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General Introduction

During normal human B-cell differentiation, B cells undergo several immunogeno-
typic and immunophenotypic changes, finally resulting in the formation of antigen-specific
B cells. B-cell differentiation starts in the bone marrow (BM), where immunoglobulin (Ig}
genes undergo V()] recombination in order to express a unique kg molecule, which is com-
posed of two identical [g heavy chains (IgH) and two identical light chaing that can be either
Tg kappa (Igx) or Ig lambda (Igh) (Figure 1}. This part of B-cell differentiation is independ-
ent of antigens. B cells that express a swface membrane bound Ig motecule (Smlg), which is
not autoreactive, leave the BM compartment and migrate to the periphery where they can
encounter antigen. Ig genes of antigen-activated B cells are further diversified by somatic
hypermutatien (SHM), which results in affinity maturation. This process occurs in the ger-
munal centers of peripheral lymphoid organs and is followed by further differentiation into Ig
secreting plasma cells. During the germinal center reaction the constant domain of the IgH
chain, through which the Ig molecule can exert its effector function, can be changed via class
switch recombination (CSR).

Figure 1 . Schematic representation of an Tg molecule, which is composed of two identical Ig heavy chains
and two kg light chains that could be sither Igic or Igh. Both Ig heavy as well as Igk and Igh light chains are
composed of a constant demain and a variable domain, which can be further devided in a variable, diversity,
and joining part in case of the Ig heavy chains and in a variable and joining part in case of Ig light chains.

In this General Introduction, several aspects of B-cell differentiation are summarized,
with a focus on normal and malignant recombination events. B-cell differentiation can be
divided in two parts, i.e. antigen-independent differentiation in the BM (Section 1.1) and anti-
gen-dependent differentiation in the periphery (Section 1.2). The three molecular processes,
which play an important role in antigen-independent and antigen-dependent phases of B-cell
differentiation are V{I)J recombination, SHM, and CSR. These three molecular processes
are discussed.

During differentiation, B cells can undergo malignant transformation. B-cell malig-
nancies are clonal proliferations of B cells at various stages of differentiation, ranging from
precursor B cells, which can transform in precursor-B acute Iymphoblastic leukemia (pre-
cursor-B-ALL), to mature plasma cells that give rise to multiple myeloma (MM). B-cell
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Chapter |

malignancies can be classified according to the corresponding normal B-cel differentiation
stage. Several aspects of classification of B-cell malignancies are discussed in Section 1.3.
Oncogenic events such as chromosomal tranclocations play an important role in malignant
transformation. Chromesomal translocations in B-cell malignancies can roughly be divided
in two categories (Section 1.4). The first category concerns translocations involving one of
the Ig loci that result from aberrant V(D)J recombination, SHM or CSR. This type of translo-
cations is most frequently found in mature B-cell malignancies. The second category includes
translocations of two genes (not Ig genes) which result in the formation of a fusion gene that
codes for a fusion protein with oncogenic potential. This type of translocations is primarily
found in precursor-B-ALL. In the last part of the General Introduction (Section 1.5) the out-
line of this thesis is discussed.

1.1 ANTIGEN-INDEPENDENT B-CELL DIFFERENTIATION IN
THE BONE MARROW

B-cell differentiation starts in the BM, where several B-cell differentiation stages (or
subpopulations) have been defined based on differences in immunophenotype and
immunogenotype. CD22 and CD34 positive pro-B cells are the first B-lineage cells that
express components of the B-cell receptor, i.e. CD79a and CD79b (also known as Igo and
LgB) (Figure 2).1.2 Mice pro-B cells express a precursor form of the B-cell receptor, which is
composed of Igar, IgP and calnexin. Crosslinking of Igf elicits differentiation signals.?

The next differentiation stage is the pre-B-I cell that is characterized by expression of
CD10 and CD19 together with components of the surrogate light chain in the cytoplasm that
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Figure 2. Human B-cell differentiation scheme, which is mainly based on classification of Ghia et ol and
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General Introduction

consists of A14.1 (A5 in mice) and VpreB proteins.245 In this subpopulation the recombina-
tion activating genes (RAGI and RAG2) are expressed and the recombination process is ini-
tiated at the /G/ locus with Dy-Jy; gene rearrangements. !4 In addition, the enzyme terminal
deoxynucleotidyl transferase (TdT) is expressed, which is involved in the Ig gene rearrange-
ment process by randomly adding nucleotides at the junctions of V (D) and I segments. After
Dyy-Jy rearrangements, the Vi gene segments become accessible and subsequent Vy to Dydy
joining takes place.®7 As soon as a complete in-frame Vy-Dy-J; rearrangement is formed,
an Igll heavy chain is expressed in the cytoplasm (CyIgu). It is assumed that the Cylgy chain
becomes firsi associated with the chaperone protein BiP in the endoplasmatic reticulum,
which is replaced by the surrogate light chain forming a pre B-cell receptor (preBCR), that is
subsequently expressed on the cell surface (pre-B-1I cell).8:? Approximately hall of the Igu
chains are unable to pair with the swrrogate light chain. These cells that do not express a
preBCR are negatively selected as has also been demonstrated in human B cells. !0

Upon pre-BCR expression and activation, pre-B-1I cells start proliferating. These pro-
liferating precursor-B cells are called large preBCR* pre-B-1I cells. It has been suggested that
pre-BCR cross-linking with as yet unknown BM stromal cell ligands is required for induc-
tion of pre-B-II cell proliferation.!! However, other studies suggest that BM ligands are not
required for driving pre-B-1I cell proliferation.®12 At this time point, RAG enzymes as well
as TdT are down regulated, thereby preventing ongoing FGH gene rearrangements at the sec-
ond allele, a process which is called allelic exclusion.!3 In addition to downregulation of the
RAG genes. the Vy; gene segments, but not the Jy; gene segments, become less accessible.”

The clonal expansion phase is followed by G arrest, during which the surrogate light
chain is down regulated and the cells lose preBCR expression (small preBCR-negative pre-
B-1I cells). The RAG genes are re-expressed and RAG proteins are stable during G, phase
allowing further V(DI recombination.14 At the transition from large preBCR* pre-B-II cells
to small preBCR- pre-B-II cells, Ig light chain gene (/GK and /GL) recombination is initiat-
ed. Two models have been proposed for explaining the regulation of Ig light chain gene
recombination: the ordered model and the stochastic model.15-18 The ordered model propos-
es that IGK genes rearrange prior to /GL, while the stochastic model postulates that, in prin-
cipal, the two types of Ig light chain genes rearrange totally independent, but that other fac-
tors render JIGL gene rearrangements more difficult. 1920 The latter would imply that IGL
gene rearrangements can oceur in the absence of IGK gene rearrangements and vice-versa.
Chapter 3 of this thesis deals with the regulation of Ig light chain gene recombination.
Multiple rearrangements might take place before a functional Ig light chain rearrangement
results in Ig light chain expression (Igx or Igh). If the Ig light chain is able to pair with the
pre-existing Igp chain, the cell further differentiates into a surface IgM (slgM) positive
immature B cell. Autoreactive immature B cells are negatively selected. They are either delet-
ed by apoptosis, become anergic, or they can be rescued via receptor editing, which is defined
as auto-antigen induced secondary Ig gene rearrangement.2l-23 Immature B cells that are not
autoreactive leave the BM and migrate to the periphery, where further differentiation takes
place.
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Transcription factors involved in B-cell differentiation

The first step in B-cell differentiation is B-cell commitment of a hematopoietic stem
cell, which takes place in the BM.?425 Several transcription factors are involved in the
process of B-cell commitment and early B-cell differentiation such as PU.1, Tkares, E2A,
EBF, and Pax5 (BSAP).2426-30 PU.1 and Ikaros are involved in both survival and compe-
tence of lymphoid progenitor cells and the regulation of genes, which are important during
B-cell differentiation. 3'-3* E2A and EBF act synergistically to initiate B-cell specific regu-
latory factors.33-3¢ Pax5 is important for B-cell commitment, but also for maintaining the
identity of B cells.37 Early B-lineage transcription factors functicn in transcriptional hierar-
chy, from E2A to induction of EBF followed by Pax5.38 In Figure 3, a scheme of B-cell dif-
ferentiation is depicted in which developmental blocks are indicated that result from disrup-
tion of genes encoding transcription factors. These findings are primarily based on studies in
knock-out mice, but might operate as well for human B-celt differentiation.

O-0-0-0C

PU1T E2AT  pPAXS ™
IKAROS =~ EBF™

Figure 3. Simplified B-cell differentiation scheme. The positions of the differentiation blocks of the PU.J,
IKAROS, EZA, EBF and Pax5 knock-out mice are indicated.

E2A and EBF

The E2A gene encodes two proteins, E12 and E47, which arise through alternative
splicing.3? Both E12 and E47 have a helix loop helix (HLH) dimerization domain and a basic
DNA binding domain.*® E2A is widely expressed, but tissue specificity is, in part, deter-
mined by the dimerization partner. E2A exists only as homodimer in B cells. Deletion of the
EZ2A gene results in a block in B-cell differentiation before the onset of Ig gene recombina-
tion.3%*! Heterozygous E24 deletion leads to a two-fold decrease in the number of B cells.
Activity of EZA and other class I bHLH proteins can be antagonized by inhibitors of differ-
entiation (Id) proteins.*? Of the four Id proteins (Id1-Id4), only Id2 and Id3 have been detect-
ed in lymphoid cells.

Expression of EBF (early B-cell factor} is restricted to B cells and some other non-
lymphoid cells. EBF binds DNA as homodimer with a DNA-binding domain (zinc coordina-
tion).#*#* Its dimerization domain is related to the HLH motif. Like E24, disruption of the
EBF gene results in a block in differentiation before Dy-Ji; recombination and heterozygous
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General Introduction

EBF deletions show decreased numbers of pro-B cells, indicating that normal B-cell
development requires two EBF alleles.

Analysis of E2A/EEF double heterozygous mice showed a more pronounced reduc-
tion of pro-B cells, indicating that EBF and E2A co-operatively regulate early B-cell differ-
entiation.>3 In these mice reduced expression of PAXS, RAGI, RAG2, and Igox was observed.
Therefore, co-ordinate regulation by the two transcription factors E2A and EBF seems to be
important for establishing temporal patterns of gene activation during B-cell differentia-
tion.*%-33 Functional co-operativity of E2A and EBF might be at the level of DNA binding,
as has been shown by formation of a ternary complex on sequences in the A5 enhancer/pro-
moter. However, the transcription factors can also exert their co-operative function without
direct interaction. EBF might for example bind to its target in the nuclear chromatin, thereby
making the locus accessible for E2A.35

E2A and EBF also play an essential role in regulation of Ig gene rearrangements by
making the Ig loci accessible for recombination (see alse later in this section Regulation of
V(D)J recombination).*¢ E2A promotes germline transcription through the presence of E-box
motifs in the Ig promoter and enhancer regions.3%:30:3% Moreover, E2A is able to interact with
a number of histone acetyltransferases, suggesting that E2A promotes germline transcription
and recombination by modifying the chromatin structure 47 Also late in B-cell differentiation,
E2A has been shown to be crucial, i.e. in the regulation of CSR.48

Pax3

Pax5 has functions throughout B-cell differentiation and is expressed throughout all
stages except terminally differentiated plasma cells (reviewed by Nutt er al).*” Pax5-defi-
cient mice have a block in early B-cell differentiation at the pre-B-I-cell stage in the adult
BM.?? In fetal liver of Pax5-deficient mice the differentiation block is already before the pro-
B-cell stage.294? These pro-B cells fail to complete the V4 to Dyly joining, although RAG1
and RAG2 expression are not affected. It might be that the Vy; gene do not become accessi-
ble in Pax5-deficient mice. Expression of B-cell specific genes, such as VpreB, 13, Oct-1,
Oct-2, EBF and EZA, did not differ between wild type and Pax5-deficient pre-B-I cells. Only
CD19, Igo. and N-myc were down-regulated in the absence of Pax53; expression of Iga and
N-myc was reduced, whereas CD19 was completely absent.

Transgenic expression of Igy or Igu-IgfB in Pax3-deficient mice is not sufficient to
advance B-cell differentiation to the pre-B-II cell stage in contrast to RAG2-deficient mice.
This demonstrates that the observed differentiation block does not solely result from the
inability to generate a complete VyDyJy gene rearrangement.?6-28 Both in vive and in vitro
studies have demonstrated that Pax5-deficient pro-B-cells are unable to mature. Moreover,
these pro-B cells have been shown not to be committed to the B-lymphoid lineage.
Depending on lineage-specific in vitro culture conditions, Pax3-deficient pro-B cells can dif-
ferentiate into mature macrophages, dendritic cells, osteoclasts, granulocytes, NK cells and
T cells, which was for the latter also demonstrated in vivo.2827 So, Pax5-deficient pro-B cells
can be propagated in vitro as uncommitted hematopoietic progenitors. Therefore, B-cell com-
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mitment is not determined by Dy-Jp recombination nor by expression of E2A, EBE, or com-
ponents of the pre-BCR (VpreB, A5, Iga., Igh), but by Pax5.

Pax5 exerts its function in B-cell lineage commitment via repression of lineage-
promiscuous transcription of non-B-lymphoid genes, thereby preventing differentiation into
other (non-B) lineages. Once B-lineage commitment has occurred, B-cells become dependent
on the function of EBF and E2A in addition to Pax5.2+30

Y] recombination mechanism

Diversiry of Ig molecules

The most important goal of B-cell differentiation is the generation of an antigen-spe-
cific Ig molecule. As the number of possible antigens or antigenic epitopes is innumerable,
the B-cell repertoire should have an enormous diversity in Ig molecules. This diversity is
achieved at three different levels. The first level is determined by combinatorial diversity. The
Ig genes are composed of multiple V, (D,) and J segments, which are coupled during V(D}J
recombination. In this way a diversity of 10% combinations is reached. During the process of
V(D) recombinaiion random deletion and insertion of nucleotides takes place, resulting in
additional junctional diversity potentially leading to >1012 different specificities. Finally,
affinity maturation throungh SHM in the V regions creates additional diversity.

V(D)J recombination

Many enzymes and factors are involved in the V{D)J recombination process. During
this process V, (D,) and J segments are joined to form a V(D)J exon. The recombination
process can be divided in several stages:

1. RAG binding to recombination signal sequences (RSS). V{D4] recombination is ini-
tiated by binding of the recombination activating gene proteins (RAG1 and RAG2) to the
RSS. Every Vy, Dy, and J; gene segment is flanked by an RSS, which is composed of a con-
served heptamer motif (CACAGTG) and a conserved nonamer sequence (ACAAAAACC)
separated by a spacer of 12 or 23 non-conserved nucleotides. Recombination mainly occurs
between RSS with a 12 and a 23 spacer, ensuring that DNA rearrangements are limited to the
appropriate coding segments (V to D to J) (see Figure 4).9 RAG binding to the RSS results
in the formation of a pre-cleavage complex, also called a synapsis. The DNA-bending high
mebility group proteins (HMG1 and HMG2) stimulate RAG binding especially at the RSS

VH DH JH
Gy e

Figure 4. Schematic representation of the V, (D.} and J segments with the recombination signal sequences
(RSS). The size of the spacer (12 or 23 nucleotides} are indicated as well.
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with a 23bp spacer, which is suggested to stimulate the formation of the synaptic com-
plex.jo‘sl

2. Introduction of double stranded breaks (DSB). In the next step, RAG proteins intro-
duce a single stranded nick just between the RSS and the gene segment.3? The generated
3°0OH group of the nick attacks the phosphodiester bond of the complementary DNA strand
in a direct transesterification reaction, resulting in a DSB with a covalently sealed hairpinned
coding end and a 5’phosphorylated signal end. 3354 The generated DNA-ends are retained in
a RAG post-cleavage complex.30-52

3. Processing of coding ends. The two signal ends of both RSS can ligate directly,
resulting in the formation of a signal joint. Coding ends need to be processed before the for-
mation of a coding joint can take place. Hairpinned coding ends can be nicked 57 of the tip,
at the tip, or 37 of the tip for opening. It is not exactly known which factors are invelved in
hairpin opening. The RAGI/RAG?2 complex might play a role in the processing of coding
ends as is shown by in vifro studies.3> In vivo analysis, however, shows that hairpin opening
also requires active DNA-PK_, and XRCC4.5%-37 Another candidate for hairpin opening is the
Nijmegen breakage syndrome gene product (Nbs1), which has been shown in a complex with
Mrell and Rad50 to be able to unwind and cleave hairpins in the presence of ATP.>® The
recently identified protein Artemis has been shown to be required for V(ID)J recombination.>
Its function is not yet completely understood, but it might be involved in opening of the hair-
pins as well. Dependent on the site of hairpin opening, 5° or 3’ overhanging palindromic (P)
nucleotides are generated, or blunt ends. Nucleotides can be removed by exonuclease activi-
ty; the DNA ends are further processed by DNA polymerases that fill-in 5° overhanging ends
resulting in a P-region. and by addition of nontemplated (N) nuclectides by TdT to the free
3’OH ends.50-6%

4. Ligarion of coding ends. The final step of V(D}J recombination is the ligation of the
coding ends which is mediated by the components of the non-homologous end joining
(NHET}L.SC Ligation is supposed to be catalyzed by DNA ligase TV in complex with
XRCC4.6364 The DNA binding proteins Ku70 and Ku80 bind as a complex to DNA
ends.55-56 The Ku proteins can associate with DNA-PK_, forming the DNA-PK complex. Ku
is thought to recruit DNA-PK_.%7

Structure of IGH, IGK, and IGL loci

IGH locus

The human Ig heavy chain (JGH) gene locus at 14q32.33 spans a region of about 1.2
Mb. It contains 123 to 129 Vy; segments, 27 Dy, segments and six Jy gene segments.%8-70
{http://imgt.cnusc.fr:8104) The potential genomic /GH repertoire per haploid genome con-
sists of 38 to 46 functional Vyy genes belonging to seven gene tamilies, 27 Dy gene segments
belonging to seven families and six J; gene segments (Table 1).98-70 The Vyy, Dy, and J;; gene
segments precede nine functional and two pseudo constant (C) gene segments (Figure 3).
Every functional C gene segment is preceded by a switch region, except for the C8 gene seg-
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Table 1. Number of gene segiments (per haploid allele) which are present in the three Ig loci and the number
of gene segments with functional RSS and the number of functional gene segments.lg'L1

IGH IGK 1GL
v D I v ] v J
No. of gene segments? 123-129 27 9 76 5 73-74 7
No. of gene segments ~70 27 6 ~60 3 ~40 5
with functional RSS
No. of functional gene 38-46 270 6 31-35 5 29-33 4

segments
a.  Orphan gene segments (gene segments outside the Ig Iocus) are not included.
b.  Four Dy-segments have minor modification in their heptamer sequences and therefore might not be functional.

ment. During CSR, two switch regions recombine resulting in replacement of the CL. region
with another constant region while retaining the preceding VDJ exon.

There are two enhancers in the JGH locus, an intronic enhancer (iEjL), which is locat-
ed between the J and the ClL gene segments, and a 3° enhancer {3’EJl), which is located down-
stream of Coi2. Germline transcription of CH, initiation of V(D) recombination, and open-
ing of the switch-U region for CSR, is mainly regulated by promoters and the iEu enhancer.”!.
The 3’Ep enhancer, containing the four lymphoid-specific transcriptional enhancers: hs3a,
hsl,2, hs3b, and hs4, which are individually weak enhancers, but have a strong synergistic
effect. Especially 7153b and hs4 play an important role in germline transcription and CSR, and
may affect gl expression in resting B cells.’?

{GH gene complex
VHT

H2 VM3 VHn DH JH Eu s Cu or] s Cy3 s Cyl we s Cuoil

1GK gene complex

[41]
2]
o
c
2
E

Vil Vk2 Vk3 Vrn Jie Ex Cx 3'Ex Kde

IGL gene complex
VM VAZ VA3 Vin JOM JCA2 JCi3 Jyid Jwds JyAs  CWT Ei

Figure 5. /GH, IGK, and IGL locus representations including the positioning of the enhancer elements.

18



General Introduction

IGK locus

The human J/GK locus on chromosome 2 (2p11.2) consists of 76 Vx gene segments
belonging to seven gene families, five Jx and a single Ck gene segment (Figure 5).70.73
(http://imgt.cnusc.fr:8104) The total region of the /GK locus is 1.8 Mb. The Vx gene seg-
ments are organized in two clusters (proximal and distal) that are separated by 800kb. The
proximal cluster contains 40 Vi segments and is located closest to the I« gene segments. The
distal cluster containing 36 Vi gene segments probably originates from the proximal one by
duplication and inversion (Table 1).747> Recombination involving VK gene segments from
the distal cluster occurs via inversional rearrangements,’%77

An isolated RSS heptamer is located between the Jx and Cx gene segments. This
intronRSS can recombine with the kappa deleting element (Kde), which is located 24 kb
downstream of the Cx gene segment.”®?? Upon an intronRSS-Kde rearrangement the Cx
gene segment is deleted thereby inactivating that IGK allele (Figure 6). Alternatively, inacti-
vation of the /GK allele can occur via rearrangement of a VK gene segment upstream of a pre-
existing Vx-Jx rearrangement to Kde, resulting in the deletion of the Vx-Jx rearrangement,
the remaining J& segments, and the Cx region.

Jx
intron Ck

Figure 6. Two IGK deletion mechanisms. (I) Rearrangement of the intronRSS to the kappa deleting element
(Kde), which results in deletion of the Cx gene segment. (II) Rearrangement of a Vic gene segment, which is
located upstream of the Vk-Jx rearrangement, to Kde, resulting in deletion of the of the Vk-J« rearrangement,
the remaining Jx segments, and the Cx gene segment.

Similar to the IGH locus, two enhancers are located in the IGK locus; an intron
enhancer (iEx) located between intronRSS and Cx, and an enhancer downstream of Cx, but
upstream of Kde (3’Ex). The organization of the Jx and Ck gene segments and the enhancers
are similar in human and mice. The functions of the two enhancers have been determined in
mice. The 1Ex becomes active during pre-B to immature B-cell transition and is involved in
activation of IGK gene rearrangements and transcription. Mice with an homozygous Jx-Cx
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or iEx deletion have decreased /GK gene rearrangements as compared to /GL gene recombi-
nations resulting in about half the number of B-cells and the production of 10 times more [gA+
B-cells.|630-82 The 3'Ex becomes active in mature B-cell stages.5? This enhancer has been
shown to play an important role in the transcription of rearranged IGK genes.17-848

IGL locus

The human immunoglobulin (/GL) lambda locus is located on chromosome band
22q11.2 and spans a region of about 1 Mb.86 The IGL locus contains 73-74 VA gene seg-
ments, of which 29-33 can be expressed (Figure 5 and Table [).70.36:90
(http://imgt.cnusc.fr:8104) Seven J-CA gene regions are located downstream of the VA seg-
ments. Fach CA gene segment is preceded by a JA gene segment. Only four J-CA gene regions
are functional: i.e. J-CA1, J-CA2, J-CA3, and J-CA7; the regions I-CA4, J-CA3, and J-CA6 are
non-functional (pseudo) gene regions. 193 One enhancer has been identified 8§ kb down-
strearn of the J-CA7 region, which consists of three DNasel hypersensitive sites (HS8S-1, -2,
and -3).949% The three HSS synergize in transcription activation.?® Although it was initially
assumed that the IGL enhancer was independent of the transcription factor NFkB, it has now
been shown that the /G enhancer, like the IGK and IGH intronic enhancers, contains four
NFxB binding sites, that all have different effects on the enhancer activity.57

Regulation of V(D) J recombination

Several aspects of the V(D)J recombination mechanism itself are known in detail, but
the tight lineage- and stage-specific regulation of V(D) recombination is less well under-
stood. Lineage- and stage-specific V(D)J recombination can be achieved via restricted
expression of the RAG genes on one hand 8 and regulation of accessibility of the different
Ig loci during the course of B-cell differentiation on the other hand. V(ID)J recombination is
initiated at the /GH locus and as soon as Ig)l 1s expressed on the celf surface in the context of
a pre-BCR, expression of RAG/] and RAGZ is downregulated to prevent further rearrange-
ment that might potentially result in the generation of more than one functional allele. This
process is catled allelic exclusion and ensures generation of monospecific Ig B cells.*? Allelic
exclusion also operates for the Ig light chain foci. In addition to allelic exclusion, i.e. expres-
sion of one allele, isotypic exclusion applies to Ig light chain loci. Isotypic exclusion is
defined by regulation of expression of either /GK or IGL.

From recent studies it became apparent that the initiation of JGH or IGK and IGL gene
rearrangements do not occur randomly. The two chromosomes on which the /GH loci are
iocated, have been shown to replicate asynchronously. Rearrangements start at the Ig loci,
which are Jocated on the chromosome that replicates first.!%C In addition, the nuclear local-
ization of the six Ig alleles differs. Nuclear localization have been shown to correlate with
expression and might also be involved in isotypic exclusion of Ig light chains.!®! This infor-
mation contributes to the uanderstanding of how accessibility is regulated and how mono-
specificity might be maintained.

Chromatin structures generally underlie the accessibility of genes. Like in all eukary-
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otic cells, DNA is wrapped around nucleosomes, which consist of histone proteins (H2, H3,
and H4), which form higher order chromatin structures. Modulation of the chromatin struc-
ture is important for transcription regulation, but also for gene-specific recombinase accessi-
bility. In general, there are two main types of nucleosome remodeling. The first is acetylation
of the N-termini of histones H3 and H4 by histone acetyliransferases resulting in gene acti-
vation. Inactive genes are associated with hypoacetylated histones.!®2 Methylated CpG DNA
motifs also correlate with inactive genes. Moreover, it has been shown that histone deacety-
lases can interact with methylcytosine-binding proteins.!%:194 A second type of chromatin
modulation includes modification of the positions of the nucleosomes via SWI and SNF.
SWL/SNF remodeling complexes alter the wrapping of the DNA around the histene proteins,
resulting in nucleosome mobilization. Activity of SWI/SNF remodeling complexes is gener-
ally correlated with gene activation.!02

Both remodeling via histone acetylation/CpG demethylation as well as SWI/SNF
remodeling complexes are involved in V(D)J recombination.!95-10% Histone acetylation is
thought to enhance the individual nucleosome accessibility for the V(D) recembinase
machinery, but might also influence unfolding of higher order chromatin structures.!%?
SWI/SNF remodeling has been demonstrated to stimulate cleavage by RAG proteins at the
RSS."97 The combined effect of SWI/SNF chromatin remodeling and histone acetylation has
a greater impact on V(D)J recombination than the individual effects,!?7

The next question is how chromatin remodeling at the Ig loci is controlled.
Transcription factors might be responsible for targeting chromatin modulation complexes. In
this respect E2A and EBF might be candidates for recruitment of histone acetyltransferases
to Ig loci, because E2A binds to target sites and activates V(D)J recombination at Ig
Toci. 46109 B2 A and EBF have been shown to be together with RAGI and RAG2 the only fac-
tors that are required for initiation of V(D)J recombination in a non-lymphoid cell line.4®
However, the two transcription {actors promote different types of rearrangements. Both E2A
and EBF can induce incomplete Dyg-J; rearrangement, but E2A . and not EBF, induces Vx-Jx
rearrangements (mainly Vi-Jx), whereas EBF induces VA-JA rearrangements (mainly
VA3-Th).

E2A has already been shown to interact with acetyl-transferase complexes.*” The tran-
scription factor NF-kB, which is a critical factor in B-cell differentiation, might be another
candidate, as it has been shown that NF-xB recruits CBP/p300, which is a histone acetyl-
transferase.!10:111

Histone acetylation, DNA demethylation, germinline transcription, and DNase 1
hypersensitivity are all associated with the possibility of V(D) recombination. These phe-
nomena have been determined during different B-cell differentiation stages in several stud-
ies.7-97.112-114 The JGH locus becomes accessible at the pro/pre B-cell stage. Initially, only
the region ranging from the Dy gene segments to a certain point between Cp and C6 are
accessible allowing Dy-Jy rearrangements. [} rearrangements are followed by accessibility
of the Vi region. Activation of the Vi gene region is also differentially regulated. The prox-
imal Vi gene segments {closest to D segments) become accessible at an earlier stage than the
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distal V), gene segments. This differential accessibility of proximal versus distal V gene seg-
ments has been shown to be dependent on IL7-sensitivity.!!? After a complete VDJ
rearrangement, the Vi gene segments and not the Jiy region become less accessible in paral-
lel with an increased accessibility of the /GK locus.” Activation of the JGK locus for recom-
bination has been shown to initially occur via demethylation of one allele. This differential
accessibility of the two JGK alleles most probably plays an important role in allelic exclu-
sion. 13 The IGL locus has been shown to be activated at a later stage than the [GK locus.!14

1.2 ANTIGEN-DEPENDENT B-CELL DIFFERENTIATION IN THE
PERIPHERY

Immature B cells leave the BM and enter the periphery as naive B cells. These
B cells enter the lymphoid organs via blood vessels through high endothelial venules and
leave via efferent lymphatic vessels.!!> Naive B cells can be activated upon crosslinking of
the Ig receptor by native antigen.!'® At this point the activated B cell can either differentiate
into an IgM secreting plasma cell or can undergo a so-called germinal center (GC) reaction.
GC are specialized microenvironments in peripheral lymphoid organs (Ilvmph nodes, spleen,
and mucosa-associated lymphoid tissue (MALT)), where B cells undergo affinity maturation
and CSR. Affinity maturation is achieved via the generation of SHM in the variable regions
of the Ig molecule followed by selection of the best-fitting Ig molecule by follicular dendrit-
ic cells (FDC). Lindhout et a/. described three antigen-specific checkpoints that ensure appro-
priate activation, selection, and differentiation of antigen-specific B cells (Figure 7).117

1. Antigen-specific initiation of the GC reaction via cognate B-T cell interaction.

The first checkpoint of the GC reaction actually occurs ouiside the GC. The antigen-
specific B cell is activated upon crosslinking of the Ig receptor by native antigen. These
B cells intermalize and process the antigen and present the processed antigen in MHC class
IL T cells are activated by processed antigen in the context of MHC class II presented by an
antigen presenting cell (APC) and two co-stimulatory signals from the APC, i.e. CD40-
CDA40L and CD80-CD28 interaction.

In the T cell zone of the lymphoid organ, antigen-specific interaction of activated
B and T cells takes place via processed antigen presented by B cells in MHC class I and the
antigen-specific T-cell receptor (TCR) together with CD28-CD86 costimulation. The T cells
up-reguiate CD40L and the CD40-CD40L signaling is the second B-cell activation signal.
This antigen-specific B-T interaction is required for initiation of the GC reaction and results
in migration of the B and T cell into the dark zone of the GC.
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adapted from Lindhout et al. Immunclagy Today 1997{18)573-576

Figure 7. Ag-dependent B-cell differentiation: the germinal center reaction divided in three antigen-specific
checkpoints that ensure appropriate activation, selection, and differentiation of antigen-specific B cells as
described by Lindhout er al.''®

2. SHM and Affinity maturation

During the GC reaction affinity maturation of the Ig molecule results in selection of
the B cells with the highest affinity for the antigen. In the dark zone, B cells start proliferat-
ing and the variable domains of the Ig molecules are subjected to the SHM process. During
this stage, the B cells are referred to as centroblasts and lose lg expression. After the prolif-
eration phase the centroblasts become centrocytes and migrate to the light zone of the GC,
where centrocytes are selected hased on antigen binding on the FDC.117 Centrocytes will die
by apoptosis unless they receive an anti-apoptosis signal from the FDC.11&119 In this way,
centrocytes with the highest affinity are selected.

3. CSR and maturation into plasma cell or memory B cell

The selected centrocytes migrate further in the light zone and present antigen taken up
from the FDC to antigen-specific GC T cells, which subsequently upregulate CD40L.. CDx40-
CD40L interaction initiates CSR and final differentiation into either plasma cells or memory
B cells, which is dependent on the level of CD40-CD40L signaling.!20-122

Somatic hypermutation

Although the complete mechanism of SHM has not yet been undersicod, based on a
large number of studies several characteristics of SHM have emerged.12?

The upstream boundary of the SHM is the promoter region with an increasing SHM
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frequency along the leader and the V{D)J exon.!24125 SHMs extend over about 1.5 kb with
a decrease beyond the J region, but there is no fixed 3’ boundary (Figure 8).!2% Based on
available sequences an intrinsic decrease of the mutation frequency was calculated and
showed an exponential decrease for both Ig heavy and Ig light chains.!2¢ The frequency of
somatic mutations has been estimated to be 10-3 per cell generation.!2” Based on analysis of
SHM in a large number of rearrangements, an RGYW (A/G.G,C/T,A/T) hotspot motif has
been identified. 28.129

mutation frequency

C
=

adapted from Storb et ar. Curr Opiin Immunol 1996(8)206-214

Figure 8. Schematic representation of the distribution of somatic mutations.

Promoters and Ig enhancers are critical elements for SHM, but not the V(D)J exon
itself.139-133 The presence of a promoter is essential for SHM rather than the specificity of
the Ig promoter, because replacement of e.g. the Vi promoter with another RNA polymerase
II-dependent promoter (beta-globin) does not affect SHM.!3! These data indicate that the
SHM process is linked to transcription.!23:134 It has also been demonstrated that the SHM
frequency is dependent on the level of transcription. 33

Several proteins that might be involved in SHM were studied by analyzing mice that
are defective in various repair processes, including those that are linked to transcription.!36 It
appeared that transcription-associated base and nucleotide excision repair is not involved in
the SHM process. ¢ The role of mismatch repair in SHM seems to be limited as shown by
mutation anafysis in knockout mice, although there are some conflicting data in litera-
ture. 137-140

SHM has been shown to be mediated via DSBs.'#1-193 The generation of DSBs is cou-
pled to transcription, is enhancer-dependent, and seems to correlate with nearby mutations.
Fifty to sixty percent of these DSBs occur preferentially at RGYW motifs; within this motif
DSBs oceur preferentially 5 of the G and R residues. There are generally two mechanisms
for repair of DSBs, i.e. via NHET or via homologous recombination. The mechanism of repair
is dependent on the phase of the cell cycle. NHEY operates predominantly during the G, /early
S phase, whereas homologous recombination is active during late $/G, phase. DSBs have
been shown to be much more abundant during the G, phase as compared to the G, suggest-
ing a predominant role for homologous recombination in combination with an error-prone
polymerase.142-143 With this respect several error prone polymerases have been studied, such
as pol, poln, polg, and poly, but it is yet unknown which is the major player,144.145
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Recently, the potential RNA editing enzyme activation-induced cytidine deanimase
(AID) has been shown te be not absolutely required for SHM, but clearly enhances the
process. 46147 The exact role of AID in the SHM process needs to be further anatyzed.

