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Abstract

Introduction
Primary mediastinal B-cell lymphoma (PMBL) is categorized as a
subentity of diffuse large B-cell lymphoma (DLBCL) in the current
WHO classification. The concept of PMBL as a distinct lymphoma
type relies on its characteristic clinical, histomorphologic, immunologic, and molecular properties (1). The immunoglobulin (Ig)
genes of PMBL are clonally rearranged and typically carry a high
load of somatic hypermutation (SHM) with a distribution pattern
that indicates selection of a functional B-cell receptor (2, 3). In
combination with the finding of switched isotypes (3), this strongly
suggests that PMBL originate from B cells that have been exposed
to the germinal center reaction.
The maturation of a B-cell reaction is achieved by two distinct
genetic alterations of the Ig gene. As a hallmark of the germinal
center reaction, SHM hones the B-cell receptor for maximum
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Activation-induced cytidine deaminase (AID) initiates somatic
hypermutation (SHM) and class switch recombination (CSR)
in activated B lymphocytes and is potentially implicated in
genomic instability of B-cell malignancies. For unknown
reasons, B-cell neoplasms often lack SHM and CSR in spite of
high AID expression. Here, we show that primary mediastinal
B-cell lymphoma (PMBL), an immunoglobulin (Ig)–negative
lymphoma that possesses hypermutated, class-switched Ig
genes, expresses high levels of AID with an intact primary
structure but does not do CSR in 14 of 16 cases analyzed.
Absence of CSR coincided with low Ig germ-line transcription, whereas high level germ-line transcription was observed
only in those two cases with active CSR. Interleukin-4/CD40L
costimulation induced CSR and a marked up-regulation of
germ-line transcription in the PMBL-derived cell line MedB-1.
In the PMBL cell line Karpas 1106P, CSR was not inducible
and germ-line transcription remained low on stimulation.
However, Karpas 1106P, but not MedB-1, had ongoing SHM
of the Ig gene and BCL6. These genes were transcribed
in Karpas 1106P, whereas transcription was undetectable
or low in MedB-1 cells. Thus, accessibility of the target
sequences seems to be a major limiting factor for AIDdependent somatic gene diversification in PMBL. [Cancer Res
2007;67(14):6555–64]

