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Monoclonal B-cell lymphocytosis (MBL) is defined as an asymptomatic expansion of clonal 

B cells with less than 5 × 109/L cells in the peripheral blood and without other 

manifestations of chronic lymphocytic leukemia (CLL; for example, lymphadenopathy, 

cytopenias, constitutional symptoms).1 Approximately 1% of the MBL cohort develops CLL 

per year. Evidence suggests that nearly all CLL cases are preceded by an MBL state.2 Our 

understanding of the genetic basis, clonal architecture and evolution in CLL pathogenesis 

has undergone significant improvements in the last few years.3–8 In contrast to CLL, our 

knowledge of the genetics in MBL is still very fragmented, with few prior studies focused 

on the status of selected genetic abnormalities.1,9,10 In addition, previous reports have 

demonstrated the co-existence of two B-cell subclones in a small subset of MBL cases,11 

and clonal changes in sequential MBL samples measured by IGHV mutational analysis.12

To better understand the genomic landscape of MBL and clonal evolution overtime, we 

performed a longitudinal analysis in a cohort of eight MBL cases, analyzed by whole-exome 

sequencing (WES) at two time points. The criteria for sample selection were that the 

individual with MBL had a sample collected at diagnosis of MBL and had one additional 

sample collected more than 30 months apart that had stored cells for bead selection of clonal 

B cells and normal non-B cells for DNA extraction. Samples for WES were collected on 

average 65 months apart (median 62.5 months, range 30–91). At the second time point 

analyzed, four cases were still MBL, whereas the remaining four cases had progressed to 

detectable lymphadenopathy by physical exam but had not yet required treatment. After the 

second sample analyzed, cases were followed up for an average of 26 months (median 24 

months, range 3–72). Thus, the total median follow-up of the cohort from MBL diagnosis to 

the final visit was 88 months (average 91, range 75–120). Overall, one case remained as an 
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MBL and the remaining seven cases had now progressed to detectable lymphadenopathy, 

and three of which required treatment by IWCLL criteria. The follow-up information and 

time points analyzed are summarized in Figure 1a.

The MBL individuals provided written informed consent for the collection and use of 

samples for research purposes according to the Declaration of Helsinki. Clinical information 

of cases analyzed is provided in Supplementary Table S1. B lymphocytes were enriched 

from peripheral blood mononuclear cells using the EasySep Human CD19+ Cell Enrichment 

Kit without CD43 Depletion. T cells were enriched using the EasySep Human CD3 Positive 

Selection Kit (Stemcell Technologies, Vancouver, BC, Canada) and subsequently were used 

as germline samples in the sequencing genetic studies. After cell enrichment, all fractions 

were stained by four-color immunophenotypic analysis to assess sample purity. The 

following antibody conjugates were used: anti-CD5-fluorescein isothiocyanate, anti-CD16-

phycoerythrin, anti-CD19-allophycocyanin and anti-CD3-peridinin chlorophyll protein 

(Beckton Dickinson, Franklin Lakes, NJ, USA). Flow cytometry analysis was performed 

using the FACSCalibur (Beckton Dickinson) and data analyzed using Cell Quest software. 

On the basis of FACS (fluorescence-activated cell sorting) analysis, we observed after 

enrichment an average of 91% of CD19+ cells (range 76–99%) and 91% of the CD19+ 

fraction were CD19+/CD5+ cells (range 66–99%). We used the values of the CD19+/CD5+ 

fraction to calculate the leukemic B-cell fraction and reduce any significant contamination 

of non-clonal B cells in each biopsy. DNA was extracted from the clonal B cells and non-

clonal (that is, T cells) cells using the Gentra Puregene Cell Kit (Qiagen, Hilden, Germany). 

Extracted DNAs were fingerprinted to confirm the relationship between samples of the same 

MBL individual and to rule out sample cross-contamination between individuals. In 

addition, the molecular analysis of IGHV gene family was performed to confirm the 

existence of one or more B-cell clones (Supplementary Table S2). Mononuclear cells were 

used for this analysis. One microgram of RNA was converted to cDNA using the BioRad 

iScript cDNA Kit (Hercules, CA, USA). cDNA (2 µl) were amplified in separate PCR 

reactions for each of the seven IGHV family genes using a consensus sense primer and an 

IgM antisense primer. The reactions were carried out using the HotStarTaq PCR kit 

(Qiagen) in a total volume of 50 µl with 20 pmol of each primer. Cycling conditions were 94 

°C for 15 min followed by 35 cycles of 30 s at 94 °C; 1 min at 60 °C; 1 min at 72 °C; and a 

final cycle of 72 °C for 10 min. PCR products were electrophoresed and visualized with 

ethidium bromide, purified using the Wizard PCR Prep kit (Promega, Madison, WI, USA) 

and sequenced using an automated sequencer (Applied Biosystems, Foster City, CA, USA). 

In those cases where gDNA was used (MBL04 and MBL09), the conditions were the same 

except that a consensus antisense primer to the IGHJ region was used instead of the IgM 

antisense primer. Resulting sequences were aligned to germline sequences using 

ImMunoGeneTics Information (IMGT) System reference sets and IMGT/V-Quest software 

(http://imgt.cines.fr).

Genomic DNA from each sample was sheared and used for the construction of paired end 

sequencing library as described in the protocol provided by Illumina. The exome was 

captured using the Sure Select 50 Mb Exome Enrichment kit (Agilent, Santa Clara, CA, 

USA) following the manufacturer’s instructions. Samples were sequenced using Illumina 

HiSeq2000. 100 bp paired end reads were aligned to human genome hg19 using Novoalign 
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(Novocraft Technologies, Selangor, Malaysia). Realignment and recalibration was done to 

take advantage of Best Practice Variant Detection v3 recommendations implemented in the 

GATK. Somatic single-nucleotide variations (SNVs) were genotyped using SomaticSniper, 

whereas insertions and deletions were called by GATK Somatic Indel Detector. Each variant 

in coding regions was analyzed with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) 

and MutationTaster (http://www.mutationtaster.org/) to predict biological effects. Pair-wise 

analyses were performed comparing each tumor time point with the germline sample. 