Class switch recombination

During CSR the V(D)J exon is juxtaposed to a downstream Cy region resulting in the
generation of different antibody isotypes (i.e. 1gG, IgA, and IgE). CSR occurs between the
switch (S) regions, which are composed of repetitive sequences.]*® The precise function of
the S regions is yet unknown, but the isotype specificity of CSR is not determined by the
exact nucleotide sequence of the S region nor by its orientation.!4? CSR to specific isotypes
is rather determined by accessibility of the different Cy; regions.

CSR is activated by specific cytokines that induce germline transcription. Germline
transcription originates from a promoter upstream of the I exon, which precedes all switch
and C regions, and directs the C region to which CSR occurs. Germline transcripts are fur-
ther processed by RNA. splicing that fuses the [ exon to the C exons, thereby splicing out the
S regions. The role of germline transcription might be opening of the S region to a specific,
yet undefined, CSR recombinase. However, it has been demonstrated that not only germline
transcription, but also the subsequent splicing of germline transcripts is required for CSR.150
This suggests that either the splicing machinery or the processed transcripts are involved in
CSR.190 In the latter case, germline transcripts might play a role in direct initiation of CSR
through the formation of a so-called R-loop in S-region via the formation of RNA-DNA
hybrids. However, this has only been shown in in vitro studies. The transcriptional enhancer
(iEw) plays a role in efficiency of germline transcription,!>1:!52 but the control elements in
the 3" part of the JGH locus play a major part in CSR. This 40 kb region downstream of the
Co: region contains four enhancer elements (hs3a, hsl,2, hs3b, and hs4) that are conserved
between mice and human. Several deletion and insertion studies showed that £s4 might play
a prominent role in CSR. The precise function of the individual elements remains to he elu-
cidated.”

Unlike V{ID)J recombination, the actual mechanism of CSR is not yet unraveled. It is
generally assumed that DSBs are introduced in the S regions. It is also not yet known whether
these DSBs are introduced by a CSR recombinase enzyme similar to RAG in V(D) recom-
bination or that a more general factor or process associated with S region transcription is
invelved in the generation of DSBs. The DSBs are joined forming a hybrid S region, and the
intervening sequence is deleted as an excision circle. 133 NHEJ might play a role, as mutations
in components of this system (Ku70, Ku8(}, DNA-PK-¢) have been shown to inhibit
(SR 134156 The NHEJ-repair system is active during the G, phase of the cell cycle. V(D)J
recombination also takes place during this phase. However, CSR takes place in proliferating
cells most probably during the S phase. It might therefore be that enzymes involved in DNA
synthesis are involved in CSR. A role for mismatch repair (MMR) pathways has been sug-
gested based on the findings that mice deficient in MMR show reduced CSR.}37159 The
MMR pathway might play a role in the suggested R-loop cleavage.
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Recently, activation-induced cytidine deanimase (AID), has been shown to be
absolutely required for CSR and somatic hypermutation.!#6-180 Mutations in AID result in an
autosomal recessive form of the hyper-IgM syndrome (HIGM type 2), in which no CSR can
take place.!®! AID is an RNA editing enzyme which is homologous to the RNA. editing
enzyme APOBEC-1, which removes an aminogroup from a cytidine making it a uridine in
the intestinal apolipoprotein-B mRNA.16C AID expression is restricted to germinal centers.
The formation of GC in AID deficient mice and human seems to be normal, but they are
enlarged, probably because of decreased apoptosis of activated B cells. AID might not be
directly involved in the actual SHM and CSR, but might edit mRNA encoding enzymes that
are involved in SHM or CSR.162

1.3 B-CELL MALIGNANCIES

During differentiation, B cells can undergo malignant transformation, which can occur
at various stages. B-cell malignancies can be classified according to the cormresponding nor-
mal B-cell differentiation stage based on the immunophenotype and the immunogenotype,
which is also reflected by the site of origin (Figure 9). However, a B-cell malignancy does
not always exactly correspond with the normal counterpart, because despite the malignant
transformation, the B cell can stjll proceed a bit further in differentiation before the actual
clonal expansion takes place.

i ymphoblasiic pracursor-B-NHL 77 - various types of foll. and post-foil. B-NHL eg.r FCL | miliple myetoma::
T gy SRS L DLBGL AT Sl paoma cl v
PLE "HGL G I,
oy N o T -c. AN T3 e
¥ Sylay, Cylgy \'\;’-fg.:‘x
lymphoid pro-B-cell  pre-pre-B-cell  pre-B-cell transiional  intermediate  mature {foll.)  postdollicular  immMiunocyte  prasma cell
progenitor cell HLA-DH HLA-DR HLA-DR pre-B-cell  B-lymphocyte B-lymphooyte  B-lymphocyte HLA-DR [HLA-DR)
HLA-DR £Das {CD34) (CD34) HLA-DA HLA-DR HLA-DR HLA-DR co19 [olakl:}
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Figure 9. Classification of B-cell malignancies based on the immunophenctype and corresponding with nor-
mal B-cell differentiation stages.

Precursor-B-ALL

Precursor-B acute lymphoblastic leukemias (precursor-B-ALL) originate from malig-
nant transformation of BM precursor-B cells. Precursor-B-ALL can be divided in three sub-
groups: pro-B-ALL, common ALL, and pre-B-ALL based on their immunophenotypes. All
precursor B-ALL express CD19, CyCD79 and TdT. The three types of precursor-B-ALL can
be discriminated with CD10 and Cylgl expression. Pro-B-ALL is CD10- and Cylgu-, com-
mon ALL is CD1I0* and Cylgy-, and pre-B-ALL is CD10+ and is further characterized by
Cylgp expression, which needs to be present in at least 15-20% of the cells for pre-B-ALL
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classification. The immunophenotype of pro-B-ALL corresponds to a differentiation stage
between pro-B cells and pre-B-I cells, because pro-B-ALL already express CD19, which is
not found on normal pro-B cells. but do not yet express CD10 like pre-B-T cells. The
immunophenotype of common ALL reflects that of pre-B-I cells and pre-B-ALL are compa-
rable to pre-B-II cells. One of the characteristics of precursor-B-ALL is the continucus pres-
ence of the recombinase enzyme system.!93-165 Tyansitional pre-B-ALL form a small sub-
group of pre-B-ALL which express Cylgu as well as low levels of surface membrane bound
(Sm) Fgu in the context of a pre-B-cell receptor.

Mature B-cell malignancies

Mature B-cell malignancies are clonal proliferations of B cells ranging from naive
B cells to mature plasma cells. They can roughly be divided in three groups of origin: pre-
follicular, follicular, post-follicular.

Naive B cells are small resting B cells, which circulate in the peripheral blood and are
found in primary fellicles and follicle mantle zones. B-cell malignancies that arise from these
re-circulating B cells are B-cell chronic Iymphocytic leukemias {B-CLL) and mantle cell
lymphomas (MCL}. It should be noted that not all B-CLL arise from naive B cells, but can
also arise from recirculating memory B cells, which are characterized by SHM. B-CLL that
originate from naive B cells and MCL do not contain SHM in the V regions, because these
cells did not yet encounter antigen. These malignancies are regarded as pre-follicular malig-
nancies.

Upon antigen encountering, naive B cells migrate to the center of a primary follicle,
which develops a GC. In the GC, SHM and CSR occur. Follicular lymphoma arise from GC
B cells and are therefore characterized by ongeing SHM and consequently show intraclonal
diversity. Part of the diffuse large B-cell lymphoma (DLBCL) also criginate from GC B cells
and have ongoing SHM, whereas another part of DLBCL are of post-germinal center origin.

B-cell malignancies of post-germinal center origin are characterized by the presence
of SHM in the V regions, but do not show intraclonal variation. As a result of CSR they can
express non-IgM isotypes, e.g. TgG or IgA. They might arise from memory B cells or from
plasma cells, which are terminally differentiated (end-stage} B cells that secrete Ig. Examples
of memory B cell-derived post-follicular B-cell malignancies are hairy cell leukemias (HCL},
B-CLL, Burkitt's lymphomas (BL), and prolymphocytic leukemias (PLL). Multipte myelo-
mas (MM) and plasma cell leukemias are monoclonal proliferations of plasma cells, which
are primarily found in the BM.

Example of immunogenotype-based classification
The presence or absence of SHM is an important immunogenotypic feature in ¢lassi-
fication of B-cell malignancies. An example of classification, which was changed based on
this immunogenotypic characteristics is the assignment of Burkitt’s leukemia for the entity
which was previously referred to as B-cell acute lymphoblastic leukemias (B-ALL).'6
B-ALL comprise 2-3 % of pediatric ALL and show similarities with Burkitt’s lym-
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phoma (BL) with respect to biology, oncogenic event (c-MYC translocation) and treatment
response. We studied imrnunogenotypic characteristics of 12 B-ALL patients. Somatic muta-
tions in the IGH genes were found with a frequency of 2.7+1.8%. The type of somatic muta-
tions and their position did not provide evidence for antigen selection and also no Intraclon-
al heterogeneity was observed. The presence of somatic mutations indicates that B-ALL do
not arise from immature B-cells, as the name might suggest, but from a post-GC B cell. The
presence of somatic mutations and low frequency of EBV positivity are comparable to spo-
radic BL. (Table 2). B-ALL differ significantly from the other types of B-lineage ALL, which
all represent precursor-B-ALL. In combination with the known similarities in biology, onco-
genic event and treatment response between B-ALL and BL, the immunogenotypic data sup-
port the view to replace the term B-ALL by Burkitt’s leukemia, which is fully in line with
the WHO classification for lymphomas.®7 Analogous to the term T-ALL for T-lineage ALL,
the term B-ALL could then be reserved for B-lineage ALL, i.e. ALL of B cell precursor ori-

Table 2. Characteristics of IGH gene rearrangements in B-ALL, precursor-B-ALE., and the three types of BL.

Disease category B-ALL Precursor-B-ALL  Sporadic BL Endemic BL AIDS associated
BL

Number of cases? 9 500 27 (15 cell Hinesys 12 (9 cell lines)s 8 (5 cell lineg)®

Somatic mutations m Vi 2.7%£1.8% 0% 4.6+3.1% 7.9+3.9% 7.543.6%

(range) (0.6-6.0%) - (0.3-13%) {1.4-15%) {3.1-13.3%)

Antigen selection in VHd B9 0750 1/27 012 1/8

Intraclenal heterogeneity 0/9 0/30 1427 /12 /8

a. The 9 B-ALL cases as well as 4 sporadic BL and 1 endemic BL were analyzed in this study, whereas the other
BL cases were reviewed by Chapman et al. 189
Van der Burg er al., unpublished results.

¢. Cell lines were included, since Chapman ef al. demonstrated that somatic mutations of V-genes do not occur in
vitro.

d. Absence or presence of antigen selection was deduced from the R/S ratios of the CDR and FR sequences.

gin.

Use of B-cell malignancies as “single cell” model system

B-cell malignancies can be used as clonal “single-cell” model system for the corre-
sponding normal counterparts in different phases of B-cell differentiation. In Chapter 3 of this
thesis, several types of B-cell malighancies were used as clonal “single-cell” model system
to study the regulation of Ig light chain gene recombination during different stages of B-cell
differentiation via detailed analysis of Ig gene configuration patterns. The advantage of using
B-cell malignancies as model system is that they allow extensive analyses due to the high cell
counts. In this way, both alleles of all three Ig loci can reliably be analyzed via Southern blot
and PCR analysis, with a minimal risk of missing rearrangements. However, it cannot be
completely ruled out that Ig recombination patterns in B-cell malignancies are influenced by
oncogenic processes. Alternatively, normal B cells can be analyzed for these studies via a sin-
gle-cell PCR approach, which has the inherent disadvantage of missing rearrangements due
to false-negative PCR results. The advantage of single-cell analysis, however, is that normal
B cells can be studied.
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1.4 ONCOGENIC RECOMBINATION IN B CELLS

Chromosomal translocations play an important role in oncogenesis.108:169 Two
types of chromosomal translocations can be found in B-cell malignancies, i.e. translocations
involving Ig loci that result in {over)expression of oncogenes and translocations that lead to
the formation of fusion proteins.

Translocations involving Ig loci

Translocations involving lg genes are particularly found in the more mature types of
B-cell malignancies.!”? In precursor-B-ALL and CLL the frequency of these translocations
is low, but in some disease categories specific Ig translocations are wsed as diagnostic mark-
er, because of their high frequency. Examples are t(8;14)(q24,q32) involving the IGH locus
and the MYC gene in BL, t(11;14}ql13:q32) involving /GH and BCLI/CCND/ in mantle cell
lymphoma (MCL), or t(14;18){(q32:q21) involving IGH and BCL2 in follicular B-non
Hogdkins lymphoma (B-NHL}. In Table 3 the most frequent Ig translocations in the various
B-cell malignancies are summarized. Translocations can not only involve the IGH locus, but
can also involve the IGK or IGL locus. This has been described for translocations to
BCLI/CCNDI, BCL2, C-MYC, and BCL6.'71-17% However, these so-called variant transloca-
tions occur with a much lower frequency.

Table 3. Examples of the most frequent translocations involving the Ig loci.

Disease Translocation Involved gene Frequency
Burkitt’s lymphoma t(8:14)(q24:932) MYC 100%
Follicular lymphoma t1(14:18)(q32:921) BCL2 80%
Mantel cell iymphoma t(11:14)(q13:q32) CCND I/ Cyelin D 95%
DLBCL t(14;18)(q32:q21) BRCi2 20%
1(8:14)(q24:932) MYC 0%
1(3;14)(927,932) BCLG 5-10%
Lymphoplasmacytoid lymphoma  t(9;14)(p13:g32) PAXS 50%
CLL 1(14:18){g32;q921) BCL2 1-2%
Muttiple myelema 11 14)g13:932) CCNDI/Cyclin DI 20-25%
t(4:14)(p16;g32) FGFR3 20-25%

Translocations involving Ig loci occur as a result of errors in normal recombination
processes.!80 Translocations can arise during V(D)J recombination, during which an onco-
gene translocates to the (Dy)fy region. Examples of these translocations are
t(14;18)(q32;q21) involving the BCL2 gene in B-NHL and 1(11;14){(q13;q32) involving IGH
and BCLI/CCND1 MCL. Translocations can also arise during CSR, which resulis in translo-
cation of oncogenes to S regions in the IGH locus. The BCL6 translocation t(3;14)(q27;932),
which is found in DLBCL is an example of a CSR-mediated translocation.!8! The
1(8;14)(q24;q32) involving the C-MYC gene can be mediated via V(D)J recombination or via
CSR, dependent of the type of BL. The breakpoints in the /G locus in endenic BL are found
in the Ji; region, which is indicative for the involvement of V(D) recombinase machinery,
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whereas in sporadic BL and AIDS related BL the breakpoints are found in the S regions.!?
In some translocations RSS like motifs are found at or near to the breakpoint in the oncogene,
However, the presence of a switch region-like motif has not been identified. As somatic
mutations are also mediated via DSBs, it has been demonstrated that particular translocations
might arise as a “by-product” of the SHM process.' 83184 In these cases translocation break-
points are identified within a rearranged V(D)I region or in the intron downstream of a
rearrangement. In addition to a role of SHM in transiocations involving Ig loci, SHM have
also been shown in non-Ig genes, especially in genes which are expressed in GC B cells, such
as BCLG.185,186

The molecular consequence of Ig translocations is the deregulated expression of the
translocated gene. As a result of the translocations the translocated gene comes under control
of Ig enhancers (EW) resulting in overexpression, which contributes to the oncogenic process.
The translocation might interfere with regulatory mechanisms of apoptosis, cell cycle pro-
gression, signal transduction, or NF-xB activation.

The MYC gene, for example, is normally tightly linked to the early (G, phase of the cell
cycle. As a result of a t(8;14)(q24:q32} normal regulation of the gene is lost and Myc is
expressed throughout the cell cycle. The precise function of Myc in the oncogenic process is
unclear; however, Myc is known to act as transcriptional activator and repressor and can
function as inducer of apoptosis or proliferation. The t(11;14)(q13;a23) in MCL results in
overexpression of cyclin D1, which is involved in cell cycle regulation. Cyclin D1 overex-
pression leads to perpetuating transition from G to S phase. Overexpression of Bel2 as a
result of £(14;18)(q32:q21) leads to inhibition of apoptosis.

Distarbances or aberrations in V{D)J recombination and SHM are not only involved
in leukemogenests, but have also been suggested to play a role in the emergence of antoim-
mune diseases. For example in patients with systemic lupus erythematosus higher frequen-
cies of somatic mutations as compared to healthy controls have been reported in combination
with disturbances in positive and negative selection.!93

Non-Ig mediated translocations

The second type of translocations found in B-cell malignancies does not result in
deregulated expression of genes, but in the formation of fusion genes. These fusion genes
encode fusion proteins, which are also called chimeric proteins. The fusion protein has func-
tional features different from the corresponding wild type proteins. In addition to the new fea-
tures of the fusion protein, loss of wild type activity due to the translocation might also exert
an (oncogenic) effect. This type of translocations is primarily found in precursor B-cell
malignancies. The mechanism through which these translocations arise is largely unknown.
The most frequently found chromosomal translocations in precursor-B-ALL are mentioned
in Table 4. Translocations t(9;22)(q34;q11) and t1(4;11)(q21,q23) encoding the fusion proteins
BCR-ABL and MLL-AF4, respectively, are correlated with an unfavorable prognosis. Also
t(1:19)(q23;p13), which results in expression of the fusion protein E2A-PBX1, is correlated
with an unfavorable clinical outcome, although this is less clear than for t(4;11) and t(9;22).
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The t(12:21)(p13;423) resulting in the TEL-AMLI fusion gene is correlated with a relatively
favorable prognosis. As the different chromosome aberrations influence the clinical outcome,
early detection of these chromosome translocation at diagnosis is important. In Chapter 4 of
this thesis the development of rapid and sensitive split-signal FISH probes for detection of
these translocations is described.

Table 4. Most frequently found chromosomal translocations in precarsor-B-ALL.

Chromosomal translocation Involved genes Frequeacy Prognosis
H{922)(q34:q10) BCR-ABL 3-4% Poor
1(4;11)(q21:923) MLL-AF4 2-3% Poor
t(1;19%q23;p13) E2A-PBX 6% (25% of pre-B-ALL) Unfavorable?
1(12;21)pl3:q922) TEL-AML] 16-29% Favorable

a.  The t{1;19){q23:p13) is generally correlated with an unfavorable prognosis, which can cvercome with more
intensive chemotherapy.* 7> "7+

1.5 QUTLINE OF THIS THESIS

In this thesis three main subjects are discussed. The first subject (Chapter 2) focusses
on the human fGL locus. Two aspects of the /GL gene locus are discussed, i.e. isotype
rearrangements in B-cell malignancies and the two human /GL light chain pelymorphisms.

The second subject is the central theme of this thesis and deals with the regulation of
Ig light chain gene recombinations (Chapter 3). Several types of B-cell malignancies were
used as clonal “single cell” model to study rearrangement patterns of Ig light chain genes.
Processes that might influence regulation of Ig light chain rearrangements, including the
degree of order of Ig light chain gene rearrangements, allelic exclusion, and somatic muta-
tions followed by receptor revision, are studied and discussed.

Oncogenic recornbinations in B-cell malignancies are discussed Chapter 4. First, the
considerations for the development of split-signal FISH for chromosome aberrations are
described. The general principle of split-signal FISH was illustrated in translocations involv-
ing the MLL gene, which has a large number of partner genes. Furthermore, the influence of
translocations involving the E2A gene, on antigen receptor gene rearrangement patterns in
pre-B-ALL is discussed. Finally, split-signal FISH for the five most important translocations
is summarized.

The General Discussion (Chapter 5) contains the main and integrated conclusions
together with directions for future research.
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Human IGL locus
THE HUMAN IG LAMBDA (IGL) LIGHT CHAIN LOCUS

The human immunoglobulin (/(GL) lambda locus is located on chromosome 22q11.2
and spans a region of about 1 Mb.!-3 The IGL locus contains 73-74 VA gene segments, of
which 29-33 can be expressed.?8(http://imgt.cnusc.fr:8104) The Vi gene segments are
grouped in ten families, which are organized in three separate clusters: A, B, and C
(Figure 1).* Figure 2 shows that the V) gene segments of cluster A, which is located most
proximal to the J-CA gene regions, are most frequently used and that the expressed VA reper-
toire is strongly biased to five VA gene segments (VA2-14, VA1-40, VAZ-8, VA1-44, VA3-21)
that encode more than half of the repertoire.? This biased VX usage can be ascribed to either
intrinsic genetic factors that lead to preferential rearrangement of certain VA gene segments
or to expression-dependent events such as pairing of IgH with Igh chain and positive or neg-
ative selection.!? However, in the course of evolution certain VA gene segments with capac-
ity to bind to a specific range of antigens might have acquired intrinsic mechanisms that
ensure frequent usage.!?

Downstreamn of the VA segments seven J-CA gene regions are located. Of these, only
four J-Ch gene regions are functional, i.e. J-CAl, J-CA2, J-CA3, and J-CL7; the regions
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Figure 2. Frequency of expression of individual VA gene segments. {Adapted from Ignatovich et al. %)

J-Ch4, J-CAS3, and J-CA6 are non-functional (pseudo) gene regions.®!1:12 In Chapter 2.3 the
contribution of the different J-C) gene regions to the expressed IgA repertoire is discussed.
Also Southern blot analysis of JGL isotype gene rearrangements in different B-cell malig-
nancies is described in this chapter and the frequencies are compared to those of normal
B cells.

The four functional types of Igh light chains have also been identified in human serum
using the serological isotype markers Mcg, Kern (Ke), Oz, and Mcp.}13-15 J.CA 1, T-CA2,
F-CA3, and J-CA7 encode the isotypes McgtKe-Oz, MegKe Oz, McgKe Ozt and Mcp*,
respectively. A fifth isotype is the polymorphic McgKe+Oz-, which is highly homologous to
the J-CA2-encoded Mcg-Ke*Ogz isotype. However, this polymorphism is only known from
serological analyses, but has not been determined at the DNA level. A second polymorphism
in the human /GL locus concerns an amplification in the CA2-CA3 region, which can be pres-
ent once, twice or three times per allele, giving rise to up to 10 J-CA gene regions per chro-
mosome.>-16-18 Chapter 2.2 describes the precise unraveling of both human /GL polymor-
phisms at the DNA Ievel and deals with the topic whether the two polymorphisms are linked,
i.e. whether the Mcg-Ke*Qz encoding CA segment is located on the amplified CA2-CA3 frag-
ment. Furthermore, the structure of the CAZ-CA3 amplification polymorphism was assessed
and the influence of additional J-CA gene regions (as a result of the CA2-CA3 amplification)
on the frequency of Igh protein expression is described.
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Unraveling of human IGL gene polymorphisms

ABSTRACT

Two polymorphisms of the human immunoglobulin lambda (JGL) locus have been
described. The first polymorphism concerns a single, two-fold or three-fold amplification of
5.4 kb of DNA in the CA2-CA3 region. The second polymorphism is the Mcg-Ke+Qz isotype,
which has only been defined via serological analyses in Bence-Jones proteins of multiple
myeloma patients and was assumed to be encoded by a polymorphic CA2 segment, because
of 1ts high homology with the Mcg-Ke Oz CA2 isotype. It has been speculated that the Mcg-
Ke™0Oz isotype might be encoded hy a CA gene segment of the amplified CA2-CA3 region.
We now unraveled both /GL gene polymorphisms. The amplification polymorphism
appeared to result from a duplication, triplication or quadruplication of a functional J-CA2
region and is likely to have originated from unequal crossing over of the J-CA2 and J-CA3
region via a 2.2 kb homologous repeat. The amplificaticn polymorphism was found to result
in the presence of 1 to 5 extra functional J-CA2 per genome regions leading to decreased
Igw/Igh ratios on normal peripheral blood B cells. Via sequence analysis, we demonstrated
that the Mcg-Ke*Oz- isotype is encoded by a polymorphic CA2 segment that differs from the
normal CA2 gene segment at a single nucleotide position. This polymerphism was identified
in only 1.53% (2/134) of individuals (1.5%) without J-CA2 amplification polymorphism, and
was not found in the J-CA2 amplification polymorphism of 44 individuals, indicating that the
two IGL gene polymorphisms are not linked.

INTRODUCTION

The human immunoglobulin (/GL) lambda locus is located on chromosome band
22¢11.2 and spans a region of about one megabase.! The /GL locus contains 73-74 VA gene
segments, including 56-57 functional VA segments, which could be assigned to 11 subgroups
based on nuclectide homology. 's{http://imgt.cnusc.fr:8104} Seven J-CA gene regions are
located downstream of the VA segments. Each CA gene segment is preceded by a JA gene seg-
ment. Only four J-CA gene regions are functional: i.e. J-CA1, J-CA2, J-CA3, and J-CAT; the
regions J-CA4, J-CA5, and J-CA6 are non-functional (pseudo) gene regions.™ This is due io
a deletion of ~1150 base pairs (bp) in the J-Ci4 region and due to lack of some of the essen-
tial nucleotides in the recombination signal sequence (RSS} of the JA4 gene segment.”1¢ In
the 3° end of the CAS exon, 11 bp are deleted and the RSS of the JAS segment also lacks some
of the essential nucleotides.’9 Finally, the CA6 exon contains a duplication of four
nucleotides which results in a premature stop codon.” Rearrangements to the J-CA6 segment
can occur, but encode a truncated Igh protein.!!

The four different functional types of Iz light chains have also been identified in
human serum using the serological isotype markers Mcg, Kemn (Ke), Oz, and Mcp.U-'* These
serological isotype markers are based on amino acid differences found in the CA regions of
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various Bence-Jones proteins derived from multiple myeloma (MM) patients as well as from
Igh fight chains isolated from intact immunoglobuling. The four functionat J-Ch gene regions
F-Chl, J-CA2, J-CA3, and J-CA7 encode the isotypes McgrKe Oz, MegKe Oz, Meg Ke Oz*
and Mcpt, respectively. A fifth isotype, termed McgKe*Oz, is highly homologous to Mcg-
Ke Oz and is assumed to be encoded by a polymorphic CAZ gene segment, but this has not
yet been confirmed by sequence analysis at the DNA level.

The human /GL locus also contains a ~5.4 kb amplification polymorphism in the
CA2-CA3 region. As the amplified region can be present once, twice, or three times, this
amplification might result in up to {0 J-Ch gene regions per allele.3'57 The polymorphic
CA2-CA3 amptifications can be identified via Southern blot (SB) analysis as EcoRI fragments
of 13.7, 19.1, or 24.5 kb, representing one, two, or three amplifications, respectively.’318 In
the absence of an /GL amplification polymorphism, only an 8.3 kb EcoRI fragment is detect-
ed. In HindIll digested DNA, the IGL polymorphism is visible as a 5.4 kb fragment, inde-
pendent of the number of amplified regions.'s It has been described that the frequency of the
CA2-CA3 amplification polymorphism appeared to vary between populations of different
geographical areas, 1617 but this polymorphism has not been characterized in full detail.

Here, we studied both the CAZ-CA3 amplification pelymorphism and the Mcg-KetOz-
polymorphism. Our aim was to investigate whether the Mcg-KetQz isotype is encoded by a
polymorphic CA2 gene segment and whether the CA segment encoding this isotype is locat-
ed on the amplified CA2-CA3 fragment, implying that the two /GL polymorphisms might be
linked, as speculated earlier.® !¢ Furthermore, we wished to assess the structure of the
CA2-CA3 amplification polymorphism and determine whether the amplified region contains
functional J-CA segments that might lead to higher frequencies of Igh protein expression.

MATERIALS AND METHODS

Cell samples

Peripheral blood (PB) samples were obtained from 96 healthy individuals. The expres-
sion of Igx and Igh on PB B-cells was determined via Igk/CD19 and Igh/CD19 two color
immunofluorescence in 69 cases. DNA was isolated from the granulocytes of all 96 healthy
individuals using phenol/chloroform extraction.'s In addition, DNA samples of 82 precursor-
B-ALL samples and Igk* B-CLL with both /GL alleles in germline configuration, were ana-
lyzed for the presence of the Mcg-Ke*tOz- polymorphism. 920

Southern blot analysis

15 g of DNA of 80 healthy controls {60 form Caucasoid origin and 20 from Chinese
origin) was digested with EcoRI (Life Technologies, Rockville, MD, USA), separated in
0.7% agarose gels, and transferred by vacuum blotting to Nytran-13N nylon membranes
{Schleicher and Schuell, Dassel, Germany). The filters were hybridized with the 32P labeled
A-IVS probe.ts
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PCR analysis and fluorescent sequencing of the amplified CA2-CA3 region

Specific PCR primers for the CA2-CA3 amplification polymorphism (/GLamp-F and
IGLamp-R) were designed, using the OLIGO 6.2 software program (Dr. W. Rychlik;
Molecular Biclogy Insights, Inc., Cascade, C(}) (Table 1). PCR analysis was performed with
Expand™ Long Template PCR Systern (Roche Diagnostics, Mannheim, Germany) accord-
ing to manufacturer’s instructions. PCR products were analyzed on a 1% agarose gel and
purified using a Qiagen PCR purification kit (Qiagen, Hilden, Germany) prior to fluorescent
sequencing. PCR products were sequenced on an ABT 377 fluorescent cycle sequencer
(Applied Biosystems, Foster City, CA, USA) with Big Dyes (Applied Biosystems) according
to the manufacturer’s instructions. The original PCR primers were used as sequence primers
and subsequently new sequence primers were designed in the newly sequenced regions. An
extra PCR was performed using the primers Up-F and Down-R to sequence the gap between
the primers IGLamp-R and /GLamp-F (see also Table 1 and Figure 2b). The [GL gene
sequence (accession number X51755) was used as reference sequence. Pairwise Alignment
algorithms were used of the EMBL, FEuropean Bioinformatics Institute (Cambridge, United
Kingdom) (hitp://www.ebi.ac.uk/emboss/align/).

Table 1. Sequences of used primers for PCR analysis
and/or sequencing of the IGL locus.

Primer Sequence (5°-3")

IGLamp-F TTGTGCTGCCACCAGGAT
1GLamp-R TGCCCAGGGAACTGAGAAC
Up-F GTGGGTTCTCAATTTGTGGT
Down-R TGCCAGATGOATAAATGTGAC
Ci2-F CCTGCCCCTCATCCACC

Ch2-R GAGAGCTCACCAGAGTCACTGG
C2.2-Rseq TCAGGCGTCAGGCTCAGATAG

Analysis of the CA2 gene region for the presence of the Meg-Ke*0Oz - polymeorphism

The CA2 region was amplified by PCR using the primers CA2-F and CA2-R (Table 1),
using the TaqGold amplification system (Applied Biosystems). The obtained PCR products
were sequenced with the CL2-F primer and/or the CA2-Rseq primer (Table 1), as described
above.

RESULTS

Southern blot analysis of CA2-CA3 amplification pelymorphism in Caucasoid and
Chinese individuals

The FGL locus of 80 healthy controls (60 of Caucasoid origin and 20 of Chinese ori-
gin) was analyzed with respect to the number of amplifications using the A-IVS probe in com-
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Figure 1. Detection of the /GL amplification polymorphism of the Ch2-CA2 region. A. Schematic represen-
tation of the /GL locus with the amplification polymorphism of the CA2-CA3 region. The EcoRI restriction
sites, the position of the A-IVS prebe and the relevant restriction fragments are indicated. In cases without an
IGL amplification polymorphism (Pp) the A-IVS probe detects an 8.3 kb band. Dependent on the number of
amplified regions (Py, Py, or P5), 2 13.7, 19.1, or 24.5 band is detected, respectively. B. Southern blot analy-
sis of EcoRl digested DNA of six healthy controls with the A-TVS probe. Lane 1 and 2: no IGL amplification
polymorphism on both alleles (Py/Py). Lane 3.4 and 6: one alleie without /GL amplitication pelymorphism
together with a pelymorphic allele, Py/P,, /P, and Py/P;, respectively. Lane 5: two polymorphic alleles
(P/P5).

bination with EcoRI digests (Figure 1a). Examples of Southern blot results of two individu-
als without a CAZ-CA3 amplification polymorphism and four individuals with amplification
polymorphisms are shown in Figure 1b. 72% of the Caucasians did not have the CA2-CA3
amplification polymorphismi, in contrast to only 15% of the Chinese individuals (Table 2).
The IGL locus of individuals without a CA2-CA3 amplification polymorphism on both alle-
les is described as Py/Py. In the group of Caucasoid individuals the frequency of monoailelic
amplifications was 7%, 15%, and 7% for one, two, or three amplifications, respectively
(Py/Py. Py/P; and Py/Py). These percentages were comparable to the percentages in the
Chinese individuals. However, 55% of the Chinese individuals had biallelic amplifications
(P,/P,, P,/P3, Po/P,. and P,/P;}, which were not observed in the Caucasoid individuals.