binding affinity by introducing point mutations to the variable
region of the Ig heavy and light chain gene. Class switch
recombination (CSR) exchanges the Ig isotype via nonhomologous DNA recombination between the targeted switch regions,
thereby determining the effector function of the B-cell response
(4). For long, the molecular basis of SHM and CSR has remained
elusive. Recently, however, it was shown that activation-induced
cytidine deaminase (AID) plays a central role in SHM and CSR
(5, 6). This finding has triggered intense research activity
shedding some light on the initial molecular mechanisms of
these two processes, although there is an ongoing debate on
whether AID targets RNA or DNA. The DNA hypothesis, which
has gained recently some acceptance, holds that AID directly
deaminates cytosine residues in DNA (7). Because singlestranded, but not duplex, DNA is the substrate of AID, target
sequences require transient denaturation by transcription (8). For
CSR, this is achieved by germ-line transcription through the
acceptor and donor switch region, flanking the sequence to be
looped out (4). To facilitate SHM, AID must be phosphorylated
and interact with replication protein A (9), whereas additional, as
yet unidentified, cofactors are likely to complex with AID to
initiate CSR (10). For this reason, it is obvious that the detection
of AID gene products alone does not automatically proof AID to
be active. Indeed, a dissociation of AID expression and activity is
a well-recognized finding in B-cell neoplasms (11–13). This
observation has been substantiated recently by an experimental
approach showing that the induction of a mutator phenotype
by AID overexpression in vitro critically depends on the targeted
B-cell line (14).
Thus far, there has been only one report investigating AID
expression in PMBL (15). This study, which included six PMBL
cases, revealed AID mRNA levels in PMBL that were comparable
with follicular lymphoma (FL) and to non-PMBL types of DLBCL.
The presence of hypermutated and class switched Ig genes proves
that AID has been active in PMBL (3). However, it is presently
unclear whether AID continues to be active or shut down due to
alterations of the molecule itself or a nonsupportive state of the
lymphoma cells.
To address this question, we measured AID gene products in 16
primary PMBL cases and 2 PMBL-derived cell lines, confirming AID
expression by mRNA quantification and on the protein level. We
then searched for evidence of ongoing class switching as an
indicator of AID activity. To elucidate the reason for the low rate of
CSR despite the prevalent expression of a putatively functional AID
molecule in PMBL, we determined the accessibility of the AID
target sequences in the Ig switch regions and carried out in vitro
experiments to assess whether physiologic stimuli could revert
PMBL cells into a class switching mode. Finally, we examined
ongoing SHM in PMBL cell lines and determined whether it
correlated with target gene transcription.
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Tissues and cell lines. Sixteen cases of PMBL, 15 cases of other (nonPMBL) DLBCL subtypes, 11 cases of FL, and 5 reactive tonsils were included
in this study. Lymphoma diagnosis was in accordance with the current WHO
classification. All samples were drawn from our archive of snap-frozen
tissues and pseudonymized to comply with the German law for correct usage
of archival tissue for clinical research (Deutsches Ärzteblatt 2003; 100
A1632). Approval for these studies was obtained from the University of Ulm
ethics board. One lymphoma sample was taken from a pulmonary
recurrence of a patient who had received antitumor chemotherapy (PMBL
case 16). A stable cell line generated previously from this tumor (MedB-1;
ref. 16) and the PMBL cell line Karpas 1106P (17) were included in this study.
Microdissection. Seven-micrometer frozen tissue sections were
mounted on membrane-covered glass slides, stained with hematoxylin,
dried, and stored at 70jC. Microdissection and laser pressure catapulting
was done as described (18) using a Robot Microbeam system (PALM
Microlaser Technologies) equipped with an IX 50 microscope (Olympus).
Several tissue areas comprising a minimum of f2  103 cells were
catapulted into the cap of one PCR tube.
mRNA isolation and reverse transcription. Total RNA was extracted
from microdissected tissue and from pelleted cells as described (18). RNA
was annealed to 1 pmol hexamer (random) primer, denatured at 80jC, and
reverse transcribed with SuperScript reverse transcriptase (Invitrogen) as
depicted elsewhere (18).
Real-time reverse transcription-PCR. mRNA expression was determined by real-time reverse transcription-PCR (RT-PCR) and relative
quantification with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
a reference gene in most essays. When exclusively cell lines were examined,
CD19 was used as a reference gene. A fresh aliquot of a cDNA preparation
from a mixture of various human B-cell lines served as a calibrator in every
PCR run. Amplification and quantification was carried out as described (18)
on an iCycler iQ Real-time PCR instrument (Bio-Rad) with the iQ SYBR Green
Supermix (Bio-Rad) and primer sets as shown in Supplementary Table S1.
RT-PCR of the AID coding region. We amplified 591 bp of the 594 bp
AID coding region within a seminested PCR amplification protocol. Primer
sequences are shown in Supplementary Table S1. AID-codright plus AIDcodleft-ext and AID-codright plus AID-codleft-int were applied for the first and
second PCR round, respectively, using 5 units/AL of the High Fideli Taq
polymerase (USB Corp.).
Amplification of the Ig heavy chain variable region, BCL6, PAX5,
MYC, and RhoH/TTF. Genomic DNA was extracted from cell lines as
described (3). The rearranged MedB-1 Ig heavy chain gene, which included
the variable (V), diversity (D), and joining (J) segment, was amplified with a
VH4 leader primer (Supplementary Table S1) and a mixture of JH primers
(19). The VDJ sequence of Karpas 1106P was amplified using published
primer sets (19). The SHM-targeted 5¶ regions (20) of BCL6, RhoH/TTF,
MYC, and PAX5, respectively, were amplified with the High Fideli Taq
polymerase using primer pairs as shown in Supplementary Table S1. The
sizes of the respective amplicons were 713 bp (BCL6), 768 bp (RhoH/TTF),
708 bp (MYC), and 694 bp (PAX5).
Estimation of the Taq error. To estimate the Taq error, 300 ng DNA
from the nonlymphoid cell line ENSA and 0.3 pg pGEM-T Easy vector
carrying the rearranged VDJ sequence of Karpas 1106P as an insert were
mixed and submitted to a single-round PCR using VH2 and a 3¶JH primer
combination as described (19). PCR conditions were identical to those that
served to amplify VDJ rearrangements and BCL6 from genomic DNA.
Cloning and sequencing. PCR bands were cut out from the agarose gel.
Subsequent gel purification, cloning in a pGEM-T Easy vector, and plasmid
DNA preparation were as described (3). Sequencing of plasmid DNA was
accomplished by MWG Biotech.
Sequence analysis. Sequences of VDJ rearrangements were aligned to
published germ-line sequences of the human Ig heavy chain gene using the

