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ABSTRACT

Background
Immunoglobulin gene somatic hypermutation is a biologically relevant and clinically useful
prognostic factor in different types of low-grade B-cell lymphomas, including chronic lympho-
cytic leukemia, mantle cell lymphoma and splenic marginal zone lymphoma.

Design and Methods
With the aim of identifying surrogate markers of somatic hypermutation, a combined investiga-
tion of IgVH mutational status and expression profiles of 93 samples from patients with small
B-cell lymphoma was performed.

Results
The analysis identified an somatic hypermutation signature of genes involved in the regulation
of gene transcription, DNA repair and replication, and chromosome maintenance. Eight of these
genes were subjected to protein analysis using tissue microarrays, for a set of 118 cases. We
found a clear link between RAD51C and CDK7 protein expression and somatic hypermutation
status, in that positive expression of either marker was significantly associated with a mutated
status (p<0.003). We also found that positive expression of TFDP1 and POLA was significantly
associated with ongoing somatic hypermutation (p<0.001). To assess the potential clinical
applicability of these somatic hypermutation markers, we studied a series of cases of mantle
cell lymphoma included in a tissue microarray. The expression of RCC1 and CDK7, separately
and together, was found to be significantly associated with longer overall survival.

Conclusions
An somatic hypermutation signature has been identified for different types of small B-cell lym-
phoma. This has a potential mechanistic and diagnostic value.
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Introduction

A diverse antibody repertoire is critical in order to
maintain immune system capability. This diversity is
developed and maintained by virtue of a variety of genet-
ic rearrangements and changes that occur in B cells,
including V(D)J recombination, immunoglobulin (Ig)
class switching and somatic hypermutation (SHM).
Initially, the antibody repertoire is produced through
recombination of the V, D and J exons of the Ig gene dur-
ing B-cell differentiation. On completion of this process
the mature B cells migrate to the secondary lymphoid
organs where antigen is encountered. Stimulation by
antigen is, in turn, responsible for further diversification
of the antibody repertoire by inducing class-switch
recombination and SHM, a process by which point
mutations are introduced into the variable regions of the
heavy and light Ig chains.1

In humans, SHM of Ig genes occurs at rates of 10–3 to
10–4 mutations per base pair per generation, which is up
to six orders of magnitude greater than the spontaneous
mutation rate of most other genes.2,3 The majority of
changes are single base substitutions (most commonly
transitions) in the Ig variable region, starting 150-200
base pairs downstream of the promoter and continuing
about 1.5 kb downstream.4,5 Although mutations occur
throughout the rearranged variable regions, RGYW and
WRCY (R: A or G; Y: T or C; W: A or T) motifs are pref-
erential targets (hotspots) for SHM. Higher-order struc-
tures or differences in local sequences may also play a
role in targeting SHM to specific bases, as not all poten-
tial hotspots in the same region are affected by SHM.6,7

Likewise, the vast majority of genes are not affected by
SHM although similar hotspots may be present. For
example the Ig constant region gene, which does not
exhibit SHM, is found only a few kilobases from the vari-
able region genes.5

Activation-induced cytidine deaminase (AID) is
expressed by activated B cells in the germinal centers of
peripheral lymphoid organs, and is critical to the process
of SHM. However, the mechanisms of SHM are not fully
understood. For example, the molecules and processes
responsible for DNA unwinding, which allow AID
access to the DNA template, and the signaling pathways
involved in the process are unknown. High AID expres-
sion is insufficient to explain SHM in chronic lymphocyt-
ic leukemia (CLL), since strong AID mRNA expression is
associated with unmutated IgVH gene status.8

Besides the biological relevance of SHM, there is a
broad base of evidence to suggest that IgVH SHM is a clin-
ically significant phenomenon in various types of B-cell
lymphoma, as demonstrated by studies reporting that
cases of hypermutated CLL9 and splenic marginal zone
lymphoma (SMZL) have a better prognosis,10 while cases
of hypermutated mantle cell lymphoma (MCL) display
specific clinicopathological features (leukemic course,
longer survival).11-14

There were two aims of the current study. First, we
wished to identify a set of markers that could be ana-
lyzed by immunohistochemical assays, since this could
have a potential clinical value for analyzing SHM status.