Sequencing strategy of the CA2-CA3 amplification polymorphism

So far, the polymorphic CA2-CA3 amplification has never been sequenced, probably
because of the complexity of the JGL locus, especially because of the high homology between
the J-CA2 region and the J-CA3 region. The primers (JGLamp-F and IGLamp-R) were
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Table 2. Configuration of the IGL locus with respect to the number of IGL amplifications as determined by
Southern blot analysis.

IGL iocus Caucasians Chinese Total
configuration (n=60) {n=10) (n=50)
Py/Py 43 3 46
(71.6%) (15%) (57.5%)
Po/P, 4 1 5
(6.7%) (5%) (6.3%)
Py/P, 9 4 13
(15%) (20%) (16.2%)
Fy/P; 4 1 5
16.75%) (5% (6.3%)
P,/P, - - -
P\/P; - 2 2
(10%) (2.5%)
P,/P; - 1 1
(5%) (1.2%)
P,/P; - 7 7
(35%) (B.8%)
P,/Py - 1 1
(5%) (1.2%)
P4/Py -

designed tail-to-tail, just upstream of the HindIII restriction site, such that in situations with-
out pelymorphic CA2-CA3 amplifications (Py/Pg). no PCR product is formed (Figure 2a, ¢}
In cases with a polymorphic amplification, a PCR product of about 5.4 kb was generated,
independent of the number of amplifications (Figure 2b, 2¢). The size of the PCR product was
comparable to the size of the amplified region as it was determined via Southern blot analy-
sis using HindIIl digests.!® The amount of PCR product was quantified using semi-quantita-
tive PCR with sampling after different cycles (7, 10, 13, 16, 19, and 22 cycles), followed by
hybridization with the J-CA2 specific IGLC2D probe.'? The obtained hybridization signals
correlated with the number of amplifications as determined via Southern blot analysis (data
not shown}. This result implies that in case of multiple CAZ-CA3 regions, all regions were
represented in the sequence analysis. The 5.4 kb PCR product of 4 individuals with the geno-
types P/P5, Po/Py, Po/P5, and Py/P; were completely sequenced. Sequence analysis was start-
ed with the IGLamp-F and IGLamp-R primers. Subsequently, sequence primers were
designed in the newly generated sequence {“gene walking”). Finally, an extra primer set was
designed to analyze the region between the two primers IGLamp-R and /GLamp-F by PCR
and sequencing. The forward primer (Up-F) was designed in the newly generated sequence
and the reverse primer (Down-R} downstream of the /GLamp-F primer (Figure 2b). These
primers also annealed in the homologous region just downstream of the J-CA2 region
(Figure 2b). The total sequenced region is indicated in Figure 2b.
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Figure 2. Strategy for PCR and sequencing analvsis of the /GL amplification polymorphism. A. CA2-CA3
region without /GL amplification polymorphism (Py) with the primers /GLamp-R and /GLamp-F positioned
Jjust upstream of the HindIII restriction site. B. CA2-CL3 region with one polymorphic IGL amplification (P)
with the positions of the two IGLamp primers. PCR analysis with the primers /GLamp-F and /GLamp-R
resuits in the generation of a fragment of ~5.4 kb. The PCR product generated with the /GLamp-F and
IGLamp-R primers was totally sequenced starting with the PCR primers and subsequently with sequence
primers designed in the newly generated sequence (“gene walking”). To analyze the region between the
IGLamp-F and IGLamp-R primers, sequence analysis was performed using PCR products generated with
primers Up-F and Down-R. The total sequenced region is indicated. C. PCR analysis with the primers
IGLamp-F and IGLamp-R of one healthy individual without fGL amplification polymorphism (Py/Pg) and
three with an /GL amplification polymorphism (Po/Py; Po/Py; Py/P3).

Structure of the CA2-CA3 amplification polymorphism

The region of the /GLamp-F IGLamp-R product together with the extended region that
fills the “gap” between the ends of the two primers was further analyzed for the presence of
restriction sites (Figure 3a, white area). This sequence was subsequently aligned with the
standard /GL gene sequence (Py) to deternline the structure of the amplification. The first 2.5
kb of the sequenced region appeared to be homologous to the region downstream of CA2 gene
segment (Figure 3a, dotted lines) with 99.3% homology. The second part of the sequenced
region (2.9 kb) shared the highest homology with the J-CA2 region (Figure 3a, dashed lines),
which was also 99.3%. It should be noted that there is a highly homologous region of 2.2 kb
between the J-CA2 and J-CA3 region with a similarity of 98.7%. These homologous regions
are indicated as gray areas. Figure 3a represents the experimental approach for characteriza-
tion of the IGL amplification, but does not reflect the mechanism. In Figure 3b the actual
positioning of the amplification polymorphism is depicted in the total structure of a P, allele.
The amplified region starts with a 2.2 kb homologous region and ends just before the 2.2 kb
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Figure 3, Experimental approach for characterization of the JGL amplification polymorphism resulting in the
actual positioning within the JGL locus. A. Schematic representation of the total sequenced region, as defined
in Figure 2b. For further sequence analysis the region of the IGLamp-F JGLamp-R product together with the
extended region to fill the “gap” between the ends of the two primers was used (white area), the remaining
sequence was excluded (dashed area}. BamHI (B), Bgifl {Bg), EcoRI (E), and HindIl (H) restriction sites are
indicated. The homologous repeats of the J-CA2 and J-CA3 regions with a similarity of 98.7% in the standard
sequence (Py) are marked as gray areas. The first part of the sequence could be aligned with the region down-
streamn of the Ci2 gene segment {indicated with dotted lines} with a homology of 99.3%. The second part of
the sequence was aligned with the J-CA2 region {indicated with dashed lines} and had also a homology of
99.3%. B. The CA1-CA2-CA3 region of a polymorphic allele (P;) with the actual positioning of the polymor-
phic amplified region.

homologous region of J-CA3.

Due to the polymorphic amplification a new Hindlll is generated (Figure 3b). SB
analysis of HindIIl digested DNA of individuals with the amplification polymorphism will
therefore show the 5.4 kb polymorphic HindIIl fragment when using the A-IVS probe.
Consequently, two and three (identical) repeats of the amplified region (P, or P5) also result
in 5.4 kb HindIII restriction fragments.

Sequence analysis of the J-CA region within the IGL amplification polymorphism

The J-Ch region of the amplified /GL region shares the highest homology with the
J-CA2 region. The JA2amp gene segment is identical to the JA2 except for one amine acid
(Figure 4). The recombination signal sequence of the JA2amp was compared to the RSS of
the seven other RSS and appeared to be identical to that of JA2 and JA3 and contains all essen-
tial nucleotides (Table 3). The donor and acceptor splice sites of the J-CA2amp region are
intact. The CA2amp gene segment is fully identical to the CA2 gene segment and alse codes
for the McgKe-Oz- (Table 4, comparison to all isotypes). So, the IGL amplification poly-
morphism does not encode the Mcg-Ke+Qz- polymorphism and constitutes a different /GL
polymorphism. Based on these data we conclude that the J-CA2amp region is functional. This
conclusion was supported by homology search of the JA2amp segment using nucleotide
BLAST (hetp://www.ncbinlm.nih.gov/BLAST), which resulted in perfect match with more
than fifteen sequences of human mRNA for Igh chains.
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Figure 4. The J} gene segment of the /GL amplification polymorphism {JAZamp) compared to the normal JA2

region. The segments differ at two nucleotide positions of which only one results in an amine acid substitu-
tion (V— G).

Table 3. RSS of all JA gene segments as compared to the consensus RSS.

Nonamer? Spacer Heptamer?
Consensus RSS GGTTTTTGT 12 CACTGTG
e e G- - |
2 e 12 .
JA2amp e oo 12 -e s Ao -
n3 e 12 . T
A4 A-meam - - 12 ---C-CA
s e eea e 12 ---A-CA
Jh6 e G- - - 12 . I
7 e G- - - 12 e e

a. Essential nicleotides are underlined.

Effect of the number of IGL ampiifications on the Igk/IgA ratio on PB B cells

As sequence analysis of the J-CA region con the JGL amplification showed that this
region can undergo gene rearrangements and can be expressed, we wanted to study the effect
of the number of functional J-CA regions on the frequency of Igh positive B lymphocytes, by
determining the Igx/Igh ratio on normal PB B cells. The combined Southern blot and Igr/Igh
ratio data are summarized in Table 5. The human /GL locus contains four functional J-CA
regions, meaning that in cases without IGL amplification polymorphisms (Py/Pg) a total of
eight functional J-Ch regions are present. In cases with the IGL amplification polymorphism,
every amplified region represents one additional functional J-Ch region. The Igx/Igh ratio of
cases with an amplification (resulting in 9-13 functional J-CA gene regions) was found to be
significantly lower than the Igx/lIgA ratio of cases without amplification (8 J-CA gene
regions): 1.3710.18 versus 1.56+0.26 (t-test; p<0.001). Already one additional J-CA gene
region appeared to be sufficient for a decrease in the Igi/IgA ratio (Table 5).

Frequency of MegKe+Oz CA2 polymorphism

The sequence data demonstrated that the JGL amplification polymorphism does not
coincide with the McgKe+tOz- polymorphism. Therefore, it is most likely that the Mcg
Ke*Qz polymerphism is encoded by a polymorphic CA2 gene segment. This implies that at
the DNA level the cedon AGC for serine (S) at position 152 must be changed in GGC for
glycine (G), which is the serological marker Ke+. The CAZ region of 178 individuals was ana-
lyzed for the presence of the Mcg-Ke*Oz- polymorphism. The group consisted of 96 healthy
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Table 4. The five Igh isotypes described by the serological markers Mocg, Ke, Oz, and Mcp.

Cisegment  Serolegical marker® Amino acid position
112 114 152 190 136 157 195
Mceg Ke Oz Mep

Cal MegtKetOz N T G R [ A Q
Caz Meg Ke Oz A S S R [ A Q
CiZamp Mcg KeOz A S S R [ A Q
Ch2pt MegKetOz A 8 G R i A Q
CA3 MegKeOz* A S 5 K 1 A Q
CL7 Mep*KetOz- A 5 G R v \ R

a.  The serological marker Mcg is determined based on amino acid N at position 112 and T at position !14: Ke is

based on a G at position 152; Oz js based on K at position 190: and Mcp by V at position 136 and 157 and R at
positicn 195.

k. CA2P; polymorphic CA2 region.

controls {granulocyte DNA) as well as 82 precursor-B-ALL and Igkt B-CLL samples, with-
out /GGL gene rearrangements as determined by Southern blot analysis. 1920 All samples were
first screened with the /GLamp-F and /GLamp-R primers to define cases with the IGL ampli-
fication polymorphism. Twenty-five percent of cases (44/178) appeared to have the IGL
amplification polymorphism. In cases without the /GL amplification polymorphism, the CA2
region was analyzed by PCR and sequencing. The CA2amp regions of individuals with the
IGL amplification polymorphism were also sequenced. For this purpose the PCR products
generated with the JGLamp-¥F and JGLamp-R primers were sequenced with the CA2-F and
CA2-Rseq primers.

In two of the 134 analyzed Py/Py cases (1.5%) a heterozygous peak of the nucleotides
A and G was observed in the codon encoding the serological marker Ke. This implies that
these individuals are heterozygous for the Mcg-Ke+Oz polymorphism. In the CA2amp region
of the 44 individuals with an /GL amplification polymorphism, we did not detect the Mcg-
Ke*Oz polymorphism, indicating that the two polymorphisms are not linked.

Table 5. Mean Igx/g ratios for different numbers of functional J-CA gene regions.

Number of J-Ch Mean SD Number of analyzed
gene regions [gw/Tgh ratio cases
8 1.562 026 38
9-13 137 0.18 31
9 1.30 0.35 4
19 1.36 0.17 i3
11 1.39 0.14 6
12 1.40 0.15 7
13 1.42 - 1

a. The [gr/Igh ratic in cases without amplification is significantly higher than in cases with amplification (t-test:
p<0.001).
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DISCUSSION

Two polymorphisms have been described in the human /GL locus. However, they have
never been sequenced at the DNA level. The first polymorphism concerns an /GL amplifica-
tion polymorphism of 5.4 kb of DNA in the CA2-CA3 region. The second polymorphism is
the McgKe+Oz isotype, which was only known from serological analyses of Bence-Jones
proteins of multiple myeloma patients.-14 Due to the high homelogy with the Mcg-Ke-Oz
isotype, which is encoded by the J-CAZ region, it was proposed that the Mcg-KetOz poly-
morphism is encoded by a polymorphic J-C42 region that differs from the normal J-CA2
region at a single nucleotide position. It has been speculated that the two polymorphisms
might be linked in such a way that the CA region on the polymorphic amplification encodes
the isotype Meg-KetOz &4

In this study, we were able to sequence the 5.4 kb /GL amplification polymorphism.
The /GL amplification polymorphism shares a homology of more than 99% with the J-CA2
region. The first 2.5 kb of the amplification. containing the JA and C gene segments, coin-
cides with a 2.2 kb region. which is also highly homologous to a 2.2 kb region in the J-CA3
cluster (98% homology) (Figure 3b). Taub er al. proposed already in 1983 a mechanism for
the generation of this /GL polymorphism.’s Based on SB data and restriction fragment analy-
sis, they proposed unequal crossing over between two 8 kb EcoRI allelic fragments through
homologous recombination between two large homologous repeats. Our sequence informa-
tion of the pelymorphic IGL amplification together with the germline sequence of the com-
plete /GL locus, shows that the homologous regions are 3.4 kb apart in the germline (Py) sit-
nation. Therefore, we confirm that the amplification most probably occurred during meiosis
via unequal homologous recombination between the two 2.2 kb homologous J-CA2 and
J-CA3 regions.

The CA2 and CA3 gene region might be susceptible to duplication, because of its high
homelogy, but especially because of the two homologous J-CA regions of 2.2 kb. The maxi-
mum number of amplifications is three, which suggests that the region is indeed susceptible
to duplication, but this phenomenon apparently has its limitations. The different amplifica-
tion variants appeared to be exactly identical. No differences were observed in multiple
amplifications on the same allele, which suggests that during evolution the various amplifi-
cations occurred simultaneously or shortly after each other.

The J-CA region of the polymorphic amplification appeared to have the highest
homology with the J-CA2 region and contains all essential elements, which are required for
recombination and expression, i.e, a functional RSS, intact donor and acceptor splice-sites, as
well as functional JA and CA gene regions. Since the amplified I-CA2 region does not encode
the Mcg-Ke*Oz isotype, we concluded that the human /GL locus has two separate polymor-
phisms.

As known from literature, the JGL amplification polymorphism is found up to three
times per allele. 1518 Qur sequence analysis showed that this polymerphism concerns identical

60



Unraveling of human [GL gene polymorphisms

amplifications, implying that in cases with a P, amplification the first amplified region does
not differ from the second. Screening of healthy controls showed that the frequency of the
IGL amplification was 28% 1n Caucasoid individuals and involved only one allele. In Chinese
individuals, the frequency was much higher (85%) and involved both alleles in the majority
of cases.

As the polymeorphic amplified regions contain functional J-CA2 regions, we investi-
gated the effect of the total number of J-C regions on the frequency of Igi* B lymphocytes
by studying the distribution between Igk and Igh light chain expression (Igx/Igh ratio). The
presence of additional functional J-CA gene regions resulted in decreased Igi/Tgh ratios of
blood B lymphocytes as compared to individuais without the J-CA2 amplification. Already
one additional J-Ch gene region was sufficient to decrease the Igx/IgA ratio, suggesting that
this effect is dominant and that the addition of extra J-CA gene regions has little effect on the
Tgw/Igh ratio.

The Ig/Igh ratio can not only be decreased by extra copies of J-CA regions, but also
by a decrease in /GK gene copies. In a patient with a heterozygous de novo deletion of chro-
mosome 2 region pl1.2pl3, including the /GK locus (2pl2), the Ig/Igh ratio was strongly
decreased to 0.7.21 This decrease is stronger than found in individuals with extra J-CA
regions. This difference in effect on the Igx/Igh ratic can be explained by the fact that Ig light
chain rearrangements take place in an ordered fashion, starting with rearrangements in the
IGK locus followed by IGL gene rearrangements, if no functional /GK rearrangement took
place.? If there is only one IGK allele, the chance of a functional rearrangement resulting in
gk expression is approximately 50% reduced. Consequently, the rearrangement process will
shift to the IGL locus in an earlier stage, which is in line with a reduction of the Igk/Igh ratio
from 1.4 to 0.7. On the other hand, there is a limited time period or limited number of
attempts for acquiring functionai Ig gene rearrangements.2223 If the B cell is not able to gen-
erate an Ig molecule within that time frame or that number of attempts, the cell will die by
apoptosis.2223 Finally, the presence of multiple functional J-CA regions also implies that con-
secutive /GL rearrangements with VA-JA replacements can occur on one allele.

The polymorphic McgKe+tOz isotype is the second type of /GL polymorphism and
was only known from serological analyses. Our sequencing data now show that this isotype
is encoded by a polymorphic CA2 gene segment. The polymorphic CA2 region was detected
in only two individuals, which were both heterozygous for this JGL polymorphism. The
reported frequency of the McgKe+tOz- polymorphism in 70 muitiple myeloma patients was
6%.13.192% which exceeds the frequency of 1.5% in the 134 analyzed individuals, which did
not carry the IGL amplification polymorphism. However, this difference is not statistically
significant (x2-test, p>0.05). No McgKe+Qz  polymorphism was detected in the J-CA2
amplification polymorphism of 44 individuals, but this might be due to the low number of
analyzed cases. Nevertheless, the obtained data indicate that the J-CA2 amplification poly-
morphism and the CA2 polymorphism are independent. The two polymorphisms might theo-
retically be present in one individual, but the frequency of such event will be low (<0.5%).

In conclusion, two separate polymorphisms in the human JGL locus exist the IGL
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amplification polymorphism and the CA2 polymorphism resulting in the Mcg-KetOz- iso-
type. Both polymorphisms involve the CA2 region, but they are not linked, although they
might theoretically be both present in one individual. The presence of the /GL amplification
polymorphism results in the presence of extra functional J-CA regions, which appeared to
decrease the Igw/Igh ratio of normal blood B lymphocytes.
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TGL isetype gene redrrangements
ABSTRACT

The human immunoglobulin fambda (fGL) locus contains seven J-CA gene regions of
which only J-C1, J-CA2 J-CA3 and J-CA7 encode the four Igh isotypes, i.e. Mcg, Ke-Oz-,
KeOz*, and Mcp, respectively. We used isotype specific DNA probes for detection of JGL
gene rearrangements in 212 B-cell malignancies: 76 precursor B-cell acute tymphoblastic
leukemias (precursor B-ALL), 74 Igh* chronic B-cell leukemias (CBL), 34 Ight non-
Hodgkin lymphomas (B-NHL), and 28 Igh* multiple myelomas (MM). The J-CA3 gene
region was most frequently involved (50%), followed by J-CA2 (38%) and J-CA1 (9%). There
was no involvement of J-CA4 and J-CA5 gene regions. Rearrangements to J-CA6 (n=4) were
exclusively found in precursor B-ALL (19% of all JGL rearrangements in precursor B-ALL)
and only a single J-CA7 recombination was detected in an Igh* B-NHL. Tn the group of Igh+
malignancies a significant shift was observed from predominant J-Ch3 usage {54%) in
mature surface Igh+ malignancies (CBL and B-NHL) to 60% J-CA2 usage in Ight secreting
MM. The distribution of /GL isotype rearrangements found in MM reflected the Igh isotype
protein expression reported in MM patients.

Based on these extensive Southern blot data, we suggest that a rapid and efficient
detection of clonal /GL gene rearrangements can be obtained when a single Bgl/Il digest is
used in combination with the IGLJ2 probe, which detects clonality in >95% of cases with an
Tght malignancy. Higher percentages (>98%) can be reached by including a second digest
(HindIIl) that reduces the chance of comigration rearranged and germline bands. In case of
precursor B-ALL we recommend to include the IGLJ6 probe for the detection of rearrange-
ments to J-CA6.

INTRODUCTION

The human inumuneglobulin lambda light chain gene (/GL} has been mapped to chro-
mosome 22q11.1-3 The locus contains 36 VA gene segments with an open reading frames
{ORFs) (but only 31 of them have been found in functional rearrangements) 33 pseudo gene
segments, and seven J-CA gene regions.># A genetic amplification polymerphism of the
CA2-CA3 region can lead to the presence of up to ten J-CA gene regions per allele.” The VA
gene segments are grouped in ten families, which are organized in three separate clusters.®
Cluster A is located proximal to the J-Ch regions and contains families VAIL and III, cluster
B contains family VAI, one member of family IV, and families V, VII, and IX, whereas the
remaining members of family VAIV as well as families VI, VIII, and X are grouped in clus-
ter C.6

The gene regions J-CA1, J-CA2, J-CA3, and J-CA7 are functional. while J-CA4, T-CAS,
and J-CA6 are non-functional (pseudo) gene regions.2.78 The J-Ch4 region has a deletion of
~1150 bp and in the 3" end of the CAS exon 11 bp are deleted.? Moreover, the recombination
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signal sequences (RSS) of the JA4 and JAS gene segments do not contain all essential
nucleotides.” The CA6 region contains a duplication of four nucleotides which results in a
premature stop codon.?8 Stiernholm ef al. demonstrated that rearrangements to the J-CA6
segment can oceur, but encode a truncated Igh protein. !9

Initially, four different isotypes of IgA light chains have been identified in human
serum: Mcg, Ke-Oz-, Ke-Oz*, and Ke*Oz.! The serological isotype markers Mcg, Kern (Ke)
and Oz are based on amino acid differences found in the CA region of various Bence-Jones
proteins from multiple myeloma (MM) patients and IgA chains isolated from intact
immunoglobulins. 1112 The four isotypes were initially assumed to be encoded by the four
functional J-CA gene regions J-CAl, J-CA2, J-CA3, and J-CA7, respectively.!¥ However,
Niewold et al. discovered another isotype, Mcp, and demonstrated that Mcp and not Ke*Oz-
is encoded by J-CA7.1° Based on the high homology of the Ke-Oz- and Ke*Oz amino acid
sequences, it might be that Ke*Oz- is encoded by a polymorphic J-CA2 gene segment.
However this is not yet proven by DNA sequence analysis.

Since at least one third of all B-cell malignancies have rearranged IGL genes, J-Ch
region specific Southemn blot probes were developed to detect and identify clonal IGL
rearrangements in these mafignancies.!* In this study, these “isotype-specific”” DNA probes
were used to determine the frequency of J-CA gene rearrangements in a large series of 212
B-cell malignancies: 76 precursor-B acute lymphoblastic leukemias (precursor B-ALL), 74
Igh+ chronic B-cell leukemias (CBL}, 34 IgA+ B-cell non-Hodgkin lymphomas (B-NHL), and
28 Igh* MM. The results of the J-CA rearrangement patterns in the MM are compared with
the reported frequencies of IgA isotype protein expression. We assume that the Igh isotype
rearrangement patterns in the various types of B-cell malignancies can give insight into Igh
isotype usage and/or {gA isotype selection during B-cell differentiation.

MATERIALS AND METHODS

Cell samples

For this study 212 B-cell malignancies were selected based on the availability of suf-
ficient cells for DNA extraction, on their tumor load (i.e. > 70% for leukemias and B-NHL
and >25% for multiple myelomas) and on the membrane or cytoplasmic expression of Igh in
case of mature Ig* malignancies. In this way 212 patient samples were selected, including the
40 patients who have previously been described !*: 76 precursor B-ALL, 74 Igi+ chronic
B-cell leukemias CBL, 34 IgA+ B-NHL, and 28 Igh* MM. The series of 74 Igi* CBL con-
sisted of 63 B-cell chronic lymphocytic leukemias (B-CLL), 6 B-cell prolymphocytic
leukemias (B-PLL). and 5 hairy cell leukemias (HCL). Menonuclear cells (MNC) were iso-
lated from 117 peripheral blood (PB) and 78 bone marrow (BM) samples by Ficoll-Paque
density centrifugation (density 1.077 g/l; Pharmacia, Uppsala, Sweden). Cell suspensions
were prepared from 17 lymph nede samples of Ight B-NHL patients; the remaining 17 Ight
B-NHL were leukemic so that PB samples could be used.
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Southern blot analysis

DNA was isolated as previously described.!® Fifteen micrograms of DNA were
digested with the appropriate restriction enzvmes (Pharmacia). The restriction fragments
were size fractionated in 0.7% agarose gels and transferred by vacuum blotting to Nytran-
13N nylon membranes (Schleicher and Schuell, Dassel, Germany). The membranes were
hybridized with 32P-random oligonucleotide labeled probes.!®

DNA probes and IGE gene restriction map

In order to identify clonal /GL rearrangements in the J-CX gene locus, a set of seven
isotype-specific DNA probes were used, which specifically recognize the seven J-CA regions:
the IGLCID prebe for the J-CAl region, the IGLI2 probe for the highly homologous J-CA2
and J-CA3 regions, the IGLC2D probe, which exclusively recognizes the J-CA2 gene region,
and the IGLC4D, IGLJI5, IGLJ6 and the IGLI7 probes for the last four J-CXA gene regions.!*
These probes were used in combination with HindIll, Bglll, BamHVHindIll, EcoRT/HindIll
restriction enzyme digests.!4 The restriction map of the J-CA gene region is given in
Figure 1. The ‘general’ CA probe (IGLC3) was used in combination with EcoRVHindIi
digests and is also indicated in Figure 1.16

JA1 CAl Jrz Ciz2 JA3 CA3
g T 1 17 I T | T'TT 1 I 1 II [ qu e T
E Bg BH BE E EEE B BE3B H Bg B B Bg BE EBgE B
[ B E 2 B
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B ] [ &
IGLC4D 1GLJS IGLJE IGLJ7

Figure 1. Structure and restriction map of the J-C region of the human IGL gene complex.?#14 The location
of the relevant Hirdlll (H), Bglll (Bg), BamHI (B), and EcoRT (E) sites are indicated. The partially resistant
HindlII and EcoRI restriction sites downstream of the wCh4 and CA7 exons, respectively, are in parentheses.
The solid boxes represent the functional Ch exons and the shaded boxes represent the non-functional pseudo
Ch exons. The probes are indicated as selid bars. These probes are specific for the corresponding J-CA gene
segments, except for the IGLJ2 probe, which recognizes both the J-CA2 and J-CA3 gene regions (98% homol-
ogy), and the general IGLC3 which recognizes all Ch exons (85% homology) of the classical JGL locus!? and
the C2. exons of the surrogate A-like gene complexes 14.1, 16.1, 16.2, and 18.2.1% The recognition site of the
IGLJ2 probe in the J-CA3 region is indicated with an open bar.

69



Chapter 2.3

RESULTS AND DISCUSSION

Although about 40% of all B-cell malignancies have rearranged /GL genes that can be
employed for clonality studies, 7 JGL gene rearrangements are rarely studied in B-cell malig-
nancies hecause of the complex structure of the human /GL locus. This is the first detailed
study on JIGL isotype rearrangements in a large series of 212 B-cell malignancies using a set
of seven /GL isotype probes.!* The use of these isotype-specific /GL probes together theo-
retically detects ail /GL gene rearrangements.

Frequency of IGL gene rearrangements

In all 136 IgAt B-cell malignancies at least one /GL gene rearrangement was found by
Southern blot analysis; in 35% (47/136) of cases both IGL alleles were rearranged and in one
B-CLL even three /GL rearrangements were identified (Table 1).

In contrast, in only 20% (15/76} of precursor B-ALL /GL rearrangements were found.
This frequency is similar as described previously.!® In ten precursor B-ALL a single IGL
gene reatrangement was found, in four cases biallelic /GL gene rearrangements, and one case
even had three rearranged /GL alleles.

Precursor B-ALL arise from B-cell precursor ¢ells that are transformed at an imma-
ture differentiation stage in which the recombinase enzyme system is continuously active.!®
This results in the occurrence of ongoing Ig gene rearrangements in 30 to 40% of cases and
cross-lineage T-cell receptor gene rearrangements in ~90% of cases.20-23 Despite this con-
tinuous activity of the recombinase enzyme system, we observed only a low freguency of
20% IGL rearrangements. This might be caused by a lower accessibility of the IGL locus for
recombination at this immature differentiation stage.!”

The frequency of /GL gene rearrangements in precursor B-ALL is higher than in Igik*
CBL, which have /GL rearrangements in only 5% of cases.24 CBL arise from B-cells that are
transformed after the Ig gene rearrangement process has been completed successfully, result-
ing in surface Ig expression. These malignancies show the expected Ig light chain gene
rearrangement pattern, which can be described by the ordered model of Ig light chain
rearrangements: start of recombination in the Ig kappa (/GK) locus, followed by IGK dele-
tion and /GL gene rearrangements, and a stop of recombination as soon as a functional pro-
tein is expressed on the cell surface.24-26 The low frequency of IGL gene rearrangements in
Igx™ CBL is probably caused by inaccessibility of the IGL locus and down regulation of the
recombinase enzyme system as soon as a functional Igx protein is formed. Fhe continuous
recombinase activity in precursor B-ALL apparently partly overcomes the inaccessibility of
the IGL locus, resulting in higher frequencies of the IGL gene rearrangements than found in
mature gt B-cell malignancies.
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Table 1. Igh isotype gene rearrangements in 212 B-cell malignancics,

Unidentified  Total number

B-cell malignancies I-CAl J-CAZ J-CA3 J-Chd J-CAS J-Cr6 I-CAT  rearrangements  of rearranged
alleles

Igh+ CBL 10 32 53 0 0 0 { 1 96
(n=74) {10%) {33%) (55%) (0%) (0%) (0%} (0%) (15%)
lgi+ B-NHL 7 16 27 0 0 4] 1 1 52
(n=34) (13%) (30%) (5t%) (0%) (0%) (0%) (2%) {2%)
Igh+ MM 1 21 13 0 0 0 0 G 35
(n=28) (3%) {60%) (37%) (0%) (0%) (0%) (%) (0%
Total Igh+ malignancies 18 69 93 0 [ 0 1 2 183
(n=136) (10%) {(38%) (51%) (0%) (0%} %) (0.5%) (1%:)
Precurser B-ALL3 0 9 8 0 0 4 0 0 21
(n=76) (0%) (43%) (38%) (0%) {0%) (19%) (0%) (0%)
Tolal B-cell malignancics t3 78 101 G 0 4 ] 2 204
(n=212) (9%) (38%) (50%) {0%}) (0%) (2%) (0.5%) (1%)

a. Fifteen of the 76 precursor B-ALL (20%) contained at least one rearranged /GL allele.
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J-CA usage

Most rearrangements in our series of 212 B-cell malignancies involved the J-CA3
region (50%), followed by J-CAZ (38%) and J-CA1 {9%), while rearrangements to the J-CA6
and J-CA7 regions were rare (2% and 0.5%, respectively) (Table 1). In one CBL and one
B-NHL patient the /GL gene rearrangements could not be identified precisely, which might
be caused by e.g. chromosome aberration €(18;22). Rearrangements to J-CA4 and J-CAS were
not found (Table 1), which could be expected from the lack of several essential nucleotides
in the heptamer sequences of the JA4 and JA5 RSS.? Rearrangements involving the J-CA6
region (n=4) were exclusively found in precursor B-ALL and represented 19% of all /GL
gene rearrangements in this group of malignancies (Figure 2A). The absence of J-CA6
rearrangements in mature Igh* B-cell malignancies might be explained by the fact that the
F-CA6 region can only encode a truncated protein, which cannot contribute to a functional Ig
molecule, !0

3 5
A = B £ .
8 precursor-B-ALL 5 multiple myelomas
kb kb

10.5 - Sagpe e Wi wosst siaiw - G {-CL5)
s - R ey -R
o -R

L -R

5 0 s D s 112

s - R
T -R
e -R
EcoRl/ Hindlll; iGLJE probe EcoRI/ Hindlil; 1IGLLC2 probe

Figure 2. Southern blot analysis of JGL genes in B-cell malignancies. DNA samples from precursor B-ALL
and MM patients were digested with EcoRI/HindIII, size fractionated in agarose gels, blotted onto a nylen
membrane, and hybridized with 32P-labeled DNA probes. A. J-CA6 gene rearrangements can occur in pre-
cursor B-ALL. B. J-CA2 rearrangements are rather frequent in MM.

The percentages of J-Ch usage in our series of [gh* B-cell malignancies are in agree-
ment with the results of Ignatovich et al., which are based on unbiased Igh ¢cDNA libraries
from PB of five healthy individuals (Table 2).27 However, Farner et al. recently reported a
much higher percentage of JA7 usage (60% in productive rearrangements and 54% in non-
preductive rearrangements) by single-cell PCR on purified CD19+/IgM+/CD35+ and CD5- PB
B-cells (Table 2).2% This unexpectedly high frequency of JA7 usage in normal CD5+ and
CD35- PB B-lymphocytes is in full contrast to the report of Ignatovich et al. (0.6%),27 to our
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Table 2. J) isotype usage in normal and malignant B-cells.

Normal B-cells? Normal B-cells? Malignant B-cells®
Five cDNA libraries  Non-productive  Productive SmIght lgh+ MM
7600 clones 35 alleles 172 alleles 148 alleles 35 alleles
TAL 27% 6% 7% 12% 3%
o7 1
A A A
T 0.6% 60% 54% <1% 0%

a. Data from Ignatovich et al.?/
b. Data from Farner et al.2%
c. Presented study.

results in B-cell malignancies (0.5%) and to literature data on IgA isotype usage in MM
patients (<1%).1:11.12.29 This discrepancy cannot easily be explained from an immunobio-
logical point of view, but it might well be caused by a technical pitfall, such as inappropriate
primer design,

The low frequency of rearrangements to the J-CA6 and J-CA7 gene regions might part-
ly be attributed to the larger distance from the VA gene segments as compared to the J-CAl,
J-CA2, and J-CA3 regions. However, proximity is probably not the only factor influencing the
J-C) usage,’” as was demonstrated by the results in precursor B-ALL where 19% of the
rearrangements did involve the J-CA6 region.