IMGT/V-QUEST software (21).3 Multiple alignment of VDJ and BCL6
sequences was achieved with the ClustalW software (22).4
Circle transcript PCR. For detecting circle transcripts (CT) in the small
amount of tissue obtainable by microdissection, a sensitive nested RT-PCR
assay was carried out using primers as shown in Supplementary Table S1.
Oligonucleotide sequences of IqF1, IqF2, and CgR were as published by
Takhar et al. (23). To amplify Ia-Cg CT, Ia plus Cg ( first round) and Iaint
plus Cgint (second round) were used. To amplify Iq-Cg CT, IqF1 plus CgR
( first round) and IqF2 plus CgR (second round) were used. The specificity of
representative PCR products was verified by sequencing.
Amplification of mature Ig transcripts. Mature VDJ-Cq IgE and VDJCg IgG transcripts were amplified by a nested RT-PCR and by a
conventional one-round RT-PCR, respectively. The primer sequences are
given in Supplementary Table S1. The first PCR round was carried out with
FR2a (24) and IgEext or Ig Gext, respectively. For the second round, FR2a was
combined with IgEint.
Transfection of MedB-1 cells with human AID. The pCFG5-AID
expression vector, generated by cloning the full-length AID coding sequence
into a pCFG5 IEGZ vector (25), was transiently transfected into MedB-1 cells
using the Nucleofector kit V (Amaxa GmbH) with the program U-01 on the
Nucleofector device (Amaxa GmbH). Per transfection, we applied 2  106
cells and 2 Ag expression vector.
Protein kinase A induction and extraction of nuclear protein. MedB1 cells transfected with human AID or an empty vector, respectively, and
Karpas 1106P cells were treated with forskolin (50 Amol/L; Sigma-Aldrich)
and 3-isobutyl-1-methylxantine (100 Amol/L; Sigma-Aldrich) to induce
protein kinase A (PKA; ref. 26). After 1 h, cells were harvested, washed twice
in ice-cold PBS, incubated for 15 min in three packed cell volumes of buffer
A (27), and aspirated 20 times with a 26-gauge needle. Nuclei were pelleted,
washed twice with buffer A, and incubated for 1 h in two packed cell
volumes of radioimmunoprecipitation assay buffer (28). Next, nuclear
membranes were removed by centrifugation, and the protein concentration
in the supernatant was quantified as described (29). Equal amounts of
nuclear protein were used for Western blotting.
Western blotting. Cell lysates or nuclear protein extracts, respectively,
were separated by 12% SDS-PAGE under reducing conditions and
transferred onto an Immobilon-P membrane (Millipore) in a semidry
blotting system. Membranes were blocked with 5% milk powder in PBSTween and incubated with the recently generated mouse antihuman
AID monoclonal antibody (mAb) clone C12.38 (30) or CD19 (clone
CD19.13; DAKO), respectively. After washing, bound mAb was labeled with
goat anti-mouse IgG/Fc conjugated with alkaline phosphatase (Dianova)
and visualized by nitroblue tetrazolium-5-bromo-4-chloro-3-indolyl phosphate (Roche) substrate reaction. A mouse h-actin mAb served as a
control.
Immunomorphology. Immunostaining with the anti-AID mAb C12.38
was done as described (30) on cryosections or cytospin preparations fixed in
methanol/acetone (ratio of 1:1) at 20jC for 5 min. Sections were
incubated with C12.38 diluted 1:10. Bound mAb was labeled using the
envision antimouse system (DAKO) and visualized by the substrate 3amino-9-ethyl-carbazole. Slides were counterstained in hematoxylin.
Sections were examined under a Zeiss Axiophot microscope using a 40
objective lens (numerical aperture, 0.75). Picture acquisition was done with
a KY-F75U digital camera (JVC) and the DISKUS software (version 4.5, C.H.
Hilgers Technisches Büro). Images were processed using the Photoshop
software (version 5.5, Adobe).
Stimulation of PMBL cells. Cells were incubated for 5 days in the
presence of 40 ng/mL interleukin-4 (IL-4; Sigma-Aldrich) and/or 4  104/mL
murine fibroblasts (L-cells) stably transfected with human CD40L (American
Type Culture Collection no. CRL-12095 hCD40L, obtained from DNAX
Research Institute of Molecular and Cellular Biology). Subsequently, RNA
was extracted from pelleted cells as depicted above.

