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Abstract

Next-generation sequencing identified ~60 genes recurrently mutated in chronic lymphocytic 

leukemia (CLL). We examined the additive prognostic value of the total number of recurrently 

mutated CLL genes [i.e., tumor mutational load (TML)] or the individually mutated genes beyond 

the CLL international prognostic index (CLL-IPI) in newly diagnosed CLL and high-count 

monoclonal B-cell lymphocytosis (HC MBL). We sequenced 59 genes among 557 individuals 

(112 HC MBL/445 CLL) in a multi-stage design, to estimate hazard ratios (HR) and 95% 

confidence intervals (CI) for time-to-first treatment (TTT), adjusted for CLL-IPI and sex. TML 
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was associated with shorter TTT in the discovery and validation cohorts, with a combined estimate 

of continuous HR=1.27 (CI:1.17–1.39, P=2.6×10−8; c-statistic=0.76). When stratified by CLL-IPI, 

the association of TML with TTT was stronger and validated within low/intermediate risk 

(combined HR=1.54, CI:1.37–1.72, P=7.0×10−14). Overall, 80% of low/intermediate CLL-IPI 

cases with 2+ mutated genes progressed to require therapy within 5 years, compared to 24% 

among those without mutations. TML was also associated with shorter TTT in the HC MBL 

cohort (HR=1.53, CI:1.12–2.07, P=0.007; c-statistic=0.71). TML is a strong prognostic factor for 

TTT independent of CLL-IPI, especially among low/intermediate CLL-IPI risk and a better 

predictor than any single gene. Mutational screening at early stages may improve risk stratification 

and better predict TTT.

INTRODUCTION

Chronic lymphocytic leukemia (CLL) is a clinically and biologically heterogeneous 

disease[1] characterized by at least 5×109 clonal lymphocytes/L of characteristic immune-

phenotype in the peripheral blood[2]. While most newly diagnosed CLL patients experience 

an indolent disease course that does not require therapy for years, other patients experience 

progressive disease that often needs treatment shortly after diagnosis and is characterized by 

frequent relapses[3, 4]. CLL is always preceded by high-count monoclonal B-cell 

lymphocytosis (HC MBL), a clonal lymphoproliferative disorder of lymphocytes with the 

immunophenotype of CLL but an absolute B-cell count (ABC) between 0.5 to 5×109 

lymphocytes/L in the peripheral blood in the absence of lymphadenopathy or 

organomegaly[2, 5, 6]. Individuals with HC MBL progress to CLL requiring therapy at a 

rate of ~1–5% per year, but it has been difficult to utilize known prognostic biomarkers to 

consistently predict who will progress[7–10].

CLL is characterized by a heterogeneous genomic landscape[11, 12]. Two large sequencing 

studies have identified approximately 60 recurrently mutated genes[13, 14], mostly affecting 

cell cycle, DNA damage response, NOTCH and NF-kB signaling pathways[11, 13–18]. 

Many of these recurrently mutated genes are already mutated in individuals with HC 

MBL[13, 19–21] but tend to occur with higher frequency in later stages of CLL, supporting 

their potential role in disease progression[22–26]. Prior studies have shown the impact of 

mutations in TP53, NOTCH1, and SF3B1 with progression from HC MBL to CLL[27, 28] 

and their negative impact on CLL outcome[13, 14, 29–37].

In 2016, a novel CLL International Prognostic Index (CLL-IPI) for overall survival (OS) was 

developed and validated[38], stratifying CLL patients into 4 risk groups (c-statistic=0.72, 

95% confidence interval [CI]: 0.68–0.75) with the following 5-year OS: low risk 93% (CI: 

90.5–96.0), intermediate risk 79% (CI: 75.5–83.2), high risk 63% (CI: 57.9–68.8), and very-

high risk 23% (CI: 12.5–34.1)[38]. CLL-IPI was also found to predict time-to-first treatment 

(TTT) in early stage CLL cases (c-statistic=0.72, CI: 0.58–0.81)[39, 40]. It is unknown, 

however, whether the association between individual recurrently mutated CLL genes (other 

than TP53) are prognostic for CLL outcome independent of the CLL-IPI. Most sequencing 

studies that examined individual recurrently mutated genes or total number of mutations 

either did not include any known CLL prognostic factors in the analyses[14, 26, 32] or did 
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not include all of the components found in CLL-IPI[13, 22, 23, 27, 28, 30, 31, 41–43]. A 

recent study examined the total number of mutated genes and pathways with TTT adjusting 

for CLL-IPI[44].