In the surface Ight B-cell malignancies (CBL and B-NHL) rearrangements occurred
most frequently to the J-CA3 gene region (54%), followed by J-CA2 (32%) and J-CA1 (11%),
while rearrangements in Igh* MM most frequently involved the J-CA2 region (60%)
(Figure 2B), followed by J-CA3 (37%) and J-CA1 (3%). The two-fold increase of J-CA2
rearrangements in MM coincided with a four-fold decrease of J-CA1 rearrangements and a
1.5 fold decrease of J-CA3 rearrangements (Table 2). This statistically significant shift
(p<0.0064) (32 test, with p<at, and ¢=0.03) from preferential J-CA3 rearrangements in CBL.
and NHL to preferential J-CA2 rearrangements in MM might be due to Igh isotype selection
processes during terminal B-cell differentiation.

When comparing J-CA isotype usage in normal PB B-cells (Ignatovitch 7 al) and
SmIght malignant B cells, there is a significant shift form J-CAL (27% vs 12%) to J-CA3
{34% vs 55%). This might reflect an editing process in the malignant B cells mediated via
secondary rearrangements using downstream JA gene segments. However, receptor editing
only takes place if during antigen selection unfavorable somatic mutations occurred resulting
in loss of Ig light chain expression or autoreactivity. Like most PB B-cells also many CBL
and a part of B-NHL de not have somatic mutations.3t:32 Therefore, it is unlikely that recep-
tor editing induced by unfavorable somatic mutations is the sole explanation for the observed
significant difference in J-CA usage.

Correlation between IGL isotype gene rearrangements and IgA isotype protein expres-

sion in multiple myeloma
The distribution of Igh isotype gene rearrangements in MM resembles the reported
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Igh isotype pattern of Bence Jones proteins. CAZ (Ke-Oz") occurs most frequently, followed
by Chl (Mcg), CA3 (Ke-Oz*), and CR7 (Mcp) (Table 3).1%2% However, in the Bence Jones
protein studies the frequency of CAl (Mcg) expression appeared to be higher (23%) than the
frequency of J-CAl isotype gene rearrangements that we observed in our multiple myeloma
series (3% (Table 3). It might be that the studied series of Bence Jones proteins was a non-
random selection or that in our random series CAl was underrepresented. Alternatively, it
might he that the formation of Bence Jones proteins is influenced by the isotype of the Igh
chain.

The used JGL specific isotype probes can not discriminate between rearrangements in
normal J-CA2 regions and polymorphic J-CA2 regions. However, the reported combined fre-
quency of Ke-Oz- and KetOz Bence Jones proteins (57%) 1s comparable to our frequency of
J-CA2 rearrangements (60%) in MM (Table 3), which would favor the assumption that
Ke*Oz- proteins might be encoded by a polymorphic J-CA2 region.

Table 3. Correlation between Igh isotype protein expression and the Ig} isotype gene rearrangement in mul-
tiple myeloma.

Multiple myeloma J-CAl (Mcg) J-CA2 (Ke'Oz)  Pelymorphic I-Ch3 (KeQzt)  J-CA7 (Mep)
1CA2 (Ke+Ozp

Ig isotype protein 16/70 3670 470 14/70

expression (n=70)P (23%) (31%) (69 (209%) <1%¢

[g) isotype gene rearrange- 1/35 21/354 13/35 0/35

ments {n=35), this study (3%) (60%) (37%) (0%)

a.  His assumed, but not yet proven, that Ke+Oz Igh proteins are derived from the polymorphic Ch2 region.

b. Based on literature data by Fett and Deutsch and Walker et al.'22% The number of studied Bence Jones proteins

in the study by Walker et /. 1s corrected for duplicates with the study by Fett and Deutsch.

According to Niewold et ai. the frequency of Mcp isotype is <16%.13

d. The IGLJ2 and IGLC2D probes can not discriminarte between rearrangements in normal and polymorphic J-CA2
regions.

o

Strategies for probe/enzyme combinations in analysis of IGL gene rearrangements

Based on our data of IGL gene rearrangements in B-cell malignancies, several strate-
gies can be proposed for clonality studies. The Southern blot data indicate that 97% (197/204)
of the rearrangements occurred to the J-CAl, J-CA2, and J-CA3 region, while rearrangements
to the remaining J-CA regions were rare (2%, 5/204) with another two rearrangements (1%,
2/204) remaining unidentified.

in this study the seven isotype-specific probes were used in fifteen probe-enzyme
combinaticns. As a consequence of this extensive analysis all IGL gene rearrangements were
detected and 99% of the rearranged /GL alleles were identified (Table 4). However, we want-
ed to reduce the high number of hybridizations. For this purpose, it was determined to what
extent the general CA probe (IGLC3) detected all JGL rearrangements. In combination with
EcoRI/Hindll digests this probe detected rearrangements in 97% of the 151 B-cell malig-
nancies with rearranged IGL genes and 94% of the rearranged IGL alleles (Table 4).
However, a disadvantage of this approach is the difficult interpretation of the complex band-
ing pattern, with germline and rearranged bands of different density, which is caused by vari-
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Table 4. Comparison of four strategics for detection of clonal IGL gene rearvangements in B-cell malignancies.
1GLCID, IGLC2D,

and IGLJ2 probes

B-cell malignancies All seven isotype probes IGLC3 probe (Hindkl, Belll, IGLCID and IGLI22
(Patients/alleles) (fifteen hybridizations} {EcoRI/Hindill; EcoRI/Hindlll; (Bgfll; two hybridizations)
one hybridization) five hybridizations)

paticnls alleles patients alleles patients alleles paticnts alleles
Igh+ CBL 100% 9% 095% 93% 7% 97% 9% 97%
(n=74/n=96)
Igh+ B-NHL 100% 98% 100% 96% 100% 98% 9T% 94%
(n=34/m=52)
Tgh+ MM 100% 100% 100% 97% 100% H0% 93% 9%
(n=28m=35)
Subtotal 100% 99% 97% 95% 99% 97% 96% 95%
(n=136/n=183}
Precursor-B-ALL 100% 100% 93% 0% 73% 81% 71% 76%
(n=15/m=21)
Total 100% 00% ST% 94% 96% 96% 04% 93%

(n=151/m=204)
a. If no identification is required it is possible to restrict Southern blot analysis to a single hybridization of IGLJ2 probe, because IGLC1D and IGLI2 reside on the

same Bgfll restriction fragment.
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Figure 3. Comparative Scuthern blot analysis in B-cell malignancies. Control DNA, and DNA from five Ight
malignancies were digested with EcoRUHindlIl or Bg/ll, and hybridized with 32P-labeled IGLC3, IGLI2,
IGLC2D, and IGLCI1D probes. A. Hybridization of the ‘general” IGLC3 probe to EcoREHindIiI digests
results in multiple germline bands and rearranged bands of different density. B. The IGLJ2 probe identifies
rearrangements to both the J-CA2 and J-CA3 gene regions. C. The IGLC2D probe only identifies rearrange-
ments to the J-CA2 region. The germline and rearranged J-CA3 bands {as seen in panel B) are absent. .
Rearrangements to the J-CA1 region can easily be identified with the IGLCID prabe. It should be noted that
J-CAl gene rearrangements frequently give only a faint band if hybridization is performed with the ‘general’

IGLC3 probe {panel A, lanes 2 and 3) because of the lower homology (93%) between the Chl exon and the
other CA exons.

able degrees of hybridization of the IGCL.3 probe to CX gene segments of the classical and
surrogate /GL loci (Figure 3A) 1416 Particularly in case of lower tumor loads (<75%) the
detection of rearranged bands is less efficient due to faint signals. For example, rearrange-
ments to the J-CA1 region can easily be missed (Figure 3A, D), because of reduced homolo-
gy (93%) between the CAl gene sequence and the IGLC3 probe.!#

Since 97% of all /GL rearrangements occurred to the first three J-CA regions, we eval-
vated the use of IGLCID, IGLC2D, and IGLJ2 probes in combination with EcoRI/HindIll,
Bglll and HindIll digests (see Figure 1}. During the first round of hybridization the IGLC2D
probe can be hybridized to EcoRI/HindI filters and the IGLCID probe to Bglll and HindIll
filters and in a second round hybridization the IGLI2 probe can be applied to EcoRI/HindIll
and Bglll filters. These five hybridizations resulted in identification and detection of 96% of
all JGL gene rearrangements (Table 4, Figure 3 B,C.D). With this combination 99% of
patients with an Igh* malignancy could be identified. Only in precursor B-ALL approxi-
mately 27% of the patients were missed (Table 4), mainly because they had J-CA6 rearrange-
ments. In contrast to the IGLC3 probe, the IGLCID probe easily identified all J-CAl
rearrangements (Figure 34, D).

In case of limited amounts of DNA, onie might decide ro restrict the analyses to a sin-
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gle Bg/ll digest and successive hybridization with the IGI.J2 probe and the IGLCID probe.
This approach allowed detection and identification of 93% (190/204) of all IGL gene
rearrangements, and 94% (142/151) of the patients, but discrimination between J-CA2 and
J-CA3 rearrangements was difficult if the tumor load was not high (<75%) and the four }-CA6
rearrangements in precursor B-ALL were missed. Most clonality studies are needed for sup-
porting the diagnosis of mature B-cell malignancies (not for precursor B-ALL) and for such
clonality studies it is generally not necessary to identify the /GL gene rearrangement as
involving J-CA1, J-CAZ, or J-CA3. Therefore it is in principle possible to restrict the Southern
blot analysis to application of the IGLJ2 probe in Bglil digests, because this probe hybridizes
to both the JA2 and JA3 regions and also detects rearrangements in the JA1 region, since
J-CA1 and J-CA2 are located on the same Bg/Il restriction fragment (see Figure 1). According
to our data, this single probe-enzyme approach results in detection of 95% (174/183) of all
IGL gene rearrangements in Igh*t B-cell malignancies and clonality detection in 6%
(131/136) of the patients {Table 4). The reason for missing some rearrangements was comi-
gration of two rearranged bands or a rearranged and germline band, which is prevented by
use of a second digest (Hirdlll). An important advantage of this approach is that the same
Bglll filter can be used for analysis of gene rearrangements in the /GH locus with the IGHI6
probe and for remrrangements in the /GK locus with the IGKJI5 and IGKDE probes,!415:33.34
This would imply that a single Bg/II digest in combination with four successive hybridiza-
tions {IGHI6, IGKI5, IGKDE, and IGLI2) would provide insight in the configuration of the
IGH, IGK, and IGL genes. Generally we advice to use two restriction enzyme digests per
probe for reliable Southern blot analysis.!?*3-33 Nevertheless, our data indicate that Bglll
digests are informative in the vast majority of cases (>95%) and rarely show restriction frag-
ment length polymorphisms in the relevant /GH, IGK and IGL regions.1#413.33.34

CONCLUSION

Our extensive data on JGL isotype specific gene rearrangements in a large series of
212 B-cell malignancies show that in >96% of cases the J-CAl, J-CA2 or J-CA3 gene region
was involved, while rearrangements to J-CA6 and J-CA7 were rare and J-CA4 and J-CA3
recombinations were completely absent. Moreover, J-CA6 rearrangements were exclusively
found in precursor B-ALL. For efficient and reliable Southern blot analysis, we advice to use
a Bglll digest in combination with the IGLJ2 probe, which allows detection of J-CA1, J-CA2,
and J-CA3 rearrangements, covering 99% of the rearrangements in Ight B-cell malignancies.
Use of a second digest (HindIIl) will exclude the chance of missing a rearranged allele due
to comigration of rearranged and germline bands. For precursor B-ALL we recommend to
include the IGLI6 probe in addition to the above mentioned probes, because J-CL6 recombi-
nations represented 19% of the IGL gene rearrangements in precursor B-ALL.
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REGULATION OF IG LIGHT CHAIN GENE RECOMBINATION

Proper regulation of V(D)J recombination at the Ig loci is required for the generation
of monospecific B cells. V(D)J recombination is regulated at different levels ensuring restric-
tion of V(D}J recombination to lymphoid cells, ensuring lineage specificity, i.e. V(I)J recom-
bination of Ig loci in B cells and TCR gene recombinations in T cells, and aiming at allelic
exclusion resulting in the presence of a functional rearrangement at only one allele.! In
Chapter 3 of this thesis we focused on the regulation of allelic exclusion of Ig light chain
genes. In addition to allelic exclusion, also isotypic exclusion applies to Tg light chain loci.
Isotypic exclusion is defined as the regulation process for single IGK or IGI. expression. Two
models have been proposed for the regulation of isotypic exclusion. The ordered model pro-
poses that the /GK genes rearrange prior to IGL, while the stochastic model postulates that,
in principal, the two types of Ig light chain genes rearrange totally independent, but that other
factors render IGL gene rearrangements more difficult.?-7

In our studies we used B-cell malignancies as clonal model system to study regulation
of isotypic and allelic exclusion of Ig light chain genes during several stages of differentia-
tion by analysis of IGK and IGL gene configuration patterns. B-cell malighancies are derived
from B cells, which were malignantly transformed at a certain point during B-cell differenti-
ation. Although these B cells underwent malignant transformation, they might still be used as
clonal “single-cell model system” studying Ig gene rearrangement patterns. However, results
derived from B-cell malignancy models always require careful evaluation to see to what
extent the data might be influenced by the malignant transformation. A major advantage of
using B-cell malignancies over normal single B cells is that the Ig gene configuration patterns
of both /GK and both JGL alleles can be reliably and completely analyzed.

In Table 1, the four B-cell malignancy models, which were used in this Chapter, are
summarized together with the specific characteristics regarding expression of Ig molecules.

Table 1. Ig characteristics of the four B-cell malignancy models, which are vsed in Chapter 3.

B-cell malignancy model Normal B-cell subpopulation Specific characteristics
Precursor-B-ALL Precurser B-cells - No surface Ig expression
- pro-B-ALL - Pro-B - Continuous RAG activity
- common ALL - Pre-B-1

- pre-B-ALL - Pre-B-Ik

MCL Naive B cells - Surface Tg expression

- No somatic mutations

CBL Mature B cells - Surface Ig expression
- Partly somatically mutated

MM Plasma cells - Ig secretion
- SHM and CSR processes
completed
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This study was initiated in chronic B-cell leukemias (CBL), because they allowed analysis of
regulation of Ig light chain gene rearrangements at the DNA, RNA and protein levels
{Chapter 3.2). Subsequently, Ig light chain gene recombination patterns were analyzed in pre-
cursor-B-ALL in order to investigate how allelic exclusion is induced in precursor-B cells
(Chapter 3.3). As almost half of the CBL have somatic mutations in the V gene regions, man-
tle cell lymphomas (MCL} were studied as a model system without somatic mutations
{Chapter 3.4).

Somatic mutations might theoretically mfluence IGK and /GL gene configuration pat-
terns via induction of receptor revision, which is defined as secondary rearrangements in the
periphery. During the last years, it was suggested that the RAG genes can be re-expressed in
peripheral B lvmphocytes in the germinal center leading to secondary Ig gene rearrangeiments
{receptor revision).3 12 Somatic mutations might be involved in the induction of this process
in two ways. First, somatic mutations might result in decreased affinity of the Ig molecule for
the antigen and second, somatic mutations might result in complete loss of assembly of the
Ig molecule. In both situations secondary rearrangements might rescue the B fymphocyte.
Receptor revision is, however, a controversial phenomenon, because other studies suggest
that the RAG genes are not re-expressed, but simply were not down-regulated at the time the
B cell left the bone marrow. 1316

To further investigate whether there are indications for somatic-mutation induced
receptor revision, four IgDA MM were studied (Chapter 3.5). IgD MM form a small propor-
tion of the total group of MM and they have three main characteristics. First, they have under-
gone an IgM to IgD switch via homologous recombination of two 442 bp direct repeats
(op and Iy) {Figure 1).17-18 In hairy cell leukemia, a second type of IgM to IgD switch has
been identified, which is mediated via recombination of Sy and a switch-like sequence
upstream of the C8 gene segment (¢8) (Figure 1).'%:19 Both IgM to IgD switch mechanisms
are also found in normal germinal center B cells.’® A second characteristic of IgD MM is
their high level of somatic mutations and finally, they display biased IgA expression. Based
on this high frequency of sematic mutations in combination with the biased Igh exprassion,

Cu
Sy 1234

Su-od recombination

Adapted from Aprin af af, J Exp hed 1938;{187]:1189-1178

Figure 1. Schematic diagram of the two types of IgM to IgD switch mechanisms, which are found in normal ger-
minal center B cells. Homologous recombination of the two 442 bp repeat sequences oy and i is found in IgM-
[gD* MM, whereas Su-G8 recombination has been described in hairy cell leukemia.!7-1¥
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we hypothesized that unfavorable somatic mutations might occur, which then might have
resulted in induction of receptor revision. In the General Discussion (Chapter 5) the com-
bined data of these four studies are discussed in detail.
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QOrdered recombination and monospecific Ig light chain expression

Regulation of allelic and isotypic exclusion of human Ig light chain genes was stud-
ied in 113 chronic B-cell leukemias {CBL) as “single cell” model that ailowed complete
analysis of each light chain allele. Our data show that monospecific Ig light chain expression
is in ~30% of cases determined by ordered recombination: /GK gene rearrangements, fol-
lowed by IGK deletions and /GL rearrangements, resulting in the presence of only one func-
tional Ig light chain rearrangement. In ~10% (10 cases) two functional Ig light chain
rearrangements (JGK/AIGL or IGL/IGL, tut no IGK/IGK) were identified. This might be
explained by the fact that regulation of the ordered recombination process is not fully strict,
particularly when the IGL locus is involved. Unfavorable somatic mutations followed by
receptor editing might have contributed to this finding. Eight of these ten cases indeed con-
tained somatic mutations. In cases with two functional Ig light chain rearrangements both
alleles were transcribed, but monospecific Ig expression was still maintained. This suggests
that in these cases allelelic exclusion is not regulated at the mRNA level, but either at the
level of translation or protein stability, or via preferential pairing of Ig light and Ig heavy
chains. Nevertheless, ordered rearrangement processes are the main determinant for mone-
specific Ig light chain expression.

INTRODUCTION

In normal and malignant human B-cells, functional expression of immunoglobulin
(Ig) kappa (/GK) genes occurs more frequently than functional expression of Ig lambda (/GL)
genes, resulting in an Ig«/A distribution of approximately 1.4.) The observed ratio between
Igk and Igh expressing B-cells in mice is significantly higher (~10).2 This difference in ®/A
ratio between mice and man might be related to differences in the organization of the IGK
and IGL loci. While the human IGK locus is organized like the murine /GK locus, the organ-
ization of the IGL loci differs.®# Mice only have three VA and four JA segments, each fol-
lowed by a CA segment, which are arranged in two clusters.>% In man, ~30 functional VA
gene segments are located upstream of four functional J-CA clusters.”# Thus, the theoretical
combinatorial repertoire of VA-JA rearrangements in man is tenfold higher than in mice,
which might explain the difference in /A ratic.

Two models have been proposed for explaining the relative “over-representation” of
JGK genes in both species: the ordered model and the stochastic model.”!? The ordered
model proposes that IGK genes rearrange prior to IGL, while the stochastic model postulates
that, in principal, the two types of Ig light chain genes rearrange totally independent, but that
other factors render IGL gene rearrangements more difficult.!*'4 The latter would imply that
IGL gene rearrangements can occur in the absence of JGK gene rearrangements and vice-
versa.
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Chapter 3.2

Alt and Baltimore have first postulated the ordered model of Ig gene rearrangements
in mice.1>16 They suggested that the Ig gene rearrangement process starts within the Ig heavy
chain locus (JGH) and that the rearrangement process is terminated as soon as a productive
(in-frame) IgH chain is expressed on a pre-B-cell, resulting in allelic exclusion of the IGH
locus.!® They also postulated the ordered model for Ig light chain gene rearrangements, start-
ing with JGK gene recombination, only followed by rearrangement in the /GL locus if no
functional combination is formed.!® The ordered model assumes a feed-back mechanism,
which implies that the V{D)J recombinase system is downregulated upon surface Ig expres-
sion. This feedback mechanism explains the establishment of allelic exclusion {expression of
one heavy chain and one Ig light chain), including isotypic exclusion (Igk or Igh expression).

In mice, moncallelic IGK demethylation ensures the ordered process of [GK
rearrangements, thereby establishing allelic exclusion of the JGK alleles.!” By analogy, Engel
et al. described in their murine hit-and-run model that JGK and IGL are activated for recom-
bination at consecutive developmental stages.®> Also in man it is believed that JGK genes
rearrange prior to /GL,>18 which is supported by recent studies in a human immature B-cell
line showing that the /GK enhancer, but not the /GL enhancer is accessible for DNAseL.1?
However, it is known that an /GL gene rearrangement can occasionally be present, while the
IGK genes are in germline configuration 20

Until recently, allelic exclusion was generally regarded to be a safe mechanism that
guarantees the expression of a single type of antigen receptor on each lymphocyte. However,
during the last years, several reports have indicated that dual receptor expression might occur
in B-lymphocytes as well as in T-lymphocytes because of ongoing rearrangements after a
functional receptor gene has been formed and expressed.?!-26 It was found that a single
T-lymphocyte might express two different T-cell receptor (TCR)P chains and two different
TCR« chains, indicating that both TCRB alleles as well as both TCRA alleles are functional-
ly rearranged and expressed.?+25 By analogy, Giachino et al. demonstrated that in 0.2-0.5%
of human B-lymphocytes dual expression of Igx and Igh occurs.2'-2227 This would imply
that dual Ig light chain expression might be even higher owing to dual Tgx/Igk and dual
Tgh/Igh expression, which would theoretically occur in 0.3-0.6% and ~0.1%, respectively.
Although it will be difficult to prove the presence of dual Igx/Igk and dual IgA/Igh expres-
sion by immunophenotyping due to lack of Vx and VA specific antibodies, the estimated dual
g light chain expression might thus even be as high as 1%.

Here we have studied human chronic B-cell leukemias (CBL) for the presence of
functional /GK and IGL gene rearrangements. Clonal leukemic proliferations allow a com-
plete and extensive analysis of both /GK and both IGL alleles, so that CBL can be regarded
as the ideal “single cell model” of human B-cells, in which regulation of allelic and isotypic
exclusion of light chain genes can be studied in detail.
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MATERIALS AND METHODS

Cell samples, immunophenotyping, DNA and RNA isolation

Mononuclear cells (MNC) were obtained from peripheral bloed (PB) or bone marrow
(BM) samples by Ficoll-Paque (density 1.077 g/l, Pharmacia, Uppsala, Sweden} centrifuga-
tion from a series of 113 patients with chronic B cell leukemia, including 107 B-celi chronic
teukernia (B-CLL), 5 B-cell prolymphocytic leukemia (B-PLL) and a single hairy cell
leukemia (HCL). MNC were used for detailed immunophenotyping.?82? In a few cases,
lymph node suspensions were used. In all samples the tumor load was at least 75%.

DNA and RNA were isolated from MNC or lymph node cells, as described.?¢ cDNA
was prepared from RNA using either AMYV reverse transcriptase (Promega, Madison, WI,
USA) or Superscript RT enzyme (Life Technologies, Paisley, UK) according to the manu-
facturers instructions.

Southern blot analysis

15 ug of DNA was digested with the appropriate restriction enzymes (Life
Technologies, Rockville, MDD, USA), separated in 0.7% agarose gels and transferred by vac-
uum blotting to Nytran-13N nylon membranes {Schleicher and Schuell, Dassel, Germany).30
The filters were hybridized with 32P labeled probes. Probes specific for either Jx (IGKJ5), Cx
(IGKC) and Kde (IGKDE) (DAKO Corporation, Carpinteria, CA, USA) were used in com-
bination with Bglll and BamHI/HindIll restriction enzyme digests to determine the /GK gene
configuration.?! For the IGL alleles, isotype-specific probes (IGLCID, IGLI2, IGLC2D,
IGLC4D, IGLJ5, IGLJ6, IGLT7) were used in combination with HindIIl, BglIl,
BamHI/HindIll, and EcoRI/HindIll digests.?2

(RT)-PCR heteroduplex analysis

The (RT)-PCR mixture of 100 pl contained 0.2 mM dNTPs (Pharmacia), 13 pmol of
each primer, 1U Ampli Tag GOLD polymerase in Buffer Il (PE Biosystems, Foster City, CA,
USA), 1.5 mM MgCl,, and 100 ng genomic DNA or 5ul cDNA (derived from 0.25 pg total
RNA). The family specific Vx and VA primers, the Jk and J& primers, and the Cx and Ch
exon primers are listed in Table 1. PCR conditions were 10 min at 94°C followed by 40 cycles
of 1 min. 94°C, I min. 72°C and a final extension of 7 min. at 72°C. PCR products were fur-
ther analyzed by heteroduplex analysis to determine whether the PCR products were derived
from clonal or polyclonal rearrangements.*3

Sequencing analysis

Clonal (RT)-PCR products were directty sequenced on an ABI 377 flucrescent cycle
sequencer (PE Biosystems) with Dye Terminator mix or Big Dyes (PE Biosystems) accord-
ing to the manufacturers instructions, Vi, Tk, VA and JA segments were identified using
DNAPLOT software (W. Miiller, H-H. Althaus, University of Cologne, Germany) via
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VBASE and IMGT databases (http:/imgt.cnusc.fr:8104)** Subsequently, the frame of the
rearrangement and the mutation status were determined. A case was classified as somatical-
ly mutated if the involved V gene segment had less than 98% homology with the most relat-
ed V gene segment.

Table 1. Primers for PCR analysis of JGK and IGI. gene rearrangements.

Primers Sequence (5°-37)

1GK locus
leader VI+1E GGTCCCCGCTCAGCTCCT
leader VIV TCTCTGTTGCTCTGGATCTCT
Vil GTAGGAGACAGAGTCACCATCACT
Vil TGCGAGAGCCGGCCTCCATCTC
VI GGGAAAGAGCCACCCTCTCCTG
VIV GGCGAGAGGGCCACCATCAAC
VeV CCAGGAGACAAAGTCAACATCTCC
VKVI CTGTGACTCCAAAGGAGAAAGTC
VeVII AGGACACAGGGCCACCATCACC
Jxl.24 CCCTGGTTCCACCTCTAGTTTGCA
=3 GGGACCAAAGTGGATATCAAACGT
I3 GGGACACGACTGGAGATTAAACGT
Cx ACTTTGGCCTCTCTGGGATA

IGL locus
leaderVal GCCCAGTCTGTGCTGAC
leaderVAII CTGGGCTCTGCTCCTCCT
leaderVAIIL GTGACCTCCTATGTGCTGACT
VAL GGCAGAGGGTCACCATCTC
VAIL ATCTCCTGCACTGGAACCA
VAL+IT ATTCTCTGGCTCCAAGTCTGGCA
VAL ATTCTCTGGCTCCAACTCTGGGAA
JAl AGGCTGGGAAAGGTTGAG
TA2.3 AGAGGGGAGAAGAGACTCAC
Ch TTGACGGGGCTGCTATCT

RESULTS

Southern blot analysis of the CBL samples

In order to study the complete and exact configuration of both JGA and both /GL alle-
les in a cohort of 113 CBL, detailed Southern blot analysis was performed. In a previous
study, the configuration of the /GK alleles (i.e. germline, Vic-Jk rearrangement, or deletion of
Jx and/or Cx) of most CBL was determined?! The data of the Igx* and IgA+ CBL are sum-
marized in Table 2. In our series of CBL half of the Igx* CBL (25/53) had one rearranged
1GK allele, while the others had biallelic /GK gene rearrangements (11/53) or one rearranged
and one deleted IGK allele (17/53). 94% (50/53) of them showed both IGL genes in germline
configuration (Table 2). On the other hand, all 60 IgA* CBL had at least one deleted IGK
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Table 2. IGK and IGL gene configurations in 113 CBL (53 Igx- and 60 Igh+ CBL)} as determined by
Southern blot analysis.

lgx= CBL Igh- CBL
IGL gene configuration
IGK gene configuration G/G G/R R/R G/IG G/R R/R
G/IG - - - - -
R/G 47% - - - -
(25053)
R/R 19% 2% - - - -
{10/53) (1/33)
VR 28% 2% 2% - 10% 1.5%
(15/33} (1/53) (1453} (6460} {1460)
D/D - - - - 37% 21.5%
(340603 {13/60)
G/D - - - - 7% 3%
(4/60) (2/60;

G= germline configuration, R= rearranged allele, D= deletion cf Jx and/or Cx gene segments.

allele and 88.5% (53/6Q) of them even had either both /GK alleles deleted or one deleted IGK
allele with the other in germline configuration. This supports the general idea that IGL gene
rearrangements are preceded by IGK gene deletions. Table 2 demonstrates the hierarchical
order in Ig light chain gene rearrangements: the light chain gene rearrangement process starts
at the /GK locus, followed by IGK deletion and subsequent JGL gene rearrangement.

As the presence of a rearranged band in Southern blot analysis does not necessarily
imply the presence of a V-J joining, no distinction was possible between physiological V-J
rearrangements and other events like translocations. Moreover, Southern blot analysis cannot
discriminate between functional and non-functional V-J rearrangements. Therefore, CBL
with two or more rearranged Ig light chain alleles were studied in more detail by PCR het-
eroduplex analysis and sequencing,

Igk+ CBL with IGL gene rearrangements and Igh+ CBL with IGK gene rearrangements

6% (3/53) of Igx+ CBL contained IGL gene rearrangements and 11.5% (7/60) of the
Igh+ CBL had IGK gene rearrangements based on Southern blot analysis. The configurations
of the JGK and IGL genes of these ten cases are summarized in Table 3. The /GK and IGL
alleles of the three Igk+ B-CLL and seven Igh*t B-CLL were further analyzed by PCR het-
eroduplex analysis and sequencing to determine the frame of the rearrangements, the
involved gene segments, and the mutation status of the V genes.

In two of the three Igict CBL (patients 1 and 3) an in-frame /GL rearrangement was
detected at the DNA level. The junctional regions of all in-frame rearrangements were ana-
lyzed for the presence of stop codons. In patient 3 a functional transcript of the /GL rearrange-
ment was detected by RT-PCR. Lack of material precluded further analysis in patient 1. In
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& Table 3. Combined Southern blot and sequence data of the Fgir CBL with IGL gene rearrangements and Igir CBL with JGK gene rearrangements.

Tgw+ CBL
Somatic
1GL alleles mutationse
IGK gene IGL gene
Patient  configurations  configuration VA Junctional regionb I Framer RT-PCRe IGK IGL
1 R/VI-Kde R/G VA3-21 0 GGGG -3 JAl + ND + -
2 R/VI-Kde R/R I VA2-33 -3 AAA -2 A2 - Nb + -
2wl not found
3 R/Re R/G VAi1-40 0 - 0 JA3 + + NI +
Igh- CBL
Somatic
IGK alleles mutations
IGK gene IGL gene
configuration  configuration Vi Jurctional region Tk Frame RT-PCR IGK IGL
4 R/VI-Kde R/Rn 1+ not found Nt +
2m Vic1-39 -6 GA -9 Jkd - -
5 R/V-Kde RIG VK2-30 -10 TGACC -4 Jk2 - NI} - NI
6 R/V-Kde R/G VK2-28 -4 TCACT -6 Jxd - ND - -
7 R/V-Kde R/G vii-33 -{ ACC -6 Jxd - ND - -
8 R/V-Kde R/G Vid-1 -3 CCTG -2 v + + - -
9 R/VI-Kde R/G 1= Vk1-33 -3 ATC -2 I3 + + - -
20 Vigd-1 -3 CT 0 Jwed - -
10 R/V]I-Kde R/G I« Vi1-12 -3 - 0 Jx3 + + + +
20d Viel-33 -3 AT 0 JK3 - -

a, R, [KGK gene rearrangement; V-Kde, Vi-segmenl rearranged to kappa deleting element; VI-Kde, Vi-Jx and IntronRSS-Kde
rearrangement on the same allele.

b. The junctional region is described as the number of bages lost at the 3° end of the V segment followed by randomly inserted nuclectides and the number of bases

lost from the 57 end of the J segment.

Frame of the rearrangement: 4, in-frame, withoul stop codons in the junctional region; -, out-of-frame.

ND: not determined; +, present; -, absent.

+, V segmenis with >2% somatic mulations; -, <2% somatic mutations; NI, net identified, because (he searrangement could not be amplified.

A deletion of 36 auclcotides was found, starling form the last two codons of the JA2 gene segment up to 30 nucleotides in the J-CA intron, thereby deleting the Fi

splice site.

For biallelic IGK gene rearrangements, see Table 4.

For biallelic /GL gene rearrangements, see Table 5.
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patient 2 only one out-of-frame /GL rearrangement was found. The second rearrangement
could not be identified, which might be caused by the inability of the used primers 1o recog-
nize the involved gene segments, or by a chromosomal aberration invelving chromosome 22.

The seven Igh+ B-CLL {patients 4 to 10) had one rearranged and one deleted IGK
allele {Table 3). In patients 4, 9 and 10 the Kde was rearranged to the intron RSS, thereby
deleting the Ck exon, but retaining the Vk-Jx rearrangement on the same allele (VI-Kde).3!
This rearrangement does not give rise to a functional transcript, because of deletion of the Cx
exon. Therefore, in these four patients two Vk-Jx rearrangements can be detected at the DNA
level, but only the JGK rearrangement on the allele without the Cx deletion can be detected
by RT-PCR. In patients 5, 6, 7. and 8 a V-Kde deletion was detected, which resulted from a
rearrangement of a Vk-segment to the Kde in which the Jk and Cx segments are deleted
together with the preexisting Vi-JK rearrangement.