AID in PBML

Results

Figure 1. AID mRNA expression in PMBL. AID mRNA expression was
determined by quantitative RT-PCR on microdissected tissue and cell pellets,
respectively. Points, mean of three measurements. Arrows, median of each
group. In the PMBL group, the cell lines Karpas 1106P and MedB-1 and the
parental tumor of MedB-1 have been assigned to specific points. The relative AID
expression was determined using the housekeeping gene GAPDH and is given
in arbitrary units. GC, germinal center.

www.aacrjournals.org

measurements (Fig. 2A; Supplementary Table S2). Again, the
expression intensity varied over a broad range between the
individual lymphoma samples. AID expression of the PMBL cell
lines MedB-1 and Karpas 1106P was assessed by Western blotting,
yielding a weak signal in MedB-1 and a strong band in Karpas
1106P (Fig. 2B), in accordance with the mRNA expression data. An
analogous result was obtained by immunostaining cytospin
preparations of both cell lines (Fig. 2C).
AID is potentially functional in PMBL. We then asked whether
genomic aberrations and/or alternative splicing might impede AID
function in PMBL. To this end, we sequenced AID transcripts
generated by RT-PCR with oligonucleotide primers spanning 591
bp of the 594 bp AID coding region. From 15 (94%) PMBL samples
and both cell lines, specific PCR products were amplified (Fig. 3A).
Sequence analysis of dominant bands revealed full-length AID
transcripts in all 15 cases as well as MedB-1 and Karpas 1106P. No
replacement mutations were observed. In addition to a preserved
primary structure, phosphorylation of the AID protein catalyzed by
PKA is crucial for AID activity (32). We therefore measured the
expression of PKA a-catalytic subunit mRNA by quantitative RTPCR. In all PMBL samples and both PMBL cell lines, PKA mRNA
levels were comparable with or higher than in the tonsillar germinal
center (Fig. 3B). Because nuclear translocation of AID has been
suggested to be phosphorylation dependent (32) and may thus be
indicative of active AID, we determined whether AID protein
localized to the nucleus of MedB-1 and Karpas 1106P cells. Western
blotting of nuclear protein yielded a specific band in Karpas 1106P
cells (Fig. 3C) but no signal in MedB-1 cells (data not shown).
Because only trace amounts of AID are translocated to the nucleus
(33), the failure to detect nuclear AID in MedB-1 cells might be
explained by the moderate AID expression level in this cell line. In
fact, when overexpressed by transient transfection, nuclear AID
could be detected in MedB-1 cells but not in mock-transfected
controls (Fig. 3C). In neither cell line did PKA induction increase the
amount of nuclear AID. All samples were negative when probed
with a CD19 mAb (data not shown), showing the purity of the
nuclear protein preparation. Taken together, these results indicate
that AID is potentially functional in the majority of PMBL.
Class switching is an infrequent event in PMBL. To further
elucidate whether AID is active in PMBL, we addressed CSR as one
AID-dependent process in human B cells. During class switching, the
DNA located in between two activated switch regions is excised and
converted into circular DNA (switch circle). Switch circles are
transcribed, but both circular DNA and circle transcripts are
unstable and rapidly become degraded. Hence, circle transcripts
provide a suitable marker for recent CSR (34). We conducted a
sensitive nested PCR to search for circle transcripts indicative of
secondary class switching from IgG to IgA (Ia-Cg) and IgG to IgE
(Iq-Cg). We did not analyze switching from IgM because it has been
shown that the Ig genes in PMBL have already undergone CSR (3). As
shown in Fig. 4A, no Cg!Ca specific circle transcripts were found
in the PMBL lymphoma samples and cell lines. In contrast, a strong
signal was obtained from microdissected germinal center tissue that
served as a positive control. From 2 (13%) cases, Cg!Cq specific
circle transcripts could be amplified, whereas the remaining 14
(87%) cases and both PMBL cell lines were negative. Thus, secondary
CSR occurs only rarely in PMBL and targets Cq, but not Ca.
Switch region transcription correlates with Ig isotype
recombination in PMBL. Because there were no clues for
functional incompetence of AID in PMBL, we hypothesized that
the status of the target gene accounts for the lack of switch
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AID is expressed in PMBL. To determine whether and to what
extent AID is produced in PMBL, we first measured the level of AID
mRNA expression in 16 PMBL lymphoma cases along with the
PMBL cell lines MedB-1 and Karpas 1106P by quantitative real-time
PCR. Tissue was obtained by microdissection to minimize
contamination by nonneoplastic cells. To relate our measurements
to other lymphoma types with known AID expression (12, 31) and
to the AID production found in a normal germinal center reaction,
we additionally analyzed 15 cases of DLBCL, 11 cases of FL, and
microdissected germinal centers of 5 reactive tonsils. AID mRNA
was detected in 15 (94%) PMBL cases and in the 2 PMBL cell lines,
covering a wide range of expression levels (Fig. 1; Supplementary
Table S2). The median AID expression in PMBL was higher than in
DLBCL and FL but lower than in germinal center cells. Our
quantitative PCR data are in line with a recent study reporting AID
message in PMBL (15). Yet, it was unclear whether mRNA
expression reflected AID production on the protein level. To
address this question, we carried out immunohistochemistry on
frozen lymphoma tissue. Applying a semiquantitative score, we
found that AID immunostaining largely correlated with the mRNA
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recombination. According to the prevailing model of CSR (35),
simultaneous germ-line transcription through the donor and
acceptor switch region of the Ig gene is an essential requirement
for CSR. After splicing, the resulting germ-line RNAs comprise the
sterile ‘‘I’’ exon and the adjacent constant (C) region exons. The
presence of germ-line transcripts indicates accessibility of the Ig
gene locus for downstream events of class switching (4). We set up

