-ODN e IL-2, y el análisis de viabilidad se realizó 

por medición de ATP mediante Cell-Titer Glo (Promega).  

RESULTADOS 

Mediante el empleo del sistema CRISPR/Cas9 se generaron de forma eficiente líneas 

celulares HG3 con del(11q) y/o mutaciones truncadoras de ATM (tres clones diferentes por 

condición), así como líneas celulares MEC1 con mutaciones truncadoras de ATM (tres clones 

independientes). A nivel biológico, las células con del(11q), y en mayor medida aquellas con 
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pérdida bialélica de ATM, tanto en los modelos in vitro generados por CRISPR/Cas9, como 

en el modelo ex vivo con células primarias, mostraban deficiencias en la señalización de daño 

en el ADN en forma de roturas de doble cadena, así como defectos en la reparación de estas 

lesiones y acumulación de daño en el ADN. Además, observamos que las células con pérdida 

bialélica de ATM eran hipersensibles al tratamiento con el inhibidor de PARP olaparib in 

vitro, in vivo y ex vivo.  

En base a estos resultados, evaluamos la actividad farmacológica de olaparib en 

combinación con el inhibidor de BCR ibrutinib, demostrando sinergismo en la reducción de 

la viabilidad de las líneas celulares con del(11q). Asimismo, estudiamos el efecto ex vivo de 

esta combinación en presencia del microambiente tumoral en una cohorte de 38 LLCs, 

revelando que las células primarias de aquellos pacientes con pérdida bialélica de ATM eran 

especialmente sensibles a este tratamiento combinado. Además, al profundizar en el posible 

mecanismo de sinergia de esta combinación, mostramos que la acción de ibrutinib tiene un 

efecto off-target en la reparación por recombinación homóloga debido a defectos en la 

formación de focos de reparación de RAD51 en un proceso dependiente de la señalización 

de PI3K, lo que se traduce en una acción inhibitoria de esta vía de reparación y mayores 

niveles de daño en el ADN que acaban siendo letales para la célula, especialmente en 

presencia de inductores de daño en el ADN como la bendamustina.  

CONCLUSIONES 

Este estudio demuestra que la técnica de edición genética CRISPR/Cas9 es una 

herramienta eficaz para la generación de modelos celulares que reproducen las alteraciones 

genéticas características de la LLC. Específicamente, este sistema puede ser empleado para 

la generación de mutaciones génicas de pérdida de función como grandes deleciones 

cromosómicas, de forma individual o combinada. Gracias a ello, hemos podido generar 

modelos celulares de del(11q) y/o mutaciones en ATM únicos hasta el momento para el 

estudio en profundidad de la biología de la LLC.  

Mediante el empleo de estos modelos celulares, así como de modelos in vivo de 

xenotrasplante murino y modelos ex vivo con células primarias, hemos demostrado que a 

nivel biológico, la pérdida monoalélica y bialélica de ATM da lugar a defectos en la 

señalización en respuesta a daño en el ADN y aumento de la inestabilidad genética, así como 

una hipersensibilidad específica a inhibidores de PARP en los casos con inactivación bialélica 

de ATM con del(11q) y mutación. Además, las células de pacientes pertenecientes a este 
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subgrupo de alto riesgo son especialmente sensibles a la combinación de olaparib e ibrutinib, 

que tiene un efecto sinérgico y anti-proliferativo en las células de LLC causado por la 

desregulación de RAD51 mediada por ibrutinib a través de la vía de PI3K. De esta forma, 

nuestros resultados aportan evidencia pre-clínica para el empleo de esta combinación en 

pacientes de LLC con del(11q) e inactivación bialélica de ATM.   
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INTRODUCCIÓN Y OBJETIVOS 

Estudios de secuenciación del exoma y del genoma completo de la LLC han identificado 

la presencia de un gran número de alteraciones genéticas driver implicadas en la patogénesis 

y evolución de esta enfermedad. Además, estos análisis han revelado que muchas de estas 

lesiones suelen coexistir en un mismo clon tumoral, pero se desconoce cómo la cooperación 

entre múltiples alteraciones genéticas en un mismo clon contribuye a la progresión de la 

enfermedad. Asimismo, también se han revelado patrones de mutua exclusividad entre 

algunas de estas alteraciones, aunque las causas biológicas por las que estos eventos nunca 

tienen lugar en un mismo clon también son desconocidos.  

En el caso concreto de la LLC de alto riesgo, conformada por los subgrupos citogenéticos 

con alteraciones en del(11q)/ATM o del(17p)/TP53, apenas se ha estudiado el impacto de la 

concurrencia de estos dos tipos de alteraciones a nivel clínico. Asimismo, se desconoce cuál 

podría ser el impacto biológico de la combinación de estas alteraciones a nivel de evolución 

clonal y respuesta al tratamiento. Por todas estas razones, este trabajo se planteó como 

objetivo la determinación del impacto clínico de las alteraciones concurrentes en 

del(11q)/ATM y del(17p)/TP53 en la LLC, así como la evaluación funcional in vitro e in vivo 

de la concurrencia de estas lesiones en modelos celulares generados mediante CRISPR/Cas9.  

PACIENTES Y MÉTODOS 

Para este estudio, se empleó una cohorte de 271 pacientes de LLC de las que se disponían 

datos clínicos completos y datos de FISH, de los cuales 47/271 (17,3%) presentaban del(11q). 

Se analizó el estado mutacional de 54 genes driver de la LLC, incluyendo ATM y TP53, en la 

cohorte completa mediante NGS de captura (Agilent, SureSelect) en la plataforma NextSeq 

(Illumina). El análisis estadístico de supervivencia, así como las asociaciones entre 

parámetros clínicos y biológicos se llevaron a cabo en el software SPSS v23.0 (IBM Corp.).  

Para el estudio biológico de la concurrencia de alteraciones en ATM y TP53, se generaron 

modelos celulares mediante la metodología de edición genética CRISPR/Cas9 de la misma 

forma que la mencionada en el capítulo anterior, empleando los mismos sgRNAs para la 

generación de la del(11q) y las mutaciones (mut) de ATM, y diseñando sgRNAs específicos 

dirigidos al exón 4 de TP53. Específicamente, se generaron líneas celulares HG3 con las 

siguientes alteraciones: HG3-del(11q), HG3 TP53MUT, HG3-del(11q) TP53MUT y HG3-del(11q) 

ATMMUTTP53MUT. Para la caracterización in vitro del efecto biológico de estas alteraciones se 
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realizaron ensayos de crecimiento celular, tinción Giemsa, ciclo celular en respuesta a roturas 

de doble cadena en el ADN, western blot y ensayos de viabilidad en respuesta a fármacos. 

Para el estudio in vivo de xenotrasplante murino, se emplearon ratones inmunodeficientes 

de la cepa NOD-scid IL2Rγ-/- (NSG) y se realizaron análisis de competición clonal mediante 

inyección intravenosa simultánea de varios clones en un mismo animal, haciendo un 

seguimiento de los clones por citometría de flujo en bazo y médula ósea 7 y 14 días después 

de la inyección. Además, se realizó un experimento de supervivencia global en animales 

inyectados de forma individual con cada una de las condiciones del estudio.  

RESULTADOS 

El análisis de NGS reveló en primer lugar que la gran mayoría (93,6%) de pacientes de 

LLC con del(11q) presentaba alguna alteración en los genes driver analizados. Con respecto 

al perfil mutacional específico de este subgrupo de pacientes, validamos que presentaban 

una alta concurrencia de mutaciones en ATM y BIRC3. Por otro lado, el análisis de la 

presencia conjunta de alteraciones en del(11q)/ATM y del(17p)/TP53 reveló que las 

alteraciones bialélicas en ATM y TP53 eran mutuamente excluyentes, ya que de hecho 

ningún paciente de la serie presentaba esta combinación de eventos. Sin embargo, 

detectamos un subgrupo de pacientes que presentaban del(11q) monoalélica (sin mutación 

de ATM en el alelo restante),  y alteraciones en del(17p)/TP53. Este subgrupo presentaba una 

supervivencia global significativamente inferior a los pacientes que portaban estas 

alteraciones de forma individual. 

La caracterización funcional de líneas celulares de LLC portadoras de estas alteraciones 

reveló que los clones HG3-del(11q) TP53MUT presentaban mayores tasas de crecimiento in 

vitro en comparación con las células HG3-del(11q), mientras que los clones HG3-del(11q) 

ATMMUTTP53MUT mostraban una morfología atípica, defectos en la mitosis y el ciclo celular y 

marcada disminución de la capacidad de crecimiento, en concordancia con la mutua 

exclusividad de estos eventos observada en los pacientes. Por otro lado, el estudio de 

competición clonal in vivo reveló que los clones HG3-del(11q) TP53MUT tenían una mayor 

ventaja clonal tanto en médula ósea y en bazo, lo que se traducía en una reducción de la 

supervivencia global en comparación con los ratones trasplantados con clones HG3-del(11q). 

Además, las células HG3-del(11q) ATMMUTTP53MUT presentaban ausencia de capacidad de 

competición in vivo. Finalmente, el estudio de respuesta a fármacos reveló que las líneas 

celulares portadoras de del(11q) y mutaciones en TP53 presentaban solo respuestas parciales 
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al tratamiento con inhibidores de BTK (ibrutinib) y PI3K (idelalisib), mientras que obtenían 

un beneficio del tratamiento con el inhibidor de ATR AZD6738 similar al observado en las 

células sin estas alteraciones.  

CONCLUSIONES 

Este estudio muestra que la del(17p) y/o mutaciones en TP53 pueden aparecer en un 

subgrupo de pacientes de LLC con del(11q), confiriendo una ventaja clonal in vivo, lo que se 

traduce en una reducción de la supervivencia global para los pacientes portadores de estas 

alteraciones. Además, nuestro empleo combinado de NGS y modelos celulares editados 

mediante CRISPR/Cas9 indica que las alteraciones bialélicas en ATM y TP53 dan lugar a 

defectos en la mitosis y limitaciones en la capacidad de competición clonal in vitro e in vivo, 

descifrando por primera vez las bases biológicas de la exclusividad mutua entre dos 

alteraciones en la LLC. Finalmente, nuestros resultados sugieren que el subgrupo de 

pacientes con alteraciones simultáneas en del(11q) y TP53 podrían presentar peores 

respuestas al tratamiento con inhibidores de BTK o PI3K que aquellos pacientes sin estas 

alteraciones, mientras que se podrían beneficiar del tratamiento con inhibidores de ATR. 
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INTRODUCCIÓN Y OBJETIVOS 

El gen BIRC3 aparece mutado de forma recurrente en un 2,5-10% de los casos de LLC al 

diagnóstico o en el momento previo al tratamiento. Este gen se localiza en la región 

cromosómica 11q22.2 y se encuentra delecionado en aproximadamente un 80% de los casos 

de LLC con del(11q). Además, el 10% de estos pacientes presenta mutaciones de pérdida de 

función en el otro alelo del gen, confiriendo un pronóstico desfavorable. Además, algunos 

estudios han reportado que los pacientes refractarios o en recaída tras el tratamiento con 

fludarabina u otros regímenes basados en quimioinmunoterapia están enriquecidos en 

mutaciones de este gen, aunque se desconocen las causas biológicas por las cuales este tipo 

de mutaciones podrían conferir resistencia a estos fármacos.  

A nivel biológico, BIRC3 es un regulador negativo de la ruta no canónica de NF-κB, y las 

mutaciones de pérdida de función en este gen producen una activación constitutiva de esta 

vía de señalización. Sin embargo, se desconoce el impacto biológico de la pérdida 

monoalélica de este gen a través de la del(11q), así como las causas por las cuales la pérdida 

bialélica de BIRC3 por del(11q) y mutación puede dar lugar a una progresión de la 

enfermedad. Además tampoco existen modelos celulares de LLC que reproduzcan este tipo 

de alteraciones, lo que dificulta el estudio de estos aspectos de la biología de este gen driver 

de la LLC. De esta forma, nos propusimos generar modelos celulares isogénicos portadores 

de del(11q) y/o mutaciones en BIRC3 mediante CRISPR/Cas9, con el fin de dilucidar el 

impacto funcional de la pérdida mono- y bialélica de este gen en la ruta de NF-κB y en la 

apoptosis, así como su implicación en los procesos de evolución clonal, respuesta al 

tratamiento y progresión de la LLC mediante un estudio integrativo a nivel in vitro, in vivo y 

ex vivo.  

PACIENTES Y MÉTODOS 

Para la generación de líneas celulares con del(11q) y/o mutaciones de pérdida de función 

en BIRC3 se empleó la herramienta de edición genética CRISPR/Cas9 partiendo de las líneas 

celulares HG3-Cas9 con o sin del(11q) y MEC1-Cas9 generadas en nuestro estudios previos. 

Se diseñaron sgRNAs frente a los exones 2 y 7 de BIRC3 para reproducir mutaciones 

observadas en pacientes que afectan a diferentes dominios de la proteína, y la selección y 

validación de las mutaciones se realizó por secuenciación Sanger y western blot como en los 

estudios anteriores. Para el estudio del impacto biológico de estas mutaciones en la ruta de 

NF-κB y en la apoptosis, se realizaron ensayos actividad nuclear de los factores de 
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transcripción de NF-κB mediante ELISA y western blot. Para la evaluación de la respuesta a 

fármacos de estas líneas se realizaron estudios de viabilidad mediante MTT, medición de 

apoptosis por citometría de flujo mediante marcaje con anexina V y ioduro de propidio, y 

ciclo celular. La capacidad de crecimiento y evolución clonal se estudió mediante ensayos de 

viabilidad, ciclo celular y competición clonal in vitro, así como en un modelo in vivo de 

xenotrasplante murino en el que se estudió la diseminación de cada uno de los clones con 

diferentes alteraciones en el bazo mediante citometría de flujo e inmunohistoquímica.  

El estudio ex vivo se realizó en células mononucleadas de sangre periférica de una cohorte 

de 22 pacientes de LLC con datos de la presencia de del(11q) y el estado mutacional de BIRC3 

obtenidos mediante FISH y NGS (Agilent SureSelect), de los cuales 11/22 presentaban 

alteraciones en BIRC3. Las células fueron cultivadas en un sistema de co-cultivo con células 

estromales HS5 en suplementación con CpG ODN e IL-2. Se evaluó la actividad de los 

factores de transcripción de la ruta no canónica de NF-κB p52 y RelB mediante ELISA, así 

como los niveles de proteínas implicadas en esta ruta y en la apoptosis en 7 pacientes con 

del(11q), de los cuales 4 incluían BIRC3 en la región delecionada y 3 no incluían BIRC3 dentro 

de la del(11q).  

RESULTADOS 

El análisis de la actividad nuclear de todos los factores de transcripción de la familia de 

NF-κB reveló que la pérdida monoalélica de BIRC3 mediante del(11q) producía un 

incremento en la actividad de los factores RelB y p52, implicados en la vía no canónica. 