In patient 4 only one Vx-Jx rearrangement was found. To determine whether this
rearrangement was located at the non-deleted or deleted allele a primer was designed over-
lapping the junctional region. Long range PCR analysis using the junction-specific primer
and the Kde primer {and the Cx primer as control) showed that the identified Vi-Jx
rearrangement was located on the allele with the Cx deletion. This rearrangement was indeed
not found by RT-PCR. The identified Vx-Jx rearrangements of patients 5, 6 and 7 were out-
of-frame. Patients 8, 9 and 10 had a functional (in-frame) /GK rearrangement on the
rearranged allele, as confirmed by detection of Vx-Cx transcripts and sequencing.

Somatic mutations in the V genes were determined. Patients 1, 2, 3, 4, and 10 were
somatically mutated. Three of the five patients with two in-frame light chain rearrangements
{(patients 1, 3, and 10) carried somatic mutations either on one or both alleles against two of
the five patients with a single in-frame light chain rearrangement {patients 2 and 4). In patient
3 the functional rearrangement was not found, but the IGL rearrangement was mutated
althcugh not expressed on the membrane.

In patients 3, 8, 9, and 10 presenting with double in-frame /GK and IGL gene
rearrangements at both the DNA and RNA level, flow cytometric analysis of surface mem-
brane Ig light chains was repeated. No dual Ig light chain expression was observed in the four
patients (Figure 1). The IgA expression of patient 10 was lower as compared to the Ig light
chain expression in the other 3 patients (Figure 1)), but no Igx expression was found and
therefore also this CBL was concluded to be monospecific. No remaining cells were avail-
able for reanalysis of Ig light chain expression in patient 1, but the original data did not show
dual Ig light chain expression in the Igxt CBL.

To further study whether isotypic exclusion is regulated at the translational level or by
post-transtational modification, the cytoplasmic Ig expression of the four CBL was analyzed
on cytocentrifuge preparations.?? However, the amount of cytoplasmic Ig in CBL was too
low to be detectable; even the isotype which was expressed on the cell surface could not be
detected in the cytoplasm by fluorescence microscopy (data not shown).
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Figure 1. Flow cytometric immunophenotyping of lymphocytes of four B-CLL patients with in-frame JGK and J/GL
gene rearrangement. A. CD19+ B-lymphocytes of patient 3 express [gk, but not IgA, Patient 8 (B) and patient 9 (C)
express Igh on CI219+ B-lymphocytes, but there is no Igk expression detectable. D. Patient 10 has low Igh expres-
sion, but Igx expression is absent.

Analysis of CBL with biallelic JGK er biallelic /GL rearrangements

In this series of CBL 19% (10/53) of Igk* CBL had biallelic J(GK gene rearrangements
with JGL genes in germline configuration {Table 2) and 25% (15/60) of the IgA* CBL had
biallelic /GL rearrangements with /GK genes deleted or in germline configuration (Table 2).
In addition, patients 3 (Igixt CBL) and patient 4 {Igh+ CBL} had biallelic /GK and /GL gene
rearrangements, respectively, in combination with a rearrangement of the other isotype
(Table 3). Sufficient cefl material for (RT)-PCR heteroduplex analysis and sequencing was
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Table 4. CBL with potentially functional biallelic Vk-Ji rearrangements as determined by Southern blot-

ting.
Scmatic
Patient Vi Junctional regions Ik Frame® RT-PCR:  mutationst
3 Vil-37 -3 CT -6 Fred - + -
N1 NI
11 Vxi-3 - - - T4 + + -
NA NA:
12 Vi2-30 - - -3 Tkl + + -
Vxt-39 -3 GG -3 Tx2 - - -
13 Vxl-5 -3 - -3 Ix1 + + -
NI NI
14 Vxl-5 -3 CGC -1 T2 + + -
Vi2-28 - GA -4 Ikl - + -
15 Vx3-20 -1 G -1 Iz + + +
YVi3-11 - T - Jxd - - -
16 Vii-39 0 A -1 HS + ND +
Vkl-5 -13 - - Jxd - ND -
17 Vr3-20 - - - JK5 + + -
Vil-37 - T - Jx3 - - -
18 Vx3-20 -1 GA -4 Jxl + + -
Vid-1 - C -5 T4 - + -
19 Vxl-27 -3 - - Tkl + + -
NI NI

a. The junctional region is described as the number of bases lost at the 37 end of the V segment followed by ran-
domly inserted nucleotides and the number of bases lost from the 5° end of the ] segment.

b.  Frame of the juncrional region: +, in-frame, without stop codons in the junctional region; -, cut-of-frame .

c.  ND, not determined; NI, not identified: +, present; -,absent.

d. +,V segments with »2% somatic mutations; -, <2% sematic mutations; NI, not identified, because the rearrange-
ment could not be amplified.

e. NA, not applicable, because only one intact chromosome 2 was present, although two rearrangements seemed
to be present in Southern blot analysis {see text}.

available of ten out of eleven Igic CBL with two [GK rearrangements and fourteen out of
sixteen Igh+ CBL with two IGL rearrangements. The results are shown in Tables 4 and 3,
respectively.

In none of the ten Igk+ CBL, two in-frame JGK rearrangements were detected. In
patient 3 no in-frame JGK rearrangement could be identified, although the CBL clearly
showed Igi positivity. In patient 11 only one rearrangement could be detected by PCR,
although two rearrangements seemed to be present in Southern blot analysis. By karyotyping
of the clonal ceils of patient 11 only one intact chromosome 2 was detected, which might
explain why only one Vx-Jxk rearrangement could be amplified. Apparently, part of the other
chromosome 2 with the IGK locus was still present in the genome. Also in patients 13 and
19, only one rearrangement could be identified, possibly due to primer mismatching or a
chromosome aberration.

The RT-PCR results showed that out-of-frame /GK rearrangements can be transcribed
(3 out of 6 cases tested). In two of the six completely analyzed cases {patient 15 and 16) the
V gene segment of the in-frame rearrangement was mutated.
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Table 5. CBL with potentially functional biallelic VA-J} rearrangements as determined by Southern blotting.

Somatic
Patient Vi Junctional region: Fi. Framet RT-PCR+  mutationsd
4 VAl-44 0 G -1 JA3 + + +
VA2-3¢ -4 TGG -1 JA3 - + +
20 VAl-40 -4 TCTA 0 I3 + + +
VA3-12 0 - -3 A3 + + +
21 VA2t 0 - 0 I3 + ND -
Val-47 0 A ] I3 - ND -
22 VA2-11 -15 26 ot of VA2-14 -7 I3 + + +
VAil-47 -4 C 0 JA3 + + +
23 VAT-40 -2 CGAG -2 JA3 + + -
VA3-21 -2 - -2 JA3 - + -
24 VA3-21 0 CCCT -1 JA3 + + -
VAZ-5¢ -4 - -1 JA2 (+)e + -
25 V321 0 - 0 A3 + ND -
VA1-51 <11 cccC 0 A3 - ND -
26 VA1-40 -5 AG 0 JA3 + NI +
VA3-10 -6 GGGA -4 JAl - ND +
27 VA3-21 0 - JA3 + + -
NI JA3r NI NI
28 Vi2-18 -3 GGT 0 Jal + + +
Vid-60 -2 - -1 Ji3 + + -
29 VAi2-11 -3 CA -3 JA3 + + +
Vil-44 -2 - 0 JA3 + + -
30 VAZ2-14 -3 GG -3 JA] + + +
NI JR30 NI NI
31 Vil-47 -6 - -3 JA3 + + -
NI TAZe NI NI
32 VA3-21 0 - 0 JA3 + + +
VAE-47 -2 - -1 TA3 + + +

a.  The junctional region is described as the number of bases lost at the 37 end of the V segment followed by ran-
domly inserted nucleotides and the number of bases lost from the 57 end of the J segment.

b.  Frame of the junctional region; +, in-frame, without stop codons in the junctienal region. -, out-of-frame.

c. ND, not determined; NI, not identified; +, present; -, abseat.

d. +, V segments with »>2% somaric mutations; -, <2% somatic mutations; NI, not identified, because the rearrange-
ment could not be amplified.

e.  VA2-53is a pseudo gene, and therefore not functional.

f.  Based on Southera blot data.

Five of the Igh+ CBL with bhiallelic JGL gene rearrangements (patients 4, 21, 23, 25,
and 26) had one in-frame and one out-of-frame IGL junctional region (Table 5). In six other
Igh* CBL (patients 20, 22, 24, 28, 29, and 32) two in-frame /GL rearrangements were found.
The presence of both transcripts was demonstrated by RT-PCR in all six patients. All used
VA segments were functional except for the second allele of patient 24, This VA2-5 segment
is a pseudogene, s implying that this patient has only one functional JGL gene rearrangement.
In patients 27, 30 and 3 only one in-frame rearrangement could be identified by VA-JA PCR
analysis. Somatic mutations were found in seven of the eleven completely analyzed cases.
Five of them (patients 20, 22, 28, 29 and 32) had two in-frame IGL. gene rearrangements.
Patients 20, 22, and 32 carried mutations on both alleles. The V regions of both IGL
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rearrangements of patient 26 were mutated and the out-of-frame rearrangement contained a
stop codon in the junctional region, which might be the result of a somatic mutation, although
this cannet be proven.

DISCUSSION

Ordered Ig light chain gene rearrangements

The configuration of the I/GK and IGL genes was investigated in a series of 113 CBL
(53 Igx* and 60 Ight) to study the mechanism of allelic and isotypic exclusion of hwman Ig
light chain genes. CBL were chosen as “single cell” model, because large clonal cell popula-
tions allow complete analysis of both alleles of the JGK and IGL genes. Our data confirm the
hypothesis of the hierarchical order in human Ig light chain gene rearrangements: the gene
rearrangement process starts at the /GK locus, followed by fGK deletion and subsequent /GL
gene rearrangement (Table 2).!2 Since not a single CBL had one or two rearranged /GL alle-
les with both /GK genes in germline configuration, the data completely fit with the ordered
model. However, the ordered model was not stringent in all cases, because in some cases /GL
gene rearrangements apparentfy had started before both /GK alleles were deleted. Curiously,
three Igxt CBL cases had IGL rearrangements: one case in the group with biallelic /GK
rearrangements and twao cases in the group with one rearranged and one deleted /GK allele.
Onme of the latter two cases even had biallelic /GL rearrangements. To include these cases in
the ordered model, it must be slightly adapted, although the principle of the ordered Ig light
chain rearrangement processes is retained: rearrangement of one /GK allele (R/G) — further
IGK gene rearrangements (R/R) —» one IGX allele deleted (D/R) and occasionally one IGL
allele rearranged {R/G) — both IGK alleles deleted (D/ID} and one or two IGL rearrangements
{R/G or R/R) (Figure 2}. In other words, the original ordered model applies to /GK gene
rearrangements, but /G gene recombination processes seem to be less strictly controlled.

Regulation of isotypic exclusion in cases with two in-frame Ig light chain rearrange-
ments of distinct isotype

In 90% of the CBL (103/113) either JGK or IGL rearrangements were present, indi-
cating that ordered Ig light chain gene rearrangements ensured isotypic exclusion in these
cases. Therefore, we conclude that monospecific Ig light chain expression is primarily deter-
mined by ordered rearrangement processes. Based on a computer simulation model of murine
Ig light chain rearrangements, Mehr et al. also suggested that allelic exclusion in B-cells is
maintained, if recombination occurs in an ordered rather than a random process. 3

Nevertheless, our data show that the ordered rearrangement process of Ig light chain
genes is not abselute, and that JGK and IGL rearrangements can coexist (10/113 cases). In
such cases a different level of regulation of monospecific Ig light chain expression (i.e. allel-
ic and isotypic exclusion) should be expected. In five of these ten CBL, both an in-frame IGK
and an in-frame JGL rearrangement were detected at the DNA level (Table 6). Four of these
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Figure 2. Schematic diagram of Ig lght chain protein expression and Ig light chain gene rearrangements according
to the ordered model. Ig light chain gene rearrangements start with rearrangement of one IGK allele (R/G) — fur-
ther /GK gene rearrangements (R/R) — one JGK allele deleted {(ID/R) and occasionally one /GL allele rearranged
{R/G) —» both /GK alleles deleted (/D)) and one or two IGL rearrangements {R/G or R/R). Due to the fact that the
ordered rearrangement process is not fully strict, JGK and IGL rearrangements might coexist (in 6% of Igkt cases
and in 12% of 1gA+ cases of the presented CBL series). (G = Germline, R = Rearrangement, T} = Deletion}.

five cages could be analyzed by RT-PCR and all four showed bitypic functional transcripts
(i.e. in-frame transcripts without stop codons due to somatic mutations). Therefore, there is
no indication for regulation of isotypic exclusion at the level of transcription in these cases.
Other possibilities include regulation at the level of translation, at the level of protein stabil-
ity, or via preferential Ig light chain assembly with the [g heavy chain. Although we did not
find dual Igk/Igh chain expression in our CBL series (see also Figure 1), it has been described
to occur in normal and malignant human B-lymphocytes.21-23.26

Allelic exclusion in cases with biallelic /GX or biallelic JGL rearrangements

The mechanism of allelic exclusion was further studied using 24 CBL with biallelic
IGK or biallelic JGL rearrangements. The allelic exclusion of biallelic /GK rearrangements
was solely regulated at the DINA level because only one functional rearrangement was pres-
ent in all six evaluable cases (Table 6). Theoretically, 1/3 of the rearrangements on the sec-
ond /GK allele in Igk* CBL could be in-frame. However, the murine experiments by
Mostoslavsky et al. showed that undermethylation of an IGK allele is required for and pre-
cedes a rearrangement.!” Moreover, they demonstrated that JGK gene demethylation takes
place preferentially on only one allele in each cell, resulting in differential accessibility of the
two /GK alleles for the recombinase system. If no productive rearrangement is obtained, a
second rearrangement of the same allele involving an upstream Vx and a downstream Jx gene
segment can take place.!” Alternatively, the second allele is demethylated and rearranged. On
top of the methylation-induced differential accessibility of /GK alleles, also the feedback
mechanism of down regulation of the V(ID)J recombinase system probably plays a role in the
maintenance of allelic exclusion. This is in line with the ordered rearrangement model of Ig
light chain genes and fits with the JGK gene data of our CBL. series.
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Table 6. Summary of data of CBL with two complete Ig light chain rearrangements, as identified by
(RT-)PCR analysis and sequencing.

Double /GK IGRAGL Double JGL Total

Patients {see Tables 3 to 5) 12, 14-17 P34, 5-10 4b, 20-26, 28, 29, 32 n=26
Two functional rearrangements 0/6 5/ 5/11 10/26
Somatic mutations in cases with:

- one functional rearrangement 2/6 174 2/6 5/16

- two functional rearrangements - 3/5 5/8 810
Both functional rearrangements transcribed - 4/4 5/5 10/10
Double Ig light chain pretein expression - 0/5 Not evaluable 0/5
a. Patient 3 was classified in the /GKAGL category, because this Igk- CBL contained a functional /GL rearrange-

ment.

b. Patient 4 (Igh+CBL} was classified in the JGLAGL category, because both IGL rearrangements were identified,
but the /GK rearrangement was not found.

In eleven Igh+ CBL, two VA-JA rearrangements could be identified. Six of them had
two in-frame junctions (without stop codons) of which five were functional, and in cne case
a pseudo VA segment was used. So, in five cases two Igh protein chains may be expressed,
but it was not possible to make a distinction between the expression of one or two Igi chains,
because there are no VA family specific antibodies available. These five CBL were all somat-
ically mutated on either one allele (2 cases) or both alleles.

Possible mechanism explaining regulation of monospecific Ig light chain expression

The start of Ig light chain gene recombination seems to be strictly regulated by ordered
accessibility of the IGK locus ensuring complete allelic exclusion at the DNA level. Tgk*
CBIL. with two functionally rearranged IGK genes did not oceur in our CBL series, suggest-
ing that dual Igi/Igk expressing B-cells do not occur or are rare. However, when IGL
rearrangements were involved, two in-frame (functional) rearrangements and transcripts
{(IGK/IGL or IGL/IGL) were occasionally detected (Table 6), implying the possibility of dual
Ig light chain expression (Igi/Igh or IgA/Igh).

Several mechanisms might operate to regulate ordered recombination, including
demethylation of one allele, remodeling of chromatin structure, or selective accessibility of
recombination machinery through differential presence of transcription factors (such as
Rel/NF-xB or E12/E47 bHLH factors).?” Demethylation indeed appeared to be necessary for
rearrangement of Ig and TCR genes. In the mouse, monoallelic demethylation has been
shown to occur at the IGK locus.!” In contrast to /GK genes, the ordered demethylation
process might be less strict for the human /GL genes.

The occurrence of somatic mutations and subsequent receptor editing might have con-
tributed to the presence of two functional Ig light chain rearrangements in our study. B-CLL
can arise either from pre- or post germinal center B-cells.?® In the Jatter case the V regions
carry somatic mutations (~50% of cases).38 Theoretically, the somatic mutation process can
result in unfavorable mutations leading to receptor editing via secondary rearrangements and
light chain replacement.?*40 Tt is not yet clear whether the secondary rearrangements for
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receptor editing follow an ordered pattern, comparable to primary rearrangements. In cases
with two functional rearrangements one should expect somatic mutations in the in-frame
rearrangement that is not expressed, whereas the expressed in-frame rearrangement can be
mutated depending on whether the B-cell underwent a second germinal center reaction.
Indeed eight out of ten CBL (80%) with two functional IGKAGL or IGL/IGL rearrangements
contained somatic mutations in contrast to five out of sixteen cases {~30%) of CBL with two
complete Ig light chain gene rearrangements, one functional and one non-functional
{Table 6). Nevertheless, this study indicates that isotypic and allelic exclusion is regulated by
ordered rearrangement of Ig light chain genes in ~90% of cases. Even in cases with two func-
tional Ig light chain transcripts, monospecific Ig expression can still be maintained, probably
via mechanisms at the protein level, such as differential protein stability and preferential pair-
ing of Ig chains,
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Ordered Ig light chain gene rearrangements in precursor-B-ALL

ABSTRACT

The general order of the immunoglobulin (Ig) gene rearrangement process in human
precursor-B cells is largely known. However, the exact Ig rearrangement parterns reflecting
this process, especially those of the Ig light chain genes, are not well established. This
requires detailed analysis of the gene configuration of all six IGH, IGK, and IGL alleles at the
single cell level. As such extensive analyses are difficult to perform in a reliable way within
a single normal precursor-B cell, we used 169 precursor-B-ALL (i.e. 6 pro-B-ALL, 112 com-
mon ALL, and 51 pre-B-ALL) as clonal “single cell” model system. The Ig gene recombi-
nations show hierarchy starting with JGH gene rearrangements in all cases, followed by IGK
rearrangements, /GK deletions and/or IGL rearrangements in 71% of cases. IGK deletions
were found in the absence of IGL rearrangements in 34% of cases, which might be explained
by the continuous recombinase activity in precursor-B-ALL, resulting in “end-stage” IGK
rearrangements, together with an apparently limited accessibility of the IGL locus.
Remarkably, in 5% of cases IGL rearrangements took place in the absence of JGK rearrange-
ments. In addition we found that in-frame /GH rearrangements are not necessarily required
for the induction of Ig light chain gene rearrangements and that /G, rearrangements can be
induced irrespective of the frame of the accompanying /GK rearrangements. In conclusion,
precursor-B-ALL constitute a model system for studying Ig gene rearrangement processes
without selection for functionality of the rearrangements or the inflnence of somatic hyper-
mutations. Nevertheless, the hierarchy of IGH, IGK, and IGL rearrrangements is apparent in
precursor-B-ALL.

INTRODUCTION

During normal human B-cell differentiation immunoglobulin (Ig) genes undergo
V(D) recombination in order to express a unique anfigen specific receptor. This process is
tightly regulated with respect to the stage of B-cell differentiation and the accessibility of
IGH, IGK, and IGL loci.)3 The Ig gene recombination process starts at the pre-B-1 cell stage
with a Dy-Jy; rearrangement followed by Vi to Dy-Iy joining.*® As soon as a complete in-
frame V-Dyy-Jy rearrangement is formed, Ig|l is expressed in the cytoplasm (Cylgu), which
is characteristic for the pre-B-1I stage, and the recombinaticn activating genes (RAG genes)
are down regulated. Subsequently, a pre-B-cell receptor (pre-BCR) consisting of the Igp
heavy chain and the surrogate light chain is expressed on the membrane. After a proliferation
phase, the surrogate light chain is down regulated. During this stage (small pre-BCR-
pre-RB-II cells), the RAG genes are re-expressed and Ig light chain gene rearrangements take
place. As soon as a functional rearrangement results in Ig light chain protein expression (Igk
or 1g)h) and subsequent pairing with the Ig heavy chain, the cell further differentiates into a
surface IgM (sIgM) positive immature B cell.
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Although the general order of Ig gene rearrangements is known, the exact configura-
tion pasterns of the Ig light chain genes during precursor-B-cell differentiation are not known.
This would require analyses of both /GH alleles and particularly both alleles of the /GK and
IGL loci at the single cell level. Such extensive analyses are difficult to carry out reliably at
the single cell level, but can be performed on human clonal lymphoid cell populations. These
can be regarded as “single cell” model systems allowing complete and exact analysis of all
Ig gene alleles by Southern blot analysis, PCR, and sequencing.

In a previous study, chronic B-cell leukemias (CBL) were used as single cell model
for Ig expressing mature B cells, about half of which contain somatic mutations in the
rearranged V regions.®7 We found an ordered mode] for Ig light chain gene rearrangements:
the Ig light chain gene recombination process starts within the /GK locus, followed by IGK
deletion(s) and rearrangements in the /GL genes. This order of the rearrangements guaran-
teed allelic exclusion of Ig light chain genes in >90% of CBL cases.

In this study we investigated whether or to what extent the different subgroups of pre-
cursor-B-acute lympheblastic leukemias (precursor-B-ALL) can be used as a “single cell”
model system for early stages of B-cell differentiation (pro-B cells and pre-B cells) in the
bone marrow with respect to the patterns of 1g gene recombination. Precursor-B-ALL can be
divided in three subgroups: pro-B-ALL., common ALL, and pre-B-ALL based on their
expression profiles. The immunophenotype of pro-B-ALL corresponds with a differentiation
stage between pro-B cells and pre-B-I celis, because pro-B-ALL already express CD19,
which is not found on normal pro-B cells, but do not yet express CD10 like pre-B-I cells. The
immunophenotype of common ALL reflects that of pre-B-I cells and pre-B-ALL are compa-
rable to pre-B-11 cells. One of the characteristics of precursor-B-ALL is the continuous pres-
ence of the recombinase enzyme system.®? This implies that the immunogenotypes (Ig
rearrangement patterns) of precursor-B-ALL might slightly differ from normal precursor-B
cells.

MATERIAL AND METHODS

Patient samples

A series of 169 precursor-B-ALL consisting of 6 pro-B-ALL, 112 common ALL and
51 pre-B-ALL were studied. The configuration of IGH, IGK, and IGL genes was reported in
previous studies for 74, 111, and 76 patients, respective]y.10-13

Southern blot analysis of Ig gene rearrangements

Southern blot analysis of 169 precursor-B-ALL was performed to determine the con-
figuration of IGH, IGK, and IGL loci. 13 g of DNA was digested with Bg/Il or a combina-
tion of BamHI and HirdIIl (Life Technologies, Rockville, MD, USA), separated in 0.7%
agarose gels and transferred by vacuum blotting to Nytran-13N nylon membranes (Schleicher
and Schuell, Dassel, Germany). The filters were hybridized with 3?P labeled probes. The
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probes were specific for the regions of Jy (IGHJ6), Jx (IGKJS), Cx (IGKC) and Kde
(IGKDE) (DAKO Corporation, Carpinteria, CA, USA).1L12 To study IGL alleles, IGLCID
and IGLJ2 probes were used.!?

PCR heteroduplex analysis

The 100 pl PCR mixture contained 0.2 mM dNTPs (Pharmacia, Uppsala, Sweden), 13
pmol of each primer, 1U AmpliTag GOLD polymerase in Buffer II (Applied Biosystems,
Foster City, CA, USA), 1.5 mM MgCl,, and 100 ng genomic DNA. Family specific Vy, Vx
and VA primers were used in combination with consensus Jj, Jx and JA primers, respective-
1y.6 PCR conditions were 10 min at 94°C followed by 40 cycles of 1 min. at 94°C, 1 min. at
60°C, 2 min. at 72°C and a final extension of 7 min. at 72°C. PCR products were further ana-
lyzed by heteroduplex analysis to determine whether the PCR products were derived from
clonal or polyclonal rearrangements. * A selected number of cases were studied by RT-PCR
analysis using the same family specific V primers in combination with C1, Cx or CA exon
primers.

Sequencing

A total of 68 clonal PCR products from complete IGH rearrangements derived from 2
pro-B-ALL, 28 common ALL, and 17 pre-B-ALL were directly sequenced on an ABI 377
flucrescent cycle sequencer (Applied Biosystems) with Dye Terminator mix or Big Dyes
(Applied Biosystems) using family-specific Vi primers and a Jy consensus primer. All
sequences were derived from two independent PCR products.

From the randomly selected series of 13 common ALL and 10 pre-B-ALL not only
the clonal Vy-Jyy rearrangements were sequenced, but also the clonal light chain rearrange-
ments (Vk-Jik and/or VA-JA). Segments were identified using DNAPLOT software
(W. Miiller, H-H. Althaus, University of Cologne, Germany) via VBASE and IMGT data-
bases (http://imgt.cnusc.fr:8104).15 Subsequently, the frame of the rearrangement and the
mutation status were determined.

RESULTS

IGH gene configurations

In 86% (146/169) of precursor-B-ALL both IGH alleles were rearranged. In the pre-
B-ALL group even 100% had biallelic /GH rearrangements (Table 1). One of the six pro-B-
ALL had one rearrangement in combination with an /GH deletion. 80% of common ALL had
biallelic /{GH gene rearrangements. IGH gene deletions were found in 20 common ALL on
one allele (16 cases) or hoth alleles (4 cases).

In 39% of cases with two rearrangements oligoclonality was observed in concordance
with what was previously described.16-!7 The frequency of oligoclonality was significantly
higher in pre-B-ALL (51%) as compared to common ALL (31%) (P=0.006); the pro-B-ALL
series was too small to draw any statistical conclusion.
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Tabie 1. JGH gene configuration of the three categories of precursor-B-ALL.

R/R R/IG R/ DD
(% oligoclonality)

Pro-B-ALL (n=6) 5 - 1
(60%)

Common ALL (n=112) 90 1 16 4
(31%)

Pre-B-ALL (n=31) 31 - - -
(51%)

Precursor-B-ALL (n=169) 146 1 17 4

(39%)

Analysis of somatic mutations in JGH gene rearrangements

A total of 68 complete /GH rearrangements derived from 2 pro-B-ALL, 28 common
ALL, and 17 pre-B-ALL patients, were sequenced. Thirty percent of these rearrangements
appeared to be in-frame; they were found in both pre-B-ALL and common ALL. No somat-
ic mutations were found in any of these 68 rearrangements. The generated sequences will be
available upon request.

IGK and IGL gene configurations

At first glance no apparent recombination pattern emerged from the combined IGK
and /GL Southern blot data in precursor-B-ALL (Table 2). To evaluate whether recombina-
tions in the Ig light chain loci occur in an ordered way, the JGKAGL recombination patterns
were categorized. Six categories were defined according to the ordered recombination model
found in CBL (Table 3):9 category A: both IGK and both IGL alleles in germline configura-
tion; category B: at least one rearrangement at the /GK locus with the second allele in
germline configuration, rearranged or deieted; category C: cases without functional IGK
rearrangements, but with one or two I/GK deletions; category D: one or two [GK alleles
rearranged and at least one /GL allele rearranged; category E: at least one IGK allele deleted
and at least one /G, allele rearranged; category F: cases without I(GK rearrangements or dele-
tions, but with IGL rearrangements.

Twenty-nine percent of precursor-B-ALL did not contain any lIg light chain
rearrangements (category A) (Table 3}, JGK rearrangements without /(GL rearrangements
{category B) were found in 13% of the precursor-B-ALL. Category C was approximately
34% in the total group of precursor-B-ALL as well as in the common and pre-B-ALL sub-
groups. Only 4% showed rearrangements in both Ig light chain loci (category D) without JGK
deletions. The frequency of precursor-B-ALL cases showing IGI. rearrangements with at
least one IGK deletion (category E) was higher, being 14%. The highest frequency was
observed in common ALL (18%). The last category (F), showing IGL rearrangements with-
out any /GK (deletional) rearrangement appeared to be small with frequencies of 6%, 2%, and
5% in common, pre-B and precursor-B-ALL, respectively. One out of six pro-B-ALL cases
had a single /GL rearrangement.
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Table 2. IGK and IGL gene configurations as determined by Southern blot analysis in the three separate
subgroups pro, common, and pre-B-ALL and the total number of precursor-B-ALL.

Pro-B-ALL n=6 Commgon ALL n=112
(%) 1L gene configuration (%) {GL gene configuration
IGK gene configuration G/G R/G R/R IGK gene configuration G/G R/G R/R
G/G 4 1 - GIG 27 5 2
67 (16.5} 24.1) (4.5} (1.8)
R/G - - - R/G 9 5 -
(8.0) (4.5)
R/R - - - R/R 2 - -
(1.8}
D/R - - - D/R 2 5 -
(1.8) (4.5
/D - - D/D 17 6 7
(16.5) (15.2) (5.3} (6.2}
G/ID - - G/D 23 1 1
(20.5) {0.9) (0.9

Pre-B-ALL n=31

Precursor-B-ALL n=169

{%e) IGL gene configuration (%) IGL gene cenfiguration
IGK gene configuration G/G R/G R/R IGK gene configuration  G/G R/G R/R

G/G 18 - 1 G/G 49 6 3
(35.3) (2.0} (29.0y (3.5 (1.8)

R/G 2 - R/G 14 7 -
(9.8 3.9 (8.3) 4.1

R/R 2 - - R/R 4 - -
(3.9) (2.4)

D/R 3 - 1 D/R 5 3 i
(5.9) (2.0 (3.0) (3.0) (0.6)

D/D 11 - - D/D 28 6 8
(21.5) (16.6) (3.5} (4.7}

G/D 6 2 - G/D 29 3 1
(11.8) (3.9 (17.1) (1.8) (0.6)

Table 3. Frequencies of the six Ig light chain gene configuration categoeries given in percentages.

Category

A B C D E F
IGK gene G/G R/GR/R:D/R DDsDIG R/GR/R  D/R.D/D;DIG GIG
IGL gene GiG G/IG G/G R/G;R/R R/G:R/R R/G;R/R
Pro-B-ALL {n=6) G67.0 0 0 o] 16.5 16.3
Common ALL (n=112} 24.1 11.6 35.7 4.5 17.9 0.2
Pre-B-ALL (n=51) 353 9.9 35.3 39 3.9 2
Precursor-B-ALL (n=169)  29.0 13.6 343 472 13.6 5.3
- Oligoclonal (p=57) 351 15.8 28.1 3.2 12.3 3.5
- Monocional (n=112) 259 125 375 3.6 4.2 6.3

a.  No statistical differences between the frequencies in oligoclenal and monoclonal precursor-B-ALL.
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The precursor-B-ALL series was further divided based on oligoclenality at the /GH
locus, to see whether Ig light chain recombination patterns are influenced by the presence of
oligoclonality at the /GH locus (lower part of Table 3). Oligoclonality might hamper the
assignment of rearrangements as belonging to the same clone. No statistically significant dif-
ferences were found in the Ig light chain recombination categories between precursor-B-ALL
with and without 7GH oligoclonality. Figure | summarizes the relative frequencies of the
IGR/IGL gene rearrangement categories of precursor-B-ALL as compared to CBL.

60

] precurser-B-ALL
CBL

50 1

40 A

30 -

20 1

percentage

10 1

. . [ ]
A B C D E F

IGK gene G/3  R/GR/RD/R DG R/GRR  D/RD/D GG
1GL gene GG G/G G/G R/G:R/R R/GR/R R/GRR

Figure 1. Relative frequencies of the [GKAGL gene rearrangement categories of precursor-B-ALL as com-
pared to CBL. See Table 3 for definifion of the six categories.

Relation between in-frame IGH gene rearrangements and the occurrence of Ig light
chain gene rearrangements

Thirteen common ALL and ten pre-B-ALL with or without Ig light chain gene
rearrangements were randomly selected for sequencing of the IGH, IGK, and IGL gene
rearrangements. Figure 2 shows the Southern blot analysis of the IGH loci of 12 out of the
13 analyzed common ALL patients. Oligoclonal bands were only present in patient 5289, In
the 13th patient no oligoclonality was found either (data not shown). Based on the lack of
oligoclonality in these twelve common ALL cases, we could reliably assign heavy and light
chain rearrangements as belonging to the same clone. The frame of the Ig heavy and fight
chains gene rearrangements of the common ALL and pre-B-ALL samples are summarized in
Table 4. All rearranged alleles, except for one IGK gene rearrangement, could be identified
and no somatic mutations were found in any of the IGH, IGK, and IGL gene rearrangements.
In six of the thirteen studied common ALL at least one in-frame /GH rearrangement was
found, whereas in all 10 pre-B-ALL an in-frame rearrangement was present, which was
expected based on the fact that pre-B-ALL express cytoplasmic Igit molecules. No relation-
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control
5504
5566
5670
5297
5462

5289
5259
5472
5393
5602
5354

[Xp]
Q
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[To]

Figure 2. Southern biot analysis of /GH rearrangements of twelve of the thirteen common ALL patients that
were randomly selected for sequencing of IGH, IGK, and IGL gene rearrangements. DNA was digested with
Bglll and hybridization was performed with the IGHI6 prebe. All patients, except for patient 5289, only show
monoclonal bands.

ship was found between the presence of an in-frame /GH rearrangement and the presence or
absence of IGK or IGL gene rearrangements in common ALL. In two pre-B-ALL, but also in
one common ALL, an in-frame Ig light chain rearrangement was found in addition to an in-
frame /GH rearrangement. RT-PCR analysis followed by heteroduplex analysis showed that
these Ig light chain gene rearrangements were not transcribed, reflecting a block in differen-

Table 4. Randomly selected series of common ALL and pre-B-ALL studied by PCR and sequencing to
determine the frame of the IGH and IGK or IGL gene rearrangements?,
IGK and/or IGL

Germline In-frame Out-of-frame NIb
(or deleted)

Common ALL {n=13)
IGH In-frame 6 1 1 3e ib
Qut-of-frame 7 14 2 4 .

