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Abstract Diagnosis of B-cell chronic lymphocytic leukemia (B-CLL) is usually straightfor-
ward, involving clinical, immunophenotypic (Matutes score), and (immuno)genetic analyses
(to refine patient prognosis for treatment). CLL cases with atypical presentation (e.g.,
Matutes ≤ 3) are also encountered, and for these diseases, biology and prognostic impact
are less clear. Here we report the genomic characterization of a case of atypical B-CLL in a
70-yr-oldmale patient; B-CLL cells showed aMatutes score of 3, chromosomal translocation
t(14;18)(q32;q21) (BCL2/IGH), mutated IGHV, deletion 17p, and mutations in BCL2,
NOTCH1 (subclonal), and TP53 (subclonal). Quite strikingly, a novel PAX5 mutation that
was predicted to be loss of function was also seen. Exome sequencing identified, in addi-
tion, a potentially actionable BRAFmutation, together with novel somatic mutations affect-
ing the homeobox transcription factor NKX2-3, known to control B-lymphocyte
development and homing, and the epigenetic regulator LRIF1, which is implicated in chro-
matin compaction and gene silencing. Neither NKX2-3 nor LRIF1 mutations, predicted to
be loss of function, have previously been reported in B-CLL. Sequencing confirmed the
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presence of these mutations together with BCL2, NOTCH1, and BRAF mutations, with the
t(14;18)(q32;q21) translocation, in the initial diagnostic sample obtained 12 yr prior. This is
suggestive of a role for these novel mutations in B-CLL initiation and stable clonal evolution,
including upon treatment withdrawal. This case extends the spectrum of atypical B-CLL with
t(14;18)(q32;q21) and highlights the value ofmore global precision genomics for patient fol-
low-up and treatment in these patients.

[Supplemental material is available for this article.]

CASE PRESENTATION

A male patient was diagnosed with Binet stage A B-cell chronic lymphocytic leukemia (B-
CLL) at the age of 58. At diagnosis, the lymphocyte count was 30×109/l and the following
atypical immunophenotype was found: CD5+, CD23−, CD22+ (weak), FMC7+ (weak), and
immunoglobulin lambda light chain positive (weak). CD79B was negative (Matutes score
of 3). CD43 was positive. Cytogenetics (conventional and fluorescence in situ hybridization
[FISH]) revealed a karyotype as follows; 46,XY[18].nuc ish(ATM×2)[200],(D12Z1×3)[97/200],
[D13S319×0][10/200],(TP53×2)[200], thus revealing presence of trisomy 12 in 50% of inter-
phase nuclei, deletion 13q14.3 in 5% of nuclei, and absence of ATM (11q22) or TP53 loss.
The patient presented a clonal FR1 rearrangement with mutated IGHV gene (91% identity
to nearest germline VH gene), at a CDR3 junction as follows: VH4-34∗01-DH5-24∗01-
JH3∗02 (Supplemental Fig. S1A,B). At that time, the patient obtained a very good partial re-
sponse to six cycles of fludarabine (70 mg per day on days 1, 2, and 3, respectively, per treat-
ment cycle) and cyclophosphamide (400 mg per day on days 1, 2, and 3, respectively, per
treatment cycle) (in 2007) and remained in stable response for 8 yr when he presented
with adenopathy, splenomegaly, a lymphocyte count of 47.1 × 109/l, and thrombocytopenia
at 122×109/l (Binet stage B). Immunochemotherapy with rituximab and bendamustine was
commenced (one cycle) and then stopped because the patient showed non-treatment-relat-
ed acute coronary syndrome that was subsequently successfully treated by coronary artery
bypass. Against medical advice, the patient refused any further treatment for CLL and was
proposed monthly laboratory-based surveillance with clinical consultation every 6 mo.
Three years later, at the age of 70 yr (12 yr after initial diagnosis of stage A B-CLL), blood
work showed progression to Binet stage C with a lymphocytosis at 30.5 × 109/l, anemia
(Hb 116×109/l), and thrombocytopenia at 97×109/l. Immunophenotyping, cytogenetics
and CLL/lymphoma gene panel sequencing were performed for restaging. Clonal B cells
presented an identical atypical immunophenotype, IGH rearrangement and IGHV somatic
mutation status, to that seen at initial diagnosis 12 yr earlier. Morphology was typical.
Cytogenetics revealed clonal evolution with the following karyotype: 47,XY,+12,t(14;18)
(q32;q21)[17]/47,idem,dic(3;4)(p10;q10),add(17)(p11)[2]/46,XY[1].nuc ish(TP53×1,D17Z1
×2)[9/200]; thus showing acquisition of deletion 17p and detection of a t(14;18)(q32;q21)
(IGH/BCL2) that was found by polymerase chain reaction (PCR) to have been present in
the initial diagnostic sample 12 yr prior (Supplemental Fig. S1C). Gene panel sequencing re-
vealed mutations in BCL2, NOTCH1 (subclonal), TP53 mutation (subclonal), and unexpect-
edly PAX5 (Supplemental Table S1). Rescreening of the initial diagnostic DNA sample by
gene panel next-generation sequencing (NGS) showed that these variants were already
present at diagnosis 12 yr earlier, except for the subclonal TP53 variant (Supplemental
Table S1). In view of the clinical and genetic (TP53 alteration) evidence of progression to
high-risk CLL, in the setting of an atypical presentation, exploratory theranostic exome se-
quencing was performed. This led to discovery of a class II BRAF somatic variant (Table 1).
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The patient unfortunately died from complications related to his previous heart surgery be-
fore new treatment options could be started.