Secondly, we wanted to understand the mechanisms and
markers of SHM more thoroughly, since genes associat-
ed with high SHM status could help to elucidate the
mechanisms of SHM and the co-factors involved with
AID. These mechanisms and markers are currently insuf-
ficiently characterized, except, to some extent, in the
case of AID, whose role was mentioned above, and
ZAP70, which is associated with unmutated IgVH genes
in CLL.15 However, this finding is confined to CLL: no
association between ZAP70 and SHM has been observed
in cases of MCL.16

We used expression profiling in 93 samples from
patients with B-cell lymphoma to identify genes that
could serve as markers of high SHM levels, a characteris-
tic that has prognostic significance. The study focuses on
small B-cell lymphomas in which the presence of Ig
somatic hypermutation has been reported to be a biolog-
ical variable of clinical significance, such as CLL, MCL
and SMZL, as noted above.9-14 Furthermore, expression
profiling was used in patients’ samples to identify genes
that may play a role in the process of SHM. 

Finally, the association of several markers with overall
survival was assessed.

Design and Methods

Case selection
All cases included in this study were selected from the

medical records of member hospitals of the Spanish
Tumor Bank Network. All paraffin-embedded and
frozen tissue samples were collected through the proto-
cols of the Tumor Bank of the Centro Nacional de
Investigaciones Oncológicas (CNIO). Tissue distribution and
analysis was performed under the supervision of the
Hospitals’ ethical committees. All samples were central-
ly reviewed by a panel of pathologists and diagnosed
using uniform criteria based on clinical, histological,
immunophenotypic and molecular characteristics. A
total of 93 cases of small B-cell lymphoma, comprising 24
SMZL, 33 MCL and 36 CLL, were available for expres-
sion profiling. Controls consisting of five reactive lymph
nodes, five normal spleen samples and mantle zone B
cells from a tonsillectomy specimen were also included.
Protein expression of significant genes in the germinal
center was checked in six reactive lymph nodes.
Immunohistochemical validation was carried out in 49
MCL, 34 SMZL and 35 CLL cases. Thirty-six percent of
the cases analyzed by immunohistochemistry were
unique to the validation analyses and were not included
in the microarray analysis. Sixty MCL cases included in a
tissue microarray were used for analysis of the correla-
tion of marker expression with overall survival. These
cases were almost uniquely used for the survival analysis
with overlaps of only 10% with the microarray analysis
and of 30% with the marker validation analysis. 

Analysis of IgVH somatic hypermutation and ongoing
mutations in patients’ samples

DNA was extracted from frozen tissue blocks using
proteinase-K and purified by phenol-chloroform extrac-
tion. Rearranged IgVH genes were amplified by using a
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semi-nested polymerase chain reaction (PCR) method, as
described previously.10,13,17 The first round of the PCR was
performed using a mixture of six framework region 1
(FR1) VH family-specific primers and two consensus
primers for the JH gene. The second round of PCR was
performed in six separate reactions with one of the six VH

FR1 primers and JH internal primers. Direct sequencing
was performed in an ABI PRISM 310 or 3700 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA)
from both strands, using the same primers as in the
amplification. Mutations were identified by comparison
with the germ-line sequence (Ig BLAST and V BASE
sequence directory). Cases with a high mutational load
were defined as those in which the homology between
the amplified sequence and the original sequence was
less than 98%, while those cases with less than 2% vari-
ation with respect to the original sequence were consid-
ered to have a low mutational status. In all cases, analy-
sis of IgVH SHM was performed in duplicate.

Ongoing mutation was analyzed in a subset of 31
patients with more than 2% SHM, comprising 14 CLL, 4
MCL and 13 SMZL cases. The VH fragments were ampli-
fied as outlined above and the PCR products were puri-
fied and cloned into the pCR2.1-TOPO vector
(Invitrogen, CA, USA). Several colonies were sequenced
from each case. The sequences obtained were compared
with that of the wild type and the number of stable and
ongoing mutations was determined. A case was consid-
ered to have ongoing mutation if at least two of its
colonies had a mutation that was not present in the other
colonies. For evaluation of intraclonal heterogeneity, a
mutation was considered to be confirmed if it was
observed more than once in VH gene molecular clones
from the same tumor specimen. Only confirmed muta-
tions were considered as evidence of intraclonal hetero-
geneity. Unconfirmed mutations, a substitution mutation
observed in only one of the VH gene molecular clones
from the same tumor specimen, were disregarded
because they could have been caused by a Taq poly-
merase error.

RNA isolation, cDNA microarray target preparation and
hybridization

Total RNA was extracted from frozen tumor samples
using the Trizol reagent (Invitrogen) and RNA was puri-
fied and treated with RNase-free DNase I using the
RNeasy kit (Qiagen Inc., Valencia, CA, USA). Next, 1-5
µg of target RNA was amplified using T-7 in vitro tran-
scription18 and 2.5 µg of amplified RNA were directly
labeled with cyanine 5-conjugated dUTP or cyanine 3-
conjugated dUTP (Amersham, Uppsala, Sweden). The
reference sample used was 2.5 µg of amplified RNA from
the Universal Human Reference RNA (Stratagene, La
Jolla, CA, USA). 