Cancer Res 2007; 67: (14). July 15, 2007

a real-time PCR assay to quantify the donor and acceptor germ-line
transcription preceding secondary CSR from IgG to IgA and IgE,
respectively. As shown in Fig. 4B, both IA-Cg and Iq-Cq germ-line
transcripts were highly expressed in lymphoma no. 2 and 5 (i.e.,
precisely those two cases that displayed evidence of active class
switching from IgG to IgE). Although isolated germ-line RNA
production of either donor or acceptor site was occasionally
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Figure 2. AID protein expression in PMBL.
A, AID protein expression as determined by
immunohistochemistry using the AID-specific mAb
clone C12.38. Four different staining intensities
observed in PMBL (see Supplementary Table S2)
are exemplified by case 4 (strongly positive), case 14
(positive), case 11 (weakly positive), and case 10
(negative). A tonsillar germinal center is shown for
comparison. Strong AID expression is present in the
dark zone (DZ ), but not in the light zone (LZ ), of the
germinal center. B, Western blotting of cell lysates
with anti-AID (left ) revealed an intense, AID-specific
band of f24 kDa in Karpas 1106P and a weak signal
in MedB-1, whereas no specific band was seen
with the immature B-cell line Nalm6, which served as
a negative control. h-Actin probing was used as a
loading control (right ). C, an analogous expression
pattern was found in AID immunostainings of
cytospin preparations. Note that AID staining in
(A and C ) is predominantly cytoplasmic. Original
magnification, 40 (A and C).