Here, we examined whether individual recurrently mutated genes or aggregate tumor 

mutational load (TML) (i.e., the total number of recurrently mutated CLL genes) provide 

prognostic value independent of the well-validated CLL-IPI[38] for time from diagnosis to 

progression requiring therapy and OS using three CLL cohorts (i.e. discovery and two 

validation cohorts). We also evaluated, for the first time, the prognostic performance of 

individual mutated genes, the TML, and CLL-IPI in a cohort of HC MBL individuals.

METHODS

Patients

Based on the 2008 International Workshop CLL (iwCLL) criteria[2], we selected newly 

diagnosed and treatment naïve CLL and HC MBL individuals whose samples were collected 

between 2002–2016 from the Mayo Clinic CLL Resource. All individuals had available pre-

treatment peripheral blood mononuclear cells (PBMC) collected within 2 years of CLL or 

HC MBL diagnosis. All individuals provided written informed consent for this research 

whose protocol was approved by the Mayo Clinic institutional review board.

For this study, we utilized a three-stage study design of CLL cases to minimize false positive 

findings and improve reproducibility. The three CLL cohorts were formed based on timing 

of sequencing, with the discovery cohort defined as the first batch of samples sequenced in 

fall of 2018 and the two validation cohorts as the second and third batch of samples 

sequenced in spring (i.e., validation cohort 1) and winter (i.e., validation cohort 2) of 2019, 

respectively. The HC MBL samples were sequenced with the first batch of CLL samples.

DNA sequencing

DNA was extracted from either PBMCs that had a tumor purity >80% or otherwise sorted 

CD5+/CD19+ clonal cells. We sequenced the entire coding regions of 59 somatically 

recurring mutated CLL genes using a customized SureSelect panel (Table S1). Samples were 

paired-end sequenced (150 bp reads), using Illumina HiSeq 4000 sequencer with 24 samples 

per lane of flow cell. The median coverage depth per sample across the 59 recurrently 

mutated genes was 2,061 (range 73–5,836) with >98% of the samples having a median 

coverage depth >1000X per nucleotide, allowing the detection of mutations with variant 

allelic fraction (VAF) as low as 1%. Somatic mutations were called using MuTect2 in tumor-

only mode. After filtering, high impact mutations (frameshift, nonsense, and splicing 

variants) and missense mutations in previously identified CLL hot spots were used for 

statistical analyses (Table S2). In secondary analyses we also included all missense 

mutations that were not considered hot spots or high impact variants. Finally, all TP53 
variants were validated as somatic mutations by interrogating the TP53 IARC Database. 

Additional information can be found in Supplementary Methods.
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Statistical analysis

CLL-IPI score was calculated based on clinical stage (Rai 0 vs. Rai I-IV), IGHV-mutation 

status (mutated vs. unmutated), TP53 status (wild type vs. del17p, TP53 mutations, or both), 

beta-2 microglobulin level (>3.5 mg/L), and age (>65 years) as previously described[38]. 

Since HC MBL is not clinically stage, we indicated them as Rai stage 0 when calculating the 

CLL-IPI score.

TTT was defined as the time from date of sample to date of first treatment or date of last 

follow-up. We used the guidelines to determine therapy initiation as outlined by the 1996 

National Cancer Institute Working Group [45] and reaffirmed in the 2008 International 

Workshop on CLL [2]. Types of first-line CLL treatments are described in Table S3. OS was 

defined as time from date of sample to date of death or last follow-up. We used Cox 

regression models to estimate hazard ratios (HRs) and 95% CIs for TTT and OS 

associations. The event in the TTT analyses was those individuals who received treatment at 

the time of treatment otherwise individuals were censored at last follow up. Similarly, the 

event in OS was those who died otherwise individuals were censored at date of last follow 

up. TTT models were adjusted for CLL-IPI and sex, while OS models were adjusted for 

CLL-IPI, sex, and any CLL treatment (time dependent variable). In sensitivity analyses we 

also evaluated batch effect by adding the batch number as a covariate to the combined cohort 

analysis. Survival curves were displayed using the Kaplan-Meier method using P-values 

from the log-rank test.

For the TML analyses, we generated a TML score by counting the number of recurrently 

mutated CLL genes across all 59 genes, but excluding TP53, which is used in calculating the 

CLL-IPI. We then categorized the TML either as binary (none or any mutated gene) or as a 

categorical variable (0, 1, or 2+ mutated genes per patient, with 0 mutated genes serving as 

the reference category). We also considered TML as a continuous variable. The TML score 

was evaluated with TTT or OS in the discovery and two validation CLL cohorts separately 

as well as the three CLL cohorts combined.