Microarray studies were carried out using the CNIO
OncoChip and labeling and hybridizations were per-
formed as previously described.18-20 The cloned sequences
of all the genes included in the OncoChip and the repro-
ducibility of the expression data (measured by quantita-
tive PCR) of multiple genes have been verified.18,20-23

Scanning and image analysis were performed using a
Scanarray 5000 XL (GSI Lumonics, Kanata, Ontario,

Canada) and GenePix Pro Software (Axon Instruments
Inc., Union City, CA, USA), respectively.

Data analysis and normalization of microarray data
Raw microarray data were processed as previously

described.19,20,22 Data from CLL and SMZL cases were
normalized against the average expression of each gene
from five reactive lymph node and five normal spleen
samples, respectively. Normalization was carried out
only for those genes for which at least 50% of the data
were available in the control samples. All other genes
were excluded from analysis. Data from MCL samples
were normalized against data from tonsillar mantle cells
purified using magnetic beads.24 Raw and normalized
data of the genes studied are presented in the Online
Supplementary Appendix.

Statistical analyses
To identify the genes of importance in distinguishing

cases with a high or low IgVH SHM load, Welch’s t-statis-
tic, which does not assume equal variances,25 was calcu-
lated, and false discovery rates were obtained from tests
of 100,000 permutations. Genes were considered signifi-
cant if they were differentially expressed between
patients with high and low SHM burdens to a false dis-
covery rate < 0.20. 

The biological functions of genes were assigned using
the Gene Ontology (www.geneontology.org) and
Genecards26,27 (http://bioinformatics.weizmann.ac.il/cards)
databases. Gene pathways were analyzed with the help
of Gene Set Enrichment Analysis (GSEA) version 2.0.1.
The gene-set database included Biocarta pathways,28 clus-
ters of functionally related, coregulated genes identified by
our unsupervised clustering and molecular signatures
defined for lymphoma in the Staudt molecular signature
database (http://lymphochip.nih.gov/signaturedb).29

Fisher’s exact test was used to investigate associations
between SHM marker expression and SHM status and
with ongoing mutation status in all tumor types. The sta-
tistical significance of relationships between Ki67 and
SHM markers was evaluated using Pearson’s χ2 test.
Differences were considered statistically significant for p
values <0.05. Overall survival was analyzed in patients
with different levels of expression of SHM markers using
the Mantel-Cox test. Univariate receiver operation
curves (ROC) were analyzed to identify the specificity of
marker genes. All statistical analyses were done using
SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). 

Immunohistochemistry
Antibodies against CDK7, DP1 (TFDP1), HMGB2,

POLA, PRIM1, RAD51C, RCC1 (CHC1) and RFC4 were
used to determine protein expression employing a previ-
ously described protocol.24,30 Suppliers and dilutions of
antibodies for immunohistochemistry were as follows:
Ki67 at 1:50 (MIB1 antibody from DAKO, Glostrup,
Denmark), CDK7 at 1:225, HMGB2 at 1:10, RCC1
(CHC1) at 1:150, RFC4 at 1:150, RAD51C at 1:30 and
POLA at 1:100 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and DP1 (TFDP1) at 1:60, and DNA primase
(PRIM1) at 1:35 (NeoMarkers, Lab Vision, Fremont, CA,
USA). To analyze SHM status and marker association
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with ongoing mutation, samples were evaluated semi-
quantitatively by a panel of pathologists. Given that the
60 cases of MCL used for survival analysis were includ-
ed in a tissue microarray amenable to automatic quan-
tification, the expression of the markers studied was
ranked as strong, weak or negative, as determined by the
ARIOL semi-automated computerized training system
(http://www.aicorp.com/products/02path.htm). The cellular
location of each marker was determined using informa-
tion from published studies and defined to the ARIOL
training system. On the basis of this, the system was
trained by an expert team of technicians and patholo-
gists to classify the staining on tissue microarray slides
as strong, weak or negative for each marker selection.
The automated selection was then verified to ensure the
robustness of results. Each cellular location was counted
as a single point and, depending on its intensity, was
assigned to the strong, weak or negative category. The
operation is similar to flow cytometry in tissue sections,
in which quantitative measurements (e.g., number of
cells in a core from a patient’s sample) and qualitative
measurements (e.g., intensity of staining) are made.
Cores with low quality staining were considered not
evaluable.