Además, mostramos que este efecto es dependiente de la dosis alélica de BIRC3, ya que las 

células con pérdida bialélica de este gen (por del(11q) y mutación truncadora en el otro alelo) 

tienen aun mayor actividad de la ruta no canónica de NF-κB. A nivel del resto de los 

componentes de la ruta, observamos que la pérdida bialélica de BIRC3 favorece la 

estabilización citoplasmática de NIK y los eventos de fosforilación y translocación nuclear 

subsecuentes, lo que finalmente resulta en un incremento de los niveles de proteínas anti-

apoptóticas BCL2 y BCL-xL. Además, el tratamiento con el inhibidor de NIK, NIK SMI1, era 

capaz de inhibir esta sobreexpresión de proteínas anti-apoptóticas en las células con pérdida 

bialélica de BIRC3.  

A nivel ex vivo, validamos que los pacientes con alteraciones en BIRC3 presentaban 

mayor actividad transcripcional de p52 y RelB, incremento de los niveles proteicos de NIK 

en incremento de los niveles de BCL2. Además, cabe destacar que detectamos una 
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correlación directa entre el porcentaje de alteración de BIRC3, los niveles de p52 y la 

expresión proteica de BCL2. En base a estos resultados, testamos la sensibilidad de los 

modelos celulares previamente generados mediante CRISPR/Cas9, observando que las 

células con pérdida bialélica de BIRC3 eran más sensibles a venetoclax (inhibidor de BCL2) 

y A-1331852 (inhibidor de BCL-xL). Por otra parte, estudios de respuesta a fludarabina no 

mostraron diferencias en la respuesta al tratamiento de los clones con alteraciones de BIRC3, 

cosa que sí observamos en controles de resistencia con mutaciones en TP53, lo que indica 

que las alteraciones de BIRC3 no son capaces de conferir resistencias por sí solas al 

tratamiento con este fármaco.  

Por último, estudiamos el impacto de las alteraciones de BIRC3 en el crecimiento de las 

células de LLC, demostrando que la pérdida bialélica del gen, por del(11q) y mutación, 

confería un incremento de la viabilidad, proliferación y competición clonal in vitro, lo que 

podía ser contrarrestado mediante inhibición farmacológica de NIK. Asimismo, el modelo 

in vivo de xenotrasplante murino reveló que las células con pérdida bialélica de BIRC3 tenían 

una ventaja significativa de invasión del bazo de los ratones 14 días después de la inyección 

intravenosa, en comparación con las células sin estas alteraciones.  

CONCLUSIONES  

En resumen, este trabajo demuestra que la pérdida bialélica de BIRC3, causada por la 

concurrencia entre la del(11q) y una mutación de pérdida de función de este gen en el otro 

alelo, desencadena la activación constitutiva de la ruta no canónica de NF-κB, dando lugar a 

una sobreexpresión de BCL2 y confiriendo una ventaja clonal de las células portadoras de 

estas alteraciones. Estos datos aportan un significado biológico al impacto pronóstico 

adverso observado en los pacientes con este tipo de alteraciones, que una reducción 

significativa en el tiempo hasta el primer tratamiento. Por lo tanto, los pacientes 

pertenecientes a este subgrupo deberían considerarse como individuos con un alto riesgo de 

progresión, que a su vez podrían beneficiarse del tratamiento con regímenes basados en 

venetoclax. 
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1. Las alteraciones cromosómicas y mutaciones en genes driver no están presentes 

exclusivamente en los linfocitos B maduros, sino también en los progenitores 

hematopoyéticos CD34+ de los pacientes de LLC. Específicamente, la del(11q) y la 

del(13q), así como las mutaciones NOTCH1 y MYD88 son eventos tempranos en la 

hematopoyesis de la LLC, mientras que las alteraciones de IGH y las mutaciones de 

TP53, SF3B1 y FBXW7 emergen en estadios posteriores de la maduración de la célula 

B.  

2. La mayoría de los pacientes de LLC con del(11q) presenta mutaciones adicionales en 

genes driver de la LLC. El perfil mutacional de estos pacientes se caracteriza por una 

alta concurrencia de mutaciones en ATM, TP53 y BIRC3.  

3. Los modelos isogénicos generados mediante CRISPR/Cas9 representan una 

herramienta novedosa y eficaz para determinar la implicación individual o 

combinada de alteraciones driver en diversos procesos celulares y evolución clonal. 

Además, estos modelos proporcionan una plataforma innovadora para el estudio 

pre-clínico de la respuestas terapéuticas en base a un genotipo específico en la LLC.  

4. La pérdida monoalélica de ATM a través de la del(11q) produce defectos en la 

señalización y reparación de roturas de doble cadena, dando lugar a acumulación de 

daño en el ADN. Estos defectos se incrementan en la presencia de mutaciones de 

pérdida de función en el alelo restante de ATM. Las células de LLC con inactivación 

bialélica de ATM muestran hipersensibilidad a la inhibición de PARP in vitro, in vivo 

y ex vivo.  

5. La inhibición simultánea de BCR y PARP a través de la combinación de ibrutinib y 

olaparib es sinérgica en líneas celulares y células primarias de pacientes de LLC con 

alteraciones en del(11q)/ATM, superando la inducción de proliferación mediada por 

el microambiente del estroma. El mecanismo de sinergia de esta combinación se basa 

en un efecto off-target de ibrutinib en la reparación por recombinación homóloga a 

través de defectos en la formación de focos de RAD51 en las roturas de doble cadena, 

lo que da lugar a una acumulación letal de daño en el ADN en las células de LLC con 

del(11q).  

6. Las lesiones bialélicas en ATM y TP53 son mutuamente excluyentes en la LLC. A 

nivel de mecanismo, la combinación de ambos eventos da lugar e defectos en la 
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mitosis y disminución de la capacidad proliferativa in vitro, sumado a una 

adaptabilidad clonal deficiente a nivel in vivo.  

7. La combinación de del(11q) monoalélica y alteraciones en TP53 define a un subgrupo 

de LLC de riesgo extremo con una supervivencia global inferior a los pacientes que 

presentan estas alteraciones de forma individual. La del(11q) coopera con la pérdida 

de TP53 para inducir ventaja clonal in vitro e in vivo, así como para alterar la respuesta 

in vitro a inhibidores de BCR o BTK.  

8. Las mutación y/o deleción de BIRC3 a través de la del(11q) activa la vía no canónica 

de NF-κB mediante la estabilización citoplasmática de NIK y la translocación nuclear 

y activación del heterodímero RelB-p52, lo que resulta en sobreexpresión de BCL2 y 

define una vulnerabilidad específica de este genotipo al tratamiento con venetoclax. 

Además, la activación de la vía no canónica de NF-κB dependiente de BIRC3 puede 

ser suprimida mediante inhibición farmacológica de NIK con NIK SMI1.  

9. La mutación de BIRC3 en el alelo restante de las células de LLC con del(11q) produce 

un incremento aún mayor de la actividad de la vía no canónica de NF-κB, confiriendo 

ventaja clonal  in vitro y acelerando la progresión leucémica en un modelo de 

xenotrasplante murino in vivo. Estos resultados aportan una explicación biológica del 

impacto pronóstico negativo de la inactivación bialélica de BIRC3 en los pacientes de 

LLC.  
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ADDITIONAL TABLES – CHAPTER 1 
 
Additional Table 1. Clinico-biological characteristics from CLL patients. 

Characteristic Category  

Age (years)  61 [25-91] 

Gender Male 55.4% 

Binet Clinical Stage A 70.3% 

 B 27% 

 C 2.7% 

Lymphadenopathies Yes 51.4% 

Splenomegaly Yes 15.8% 

Hepatomegaly Yes 7.9% 

Leukocyte count (x109/L)  16.7 [5.1-369] 

Lymphocyte count (x109/L)  10.3 [1.5-355] 

Platelet count (x109/L)  173 [83-337] 

Hemoglobin (g/dL)  14.1 [7.2-16.6] 

Serum LDH High 3% 

Serum β2microglobulin High 29.2% 

IGHV mutational status Unmutated 53.6% 

CD38 expression Positive 10.6% 

FISH Normal 30.4% 

 11q- 11.3% 

 +12 17% 

 13q- 46.3% 

 IGH alterations 9.3% 

 17p- 1.9% 

First Therapy* Yes 84.2% 

Median TFT** (months)  35 

Died during follow-up Yes 11.4% 

Median OS*** (months)  76 

*13 BM samples were collected after treatment. 
**TFT: Time to first therapy; ***OS: Overall Survival.   
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Additional Table 2. Illumina Primer Design. 

Gene Exon Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Amplicon 

Product 
Length (bp) 

FBXW7 9 GTGTTTTTCCAGTGTCTGAGAACAT AGAAGTCCCAACCATGACAAGA 227 

MYD88 4 TCCCAGGGGATATGCTGAAC ATTCTCTTGCCAGAGCAGGG 183 

NOTCH1 34 TGACCGCAGCCCAGTTC ACTTGAAGGCCTCCGGAATG 240 

SF3B1 14 TACCAACTCATGACTGTCCTTTC CAGTGTGTCTCGCTTGCCA 224 

XPO1 15 AGTAGGTCAATACCCACGTTTT TCACAAGCCATATCCTGGACTC 243 

 
 
 
 
Additional Table 3. Validation of mutations detected at low frequency by ultra-deep NGS 
in flow-sorted cell fractions using 454 sequencing. 

Patient ID Mutated Gene %mut CD34+CD19-  %mut CD3+ %mut CD14+ 

13 MYD88 7.1 1.3 3.7 

31 NOTCH1 2.7 0 - 

37 XPO1 -  2.3 - 

42 NOTCH1 5.1 0 - 

50 SF3B1 1.6  - - 

57 FBXW7 4.4 0.9 - 
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Additional Table 4. Patients characteristics regarding the presence of mutations in CD34+ 
progenitors 

Characteristic Category 
Patients with mutated 
CD34+ cells (n=15) (%) 

Patients with unmutated 
CD34+ cells (n=41) (%) P 

Age (years)  61 [50-83] 61 [25-91] 0.749 

Leukocytes, range /µL  26200 [5090-369000] 15900 [7200-279000] 0.226 

Lymphocytes, range /µL  20300 [1520-355000] 9100 [3400-270000] 0.226 

Platelet count, range /µL  137000 [83000-213000] 176000 [95000-337000] 0.416 

Hemoglobin, range g/dL  12.8 [7.2-16.2] 14.5 [8.0-16.6] 0.08 

IGHV Unmutated 86.7 42.5 0.003 

CD38 Positive 7.1 12.1 0.613 

FISH 11q- 14.3 10.3 0.683 

 +12 7.1 20.5 0.253 

 13q- 53.3 43.6 0.520 

 IGH alt 7.1 10.0 0.751 

 17p- 0 2.6 0.545 

Sex Male 40.0 61.0 0.162 

Β2microglobulin High 62.5 12.5 0.011 

Binet Stage B and C 44.4 25.0 0.267 

Lymphadenopathy Yes 50.0 52.0 0.915 

Hepatomegaly Yes 20.0 3.6 0.098 

Splenomegaly Yes 30.0 10.7 0.151 

Died during follow-up Yes 23.1 0 0.007 

Therapy during follow-up Yes 90.9 80.8 0.444 
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Additional Table 5. Patients characteristics regarding the mutational burden maintenance 
or decrease in CD34+ progenitors.  

Characteristic Category 
Mutations maintained on 
CD34+ progenitors (n=12) 

(%) 

Mutations decreased on 
CD34+ progenitors (n=8) 

(%) 
P 

Age (years)  60 [50-83] 67 [60-82] 0.302 

Leukocytes, range /µL  18000 [5090-369000] 26400 [11900-87300] 1.0 

Lymphocytes, range /µL  13900 [1520-355000] 21100 [7200-74900] 1.0 

Platelet count, range /µL  150000 [100000-226000] 116000 [83000-262000] 1.0 

Hemoglobin, range g/dL  12.6 [7.2-16.2] 14.6 [8.0-15.3] 1.0 

IGHV Unmutated 92.3 57.1 0.061 

CD38 Positive 0 14.3 0.179 

FISH 11q- 15.4 0 0.310 

 +12 0 33.3 0.028 

 13q- 46.2 42.9 0.888 

 IGH alt 15.4 0 0.310 

 17p- 0 0 - 

Sex Male 30.8 71.4 0.081 

Β2microglobulin High 50.0 100 0.197 

Binet Stage B and C 33.3 50.0 0.569 

Lymphadenopathy Yes 44.4 25.0 0.506 

Hepatomegaly Yes 22.2 0 0.255 

Splenomegaly Yes 22.2 20.0 0.923 

Died during follow-up Yes 27.3 33.3 0.793 

Therapy during follow-up Yes 90.0 100.0 0.464 

 
 
 
Additional Table 6. Treatments prior bone marrow extraction of 4 CLL patients who 
relapsed and correlation with the CD19+ and CD34+ mutational status. 

 
  

Patient 

ID 

Last treatment before BM 

extraction 

Time between last dose and 

BM extraction (months) 

Mutated 

Gene 
%CD19 %CD34 

8 Lenalidomide + Rituximab 18 NOTCH1 97.5 79.5 
33 Fludarabine + Rituximab 36 NOTCH1 41.0 40.5 

34 Bendamustine 27 
NOTCH1 50.0 51.5 

XPO1 24.5 24.5 
43 Chlorambucil + Obinutuzumab 31 SF3B1 47.5 45.0 
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ADDITIONAL FIGURES – CHAPTER 1 
 

 
Additional Figure 1. Representation of the purity analysis of FACS sorted cell 
populations. CD34+CD19-hematopoietic stem cells; CD19+ B lymphocytes; CD3+ T 
lymphocytes; CD14+ monocytes. 
 
 

 
Additional Figure 2. Kaplan-Meier analysis of overall survival (A) and time to first 
therapy (B) in patients with mutations in their CD34+ progenitors.



  Supplementary Appendix 

  291 

 
 

 

SUPPLEMENTARY APPENDIX – CHAPTER 2 

 
 

 
 
SUPPLEMENTAL METHODS 

Cell lines and culture conditions 

The human CLL-derived cell lines HG3 and MEC1 were purchased from DMSZ 

(Deuthche Sammlung von Mikroorganismen and Zellkulturen). HG3 cells were cultured in 

RPMI 1640 medium (Life Technologies) supplemented with 15% Fetal Bovine Serum (FBS), 

1% glutaMAX and 1% penicillin/streptomycin (Life Technologies). MEC1 cells were cultured 

in Iscove’sMDM medium (Lonza) supplemented with 10% FBS, 1% glutaMAX and 1% 

penicillin/streptomycin. HEK 293T cells and HS-5 bone marrow stromal cells were obtained 

from DMSZ and ATCC (American Type Culture Collection), respectively, and used for 

lentiviral production and primary CLL co-cultures, respectively. They were maintained in 

DMEM (Life Technologies) supplemented with 10% FBS, 1% glutaMAX and 1% 

penicillin/streptomycin. All cell lines were incubated at 37ºC in a 5% CO2 atmosphere. The 

presence of mycoplasma was tested frequently in all cell lines with MycoAlert kit (Lonza), 

only using mycoplasma-free cells in all the experiments carried out. 