For the individual gene analyses, we evaluated TTT or OS in the discovery and two 

validation CLL cohorts separately as well as the three CLL cohorts combined for only those 

recurrent genes (including TP53) that were found to be mutated in more than 15 individuals 

in the combined CLL cohort (Table S1). Furthermore, in the HC MBL cohort, we evaluated 

the prognostic implications of TML as well as single genes for those genes with at least 5 

individuals with mutations.

Finally, Rossi et al. integrated mutational profiling of 4 genes (TP53, BIRC3, NOTCH1 and 

SF3B1) and FISH-detected cytogenetic abnormalities together and identified four subgroups 

with different treatment free survival[36]. We applied these risk groups on our combined 

CLL cohorts with TTT and OS (Supplementary Methods).

To evaluate model discriminative ability, we computed a c-statistic and 95% CI[46] for the 

adjusted Cox regression models (Supplementary Methods). Among the CLL analyses, 

significant findings were those that had a P<0.05 in both the discovery and validation 
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cohorts with HRs in the same direction across the three cohorts. Among the HC MBL 

analyses, significant results were reported for those with P<0.05.

RESULTS

Baseline characteristics

Among 557 study participants, 445 had CLL (152 in the discovery cohort and 175 and 118 

in the two validation cohorts), and 112 had HC-MBL. Collectively, 73% of CLL and 65% of 

HC MBL were male; median age at diagnosis was 61 years (range 28–87) for CLL and 66 

(range 43–87) for HC-MBL. Overall, 301 CLL (68%) and 58 HC MBL (52%) individuals 

had high-impact mutations (Table S4). We observed fewer mutated genes in HC MBL than 

CLL (P=0.003; Table S4).

Additional clinical characteristics are described in Table 1. A total of 234 individuals 

progressed requiring therapy [214 CLL (median follow-up of 1.5 years, range:0–17.3), and 

20 HC-MBL (4.7 years, range:0–14.9)]; and 128 individuals died [116 CLL (5.7 years, 

range:0–17.3), and 12 HC MBL (7.1 years, range:1.0–14.9)].

Impact of CLL-IPI on TTT and OS

The CLL-IPI (continuous per category increase) was associated with shorter TTT (HR=2.25, 

CI:1.96–2.57, P=4.5×10−32) and OS (HR=2.28, CI:1.86–2.80, P=2.5×10−15) in the 

combined cohort of 445 CLL patients. The CLL-IPI model had a c-statistic of 0.74 (CI: 

0.71–0.77) to predict TTT. Among the 112 HC-MBL, CLL-IPI was associated with a shorter 

TTT (HR=1.97, CI:1.14–3.41, P=0.016) but not OS (HR=1.49, CI:0.75–2.94, P=0.26).

Impact of TML on TTT and OS

TML (as a continuous variable), was associated with a shorter TTT among CLL patients, 

after adjusting for CLL-IPI and sex in the discovery cohort (HR=1.41, CI:1.16–1.72, 

P=1.6×10−5) and subsequently confirmed in the validation cohorts (Table S5). In the full 445 

CLL cohort, the TML modeled by itself had a c-statistic of 0.67 (CI:0.64–0.71) to predict 

TTT. When TML and CLL-IPI were modeled simultaneously (along with sex) for TTT, the 

c-statistic increased to 0.76 (CI: 0.73–0.79, Table 2). Overall, individuals with 2+ mutated 

genes showed a shorter TTT (HR=3.03, CI:2.10–4.38, P=2.9×10−9) compared to those 

without mutations (Table 2, Figure 1A). We did not observe any batch effect in the combined 

CLL cohort analysis (Table S6). Next, we evaluated the effect of missense mutations that 

were not part of the CLL described hot spots in the TML calculation and the results were 

consistent with or without them in the TML (Table S7). TML was associated with worse OS 

in the CLL discovery cohort, (HR=1.28, CI:1.02–1.61, P=0.03, Table S8), but not in the 

validation cohorts.