AID in PBML

expression, which was markedly increased by the combined
treatment with IL-4 and CD40L, whereas IL-4 or CD40L provided
alone showed no substantial effect (Fig. 5B). In Karpas 1106P cells,
IA-Cg and Iq-Cq germ-line transcription remained low after
stimulation, and AID expression was essentially unaltered
(Fig. 5B). To rule out that AID induction by itself is sufficient to
elicit CSR in MedB-1, cells were transiently transfected with the
full-length coding sequence of human AID. Although AID mRNA
was strongly induced in these cells, no Iq-Cg circle transcripts and
thus no evidence of Cg!Cq class switching was detected 5 days
after transfection (Fig. 5C). Collectively, these findings suggest that
in PMBL, deficient T-cell–dependent signaling contributes to the
low rate of secondary CSR.
Ongoing SHM is absent from MedB-1 but present at a low
level in Karpas 1106P. In an earlier study, no intraclonal
heterogeneity of the Ig heavy chain gene was detected in PMBL
tissue (3). To determine SHM activity in PMBL cell lines, we
sequenced the Ig heavy chain gene rearrangement and the BCL6
5¶ region of MedB-1 and Karpas 1106P and compared cell cultures
at day 0 and after in vitro propagation for at least 180 days,
respectively (Fig. 6A). BCL6 was chosen because it is the most
intensely hypermutated non-Ig locus (20). In MedB-1, the Ig heavy
chain gene was highly mutated, which agrees with published data
(3). BCL6 displayed one mutation (a single bp deletion in the first

Figure 3. Amplification of the AID coding
region cDNA, PKA expression, and nuclear
AID detection. A, 591 bp of the 594 bp
AID coding region were amplified by a
seminested RT-PCR. Reaction products
were separated on a 2% agarose gel.
The housekeeping gene GAPDH was
amplified in a single-round RT-PCR.
Except for case 10, specific AID PCR
products were generated from all samples
and both cell lines. The dominant upper
bands were cloned and submitted to
sequence analysis. The sequence of one
representative PCR product has been
submitted to the EMBL/Genbank database
under accession no. DQ431660. B, mRNA
expression of the PKA a-catalytic subunit
was determined by quantitative RT-PCR in
triplicate and normalized to GAPDH.
Columns, mean (arbitrary units); bars, SD.
C, MedB-1 cells transfected with full-length
AID cDNA (Me/AID ) or with an empty
vector (Me/mock ) and Karpas 1106P cells
were treated for 1 h with forskolin and
3-isobutyl-1-methylxantine to induce PKA
(+) or kept in medium alone (). Western
blotting of nuclear protein extracts was
done with anti-AID mAb. Me, MedB-1;
Ka, Karpas 1106P; M, molecular size
marker; I to V, microdissected tonsillar
germinal centers.
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detected in other PMBL samples, there was no simultaneous high
level donor and acceptor germ-line transcription in any additional
case and in none of the PMBL cell lines. We conclude that the
failure to establish switch region accessibility contributes to the
lack of CSR in the majority of PMBL.
C;!CE class switching is inducible in the PMBL cell line
MedB-1. T-cell–derived signals play a pivotal role in controlling
germ-line transcription and targeting CSR (34). Therefore, we
investigated whether IL-4 and CD40L (i.e., potent inducers of class
switching to IgE in normal B-cells) could trigger CSR in the PMBL
cell lines MedB-1 and Karpas 1106P. We incubated PMBL cells for
5 days in the presence of IL-4 and/or CD40L, the latter provided by
murine fibroblasts transfected with human CD40L. Figure 5A
shows that although neither IL-4 nor CD40L stimulation alone was
effective, the combination of both signals induced Cg!Cq CSR in
MedB-1 cells, as indicated by the presence of Iq-Cg circle
transcripts and mature Ig VDJ-Cq transcripts. No Cg!Ca switching was observed with any stimulus (data not shown). In contrast
to MedB-1, Karpas 1106P cells were refractory to stimulation (data
not shown). Along with the induction of class switching, IA-Cg and
Iq-Cq germ-line transcription through the donor and acceptor
switch region, respectively, was strongly up-regulated in MedB-1
cells exposed to IL-4 and CD40L but not with either stimulus
delivered alone (Fig. 5B). An analogous result was obtained for AID
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intron at position 235). Karpas 1106P had rearranged a VH2 Ig
heavy chain gene element (VH2-5), which was substantially
mutated (mutational rate, 11.1%). A biallelic mutational pattern
was seen at the BCL6 locus of Karpas 1106P. On both alleles,
in vitro propagation for 180 days led to one additional mutation. All
BCL6 mutations were single nucleotide substitutions located in the
first intron (G!C, position 201; A!T, position 221; G!A, position
371; and T!C, position 449 on allele A and A!G, position 219;
A!G, position 227; and A!G, position 366 on allele B). Mutations
were biased for transitions over transversions (5 transitions versus
2 transversions), consistent with an AID-dependent mechanism. To
assess intraclonal diversity as an additional indicator of ongoing
hypermutation, multiple PCR clones were sequenced (Fig. 6B). In
MedB-1 cells, no intraclonal diversity of the Ig heavy chain gene