Drugs and Reagents 

Olaparib and ibrutinib, were obtained from LC Laboratories, bendamustine and 

copanlisib were from Selleckchem and B02 was from Sigma. For the in vitro experiments, all 

drugs were resuspended in DMSO (Sigma). In the in vivo model, olaparib was prepared in 
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2-hydroxyl-propyl-B cyclodextrin 10% (Sigma) in phosphate-buffered saline (PBS) plus 10% 

DMSO. 

Next-Generation Sequencing 

A targeted-capture next-generation sequencing (NGS) strategy was used to analyze the 

mutational status of ATM, BIRC3, NOTCH1, TP53, SF3B1, XPO1, MYD88 and FBXW7. These 

genes were included in a custom-panel of 57 genes previously reported as mutated in CLL 

or involved in the disease pathogenesis1,2 following the approach of Agilent SureDesign. 

Sequence data generated by Illumina NextSeq 500 was analyzed by an in-house 

bioinformatic pipeline mapping reads to the Reference Human Genome (hg19). Burrows-

Wheeler-Aligner (BWA) and Genome Analysis Tool Kit (GATK) were used for variant-

calling of single nucleotide variants (SNVs) and short insertions/deletions (InDels)3. 

Supplementary Table S2 shows the regions analyzed for this study and the coverage data for 

each gene. Filters were set to display sequence variants occurring in more than 2% of reads. 

Variants were then filtered according to the severity of the consequence, to accept variants 

leading to an amino acid change in the protein sequence (missense, nonsense, frameshift) 

and those in the splice site. Minor allelic frequencies (MAFs) were consulted in the Exome 

Variant Server, 1000 Genomes Browser and exome aggregation consortium (ExAC) 

databases; removing those with a MAF of >1%. Several in silico tools such as Sorting 

Intolerant From Tolerant (SIFT) and Polymorphism Phenotyping v2 (PolyPhen-2) (HDIV 

and HVAR scores) were used to predict the functional effects and pathogenicity of the novel 

variants. All accepted mutations were reviewed individually by Integrative Genomics 

Viewer (IGV) (Broad Institute, Cambridge, MA, USA) software. Supplementary Table S3 

shows the list of mutations in CLL patients.  

Lentiviral production and cell transduction 

The lentiviral constructions were co-transfected in addition to pMD2.G (Addgene 

#12259) and psPAX2 (Addgene #12260) into HEK 293T using Lipofectamine 2000â (Life 

Technologies). Supernatant containing the lentiviral particles was collected 48 and 72 hours 

after transfection and subsequently concentrated using Lenti-X concentratorâ (Clontech). For 

transduction, fresh lentiviruses were used to infect 5 x 105 cells cultured in medium 

supplemented with 8 µg/mL polybrene and seeded in a 24-well plate.  
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Lentiviral particles containing plasmids for expression of Cas9 and blasticidine were 

transduced into each cell line and selected by blasticidine (20 µg/ml) for two weeks4. Cas9 

activity was tested using a previously reported system5. 

pLKO5 vectors carrying the desired sgRNAs were packed into lentiviral particles and 

transduced in Cas9-expressing HG3 and MEC1 cell lines. 72 hours after transduction, GFP+ 

and/or RFP+ cells were flow-sorted and single-cell seeded in 96-well plates. Clones were 

analyzed by Sanger sequencing to investigate the presence of mutations at the cut sites. 

sgRNAs nucleofection 

To generate del(11q) in HG3 cells, pLKO5 vectors targeting both 11q22.1 and 11q23.3 

were nucleofected simultaneously using the Cell Line V Nucleofector Kit (Lonza). Clones 

were analyzed by Sanger sequencing to investigate the presence of the fusion region between 

11q22.1 and 11q23.3 and the positive clones were validated by fluorescence in situ 

hybridization (FISH). 

PCR and sequencing of sgRNA target sites 

Genomic DNA (gDNA) was extracted using the QIAampDNA Micro Kit (Qiagen) 

following the manufacturer’s instructions. PCR was performed using primers flanking the 

target sites for the sgRNAs (Table S4). For screening the loss-of-function mutations, PCR 

products were purified using High Pure PCR Product Purification Kit (Roche) and resulting 

indels at the expected locations were confirmed by Sanger sequencing. The efficiency of the 

sgRNAs was assessed by Tracking of Indels by Decomposition (TIDE) software (https://tide-

calculator.nki.nl; Netherlands Cancer Institute)6. For del(11q), the resultant product was 

screened by a pair of primers flanking upstream and downstream of the 2 sgRNA cleavage 

sites for each deletion. In the absence of deletion, this product is too large to be efficiently 

amplified. Two additional pair of primers flanking each sgRNA target site being one of the 

primers internal to the sequence to be deleted were used to characterize the non-deleted 

allele in monoallelic deletion clones. 

Fluorescence in situ hybridization 

Interphase FISH was carried out in primary CLL samples as well as CRISPR/Cas9 

generated cell lines using the commercially available probes: 11q22/ATM, 12p11.1-q11 (alpha 

satellite), 13q14 and 17p13/TP53 (Vysis/Abbott Co, Abbott Park, IL, USA). Dual-color FISH 

using differently labeled control and test probes was implemented following the methods 

previously described7.  
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Flow cytometry 

Virally transduced cell lines were single-cell sorted by fluorescence-activated cell sorting 

(FACS) in a FACS Aria cytometer (BD Biosciences) using two strategies: 1) for 11q deletion, 

GFP and RFP double positive cells were sorted; 2) for loss-of-function mutated cells, either 

RFP and/or GFP cells were selected. 

In addition, Cas9 activity of HG3-Cas9 and MEC1-Cas9 cell lines transduced with pXPR-

011 plasmid was assessed by flow cytometry. Cells were washed twice in PBS and the 

samples and the data were acquired in an Accuri C6 Flow Cytometer and analyzed using 

Flowjo software. 

Western blot analysis 

For whole cell-lysates, cells were washed with PBS and lysed in ice-cold lysis buffer (140 

mmol/l NaCl, 50 mmol/l EDTA, 10% glycerol, 1% Nonidet P-40, 20 mmol/l TrisHCl pH 7) 

containing protease inhibitors (cOmpleteä) (Roche). Protein concentration was measured 

using the Bradford assay (BioRad). Protein samples were subjected to SDS-PAGE and 

transferred to a nitrocellulose membrane (GE Healthcare). After blocking, membranes were 

incubated with anti-human antibodies. The following primary antibodies purchased from 

Cell Signaling Technologies were used: anti-ATM (#2873, Rabbit), anti-PARP1 (#9542, 

Rabbit), anti-p-BTK (#5082, Rabbit), anti-BTK (#8547, Rabbit), anti-p-AKT (#9271, Rabbit), 

anti-AKT (#9272, Rabbit), anti-HMGB1 (#3935, Rabbit), anti-b-actin (#4967, Rabbit), anti-

Vinculin (#4650, Rabbit), anti a/b tubulin (#2148, Rabbit) and anti-GAPDH (#5174, Rabbit). 

Horseradish peroxidase-linked anti-rabbit antibody (#7074, Cell Signaling Technologies) 

was used as secondary antibody at 1:5,000 dilution. Antibody signal was detected using 

ECLä Western Blotting Detection Reagents (RPN2209, GE Healthcare). 

Viability assay 

Cell proliferation was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma-Aldrich). After drug 

treatment, cells were incubated for 2h with a 1:10 MTT solution and subsequently added 1:2 

SDS-HCl in agitation for 6 hours. Absorbance was read on an Infinite® F500 Tecan plate 

reader (Tecan) at 570nm. To define drug-drug interactions (in terms of synergism, additivity, 

or antagonism), the combination index (CI) was calculated according to the Chou-Talalay 

method8,9, using CalcuSyn software Version 2.0 (Biosoft). Synergy levels were divided into: 
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< 0.1 very strong synergism; 0.1-0.90, synergism (ranging from strong synergism to slight 

synergism), and 0.90-1.10, nearly additive to additive.  

gH2AX and RAD51 immunofluorescence 

Cells were irradiated at a dose of 2 Gy during the exponential phase of cell growth with 

g-rays using a Gammacell 1000 Elite irradiator (Cesium137). After 1 hour (gH2AX) or 6 hour 

(RAD51) incubation at 37ºC, 5 x 104 cells were fixed and permeabilized onto poly-L lysine-

coated slides as previously described10. After blockade, slides were incubated with anti-

gH2AX (Millipore) or anti-RAD51 (Calbiochem) antibodies at 1:1,000 dilution for 2 hours. 

Cy™5 Goat Anti-Mouse or Cy™3 Goat Anti-Rabbit (Jackson Immunoresearch) were used as 

secondary antibodies (1:1,000; 1 hour). Nuclei were stained with DAPI (4′,6′-diamidine-2-

fenilindol), diluted in PBS and incubated for 3 min in agitation at room temperature. Cells 

were washed twice in PBS and slides were mounted with Vectashield reagent (Vector 

Laboratories). Images were acquired using a Leica TCS SP5DMI-6000B confocal microscope 

(Leica) and analyzed with Leica LAS AF (Leica) and ImageJ software 

(https://imagej.nih.gov/ij/). 

Comet assay 

Cells were irradiated at a dose of 40 Gy during the exponential phase of cell growth with 

g-rays using a Gammacell 1000 Elite irradiator (Cesium137). After irradiation, samples were 

incubated for 3h at 37ºC and processed for neutral comet assay as previously described11. In 

the experiments of drug-induced analysis of DSBs, cells were pre-incubated with olaparib (5 

µM), ibrutinib (5 µM) and/or bendamustine (50 µM) for 16 hours and subsequently processed 

for neutral comet assay. In brief, 2 x 105 cells/ml were adjusted in ice-cold PBS and mixed 

with LMAgarose (Trevigen), at 37ºC, at a ratio of 1:10 (v/v). Right after, 25 µL of this mixture 

were transferred onto CometSlide slides (Trevigen) and placed at 4ºC for 10-20 minutes. 

Slides were incubated in N1 lysis solution11 overnight at 37°C in the dark. After rinsing twice 

in N2 buffer11, slides were subjected to electrophoresis in N2 solution for 25 min at 1V/cm at 

4ºC. Samples were stained with ethidium bromide and analyzed with a fluorescence 

microscope (Zeiss Axioplan 2) equipped with a Hamamatsu Orca-EC camera. Images were 

obtained using Openlab software. CometScoreÔ software was used for tail moment 

quantification of at least 50 cells per condition. 

Apoptosis analysis 
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Apoptosis in response to drug treatment was measured by flow cytometry with annexin 

V-Dy634 (Immunostep) according to the manufacturer’s instructions. In brief, 3 x 105 cells 

were seeded in 24-well plates and treated 48 hours with the drug concentration of interest, 

then they were labeled with annexin V and propidium iodide (PI). Since RFP+ signal was 

detected on the same channel as PI in our flow-cytometer, only GFP+ clones could be 

included in these studies.  

Transwell migration assays 

The migration studies were carried out in Transwell™ plates with permeable 

polycarbonate membrane inserts (Corning) with 6.5 mm diameter and 5 µm pore size. 

Briefly, 3 x 105 cells were serum starved and incubated with olaparib, ibrutinib or the 

combination of both drugs at 1.25 µM concentration. After 12 hours, cells were placed on the 

top of the Transwell™ membrane and migration towards 200 ng/ml CCL19 (300-29B; 

Peprotech) was performed. The number of migrated cells was subsequently quantified in an 

Accuri C6 Flow Cytometer. 

Homologous recombination (HR) activity assay 

The HR activity of HG3 cells after ibrutinib treatment was measured using an HR-

reporter plasmid previously described12. The plasmid was digested with the restriction 

enzyme I-SceI and purified. HG3 cells were pretreated with ibrutinib for 12 hours and 

subsequently transfected with the HR digested construct (2 µg) together with the plasmid 

pDsRed-N1 (2 µg) as a control of positive-transfected cells, using the Cell Line V 

Nucleofector Kit (Lonza). After transfection, cells were incubated with ibrutinib for another 

24 hours. Live cells were selected by FSC/SSC gating, and live GFP+ and DsRed+ cells were 

quantified by flow cytometry. HR efficiency was calculated as the ratio of GFP+ to DsRed+ 

cells. One million events per sample were analyzed. Efficiency of HR was calculated by 

dividing the number of GFP+ cells of the totality of positive-transfected DsRed+ cells. 

Xenograft experiments 

To test the olaparib efficacy in an intravenous xenograft model 20 four-to-five-week-old 

female NSG mice were used. 3 x 106 cells were resuspended in 100 µL of cellular medium 

and injected into the tail vein of the mice. Mice were injected either with HG3WT cells (n = 10) 

or HG3-del(11q) ATMKO cells (n = 10). Seven days after cell injection, mice were randomized 

and received either 100 mg/kg olaparib, or vehicle, 2-hydroxyl-propyl-B cyclodextrin 10% in 

PBS plus 10% DMSO, via intraperitoneal injection, twice daily during five days a week. Mice 
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were monitored daily during the survival experiment and sacrificed by anesthesia overdose 

when they presented symptoms of severe disease (lethargy and >20% loss of body weight). 

For the analysis of the engraftment in NSG mice, 40 µL of peripheral blood samples were 

collected from the tail vain. Red blood cells were lysed with erythrocyte lysis buffer, and the 

remaining cells were then washed twice in PBS.  Samples were stained with fluorophore-

conjugated antibodies against mouse-CD45 (PerCP-Cy5.5, BD Biosciences), human-CD45 

(hCD45) (CF Blue, Immunostep), CD19 (PE-Cy7, Immunostep) and CD5 (APC, BD 

Biosciences). Data were obtained on a FACSAria flow cytometer and analyzed with FlowJo 

software. 
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SUPPLEMENTAL TABLES – CHAPTER 2 
 
Supplemental Table 1. Clinical and biological characteristics of CLL patients. 
 