Similarly to CLL, in HC-MBL TML was associated with shorter TTT after adjusting for 

CLL-IPI and sex (HR=1.53, CI:1.12–2.07, P=0.007), but not with OS (Table S9).
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Incremental effect of TML according to the CLL-IPI risk score

Next, we evaluated the association between TTT and TML stratified by CLL-IPI, with 

similar findings across the discovery and two validation CLL cohorts (Table S5). In CLL 

patients with low to intermediate risk CLL-IPI, we found that the TML was associated with 

shorter TTT, with an overall HR=1.54 (CI:1.37–1.72, P=7.0×10−14, Table 2). CLL patients 

with 2+ mutated genes had a 5.9-fold increased risk of progression requiring therapy 

compared to those with no mutations (Table 2). Among CLL patients with low to 

intermediate risk CLL-IPI, the 5-year risk of needing therapy was 80% for those with 2+ 

mutated genes, compared to 40% and 24% among those with 1 and 0 mutated genes, 

respectively (Figure 1B). No association was found between TTT with TML in high and 

very-high risk CLL-IPI (Table S5, Figure 1C). Similar patterns were observed when 

evaluating associations separately within each of the four CLL-IPI risk levels (Figure S1). 

When we evaluated the association between OS and TML stratified by CLL-IPI, we did not 

find a significant association at the 0.05 level (Table S8).

Among HC-MBL, TML was associated with shorter TTT in individuals with low to 

intermediate risk CLL-IPI (HR=2.18, CI:1.19–4.01, P=0.01), but not for high to very-high 

risk CLL-IPI (Table 3). No association was found between TML and OS stratified by CLL-

IPI among the HC-MBL (Table S9).

Individual gene mutations and impact on TTT and OS

The most commonly mutated genes were NOTCH1 (16%), SF3B1 (13%), TP53 (10%), 

NFKBIE (9%), ATM (8%), XPO1 (7%), and BIRC3 (7%) in CLL, and SF3B1 (12%) and 

MYD88 (8%) in HC-MBL (Figure 2.A–B, Table S1). For the single gene association 

analyses among CLL, we analyzed the 14 genes (including TP53) that had more than 15 

individuals with mutations. In the discovery cohort, we found shorter TTT for NOTCH1, 

SF3B1, and ATM mutations (Table S10). After adjusting for CLL-IPI category and sex, 

mutations in SF3B1 remained significant, which was confirmed in validation cohort 1 but 

not in validation cohort 2 (Table S10). In the combined CLL cohort, SF3B1 was associated 

with shorter TTT (HR=2.05; CI:1.42–2.96, P=4.3×10−4, c-statistic=0.75, Table 4) after 

adjusting for CLL-IPI and sex.

When patients were stratified by CLL-IPI status, 8 genes (excluding TP53 since is part of 

CLL-IPI) remained significantly associated with a shorter TTT in multivariate analyses in 

the low to intermediate risk CLL-IPI group, with greater effect sizes when compared to the 

overall CLL cohort (Table 4). In addition, 4 genes were associated with a shorter TTT in the 

high to very-high risk CLL-IPI group (Table 4).

When evaluating the associations of the 13 individual genes with OS, we found inconsistent 

evidence (Table S11–12). In stratified analyses by CLL-IPI status, only BRAF was 

associated in the low to intermediate risk CLL-IPI group (HR=3.05, CI:1.38–6.75, P=0.006), 

and MGA in the high-very high risk CLL-IPI group (HR=2.50, CI:1.08–5.79, P=0.03; Table 

S12).

For the single gene association analyses among HC MBL, we observed no evidence of 

associations for TTT or OS (Table S13).
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Applying risk groups

Finally, we applied the risk groups from Rossi et al.[36], predicting both, TTT (HR=1.68, 

CI:1.49–1.89, P=3.9×10−17) with a c-statistic of 0.67 (CI:0.64–0.71), and OS (HR=1.46, 

CI:1.23–1.73, P=1.6×10−5) with a c-statistic of 0.62 (CI:0.56–0.77) (Figure S2). However, 

when we adjusted for other clinical characteristics (age, sex, Rai stage, IGHV mutational 

status, and Beta-2 microglobulin) these associations attenuated for TTT (HR=1.22, CI:1.06–

1.41, P=0.005) and were not significant for OS (HR=1.09, CI:0.90–1.33, P=0.40).

DISCUSSION

The vast majority of newly diagnosed CLL patients (~75%) have early stage disease, and do 

not meet the iwCLL indications for therapy. Current recommendations are to follow these 

patients in the clinic every 6–12 months to look for evidence of disease progression (“watch 

and wait” strategy)[47]. Although this approach is evidence based, it can lead to significant 

anxiety and distress in a significant number of patients[48]. Since the first description of Rai 

and Binet staging systems more than 4 decades ago, several prognostic markers have been 

developed to counsel patients – not only to predict OS, but more importantly time to initial 

therapy in newly diagnosed CLL patients.

