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Aberrant somatic hypermutation in transformation of
follicular lymphoma and chronic lymphocytic leukemia
to diffuse large B-cell lymphoma

Ahistological shift to diffuse large B-cell
lymphoma (DLBCL) occurs in 25-35%
of cases of follicular lymphoma (FL) and

3-5% of cases of B-cell chronic lymphocytic
leukemia (B-CLL).1 The molecular mechanisms
associated transformation of FL and B-CLL
have been elucidated only in part.2-5 The obser-
vation that the histological shift from FL to
DLBCL is associated with acquisition of new
mutations in the translocated BCL-2 gene and
in the 5’ non-coding region of BCL-6 suggests
that somatic hypermutation may be involved
in the transformation.6,7 In DLBCL, somatic
hypermutation aberrantly targets the 5’
sequences of several proto-oncogenes relevant
to lymphomagenesis, including PIM-1, PAX-5,
RhoH/TTF and c-MYC. This phenomenon,
called aberrant somatic hypermutation, occurs
in >50% DLBCL arising de novo, while it is rare
in FL and virtually absent in B-CLL.8 On these
bases, we explored the association of aberrant
somatic hypermutation with the transforma-
tion of FL and B-CLL.

Design and Methods

This study included: (i) 18 paired specimens
from nine patients with FL collected at diagno-
sis and at the time of DLBCL transformation;
and (ii) 18 paired specimens from nine patients
with B-CLL collected at diagnosis and at the
time of DLBCL transformation. All cases were
classified according to the World Health
Organization classification of hematopoietic
tumors.1 B-CLL specimens were from peripher-
al blood mononuclear cells. FL and DLBCL
specimens were from lymph node biopsies. All
FL cases were grade 1 or 2. Genomic DNA was

isolated using a QIAamp DNA mini kit (QIA-
GEN, Milan, Italy). Mutational analysis of
BCL-6, PIM-1, PAX-5, RhoH/TTF and c-MYC
was performed on selected regions containing
>90% of mutations found in DLBCL.8,9

Mutations of BCL-2 gene were also analyzed.6

Immunoglobulin heavy chain variable region
(IGHV) rearrangements were amplified with
family-specific primers hybridizing to
sequences in the IGHV leader, framework
region 1 (FR1) or FR2 in conjunction with JH
primers, in separate reactions for each VH fam-
ily. Amplicons were sequenced using the ABI
PRISM BigDye Terminator v3.0 Ready
Reaction Cycle Sequencing Kit (Applied
Biosystems, Milan, Italy). IGHV sequences
were aligned to the V-BASE sequence directory
(MRC Centre for Protein Engineering, Cambridge,
UK; http://vbase.mrc-cpe.cam.ac.uk/) using the
MacVector 6.0.1 software (Oxford Molecular
Group PLC, Oxford, UK) and to the interna-
tional ImMunoGeneTics database (IMGT,
http://imgt.cines.fr; initiator and coordinator:
Marie-Paule Lefranc, Montpellier, France),
using the IMGT/V-QUEST and IMGT/Junction
Analysis software. IGHV sequences were con-
sidered mutated if deviation from the corre-
sponding germline gene was greater than 2%.
The study was approved by the local
Institutional Review Board and was conducted
in accordance with the Helsinki Declaration.
All patients provided informed consent.

Results and Discussion

Nine pairs of FL and corresponding DLBCL
samples were analyzed for aberrant somatic
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The molecular mechanisms involved in histologic transformation of follicular lymphoma (FL)
and B-chronic lymphocytic leukemia (B-CLL) to diffuse large B-cell lymphoma (DLBCL) are
heterogeneous and largely unknown. Here we explored whether aberrant somatic hypermu-
tation, leading to the acquisition of new mutations in PIM-1, PAX-5, RhoH/TTF and c-MYC
genes, is involved in transformation from FL or B-CLL to DLBCL. Eighteen sequential pairs
of FL/DLBCL (n=9) and B-CLL/DLBCL (n=9) were investigated. Our findings demonstrate
that acquisition of novel mutations due to aberrant somatic hypermutation was associated
with DLBCL transformation in 5/9 (55.5%) cases of FL and 2/9 (22.2%) cases of B-CLL.
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hypermutation of PAX-5, Rho/TTF, PIM-1 and c-MYC
(Table 1 and Figure 1). Acquisition of new mutations in the
transformed DLBCL occurred in 5/9 (55.5%) cases (cases
1B, 4B, 7B, 8B, 9B).  In three cases, a single mutation was
already present in the FL phase (cases 4A, 7A, 9A) and was
preserved after transformation. Mutations targeting more
than one gene were found in 0/9 FL and in 4/9 (44.4%)
DLBCL.