TECHNICAL ANALYSIS

Morphology, Immunophenotyping, and Conventional Cytogenetics
Blood examinations, immunophenotyping, and conventional cytogenetic analysis were per-
formed according to guidelines established in French National Cooperative networks on
hemato-immunology and cytogenetics, respectively (Emadali et al. 2016).

Targeted Gene Panel, Exome Sequencing, and Bioinformatics
Targeted and whole-exome capture sequencing was performed on blood-derived DNA ob-
tained at progression, 12 yr after initial diagnosis of B-CLL. Targeted gene panel sequencing
was performed, in both the initial diagnostic and progression samples, by custom capture
sequencing of a consensus 51 gene panel (IDT probes and reagent kits) on an Illumina
NextSeq 500 sequencer, according to manufacturer’s instructions. Paired-end exome se-
quencing was performed by using the TWIST exome capture protocol, according to the
manufacturer’s protocol. Bioinformatics for alignment, somatic variant calling and annota-
tion in targeted panel and exome sequencing were performed according to the “Best
Practices Workflow” from GATK (see supplemental materials, for details). Insufficient mate-
rial was available for RNA-seq. Germline DNA was not available.

VARIANT INTERPRETATION

Variants discovered in the above pipeline were curated for biological relevance and for
somatic origin in cancer (COSMIC). In first line filtering, common and rare variants with an-
notations in dbSNP, gnomAD were removed from the patient variant list, except for excep-
tionally rare variants that were also listed in the COSMIC database (Tate et al. 2018). The
latter were manually checked. Variants outside of exons and splice sites were removed, as
were synonymous variants. Further filtering was performed using functional impact scores
(see Table 1 for details and results) and manual curation based on potential clinical (therapy)
and/or biological relevance (focus on known CLL variants and on B-cell transcription factors
and epigenetic regulators with potential to drive atypical or “extreme” phenotypes in blood
cancers) in this atypical case of B-CLL. To enter the final short list of novel variants for this
work, absence from control gnomAD and ExAC databases was a prerequisite, because
germline DNAwas not available for further validation. These were validated by Sanger rese-
quencing in both the sample obtained at progression (and used for exome sequencing) and
the initial diagnostic sample obtained 12 yr prior.