Cancer Res 2007; 67: (14). July 15, 2007

was found. This diverges from an earlier study, which yielded
intraclonal diversity at two positions in this cell line (3). Stochastic
effects might account for this difference, as a low level of ongoing
SHM affecting small subpopulations could escape detection.
Intraclonal diversity of the BCL6 gene did not substantially exceed
the Taq error in MedB-1 (Fig. 6B). In Karpas 1106P, a low level of
intraclonal diversity was observed in the Ig heavy chain gene and
BCL6 (Fig. 6B). Thus, ongoing SHM is absent from MedB-1 and
detectable in Karpas 1106P, albeit at a low level.
Ongoing SHM correlates with transcription in MedB-1 and
Karpas 1106P cells. The mRNA expression of SHM targets was
assessed by RT-PCR. A weak Ig VDJ-Cg band was amplified after
one PCR round from Karpas 1106P, but not from MedB-1 (Fig. 6C).
BCL6 transcription was f20-fold higher in Karpas 1106P than in
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Figure 4. Secondary class switching and
germ-line transcription in PMBL. A, circle
transcripts indicative of secondary class
switching from IgG to IgA (Ia-Cg) and IgG
to IgE (Iq-Cg), respectively, were amplified
by a nested RT-PCR. No switching from
IgG to IgA was detected in PMBL. In cases
2 and 5, switching from IgG to IgE was
observed, and all other lymphoma samples
and both cell lines were negative. The
specificity of a representative Ia-Cg
(generated from a tonsil) and a Iq-Cg circle
transcript was confirmed by sequencing
[EMBL/Genbank accession nos.
DQ083946 (30) and DQ431663,
respectively]. B, transcription through
switch regions was measured by
quantitative RT-PCR. Primers were
designed to amplify IA-Cg donor site
germ-line transcripts (top ) as well as Ia-Ca
(center) and Iq-Cq (bottom ) acceptor site
germ-line transcripts. The specificity of
representative PCR products was
confirmed by sequencing (EMBL/Genbank
accession nos. DQ431661, DQ431662,
and DQ431664, respectively). The relative
expression was determined in triplicate
using GAPDH as a reference gene.
Columns, mean (arbitrary units); bars, SD.
*, no detectable expression.

AID in PBML

MedB-1 (Fig. 6C). Therefore, the transcriptional rate correlates with
SHM activity in MedB-1 and Karpas 1106P.
Aberrant SHM im MedB-1 and Karpas 1106P cells. PAX5,
RhoH/TTF, and MYC are aberrantly targeted by SHM in some DLBCL
(20). Sequencing of the 5¶ regions of these loci revealed a single bp
substitution in the first intron of PAX5 in MedB-1 cells (T!C at posi-