Sample 
ID 

Sex Treatment 
IGHV 
status 

Cytogenetics (FISH) 
% 

del(11q) 
ATM mutations ATM status 

Other mutated 
CLL drivers 

Sample used 
in 

ID-01 F No NA del(13q)   WT  Fig.2b, 4 
ID-02 M No UM del(11q) 59%  Monoallelic inactivation  Fig.2b, 4 
ID-03 M No UM del(11q), del(13q), +12 65% p.R2993X (85%) Biallelic inactivation NOTCH1 Fig.2b, 4 
ID-04 F No M del(11q), del(13q) 27%  Monoallelic inactivation  Fig.2b, 4 
ID-05 M No UM del(11q) 75% p.C2159X (67%) Biallelic inactivation  Fig.2b, 4 
ID-06 M No UM del(11q), del(13q) 95%  Monoallelic inactivation XPO1 Fig.2b, 4 
ID-07 M Yes UM del(11q), del(13q) 60% p.G2023R (86%) Biallelic inactivation SF3B1 Fig.2b, 4 
ID-08 F No NA Normal   WT  Fig.2b, 4 
ID-09 M No NA del(11q), del(13q) 80% p.R337C (95%) Biallelic inactivation SF3B1 Fig.2b, 4 

ID-10 F No UM del(13q)   WT 
SF3B1, 

NOTCH1 
Fig.2b, 4 

ID-11 F Yes NA del(11q), del(13q) 90%  Monoallelic inactivation  Fig.2b, 4 
ID-12 M Yes M del(11q) 95%  Monoallelic inactivation SF3B1 Fig.2b, 4 

ID-13 M No UM del(13q)   WT 
NOTCH1, 

XPO1 
Fig.2b, 4 

ID-14 M No M del(13q)   WT MYD88 Fig.2b, 4 
ID-15 M No M +12   WT FBXW7 Fig.2b, 4 
ID-16 F No M Normal   WT  Fig.2b, 4 
ID-17 M No M del(13q)   WT  Fig.2b, 4 

ID-18 M No UM Normal  
p.I2260fs (6%); 
p.Y2019C (8%) 

Monoallelic inactivation SF3B1 Fig.2b, 4 

ID-19 F Yes M del(13q)   WT  Fig.4, 5b 

ID-20 M NA UM del(11q), del(13q) 80% 
p.C532Y (18%); 
p.L1162fs (13%); 
p.Q2433fs (44%) 

Biallelic inactivation  Fig.4, 5b, 6b 

ID-21 M NA UM del(11q), del(13q), +12 70%  Monoallelic inactivation 
BIRC3, XPO1, 

NOTCH1 
Fig.4, 5b, 6b 

ID-22 F No NA del(11q), del(13q), +12 NA 
p.1281_1282del 

(13%) 
BIallelic inactivation XPO1 Fig.4, 5b 

ID-23 M NA UM trisomy 12   WT NOTCH1 Fig.4, 5b 
ID-24 F Yes UM del(13q), del(17p)   WT TP53, NOTCH1 Fig.4, 5b 
ID-25 F No M trisomy 12   WT BIRC3, FBXW7 Fig.4, 5b 
ID-26 F No UM Normal   WT NOTCH1 Fig.4, 5b 
ID-27 F No M del(13q)   WT  Fig.4, 5b 

ID-28 F No UM del(13q), del(17p), +12   WT 
TP53, FBXW7, 

NOTCH1 
Fig.4, 5b 

ID-29 F Yes UM Normal  p.F1463C (45%) Monoallelic inactivation NOTCH1 Fig.4, 5b 
ID-30 M No M del(17p)   WT TP53 Fig.4, 5b 
ID-31 M No M del(13q)  p.F1463C (39%) Monoallelic inactivation  Fig.4, 5b 
ID-32 F Yes UM Normal   WT TP53, NOTCH1 Fig.4, 5b 
ID-33 M NA UM del(11q), del(13q) 97%  Monoallelic inactivation  Fig.4, 5b, 6b 
ID-34 M No UM del(13q)   WT XPO1 Fig.4, 5b, 6b 
ID-35 M NA NA del(13q)   WT  Fig.4, 5b, 6b 
ID-36 M No UM del(11q), del(13q) 45%  Monoallelic inactivation TP53 Fig.4, 5b, 6b 
ID-37 M No NA del(11q), del(13q) 85% p.H2125R (79%) Biallelic inactivation SF3B1 Fig.4, 5b, 6b 
ID-38 F No M del(13q)   WT  Fig.4, 5b, 6b 
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Supplemental Table 2. List of genes and regions analyzed in primary CLL samples and 
the mean read depth obtained by NGS-approach per gene. 
 
Gen Transcript Regions Mean of reads 
ATM ENST00000278616 Exons 2-63 489 
BIRC3 ENST00000263464 Exons 2-9 463 
FBXW7 ENST00000281708 Exons 7-12 1198 
MYD88 ENST00000396334 Exons 2-5 2051 
NOTCH1 ENST00000277541 Exon 34 and 3'UTR 2341 
SF3B1 ENST00000335508 Exons 14-16, 18 669 
TP53 ENST00000269305 Exons 4-11 1402 
XPO1 ENST00000401558 Exons 15-16 540 
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Supplemental Table 3. List of mutations detected by NGS in primary CLL samples included in this study. 

 

Group ID 
Patient

Gene Chromo
some

Start End Reference Altered Depth 
(> Q30)

Reference 
depth

Altered 
depth

Frequency Function Exonic consequence Transcript: cDNA change: AA change
SIFT 

(T=Tolerated; 
D=Deleterious)

Polyphen2_
HDIV 

(B=Benign; 
P=possibly 
damagin; 

D=Damaging)

Polyphen2_
HVAR 

(B=Benign; 
P=possibly 
damagin; 

D=Damaging)

del(11q) ID-03 ATM chr11 108235935 108235935 C T 247 38 209 84,62 exonic stopgain NM_000051:c.C8977T:p.R2993X - - -
del(11q) ID-03 NOTCH1 chr9 139390734 139390734 G T 704 412 292 41,48 exonic stopgain NM_017617:c.C7457A:p.S2486X - - -
del(11q) ID-05 ATM chr11 108192052 108192052 T A 242 81 161 66,53 exonic stopgain NM_000051:c.T6477A:p.C2159X - - -
del(11q) ID-06 XPO1 chr2 61719472 61719472 C T 377 179 196 51,99 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D
del(11q) ID-07 ATM chr11 108186610 108186610 G A 261 36 224 85,82 exonic nonsynonymous SNV NM_000051:c.G6067A:p.G2023R D D D
del(11q) ID-07 SF3B1 chr2 198267371 198267371 G C 365 212 153 41,92 exonic nonsynonymous SNV NM_012433:c.C1986G:p.H662Q D D D
del(11q) ID-09 ATM chr11 108117798 108117798 C T 167 9 158 94,61 exonic nonsynonymous SNV NM_000051:c.C1009T:p.R337C D D D
del(11q) ID-09 SF3B1 chr2 198266834 198266834 T C 364 284 80 21,98 exonic nonsynonymous SNV NM_012433:c.A2098G:p.K700E D D D
del(11q) ID-12 SF3B1 chr2 198266834 198266834 T C 340 186 154 45,29 exonic nonsynonymous SNV NM_012433:c.A2098G:p.K700E D D D
non del(11q) ID-10 SF3B1 chr2 198267361 198267361 T C 357 298 59 16,53 exonic nonsynonymous SNV NM_012433:c.A1996G:p.K666E D D D
non del(11q) ID-13 NOTCH1 chr9 139390649 139390650 AG - 1020 959 60 5,88 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
non del(11q) ID-13 XPO1 chr2 61719472 61719472 C T 309 118 191 61,81 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D
non del(11q) ID-14 MYD88 chr3 38182641 38182641 T C 652 375 277 42,48 exonic stoploss NM_001172566:c.T478C:p.X160R D D D
non del(11q) ID-15 BIRC3 chr11 102201946 102201947 AA - 121 111 10 8,26 exonic frameshift deletion NM_001165:c.1298_1299del:p.E433fs - - -
non del(11q) ID-15 BIRC3 chr11 102207657 102207657 C - 274 256 17 6,2 exonic frameshift deletion NM_001165:c.1639delC:p.Q547fs - - -
non del(11q) ID-15 FBXW7 chr4 153249384 153249384 C T 485 473 11 2,27 exonic nonsynonymous SNV NM_001013415:c.G1040A:p.R347H D D D
non del(11q) ID-18 ATM chr11 108186599 108186599 A G 397 366 30 7,56 exonic nonsynonymous SNV NM_000051:c.A6056G:p.Y2019C D D D
non del(11q) ID-18 ATM chr11 108196242 108196242 - T 114 107 7 6,14 exonic frameshift insertion NM_000051:c.6779dupT:p.I2260fs - - -
non del(11q) ID-18 SF3B1 chr2 198266834 198266834 T C 259 153 106 40,93 exonic nonsynonymous SNV NM_012433:c.A2098G:p.K700E D D D
del(11q) ID-20 ATM chr11 108121787 108121787 G A 196 160 36 18,37 exonic nonsynonymous SNV NM_000051:c.G1595A:p.C532Y D D D
del(11q) ID-20 ATM chr11 108151804 108151805 TA - 138 120 18 13,04 exonic frameshift deletion NM_000051:c.3485_3486del:p.L1162fs - - -
del(11q) ID-20 ATM chr11 108199955 108199958 CAGA - 34 19 15 44,12 exonic frameshift deletion NM_000051:c.7297_7300del:p.Q2433fs - - -
del(11q) ID-21 BIRC3 chr11 102207759 102207759 T G 106 40 66 62,26 exonic nonsynonymous SNV NM_001165:c.T1741G:p.C581G D D D
del(11q) ID-21 XPO1 chr2 61719472 61719472 C T 183 101 82 44,81 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D
del(11q) ID-21 NOTCH1 chr9 139390649 139390650 AG - 624 400 225 36 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
del(11q) ID-22 ATM chr11 108155050 108155052 TCT - 181 158 23 12,71 exonic nonframeshift deletionNM_000051:c.3843_3845del:p.1281_1282del - - -
del(11q) ID-22 XPO1 chr2 61719471 61719471 T C 193 166 27 13,99 exonic nonsynonymous SNV NM_003400:c.A1712G:p.E571G D D D
non del(11q) ID-23 NOTCH1 chr9 139390649 139390650 AG - 609 485 124 20,36 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
non del(11q) ID-24 TP53 chr17 7578542 7578542 G C 231 36 195 84,42 exonic nonsynonymous SNV NM_001126118:c.C271G:p.L91V T D D
non del(11q) ID-24 NOTCH1 chr9 139390690 139390690 G A 630 359 271 43,02 exonic stopgain NM_017617:c.C7501T:p.Q2501X - - -
non del(11q) ID-25 BIRC3 chr11 102207688 102207688 - TAAA 188 145 46 23,96 exonic frameshift insertion NM_001165:c.1670_1671insTAAA:p.C557fs - - -
non del(11q) ID-25 FBXW7 chr4 153249510 153249510 C A 366 224 142 38,8 exonic nonsynonymous SNV NM_001013415:c.G914T:p.G305V D D D
non del(11q) ID-26 NOTCH1 chr9 139390649 139390650 AG - 697 672 25 3,59 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
non del(11q) ID-28 TP53 chr17 7577579 7577579 G T 314 295 19 6,05 exonic stopgain NM_001126115:c.C306A:p.Y102X - - -
non del(11q) ID-28 FBXW7 chr4 153249384 153249384 C T 307 287 20 6,51 exonic nonsynonymous SNV NM_001013415:c.G1040A:p.R347H D D D
non del(11q) ID-28 NOTCH1 chr9 139390649 139390650 AG - 641 607 34 5,3 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
non del(11q) ID-29 ATM chr11 108160480 108160480 T G 99 54 45 45,45 exonic nonsynonymous SNV NM_000051:c.T4388G:p.F1463C D D D
non del(11q) ID-29 NOTCH1 chr9 139390649 139390650 AG - 554 360 196 35,25 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
non del(11q) ID-30 TP53 chr17 7577610 7577610 T A 260 225 34 13,08 splicing - - - - -
non del(11q) ID-31 ATM chr11 108160480 108160480 T G 94 57 37 39,36 exonic nonsynonymous SNV NM_000051:c.T4388G:p.F1463C D D D
non del(11q) ID-32 TP53 chr17 7578271 7578271 T C 399 372 27 6,77 exonic nonsynonymous SNV NM_001126115:c.A182G:p.H61R D D D
non del(11q) ID-32 NOTCH1 chr9 139390649 139390650 AG - 649 390 259 39,91 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -
non del(11q) ID-32 NOTCH1 chr9 139391824 139391824 G A 704 399 304 43,18 exonic stopgain NM_017617:c.C6367T:p.Q2123X - - -
non del(11q) ID-34 XPO1 chr2 61719472 61719472 C T 212 118 94 44,34 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D
del(11q) ID-36 TP53 chr17 7578402 7578402 G C 626 587 38 6,07 exonic nonsynonymous SNV NM_001126115:c.C132G:p.C44W D D D
del(11q) ID-37 ATM chr11 108190707 108190707 A G 74 22 51 68,92 exonic nonsynonymous SNV NM_000051:c.A6374G:p.H2125R D D D
del(11q) ID-37 SF3B1 chr2 198266611 198266611 C T 186 109 77 41,4 exonic nonsynonymous SNV NM_012433:c.G2225A:p.G742D T D P
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Supplemental Table 4. Oligos designed for each sgRNA and PCR primers of sgRNA 
target sites. 
 

Target Forward (5’-3’) Reverse (5’-3’) 

ATM exon 10 sgRNA1 CACCGGTAAGGCATCGTAACACATA AAACTATGTGTTACGATGCCTTACC 

ATM exon 10 sgRNA2 CACCGGACACAATGCAACTTCCGTA AAACTACGGAAGTTGCATTGTGTCC 

11q22.1 sgRNA-A CACCGAGATGACTTCCTGAACAGTG AAACCACTGTTCAGGAAGTCATCTC 

11q23.3 sgRNA-B CACCGTGCGACCGGACTCAGATCCC AAACGGGATCTGAGTCCGGTCGCAC 

Control sgRNA1 CACCGACGGAGGCTAAGCGTCGCAA AAACTTGCGACGCTTAGCCTCCGTC 

ATM exon 10 TCCTGCCAATTTAGGAAGTAGGAC CTGCAGGCTGACCCAGTAAA 

11q22.1 sgRNA cut site GCTGCCAGCTTCAATTAGGA ACAATACCTTATGAGACCTGGTGA 

11q23.3 sgRNA cut site CGTTACGCGTTGAGGCATTT GAGGCTCGAGATGTAAGCGG 
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SUPPLEMENTAL FIGURES – CHAPTER 2 

Supplemental Figure 1 

 

Determination of Cas9 activity in HG3-Cas9 and MEC1-Cas9 cell lines. (A) Representative 
plots of isogenic CLL cell lines stably expressing Cas9 protein and transduced with pXR011 
plasmid, which delivers GFP and the RNA guide (sgRNA) targeting GFP. HG3 and MEC1 
parental cell lines transduced with pXR011 highly expressed GFP whereas HG3-Cas9 and 
MEC1-Cas9 cells showed lower levels of GFP expression, indicating the activity of the Cas9 
protein in these cell lines. (B) GFP expression quantification of HG3 and MEC1 cell lines 
transduced with pXR011. Data is shown as mean ± SD of two independent experiments.  
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Supplemental Figure 2 

 

Generation of isogenic CLL cell lines with ATM mutations using the CRISPR/Cas9 
system. (A) Diagram showing the steps for the generation of HG3/MEC1 ATMKO clones. 
Three clones of each cell line were generated and used in the functional studies. (B) Western 
blot analysis of HG3-edited clones showing ATM protein expression. 