Pre-B-ALL (n=10}

IGH In-frame 10 5 2 3 -
QOut-of-frame - - - - -

a. AlUIGH, IGK, and /GL gene rearrangements found by Southern blot analysis in the 23 precursor-B-ALL could

be identified, except for one IGK gene rearrangement.

NI, not identified, The IGK gene rearrangement of this common ALL could not be identified.

One of these three patients is Patient 3 in figure 2 with oligoclenal /GH gene rearrangements.

d. Southemn blot data of this common ALL not shown in Figure 2,

o
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tiation. This might explain that no surface Ig expression was found in pre-B-ALL, despite the
fact that in-frame JGH as well as in-frame /GK or JGL gene rearrangements were present,

Relation between frame of Vx-JK rearrangements and occurrence of IGL rearrange-
ments

The Southern blot data of JGK and JGL genes show that in 95% of cases rearrange-
ments in the /GK locus tock place before /GL rearrangements. To determine whether the
frame of Vic-Jx rearrangements influences this process, the Vi-Jx rearrangements of cases
with concurrent /GK and IGL gene rearrangements {categories D and E} were analyzed.
Thirteen of the thirty cases (43%) of categories D and E showed at least one /GK rearrange-
ment, whereas DNA was available in eight of them. In six samples VK-JK rearrangements
were out-of-frame, but two were in-frame. This shows that /GL rearrangements can oceur in
the presence of both out-of-frame or in-frame Vx-Jx rearrangements.

DISCUSSION

In this study we investigated whether precursor-B-ALL can be used as a “single cell”
model system for precursor-B-cell differentiation with respect to the immunogfobulin gene
status. The immunogenotype of all six /GH, IGK and IGL alleles was carefully evaluated in
the three precursor-B-ALL subgroups: pro-B-ALL, common ALL, and pre-B-ALL.

During normal human B-cell differentiation the recombination process is assumed to
start at the pre-B-1 cell stage with rearrangements in the JGH locus followed by Ig light chain
recombinations in the pre-B-II cell stage. In all three subgroups of precursor-B-ALL IGH
gene rearrangements were observed. Moreover, /GK and /GL gene rearrangements werg not
restricted to pre-B-ALL, but were found in all three subgroups. From these data we conclude
that the immunogenotypes of pro-B-ALL, common ALL and pre-B-ALL might not com-
pletely reflect the immunogenotypes of their normal counterparts. One possible explanation
is that the recombinase enzyme system is continuously active before diagnosis in precursor-
B-ALL .89 Such prolonged recombinase activity might also affect clonal evolution affer diag-
nosis, resulting in differences in rearrangement patterns between diagnosis and relapse.!8-20
However, a more Jikely explanation for the differences observed between genotypes in not-
mal versus malignant precursor-B-cefls, is the lack of proper selection for functionality of the
rearrangernents due to the malignant statas of the cell. We therefore believe that precursor-B-
ALL rather constitute a model system for studying Ig recombination processes without selec-
tion for functionality of the rearrangements based on Ig protein expression and without the
influence of somatic hypermutations. The latter was proven by the absence of somatic muta-
tions in 68 sequenced Vy-Jyy rearrangements.

IGH gene rearrangements were identified in all precursor-B-ALL. In 10% of cases
monoallelic /GH deletions and in 2% of cases even biallelic /GH deletions were identified
with Southern blot analysis. The occurrence of these JGH deletions has been reported
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before,’7-21-22 but the underlying mechanism is unknown and could not be explained by loss
of chromosome 14. About 30% of all precursor-B-ALL, had both /GK and IGL alleles in
germline configuration. This confirms the notion that JGH rearrangements precede Ig light
chain recombination. In 39% of the precursor-B-ALL series oligoclonal IGH rearrangements
were found, which most probably have resulted from ongoing rearrangements during the
expansion phase after the final malignant hit. However, as the /GK and /GL gene configura-
tion patterns did not differ significantly between oligoclonal and monoclonal precursor-B-
ALL, we do not believe that ongoing rearrangements very much influenced the observed /GK
and IGL contiguration patterns.

To determine whether a relation exists between in-frame /GH gene rearrangements
and the occurrence of Ig light chain gene rearrangements, a randomly selected series of 23
precursor-B-ALL {13 common ALL and !0 pre-B-ALL) was completely analyzed. As pre-
B-ALL express Cylgu, they have an in-frame /GH rearrangement. Therefore, it was not sur-
prising to find Ig light chain rearrangements in pre-B-ALL. However, also in common ALL,
which do not have Cylgul expression, [g light chain gene rearrangement were present, inde-
pendent of the frame of the /GH rearrangements. So, Ig light chain gene rearrangements do
not require the presence of an in-frame JIGH gene rearrangement.

Tn a previous study on CBL, we found a hierarchical order in Ig light chain rearrange-
ments: IGK rearrangements before IGK deletions and /GL rearrangements. This ordered
mode] was used for defining the categories of /GK and JGL gene configuration patterns (see
Table 3 and Figure 1}. A strictly ordered model would be described by categories A, B, and
E. Category D (JGK and JL rearranged without /GK deletions) was added for CBE., because
the ordered model appeared to be not completely strict, as IGL rearrangements can occur
without prior /GK deletions. This was explained by a less strict regulation of /GL locus acces-
sibility. In CBL categories B and E were 44% and 55%, respectively, and category D was 1%,
whereas category A logically did not exist (Figure 1).

Here, category C was introduced as an exceptional category containing cases with
only IGK deletions, but without any /GL rearrangement. As CBL have been selected during
their differentiation process for having a functional Ig light chain gene rearrangement, cate-
gory C logically does not exist in CBL. In precursor-B-ALL, however, this category was
rather large comprising 34%. In these cases IGK was accessible for recombination, which
proceeded until an end-stage had been reached. IGK deletions mediated via Vx-Kde or
intronRSS-Kde rearrangements are regarded as end-stage rearrangements, because they pre-
clude further IGK rearrangements.?32% One could argue whether category C fits in the
ordered model, because cases belonging to this category do not have Vk-IK rearrangements
without an intron-Kde rearrangement on the same JGK allele or VA-JA rearrangements.
However, the Ig light chain gene rearrangement process started at the /GK locus and one
would expect that in these cases normally the /GL locus would rearrange. This “delay” in /GL
gene rearrangements might be explained by an overall limited /GL Tocus accessibility, reflect-
ed by the low frequency of JGL rearrangements in the total group of precursor-B-ALL (23%).
Due to the block in differentiation the germline transcription of the /GL locus might not have
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been started. Category C might also exist i normal bone marrow differentiation, although the
time frame that a differentiating B cell remains in this stage might be rather short. Cases
belonging to category F, having IGL gene rearrangements in the absence of IGK gene
rearrangements or deletions, definitely do not fit in the ordered model. However, this cate-
gory was found in onty 5% in precursor-B-ALL, and was not observed in CBL.

The precursor-B-ALL data generally show a hierarchy in rearrangements of the three
Ig loci (IGH, IGK, and IGL). However, there is no causal relationship in this hierarchy,
because functional /GH rearrangements are not necessarily required for the induction of Ig
light chain rearrangements. Likewise, the /GK rearrangement does not necessarily have to be
out-of-frame before IGK deletion or /GL rearrangement can be initiated. Precursor-B-ALL
therefore constitute a model system to study the Ig recombination process itself without any
form of selection for the functionality of the rearrangements, because of the malignant status
of the cell that results in block of differentiation. So, the Ig gene recombination process fol-
lows a certain hierarchy, which is most probably based on ordered accessibility of the Ig loci.
During normal precursor-B-cell differentiation functional rearrangements would result in
{(surface) Ig protein expression upon which further selection of precursor-B cells takes place.
This selection includes up and down regulation of expression of the recombinase enzymes,
mediating subsequent Ig gene rearrangements. Although such selection mechanisms are
absent in our precursor-B-ALL model system, the hierarchy of IGH, IGK, and /GL recombi-
nation remains apparent.

Based en the combined data, we believe that the Ig gene recombination process can
be divided into two parts, the first being hierarchy in accessibility of the Ig loci and the sec-
ond being selection based on Ig protein expression, which is responsible for regulation of the
recombinase enzyme system, This is confirmed by recent studies in which transcription fac-
tor-induced accessibility of antigen receptor loci and recombinase activity are the two only
prerequisites for inducing V(D)J recombination.25-2% However, a definite answer to this ques-
tion should come from single cell PCR studies on sorted precursor-B-cells, similar as has
been performed on naive B-cells.?? Such studies should reveal whether hierarchical accessi-
bility is an immportant contributor to Ig light chain recombination patterns in early B-cell dif-
ferentiation.,
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g light chain gene recombinarions in MCL
ABSTRACT

Regulation of immunogobulin (Ig) light chain gene recombination processes can be
studied via analysis of Ig gene configuration patterns. Two approaches can be followed, t.e.
single cell PCR on normal B cells or the use of clonal B-cell malignancies. In previous stud-
ies, we used precursor-B-ALL as clonal model system for precursor-B cells and chronic
B-cell malignancies (CBL) as model for mature B cells, which are partly somatically mutat-
ed. In this study we analyzed a series of 35 mantle cell lymphomas (MCL) as model system
for naive B cells with Ig expression, but lacking somatic hypermutations. The Ig kappa (JGK)
light chain gene configuration patterns of MCL were compared to data from single cell PCR
analysis of normal circulating naive B cells, which were recently published. From both MCL
and normal naive B cells it could be concluded that Ig light chain gene rearrangements in
naive B cells display an hierarchical order. The only observed difference between normal and
malignant naive Igh* B cells was the relative distribution of cases with one or two IGK dele-
tions. These appeared to be equally distributed in normal naive Ight B cells and skewed
towards biallelic JGK deletions in Igh*t MCL. Ig light chain gene configuration patterns of
MCL were also compared to patterns of CBL. The rearrangement hierarchy in MCL and CBL
was comparable, except for a slightly higher frequency of /GL gene rearrangements in Igx*
MCL. This similarity suggests that the influence of somatic mutations on Ig light chain gene
configuration patterns is very limited, implying that somatic mutation-induced secondary
rearrangements (receptor revision) that result in deleting of IGK and a switch to IGL expres-
sion does not seem to play a significant role.

INTRODUCTION

Immunoglobulin (Ig) gene recombinations occur in bone marrow precursor-B cells.
During this process V, (D,) and J segments are assembled, resulting in the expression of an
antigen-specific B-cell receptor, which is composed of two identical Ig heavy chains and two
identical Ig light chains, either Ig kappa (Igx) or Ig lambda (Igh)!-? V(D)J recombination is
stage- and tissue-specific, which is achieved via strict regulation of the recombination acti-
vation genes (RAGJ, and RAGZ) on one hand and accessibility of the Ig loci (/GH, IGK, IGL)
on the other hand.3-10 Ig gene recombinations occur with a hierarchy, starting with rearrange-
ments at the JGH locus followed by light chain gene rearrangements.8-1112 According to the
ordered model, the Tg light chain gene rearrangement process starts at the /GK locus.1? If no
functional /GK gene rearrangements are formed, the cell can escape apoptosis by deleting the
Tie-Cx region with or without the preceding Vi-Jx rearrangements via a recombination of the
kappa deleting element (Kde), followed by recombination at the JGL locus.!413

To study whether this mechanism is indeed commonly used in the differentiation of
naive B cells, we performed analysis of Ig recombination patterns. Two approaches can be
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followed to investigate the regulation of Ig gene rearrangement processes via analysis of Ig
recombination patterns, i.e. single cell analysis of normal B cells and the use of clonal B-cell
malignancies.!315-18 Both systems have their inherent advantages and disadvantages. The
obvious advantage of single-cell analysis is that normal B-cells can be studied; however, the
disadvantage of the single-cell PCR approach is the risk of missing rearrangements due to
false-negative PCR results. In contrast, B-cell malignancy mode] systems allow a complete
and exact analysis of both alleles of all three Ig loci by Southern blot and PCR analysis, with
a minimal risk of missing rearrangements. However, it cannot be completely ruled out that Ig
gene recombination patterns in B-cell malignancies are influenced by oncogenic processes,

To study the regulation of the Ig light chain gene recombination process in early devel-
oping B-cells, we previously analyzed the Ig recombination patterns of a large series of pre-
cursor-B acute lymphoblastic leukemia (precursor-B-ALL).!® Precursor-B-ALL (pro-B-
ALL, common ALL, and pre-B-ALL) were used as clonal model system for precursor-B-
cells at three stages of differentiation (pro-B, pre-B-I, and pre-B-II). However, the data
showed that precursor-B-ALL do not form the perfect model system for early developing
B-cells due to continuous recombination activity. It rather gave insight into the rearrangement
process itself, without any form of selection for functionality of the rearrangements.

Furthermore, chronic B-cell leukemias (CBL) were used as clonal model system for
mature B cells.!3 Approximately half of CBL cases are derived from B cells that have not
been selected by antigen (Ag) based on the absence of somatic mutations, whereas the other
half carry somatic mutations.!® We assumed that CBL can indeed be used as mode] system
for B cells, because the gene rearrangement process is most probably completed at the time
of malignant transformation. The Ig gene rearrangements in CBL clearly showed a hierarchy
in Ig light chain gene recombinations. 13

To complete the insight into Ig light chain recombination during B-cell differentiation,
starting with clonal precursor-B cells without any form of selection for functionality of the
rearrangement and continuing with in clonal mature B cells, which (partly) carry somatic
mutations, in this study we determined the Ig rearrangement patterns of naive B cells. These
cells are selected for having a functional Ig molecule, but have not yet been subjected to the
somatic hypermutation process.

For this purpose we collected a series of mantle cell lymphomas (MCL), as they are
derived from naive cells, presurnable mantle cells that are present at the rim of the germinal
centers in the peripheral lymphoid organs.2%2! Depending on the detection method 70 to vir-
tually all MCL carry the translocation t(11;14) involving the [GH locus and
BCLI/CCNDI.21:22 As a result of this translocation the CCNDI gene is overexpressing the
cyclin D1 protein, which is a cell cycle regulatory protein that is involved in the regulation
of the G1 to the S phase of the cell cycle. We compared the Ig configuration patterns of MCL
with the results of a recent study on single cell analysis of sorted human naive Igkt and Igh*
B cells (CD27-1gD+), which can be regarded as the normal counterpart of MCL.10 In addi-
tion, the Ig configuration patterns of MCL were compared to those of CBL to understand
whether somatic mutations influence Ig gene rearrangement patterns.
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MATERIALS AND MEHTODS

Patient samples

A total of 68 frozen tissue sections were obtained from 42 patients diagnosed with
MCL, according to the WHO classification.?0-21 DNA extraction was successfully performed
in 51 biopsies of 40 patients. Membrane Ig light chain expression was determined using
direct immunofluorescence detection methods on frozen sections. In addition, Cyclin D1
overexpression was determined on the corresponding paraffin embedded tissue. From a total
of 35 MCL sufficient frozen material was available for Southern bot analysis.

Seuthern blot analysis

Fifteen 11g of DNA was digested with Bg/ll and HindIIl (Life Technologies, Rockville,
MD, USA), separated in 0.7% agarose gels and transferred by vacuum blotting to Nytran-
13N nylon membranes (Schleicher and Schuell, Dassel, Germany).2? The filters were
hybridized with 32P labeled probes. Probes specific for Jx (IGKJ3), Cx (IGKC) and Kde
(IGKDE) (DAKO Corporatio, Carpinteria, CA, USA) were used to determine the /GK gene
configuration.24 For the IGL locus, the IGLCID and IGLJ2 probes were used.??

RESULTS AND DISCUSSION

A series of 35 MCL selected on the availability of sufficient frozen tissue could reli-
ably be analyzed with respect to Ig light chain expression and Ig gene configurations via
Southern blot analysis. Of these, eighteen MCL were Igx positive and the other seventeen
MCL were Igh positive. All cases showed cyclin D1 overexpression.

IGK and IGL gene configurations in MCL
The IGK and IGL gene rearrangements were determined via Southern blot analysis.

The combined data are summarized in Table 1. The /GK locus can either be in germline con-
figuration (G), rearranged (R). or deleted (D). In the latter case a rearrangement of the intron
recormbination signal sequence (intron RSS) to the kappa deleting element (Kde) could have
occurred resulting in the deletion of the Cx gene segment.?4 Alternatively, a rearrangement
of an upstream Vi gene segment to the Kde could have occurred resulting in the deletion of
the preexisting Vk-Jx exon as well as the Jx and Cx gene segments.?* The IGL locus can
either be germline (G) or rearranged (R).

According to the ordered model, Ig light chain recombination starts at the /GK locus.
If no functional rearrangement occurred on both alleles, deletion of IGK genes is followed by
recombinations at the IGL locus. Indeed, in 72% (13/18) of the Igx+ MCL, both /GL alleles
were in germline configuration and in 95% (16/17) of the Ight MCL at least one IGK dele-
tion was found (Table 1). In 82% (13/17) of Igh* cases even both JGK alleles were deleted.
As predicted by the ordered model, none of the Ight cases had both /GK alleles in germline
configuration,
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Table 1. JGK and JG{. gene configuration patterns of 18 Igk* and 17 Ight MCL,

Igic+ MCL (n=18) Igh+ MCL (n=17)
IGL gene configuration
JGK gene configuration G/G R/G R/R G/G R/G R/R
G/G - - - - - -
R/G 7 2 - - -
(39%) (11%)
R/R 3 1 . - 1
{17%) (6%c) (6%}
D/R 4 1 - - 1 -
(22%) (6% (0%)
D/D - - - - 7 6
(41%) {339
D/G - - - . 1 1
(6%) (6%)

G, germline; R, rearrangement; D, deletion (Vx-Kde or IntronRSS-Kde).

Comparison of IGK gene configuration profiles of MCL and naive B cells

In a recently published study by Briuninger et al., single cell analysis of Ig light
chain gene configurations of human naive Igk* and Igi+ B-cells (CD27-1gD") is described.!®
Single cells were sorted and after genomic DNA amplification, PCR and sequence analysis
of the Ig light chain gene rearrangements was performed. Figure 1 shows the used PCR
approach. IGK gene configuration data were shown of 138 Igit cells of two healthy individ-
uals and 175 Igi+ cells of three healthy individuals. Data from 17 Igict and 29 Ight cells that
facked information of the Kde region were excluded from the comparative analysis.
Unfortunately, no information was available of the /GL rearrangements in the normal naive
B cells. The results permitted for some categories two or more possible interpretations {sum-
marized in Figure 1B). Figure 2 shows a comparison of the IGK gene configurations of the
Igt and Igh+ naive B cells, MCL, and CBL. For the normal naive B cells, we corrected the
data by choosing for these cases the most likely interpretation (Figure 1B). Additionally, we
assumed that a minimuom of PCR products is missed, and that the chance of false-negative
results is farger for Vx-Jx and Vx-Kde rearrangements than for Intron-Kde and Kde
germline, because of improper Vk primer annealing.

With these provisions in mind, the results of the normal Igx* cells and Igxt MCL
were largely comparable (no statistically significant differences). However, there was a sta-
tistically significant difference in the distribution of D/R and D/D cases in normal Igh+
B cells and IgA* MCL. Normal IgA* cells showed an equal distribution between cells with
menoallelic /GK deletions and cells with biallelic IGK deletions, whereas in [gh* MCL this
distribution was skewed towards D/D cases. For comparison, our earlier data of the /GK gene
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A IGK gene configuration

Y VK
—

B Vir-Jk Kde Posstble Assumed falses nzgative PCR
interpretations
0 IntronRSS-Kde | a. DifG a. Vede
§'%de-Kde b. DR b 2x Vx-Jx
0 IntronRS5-Kde | a. Di/D a. Vi-Jrand Vi-Kde
- b. DG b, Vr-Jx and 5'Kde-Kde
c. DIR ©.  2x Vx-Jk and 5Kde-Kde
0 Vi/Kde a. DR a. Ve-dg
. b. B/G b. 5'Kde-Kde
o 5'Kde-Kde a. GIG a -
- b R/G b, Vx-di
¢. RR g 2% Vierdi
d. RD d. Vx-Jx and Vx-Kde
0 Vi/Kde a. /G a -
5'Kde-Kde b. /R b, Vrdr
1 IntronRSS-Kde | ¢, DVG ¢ -
5'Kde-Kde d. DR d. Vr-Jx
1 IntronASS-Kde | a. DR a. Vi-Jo
- b. DiG b. S'Kde-Kde
1 V/KDE a. D/Di a. IntronRSS-Kde
- b. DA b, S'Kde-Kde
2 Vx/KDE a. DD a. IntronRSS-Kde
: b. D/R b. 5'Kde-Kde
i

Figure 1A. Single cell PCR approach for the detection of IGK deletions, as performed by Briuniger et al.16
The used primers are indicated as arrows and the obtained PCR products as bars. Four PCR reactions were
performed on every cell, i.e. Vk-Jx, 5’Kde-Kde (for germline Kde}, IntronRSS-Kde, and Vk-Kde. The /GK
gene configuration and the expected PCR products can be summarized as fellows: G, germline; R, Vk-Jx
rearrangement; D1, intronRSS deletion, i.e. Vi-Jx rearrangement followed by intronRSS-Kde rearrangement;
D, Vk-Kde deletion. B. Interpretation of single cell PCR results for inconclusive [GK PCR data. The disa-
vantage of single cell PCR is the chance of false-negative PCR results. For cases we summarized the possi-
ble configurations. The most likely interpretation is mentioned first (a), followed by less interpretations (b, c,
d). For interpretation we assumed that a minimum of PCR products is missed, and that the chance of false-
negative results is larger for Vk-J& and Vic-Kde rearrangements than for IntrenRSS-Kde and Kde germline,
because of improper VK primer annealing.

configurations in Igk* and Ight CBL were added in Figure 2 and showed for both Igk* and
Ight cases similar patterns as found in MCL. This suggests that the observed differences
between normal and naive B cells and MCL do not result from the relatively small number
of MCL.
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Figure 2A. and B, /GK gene configurations of normal Igit naive B cells, Igx* MCL, and Igx* CBL (A) and
normal naive Igh* B cells, Igi+ MCL and Igh+ CBL (B) with correction for the most likely interpretation in
naive B cells with inconclusive JGK PCR data,

Despite this difference in relative distribution, the vast majority of both normal naive
Igit B cells and Igh+ MCL had at least one deletion in the IGK locus, suggesting that the
Igh+ B cells arose from hierarchical recombination processes. In these cells, the functional
in-frame /GL gene rearrangements have thus been preceded by IGK gene rearrangements and
deletions. Based on these findings, we conclude that MCL can be used as a model to study
Ig gene recombination patterns in naive B cells.

Comparison of degree of hierarchy in IGK and IGI light chain gene rearrangements
between MCL and CBL

To evaluate to what extent Ig light chain gene recombination patterns in naive B cells
(MCL) are comparable or different from mature, partly somatically mutated B cells (CBL),
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Figure 3A. and B. Distribution of the percentages of cases in different categories for Igkt MCL and CBL (A}
and Ighr MCL and CBL. (B). The /GK and IGL gene configurations of the different categories are indicated
in the table.

the JGK/IGL recombination patterns were assigned to six categories (Figure 3).!8
Consecutive steps in a strictly ordered recombination process would be described by the sub-
sequent categories: A (/GK and IGL germline}, B (JGK rearranged, /GL germline), and E
(IGK at least one allele deleted, IGL rearranged). Category D (JGK and IGL rearranged with-
out /GK deletions) was added, because the ordered model appeared to be not absolutely strict,
as IG[, rearrangements did occur without prior IGK deletions. Category A and C (JGK dele-
tions, no /GL gene rearrangements) are not present in surface Ig positive B cells, including
MCL and CBL, because these cells have at least one Ig light chain rearrangement (/GK or
IGL), but were found in precursor-B-ALL. Category F was introduced for cases with IGL
gene rearrangements without /GK gene rearrangements, which therefore do not fit in the
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ordered model, Such cases were not found in this MCL series, or in the previocusly described
CBL series, but were observed in precursor-B-ALL (5%).18

Figure 3 shows the percentages of cases in the different categories of the [gx* and Igh*
MCL and CBL. These data reveal a difference in the percentages of cases in category D (IGK
and /GL gene rearrangements without /GK deletions) in Igk* cells between MCL and CBIL
(Figure 3A). with a larger percentage in MCL. However, probably due io the low number of
analyzed MCL cases, the tendency in Igit MCL towards the presence of /GL gene rearrange-
ments, even without IGK deletions is not significant (p=0.057, %2 test). It will be of interest
to determine whether the /GL recombinations in these four Igx+ MCL represent true VA-JA
gene rearrangements, or whether they represent illegitimate recombinations such as chromo-
somal translocations. If these recombinations indeed represent VA-JA rearrangements, they
do not completely fit in the model for hierarchical accessibility of Ig light chain genes for
recombination, because this model proposes that /GL gene rearrangements only occur if no
functional JGK light chain rearrangement is present that can be expressed together with the
Ig heavy chain. However, these IGL gene rearrangements might theoretically have taken
place in parallel or after JGK gene rearrangements, but before Igk expression. Alternatively,
these IGL rearrangements occurred before /GK gene rearrangements, but are not functional.
PCR amplification and sequence analysis should give more insight in this aspect.

CONCLUSIONS

The Ig light chain gene configuration patterns of MCL as a clonal model system for
naive B cells showed that /GK and /GL gene recombinations occur in a hierarchical order,
starting with /GK gene rearrangements usually followed by /GK deletions before subsequent
IGL gene rearrangements. The /GK gene configuration data generated via Southern blot
analysis of MCL were compared to data from single cell PCR analysis of sorted naive B cells.
Based on both model systems it could be concluded that the Ig light chain gene rearrange-
ments in naive B cells display hierarchy.!® The only observed difference between normal and
malignant naive B cells is that in [gA* MCL and also in IgA+ the frequency of cases with
monoallelic and biallelic /GK deletions is different from that of normal naive B cells.
However, the total frequency of IgA+ cells with at least one JGK deletion was similar in MCL
and naive B cells. Despite the difference in relative distribution of cases with one or two IGK
deletions, both strategies seem to describe JGK and IGL light chain gene recombination in a
largely comparable way. Unfortunately, no /GL data were available from these single cell
assays to allow complete comparison of /GK and IGL patterns in naive B cells and MCL.

The Ig light chain gene configuration patterns of MCL were also largely comparable
to CBL, which can be considered as clonal model system for mature B cells. The only dif-
ference was the presence of slightly more /GL gene rearrangements in Igx+ MCL. To further
investigate this difference, the JGL gene rearrangements of the Igk* MCL will be analyzed
by PCR and sequencing analysis. Moreover, it will be of interest to deterniine the frame of
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the JGK and/or IGL gene rearrangements in all cases with more than one rearrangement (R).
This will give insight whether allelic or isotypic exclusion are regulated in a similar way as
found in CBL.1 Overall, the similarity in Ig light chain gene recombination patterns between
MCL and CBL suggests that these patterns are not influenced by somatic mutations that
might have induced secondary rearrangements in the periphery (receptor revision). Ig light
chain recombination patterns of multiple myeloma might clarify these observation, since
multiple myeloma can be regarded as a model system for the end-stage of B-cell differentia-
tion, i.e, after multiple rounds of somatic hypermutation and potential receptor revision.
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No receptor revision in four hypermutated IgDA myelomas
ABSTRACT

Normal IgM-IgD+ CD38+ B-cells and IgM-TgD+ multiple myelomas (MM) are char-
acterized by Cu deletion, biased IgA expression and hypermutated IgV regions. The predom-
inant IgA usage was proposed to result from secondary Ig gene rearrangements during exten-
sive clonal expansion in the germinal center environment. Here, four cases of IgDA MM were
studied to address the question of light chain receptor revision in a “single cell” model.
Detailed analyses of both /GK and IGL alleles of each case were performed by Southern blot-
ting, (RT-) PCR, and sequencing. The expressed IgV genes were extensively mutated and Cul
deletion was confirmed in two cases. In addition, in the four MM a total of six non-function-
al deletional /GK rearrangements were identified, which proved to be unmutated. We con-
clude that IeD myelomas indeed originate from (post) germinal center B-cells in which, in
spite of the fact that they are hypermutated, there is no evidence receptor revision,

INTRODUCTION

A minority of normal human B cells and rare B-cell malignancies express IgD in the
absence of IgM. It has been reported that in the human tonsil, 2-5% of the CD38+ germinal
center B cells and 6-20 % of the plasmacells are IgM-TgD*.!-2 In the peripheral blood, sIgM-
IgD* CD27+ memory B cells have been detected with a frequency of less than 1%.° Among
the B-cell malignancies. approximately 1% of multiple myelomas (MM) and 10% of hairy
cell leukemias display the IgD-only phenotype.* The lack of IgM in all these cell populations
is explained by unusual Cp-C8 class ‘switch® recombination mediated by sequences in the
Jiz-Cu and Cu-C8 introns, i.e. either homologous recombination between two direct 442 bp
repeats (¢, and % )36 or non-homologous, so-called Sp-68 recombination,* both with dele-
tion of the S},L—Culregion and precluding further isotype switching. The IgM-IgD* B-cell pop-
ulations mentioned share two additional molecular features. First. IgM-IgD™ B cells general-
ly carry a very high load of somatic mutations, most likely as a result of extensive clonal
expansion: whereas the frequency of nucleotide substitutions in the Vi genes of normal
(post)germinal center B cells ranges between 2-6%,%7 the reported frequencies for both the
normal and neoplastic single-IgD positive B cells are on average two- to threefold high-
er.1-3.5.68 Second, the various normal IgM-1gD+ B cells almost exclusively express Igh
(>99%).1 Also in IgM-TgD+ MM, high frequencies of Igh light chain expression have been
reported, ranging between 60 and 90%, illustrating the bias towards Igh.%-!#

It has been hypothesized that the biased Igh expression of IgM-IgD* B cells results
from secondary Ig gene rearrangements at the light chain loci in the germinal center envi-
ronment (i.e. receptor revision), elicited by unfavorable somatic mutations that cause loss of
Ig expression or disturbed pairing of Ig heavy and light chains.? Ig light chain gene rearrange-
ments generally occur in an ordered sequence, starting at the JGK locus followed by IGK
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deletion and subsequent /GL rearrangements.!? Therefore, secondary rearrangements are
expected to result in skewing towards /G gene usage.

Evidence for receptor revision as a rescue mechanism in mature human B cells is as
yet scarce. Interestingly, occurrence of Vy replacements has recently been claimed in IgM-
TIgD+ CD38+ tonsillar B cells and in synovial-tissue B cells.®17 Previous reports however
could not draw firm cenclusions on the issue of receptor revision of Ig light chain genes since
this requires analysis of all four Ig light chain alleles, i.e. of both IGK and both IGL alleles,
of individual cells. To address the question of Ig light chain receptor revision in a ‘single cell’
model, detailed studies on the /GH, IGK, and IGL loci of four cases of [gDa+ MMs were pet-
formed using Southern blot (SB), PCR and sequence analyses.

MATERIAL AND METHODS

IGH, IGK and IGL genes were analysed by SB, PCR and sequencing. Fifteen ug of
genomic DNA was digested with BamHI and Bglll, size fractionated in a 0.7% agarose gel
and transferred to a nylon membrane. The BamHI filter was successively hybridized with the
IGHMU and IGHIJ®6 probes for detection of JGH rearrangements and CU deletion. For detec-
tion of the IgM-IgD recombination by PCR primers upstream of o, and downstream of X,
were used (adapted from Arpin er al.?). The BglII filter was hybridized with JGK and IGL
probes for determination of the IGK, and IGL gene configurations.!>-18 Family specific Vy,
Vi, and VA primers were used in combination with Jg, Ji and JA primers (genomic PCR) or
in combination with C8, Cx or CA primers (RT-PCR).13-19 Clonal (RT-)PCR products were
either directly sequenced or cloned in pGEM-T Easy vector followed by sequencing of 4-6
individual clones.