The CLL-IPI, the most widely used prognostic tool to predict time to initial therapy, has a c-

statistic of 0.72[38]. Although this is clinically relevant (a c-statistic of >0.7 is considered 

helpful at an individual patient level) and represents a significant advance, efforts are 

underway to improve its prognostic ability. With the advent of next generation sequencing, 

and the identification of recurrently mutated genes in CLL, our study in addition to several 

other groups have evaluated the utility of individual gene mutations or cumulative number of 

gene mutations in predicting TTT.

In the present analysis, we demonstrated and validated in three independent CLL cohorts 

that the total number of genes with high impact or hotspot mutations provides important 

prognostic information in newly diagnosed CLL patients, independently of CLL-IPI[38]. 

Both, the presence and the total number of mutated genes identified those individuals who 

were more likely to progress requiring therapy. Based on our study, those individuals within 

the low to intermediate CLL-IPI category who had TML of 2+ had a ~6-fold increased risk 

of progression requiring therapy. Interestingly, the incorporation of TML, in addition to 

other important prognostic factors, improved the discriminatory power of the CLL-IPI in this 

cohort with c-statistic of 0.76 for CLL, compared to the CLL-IPI alone (c=0.74 in our CLL 

data versus c=0.72 in a previously published paper)[39] or Rossi et al integrated subgroups 

applied on our data (c=0.67). Our results evaluating the ability of TML to provide prognostic 

value independent of the CLL-IPI also complement recent work assessing the cumulative 

number of mutations in 314 CLL patients and found an association with shorter TTT[44]. In 

the context of stratification systems previous to CLL-IPI, Puente et al.[13] assessed the 

cumulative number of recurrently mutated CLL genes per case (based on the presence of 

mutations in 29 genes) and found a progressively worse effect on TTT, after adjusting for 

IGHV status and Binet stage[13]; and Nadeu et al.[42] (based on 28 genes) adjusted for 

Binet stage, age, and IGHV mutation status. Furthermore, we replicated the findings of 

Rossi et al. [36] regarding an integrated mutational and cytogenetic risk model and TTT or 
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OS; however, the TML was a better prognostic factor in our cohort. As new and more 

effective targeted therapies emerge for CLL, there is a renewed interest in consideration of 

early intervention studies. The TML may be used to identify patients predicted to have a 

shorter TTT for such early intervention studies.

For the first time, our study also demonstrates that the CLL-IPI score is associated with TTT 

among individuals with HC-MBL. Moreover, we found that the TML was also associated 

with TTT among individuals with HC MBL, after controlling for CLL-IPI category and sex. 

Small clonal B-cell populations are present in the peripheral blood of 3–5% of all U.S. 

adults over the age of 40. Although many individuals with these small clones, defined as 

low-count MBL, never come to clinical attention, those with HC-MBL (making up ~2% of 

MBLs) have been shown to progress to CLL requiring therapy about 1–5%/year. The 

conundrum is how to identify HC MBLs who remain asymptomatic versus individuals that 

will progress to active leukemia. Our results provide, for the first time, evidence that both 

CLL-IPI and TML are useful prognostic factors for TTT in the pre-malignant, HC MBL 

phase. Studies are needed to evaluate the prognostic ability of TML in individuals with low-

count MBL.

Since CLL is a genetically heterogeneous disease, characterized by the presence of ~60 

genes mutated in 1–15% of patients each, efforts are ongoing in determining the biological 

and clinical effect of individually mutated genes[13, 34, 35]. Although some prior studies 

controlled for prognostic factors (e.g. TP53, IGHV mutation status, FISH, clinical stage) 

known to be associated with CLL outcome, none considered these collectively or adjusted 

for CLL-IPI risk category. The only CLL driver gene previously found to be associated with 

TTT or OS after adjusting for some prognostic factors was SF3B1[13, 34, 35]. Results from 

our study also indicate that in the combined cohort of CLL patients, mutations in SF3B1 
were associated with a shorter TTT, after adjusting for CLL-IPI and sex. Only 10–15% of 

CLL patients have impactful mutations in SF3B1. Sequencing only this gene in clinical 

practice would misclassify those CLL patients who have mutations in other recurrently 

mutated CLL genes. Herein, we found that having one or more recurrently mutated CLL 

gene is an important prognostic marker. Our study provides strong evidence of an 

association for TTT independent of CLL-IPI risk category and sex. We found an interesting 

association with single genes and TTT, suggesting power may be an issue for individual 

genes. In addition, we found interesting associations between single genes and TTT in the 

low to intermediate risk CLL-IPI, with larger effect sizes than the overall cohort including 

high to very-high risk patients. These results need further validation but provide strong 

evidence that single genes are important prognostic factors for TTT in CLL with low to 

intermediate risk CLL-IPI.