tion 173), a single bp substitution in the first intron of RhoH/TTF
in Karpas 1106P (A!G at position 148), and two single bp substitutions in the first intron of MYC in Karpas 1106P cells (C!A at position 159 and C!A at position 214; data not shown). All sequences
have been submitted to the European Molecular Biology Laboratory
(EMBL)/Genbank database (accession nos. EF453361–6).
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Figure 5. In vitro stimulation of PMBL cell
lines. MedB-1 cells and Karpas 1106P
cells were stimulated for 5 d in the
presence of IL-4, murine fibroblasts
transfected with human CD40L, IL-4 in
combination with CD40L, or medium alone.
A, a nested RT-PCR amplified Iq-Cg circle
transcripts and mature VDJ-Cq transcripts
from MedB-1 cells. The specificity of the
VDJ-Cq PCR product was confirmed by
sequencing (EMBL/Genbank accession
no. DQ680069). B, in MedB-1 cells (left )
and Karpas 1106P cells (right ), the
expression of IA-Cg donor site germ-line
transcripts (top ), Iq-Cq acceptor site
germ-line transcripts (center ), and AID
mRNA (bottom ) was measured by
quantitative RT-PCR. C, MedB-1 cells
were transiently transfected with the
full-length coding sequence of human AID
(MedB-1/AID ). Five days after transfection,
AID mRNA expression was confirmed
by quantitative RT-PCR (left ), and Iq-Cg
circle transcripts were amplified by a
nested RT-PCR (right ). The relative
expression in (B and C ) was determined in
triplicate using CD19 as a reference gene.
Columns, mean; bars, SD. The expression
level in microdissected tonsillar germinal
centers served as a reference and was set
as 1. *, no detectable expression.
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Discussion
We show constitutive AID expression in PMBL. Based on a
series of 16 lymphoma samples and two PMBL-derived cell lines,
our data are in accordance with a previous study that analyzed six
PMBL cases by quantitative RT-PCR (15). We additionally show
that AID is not only present at the transcriptional level but is also
translated to protein, as determined by immunohistology and
Western blotting. According to recent reports, AID expression is
restricted to germinal center-associated B-cell lymphomas (12, 13),
such as Burkitt lymphoma (12, 36), FL (12), some types of DLBCL
(11), and nodular lymphocyte predominant Hodgkin’s lymphoma
(36, 37). The constitutive AID expression in PMBL may therefore
indicate that this lymphoma type originates from a germinal
center B cell. However, one should consider that class switching
(38) and even SHM (39) are not strictly confined to the anatomic
structure of the germinal center. Correspondingly, AID-expressing
B lymphocytes are detected at extrafollicular sites of the lymph
node and tonsil (30, 40) as well as in the thymic medulla (30). The
occurrence of an AID-positive B-cell neoplasm with a nongerminal

Cancer Res 2007; 67: (14). July 15, 2007

center origin is exemplified by hairy cell leukemia (41), an AIDexpressing malignancy with an immunophenotype closely related
to memory B cells (42). In line with this, the detection of AID
expression in PMBL does not contradict the widely recognized
hypothesis that this tumor derives from B lymphocytes of the
medullary thymus (1).
We found circle transcripts in only 2 of 16 (13%) cases and in
none of the 2 PMBL cell lines, indicating that ongoing CSR is an
exceptional event in PMBL. Therefore, a dissociation between AID
expression and activity observed in some B-cell neoplasms (11–13)
also prevails in PMBL. Although we cannot formally rule out a
defective state of the AID molecule itself, we consider this as
improbable because AID transcripts exhibited no deviation from
the wild-type sequence, PKA was highly expressed in PMBL, and
the machinery of AID translocation to the nucleus was intact in
both PMBL cell lines, suggesting AID to be in a phosphorylated
(i.e., functional) mode in this lymphoma type. Instead, accessibility
of the switch region AID target rather than the availability of AID
is likely to be the major limiting factor for CSR in most cases of
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Figure 6. SHM and transcription of Ig gene and
BCL6 in MedB-1 and Karpas 1106P. A, the Ig VDJ
region and the BCL6 5¶ region of MedB-1 and Karpas
1106P at day 0 (gray columns ) and after in vitro
propagation for at least 180 days (white columns )
were amplified by PCR. A, deviation from the
germ-line sequence. Note the different scale of the
Y-axis in the left and right diagram. Sequences are
available at EMBL/Genbank under the accession
nos. EF192397-406. B, several PCR clones were
sequenced to determine ongoing SHM. The ratio
between the number of mutations and the total
number of nucleotides sequenced is shown on top
of each column. Dashed lines, Taq error (3/3222).
*, 0. C, mature Ig VDJ-Cg transcripts were amplified
by a conventional single-round RT-PCR from
MedB-1 and Karpas 1106P cells at day 0 and after
in vitro propagation for at least 180 d and from
microdissected tonsillar germinal centers. BCL6
mRNA expression was measured in triplicate by
quantitative RT-PCR using CD19 as a reference
gene. Columns, mean relative expression (arbitrary
units); bars, SD.
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