RESULTS AND DISCUSSION

The configuration of the IGH, IGK, and IGL genes in four IgDA MMs were studied by
SB, PCR and sequencing (Table 1). MM-1 contained a single in-frame IGH gene rearrange-
ment with deletion of the Cp region cansed by a ou to L) recombination. In MM-2 and
MM-4, no clonal bands could be identified at the DNA level by SB, most likely due to a lim-
ited tumor load in the bone marrow samples. However, by RT-PCR and sequencing, single
clonal in-frame Vy-C8 rearrangements were identified. MM-3 contained a biallelic IGH gene
rearrangement with a deletion of the ClL region on one allele, which was in accordance with
identification of clonal in-frame V-C8 transcripts, but no V-C transcripis by RT-PCR. No
second complete Vyy-Jyy rearrangement was identified by PCR analysis in MM-3 (Table 13. In
myelomas 1, 2, and 3 in-frame /GL gene rearrangements were identified as well,

All the functional Vy and VA genes were indeed exceptionally hypermutated. The

136



LEL

Table 1. Summarized data of Ig gene configurations, gene segment usage, and somatic mutations in four IgDA MM,

MM Cil Ig SB (RT-YPCR and sequenciang Observed somatic mutations
deletion locus analysiss  (frame)b
Total o CDR FR
R s R/S R S R/S p
1 Yes IGH RIG V3-23/D,,3-16/12 {in} 31 10.53% 7 3 23 13 8 1.6 0.032
IGK DIG Vi:-33/T2(out)+intronR §8-Kde 0 0% - - - - -
IGL R/G VA2-14IA2 (in) 8 AT7% i 1 1 5 1 5 n¢l
2 nie IGH - Vi3-11/Dy5-2400 6 (in) 8¢ 315% 16 5 12 48 0 24 0078
IGK - Vid-1/Kde 0 0% - - - - - - -
IGL - VA2-18/J0% (in) 18 5.8% 6 3 2.0 9 0 - nd
3 Yes IGH R/R Vpd-31/DG5-18/5 ;2 {in) 60 20.4% 15 2 7.5 27 16 1.7 0.026
ni®
IGK D/D V2-29)xd(cut)+HntronRSS-Kde [¢] 0% - - - - - - -
Vx1-43/Tx5(out)+intronR$S-Kde 0 (0% - - - - - - -
IGL R/G VAZ-23/T03 (in} 23 12% 4 1 4.0 12 6 2.0 nd
4 ni® IGH - Vi5-51/Dy5-12/T46(in) 31 10.5% 7 4 1.8 12 8 1.5 0.010
IGK - Vx3D-20/Txd{out)+intronR SS-Kde 0 {¥% - - - - - - -
Vx2-24/Kde 0 % - - - - - - -
IGL - ni¢ - - - - - - - - -

G, germline configuration; R, rearranged allele; D, deletion of Jx and/or Cx region via a recombination involving the kappa deleting ¢lement {Kde).
IMGT nomenclature (hitp://imgt.cines.fr:8104} way used for assigning the V (D) and J gene segments.

R, replacement mutation; 8, silent matation.

Due to a low tumor load, no rearranged bands could be detected via Southern blot analysis.

ni, not identified; nd, not detcrmined.

p. probability that the scarcity of R mutations in the FR resalted from chance only (see Chang and Casali).?
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highest number of somatic mutations was found in the Vg region of MM-2, i.e. 89 mutations.
MM-1, MM-3 and MM-4 carried 31, 60 and 31 mutations in their Vy; genes, respectively
{Figure 1). The average mutation frequency in the Vi, regions of the four MM was thus 18%,
whereas the reported average mutation frequency of the Vy; region in non-Igh MM i
89%.20.21 Also the VA regions showed a slightly higher average mutation load (7.5%) than
reported for the light chains of non-TgD MM (6%).21 In MM-1, 3, ard 4, the ratios of replace-
ment (R) versus silent ($) mutatjons in the framework regions (FR) was approximately 1.5,
which is significantly lower than would be expected if the mutations had occurred randomly
in the absence of selection.?? However, in MM-2, with the extremely high mutation load of
31.5%, the R/S ratio was 2.4, suggesting that selectional forces to protect the FR regions and
thus to maintain the integrity of the overall Ig stracture had been less stringent. Still, this MM,
like the other three cases, was found to express the IgDA protein. Interestingly, a relative high
number of replacement mutations in the FRs has been noted previously in the hypermutated
IgD-only germinal center cells as well.l

The IGH sequences of the four cases were analyzed for the presence of hybrid Vy
gene segments, indicative of Viy replacement processes. !0 However, we obtained no evidence
for this type of receptor revision at the JGH locus.

Analysis of the IGK genes showed that all rearranged IGK alleles involved the kappa
deleting element (Kde). This concerned four intronRSS-Kde rearrangements with preserved
out-of-frame Vk-Ix rearrangements upstream (MM-1, 3, and 4). We detected no somatic
mutations in the Vi gene segments of any of these four non-functional Vx-Jk rearrange-
ments. In MM-2 and the second allele of MM-4, Vk-Kde rearrangements were found which
deleted the complete Jx-Ck region. Also IgDx MM, although not present in our limited panel,
may contain, next to a functional /GK gene rearrangement, a Vx-JK rearrangement at the sec-
ond allele either or not followed by an intronRSS-Kde rearrangement. Such an Ig gene con-
figuration may in a similar fashion be informative with respect to the topic of receptor revi-
siom.

Analysis of the /GL genes showed that the three identified J/GI. gene rearrangements
used three different JA gene segments. This implies that the single gD expression was not
associated with a specific IgA isotype.

The detailed information obtained on the /GK and IGL loci indicated that in at least
two cases (MM-1 and MM-3} the cells had not expressed another Ig light chain prior to the
identified in-frame IgA chains, since all Vk-Jx rearrangements found upstream of the
intronRSS-Kde recombinations were out-of-frame and not somatically mutated. This is for-
mally not proven for MM-2 and MM-4 as the Vk-Kde rearrangements precluded analysis of
the possibly pre-existing Vx-Jx rearrangements.

In conclusion, our data indicate that IgDA. MM are most likely derived from [gM-TgD+
Igh-positive B cells that were switched to IgD-only by Cu deletion. In spite of the fact that
the IgV regions were clearly hypermutated, proving that the progenitor cells must have
undergone extensive clonal expansion in the germinal centers, we find no evidence of recep-
tor revision at the Ig heavy nor Ig light chain loci. it thus remains to be established why IgD,
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Figure 1. Sequences of the Vy; regions of the four IgDA MM patients (lower line) compared to the most
homologous germline Vy gene segments (upper line} according to VBASE (http:/fwww.dnaplot.de). The
most homologous sequences were V3-23/DP-47 (Vy3-23, according to IMGT, see Table 1) for MM-1, V3-
11/DP-35 (V3-11) for MM-2, V4.33/DP-65 (Vy4-31) for MM-3, and V3-51/ DP-73 (V33-31) for MM-4.
Replacement mutations are indicated with capitals; silent mutations are indicated with lower cases.
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in the absence of IgM, is mainly found in association with Igh or alternatively why Cu dele-
tion occurs preferentially in Igh+ B cells and whether the extraordinary level of somatic
hypermutation has a causative role in the induction of this unusual Cp deletion.
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Split-signal FISH

Chromosome aberrations in acute lymphoblastic leukemia

Chromosome aberrations play an important role in the development of hematological
malignancies.! In acute lymphoblastic leukemia {ALL), most of these aberrations concern
balanced translocations involving genes that play key roles in the development and function
of lymphoid cells, such as transcription factors, cell cycle regulators, and signal transduction
molecules. Balanced translocations can result in fusion of two genes that encode leukemia-
specific chimeric (fusion) proteins. The fusion proteins have different functional features than
the corresponding wild type proteins and most likely play a role in leukemogenesis. In addi-
tion to the new features of the fusion protein, loss of wild type activity due to the transloca-
tion might contribute to oncogenesis. Alternatively, a chromosome translocation can result in
deregulated expression of (onco) genes as a direct consequence of a translocation to a regu-
latory element, e.g. an immunoglobulin (Ig) or T-cell receptor (TCR) enhancer.

The most frequent translocations in precursor-B-ALL are t(1;19%q23;p13)
t(4;11)%q21:q23), t(12;21)(p13;922), and t(9;22)(q34;q11), which all result in fusion genes.
The t(1;19)q23;p13) fuses the transcription factor-encoding gene EZA (TCF3)with the tran-
scription factor PBX/. In t{4;11)(q21;q23), the MLL gene at 11q23, which encodes a putative
DNA-binding protein, is translocated to the AF4 (MLLT2) gene. The MLL gene is also
involved in many other translocations in ALL and acute myeloid leukemia (AML). Until
now, more than 30 partner genes have been identified.? The 1(12;21)(p13;922) involves the
TEL (ETV0) gepe at 12p13 and the transcription factor-encoding gene AML! (RUNX]).
Finally, (9:22)(q34:q11) results in fusion of the BCR gene at 22gl11 with the cytoplasmic
tyrosine kinase gene ABLJ. In T-ALL, gene aberrations involving the TAL/! gene are (re-
quently observed aberration. The most frequent TALT aberration concerns a submicroscopic
deletion del{1)(p32p32) involving the SIL and TALT genes. As a result of this ~90 kb dele-
tion all coding exons of the SIL gene and the 5° untranslated region of the TALT gene are lost,
placing the TALI coding region under direct control of the SIL promoter.

Several clinical studies have demonstrated that chromosomal translocations are useful
markers for risk group classification. With current treatment protocois, t{12;21) is correlated
with a good prognosis, whereas t(9;22) and translocations involving 11923 such as t(4;11) are
especially correlated with a poor prognosis. The t(1;19) is generally correlated with a poor
prognosis, although this can be avercome with more intensive chemotherapy.3 For chromo-
some aberrations involving TALI the correlation with prognosis is less clear.>:¢ Detection of
chromosome aberrations at diagnosis, but also at relapse, is therefore an impertant factor in
risk classification. Other risk factors are age, white blood cell count, and treatment response
to early remission-induction therapy.

Detection of chromosome aberrations

Several techniques can be used for the detection of chromoseme aberrations, each hav-
ing its inherent advantages and disadvantages. An advantage of conventional cytogenetics is
that it is highly informative as ail abnormalities can theoretically be detected. This includes
not only translocations, but also numerical abnormalities such as hype-. hyper- or pseudo-
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diploidy. However, the interpretation may be difficult if the karyotype is complex. Another
disadvantage is that for some samples no reliable results can be obtained because of a low
mitotic index or poor chromosome morphology. In addition, some chromosome abnormali-
ties are cryptic, i.e. they cannot be identified via conventional cytogenetics, because changes
in chromosome banding patterns are too marginal to be detected, e.g. t(12;21) and SIL-TAL!
gene fusions.”

Fluorescence in situ hybridization (FISH) is a molecular cytogenetic technique, which
uses fluorescent fabeled probes for detection of certain chromosome aberrations. The advan-
tage of this technique is that besides dividing cells {metaphase nuclei) also non-dividing cells
{interphase nuclei) can be analyzed, which allows a rapid screening of a large number of
cells. In addition, also cryptic aberrations can be detected.® A disadvantage of FISH analysis
compared to cytogenetics is that this technique is focused on a specific type of aberration,
determined by the applied probe set. There are two approaches of FISH probe design, i.e.
fusion-signal FISH and split-signal FISH. The advantages and disadvantages of both
approaches are discussed in more detail below.

Chromosome translocations can also be identified at the DNA level via Southern blot
or PCR analysis. These techniques are more laborious and their applicability for detection of
chromosome transiocations is limited, because the breakpoints are generally scattered over
large regions. This is especially a limiting factor for PCR analysis. Southern blot anatysis has
been proven to be useful for detection of MLL translocations. As the MLL gene can have
many translocation partner genes and the breakpoint region is refatively small (~ 8.4 kb),
Southern biot analysis is suitable for the detection of MLL rearrangements, independent of
the partner gene.%-10 PCR analysis has been used for detection of SIL-TAL/ fusion genes at
the genomic level.!!

An alternative approach, which is suitable for detection of chromosome translocations,
resulting in the formation of fusion genes, is detection of fusion transcripts via (nested) RT-
PCR analysis. The advantage of this approach is that it reaches sensitivities of 10-3 to 10-5,
which enables detection of minimal residual disease (MRD). A disadvantage of a PCR-based
method is that variant translocations can be missed, if these variants are not covered by the
primers.

Detection of chromosome translocations can also be performed at the protein level via
detection of the fusion proteins. This technique, however, has not yet heen implemented in
diagnestics, due to lack of appropriate antibodies that specifically detect the fusion proteins.

Split-signal FISH versus fusion signal FISH

There are two different strategies of dual color FISH analysis for the detection of chro-
mosome translocations. The classical fusion-signal FISH approach uses two differentially
labeled probes, red and green, which flank the breakpoint regions of the two genes, which are
involved in the translocation (Figure 1A). In normal situations, i.e. without chromosome
aberration, two red and two green signals will be detectable. In case of 2 translocation, a red
and a green signal will be juxtaposed giving rise to a colocalized green/red signal, which will
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Figure 1A. Fusion-signal FISH with two probes located in the two genes, which are involved in the chromo-
some translocation. In normal cells, two green and two red signals will be present. In case of a translocation
a green and a red signal colocalize, giving rise to a yellow signal together with the separate green and red sig-
nals of the unaffected genes. B. Spit-signal FISH with two probes positioned at opposite slides of the break-
point region of the target gene, which is invelved in the chromosome translecation. In normal cells, two yel-
low signals will be present, while in case of a translccation separate green and red signals will be present
together with the colocalized signal of the unaffected gene.

in principle appear as a yellow signal, in addition to separate green and red signals of the
unaffected chromosomes.

The split-signal FISH approach also uses of two differentially labeled probes, but
these probes are located in one gene, hereafter called the target gene, and flank both sides of
the breakpoint region in that gene (Figure 1B). In normal situations, two colocalized
green/red signals will be visible. A translocation will give rise to a split of one of the colo-
calized signals, giving rise to separate green and red signals together with a fused signal of
the unaffected chromosome.

The split-signal FISH approach has several advantages over the classical fusion-sig-
nal FISH. First, the detection of a translocation is independent of the involved partner gene.
This is especially of great interest for detection of MLL gene translocation, because of the
high number of partner genes that might be involved, but also for other genes with multiple
partners. Although the detection is independent of the involved partner gene or pariner chro-
mosome, split-signal FISH 1 principle allows the identification of the partner chromosome
if metaphase spreads are present on the slide. As a result of the translocation, one of the
probes moves to the partner chromosome, i.e. derivative {(der){partner) , while the other probe
remains on the der(target) chromosome. The split-signal approach therefore also ajlows the
detection of new partner chromosomes or chromosome regions. Further molecular analysis
can then be performed to identify the new partner gene, e.g. using panhandle PCR or long
distance inversed PCR.12.13

Another advantage of split-signal FISH is absence of the relatively high levels of
false-positivity as observed via the fusion-signal FISH approach, which range between 5 and
10%. This false-positivity is caused by the seemingly colocalization of two signals, which
represent two separate signals in a three-dimensional nucleus, but are visible as one colocal-
ized signal in the two-dimensional microscopic analysis of the nucleus. One could argue that
split-signal FISH can give rise to low frequencies of false-negativity due to the coincidental
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colocalization of split signals in leukemic cells, thereby making these celis indistinguishable
from normal nuclel.

Outline of Chapter 4

In Chapter 4.2, the development of probes for the MLL gene is described, illustrating
the general principle and the advantages of split-signal FISH. Chapter 4.3 describes a study
on the effect of translocations involving the E2A gene on Ig and cross-lineage TCR gene con-
figuration patterns in pre-B-ALL. The E2A gene codes for a transcription factor that plays an
important role in regulation of V(D)J recombination. Chapter 4.4 summarizes split-signal
FISI for the four most frequent chromosome aberrations in precursor-B-ALL as well as for
TALI gene aberrations in T-ALL.
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Detection of MLL transiocations by split-signal FISH

ABSTRACT

The MLL gene on chromosome 11 band q23 is frequently involved in chromosome
translocations in acute lymphoblastic leukemia and acute myeloid leukemia. The transloca-
tion results in the formation of a fusion gene on the derivative 11 chromosome consisting of
the 5" part of the MLL gene and the 3’ part of another gene, already more than 30 different
partner chromosome regions have been described. MLL gene rearrangements are generally
correlated with a poor prognosis. Therefore the presence of an 11g23 aberration has direct
implications for treatment stratification, making early and rapid detection of utmost impor-
tance. In this study, we developed a FISH probe set for detection of MLL gene rearrangements
according to strict design criteria. The cosmid probes are derived from the flanking regions
of the MLL breakpoint region on chromosome 11 and when used in dual colored FISH exper-
iments give rise to a split of the normally colocalizing (fused) signals in case of a transloca-
tion. This spht signal was observed in seven out of ten cases with an 11923 translocation with
various partner chromosomes. In the three other cases, a deletion of the 3" part of the MLL
gene, downstream of the breakpoint region was also found. A low false positive value of only
1.7% was obtained for interphase cells in contrast to conventional dual colored FISH where
the creation of a fusion signal has cut off values of at least 5-10%. A major advantage of our
type of probe set is the application of a single FISH experiment to detect all types of MLL
translocations, Moreover, since this cosmid probe set can be used for either interphase or
metaphase studies, metaphases are no longer a prerequisite for detecting the presence of an
11q23 translocation. Nevertheless, metaphase FISH with the new probe set is helpful in deter-
mining the partner chromosome and therefore may lead to the identification of new partner
genes,

INTRODUCTION

Chromosoemal translocations involving the MLL gene on chromosome band 1123 are
found in de novo acute leukemias. It is the most common genetic aberration in both infant
acute lymphoblastic leukemia (ALL) (70-80%) and infant acute myeloid leukemia (AML)
(60%?,1:2 while the incidence in childhood and adult ALL and AML is much lower (5-8%).34
11923 aberrations are also frequently found in patients with secondary AML after therapy
including topoisomerase II inhibitors >

The MLL gene, also named ALL-1, Hrex and HRX, is the human homologue of the
Drosophila trithorax gene.® The human gene consists of 37 exons and spans a region of
approximatety 100 kb.” The MLL protein contains a transcription repression domain. an acti-
vation domain and two types of DNA binding domains (minor groove DNA binding
‘AT-hook’ motifs and major groove binding zinc fingers).® MLL functions as a transcrip-
tional maintenance factor in morphogenesis.” 10 Absence of the MLL gene blocks hematopoi-
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etic differentiation in virro and is possibly important in leukemogenesis.!! Translocations
involving MLL disrupt the gene between the two types of DNA binding motifs; the breaks are
clustered within a 8.3 kb major break point region (mbr).512 The ‘AT-hook’ motifs and the
repression domain remain on the der (11), while the zinc fingers and the activation domain
are either lost or translocated to the der(partner) chromosome.® In most translocations the
fusion protein of the derivative 11 chromosome, with the 57 part of the MLL gene fused to the
3" part of the partner gene, contributes to the oncogenic process.!? More than 30 different
partner chromoseme regions have been identified of which 18 partner genes have been
cloned.!4 The t(4;11)(g21;g23) and t(11;19)(q23:p13.3) are the most common translocations
in ALL, whereas t(6;11)(q27;923), t{9;11)(p21-p22:q23), t(10;11)pl12;q23} and
t(11;19)(q23;p13.1) are most frequent in AML.!5-20

Rapid detection of an MLL gene translocation at diagnosis is of high clinjcal rele-
vance, because the presence of this aberration has direct consequences for treatment stratifi-
cation due to the fact that MLL gene rearrangements are generally correlated with poor prog-
nosis.*

Translocations involving 11q23 can be detected by conventional cytogenetics,
Southern blotting, RT-PCR and FISH. Each technique has its advantages and disadvantages
concerning time, technical complexity, required laboratory facilities and level of experience.
Conventional cytogenetics would allow, in principle, detection of all chromesome aberra-
tions; however, metaphases are a prerequisite and a translocation can only be detected and
identified if it causes a clear difference in the chromosome banding pattern. Southern blotting
enables the detection of all 11q23 rearrangements, but DNA of high guality is required and
distinction between duplication and rearrangement of the MLL gene is not possible.
Moreover, the partner gene cannot be identified. RT-PCR can only detect MLL gene translo-
cations with well-defined (sequenced) partner genes. FISH is a rapid technique, which has
advantages above those previously mentioned.

In this study we designed a FISH probe set based on the concept that a translocation
would result in separation of the fusion signal found under normal circumstances. This
involved the selection of two probes flanking the mbr of the MLL gene on chromosome 11.
For this purpose, PCR-generated inclusion and exclusion probes were used in order to screen
a chromosome 11 specific cosmid library. The carefully selected FISH probes could be used
both in interphase and in metaphase FISH. The advantage of this probe design strategy is that
all types of MLL gene translocations can be detected in a sensitive way in a single FISH test,
without the necessity for metaphases. Furthermore, this strategy avoids high levels of false-
positivity, as is frequently seen with FISH probes, which give separate signals in case of nor-
mal cells, but a fusion signal in case of the chromosome aberration.
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MATERIALS AND METHODS

Patient samples and cell line

For the present study, cytogenetic preparations of four ALL and six AML patients
were selected based on the presence of an 11g23 translocation, together with five ALL and
five AML patients with either a normal karvotype or no 11q23 aberration. Cytogenetic analy-
sis at diagnosis was carried out on freshly obtained bone marrow or peripheral blood cells,
which were cultured and harvested according to routine c¢ytogenetic procedures.
Chromosomes were described according to the convention of the International System for
Human Cytogenetic Nomenclature (ISCN 93). To further characterize the samples, Southern
blot analysis was performed to detect MLL gene rearrangements as described by Hernandez
et al.2l RT-PCR was done in a limited number of cases to confirm the presence of a particu-
lar MLL gene translocation.*== The precursor-B-cell line R84;11 characterized by t(4;11)
was used as positive contrel for interphase and metaphase FISH.?4

Inelusion and exclusion probes

Five primer sets were developed in exons 4, 8, 17, 28, and 37 of the MLL gene using
the OLIGO 6.2 software program {(Dr. W. Rychlik; Molecular Biology Insights, Inc.,
Cascade, CO) . DNA of a healthy individual was used to generate the PCR products of these
exons. The PCR conditions were: 1{ min at 94°C to activate the AmpliTagq Gold™ poly-
merase {PE Biosystems, Foster City, CA, USA) followed by 1 min. at 94°C, 1 min. at 60°C,
and 2 min. at 72°C for 35 cycles. The PCR products were analyzed on a 1% agarose gel. The
PCR products from exon 4 (MLLA4) and exon 37 (MLL37) were used as screening probes for
the chromosome 11 specific cosmid library and probes of exon 8, exon 17 and exon 28
(MLLE, MLL17 and MLL28) were used for further selection.

Library screening and cosmid isolation

Chromosome 11 specific cosmid library 107:L4/FS1l (Resourcezentrum im
Deutschen Humangenomprojekt RZPD, Berlin, Germany) was hybridized with the 2P-dATP
and 3P-dCTP labeled MLL4 and MILL37 inclusion probes. Bacterial colonies with positive
cosmids were ordered and cultured according to the manufacturer’s instructions. The cosmid
DNA was isolated using an alkaline lysis protocol.??

Fluorescent in situ hybridization (FISH)

Dual colored FISH was carried out with FISH probes, which were labeled by nick-
translation with either biotin-16-dUTP or digoxigenin-11-dUTP (Boehringer Mannheim,
Mannheim, Germany). For FISH analysis, leukemic metaphase preparations stored at -20°C
for up to several years or freshly prepared preparations from —20°C stored methanol/acetic
acid fixed cell suspensions were used. FISH was carried out according to standard proce-
dures.26 Briefly, slides were pre-treated with RNAse and pepsin, and subsequently fixed with
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formaldehyde. Hybridization of 100 ng of each probe to the slides was performed overnight
at 37°C. Biotinylated probes were detected via subsequent incubation with FITC-labeled
avidin d, biotinylated goat-anti-avidin and avidin d-FITC (Vector, Burlingame, CA, USA),
whereas digoxigenin-fabeled probes were detected via sheep anti-digoxigenin TRITC-labeled
antibodies (Boehringer Mannheim), followed by Texas-red-conjugated donkey-anti-sheep
antibodies (Jacksen ImmunoResearch, West Grove, PA, USA).

The slides were counterstained with DAPI and embedded in Vectashield/DABCO. Per
sample a minimum of 200-300 interphase cells was blindly scored by either of two inde-
pendent observers, as well as 5-10 metaphase cells whenever possible.

1 2 3 4 56 7 891011 12-1617182122-27 28 29-31 32 33 -36 37

1 R HAE ]
= ] =
mMLLa MiLa MLL1G MLL28 10 kb MLEST

mbr ~8.3 kb
B < © e 8 &
4 3 3 3 2
= = = = =

MLL-U

MLL-D

control

Figure 1A. Chromosome 11 with the MLL gene on band q23. The MLL FISH probes flanking the breakpoint
region {mbr) are indicated. MLL-U/ is the upstream FISH probe and MLL-D is the downstream FISH probe.
PCR-generated inclusion probes are depicted as black bars (MLL4, MLL28, and MLL37) and the exclusion
probes are shown as gray bars (MLL8 and MLL16). B. PCR analysis of the FISH probes MLL-U and M1 -
D with inclusion and exclusion primer sets. AMLL-U is positive for the inclusion region MLL4 and MLL-D is
positive for MLL28 and MLL 37. Both FISH probes are negative for the exclusion regions MLL § and MLL
16.
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Figure 2. Interphase and metaphase FISH with the digoxigenin labeled MLL-U probe (red) and biotinylated
MLL-D probe (green) on leukemic cells. A. Interphase nuclei of AML patient 12 without a 11g23 aberration
showing two colocalized (fused) signals on the normal chromosomes 11.B. Interphase nuclei of ALL patient 2
with t(9;11)(p21-22;q23) showing a colocalized signal denoting the normal chromosome 11 and a separate
green and red signal due to the translocation. C. Metaphase spread of AML patient 18 without a 11g23 aber-
ration depicted in inverted DAPI staining with the colocalized signals on chromosomes 11. D. Inverted DAPI
staining of a metaphase spread of ALL patient 1 with t(9:11)(p21-22:q23). The red MLL-U probe hybridized
to der(11) and MLL-D (green) to der(9). A colocalized signal is visible on the normal chromosome 11. E.
Metaphase spread of AML-M4 patient 4 with t(6;11)(q27:q23). The MLL-D probe moved to der(6) while MLL-
U is located on der(11). F. and G. Interphase and metaphase cells of AML-MS5 patient 8 with
ins(10;11)(p12;q23q13). The colocalized signal and one red signal are visible, while the green signal is lost
demonstrating the deletion of the 3" part of the MLL gene. Since the inserted region of chromosome 11(q23g13)
into the short arm of chromosome 10 also includes the 5" end of the MLL gene, MLL-U is located on der(10).
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RESULTS

Design of inclusion and exclusion probes

To select FISH probes that were positioned around the MLL mbr without overlapping
the region, inclusion and exclusion regions were defined. As the FISH probes needed to be
positive for either exon 4 or exon 37. two PCR-based inclusion probes were designed in these
regions: MLL4 and MLIL37 (Figure 1A). To exclude FISH probes that aoverlap with the
breakpoint region, which could give rise to additional signals, two probes (MLLS and
MLL16) were designed in the excns juxtaposed to the breakpoint region. Probe MLL28 was
used for further positioning of FISH probes in the downstream MLL region.

Library screening

The chromosome 11 specific cosmid library was screened with the inclusion probes to
select the cosmids that could potentially be used as FISH probes. One positive colony was
found with MLL4 and six with MLL37. Positivity of the cosmid clones was confirmed by
PCR analysis (Figure 1B). All cosmids were negative for the exclusion probes MLLS and
MIL16, and therefore not overlapping with the breakpoint region. The cosmid, which was
positive for MLL4 was used as upstrearn FISH probe (MLL-U). Although the six MLL37
positive cosmids were largely overlapping, as determined by PCR and restriction fragment
analysis, only one of them was positive for MLL28 (Figure 1B).

Testing of FISH probes

The selected MLL upstream FISH probe (MLL-U) was tested in combination with the
six MLL downstream probes in interphase FISH on slides of PHA-stimulated peripheral
blood mononuclear celis of an healthy donor, on cell line RS4;11, and on one ALL and one
AML sample, without 11q23 translocation. As downstream MLL FESH probe (MLL-D) the
cosmid was selected, which gave the best colocalized (fused) signal in combination with
MLL-U/ {(Figure 2A). This was the cosmid positive for MLL28 (Figure 1B). When tested on
the RS4;11 cell line, the presence of the MLL translocation resulted in the splitting of one of
the two colocalizing signals, giving rise to separate green and red signals (Figure 2B). In
metaphases, MLL-U remained on the der(11), whilst MLL-D moved to the der(4),
Hybridization of MLL-U and MLL-D to metaphase spreads of AML patient without an 1123
aberration clearly shows the positioning of the probes on chromosome 11 (Figure 2C).

Detection of MLL translocations and deletions

A series of ten ALL and AML samples with different 11q23 aberrations was selected
(patients 1 to 10, Table 1). By conventional karyotyping seven different ML translocations
had been identified, involving six partner chromosomes 4, 6, 9, 10, 18, and 19. The presence
of an MLL gene rearrangement was confirmed by Southern blotting in nine patients (2 to 10)
and specific MLL translocations were demonstrated by RT-PCR in five patients (1 to 3).

In patients 1 to 7 a fused red/green signal, and separate red and green signals were
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observed in 90.4-97.7 % of the interphase nuclei, demonstrating the presence of an MLL
translocation (Table 1). The partner chromosome ceuld be identified in those cases where
metaphase spreads were present on the slide. Figure 2D and 2E show two metaphase spreads
of patients 1 and 4 with £(9;11)(p21-22;q23) and t(6;11)(q27;q23), respectively. In both cases
the MLL-D probe is located on the derivative partner chromosome: der(9) and der{6).

In patients 8 to 10 one fusion signal and one separate signal of the MLL-U probe were
observed in 88.3-97.1% of the nuclei, whereas the signal of MLL-D was lost. Interphase
nuclei of patient § are shown in Figure 2F. Loss of the MLL-D signal implies a deletion of the
region telomeric from the breakpoint region with a minimum size of 40 kb i.e. the size of the
cosmid. Deletion of the 3" end of the MLL gene was observed in three different translocations:
ins(10;11), t(6;11) and t(9;11). These translocations were also present in our series without a
deletion. Figure 2G shows a metaphase spread of patient 8 with ins(£0;11). The colocalizing
(fused) signal is located on the normal chromosome 11 homologue. Since the inserted region
of chromosome 11{g23q13) on the short arm of chromosome 14} also includes the 5° end of
the MLL gene, the red signal of the MLL-U probe is located on the der(1(). This type of
translocation has been previously described by Beverloo et.al. 26 The green signal (MLL-D)
was lost in this patient indicating the deletion of the 3’ part of the MLL gene.

Determining of cut-off values

To validate the MLL FISH probe set, the cut off value was determined. For this pur-
pose ALL and AML samples were selected which did not have 1123 aberrations based on
karyotyping and Southern blotting in order to evaluate the performance of this MLL FISH
probe set in a diagnostic setting. Two independent observers counted in total 500-800 cells
per sample. The results are summarized in Table 1.

Although we did not expect to find split signals in the AML and ALL samples with-
out 11923 aberration, a few (false) positive cells were detected e.g. 1/700 (0.1%) in patient
12 and 8/500 (1.6%) in patient 19 (Table 1). The cut-off value for the translocation (RG/R/G,
Tabte 1), defined as the mean value of the ten leukemia samples without 11923 aberration
plus 3 times the standard deviation, was 1.7%. The cut-off value for the translocations with
MLL 3" end deletions (RG/R or G) was 1.8%. All the percentages of the patterns RG/R/G and
RG/R or G in the leukemia samples without 11923 translecation appeared to be lower than
the cut-off value.

We also evaluated the FISH probe set on material of 7 AML/ALL patients in complete
remission (<2% blasts). The cut-off values were 1.0% for the translocation and 1.6% for the
3’ deletion, respectively (data not shown). This did not differ from the values observed in
material from patients at diagnosis.
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Table 1. Results of split-signal FISH using the probes MLL-U/ and MLL-D on acute leukemia patients with
and without 1123 translocation.

Nr.  Diagnosis Type of 11q23 translocation Southern Resulss of FISH studies
blotting
RG/RGY RG/R/AG RG/R Restt
or Gb

i AML-MS5 W9 11 x(p21-22:9233d not tested 92 90.3 0.1 0.4
2 common ALL t(9;11)(p21-22;q23)¢ rearranged 4.5 945 0.5 0.5
3 AML-MS W10:113p12;q23)inv(11){qidg23)¢ rearranged 8.3 91.7 0 0
4 AML-M4 (6 113(g27:q23d rearranged 22 954 1.0 1.4
5 pro-B-ALL t(4;113(q27:q23) rearranged 7.7 91.7 0.3 0.3
6  AML-M4/5 W11:19g23:p13) rearranged G.6 97.7 1.6 0.1
7 AML-M5b t(11;18)(g23:p23) rearranged 2 929 0.9 42
] AML-M5 ins(10;11){p12;q23q13) rearranged 6.6 1.7 90.7 i
9  AML-M4 €6;11)g27:q23) rearranged Q.5 0.8 97.1 1.6
10 pre B-ALL w9 11)(p21-22:923) rearranged 10.1 0.4 88.3 1.2
11 common ALL - germline 07.3 0 03 24
12 AML-MI - germline 95.1 0.1 063 45
13 AML-M6 - germline 92.2 0 04 74
14 AML-M2 B germline 958 0 0.1 4.1
15  common ALL - germline 945 0 1 4.5
16  null ALL - germling 96.5 0 0.7 28
17 common ALL - germline 97.5 0 04 21
18 AML-M4 - germline 97.4 0 0.7 1.9
19 common ALL - not tested 95.8 1.6 o] 2.6
20 common ALL - not tested 98 0 14 0.6

a. RG= red-green fused signal, R=red. G=green signal.

b. Separate signal of MLL-I/, which could be red or green depending on the labeling, with loss of the MLL-D sig-
nal, probably due to loss of the 3 part of the MLL gene.

Polyploid variations of the other three patterns.

d  Confirmed by RT-PCR.

o

DISCUSSION

Traditionally, in dual colored FISH experiments the presence of a translocation is
detected by the formation of a fusion signal.2” The inherent disadvantage of this approach of
probe selection is the rather high risk of false-positive results, due to coincidental colocal-
ization, which results in background levels of at least 5 to 10%. This makes the classical FISH
probe design unsuitable for detection of low frequencies of malignant cells. Moreover, both
partner genes need to be known to select FISH probes for the detection of the translocation,
which is difficult since the MLL gene is involved in more than 30 different translocations.