 

Supplemental Figure 3 

 

Evaluation of double strand breaks signaling in HG3 and MEC1-edited clones. (A) 
Quantification of the number of gH2AX foci per cell 1 hour after irradiation (2 Gy) in HG3 
(left panel) and MEC1 (right panel) WT and ATMKO clones. Data are represented as the mean 
values ± SD of 2 independent experiments. At least 75 cells per experiment and clone were 
counted. (B) Representative images of gH2AX foci formation (red) in MEC1 clones. Upper 
panel shows non-irradiated MEC1 cells and lower panel represents MEC1 clones 1 hour 
post-irradiation (2 Gy). 
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Supplemental Figure 4 

 

Olaparib response of CRISPR/Cas9-edited CLL cell lines in vitro and in vivo. (A) HG3-
del(11q) and HG3-del(11q) ATMKO clones were treated with increasing doses of olaparib and 
cell viability was assessed by MTT after 72 hours. Surviving fraction is expressed relative to 
untreated (DMSO) controls. Data is summarized as the mean ± SD of three independent 
experiments. P < 0.05 (*) (B) MEC1-edited clones were treated with olaparib (40 µM) and cell 
viability was assessed by MTT at different time points up to 12 days. Proliferation rates are 
presented as MTT absorbance units, and data are represented as mean ± SD. (C) 
Quantification of hCD45+/GFP+ cell populations in the peripheral blood of HG3WT and HG3-
del(11q) ATMKO xenografted mice at different time points after engraftment. Data is shown 
as mean ± SD. 
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Supplemental Figure 5 

 

Cell viability analysis of the effects of olaparib in combination with ibrutinib in MEC1 
cells. (A) HG3-edited clones were treated with olaparib in combination with ibrutinib or 
bendamustine and cell viability was assessed by MTT assay 72 hours later. Upper graphs are 
representative of HG3-del(11q) ATMKO clones. Surviving fraction is expressed relative to 
untreated controls and data is presented as the mean ± SD of three independent experiments. 
Combination indexes (CI) for all the clones are detailed in the lower tables (CI values < 0.9 
indicate synergism). (B) MEC1 cells were treated with olaparib in combination with ibrutinib 
at the indicated doses and cell viability was assessed by MTT assay 72 hours later. Surviving 
fraction is expressed relative to untreated controls and data is presented as the mean ± SD of 
three independent experiments. The mean combination index is displayed in the lower box 
(CI values < 0.9 indicate synergism). (C) CRISPR/Cas9-generated HG3 clones were treated 
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with increasing concentrations of bendamustine or ibrutinib and cell viability was measured 
after 72 hour- treatment. Surviving fraction is expressed relative to untreated controls and 
data is presented as the mean ± SD of three independent experiments. (D) Representative 
plots from Fig. 3c of annexin V/PI stained HG3WT and HG3-del(11q) cell lines 48 hours after 
5 µM olaparib and ibrutinib treatment. Necrotic cells are allocated on the PI+/annexin V- 
quadrant. (E) Cytotoxicity studies by annexin V/PI staining of MECWT cells treated with 12 
µM olaparib and 4 µM ibrutinib for 48 hours. Cytotoxicity is measured as the percentage of 
PI+ and annexin V+ cells. Data is summarized as the mean ± SD of three independent 
experiments. (F) Cells were treated with 1.25 µM olaparib, ibrutinib or the combination of 
both for 12 hours. Migration values are normalized with respect to the control (DMSO) 
condition. Data is shown as the mean ± SD of three independent experiments.  

 

Supplemental Figure 6 
 

 

Effects of the combination of olaparib and ibrutinib in HS-5 bone marrow stromal cells 
and IGHV unmutated primary CLL cells. (A) HS-5 cells were treated with olaparib (5 µM), 
ibrutinib (1 µM) or the combination of both and cell viability was assessed by MTT assay 5 
days later. The drug combination did not affect HS-5 cell viability. Surviving fraction is 
expressed relative to an untreated control and data is presented as the mean ± SD. (B) 
Response to the combination of olaparib and ibrutinib in IGHV unmutated/ATMWT primary 
cells and ATM biallelic inactivated primary CLL cells.  
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Supplemental Figure 7 

 

Evaluation of RAD51 levels after ibrutinib treatment in HG3 and MEC1 cells. (A) HG3WT 
and HG3-del(11q) ATMKO cells were pretreated for 24 hours with 5 µM olaparib and/or 
ibrutinib and subsequently irradiated (2 Gy). After 6 hours of incubation, cells were lysed 
for immunoblot analysis. (B) MEC1WT cells were pretreated for 24 hours with increasing 
doses of ibrutinib and subsequently irradiated (2 Gy) and analyzed for foci formation 6 hours 
later. Data are represented as the mean values ± SD. Cells were scored RAD51+ when 5 or 
more foci were formed. At least 100 cells per experiment were counted (C) HG3WT cells were 
pretreated for 12 hours with the PI3K inhibitor copanlisib (10 nM) and/or 5 µM olaparib and 
subsequently irradiated (2 Gy). After 6 hours of incubation, cells were analyzed for RAD51 
foci formation. Data are represented as the mean values for each treatment condition ± SD. 
Cells were scored RAD51+ when 5 or more foci were formed. At least 100 cells per 
experiment were scored for quantification. (D) HG3WT and HG3-del(11q) ATMKO cells were 
treated with olaparib in combination with the PI3K inhibitor copanlisib (left) or the RAD51 
inhibitor B02 (right) and cell viability was assessed by MTT assay 72 hours later. RAD51 and 
PI3K inhibition potentiated the effects of olaparib treatment in both cell lines. Surviving 
fraction is expressed relative to untreated controls and data is presented as the mean ± SD of 
three independent experiments.  
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Supplemental Figure 8 

 

Effects of the combination of olaparib, ibrutinib and bendamustine in cell viability and 
DSB accumulation of CRISPR/Cas9-edited clones. (A) MEC1-edited clones were treated 
with olaparib, ibrutinib and/or bendamustine and cell viability was assessed by MTT assay 
72 hours later. Surviving fraction is expressed relative to untreated controls and data is 
presented as the mean ± SD of two independent experiments. (B) Representative images of 
comet assays from Fig. 6c. 

  

W
T

De
l(1

1q
)	A

TM
KO

DMSO Olaparib Ibrutinib Bendamustine
Olaparib +	
Ibrutinib

Olaparib +	
Bendamustine

Ibrutinib +	
Bendamustine

Olaparib +	
Ibrutinib +	

Bendamustine

A

B

0 u
M

0.5
 uM

1 u
M

2 u
M

4 u
M

0

50

100

%
 v

ia
bi

lit
y 

(7
2 

h)

MEC1WT

Olaparib
Ibrutinib
Bendamustine
Olaparib+Ibrutinib (3:1)
Olaparib+Bendamustine (3:12.5)
Ibrutinib+Bendamustine (1:12.5)
Olaparib+Ibrutinib+Bendamustine (3:1:12.5)

0 u
M

0.5
 uM

1 u
M

2 u
M

4 u
M

0

50

100

%
 v

ia
bi

lit
y 

(7
2 

h)

MEC1 ATMKO

Olaparib
Ibrutinib
Bendamustine
Olaparib+Ibrutinib (3:1)
Olaparib+Bendamustine (3:12.5)
Ibrutinib+Bendamustine (1:12.5)
Olaparib+Ibrutinib+Bendamustine (3:1:12.5)

Olaparib
Ibrutinib
Bendamustine
Olaparib+Ibrutinib (3:1)
Olaparib+Bendamustine (3:12.5)
Ibrutinib+Bendamustine (1:12.5)
Olaparib+Ibrutinib+Bendamustine (3:1:12.5)

0 1.5 3 6 12 µMOlaparib

Ibrutinib 0 0.5 1 2 4 µM

Bendamustine 0 6.25 12.5 25 50 µM

0 1.5 3 6 12 µM

0 0.5 1 2 4 µM

0 6.25 12.5 25 50 µM



  Supplementary Appendix 

309 
 

APPENDIX 2 

 

In vivo analysis of leukemic progression of del(11q)/ATMKO CRISPR/Cas9-edited clones. 
Spleen infiltration of xenotransplanted HG3WT, HG3-del(11q) and HG3-del(11q) ATMKO cell 
lines (n = 5/per group) into NSG mice. Mice spleens were analyzed by FACS 14 days after 
cell injection and hCD45+ cells were monitored to evaluate the leukemic infiltration in each 
condition. 
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SUPPLEMENTARY APPENDIX – CHAPTER 3 

 

 

 

SUPPLEMENTARY METHODS 

Cell lines, culture conditions, drugs and reagents 

The human CLL-derived cell line HG3 was purchased from DMSZ (Deuthche Sammlung 

von Mikroorganismen and Zellkulturen) and was cultured in RPMI 1640 medium (Life 

Technologies) supplemented with 15% Fetal Bovine Serum (FBS), 1% glutaMAX and 1% 

penicillin/streptomycin (Life Technologies). HEK 293T cells for lentiviral production were 

obtained from DMSZ and maintained in DMEM (Life Technologies) supplemented with 10% 

FBS, 1% glutaMAX and 1% penicillin/streptomycin. All cell lines were incubated at 37ºC in 

a 5% CO2 atmosphere. The presence of mycoplasma was tested frequently with MycoAlert 

kit (Lonza), only using mycoplasma-free cells in all the experiments carried out. 

Idelalisib and AZD6738 were obtained from Selleckchem, ibrutinib was from LC 

Laboratories and fludarabine was from Sigma. All drugs were resuspended in DMSO 

(Sigma). 

Fluorescence in situ hybridization (FISH) 
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Interphase FISH was performed on peripheral blood or bone marrow samples using 

commercially available probes for the 13q14, CEP12, 11q22/ATM, 17p13/P53 and 14q32 

regions (Vysis, Abbott Laboratories, IL, USA). The methods used for FISH analysis have been 

described elsewhere1. Signal screening was carried out in at least 200 cells with well-

delineated fluorescent spots. In all cases, a score of ≥10% was considered positive, based on 

the cut-off value used by our laboratory. 

NGS data analysis and variant calling 

After the enrichment of interest regions, paired-end sequencing (151-bp reads) was run 

on the Illumina NextSeq instrument (Illumina). At the end of the process, this platform 

collects all the information in demultiplexed and paired FASTQ files to continue with 

bioinformatic analysis. SureSelectQXT adaptor sequences were trimmed using SureCall 

(Agilent’s NGS data analysis software) and sequenced reads were aligned to the hg19 human 

reference genome (GRCh37/hg19). Coverage along the targeted regions was analyzed using 

BAM files generated by SAMtools2 from the FASTQ files.  

We used GATK (Genome Analysis Toolkit),3 to generate the variant calling files (VCFs), 

and thereby to identify somatic substitutions or variant calling. The VCFs were annotated 

using Annovar4 and filtered by depth and variant allele frequency (VAF), position, and 

function of the variant in the coding sequence (hg19 refGene), in common polymorphism 

databases (dbSNP, 1000 genomes), in the cancer-specific database Catalogue of Somatic 

Mutations in Cancer (COSMIC) or in the Exome Aggregation Consortium (ExAC). Aligned 

reads were manually reviewed with the Integrative Genomics Viewer (IGV) to confirm and 

interpret variant calls and reduce the risk of false positives5.  For a deeper analysis we 

manually screened variants in VarSome, which integrates a wide range of population 

databases and pathogenicity predictors (gnomAD, ICGC, SIFT, Polyphen2, ClinVar, 

MutationAssesor, MutPred and FATHMM among others). Functional impact of TP53 

mutations described in this work was checked in IARC TP53 database. All mutations were 

annotated as non-functional with the exception of variant p.R290H, previously described as 

'supertrans' or with high transcriptional activity. 

sgRNA cloning, lentiviral generation and transduction 

sgRNA cloning was carried out as previously described6. The pLKO5 plasmids carrying 

the sgRNAs of interest were co-transfected in addition to pMD2.G (Addgene #12259) and 
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psPAX2 (Addgene #12260) into HEK 293T using Lipofectamine 2000â (Life Technologies). 

Supernatant containing the lentiviral particles was collected 48 and 72 hours after 

transfection and concentrated using Lenti-X concentratorâ (Clontech). HG3 cell transduction 

was carried out in the presence of polybrene (8 µg/mL) as previously described7. pLKO5 

vectors carrying the desired sgRNAs packed into lentiviral particles were then transduced 

into Cas9-expressing HG3 cells and single-cell flow-sorted clones were expanded and 

screened. Three to five different clones harboring loss-of-function mutations were chosen for 

each CRISPR-generated cell line to perform further functional studies. 

PCR and sequencing of sgRNA target sites 

Genomic DNA (gDNA) was extracted using the QIAampDNA Micro Kit (Qiagen) 

following the manufacturer’s instructions. PCR was performed using primers flanking the 

target sites for the sgRNAs (Supplemental Table S2) or the sgRNA off-target sites 

(Supplementary Table S3). For screening the loss-of-function mutations, PCR products were 

purified using High Pure PCR Product Purification Kit (Roche) and resulting indels at the 

expected locations were confirmed by Sanger sequencing. The efficiency of the sgRNAs was 

assessed by Tracking of Indels by Decomposition (TIDE) software (https://tide-

calculator.nki.nl; Netherlands Cancer Institute)8.  

Western blot analysis 

Cells were washed twice in PBS and lysed in ice-cold lysis buffer (50 nM TrisHCl pH 7.4, 

150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing protease inhibitors (cOmpleteÒ, 

Roche) and phosphatase inhibitors (PhosSTOPTM, Roche). Protein concentration was 

measured using the Bradford assay (BioRad). Protein samples were subjected to SDS-PAGE 

and transferred to a nitrocellulose membrane (GE Healthcare). After blockade, membranes 

were incubated with the following primary antibodies purchased from Cell Signaling 

Technologies: anti-ATM (#2873, Rabbit), anti-TP53 (#9282, Rabbit), anti-b-actin (#4967, 

Rabbit), anti-GAPDH (#5174, Rabbit), anti-PARP1 (#9542, Rabbit) and anti-caspase 3 (#9662, 

Rabbit). Horseradish peroxidase-linked anti-rabbit antibody (#7074, Cell Signaling 

Technologies) was used as secondary antibody at 1:5,000 dilution. Antibody signal was 

detected using ECLTM Western Blotting Detection Reagents (RPN2209, GE Healthcare). 

Cell cycle analysis 
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Cell distribution in the cell cycle phase was analyzed measuring the DNA content by 

propidium iodide (PI) labeling after cell permeabilization. In brief, cells were irradiated at a 

dose of 2 Gy during the exponential phase of cell growth with g-rays using a Gammacell 1000 

Elite irradiator (Cesium137). After irradiation, 3 x 105 cells were seeded in 24-well plates and 

ethanol permeabilization and PI labeling were performed at different time points. DNA 

content was measured by flow cytometry.   