Results

Genes associated with somatic hypermutation
in clinical samples

Expression analysis of 93 cases of small B-cell lym-
phoma identified genes significantly associated with a
high level of SHM (patients had been classified as hav-
ing either a low or a high mutational status according to
whether they had ≤2% or > 2% SHM, respectively;
false discovery rate <0.20). The top 58 genes found to be
upregulated in cases with a high mutational status are
involved in cell cycling and DNA replication (PRIM1,
RFC4, HOXB7, CCNA2, AIM2, BUB3, PCNA, CDK2,
JUNB, MCM3, CHEK1, RFC3, POLA, WEE1), DNA
repair (CDK7, RAD51C, POLS, HMG2, RAD54B,
FRAP1, PRKDC), chromosome condensation (CHC1)
and transcription regulation (TFDP1, POLA, MED6,
TCEA2, E2F5). As a validation step, we found the same
genes in the top ranks using GSEA (Table 1).

Expression of somatic hypermutation markers 
in germinal center cells 

SHM is an active process known to take place in the
germinal center and so we would expect genes associat-
ed with SHM to be strongly expressed there.17 Such
expression would confirm these genes as potential
markers of SHM. We selected eight genes involved in
DNA repair and replication and transcription regulation.
Their expression was studied in six normal lymph node
samples as a way of confirming whether the SHM
markers observed here in small B-cell lymphomas were
simultaneously expressed by B cells in the germinal cen-
ter. The markers analyzed were DP1 (TFDP1), HMGB2,
POLA, PRIM1, RAD51C, RCC1 (CHC1) and RFC4. All
were strongly expressed in germinal centers from reac-

tive lymph node and tonsil (Figure 1). As a validation
step, the genes overexpressed for high SHM were signif-
icantly enriched in the germinal center signature in the
MSig Database.29

Correlation of expression of DNA repair and
replication markers with somatic hypermutation status 

A semi-quantitative analysis was performed by a
panel of pathologists on the eight SHM markers select-
ed in the 118 cases of CLL, MCL and SMZL. The con-
ventional 2% cut-off between SHM-positive and SHM-
negative cases was used. Two markers were significant-
ly overexpressed in mutated cases (CDK7, p=0.04;
RAD51C, p=0.04), irrespective of the diagnosis (Figure
1). Expression of either CDK7 or RAD51C was signifi-
cantly associated with a high SHM status (p<0.003)
(Table 2). Specificities for CDK7 and RAD51C were
86.67% and 81.36% respectively, so we may conclude
that both genes were highly specific and therefore qual-
ified as potential SHM markers.

A relationship was found also between some of the
SHM markers analyzed, especially TFDP1, CDK7, RCC
and PRIM1, and Ki67 expression (Table 2B).

Correlation of expression of DNA repair and
replication markers with ongoing somatic 
hypermutation

The relationship between the expression level of the
selected SHM markers and the presence of ongoing
SHM was analyzed (Figure 1). Ongoing mutations were
not observed in 13 CLL cases, but were present in 2/4
MCL and 8/12 SMZL cases (Table 3A). Correlation
analysis between the markers of SHM and ongoing

Figure 1. Immunohistochemical staining of markers significantly
associated with SHM status, ongoing SHM and prognosis and
their expression in normal lymph node.

Normal lymph node SHM-positive sample SHM-negative sample

TFDP1

CDK7

PRIM1

RAD51C

POLA

RFC4
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Table 1. Genes expressed in cases of mutated small B-cell lymphoma.

Gene GSEA FDR Description of functions Pathways
score t-test

RFC4 -2.80057 0.109046 Accessory protein required for elongation of primed DNA templates by DNA polymerase delta and DNA polymerase epsilon DR
HOXB7 -2.54487 0.108268 Sequence-specific transcription factor involved in cell proliferation and differentiation TF, DR
HCLS1 -2.77987 0.107942 Cytoskeleton organization in B cells and leukemic B cells
CCNA2 -2.7495 0.107942 Promotes both cell cycle G1/S and G2/M transitions cell cycle
GARS -2.75294 0.107743 Encodes glycyl-tRNA synthetase, one of the aminoacyl-tRNA synthetases that charge tRNA with their cognate amino acids transcription
POLS -2.7621 0.1073 DNA polymerase that is probably involved in DNA repair. Also, the encoded protein may be required for sister chromatid adhesion DNA repair
AIM2 -2.83162 0.1073 Plays a putative role in tumorigenic reversion and may control cell proliferation. Interferon-gamma induces expression of AIM2 cell cycle
TFAM -2.78792 0.104791 Mitochondrial transcription factor that is a key activator of mitochondrial transcription and a participant TF, DR

in mitochondrial genome replication
TFDP1 -2.79054 0.104497 Transcription factor, DNA replication, Cell cycle regulation TF, DR, cell cycle
BUB3 -2.87171 0.099578 Encodes a protein involved in spindle checkpoint function DR
POLR2G -2.87838 0.099578 Encodes the seventh-largest subunit of RNA polymerase II transcription
HDAC8 -3.11226 0.087322 Histone acetylation/deacetylation alters chromosome structure and affects transcription factor access to DNA transcription
RINZF -3.01756 0.087627 Zinc finger protein TF
MLL3 -2.7755 0.084392 Encodes a nuclear protein possessing histone methylation activity and is involved in transcriptional coactivation transcription
PCNA -3.09846 0.082301 A cofactor of DNA polymerase delta, helps increase the processivity of leading strand synthesis during DNA replication. DR, DNA repair