RESULTS

After filtering as described above, we retained a total of 238 candidate somatic variants (195
genes) from the exome analysis of the DNA sample obtained at progression 12 yr after the
initial diagnosis of B-CLL, in our patient (Table 1). Our objectivewas to first screen for variants
of potential direct therapeutic value for our patient and then to look for additional known
B-CLL variants. In a second step we scored for novel clonal, somatic variants that target
transcription factors and/or epigenetic factors of potential relevance to B-CLL pathogenesis,
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particularly in view of the atypical clinicobiological presentation of this case. Following this
logic, one BRAF somatic variant was retained for its theranostic interest (p.G469A; variant
allele frequency [VAF] = 29.4%) (Table 1). This variant has previously been reported in
B-CLL, but not in the setting of IGH/BCL2 translocation-positive B-CLL cases. BRAF
p.G469A is a known class II BRAF mutation (characterized by homodimeric signaling)
(Yaeger and Corcoran 2019). Although our patient died before therapy could be started,
our analysis indicates the utility of deploying clinical exome sequencing in selected
B-CLL cases, as described here. No other known B-CLL somatic variants were uncovered,
aside from the BCL2 variant already identified by targeted gene panel sequencing (Table
1; Supplemental Table S1). It can be noted that the subclonal mutations affecting
NOTCH1 and TP53 were not detected by exome analysis, because of insufficient sequenc-
ing depth (Table 1; Supplemental Table S1). Our next step was to search for novel variants
affecting B-cell transcription factors or epigenetic regulatory pathways of potential rele-
vance to B-CLL and that could underpin the unusual features of our case. This led us to
focus on three variants affecting the PAX5, NKX2-3, and LRIF1 genes, respectively.
None of these variants had previously been linked to B-CLL (in either published series
or COSMIC submissions) (Table 1; Fig. 1A). Their absence from control databases was
an indicator that they were bona fide novel somatic variants. We thus proceeded to assess-
ment of pathogenicity (Table 1). The PAX5 variant (initially seen in gene panel sequencing,
Supplemental Table S1) consisted of a frame shift deletion [c.570_582delCAGCGC
CGACACC (VAF=25%)] in exon 5 that was predicted to lead to a premature stop codon
(p.S191fs∗) downstream from the paired box DNA binding domain and upstream of
the nuclear localization signal (NLS) (Table 1; Fig. 1B), predictive of possible haploinsuffi-
ciency for PAX5 function in this case. Interestingly, the Ser191 amino acid is not conserved
in PAX2 and PAX8, the closest paralogues of PAX5. Moreover, the NM_016734:
c.570_582delCAGCGCCGACACC (p.S191fs∗) is not described in COSMIC database
(Tate et al. 2018).

TheNKX2-3 gene underwent a single-nucleotide substitution (c.547A>G; VAF=45.9%)
leading to a missense mutation (p.S183G) in the highly conserved homeobox domain (Table
1; Fig. 1B). Although the NKX2-3 gene is not constrained for missense variation by
PolyPhen22 (Adzhubei et al. 2010) and SIFT (Kumar et al. 2009) algorithms, this variant
had GERP++RS (Cooper et al. 2005) and CADD (Kircher et al. 2014) scores of 5.45 and
27.1, respectively, indicative of a high degree of conservation and potential deleterious
impact, respectively (Table 1). Additionally, MetaDome analysis predicted this missense
mutation to be intolerant (MetaDome quantifies genetic tolerance by calculating a mis-
sense-over-synonymous ratio based on the variations reported in gnomAD database)
(Table 1; Supplemental Fig. S2A; Wiel et al. 2019). We identified a second case of somatic
mutation at this site (COSV100755073), reported in a patient with gastric cancer.
Pathogenicity prediction by FATHMM performed at COSMIC scores this variant (identical
to ours) at 0.97 (pathogenic). Thus, by FATHMM and MetaDome, the NKX2-3 gene at the
nucleotide position identified in our study is constrained for missense mutation. Based on
these pathogenicity assessments, the NKX2-3 p.S183G variant is predicted to be somatic
and functionally deleterious, in particular for interaction of NKX2-3 with cognate binding
sites. For LRIF1, a duplication (c.793dupA; VAF=38.8%) in exon 2 was seen that was predict-
ed to lead to a frameshift mutation and premature stop codon (p.T265fs∗), possibly leading
to expression of a truncated variant (potentially mislocalized because the NLS is lost) and
thus haploinsufficiency for this factor, at least in the nucleus (Table 1; Fig. 1B).
Alternatively, this premature stop codon might lead to degradation of the mutant transcript
by nonsense-mediated decay. Although not constrained for loss of function by pLI score
(0.09) (Table 1), MetaDome analysis predicts LRIF1 p.T265 to be slightly intolerant to mis-
sense variants (Supplemental Fig. S2B). Targeted NGS and Sanger sequencing in the initial
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A

B

C

Figure 1. (A) Integrated Genomic Viewer (IGV) display (at progression) and Sanger validation (at diagnosis
[DIAG] and progression [PROG]) of the PAX5, NKX2-3, LRIF1, and BRAF mutations identified in the patient’s
blood. (B) Representation of PAX5, NKX2-3, LRIF1, and BRAF proteins with annotated domains and amino ac-
ids numbered underneath. Plots were generated (https://www.cbioportal.org/mutation_mapper) with recur-
rent mutations (green, missense; blue, truncating; red, other) identified in COSMIC (hematopoietic and
lymphoid tissues). Mutations seen in the patient are shown beneath the protein map. (C ) Gene expression
of NKX2-3 and LRIF1 in hematopoietic populations isolated from cord blood, bone marrow, and peripheral
blood of healthy donors (nBM, normal bone marrow; PB, peripheral blood). RNA-seq data (GSE51984 and
GSE48846) were downloaded from the Gene Expression Omnibus (GEO).