Viability and growth assays 

Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) colorimetric assay (Sigma-Aldrich). After drug treatment, cells were 

incubated for 2h with a 1:10 MTT solution and subsequently added 1:2 SDS-HCl in agitation 

for 6 hours. Absorbance was read on an Infinite® F500 Tecan plate reader (Tecan) at 570nm.  

For the determination of the growth exponential curves of HG3 CRISPR/Cas9-edited 

clones, cells were seeded at a concentration of 3 x 104 cells/mL and cell counts were assessed 

every 24 hours for a total of 5 days by Trypan Blue exclusion. 
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SUPPLEMENTARY TABLES – CHAPTER 3 
 
Supplementary Table S1. List of regions and mean coverage of genes included in the custom-
designed panel of NGS. 

Gene Transcript Regions Mean coverage (reads/base) 

ARID1A ENST00000324856 Exons 1-20 814 

ASXL1 ENST00000375687 Exons 1-13 701 

ATM ENST00000278616 Exons 2-63 456 

ATRX ENST00000373344 Exons 1-35 243 

BAX ENST00000345358 Exon 2-6 826 

BAZ2A ENST00000551812 Exons 2-28 819 

BCL2 ENST00000333681 Exons 2-3 and 5'UTR 536 

BCOR ENST00000378444 Exons 2-15 398 

BIRC3 ENST00000263464 Exons 2-9 483 

BRAF ENST00000288602 Exons 11-16 499 

BTK ENST00000308731 Exons 2-19 456 

CARD11 ENST00000396946 Exons 3-17 795 

CCND2 ENST00000261254 Exons 1-5 827 

CD19 ENST00000324662 Exons 1-6 845 

CDC73 ENST00000367435 Exons 1-16 436 

CHD2 ENST00000394196 Exons 2-39 463 

DDX3X ENST00000399959 Exons 1-16 376 

EGR2 ENST00000242480 Exons 1-2 1021 

FAM50A ENST00000393600 Exons 2-12 478 

FAT1 ENST00000441802 Exons 2-27 754 

FBXW7 ENST00000281708 Exons 7-12 721 

FUBP1 ENST00000370768 Exons 1-19 451 

HIST1H1B ENST00000331442 Exon 1 954 

HIST1H1E ENST00000304218 Exon 1 668 

IGLL5 ENST00000526893 Exons 1-3, 5'UTR 555 

IKZF3 ENST00000346872 Exon 5 696 

IRF4 ENST00000380956 Exons 2-9 698 

KLHL6 ENST00000341319 Exons 1-7 693 

KRAS ENST00000311936 Exons 2-5 543 

MAP2K1 ENST00000307102 Exons 1-11 561 

MED12 ENST00000374080 Exons 1-4 389 

MGA ENST00000570161 Exons 2-23 572 

MYD88 ENST00000396334 Exons 2-5 781 

NFKBIE ENST00000275015 Exons 1-2 969 

NOTCH1 ENST00000277541 Exon 34 and 3'UTR 1208 

NRAS ENST00000369535 Exons 2-3 587 

NXF1 ENST00000294172 Exons 3-21 653 

PAX5 ENST00000358127 enhancer 791 

PCDH10 ENST00000264360 Exons 1-5 562 

PIK3CD ENST00000377346 Exons 3-24 848 

PLCG2 ENST00000564138 Exons 2-33 618 

POT1 ENST00000357628 Exons 5-19 405 

PTPN11 ENST00000351677 Exonso 2-15 645 

RPS15 ENST00000593052 Exons 2-4 679 

SAMHD1 ENST00000262878 Exons 1-16 465 

SETD2 ENST00000409792 Exons 1-21 476 

SF3B1 ENST00000335508 Exons 14-16 524 

SORCS2 ENST00000507866 Exons 1-27 876 

TP53 ENST00000269305 Exons 4-10 634 

TRAF3 ENST00000392745 Exons 1-12 641 

XPO1 ENST00000401558 Exons 15-16 556 

ZC3H18 ENST00000301011 Exons 2-18 780 

ZMYM3 ENST00000373998 Exons 2-25 507 

ZNF292 ENST00000339907 Exons 1-8 401 
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Supplementary Table S2. Oligos designed for each sgRNA and PCR primers of sgRNA 
target sites. 

Target Forward (5’-3’) Reverse (5’-3’) 

ATM exon 10 sgRNA1 CACCGGTAAGGCATCGTAACACATA AAACTATGTGTTACGATGCCTTACC 

ATM exon 10 sgRNA2 CACCGGACACAATGCAACTTCCGTA AAACTACGGAAGTTGCATTGTGTCC 

TP53 exon 4 sgRNA1 CACCGCCATTGTTCAATATCGTCCG AAACCGGACGATATTGAACAATGGC 

TP53 exon 4 sgRNA2 CACCGCCCCGGACGATATTGAACAA AAACTTGTTCAATATCGTCCGGGGC 

Control sgRNA1 CACCGACGGAGGCTAAGCGTCGCAA AAACTTGCGACGCTTAGCCTCCGTC 

ATM exon 10 (PCR) TCCTGCCAATTTAGGAAGTAGGAC CTGCAGGCTGACCCAGTAAA 

TP53 exon 4 (PCR) AGACCTGTGGGAAGCGAAAA GACAGGAAGCCAAAGGGTGA 
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Supplementary Table S3. Predicted off-target regions and oligos designed for PCR and Sanger sequencing. 
 

sgRNA sequence Off-target sequence Gene name Ensembl ID 
# 

mismatches Chromosome Exon/Intron Forward Primer (5'-3') Reverse Primer (5'-3') 

ATM ex10 sgRNA1 
GTAAGGCATCGTAACACATA 
  

tTAAGGtATgGTAAaACATA-AGG NRXN1 ENSG00000179915  4 2 Intron 15-16 TGCAAGATCTATGTTGAGGCCA CTGAGAATCGAGCGGTGTCA 

aTAAGGCtaCGTAtCACATA-GGG BICDL1 ENSG00000135127  4 12 Intron 2-3 TAGCTCCACTTGCTGTGTGTT TTGACGCAAGGGCATTTCTC 

tTAAGGCcTttTAACACATA-GGG NRAP ENSG00000197893  4 10 Intron 22-23 CCAGGTGGACTAGAGAGGCT AAGACGCAGCTCAAACCCTT 

ATM ex10 sgRNA2 
GACACAATGCAACTTCCGTA 
  

GAgtaAAaGCAACTTCCGTA-GGG NBPF3 ENSG00000142794  4 1 Exon 13 CAGAGAGCTGCCGGAGGTAG GAATCAGAGTGCCACAGGCAT 

cAgAgAAgGCAgCTTCCGTA-AGG ZNF407 ENSG00000215421  5 18 Intron 7-8 AATCAGCCCGCTGAAAACGG AACGAAATCAGAGCCCTGCC 

aAgACAAgGCAcCTgCCGTA-TGG ZNF704 ENSG00000164684  5 8 Intron 2-3 TGTAGTGCATGCCTGAGGGG TTGTGCAGGTGGTAACTGCG 

TP53 ex4 sgRNA1 
CCATTGTTCAATATCGTCCG 
  

aaATcaTTCcATATCGTCCG-CGG PTPN3 ENSG00000070159  5 9 5' upstream seq CTCCTGAAATGAGAGCCACGA CTCGGCTTTCAAAGATGGCA 

gCAaTGTTCAgcAgCGTCCG-TGG TMEM132C ENSG00000181234  5 12 Intron 1-2 AGACAGCAGGGGATGAAAACC TTCAAGTGCCTCATTCCCACA 

CCAggGaaCAATAgCGTCCG-CGG THSD7A ENSG00000005108  5 7 5' UTR TGAGGACAGTTGCCTCCG TCTTCCACAGATAGAGGGTGGG 

TP53 ex4 sgRNA2 
CCCCGGACGATATTGAACAA 
  

aCCCaGAgGATATTtAACAA-GGG SUN3 ENSG00000164744  4 7 Intron 10-11 CAGTTCAGTATGGCGACGCA TGTTTGAACGGTGGTTCCTGT 

CCCtGGAgctTATTGAACAA-TGG NAV2 ENSG00000166833  4 11 5' upstream seq  CACTGGACATCCCTATGCCG CCTTGGCACATCCAGAGAGC 

CCCaGGACctaATTGAACAA-GGG EXOC3 ENSG00000180104  4 5 Exon 4 GCATGCAGGCAGCCTTTTAT GCCAGTTTGCTTTTTCCGGT 
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Supplementary Table S4. Overall survival (OS) of del(11q) CLL cases according to the 

presence of additional genetic alterations (n = 47).   

Yes (median OS, months) No (median OS, months) Pa 

Nº of mutated genes >2 67 66 0.729 

ATMMUT 67 33 0.286 

NOTCH1MUT 27 67 0.547 

SF3B1MUT 66 65 0.352 

BIRC3MUT 33 67 0.268 

DDX3XMUT 24 66 0.301 

TP53MUT 15 88 0.0001 
Del(17p) 19 88 0.01 

TP53 alteration (deletion/mut) 17 88 0.0004 
Monoallelic TP53 loss 17 88 0.01 

Biallelic TP53 loss 11 88 0.001 
 

a Log-rank Test 
 
Supplementary Table S5. List of CRISPR/Cas9-generated indels in ATM, TP53 and off-target 
regions. 
 

HG3 Clone sgRNA Indels in TP53 Indels in ATM Off-target indels 
WT Clone #1 Control sgRNA1 WT/WT WT/WT None 

WT Clone #2 Control sgRNA1 WT/WT WT/WT None 

WT Clone #3 Control sgRNA1 WT/WT WT/WT None 

TP53MUT Clone #1 TP53 ex4 sgRNA1 +1/+1 WT/WT None 

TP53MUT Clone #2 TP53 ex4 sgRNA2 +1/+1 WT/WT None 

TP53MUT Clone #3 TP53 ex4 sgRNA2 +1/+1 WT/WT None 

Del(11q) Clone #1 Control sgRNA1 WT/WT Del(11q)/WT None 

Del(11q) Clone #2 Control sgRNA1 WT/WT Del(11q)/WT None 

Del(11q) Clone #3 Control sgRNA1 WT/WT Del(11q)/WT None 

Del(11q) TP53MUT Clone #1 TP53 ex4 sgRNA2 -7/+1 Del(11q)/WT None 

Del(11q) TP53MUT Clone #2 TP53 ex4 sgRNA2 -8/+1 Del(11q)/WT None 

Del(11q) TP53MUT Clone #3 TP53 ex4 sgRNA2 +1/+1 Del(11q)/WT None 

Del(11q) TP53MUT Clone #4 TP53 ex4 sgRNA2 -7/-7 Del(11q)/WT None 

Del(11q) TP53MUT Clone #5 TP53 ex4 sgRNA2 -4/-4 Del(11q)/WT None 

Del(11q) ATMMUTTP53MUT Clone #1 TP53 ex4 sgRNA2; 
ATM ex10 sgRNA2 +1/+1 Del(11q)/+1 None 

Del(11q) ATMMUTTP53MUT Clone #2 TP53 ex4 sgRNA2; 
ATM ex10 sgRNA2 

-302/-302 Del(11q)/+1 None 

Del(11q) ATMMUTTP53MUT Clone #3 
TP53 ex4 sgRNA2; 
ATM ex10 sgRNA2 +1/-7 Del(11q)/-14 None 

Del(11q) ATMMUTTP53MUT Clone #4 TP53 ex4 sgRNA2; 
ATM ex10 sgRNA2 -7/-7 Del(11q)/+1 None 

Del(11q) ATMMUTTP53MUT Clone #5 TP53 ex4 sgRNA2; 
ATM ex10 sgRNA2 

+1/-11 Del(11q)/-22 None 
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Supplementary Table S6. Phenotypical characteristics of Giemsa-stained CRISPR/Cas9-

generated CLL cell lines. 

 Presence of 
pleomorphic cells (%) 

Mitotic index  
(per 40X field) 

Presence of 
degenerative vacuoles 

HG3WT No 4-5 No 
HG3 TP53MUT < 1 % 4-5 No 
HG3 del(11q) No 3-4 No 

HG3 del(11q) TP53MUT < 1% 5-6 No 
HG3 del(11q) 
ATMMUTTP53MUT 

> 5% 1-2 Yes 
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SUPPLEMENTARY FIGURES – CHAPTER 3  

 

Supplementary Figure S1 

 

 

 

 

Impact of ATM, BIRC3, NOTCH1, DDX3X and SF3B1 mutations in the survival of del(11q) 

CLL patients. Median overall survival (months) and p-values are shown in Supplementary 

Table S4. 
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Supplementary Figure S2  

 

 
Impact of TP53 alterations on (A) overall survival of CLL patients and on (B) time to 

first treatment according to the presence of additional del(11q) (n = 271). 

  

A B 
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SUPPLEMENTARY APPENDIX – CHAPTER 4 

 

Biological significance of monoallelic and biallelic BIRC3 loss in del(11q) 

chronic lymphocytic leukemia progression  

 

Miguel Quijada-Álamo, María Hernández-Sánchez, Ana-Eugenia Rodríguez-Vicente, 

Claudia Pérez-Carretero, Alberto Rodríguez-Sánchez, Marta Martín-Izquierdo, Verónica 

Alonso-Pérez, Ignacio García-Tuñón, José María Bastida, María Jesús Vidal-Manceñido, 

Josefina Galende, Carlos Aguilar, José Antonio Queizán, Isabel González-Gascón y Marín, 

José-Ángel Hernández-Rivas, Rocío Benito, José-Luis Ordóñez and Jesús-María Hernández-

Rivas 

Blood Cancer Journal. 2021, In press 
 

 

SUPPLEMENTARY METHODS 

Cell lines, culture conditions, drugs and reagents 

The human CLL-derived cell lines HG3 and MEC1 were purchased from DMSZ 

(Deuthche Sammlung von Mikroorganismen and Zellkulturen). HG3 cells were cultured in 

RPMI 1640 medium (Life Technologies) supplemented with 15% Fetal Bovine Serum (FBS), 

1% glutaMAX and 1% penicillin/streptomycin (Life Technologies). MEC1 cells were cultured 

in cultured in Iscove’sMDM medium (Lonza) supplemented with 10% FBS, 1% glutaMAX 

and 1% penicillin/streptomycin. HS-5 bone marrow stromal cells for ex vivo co-cultures were 

purchased from ATCC and HEK 293T cells for lentiviral production were obtained from 

DMSZ. Both cell lines were maintained in DMEM (Life Technologies) supplemented with 

10% FBS, 1% glutaMAX and 1% penicillin/streptomycin. All cell lines were incubated at 37ºC 

in a 5% CO2 atmosphere. The presence of mycoplasma was tested frequently with 

MycoAlert kit (Lonza), only using mycoplasma-free cells in all the experiments carried out. 