Ubiquitinated in response to DNA damage and is involved in the RAD6-dependent DNA repair pathway
CBFB -3.01497 0.082301 Transcription factor that master-regulates a host of genes specific to hematopoiesis DR
CDK2 -2.93673 0.082301 A catalytic subunit of the cyclin-dependent protein kinase complex, whose activity is restricted to the G1-S phase, and cell cycle

is essential for cell cycle G1/S phase transition
TOB2 -3.1206 0.082301 Family of antiproliferative proteins involved in the regulation of cell-cycle progression cell cycle
JUNB -1.22195 0.081626 Binds directly to retinoblastoma protein; interacts with BRCA1 and may have a role in the regulation of cell cell cycle

proliferation and differentiation
TNFRSF8 -3.48039 0.082301 Receptor expressed by activated T- and B-cells. It leads to the activation of NF-κB and is a positive regulator of apoptosis apoptosis
BTF3 -3.08539 0.081626 Forms a stable complex with RNA polymerase IIB and is required for transcriptional initiation transcription
DEK -3.16899 0.081626 Binds to cruciform and superhelical DNA and induces positive supercoils into closed circular DNA and is also involved transcription

in splice site selection during mRNA processing 
MCM3 -3.09084 0.081626 The hexameric protein complex formed by MCM proteins is a key component of the prereplication complex DR
RRM1 -3.09764 0.081557 Ribonucleoside-diphosphate reductase, essential for the production of deoxyribonucleotides before DNA DR

synthesis in S phase of dividing cells.
KRAS2 -3.11601 0.081557 Oncogene DR. DNA repair
TCEB1 -3.11433 0.081557 Activates elongation by RNA polymerase II by suppressing transient pausing of the polymerase at many sites transcription

within transcription units 
MKI67 -3.17159 0.075623 Ki67 cell cycle
FGFR3 -3.20483 0.075357 Extracellular portion of the protein interacts with fibroblast growth factors, setting in motion a cascade cell cycle

of downstream signals, ultimately influencing mitogenesis and differentiation
SRI -3.27728 0.073197 May play a role in tumor cell metastasis
PRKRIR -3.26681 0.073197 Interferon-inducible double-stranded RNA-dependent inhibitor, repressor of p58
HMG2 -3.32223 0.072405 DNA end-joining processes of DNA double-strand breaks repair and V(D)J recombination DNA repair
RAD54B -3.09276 0.07151 Implicated in homologous recombination and repair of DNA. Homozygous mutations of this gene were observed in DNA repair

primary lymphoma
BTG1 -3.29686 0.070316 Involved in a t(8;12)(q24;q22) in CLL. Negatively regulates cell proliferation. cell cycle
CHEK1 -3.37342 0.069019 Prevents abrogation of the G2 checkpoint in p53+/+ cells cell cycle
FRAP1 -3.44359 0.069019 mTOR; mediates cellular responses to stresses such as DNA damage and nutrient deprivation DNA repair
RFC3 -3.71964 0.064778 Elongation of primed DNA templates by DNA polymerase delta and DNA polymerase epsilon DR
PSA -3.49318 0.061038 Kallikreins are implicated in carcinogenesis and some have potential as novel cancer and other disease biomarkers.
RAD51C -3.41514 0.057975 DNA repair, homologous recombination repair of double-strand DNA breaks, DNA replication DR, DNA repair
SIRT1 -3.47165 0.052774 Regulates epigenetic gene silencing and suppresses recombination of rDNA DR
PTPN1 -3.4374 0.048666 Regulates a variety of cellular processes including cell growth, differentiation, mitotic cycle, and oncogenic transformation DR
PAXIP1L -3.59922 0.047629 Plays a critical role in maintaining genome stability, condensation of chromatin and progression through mitosis DR
POLA -3.64993 0.047085 Polymerase, DNA synthesis DR
HDAC1 -3.52541 0.047085 Interacts with retinoblastoma tumor-suppressor protein and this complex is a key element in the control of cell cell cycle