Strengths of this study include using newly diagnosed, treatment naïve CLL and HC MBL 

cases and employing deep tumor sequencing data of over 1000X on a comprehensive set of 

recurrently mutated CLL genes. All of our samples had robustly annotated CLL clinical data 

as well as all the components necessary to calculate the CLL-IPI. Finally, we used a three-

stage study design among the CLL cases with a discovery and two validation cohorts to 

minimize the chance of false positives and demonstrate reproducibility. A limitation of this 

study is the potential of limited power for evaluating associations in the high to very-high 
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risk CLL-IPI group. With 128 CLL individuals, we had 90% power to detect a minimal HR 

of 2.5-fold assuming type I error rate of 0.01. Another limitation is that we did not consider 

other genetic factors that may be driving CLL progression requiring therapy in these 

individuals, including copy number variation, DNA methylation status, or chromosomal 

complexity[41, 42, 49].

In summary, our analyses emphasize that the TML has prognostic value independent of the 

CLL-IPI and that incorporating this with the CLL-IPI increases its prognostic accuracy, 

especially for CLL or HC MBL individuals in the low to intermediate risk CLL-IPI groups. 

Performing a focused mutation panel evaluating recurrently mutated CLL genes among 

individuals with HC MBL and CLL at time of diagnosis may improve risk stratification and 

the ability to predict time to progression requiring therapy.
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Figure 1: Time to first treatment by tumor mutational load – CLL overall and stratified by CLL-
IPI
Kaplan-Meier survival curves with time to first treatment (TTT) by TML of 0 recurrently 

mutated genes (dashed green), 1 recurrently mutated gene (dotted blue), and 2+ recurrently 

mutated genes (solid red). (A) TTT Overall with 445 cases; (B) TTT Low to intermediate 

risk CLL-IPI group with 311 cases; (C) High to very-high risk CLL-IPI group with 128 

cases.
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CLL, chronic lymphocytic leukemia; CLL-IPI, CLL international prognostic index; TML, 

tumor mutational load

Kleinstern et al. Page 15

Am J Hematol. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kleinstern et al. Page 16

Am J Hematol. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Heat map of recurrently mutated CLL genes by CLL clinical characteristics for CLL 
and HC MBL
(A) Heat map representing recurrently mutated CLL genes that were found to be mutated in 

432 newly diagnosed CLL patients with available CLL-IPI score only. The heat map is 

stratified by CLL-IPI as indicated in the external bar. The top histogram represents the 

number of mutated genes per patient, while the type of mutation is color-coded for missense 

(red), frame shift (blue), nonsense (green), splice (purple), or multiple mutations (orange). 

Mutated genes are indicated regardless of the number of mutations in each gene. The five 

CLL-IPI components are below the histogram row and color-coded by Rai stage I-IV (pink), 

age>65 (light green), B2M>3.5mg/L (blue), IGHV-unmutated (green), FISH (del17p or 

del11q) or TP53 (light blue).

(B) Heat map representing recurrently mutated CLL genes that were found to be mutated in 

112 newly diagnosed HC MBL individuals. The heat map is stratified by CLL-IPI as 

indicated in the external bar. The top histogram represents the number of mutated genes per 

individual, while the type of mutation is color-coded for missense (red), frame shift (blue), 

nonsense (green), splice (purple), or multiple mutations (orange). Mutated genes are 

indicated regardless of the number of mutations in each gene. The five CLL-IPI components 

are below the histogram row and color-coded by, age>65 (light green), B2M>3.5mg/L 

(blue), IGHV-unmutated (green), FISH (del17p or del11q) or TP53 (light blue), since HC 

MBL is not clinically staged there are no Rai stage I-IV.

Kleinstern et al. Page 17

Am J Hematol. Author manuscript; available in PMC 2020 August 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CLL, chronic lymphocytic leukemia; HC MBL, high-count monoclonal B-cell 

lymphocytosis; CLL-IPI, CLL international prognostic index; IGHV, immunoglobulin 

heavy-chain variable region; B2M, Beta-2 microglobulin
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