Venetoclax (ABT-199) and birinapant were obtained from LC Laboratories, A-1331852 

(BCL-xL inhibitor),S63845 (MCL1 inhibitor) and SMI1 (NIK inhibitor) were purchased from 

Selleckchem and fludarabine was from Sigma. All drugs were resuspended in DMSO 

(Sigma). 

Next-generation sequencing 
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A targeted-capture next-generation sequencing (NGS) strategy was used to analyze the 

mutational status of BIRC3 in CLL patients, as well as other 57 genes previously reported as 

mutated in CLL or involved in the disease pathogenesis1,2 following the approach of Agilent 

SureDesign. Sequence data generated by Illumina NextSeq 500 was analyzed by an in-house 

bioinformatic pipeline as previously reported3. Supplementary Table S2 shows the list of 

mutations of each CLL patient.  

In addition, targeted-capture NGS data was also used to assess whether or not the 

deleted region on del(11q) detected by FISH included BIRC3 gene in CLL patients. The mean 

coverage depth of each individual exon target was first normalized in a set of samples 

without deletion on 11q by FISH using the total read number of each sample. The mean 

coverage of all these samples was used as the reference. To detect del(11q) and assess which 

genes were involved, the normalized coverage of exons of genes located in 11q (NXF1, BIRC3 

and ATM) from each study sample was compared to the mean coverage of the same target 

in the reference file generated above. Copy number variations (CNVs) were called using 

fixed thresholds representing the log2 ratio of mean coverage of testing to that of reference.  

A log2 ratio <-0.5 suggested a heterozygous deletion of 11q. Therefore, these analyses 

allowed us to determine whether BIRC3 was deleted or not in CLL samples with del(11q). 

HG3-del(11q) cell line, in which ATM and BIRC3 is monoallelic deleted, was analyzed as a 

control positive since the deletion size was known (Supplementary Fig. S1). This method 

was based on a previously published analysis to detect deletions from targeted-capture NGS 

data4 and has been also used to determine CNVs in inherited platelet disorders5. 

Fluorescence in situ hybridization (FISH) 

Interphase FISH was performed in primary CLL PBMCs or CRISPR/Cas9-engineered cell 

lines using commercially available probes for the 13q14, CEP12, 11q22/ATM and 17p13/P53 

(Vysis, Abbott Laboratories, IL, USA) as previously described6. Signal screening was carried 

out in at least 200 and the cut-off for positive cases was set at >10% events. 

Subcellular fractionation and western blot 

Subcellular fractionation was performed using the Subcellular Protein Fractionation Kit 

(ThermoFisher Scientific) according to the manufacturer’s instructions. For whole cell-

lysates, cells were washed with PBS and lysed in ice-cold lysis buffer (140 mmol/l NaCl, 50 

mmol/l EDTA, 10% glycerol, 1% Nonidet P-40, 20 mmol/l TrisHCl pH 7) containing protease 

inhibitors (cOmpleteTM, Roche) and phosphatase inhibitors (PhosSTOPTM, Roche). The 

following primary antibodies purchased from Cell Signaling Technologies were used in the 
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western blot experiments: anti-BIRC3 (#3130, Rabbit), anti-NF-kB2 (#4882, Rabbit), anti-p- 

NF-kB2 (#4810, Rabbit) anti-NIK (#4994, Rabbit), anti-RelB (#10544, Rabbit), anti-p-IKKa/β 

(#2697, Rabbit), anti- NF-kB1 (#13586, Rabbit), anti-BCL2 (#2872, Rabbit), anti-BCL-xL (#2762, 

Rabbit), anti-MCL1 (#94296, Rabbit), anti-BIM (#2933, Rabbit), anti-BAK (#12105, Rabbit), 

anti-BAX (#5023, Rabbit) anti-NOXA (#14766, Rabbit), anti- β-actin (#4967, Rabbit), anti-H3 

(#4499, Rabbit) and anti-GAPDH (#5174, Rabbit). Horseradish peroxidase-linked anti-rabbit 

antibody (#7074, Cell Signaling Technologies) was used as secondary antibody at 1:5,000 

dilution. Antibody signal was detected using ECLTM Western Blotting Detection Reagents 

(RPN2209, GE Healthcare). Protein expression level was calculated by testing the ratios of 

each protein in relation to the loading control (β-actin, GAPDH or H3) using ImageJ 

software. 

MTT viability and growth assays 

Cell viability and proliferation was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) colorimetric assay (Sigma-Aldrich). Cells were counted 

and seeded at a density of 1 x 104 cells/well (for 72h experiments) or 2 x 104 (for 48h 

experiments) in 96-well plates and treated with or without different drug treatments. At the 

time of analysis, cells were incubated for 2h with a 1:10 MTT solution and subsequently 

added 1:2 SDS-HCl in agitation for 6 hours. Absorbance was read on an Infinite® F500 Tecan 

plate reader (Tecan) at 570nm. 

For the determination of the growth exponential curves of CRISPR/Cas9-edited clones, 

cells were seeded at a concentration of 4 x 104 cells/mL and cell counts were assessed every 

24 hours by Trypan Blue exclusion. 

Apoptosis and cell cycle analysis 

Apoptosis in response to drug treatment was measured by flow cytometry with annexin 

V-Dy634 (Immunostep) according to the manufacturer’s instructions. In brief, 3 x 105 cells 

were seeded in 24-well plates and treated 48 hours with the drug concentration of interest, 

then they were labeled with annexin V and propidium iodide (PI). In parallel, cell 

distribution in the cell cycle phase was also analyzed measuring the DNA content by PI 

labeling after cell permeabilization. 

In vitro clonal competition assays 

GFP- or RFP-tagged CRISPR/Cas9-generated clones were mixed at a 1:1 ratio and seeded 

at a density of 5 x 105 cells/mL in 75 cm3 flasks. In vitro clonal evolution was assessed every 
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3-4 days by quantification of GFP+ and RFP+ population using a FACS Aria flow cytometer 

(BD Biosciences). Data was analyzed using FlowJo software.  

Subcutaneous xenograft experiments 

20 four-to-five-week-old female NOD/SCID/IL2 receptor gamma chain null (NSG) mice 

were used in a subcutaneous xenograft model to compare tumor volumes between HG3-

edited clones. Tumor xenografts were induced by subcutaneous injection of cell suspensions 

containing 5 × 106 cells in 0.2 ml of cellular medium into the mouse flank. Two groups of 

mice (n=10) were injected in the right flank with either HG3 WT clones or HG3 BIRC3 

mutated clones. Tumor volumes were measured with a caliper every 2-3 days. Volumes were 

calculated using the formula: a2bp/2, where a and b are the 2 maximum diameters. Mice 

were sacrificed by anesthesia overdose 18 days after cell injection, when tumors were 

weighted and collected for histopathological analysis. 

Immunohistochemistry 

Tumor processing and immunohistochemistry (IHC) were performed as previously 

described7 using an anti-NF-kB2 antibody (#3017, Cell Signaling Technologies). An 

experienced pathologist from the Molecular Pathology Unit of the Cancer Research Center 

of Salamanca supervised the analysis of the samples under a Leica microscope for the 

evaluation of p52 expression in the subcutaneous and intravenous xenografts. 
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SUPPLEMENTARY TABLES – CHAPTER 4 

 

Supplementary Table S1. sgRNA sequences and PCR primers of sgRNA target sites. 

Target Forward (5’-3’) Reverse (5’-3’) 

BIRC3 exon 2 
sgRNA1 CACCGATTGAGCAATTGGGAACCGA AAACTCGGTTCCCAATTGCTCAATC 

BIRC3 exon 2 
sgRNA2 CACCGGAGAGTTTGAATAAGAGCCA AAACTGGCTCTTATTCAAACTCTCC 

BIRC3 exon 7 
sgRNA3 CACCGATTAATCCGGAAGAATAGAA AAACTTCTATTCTTCCGGATTAATC 

Control sgRNA1 CACCGACGGAGGCTAAGCGTCGCAA AAACTTGCGACGCTTAGCCTCCGTC 
BIRC3 exon 2 (PCR) ACGACTTGTCATGTGAACTGTACC GCAGATTCAGTTTCTTACCCACATA 
BIRC3 exon 7 (PCR) GAGACACCCCTAAACCTAGCA GCCAAATACTCATTTCAAGGCAAC 

  



Supplementary Appendix 

 328 

Supplementary Table S2. Biological characteristics of CLL patients.  

Sample 
ID Sex IGHV 

status Cytogenetics (FISH) % 
del(11q) 

BIRC3 
deleted BIRC3 mutations Other known mutations Sample 

used in 

ID-01 M UM del(11q), del(13q), trisomy 12 65% Yes  NOTCH1, ATM, ZNF292 Fig. 3a, b 

ID-02 F M del(11q), del(13q) 27% Yes  POT1 Fig. 3a 

ID-03 M UM del(11q) 75% Yes  ATM, ARID1B Fig. 3a 

ID-04 M UM del(11q), del(13q) 95% Yes  XPO1, FUBP1 Fig. 3a, b 

ID-05 M UM del(11q), del(13q) 60% Yes  SF3B1, ATM, DDX3X Fig. 3a 

ID-06 F NA Normal    ZNF292 Fig. 3a 

ID-07 M NA del(11q), del(13q) 80% No  SF3B1, ATM, ARID1A, ZC3H18 Fig. 3a, b 

ID-08 F UM del(13q)    SF3B1, NOTCH1, MED12, RPS15 Fig. 3a 

ID-09 F UM trisomy 12    ATM, TRAF3 Fig. 3a 

ID-10 F NA del(11q), del(13q) 90% Yes  MAP2K1, BRAF, DDX3X Fig. 3a, b 

ID-11 M M del(11q) 95% No  SF3B1, EGR2 Fig. 3a, b 

ID-12 M UM del(13q)    NOTCH1, XPO1, MGA Fig. 3a 

ID-13 M M del(13q)    MYD88 Fig. 3a 

ID-14 M M trisomy 12   p.E433fs (8%); p.Q547fs (6%) FBXW7, IGLL5, ARID1B Fig. 3a 

ID-15 F M Normal     Fig. 3a 

ID-16 M M del(13q)     Fig. 3a 

ID-17 M UM Normal    SF3B1, ATM, POT1 Fig. 3a 

ID-18 M UM del(11q), del(13q) 80% Yes  ATM Fig. 3a 

ID-19 M UM del(11q), del(13q), trisomy 12 70% Yes p.C581G (62%) XPO1, NOTCH1, CHD2, SETD2, ZMYM3, ZNF292 Fig. 3a, b 

ID-20 F M trisomy 12   p.C557fs (24%) FBXW7, KRAS, KLHL6 Fig. 3a 

ID-21 M UM del(11q), del(13q) 97% No  TRAF3 Fig. 3a, b 

ID-22 M NA del(11q), del(13q) 85% Yes  SF3B1, ATM, CHD2, ASXL1, ENTPD4 Fig. 3a 

 

  



  Supplementary Appendix 

 329 

Supplementary Table S3. List of mutations detected in primary CLL cases used in ex vivo experiments. 

 

 

 

 

 

Group ID Patient Gene
Chromo
some

Start End Reference Altered
Depth (> 

Q30)
Reference 

depth
Altered 
depth

Frequency Function Exonic consequence Transcript: cDNA change: AA change

SIFT 
(T=Tolerated; 
D=Deleteriou

s)

Polyphen2_
HDIV 

(B=Benign; 
P=possibly 
damagin; 

D=Damagin
g)

Polyphen2_
HVAR 

(B=Benign; 
P=possibly 
damagin; 

D=Damagin
g)

del(11q) ID-01 ATM chr11 108235935 108235935 C T 247 38 209 84,62 exonic stopgain NM_000051:c.C8977T:p.R2993X - - -

del(11q) ID-01 ZNF292 chr6 87969506 87969507 AG - 149 137 11 7,38 exonic frameshift deletion NM_015021:c.6159_6160del:p.T2053fs - - -

del(11q) ID-01 NOTCH1 chr9 139390734 139390734 G T 704 412 292 41,48 exonic stopgain NM_017617:c.C7457A:p.S2486X - - -

del(11q) ID-02 POT1 chr7 124532337 124532337 T C 284 276 8 2,82 exonic nonsynonymous SNV NM_015450:c.A107G:p.Y36C T D D

del(11q) ID-03 ATM chr11 108192052 108192052 T A 242 81 161 66,53 exonic stopgain NM_000051:c.T6477A:p.C2159X - - -

del(11q) ID-03 ARID1B chr6 157505530 157505530 G A 647 611 36 5,56 exonic nonsynonymous SNV NM_017519:c.G3472A:p.D1158N D P P

del(11q) ID-04 FUBP1 chr1 78444675 78444675 G C 568 370 198 34,86 exonic stopgain NM_001303433:c.C14G:p.S5X - - -

del(11q) ID-04 XPO1 chr2 61719472 61719472 C T 377 179 196 51,99 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D

del(11q) ID-05 ATM chr11 108186610 108186610 G A 261 36 224 85,82 exonic nonsynonymous SNV NM_000051:c.G6067A:p.G2023R D D D

del(11q) ID-05 SF3B1 chr2 198267371 198267371 G C 365 212 153 41,92 exonic nonsynonymous SNV NM_012433:c.C1986G:p.H662Q D D D

del(11q) ID-05 DDX3X chrX 41201761 41201761 G T 293 40 253 86,35 exonic stopgain NM_001193417:c.G250T:p.G84X - - -

non del(11q) ID-06 ZNF292 chr6 87966889 87966889 C A 809 718 91 11,25 exonic stopgain NM_015021:c.C3542A:p.S1181X - - -

del(11q) ID-07 ATM chr11 108117798 108117798 C T 167 9 158 94,61 exonic nonsynonymous SNV NM_000051:c.C1009T:p.R337C D D D

del(11q) ID-07 SF3B1 chr2 198266834 198266834 T C 364 284 80 21,98 exonic nonsynonymous SNV NM_012433:c.A2098G:p.K700E D D D

del(11q) ID-07 ARID1A chr1 27099090 27099091 CA - 511 500 11 2,15 exonic frameshift deletion NM_006015:c.3506_3507del:p.P1169fs - - -

del(11q) ID-07 ZC3H18 chr16 88690387 88690387 - CCGT 416 228 184 44,12 exonic frameshift insertion NM_144604:c.1815_1816insCCGT:p.S605fs - - -

non del(11q) ID-08 MED12 chrX 70339253 70339253 G T 264 246 18 6,82 exonic nonsynonymous SNV NM_005120:c.G130T:p.G44C D D D

non del(11q) ID-08 NOTCH1 chr9 139390649 139390650 AG - 949 938 10 1,05 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -

non del(11q) ID-08 RPS15 chr19 1440423 1440423 G A 632 618 14 2,22 exonic nonsynonymous SNV NM_001018:c.G400A:p.G134R - B B