proliferation and differentiation
UBE2D2 -3.52188 0.046836 Ubiquitin-conjugating enzyme E2D 2 
FBXO5 -3.84689 0.046836 Mitotic regulator that interacts with Cdc20 and inhibits the anaphase promoting complex cell cycle
TMPO -3.64424 0.046776 Consistent with its regulation by E2F, LAP2alpha overexpression in primary tumors is correlated with tumour-proliferation rate DR
CDK7 -3.60075 0.045508 Cell-cycle regulation, Positive regulation of cell growth, DNA repair, transcription initiation DNA repair
RBM12 -3.76853 0.031672 Protein that contains several RNA-binding motifs, potential transmembrane domains, and proline-rich regions transcription
PPP1R8 -3.08753 0.033225 Cleaves specific sites in A+U-rich regions of RNA transcription
CARD12 -4.03519 0.030722 Positive regulator of apoptosis apoptosis
WEE1 -3.98373 0.030043 Coordinates the transition between DNA replication and mitosis by protecting the nucleus from activated CDC2 kinase DR
PRIM1 -4.0843 0.029198 DNA primase, DNA replication, formation of Okazaki fragments DR
MFAP1 -4.14503 0.021039 E2F1 interacts with MFAP1 chromatin TF
PRKDC -4.23498 0.021039 XRCC7, DNA non-homologous end joining, double-strand-break repair, V(D)J recombination DNA repair
E2F5 -4.42853 0.017798 E2F family plays a crucial role in the control of cell cycle and action of tumor suppressor proteins TF
TCEA1 -4.75182 0.010258 Transcription elongation factor A TF
PLAGL2 -4.84224 0.009459 Leukemic oncogenes, zinc finger protein that recognizes DNA and RNA TF
MED6 -5.29143 0.002932 RNA polymerase II transcription-factor activity TF

GSEA: Gene-set enrichment analysis; FDR: false discovery rate; DR: DNA replication; TF: transcription factor.
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mutation demonstrated that TFDP1 and POLA were sig-
nificantly associated with ongoing mutation (p=0.038
and p=0.014, respectively) and that expression of both
markers was highly correlated with a status of ongoing
mutation (p<0.001) (Table 3B).

Association of DNA replication marker expression
with overall survival in mantle cell lymphoma

Two markers, RCC1 and CDK7, were significantly
associated with improved overall survival. The com-
bined expression of RCC1 and CDK7 yielded an even
more significantly longer overall survival in SHM
(p=0.005) (Figure 2). Ki67 expression was not signifi-
cantly associated with outcome in this series.

Discussion

The gene expression analysis presented here of
almost 100 cases of small B-cell lymphoma, represent-
ing sub-types in which SHM is of clinical and prognos-
tic significance, identified a large number of genes that
may be surrogate markers of the SHM process. As
might be expected, these genes are selectively expressed
in reactive germinal center cells, the specific cell subset
in which SHM takes place.17 Subsequent analysis of
selected markers involved in DNA replication and repair
revealed some of protein markers to be significantly
associated with SHM status and ongoing SHM. We
obtained a molecular signature, comprising genes
involved in the cell cycle, regulation of transcription,
and DNA repair and replication, which mainly recog-
nizes mechanistic aspects of the process in the low-
grade lymphoma types. It did not include genes whose
expression is only associated with SHM in specific
tumor types, such as ZAP7016 or lipoprotein lipase (LPL)
in CLL.15 Studies of ZAP70 in a wide spectrum of cases
of B-cell lymphoma have shown that the relationship
between its expression and SHM is confined to CLL;
there is no association between ZAP70 expression and
SHM in MCL.16 Our results from this series confirm
these observations, since ZAP70 was only associated
with SHM in cases of CLL (data not shown). 

Conceptually, SHM must consist of at least two main
steps: (i) unwinding of DNA during replication or tran-
scription to allow access to the SHM machinery; (ii)
mutation of the DNA by a polymerase during replica-
tion or by a DNA repair enzyme. A large proportion of
the genes identified as SHM markers or as being
involved in the SHM mechanism (Tables 1 and 2,
respectively) play a role in DNA repair, replication, tran-
scription and cell cycling. Most of these genes had not
previously been associated with SHM and so represent
novel findings. The composition of the SHM signature
identified here seems to confirm that SHM is indeed
associated with a characteristic set of changes in the cell
machinery in charge of cell cycling, transcription and
DNA repair and replication, when considering different
B-cell lymphoma types together. This contrasts with the
findings when considering only CLL, in which SHM has
been mainly found to be associated with changes in B-
cell receptor signaling genes, such as ZAP70 or others.31-

33 Although theoretically, malignant transformation
could have taken place after silencing of the hypermuta-
tion process in a post-germinal center B cell, these find-
ings seem to show that in fact hypermutated tumors,
when considered as a whole, preserve a distinctive sig-
nature. An additional finding supporting this observa-
tion is the increased expression of some of the genes
composing this SHM signature (TFDP1 and POLA) in
cases with ongoing SHM, in which the SHM machinery
is still active. Nevertheless, the limited number of cases
analyzed for ongoing SHM impedes generalization
regarding the value of the genes associated with ongo-
ing SHM in conditions such as CLL, in which ongoing
SHM is more infrequent. 