Variants with read depth less than 10× were excluded from further analysis. To validate the 

findings obtained from WES and increase the sensitivity of the screening, a panel of 24 

genes relevant to CLL (Supplementary Table S3) was sequenced in all MBL samples at both 

time points. Targeted deep sequencing (TDS) was performed in a Ion Torrent PGM (Life 

Technologies, Carlsbad, CA, USA) sequencer with an average coverage depth of 630 × 

(range 506 × –1180 ×). Finally, SNV, insertions and deletions (indels) were visually 

inspected using Integrative Genomics Viewer (IGV, Broad Institute). Sequencing findings 

were then integrated with FISH panel data previously performed in these cases (Table 1).

Overall, an average of 122-fold depth coverage was obtained by WES (range 92 × –178 ×) 

with an average of 80% of the targeted regions being covered by at least 30 ×. We found an 

average of 6.6 and 7.5 nonsynonymous SNVs and indels at the first and second time points, 

respectively. The complete list of mutations and the respective allelic fractions is shown in 

Supplementary Table S4. In four cases, we found mutations in driver genes previously 

identified in CLL, including ATM, DDX3X, EGR2, FBXW7, SAMHD1 and SF3B1. TDS not 

only validated the WES results, but also identified additional mutations in BIRC3, POT1 and 

NOTCH1 in regions that were initially missed due to low coverage obtained from WES in 

those specific regions. We found a fifth case, MBL01, with a damaging mutation affecting 

PRDM1, a gene frequently inactivated in diffuse large B-cell lymphomas.13 Of note, 

FBXW7 was the only gene recurrently mutated in our cohort. All mutations were found in 

highly evolutionarily conserved regions and considered damaging by PolyPhen and 

MutationTaster.

In all four cases, we found the mutations in two or more driver genes (Table 1). Thus, 

MBL03 has mutations in ATM and POT1; MBL06 has mutations in BIRC3 and FBWX7, 

MBL08 has mutations in EGR2, FBXW7, NOTCH1 and two independent mutations in 

SAMHD1, whereas MBL10 has a mutation in SF3B1 and two independent mutations in 

DDX3X. We analyzed sequential time points to recreate the clonal architecture and 

evolution. The number of mutations found per case was insufficient to run comprehensive 

clustering analysis. However, we focused the analysis on the dynamics of mutations found 

in putative driver genes. In three of the four cases harboring mutations in putative driver 

genes (MBL03, MBL06 and MBL08), all the mutations were already detected at the first 

time point analyzed, but mostly found in subclones that either remained stable (MBL03 and 

MBL06) or become more prevalent overtime (MBL08; Figure 1b). In the remaining case 

(MBL10), the first time point analyzed was characterized by the presence of DDX3X 

(p.I415V) in nearly 50% allelic fraction and a second DDX3X mutation (p.D164G) in 10% 

of allelic fraction. In the second time point, an increased abundance of p.D164G and reduced 

abundance of p.I415V were observed. This opposite trend in prevalence suggests the 
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presence of driver mutations in different subclones with alternated dominance between time 

points. Furthermore, at the second time point, a novel mutation in SF3B1 was found 

(p.K666Q). This mutation was not identified in the first time point even using deep 

sequencing. All four cases with putative CLL mutations eventually developed 

lymphadenopathy and/or required treatment on average 56 months after clinical recognition 

of MBL compared with an average of 61 months in the remaining cases. In all four samples, 

the existence of a single B-cell clone was confirmed by molecular analysis of IGHV gene 

(Supplementary Table S2).

Previous studies have identified genetic abnormalities in a subset of MBL, including 

deletion 13q14 and NOTCH1 mutations.2,10 Furthermore, ATM mutations have been found 

in linkage studies of familial CLL.14 Our study brings new insights regarding the genomic 

landscape and clonal architecture of MBL, the precursor to CLL,1,15 by identifying 

mutations in one or more driver genes and confirming the existence of genetic subclones in a 

subset of MBL cases. Furthermore, our study brings new data providing insight into the 

temporal succession of genetic events in MBL and CLL pathogenesis. Thus, a recent study 

has shown the subclonal nature of FBXW7 in all four CLL cases harboring mutations in the 

gene, suggesting this mutation is a later event in CLL pathogenesis.5 However, our data 

demonstrate the existence of recurrent mutations of FBXW7 in the premalignant stages of 

the disease, and suggest that FBXW7 mutations can be an early genetic event in CLL 

pathogenesis.

Remarkably, we identified tumorigenic mutations on average 60 months before clear disease 

progression occurred in MBL cases. These findings support the implementation of a targeted 

sequencing strategy including the subset of putative cancer genes now known to be 

recurrently mutated in CLL (~20 genes). Using available sequencing technologies, this 

subset of genes could be easily screened in very high depth coverage, thus providing early 

identification of oncogenic mutations in small subclones at the MBL phase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Time points analyzed in each MBL case. Changes in Rai stage (Rai > 0) and start of 

treatment are indicated for each case. (b) Changes in allelic fractions of the mutations found 

in driver genes between time points analyzed. Y-axis shows the tumor fraction with each 

mutation. MBL8 and MBL10 changed Rai stage between time points (indicated with an 

arrowhead).
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