Nine pairs of B-CLL and corresponding DLBCL samples
were analyzed for aberrant somatic hypermutation (Table
1 and Figure 1). Mutations targeting at least one of the four
proto-oncogenes were found in 1/9 (11.1%) B-CLL and in
3/9 (22.2%) DLBCL. Acquisition of new mutations in the
transformed sample occurred in two patients (cases 10B
and 11B), one with IGHV mutated B-CLL and the other
with unmutated B-CLL. Mutations targeting more than
one gene were found in 0/9 B-CLL and in 1/9 (11.1%)

DLBCL. As previously observed in B-CLL and FL in gener-
al,8 also in the subset of patients undergoing histologic
transformation, aberrant somatic hypermutation is virtual-
ly absent in the B-CLL phase and affects the FL phase at
low frequency, reflecting an association of aberrant somat-
ic hypermutation with aggressive histology.

At the time of transformation from FL, 5/9 (55.5%)
DLBCL acquired a total of 25 new mutations (Table 1).
Transformation was characterized by acquisition of novel
mutations of PAX-5 in 3/9 cases, RhoH/TTF in 3/9 cases,
PIM-1 in 2/9 cases and c-MYC in 1/9 cases. Two cases
acquired two novel mutations in PIM-1 and c-MYC coding
exons, leading to amino acid substitutions (Table 1). Case
4B acquired one missense mutation in PIM-1 exon 2 in the
proximity of the ATP binding pocket of the catalytic
domain, leading to the substitution of Ala for Val at posi-
tion 58. As reported for other PIM-1 mutations generated
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Table 1. Mutation analysis of PAX-5, RhoH/TTF, PIM-1, c-MYC, BCL-6 and IGHV in transformation from FL and B-CLL to DLBCL

Mutation type and positiona,b

Case Diagnosis BCL-6 PAX-5 RhoH/TTF PIM-1 c-MYC IGHV IGHV IGHV clonal
genec mutation (%) evolutiond

1A FL n.a. − − − − 3-07 18.8 −
1B DLBCL n.a. − T319C, T495G, A518T, T562A, G4652T, 3-07 18.8 −

G694A, T732C, C788G, A848C, C4653G:Pro45Ala
A857C, A880G, G884T, C890G,

T895C, A985C −
2A FL − − − − − n.a. n.a. n.a.
2B DLBCL − − − − − n.a. n.a. n.a.
3A FL − − − − − 4-61 3.13 −
3B DLBCL − − − − − 4-61 3.13 −
4A FL n.a. − G938A − − 3-73 13.7 +
4B DLBCL n.a. − G938A, G963A C1458T:Val58Ala − 3-73 17.5 +
5A FL n.a. − − − 3-15 13.6 +
5B DLBCL n.a. − − − 3-15 12.6 +
6A FL − − − − 3-07 7.82 +
6B DLBCL T837C − − − − 3-07 7.82 +
7A FL C480G, C484T, G642A G847A − − − 3-11 13.51 +
7B DLBCL C480G, C484T, G642A G847A, C938T − G1540C − 3-11 11.82 +
8A FL G625A - − − − 3-23 11.26 +
8B DLBCL G545A, ∆ T603, T707G, T902A, G1025A − − − 3-23 11.26 +

C1048G, T1060G, A1073C,
C789T, G800A, T839C

9A FL − G656T − − − 3-23 8.11 +
9B DLBCL T440C, G579A, G656T, G1333A, T732G − − 3-23 8.11 +

T929C, T1114G G1325T, C1207T
10A B-CLL − − − − − 1-03 0 −
10B DLBCL − − C817T − − 1-03 0 −
11A B-CLL − − − − − 3-72 3.32 −
11B DLBCL − G1134A − C1563T − 3-72 3.32 −
12A B-CLL − − C390T − − 4-39 0 −
12B DLBCL − − C390T − − 4-39 0 −
13A B-CLL − − − − − 4-34 4.5 −
13B DLBCL − − − − − 4-34 4.5 −
14A B-CLL − − − − − 1-24 0 −
14B DLBCL − − − − − 1-24 0 −
15A B-CLL − − − − − 1-02 0 −
15B DLBCL − − − − − 1-02 0 −
16A B-CLL − − − − − 1-e 0 −
16B DLBCL − − − − − 1-e 0 −
17A B-CLL − − − − − 4-39 0 −
17B DLBCL − − − − − 4-39 0 −
18A B-CLL − − − − − 3-21 0 −
18B DLBCL − − − − − 3-21 0 −