DNA replication appears to play a crucial role in SHM
given that a large number of critical genes involved in
the process are overexpressed in cases with high SHM
status. These genes include PRIM1, POLA, RFC4,
CDK7, TFDP1 and RCC1. POLA is a replication poly-
merase in a complex with DNA primase (PRIM1). It is
expressed in hypermutating cells but not in resting B
cells,34 as our study of ongoing mutation confirms (Table
3B). PRIM1, which is responsible for synthesizing the
small RNA primers during discontinuous DNA replica-
tion, is significantly associated with SHM in microarray
analysis and tends to show higher protein expression in
cases with > 2% SHM (Table 2). CHC1 (RCC1) is
involved in regulating the onset of chromosome con-

Table 2A. Protein marker expression association with somatic
hypermutation status in cases of small B-cell lymphoma.

High SHM status Low SHM status
(> 2% SHM) (≤2% SHM)

Marker Cases Positive Negative Positive Negative p
analyzed

CDK7 103 13 30 8 52 0.0477
RCC1 (CHC1) 108 8 37 6 57 NS
DP1 (TFDP1) 96 22 19 23 32 NS
PRIM 1 104 24 20 24 36 NS
HMG2 100 34 8 42 16 NS
POLA 97 23 18 39 17 NS
RAD51C 101 16 26 11 48 0.0401
RFC4 97 23 19 30 25 NS

Marker Cases 1+ markers Negative 1+ markers Negative p
analyzed positive positive

CDK7 and 101 21 21 12 47 0.0025
RAD51C

NS: not significant. Missing values were considered not valuable. 

Table 2B. Relation between Ki67 and somatic hypermutation
markers.

Ki67 CDK7 RCC1 PRIM1 RAD51c TFDP1 HMG2 RFC4 POLA
(CHC1)

Pearson 1 0.322 0.320 0.368 -0.005 0.405 0.037 0.039 -0.057
Significance 0.007 0.007 0.001 0.962 0.000 0.758 0.751 0.640
Number 68 68 68 68 68 68 68 68 68
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densation in the S phase. Replication factor C (RFC4) is
a DNA polymerase accessory protein whose function is
to elongate primed DNA templates through the action
of DNA polymerase. It acts as a clamp loader to enable
the polymerase to bind to DNA.

CDK7 and RAD51C showed significantly greater
expression in cases with higher SHM, and both genes
were significantly associated with SHM in validation
studies using protein expression. Furthermore nodal
marginal zone lymphomas with a high SHM burden
also showed increased CDK7 mRNA expression (data
not shown). Both genes can activate p53, which leads to
cell-cycle arrest during which DNA repair can progress.
CDK7, a cyclin-dependent kinase, is a mediator of cell-
cycle progression through activation by binding to
cyclins. Additionally, CDK7 is a component of the tran-
scription factor TFIIH, which helps control transcription
by RNA polymerase II and possesses DNA repair and
helicase activities. RAD51C is involved in the homolo-
gous recombination repair pathway of double-stranded
DNA breaks that arise during DNA replication or are
induced by DNA-damaging agents, and in meiotic
recombination. Its overexpression may contribute to
SHM by repairing the DNA after mutations have been
induced, perhaps during DNA replication, and by allow-
ing the cells to progress through the cell cycle. Finally, in
terms of DNA damage repair, microarray analysis also
revealed overexpression of PRKDC in IgVH mutated
cases. PRKDC is a serine/threonine-protein kinase

involved in DNA non-homologous end joining, which is
required for double-strand-break repair and V(D)J
recombination. PRKDC is also involved in the modula-
tion of transcription. However, the role of PRKDC is
unclear, as SHM is known to be able to proceed essen-
tially unaffected by deficient DNA-PK activity.35

Interestingly, these findings show that some specific
components of protein complexes involved in DNA

L. Tracey et al. 

Table 3A. Analysis of ongoing somatic hypermutation in small B-cell lymphomas.