non del(11q) ID-08 RPS15 chr19 1440433 1440433 A C 586 512 73 12,46 exonic nonsynonymous SNV NM_001018:c.A410C:p.H137P - B B

non del(11q) ID-08 SF3B1 chr2 198267361 198267361 T C 357 298 59 16,53 exonic nonsynonymous SNV NM_012433:c.A1996G:p.K666E D D D

non del(11q) ID-09 ATM chr11 108114793 108114793 G A 249 163 86 34,54 exonic nonsynonymous SNV NM_000051:c.G610A:p.G204R T P P

non del(11q) ID-09 TRAF3 chr14 103338270 103338270 T C 257 48 209 81,32 exonic nonsynonymous SNV NM_001199427:c.T262C:p.C88R D D D

del(11q) ID-10 BRAF chr7 140453136 140453136 A T 276 267 9 3,26 exonic nonsynonymous SNV NM_004333:c.T1799A:p.V600E D D D

del(11q) ID-10 MAP2K1 chr15 66727455 66727455 G T 585 529 55 9,4 exonic nonsynonymous SNV NM_002755:c.G171T:p.K57N D D D

del(11q) ID-10 DDX3X chrX 41203075 41203076 GG - 332 309 28 8,31 exonic frameshift deletion NM_001193417:c.717_717del:p.K239fs - - -

del(11q) ID-11 SF3B1 chr2 198266834 198266834 T C 340 186 154 45,29 exonic nonsynonymous SNV NM_012433:c.A2098G:p.K700E D D D

del(11q) ID-11 EGR2 chr10 64573248 64573248 G T 1086 1046 40 3,68 exonic nonsynonymous SNV NM_000399:c.C1150A:p.H384N D B B

non del(11q) ID-12 NOTCH1 chr9 139390649 139390650 AG - 1020 959 60 5,88 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -

non del(11q) ID-12 MGA chr15 42021440 42021440 C T 499 478 21 4,21 exonic stopgain NM_001080541:c.C3736T:p.R1246X - - -

non del(11q) ID-12 XPO1 chr2 61719472 61719472 C T 309 118 191 61,81 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D

non del(11q) ID-13 MYD88 chr3 38182641 38182641 T C 652 375 277 42,48 exonic stoploss NM_001172566:c.T478C:p.X160R D D D

non del(11q) ID-14 ARID1B chr6 157099426 157099426 - CAGCAG 87 58 28 32,18 exonic nonframeshift insertion NM_017519:c.363_364insCAGCAG:p.Q121delinsQQQ - - -

non del(11q) ID-14 BIRC3 chr11 102201946 102201947 AA - 121 111 10 8,26 exonic frameshift deletion NM_001165:c.1298_1299del:p.E433fs - - -

non del(11q) ID-14 BIRC3 chr11 102207657 102207657 C - 274 256 17 6,2 exonic frameshift deletion NM_001165:c.1639delC:p.Q547fs - - -

non del(11q) ID-14 IGLL5 chr22 23230362 23230362 T C 615 224 391 63,58 exonic nonsynonymous SNV NM_001256296:c.T23C:p.L8S - - -

non del(11q) ID-14 FBXW7 chr4 153249384 153249384 C T 485 473 11 2,27 exonic nonsynonymous SNV NM_001013415:c.G1040A:p.R347H D D D

non del(11q) ID-17 SF3B1 chr2 198266834 198266834 T C 259 153 106 40,93 exonic nonsynonymous SNV NM_012433:c.A2098G:p.K700E D D D

non del(11q) ID-17 POT1 chr7 124532347 124532347 T C 234 229 5 2,14 exonic nonsynonymous SNV NM_015450:c.A97G:p.K33E D D D

non del(11q) ID-17 ATM chr11 108173632 108173633 AT - 348 335 13 3,74 exonic frameshift deletion NM_000051:c.5372_5373del:p.D1791fs - - -

non del(11q) ID-17 ATM chr11 108186599 108186599 A G 397 366 30 7,56 exonic nonsynonymous SNV NM_000051:c.A6056G:p.Y2019C D D D

non del(11q) ID-17 ATM chr11 108196242 108196242 - T 114 107 7 6,14 exonic frameshift insertion NM_000051:c.6779dupT:p.I2260fs - - -

non del(11q) ID-17 ATM chr11 108214043 108214043 A G 434 416 17 3,92 exonic nonsynonymous SNV NM_000051:c.A8363G:p.H2788R D D D

non del(11q) ID-17 POT1 chr7 124532340 124532340 G A 222 194 28 12,61 exonic nonsynonymous SNV NM_015450:c.C104T:p.P35L D D D

del(11q) ID-18 ATM chr11 108121787 108121787 G A 196 160 36 18,37 exonic nonsynonymous SNV NM_000051:c.G1595A:p.C532Y D D D

del(11q) ID-18 ATM chr11 108151804 108151805 TA - 138 120 18 13,04 exonic frameshift deletion NM_000051:c.3485_3486del:p.L1162fs - - -

del(11q) ID-18 ATM chr11 108199955 108199958 CAGA - 34 19 15 44,12 exonic frameshift deletion NM_000051:c.7297_7300del:p.Q2433fs - - -

del(11q) ID-19 NOTCH1 chr9 139390649 139390650 AG - 624 400 225 36 exonic frameshift deletion NM_017617:c.7541_7542del:p.P2514fs - - -

del(11q) ID-19 BIRC3 chr11 102207759 102207759 T G 106 40 66 62,26 exonic nonsynonymous SNV NM_001165:c.T1741G:p.C581G D D D

del(11q) ID-19 CHD2 chr15 93515060 93515060 T - 219 133 86 39,27 exonic frameshift deletion NM_001271:c.2255delT:p.L752fs - - -

del(11q) ID-19 XPO1 chr2 61719472 61719472 C T 183 101 82 44,81 exonic nonsynonymous SNV NM_003400:c.G1711A:p.E571K D D D

del(11q) ID-19 SETD2 chr3 47163571 47163571 T C 356 216 140 39,33 exonic nonsynonymous SNV NM_014159:c.A2555G:p.Y852C D B B

del(11q) ID-19 ZNF292 chr6 87966181 87966182 AG - 416 401 14 3,37 exonic frameshift deletion NM_015021:c.2834_2835del:p.Q945fs - - -

del(11q) ID-19 ZMYM3 chrX 70472963 70472963 G - 386 204 180 46,88 exonic frameshift deletion NM_001171162:c.143delC:p.P48fs - - -

non del(11q) ID-20 KRAS chr12 25398282 25398282 C A 305 298 7 2,3 exonic nonsynonymous SNV NM_004985:c.G37T:p.G13C D D D

non del(11q) ID-20 BIRC3 chr11 102207688 102207688 - TAAA 188 145 46 23,96 exonic frameshift insertion NM_001165:c.1670_1671insTAAA:p.C557fs - - -

non del(11q) ID-20 KLHL6 chr3 183273154 183273154 A C 233 133 100 42,92 exonic stopgain NM_130446:c.T288G:p.Y96X - - -

non del(11q) ID-20 FBXW7 chr4 153249510 153249510 C A 366 224 142 38,8 exonic nonsynonymous SNV NM_001013415:c.G914T:p.G305V D D D

del(11q) ID-21 TRAF3 chr14 103342857 103342857 C G 408 260 148 36,27 exonic nonsynonymous SNV NM_001199427:c.C565G:p.L189V T P B

del(11q) ID-22 CHD2 chr15 93470540 93470540 C T 194 183 11 5,67 exonic stopgain NM_001042572:c.C361T:p.R121X - - -

del(11q) ID-22 ATM chr11 108190707 108190707 A G 74 22 51 68,92 exonic nonsynonymous SNV NM_000051:c.A6374G:p.H2125R D D D

del(11q) ID-22 SF3B1 chr2 198266611 198266611 C T 186 109 77 41,4 exonic nonsynonymous SNV NM_012433:c.G2225A:p.G742D T D P

del(11q) ID-22 ENTPD4 chr8 23294494 23294494 - T 435 225 209 48,05 exonic frameshift insertion NM_001128930:c.1302dupA:p.R435fs - - -

del(11q) ID-22 ASXL1 chr20 31023892 31023892 A G 513 365 146 28,46 exonic nonsynonymous SNV NM_015338:c.A3377G:p.H1126R D B B
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SUPPLEMENTARY FIGURES – CHAPTER 4 

Supplementary Figure S1 

 

Detection of 11q deletion in cell lines and primary CLL samples using targeted-capture 

NGS data. Profile of log2 ratios of normalized mean coverage of individual exon target of 

genes located in 11q (NFX1, BIRC3 and ATM) to that of the reference, was plotted against 

the target. The x-axis shows the targets in the panel plotted by relative genome order. The y-

axis corresponds to the log2 ratio of the mean coverage of testing to that of reference. A log2 

normalized coverage ratio <-0.05 indicates a heterozygous deletion of chr11 (11q region). 

This analysis allowed us to determine whether BIRC3 is deleted or not in CLL samples with 

del(11q). Left panel shows graphs from HG3 parental cell line (therefore, without del(11q)), 

HG3-del(11q) generated by CRISPR/Cas9, confirming the presence of del(11q) encompassing 

ATM and BIRC3, and MEC1 parental cell line harboring a monoallelic deletion of BIRC3 

(exons 7-9). Right panel shows three representative graphs from primary CLL samples: ID-

06 without del(11q); ID-10 with del(11q) including loss of ATM and BIRC3; ID-11 with 

del(11q) including only loss of ATM (BIRC3 undeleted). The presence of del(11q) was 

validated by FISH in cell lines as well as primary CLL samples.  
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Supplementary Figure S2 

 

Generation of isogenic MEC1 CLL derived cell lines harboring BIRC3 mutations using 

the CRISPR/Cas9 system. Upper panel: scheme of CRISPR/Cas9 induction of BIRC3 

mutations in MEC1 cells. sgRNA targeting BIRC3 was transduced in MEC1 parental cells 

(which harbor a BIRC3 monoallelic deletion; BIRC3DEL/WT), generating MEC1-edited clones 

with BIRC3 biallelic inactivation (BIRC3DEL/MUT). Lower panel: western blot analysis of 

MEC1-edited cell lines harboring BIRC3 loss-of-function mutations. b-actin was used as 

loading control. 
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Supplementary Figure S3 

 

NF-kB-related effects of BIRC3 deletion and/or mutation in CRISPR/Cas9-edited HG3 and 

MEC1 CLL cell lines. (A) ELISA measurement of relative NF-kB2 p52 and RelB DNA-

binding activity in nuclear extracts from HG3WT and HG3 BIRC3MUT clones. Bars represent 

the mean ± SD. (B) Quantification of proteins analyzed by western blot in Fig. 2b relative to 

loading control. Data is summarized as the mean ± SD of three independent clones. (C) 

ELISA measurement of relative NF-kB family transcription factor DNA-binding activity in 

nuclear extracts from MEC1-edited clones. Left panel shows DNA-binding activity of NF-kB 
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transcription factors involved in the canonical signaling (p65, c-Rel and p50). Right panel 

displays the DNA-binding activity of non-canonical NF-kB transcription factors (p52 and 

RelB). Data are represented as the mean ± SD. (D) Whole-cell, cytoplasmic and nuclear 

lysates of CRISPR/Cas9-edited MEC1 clones analyzed by immunoblotting for NIK and NF-

kB2 (p100/p52) protein. GAPDH was used as loading control.  

 
Supplementary Figure S4 

 

Impact of BIRC3-mediated non-canonical NF-kB signaling activation in BCL2-family 

members. (A) Quantification of proteins analyzed by western blot in Fig. 2c relative to 

loading control. Data is summarized as the mean ± SD of three independent clones. (B) 

Western blot analysis of HG3WT, HG3-del(11q) and HG3-del(11q) BIRC3MUT cells treated with 

the indicated doses of NIK SMI1. Whole-cell lysates were extracted 24 hours after treatment 

and probed for NF-kB2 (p100/p52), BCL2 and BCL-xL proteins. b-actin was used as loading 

control. 
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Supplementary Figure S5 

 

Response to ibrutinib and fludarabine of HG3 CRISPR/Cas9-generated clones. (A) Dose-

response curves of HG3WT, HG3-del(11q) and HG3-del(11q) BIRC3MUT clones treated with 

ibrutinib. Cell viability was assessed by MTT assay after 72 hours and surviving fraction is 

expressed relative to DMSO control. Data is summarized as mean ± SEM. (B) Cell cycle 

analysis of CRISPR/Cas9-edited clones after 48 hours 5 µM fludarabine exposure. SubG0 

peak is indicative of the presence of apoptotic cells. (C) Representative plots of annexin V/PI 
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stained HG3WT, HG3 BIRC3MUT, HG3-del(11q) BIRC3MUT and HG3 TP53MUT cell lines 48 hours 

after 5 µM fludarabine exposure. Fludarabine induced apoptosis is shown by the presence 

of annexin V+ cells.  

 

Supplementary Figure S6 

 

 

Effects of BIRC3 deletion, mutation or inhibition in growth, viability and cell cycle of 

HG3 and MEC1 CLL cell lines. (A) Growth rate assessment of HG3WT, HG3-del(11q) and 

HG3-del(11q) BIRC3MUT cells (left panel), or HG3WT and HG3 BIRC3MUT cells (right panel), by 

trypan blue exclusion. Data were fitted in an exponential growth equation, and time point 

values are presented as the mean ± SEM. (B) Cell cycle phase distribution of HG3-edited cell 

clones. Data represent the mean values ± SD of three independent experiments. (C) HG3WT 

cells were treated with the BIRC2/BIRC3 inhibitor birinapant (2.5 µM) and viability was 

assessed at 6 days by MTT. Absorbance values are represented normalized with the control 

(DMSO) condition. Data are summarized as mean ± SD. (D) Effect of BIRC3 mutation in the 

proliferation of MEC1 cells after 72 hours. MTT absorbance values are represented 

normalized with the MEC1DEL/WT clones. Data are represented as the mean ± SD. 
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Supplementary Figure S7 

 

Implications of BIRC3 mutations in tumor growth of in vivo subcutaneous xenografts. (A) 

Tumor growth evolution (mm3) following subcutaneous cell injection of HG3WT and HG3 

BIRC3MUT cells (n = 10 mice/group). The plot displays mean ± SD values over 17 days. (B) 

Immunohistochemical analysis of NF-kB2 (p52) expression of tumor xenografts. 
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Supplementary Figure S8 

 

Impact of BIRC3 deletion and/or mutation in the non-canonical NF-kB signaling. Left 

panel: Functional BIRC3WT protein targets NIK for proteasomal degradation in the cytoplasm 

of CLL cells, keeping the non-canonical NF-kB signaling inactive. Right panel: when BIRC3 

is deleted through del(11q) or truncated through loss-of-function mutations, NIK is 

stabilized in the cytoplasm activating downstream signaling and ultimately leading to RelB-

p52 nuclear translocation and overexpression of anti-apoptotic BCL2 family members. 
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