a: wild-type sequence; bNumbering according to GenBank accession Nos. AY189709 (BCL-6), AF386792 (PIM-1), AF386791 (PAX-5), AF386789 (RhoH/TTF),
X00364 (c-MYC); cn.a., not available; dIGHV clonal evolution was considered when IGHV  mutations present in the FL or B-CLL phase were not preserved in the
DLBCL phase and/or mutations appeared only in the DLBCL phase; -, absence of IGHV clonal evolution; +, presence of IGHV clonal evolution.



by aberrant somatic hypermutation, the Val58Ala muta-
tion may change the structure, and possibly the activity, of
this serine-threonine kinase.10 Alternatively, since the
Val58Ala mutation is located on the surface of the PIM-1
protein, the mutation may affect protein-protein interac-
tions.10 Case 1B acquired one missense mutation in c-MYC
exon 2, which encodes the gene transactivation domain,
leading to the substitution of Ala for Pro at position 45.
Mutations in this region may alter c-MYC function by
impairing susceptibility to p107 induced suppression and
possibly conferring increased transforming activity.11

During transformation from B-CLL, 2/9 (22.2%) DLBCL
acquired three new mutations (Table 1). No case displayed
evidence of aberrant somatic hypermutation during the B-
CLL phase. Transformation was characterized by novel
mutations of PAX-5 in 1/9 cases, RhoH/TTF in 1/9 cases
and PIM-1 in 1/9 cases. 

Overall, the molecular profile of mutations in trans-
formed DLBCL is similar to that reported for de novo
DLBCL and is consistent with the process of somatic
hypermutation (Table 2).8 In fact, mutations in PAX-5,
RhoH/TTF, PIM-1, and c-MYC in transformed DLBCL: i)
are predominantly represented by single nucleotide substi-
tutions; ii) display a preference for transitions over trans-

versions and an elevated ratio of G+C over A+T substitu-
tions; and iii) display a preferential distribution within the
RGYW/WRCY motifs (Table 2). Six pairs of FL and corre-
sponding DLBCL were analysed for somatic hypermuta-
tion of BCL-6 (table 1) and BCL-2. BCL-6 mutations
occured in 2/6 FL and in 4/6 corresponding DLBCL.
Acquisition of new mutations in the transformed DLBCL
occurred in 3/6 (50.0%) cases (cases 6B, 8B, 9B). In two
cases (6A, 9A), BCL-6 was not mutated in the FL phase and
acquired new mutations in the transformed sample. In one
case (8A), a single mutation was present in the FL phase
and was lost after transformation concomitantly with
acquisition of new mutations. No case of transformed
DLBCL acquired BCL-2 mutations. Nine pairs of B-CLL
and corresponding DLBCL were analysed for somatic
hypermutation of BCL-6 (Table 1). No BCL-6 mutations
were detected in the B-CLL or in the corresponding
DLBCL.  