https://www.cbioportal.org/mutation_mapper
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diagnostic sample obtained 12 yr prior revealed the presence of these PAX5, LRIF1, and
NKX2-3 likely somatic variants, indicating that they occurred early in clonal evolution and
that theywere stably propagated thereafter. By VAF, it is likely that the PAX5 variant occurred
later that the LRIF1 and NKX2-3 variants (Table 1). Data mining confirmed that RNA expres-
sion levels ofNKX2-3 and LRIF1 are highest in the hematopoietic stem cell (HSC) andmature
B-lymphocyte compartments, respectively (Fig. 1C).

SUMMARY

This case extends our knowledge on atypical B-CLL presenting t(14;18)(q32;q21), a relative-
ly rare entity for which disease mechanisms and prognostic significance remain unclear
(Nguyen-Khac et al. 2011; Fang et al. 2019; Pérez-Carretero et al. 2020). Indeed, only
nine cases have been examined thus far by WGS/exome and RNA-seq with a major conclu-
sion being that BCL2mutations are frequent and that these occur on the translocated BCL2
allele, thus leading to overexpression on the translocated allele (Puente et al. 2015).

A further study (gene panel sequencing) of 46 B-CLL cases with IGH translocation re-
vealed a lower mutation frequency and enrichment for BCL2 and IGLL5 mutations in IGH/
BCL2-translocated compared to non-IGH/BCL2-rearranged cases. The latter were seen to
present mutations in genes related to poor prognosis (NOTCH1, SF3B1, and TP53) and to
have a shorter time to first treatment (Pérez-Carretero et al. 2020). The present case, howev-
er, falls outside of this dichotomy; even if BCL2 and subclonalNOTCH1 and TP53mutations
were seen, unique molecular features were also present. For example, a non-V600E BRAF
mutation (p.G469A) that was present 12 yr prior to progression to high-risk B-CLL, was ob-
served. CLL with mutations in the RAS-BRAF-MAPK-ERK pathway is proposed to define a
specific subgroup of patients with adverse clinical features (Giménez et al. 2018).
Preclinical testing has shown sensitivity to BVD-523 (Giménez et al. 2018), a pan-ERK inhib-
itor that shows activity in non-V600E BRAFmutant cancers (Yaeger and Corcoran 2019), thus
highlighting the clinical interest of precision genomics in atypical B-CLL, particularly with
IGH/BCL2 translocation.

Our case also displays novel mutations likely to impede B-cell development and homing
(PAX5 and NKX2-3, respectively) (Choukrallah and Matthias 2014; Nagel and Drexler 2019).
PAX5 encodes a key factor in B-cell differentiation with a dual role in that it enables the ex-
pression of B-cell-specific genes while repressing inappropriate expression of genes in-
volved in the commitment to other lineages (Cobaleda et al. 2007). PAX5 loss-of-function
mutations affecting a noncoding regulatory element have been described in CLL, but not
PAX5-coding mutations (Puente et al. 2015). As such, our case is unique and raises the pos-
sibility that PAX5-coding regions may be a direct target for mutation in rare entities such as
IGH/BCL2-translocated B-CLL. Although the consequences of this variant for PAX5 expres-
sion are not as yet known, haploinsufficiency for PAX5 function, as seen with PAX5 locus-reg-
ulatory sequence mutations (Puente et al. 2015), may occur.

In sporadic BCP-ALL (B-cell precursor acute lymphoblastic leukemia), PAX5 is the target
of a wide diversity of alterations both in children and adult cases (Mullighan et al. 2007;
Familiades et al. 2009). The impact of these alterations is not equivalent in disease progres-
sion, whereas loss of function by non-sensemutations or deletions is considered as a second-
ary event, translocation and some point mutations are described as primary events in the
disease (Coyaud et al. 2010). PAX5 loss of function is known to be a predisposition to
BCP-ALL (Dang et al. 2015; Duployez et al. 2020).