Diagnosis Wild Clones Stable Additional Confirmed Single Intraclonal Ongoing
type VH evaluated mutations mutations additional unconfirmed variation (additional mutations

mutations mutations mutations/total clones)

CLL01 VH1-46 11 14 0 No
CLL02 VH4-31 7 6 0 No
CLL04 VH3-21 26 6 0 No
CLL05 VH3-21 10 7 0 No
CLL18 VH2-5 8 11 1 1 0.124 No
CLL34 VH3-35 5 8 0 No
CLL34 VH4-59 9 5 4 4 0.44 No
CLL36 VH3-9 7 6 1 1 0.142 No
CLL19 VH6-1 10 9 0 No
CLL20 VH4-34 7 11 1 1 0.142 No
CLL22 VH5-51 7 12 0 No
CLL27 VH3-9 15 15 6 6 0.4 No
CLL30 VH3-7 11 20 0 No
MCL02 VH3-7 8 6 9 2 5 1,125 Yes
MCL10 VH3-73 10 7 0 No
MCL15 VH3-23 22 8 11 4 2 0.5 Yes
MCL19 VH3-7 10 5 1 1 0.1 No
SMZL06 VH1-2 9 5 6 2 0.66 Yes
SMZL06 VH3-11 8 12 9 1 5 1,125 Yes
SMZL11 VH1-2 8 9 16 4 1 2 Yes
SMZL16 VH3-30 19 4 35 7 1 1.84 Yes
SMZL20 VH3-9 17 5 19 4 1.1 Yes
SMZL21 VH1-2 12 9 22 6 2 1.83 Yes 
SMZL22 VH4-59 9 10 19 3 5 2.1 Yes
SMZL22 VH5-51 5 4 4 4 0.8 No
SMZL29 VH1-2 10 5 0 No
SMZL01 VH3-23 14 16 1 1 0.07 No
SMZL17 VH4-34 8 16 0 No
SMZL33 VH1-2 10 14 21 3 3 2.1 Yes

Table 3B. Protein marker expression association with ongoing
somatic hypermutation in cases of small B-cell lymphoma. 

Ongoing SHM Stable SHM
Marker Cases Positive Negative Positive Negative p

analyzed

CDK7 21 0 6 6 9 NS
RCC1 (CHC1) 21 2 4 3 12 NS
TFDP1 (DP1) 20 5 0 6 9 0.038
PRIM 1 21 6 0 8 7 NS
HMG2 21 6 0 13 2 NS
POLA 20 6 0 5 9 0.014
RAD51C 20 3 2 7 8 NS
RFC4 20 4 1 8 7 NS

Marker Cases 2 positive 1+ negative 2 markers 1+ negative p
analyzed markers markers positive markers

TFDP1 21 6 0 2 13 0.0005
and POLA

NS: not significant.
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repair and transcription control, such as CDK7 and
RAD51C, appear to be selectively increased in associa-
tion with SHM. The observations require additional
confirmation, but do raise an interesting hypothesis to
be explored in functional assays.

B-cell translocation gene 1 (BTG1) is a negative regu-
lator of cell proliferation whose expression was
increased in mutated cases. The t(8;12)(q24;q22)
BTG1/MYC translocation has been identified in CLL.
TFDP1 has been associated in this study with ongoing
mutation. It is a component of the E2F/DP transcription
factor complex and a regulator of a number of genes
whose products are involved in cell-cycle regulation and
DNA replication. Its expression can be induced by p53
and it is also responsible for indirect activation of p53
through its role in the cell cycle. HMG2 may also be
involved in the final ligation step in DNA end-joining
processes of DNA double-strand-break repair, and V(D)J
recombination. p53-dependent DNA-repair may also
play a role in the upregulation of a variety of transcrip-
tion factors that are associated with high SHM status in
patients’ samples. 

This SHM signature does not include AID, an enzyme
required for SHM but largely absent in multiple lym-
phoproliferative processes with increased SHM, as
shown by Pasqualucci and co-workers.36

Finally, a potential clinical application of these find-
ings was explored, since some of the markers identified
here as being associated with SHM are significantly
associated with improved overall survival in patients,
with MCL, underlining the fact that SHM is a prognos-
tic factor in the major types of low-grade B-cell lym-
phoma, including MCL.14 Taking into consideration all
these findings, studies can be developed to examine the
role of the specific genes detected here in the generation
of IgVH SHM in small B-cell lymphomas, and to analyze
their potential prognostic utility in larger series of stan-
dardized patients. 
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Figure 2. Association between SHM markers and overall survival
in MCL. (A) RCC1 expression is significantly associated with longer
overall survival in MCL (B) CDK7 expression is significantly associ-
ated with longer overall survival in MCL (C) Combined expression
of RCC1 and CDK7 is highly significantly associated with longer
overall survival in MCL (overall survival at 60 months: 72% for
double positive RCC1 + CDK7 vs. 36% for all the other combina-
tions). 
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