The clonal relationship between FL or B-CLL and the
respective DLBCL phase was analysed by IGHV gene
sequencing. A functional VDJ rearrangement was obtained
in 8/9 FL/DLBCL pairs (table 1). In all pairs, the FL and the
DLBCL phases displayed identical VDJ rearrangements,
indicating a common clonal origin. Mutation analysis of
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Figure 1. Prevalence (Panel A) and mean mutation frequency (Panel B) of PAX-5, RhoH/TTF, PIM-1 and c-MYC mutations in follicular lym-
phoma (FL) at diagnosis, diffuse large B-cell lymphoma (DLBCL) transformed from FL, B-cell chronic lymphocytic leukemia (B-CLL) at
diagnosis and DLBCL transformed from B-CLL. 
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IGHV genes revealed that all FL and DLBCL pairs were
somatically mutated. In 6/8 FL/DLBCL pairs, some IGHV
mutations were found in the FL phase but not in the
DLBCL phase, while some mutations appeared only in the
DLBCL phase. This phenomenon has been previously
interpreted as clonal evolution.7,12,13 As a result of ongoing
IGHV somatic hypermutation, FL cells might become
increasingly heterogeneous until a subclone different from
the predominant clone of the FL phase emerges and gives
rise to DLBCL.7,12,13 At variance with somatic hypermuta-
tion in IGHV and BCL-6 genes, all proto-oncogene muta-
tions due to aberrant somatic hypermutation in the FL
phase are maintained at the time of DLBCL transforma-
tion, concomitantly with the appearance of additional
mutations (Table 1). This finding suggests that aberrant
somatic hypermutation might be active only in the sub-
clone that subsequently gives rise to DLBCL. A functional
VDJ rearrangement was obtained in all 9 B-CLL/DLBCL
pairs (Table 1). In all pairs, the B-CLL and DLBCL phases
displayed identical VDJ rearrangements, indicating a com-
mon clonal origin of the tumor samples. Mutation analysis
revealed germline IGHV genes in 7/9 pairs. The remaining
two pairs (11A-11B and 13A-13B) displayed mutations at
a frequency of 3.3% and 4.5%, respectively. No DLBCL
transformed from B-CLL displayed IGHV clonal evolution
(Table 1). 

In one DLBCL transformed from FL (case 1B) and in 2
DLBCL transformed from B-CLL (cases 10B and 11B),
novel proto-oncogene mutations consistent with aberrant
somatic hypermutation were acquired despite the absence
of novel IGHV mutations (Table 1). Extensive sequencing

analysis of subclones confirmed that the newly acquired
proto-oncogene mutations were absent in the indolent
phase. This observation points to a divergence between
IGHV somatic hypermutation and aberrant somatic
hypermutation that has not been previously described in
the setting of DLBCL and immunodeficiency-related lym-
phomas.8,9,14-16 However, a similar phenomenon has been
documented in the case of IGHV unmutated B-CLL with
BCL-6 mutations.17 While it is possible that a low somatic
hypermutation activity targets stochastically different loci,
leading to a discordant pattern of mutations, this finding
supports the hypothesis that aberrant somatic hypermuta-
tion is due to a qualitative, rather than to a quantitative
defect of this process. Overall, our findings document that
the accumulation of novel mutations in the PAX-5,
RhoH/TTF, PIM-1 and c-MYC genes is associated with
transformation from FL to DLBCL in 55% of cases. Richter
transformation is also associated with aberrant somatic
hypermutation, although at a lesser extent,  as recently
reported by an independent study.18 
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Table 2. Features of PAX-5, RhoH/TTF, PIM-1 and c-MYC mutations in transformation from FL and B-CLL to DLBCL.

Mutation frequency Transitions/ RGYW-WRCY G+C/A+T Single bp substitutions Deletions/
(range)a,b Transversions insertions

PAX-5
FL 0.06 (0.06-0.06)×10-2 1/1 (1.00) 0 2/0 2 0/0
DLBCL 0.13 (0.06-0.23)×10-2 5/2 (2.50) 4 7/0 7 0/0
B-CLL 0 0 0 0 0 0/0
DLBCL 0.06×10-2 1/0 0 1/0 1 0/0

RhoH/TTF
FL 0.06×10-2 1/0 0 1/0 1 0/0
DLBCL 0.33 (0.06-0.82)×10-2 7/10 (0.70) 5 7/10 17 0/0
B-CLL 0.06 x 10-2 1/0 0 1/0 1 0/0
DLBCL 0.06 (0.06-0.06)×10-2 2/0 1 2/10 2 0/0
PIM-1
FL 0 0 0 0 0 0/0
DLBCL 0.05 (0.05-0.05)×10-2 1/1 (1.00) 0 2/0 2 0/0
B-CLL 0 0 0 0 0 0/0
DLBCL 0.05×10-2 1/0 0 1/0 1 0/0

c-MYC
FL 0 0 0 0 0 0/0
DLBCL 0.05×10-2 2/0 0 2/0 2 0/0
B-CLL 0 0 0 0 0 0/0
DLBCL 0 0 0 0 0 0/0

All genes
FL NA 2/1(2.00) 0 3/0 3 0/0
DLBCL NA 15/13 (1.15) 9 18/10 (1.80) 28 0/0
B-CLL NA 1/0 0 1/0 1 0/0
DLBCL NA 4/0 1 4/0 4 0/0

aNA indicates not applicable; bcalculated on the entire region analyzed and on mutated cases only, considering 2 alleles/gene/case.
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