The presence in our case of a potentially damagingmutation in the homeobox-encoding
region of the NKX2-3 gene is of interest for disease pathogenesis in B-CLL, particularly in
light of the role of NKX2-3 in B-cell homing, B-cell development (marginal zone B cells),
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B-cell receptor signaling, and lymphomagenesis (at least in mouse models of overexpres-
sion) (Robles et al. 2016). High expression ofNKX2-3 in CD34+HSC is alsoworth highlighting
in our case, because this is a compartment known to harbor somatic mutations in B-CLL
(Damm et al. 2014). Judging by VAF frequency (45.9%) for this variant, a concern was that
it might be of germline origin. However, pathogenicity assessments tend to rule this out.
We suspect that NKX2-3 mutation is a comparatively early event in the natural history of
CLL development in our case. Whether it might be present in a preneoplastic clone remains
to be determined and will require sequencing and functional analyses in additional B-CLL
cases.

LRIF1 (also known as HBiX1 and encoding ligand-dependent nuclear receptor-interact-
ing factor 1), was a novel target for mutation (truncating) in our case. LRIF1 has been es-
tablished as a key factor mediating interaction of the chromatin protein SMCHD1 with
HP1γ at trimethylated histone H3 lysine 9 (H3K9me3)-modified chromatin sites on chromo-
some arms, a process which is essential for X-chromosome inactivation (Nozawa et al.
2013; Brideau et al. 2015). Other studies implicate LRIF1 in the shutdown of nuclear hor-
mone receptor signaling (Li et al. 2007), specifically retinoic acid, and in as-yet-undefined
functions at centromeric repeats (Buxton et al. 2017) and at telomeres (Grolimund et al.
2013), respectively. The predicted consequence of the mutation observed in our B-CLL
(premature stop codon upstream of the chromatin and SMCHD1-interacting domain and
NLS) case is haploinsufficiency for LRIF1 chromatin compaction functions in the nucleus
(Brideau et al. 2015). Whether a mutant LRIF1 protein is expressed or whether mutant
transcripts are targeted for nonsense-mediated decay remains to be established. In favor
of this hypothesis, functional analysis of a similar (germline) homozygous LRIF1 variant
(p.T291∗) to ours (p.T265fs∗), reported in a patient with a clinical phenotype consistent
with FSHD (fascioscapulohumeral muscular dystrophy), has shown that homozygous muta-
tion in this region leads to absence of the long isoform of LRIF1 protein, whereas a short
isoform of unknown function and that retains the carboxy-terminal chromatin/SMCHD1-
interacting domain and NLS remains expressed (Hamanaka et al. 2020). The functional
consequence of loss of the LRIF1 long-form expression was found to be chromatin
relaxation (depletion of DNA methylation and H3K9me3) at D4Z4 repeats, which is an epi-
genetic hallmark of FSHD.

Regarding clonal evolution in this atypical B-CLL case, we can only speculate. We pro-
pose that the t(14;18)(q32;q21) was present in a stem line clone that also harbored at least
the NKX2-3 and LRIF1 mutations (VAFs of 45.9% and 38.8%, respectively at progression
and equivalent peak height at variant nucleotide positions between diagnosis and pro-
gression at 12 yr) (Fig. 1A). It is then reasonable to assume that further evolution occurred
with acquisition of the BRAF variant followed by PAX5, and BCL2 mutations, possibly in
the same subclone. Indeed, the PAX5 variant was detected at a VAF of 17.1% in the pro-
gression sample compared to a VAF of 8.4% in the initial diagnostic sample (Supplemental
Table S1), suggestive of slow clonal expansion over time (immunophenotyping and
molecular clonality analysis at the FR1 locus indicated similar B-CLL clone infiltration in
both samples [Supplemental Fig. S1]). The BCL2 mutation showed similar kinetics with a
VAF of 21.3% observed at progression compared to 10.7% at diagnosis, 12 yr prior. The
NOTCH1 mutant subclone remained relatively stable over time, detectable at 1.1%
VAF compared to 3.9% VAF between the time of diagnosis and progression, respectively.
A TP53 mutant clone detected at 0.7% at the time of progression was not detectable at
diagnosis, suggestive of late acquisition possibly concomitant to deletion 17(p) in a
subclone.

Taken together this case extends our knowledge of atypical CLL with BCL2/IGH translo-
cation and highlights the clinical and cognitive value of performing global genomics charac-
terization of these cases early in disease evolution.
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