We developed a different approach for FISH probe design to circumvent these disad-
vantages. Our method is based on the split-signal FISH concept, which means that two colo-
calized (fusion} signals are present on normal chromosomes and that the presence of an MLL
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gene translocation results in a split of one of the fused signals, i.e. giving rise to separate red
and green signals. For this purpose FISH probes were selected, which flanked both sides of
the MLL breakpoint region without overlap. This approach has two major advantages: it pre-
vents the traditional high levels of false-positivity and it allows the detection of all types of
MLL gene translocations, independent of the partner gene. Split-signal FISH can give rise to
low frequencies of false-negativity due to coincidental colocalization of signals; these cells
are not distinguishable from normal nuclei. However, 5-10% false-negativity (as expected
from conventional FISH) within the leukemic cell population will not alter the result in diag-
nostic material where the blast percentage is over 30%.

We have shown that the selected FISH probe set allows the detection of 11923 translo-
cations by interphase FISH, independent of the partner chromosome, with a cut-off value of
only 1.7%. In our series of ten patients with different 11923 translocations, three patients had
a deletion of at lzast 40 kb of the region telomeric from the MLL breakpoint region. This phe-
nomenon has alse been observed by other investigators and the incidence was estimated to
be 25-30%.28-30 The occurrence of 3" deletions of the MLL gene supports the molecular
observations that the fusion of the 5" part of the MLL gene carries the critical part for leuke-
mogenesis. 1

MLL rearrangements are generally correlated with a poor prognosis, especially in
infants. However, several studies showed that adult primary AML and childhood AMIL
patients with t{9;11)(p21-p22;q23} have a significantly better clinical cutcome than patients
with other translocations involving 11q23.31-32 For this reason simultaneous identification of
the partner chromosome is needed for predicting clinical behavior in patients with MLL
translocations.?? With this split-signal probe set, the partner chromosome can be identified in
the leukemic metaphase spreads present on the slide. As a result of the translocation, the one
probe (MLL-D} moves to the partner chremoseme of chromosome 11, i.e. der(partner), whiie
the other (MLL-U} probe remains on the der(11) chromosome. However, in cases with a dele-
tion of the 3" part of the MLL gene, the MLL-D probe cannot be used for partner chremosome
identification, unless the 5" part of the MLL gene translocated to the partner chromosome, as
was observed in the rare case with ins(10;11).26 Several techniques such as (multiplex)
RT-PCR analysis and a RACE based PCR have been described for the identification of
translocations involving known partner genes;>**> whilst Felix er al. have applied pan-han-
dle PCR analysis for the identification of unknown partner genes,36.37

Our split-signal FISH methodology will facilitate the identification of known and new
translocations involving MLL. Together with the application of molecular techniques such as
pan-handle PCR analysis, this may lead to the identification of new partner genes.
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Effect of E2A translocations on Ig and TCR rearrangement patterns
ABSTRACT

The basic helix-loop-helix transcription factor E2A plays an important role during
B-cell differentiation, especially in the regulation of V{D)J recombination processes of Ig
genes. Similarly, E2ZA plays a role in regulation of TCR gene recombination during T-cell dif-
ferentiation by induction of accessibility of TCR loci. In this study, we determined the effect
of chromosome aberrations involving the E24 gene on Ig and TCR gene rearrangement pat-
terns in pre-B-acute lymphoblastic feukemia (pre-B-ALL). For this purpose ten pre-B-ALL
with a t(1;19)(q23;p13) resulting in fusion of the E2A gene to the PBXJ gene were studied
and compared to ten EZA-PBXI-negative pre-B-ALL. No differences were found in IGH
gene rearrangement patterns, but the frequency of /GK gene rearrangements was reduced in
the E2A-PBX]-positive pre-B-AlLL. Differences in cross-lineage TCR gene rearrangements
were more apparent. The overall frequency of TCR gene rearrangements was lower in E2A-
PBX]1-positive pre-B-ALL,; the frequency of TCRD gene rearrangements was reduced,
whereas TCRG gene rearrangements were completely absent. However, analysis of cross-lin-
eage TCR gene rearrangements in cell lines with either an E2A-PBX ] fusion or with an F2A-
HLF gene fusion resulting from a t(17;19)(q22;p13) revealed the presence of TCRG gene
rearrangements on five of the six alleles in E2A-HLF—-positive cell lines, but none of the alle-
les in E2A-PBX1 positive cell lines. In conclusion, the presence of E2ZA-PBX]1 fusion proteins
and the parallel reduction of levels of wild type E2A seems to influence cross-lineage TCR
gene rearrangements and to a lesser extent rearrangements of the Ig loci, whereas these
effects were not observed in the presence of E2A-HLF fusion genes. This suggests that E2A-
induced accessibility of antigen receptor loci is influenced by the type of fusion partner in the
involved £2ZA aberration.

INTRODUCTION

Transcription factors play an important role during B-cell differentiation.2 Especially
E2A plays a central role in the regulation of B-cell differentiation, including the development
of uncommitted progenitor cells into pro-B cells, progression to pre-B and immature B-cells,
and also in class switch recombination taking place in activated B-lymphocytes (reviewed by
Kee et al).> E2A is not only essential for B-celi differentiation, as absence of E2ZA also results
in disturbed T-cell differentiation.

The E2A gene encodes two proteins, i.e. E12 and B47, which arise by alternative splic-
ing.*7 These proteins are members of the basic helix-loop-helix (bHLH) family of transcrip-
tion factors and belong to the class [ subgroup of bHLH proteins also referred to as E-pro-
teins. The HLH domain allows dimerization with other HLH proteins, whereas the basic
domain is responsible for DNA binding. E2A also contains two activation domains (AD1 and
AD2). B2A is widely expressed, but tissue specificity is, in part, determined by the dimer-
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ization partner. In B cells, E2A exists only as homodimer. E2A has originalty been charac-
terized by binding to BE-box motifs (5'-CANNTG-3') that are present in the immunoglobulin
kappa ({GK) enhancer as well as in the /GH enhancer. In T cells, heterodimers of E2A and
HEB are able to bind E-box motifs. In addition to binding of E2A to E-box motifs in Ig
enhancers, E2A has been shown to induce expression of B-cell specific genes such as the
transcription factor EBF {early B-cell factor) gene, the surrogate light chain A5 gene, but also
recombination activating gene 1 (RAGI), which mediates V(D)J recombination.® Deletion of
the E2A gene results in a B-cell differentiation block before the onset of Dy-Jy rearrange-
ments.’

These combined data are in line with the observation that E2A plays a direct rofe in
the V(D)J recombination process as shown by the induction of particular Ig and T-cell recep-
tor {TCR) gene rearrangements in non-lymphoid cells upon ectopic expression of E2A in
combination with RAGI and RAG2.81T Transcription factors EBF and HEB were also
shown to be involved in V{D}J recombination of certain Ig and TCR gene segments, respec-
tively.>10 It is assumned that these transcription factors induce accessibility of the Ig and/or
TCR loci via chromatin remodeling and thereby target the V(ID)J recombination machinery
to these loci.

In precursor-B-ALL three types of translocations involving the £2A gene are found.
The most important EZA translocation is t(£;19)(q23;p13} which results in fusion of the E2A
gene to the PBX/ gene in 90-95% of cases, leading to expression of the chimeric E2ZA-PBX1
protein.’214 The t(1:19)(q23:p13) is found in approximately 25% of childhood pre-B-acute
lymphoblastic leukemia (pre-B-ALL}. In the resulting E2A-PBX1 fusion protein the two acti-
vation domains of E2A are fused to the dimerization domain and the homeodomain of PBX1,
which normally binds DNA cooperatively with HOX proteins. E2ZA-PBX1 has been shown
to be involved in leukemogenesis, most probably due to its new properties such as altered
association with regulatory protein complexes as compared to either wild-type E2A or
PBX1.D In addition, the leukemogenic effect of t(1;19)(q23;p13) might also result from
reduced level of wild-type E2A, which has recently been shown to have antiproliferative
capacity in B-cell progenitors.13:16

In t(17:19) (q2Z;p13), which is found in ~1% of precursor-B-ALL, E24 is fused to the
hepatic leukemia factor (HLF) gene.'7-'” The E2A-HLF fusion protein contains both E2A
activation domains and the basic region and the leucine zipper domain of HLF, which are
responsible for dimerization and DNA binding.!?

A third £24 gene alteration is a cryptic inversion inv(19)(pl3;q13), which results in
an E2A-FBI fusion gene.2 The function of FB-1 is as yet unknown, but analogous fo the
fusion proteins E2A-PBX1 and E2A-HLF, a role for E2A-FB1 in development and/or pro-
gression of leukemogenesis has been suggested.20

In a large study on precursor-B-ALL, the effect of various chromosome aberrations
and the effect of age on Ig and TCR gene rearrangements was described and this study
showed effects of the presence of E2A-PBX1 fusions.2! As E2A plays an important role dur-
ing B-cell differentiation, and especially because of its role in regulation of V(D)J recombi-
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nation, the aim of our study was to determine the effect of different £2A translocations on Ig
and cross-lineage TCR gene configuration patterns in pre-B-ALL. For this purpose pre-B-
ALL with and pre-B-ALL without a cytogenetically defined t{1;19) was selected. In addition,
three t(1;19) positive cell lines and three t{17;19) positive cell lines were analyzed. The
involvement of the £2A gene in these chromosome aberrations was confirmed via E2A split-
signal FISH analysis and via RT-PCR analysis of E2ZA-PBX] fusion transcripts.

MATERIALS AND METHODS

Patient samples and cell lines

Twenty pre-B-ALL bone marrow or peripheral blood samples were collected.
Cytogenetic data with respect to chromosome region 19p13 are summarized in Table 1. In
addition, three pre-B-ALL cell lines with translocation t(1:19){q23:p13) were used: RCH-
ACV, SUP-B27, and 697.22 Common-ALL cell lines HAL-01, UoC-B1, and YCUB-2 carry-
ing a t(17;19)(q22:p13) were also included in this study.?%23

Table 1. Summarized data of 20 pre-B-ALL, regarding cytogenetics with respect to chromosome region
19p13, E2A split-signal FISH analysis, and the presence or absence of E2A-PBXT fusion transcripts,

Pre-B-ALL Patient code Cytogenetics with FISH analysis®b E2A-PBX]
respect to 19pi3 fusion transcripts
1 3162 - nd -
2 3539 - rgfrg
3 3697 - rgirg -
4 4526 - nd -
3 4976 - nd -
6 5189 - nd -
7 5529 - nd
8 5565 - nd
9 5582 - nd -
¢ 6198 t(1:19)q23:p13) reirg -
11 3510 1(15;19(q23;p13) rg/tig +
12 4618 1{1;193(g23:p13) nd +
13 46359 t(1;19(q23;p13) re/rlg +
i4 5208 1{1:19)(g23:p13) rg/rlg +
15 5370 W(1;19)(q23:p13) re/r/g -
16 5851 1;19)(q23:p13) reftig +
17 3868 11:19%(g23;p13) rgit/g +
i8 6157 t(1;19)(q23:p13) rofg +
19 6199 (1;19)(q23:p13) refe +
20 6392 H1;199(q23;p13) rglg +

a.  Abbreviations: nd, not determined; r, red signal from E24 probe downstream of breakpoint region; g, green sig-
nal from £2A probe upstream of breakpoint region.
b, Described by Boomer ef al?*
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DNA extraction was performed using a phenol/chlorophorm extraction method. RNA
was isolated with an RNA extraction kit (Sigma, St. Louis, MO, USA). In addition,
methancl/acetic acid fixed cell suspensions were prepared for FISH analysis, if enough cell
material was available.

Fhuorescent in situ hybridization (FISH)

Dual colored FISH was performed with split-signal E24 FISH probes described by
Boomer et al.2* The E24 probes were labeled by nick-translation with either biotin-16-dUTP
or digoxigenin-11-dUTP (Boehringer Mannheim, Mannheim. Germany). For FISH analysis,
methanol/acetic acid fixed cell suspensions were used. FISH was carried out a$ previousiy
described.2> The upstream E2A probe was biotinylated and detected with FITC, the down-
stream E2A probe was labeled with digoxigenin and detected with Texas Red/TRITC.

RT-PCR analysis of E2ZA-PBXT fusion transcripts

c¢DNA was prepared from RNA using Superscript RT enzyme (Life Technologies,
Paisley, UK) according to the manufacturer’s instructions. RT-PCR analysis was performed
using BIOMED-1 Concerted Action primers to determine the presence of F2A-PBXJ fusion
transcripts. 6

Southern blot analysis

Fifteen Lg of DNA was digested with the appropriate restriction enzymes (Life
Technologies, Rockville, MD, USA), separated in 0.7% agarose gels and transferred by vac-
uum blotting to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany).27
Bglll and BamHI/Hindlll digests were used for analysis of Ig gene rearrangements. For
analysis of the /GH locus the IGHI6 probe was used, analysis of the /GK locus was carried
out with the IGKJ3, IGKC, and IGKDE probes, and the IGL locus was analyzed using the
IGLJ2 and IGLCID probes.?8-30 For analysis of TCR genes EcoRI and HindIll restriction
enzyme digests were used in combination with TCRBII, TCRIB2, TCRG13, and TCRDJ1
to determine the configurations of the TCRE, TCRG, and TCRD loci, respectively.31-33

PCR analysis and sequence analysis of Ig and TCR gene rearrangements

The Ig and TCR gene rearrangements were further analyzed by PCR analysis accord-
ing to protocols of the BIOMED-2 Concerted Action (Van Dongen er al., manuscript in
preparation). Resulting PCR products were subsequently anaiyzed via heteroduplex analysis
or GeneScan analysis to determine whether the PCR products were derived from clonal
rearrangements. Clonal PCR products were directly sequenced on an ABI 377 fluorescent
cycle sequencer (Applied Biosystems, Foster City, CA, USA) with Dye Terminator mix or
Big Dyes {Applied Biosystems) according to the manufacturer’s instructions. V, (D}, and
J segments as well as the frame of the rearrangement were identified using DNAPLOT soft-
ware (W, Miiller, H-H. Althaus, University of Cologne, Germany) via VBASE and IMGT
databases (http://imgt.cnusc.fr:8104}) 3435
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RT-PCR analysis of E2A-PBXT fusion transcripts
The wild type E2A alleles of the six cell lines were amplified using Expand™ Long
Templare PCR System {(Roche Diagnostics, Mannheim, Germany) according to manufactur-

er’s instructions. The resulting PCR products were subsequently sequenced as described
above.

RESULTS

Petection of E24 abnormatlities in pre-B-ALL patients

In nine pre-B-ALL cases no aberrations in chromosome region 19p13 were detected
via conventional karyotyping (Table 1). In the remaining eleven cases a t{1;19%g23;p13) was
present.

To determine whether the t(1;19) in the pre-B-ALL cases involved £24 and PEXI,
split-signal FISH analysis as well as RT-PCR analysis was performed. E2A split-signal FISH
analysis showed that £2A4 was involved in ten of the eleven analyzed pre-B-ALL cases. In
pre-B-ALL-10, only two fusion signals (red/green) were observed, representing two intact
E2A alleles. RT-PCR confirmed that in pre-B-ALL-10 E24 is not involved in the t(1;19) as
shown by absence of £24-PBX]T fusion transcripts. In 5-10% of cases with a cytogenetically
detectable t{1:19) neither F2A nor PBXT is involved. 3¢

Six pre-B-ALL cases (pre-B-ALL-11, 13, 14, 15, 16, 17) showed a fusion signal
together with a separate green and red signal, representing the balanced form of the recipro-
cal translocation t(1;19). By RT-PCR, E2A-PBX] fusion signals were identified in these 6
pre-B-ALL, as well as in pre-B-ALL-12, which was not studied hy FISH. In three pre-B-ALL
(pre-B-ALL-18, 19, and 20) the unbalanced type of t(1;19) was identified based on the pres-
ence of one fusion signal together with a green signal, but without the red signal of the down-
stream part of the E2A4 gene. The unbalanced translocation t(1;19} might result from non-dis-
junction leading to loss of the der(l) and replacement with a second copy of the remaining
normal chromosome 1.37-3% In these three cases E2A-PBXI fusion transcripts were detected
as well.

Comparison of Ig gene configuration patterns between E2A-PBXI positive and F24
negative pre-B-ALL

in all analyzed pre-B-ALL cases biallelic /GH gene rearrangements were observed.
As can be expected from the presence of cytoplasmic [gu expression in pre-B-ALL, in-frame
rearrangements were found in seventeen of the twenty analyzed pre-B-ALL. In three pre-B-
ALL without E2A-PBEX], the in-frame /GH could not be identified. There was no statistical-
ly significant difference in the Vy gene segment usage between pre-B-ALL with or without
E2A-PBX] gene fusion. Vy; gene segments of the V3 family were most frequently used.

However, differences were observed in the IGK gene configurations. In six of the ten
pre-B-ALL without an £2A gene aberration, IGK rearrangenients or deletions were found,

173



Chapter 4.3

involving a totat of seven of the 20 alleles, whereas in pre-B-ALL with £2A gene aberrations
only two out of ten cases had monoallelic /GK gene rearrangements (2/20 alleles). In the first
mentioned category, three rearranged alleles (Vi-Jx rearrangements) and four deleted alleles
(rearrangements involving the kappa deleting element) were found. Monoallelic fGL gene
rearrangements were detected in a single pre-B-ALL case with £2A gene aberration as well
as In a single pre-B-ALL case without E2A gene aberration.

Comparison of TCR gene configuration patterns between E2A-PBXI1 positive and
E2A-PBX1I negative pre-B-ALL

Presence of cross-lineage TCR gene rearrangements is a common phenomenon in pre-
cursor B-ALL. From a large study on 59 pre-B-ALL it is known that cross lineage TCR gene
rearrangements (involving the TCRD, TCRG, and TCRB locus) are present in 85% of cases
(Figure 1).3% In our small series of twenty pre-B-ALL cases, cross-lineage TCR gene
rearrangements were present in 70% of cases without £24-PBX], whereas only 40% of pre-
B-ALL with E24-PBX] had cross-lineage TCR gene rearrangements.

If we focus in more detail on the three studied TCR loci, it becomes clear that the most
prominent difference concerns the configuration of the TCRG loci (Figure 2). No TCRG gene
rearrangements were ohserved in pre-B-ALL with E2A-PBX/ in contrast to 35% of
rearranged alleles in E2A-PBX] negative pre-B-ALL. Also in the TCRD gene configuration
differences are observed in the frequencies of rearrangements and deletions (Figure 2).
Seventy percent of TCRD alleles were rearranged or deleted in pre-B-ALL without an E2A
gene aberration rearrangements, whereas only 25% of the TCRD alleles were rearranged or
deleted in pre-B-ALL with an £E2A gene aberration (Figure 1). In the E2A-PBX/ negative pre-
B-ALL, the frequency of TCRD rearrangements was 30% and the frequency of TCRD dele-
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Figure 1. Frequencies of cross-lineage TCRD, TCRG, and TCRB gene rearrangements in pro-B-ALL, com-
mon ALL, and pre-B-ALL given in percentages of rearranged alleles as described by Szczepafiski er al ™
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Figure 2. Frequencies of cross-lineage TCRD, TCRG, and TCRE gene rearrangements in E2A-PBX[-positive
and E2A-PBX-negative pre-B-ALL given in percentages of rearranged alleles.

tions was 40%. In the E2A-PBX]-positive pre-B-ALL, slightly more TCRD rearrangements
than TCRD deletions were observed (15% and 10%, respectively). Sequence analysis
revealed that in both categories TCRD gene rearrangements concerned D62-D83 couplings,
and TCRD deletions were V82-Ju couplings. No apparent differences were present in the
rearrangements of the TCRB locus being rearranged in 5% and 10% of E2A-PBXI-positive
and E2A-PBXI-negative subgroups, respectively (Figure 2).

Ig and TCR gene configuration patterns of E2A-PBXT and E2A-HILF positive cell lines

To investigate whether the type of E2A gene aberration influences the frequency or
type of cross lineage TCR gene rearrangements, the patterns of three cell lines with an E2A-
PBX] gene fusion were compared to the patterns of three cell lines with an E2A-HLF gene
fusion (Table 2). Although the number of analyzed cases is rather low, it is remarkable that
five of the six TCRG alleles in the cell lines with the E2ZA-HLF gene fusion are rearranged,
while TCRG gene rearrangements are lacking in the E2A-PBX/-positive cell lines, as well as
in primary pre-B-ALL cases with the E2A-FPBX! gene fusion. In both types of cell lines
TCRD rearrangements were present in high frequencies, whereas TCRB rearrangements were
absent.

Table 2. Analysis of cross lineage TCR gene rearrangements of three cell lines with E2A-PBXT fusion and
three cell lines with E2A-HLF gene fusion.

Cross lineage TCR FE2A-PBX{ E2A-HLF
gene rearrangements {6 alleles) (6 allzles)
TCRD & 6
TCRG 0 5
TCRB 0 0
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Sequence analysis of E2A wild-type alleles

In addition to the oncogenic potential of F24 fusion proteins, reduction of wild type
(wt) E2A function has afso been shown to play a role in cells with E24 aberrations.!3 To
determine whether reduced E2A activity only results from the £2A4 translocation and not from
additional muiations in the unaffected E24 allele, full length cDNA of the wt E2A allele was
analyzed of the six cell lines with E2A translocations. Cell lines were analyzed, because
unlike pre-B-ALL, cell lines do not have a background of normal celis, which might hamper
reliable analysis. Preliminary results show that there are no mutations in the wt £2A alleles,
which might further contribute to oncogenic transformation or which would further reduce wt
E2A activity.

DISCUSSION

E2A plays an important role during V(D}J recombination. In this study we focused on
Ig and cross lineage TCR gene rearrangements in pre-B-ALL with E24-PBXT fusions and
compared the patterns to those of pre-B-ALL without E2A-PBX/ fusions. The /GH gene con-
figuration patterns were largely comparable, suggesting that the E2A-PBX/ aberration and
the subsequent reduced level of wild type E2A did not have a large impact on the /GH gene
rearrangement process. The F2A aberration did however seem to influence the frequency of
IGK gene rearrangements. In pre-B-ALL without E2A-PBX] the frequency of JGK gene
rearrangements and/or deletions was higher (7/20 alteles) than in pre-B-ALL with E2A-PBX]
(2/20 alleles). Although the number of analyzed cases is relatively low, these findings sug-
gest a more dominant role of E2A in IGK gene rearrangements as compared to its role in {GH
gene rearrangements.

As cross-lineage TCR gene rearrangements are a common phenomenon in precursor-
B-ALL.%® we analyzed the TCRD, TCRG, and TCRB gene configuration patterns in the two
groups of pre-B-ALL. The total number of cross-lineage TCR gene rearrangements in pre-B-
ALL with E2A-PBXI fusion was essentially lower, which was due to a reduced frequency of
TCRD gene rearrangements and especially due to a complete absence of TCRG recombina-
tions. These observations are in line with the study of Brumpt et al.2! Interestingly, E24 is
known to be important for proper regulation of TCRG and TCRD, as was shown in E2A--
mice, which have a reduced ability to perform recombinations involving certain gene seg-
ments.* Similarly, using a non-lymphoid transfection model it was shown that E2A can
induce endogenous TCRG and TCRD gene rearrangements when co-transfected with recom-
binase activating genes RAG! and RAG2.'%!'! Contro] of TCRD gene rearrangements was
alsc suggested to be dependent on the level of E2A based on analysis of rearrangement pat-
terns in E2A-deficient mice and E2A-heterozygous mice.*0 This parallels the reduced fre-
quency of TCRD gene rearrangements as observed in E24-PBX [-positive pre-B-ALL, which
can also be regarded to be heterozygous for E2A, as sequence analysis of wt EZA alleles in
E2A-PBX]-positive cell lines did not show mutations. So far, no effect of £2A on TCRB
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recombination was shown,'? which also fits with our current data where no clear differences
in cross-lineage TCRB rearrangements were found.

To investigate whether the observed effect is dependent on the type of fusion partner,
cross-lineage TCR gene rearrangements were also studied in cell lines with either an E2A-
PBX! fusion or an E2A-HLF fusion. Surprisingly, the three cell lines with an E2A-HLF gene
fuston all had rearrangements in the TCRG locus (5/6 aileles), whereas TCRG gene rearrange-
ments were absent in E2A-PBX/-positive cell lines. This suggests that disruption of one F24
allele due to a translocation is not the only factor, which is responsible for the regulation of
TCRG gene rearrangements. It should be noted that E2ZA-HLF-positive cell lines have a com-
mon ALL immunophenotype, which is more immature than the phenotype of E2A-PBX]-
positive cell lines, which are of pre-B-ALL origin. However, the frequencies of cross-lineage
TCR gene rearrangements in common ALL do not statistically differ from the frequencies in
pre-B-ALL (Figure 1),3% and therefore the differentiation stage of the cell lines could not
explain the observed differences in E2A-PBX/-positive and E2A-HLF-positive cell lines.

In conclusion, high frequencies of cross-lineage TCR gene rearrangements are present
in precursor-B-ALL, whereas the types of rearrangements, which are found are similar to
those that can be induced in a non-lymphoid model system by EZA in the presence of RAGI
and RAG2.10 The presence of E2A-PBX1 fusion proteins, resulting from t(1;19}{q23;p13)
inhibit these cross-lineage rearrangements at the TCRD locus, and particularly at the TCRG
locus. This can be explained by limited accessibility of these loci due to reduced levels of
wild type E2A. However, remarkable differences in cross-lineage TCR gene rearrangements
were observed between E2A-PBXI-positive cell lines and E2ZA-HLF-positive cell lines; in the
latter high frequencies of TCRG rearrangements were found that were completely absent in
the E2A-PBX]-positive cell lines. This suggests that E2A-induced accessibility of antigen
receptor loci is influenced by the type of fusion partner in the involved E2A aberration. It
might be that dimerization of E2ZA-PBX]1 to wild-type E2A has a more dominant negative
effect than dimerization of E2A-HLF to wild-type E2A. Alternatively, E2A-HLF or the recip-
rocal fusion protein HLF-E2A, if expressed at all, could somehow contribute to accessibility
of TCR loci. In theory, E2A-HLF might not at all interfere with E2A-induced accessibility.
To further investigate the observed differential effects of E2A-PBX1 and E2A-HLF, these
fusion proteins should be cloned and tested together with wild-type E2A in the earlier men-
tiened non-lymphoid cell system. Analysis of the induced rearrangements should then give
more insight in understanding of E2A-induced accessibility.
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Spit-signal FISH for translocations in ALL
INTRODUCTION

Chromosome translocations play an important role in hematological malignancies. In
acute lymphoblastic leukemia {ALL), most of these aberrations concern balanced transloca-
tions involving genes that play key roles in the development and function of lymphoid cells,
such as transcription factors, cell cycle regulators, and signal transduction molecules.
Balanced translocations can result in fusion of two genes that encode leukemia-specific
chimeric (fusion} proteins. The most frequent translocations in precursor-B-ALL are
t(1;19)(923;p13), involving E2A (TCF3) and PRXI, t{4;11)(q21;923) with an MLL-AF4
(MLL-MLLT2) fusion, t{12;21)(p13;922) with a TEL-AML! (ETV6-RUNXI) fusion and
t(9:22)(p13;q22) with fusion of BCR and ABL. In T-ALL, gene aberrations involving the
TALI gene are frequently observed. The most frequent TALI gene aberration concems a sub-
microscopic deletion del(1)(p32) involving the SIL and TAL! genes, but also TALI gene
translocations do occur in T-ALL.

Several clinical studies have demonstrated that chromesomal translocations are useful
markers for risk group classification. With current treatment protocols, t(12;21} is correlated
with a good prognosis, whereas ((9;22) and translocations invoiving 11q23 such as t(4;11) are
especially correlated with a poor prognosis. The t(1;19) is generally correlated with a poor
prognosis, aithough this can be overcome with more intensive chemotherapy. Split-signal
FISH probes have been designed for five frequent translocations, thereby enabling rapid and
reliable detection of translocations.

PROBE DESIGN FOR SPLIT-SIGNAL FISH

Aberrations involving the E2A gene (19p13.2-p13.3)

Three different types of E2A gene aberrations are found in precursor-B-ALL
(Table 1). The £(1;19)(q23;p13) results in 90-35% of cases in fusion of the E2A gene to the
PBX! gene, leading to expression of the chimeric E2A-PBX1 protein.!-? In the remaining
cases, the E2A and PBXJ genes are not involved and therefore this translocation is referred
to as an E2A-PBXI-negative t{1;19). The t(1;19)(q23;p13) is found in approximately 25% of
childheood pre-B-ALL and can occur as balanced or as unbalanced form, ie. der(191(1:19)
with loss of der(1).*3 The unbalanced type may arise by non-disjunction leading to loss of
the der(1) and replacement with a second copy of the unaffected chromosome 1. Loss of

Table 1. Chromosome aberrations involving the E24 gene (19p13).

Chromosome aberration Involved genes Ref.
t1:19)(q23:p13) E2A-PBXI 117
®17:193(q22;p13) E2A-HLF 1;
inv(19)(pi3.q13) E2A-FBI
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der(1) can arise during clonal evolution, as both types can be detected within one patient sam-
ple.3-7 Translocation t(1;19) is generally correlated with a poor prognosis, which can be over-
come with more intensive chemotherapy, except for cases with the balanced £(1;19).89 The
E2A-PBX1 fusion protein is able to transform cells by constitutive activation of genes, which
are normally regulated by PBX1 or by other members of the PBX1 protein family. In addi-
tion, the leukemogenic effect of t(1;19)(q23;p13) might also result from a reduced level of
wild-type E2A, which has recently been shown to have antiproliferative capacity in B-cell
progenitors.!0:11

In the second type of E2A gene aberration t(17;19)(q22;p13), £2A is fused to the tran-
scription factor HLF (hepatic leukemia factor). This E2A-HLF fusion is found in ~1% of pre-
cursor-B-ALL, especially in a rare form of high risk pro-B-ALL in adolescents.!?-14 E2A-
HLF proteins influence an evolutionary conserved anti-apoptotic pathway via activation of
SLUG, which is the mammalian homologue of the cell death specification protein CES-1 in
C. elegans (reviewed by Seidel et al).14

The third £2A gene alteration concerns the cryptic inversion inv(19)(p13;q13), which
results in the E2A-FB-1 fusion gene.!> The function of FB-1 is as yet unknown, but analo-
gous to the fusion proteins E2ZA-PBX1 and E2A-HLF, a role for E2A-FB1 in development
and/or progression of leukemogenesis has been suggested.!?

Split-signal FISH analysis for aberrations involving the E2A gene

Most translocation breakpoints in the E2A gene occur in a 3.5 kb intron region
between exon 13 and 14 (Figure 1).2:16 Two probes were designed, which flank the break-
point region without overlapping it (adapted from the probes described by Boomer et al.).!”

In cases without a translocation, two colocalized signals will be present (Figure 2A
and 3B). A balanced translocation involving the £2A gene results in split of one of the colo-
calized signals, giving rise to one separate green signal and one separate red signal, together
with a fusion signal of the unaffected £2A gene (Figure 2C). An unbalanced t(1;19) involv-
ing E2A leads to the presence of a separate red signal of the der(19) and a fusion signal of the
unaffected chromosome (Figure 2D). The separate green signal is absent due to loss of der(1).

This £2A probe set detects both types of translocations t(1;19) and t(17;19) and should
theoretically also detect inv(19), although ALL samples samples bearing such aberrations
have not yet been analyzed.

E2A (19p13)
1 234 5 & 7 8910 111213 1415a 15b 16
Igalill (HH— i ——H—
P
f 7 e breakpoint region —
E2A-U E2A-D

Figure 1. E2A gene (19p13) with the position of the breakpoint region and the positions of the E2A-U and
E2A-D probes.
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Figure 2. FISH analysis with E2A-U and E2A-D probes. A. Metaphase spread of a healthy donor. B.
Interphase FISH analysis on material from an ALL without E2A gene aberration. C. ALL with balanced
t(1:19)(q23:p13). D. ALL with unbalanced t(1:19)(q23:p13) with loss of der(1).

Translocations invelving the MLL gene (11g23)

Chromosomal translocations involving the MLL gene (Mixed Lineage Leukemia) on
chromosome band 11g23 are found in 70%-80% of infant acute lymphoblastic leukemia
(ALL) and in 60% of infant acute myeloid leukemia (60%). whereas the frequency in pedi-
atric and adult ALL is only 5%.!8-20 MLL gene aberrations are also frequently found in
patients with secondary AML following therapy including topoisomerase II inhibitors.21-22

The MLL gene, also named ALL-/, Hirx and HRX, is the human homologue of the
Drosophila trithorax gene.?? The MLL protein contains a transcription repression domain, an
activation domain and two types of DNA binding domains.2* Absence of the MLL gene
blocks hematopoietic differentiation in vitro and is therefore possibly important in leukemo-
genesis.25 Translocations involving MLL disrupt the gene between the two types of DNA
binding domains.23-26 The *AT-hook’ motifs and the repression domain remain on the der
(11), while the zinc fingers and the activation domain are either lost or translocated to the
der(partner) chromosome.?* In most translocations the fusion protein of the derivative 11
chromosome, with the 5 part of the MLL gene fused to the 3" part of the partner gene, con-
tributes to the oncogenic process.2’-23
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More than 54 different partner chromosome regions have now been identified, of
which 31 partner genes are known (Table 2).2%30 The t(4;11)(q21;923), t(11;19)(q23:p13.3).
and €(9;11)(p23:q23) are the most common translocations in ALL, whereas t(6:11)(q27,q23),
t(9;11)(p21-p22;q23), t(10;11)(p12:q23) and t(11;19)(q23:p13.1) are most frequent in
AML.31-36

Table 2. Summary of identified MLL partner genes with chromosome region as reviewed by Huret, ef al.®"

Partner genes with chromosome region

AFX1 Xpl3 AF6qg21 6q21 Not AFI5 15g15
Septin2 Xq22 AF6 6q27 CBP 16pl3
AFIP 1p32 AF9 9p23 GAS7 17p13
AFlq 1q21 FBPI7 9q34 AF17 17q21
LAF4 2qll AFI10 10p12 RARA 17q21
AF3p21 3p21 ABII 10p11 MSF 17925
GMPS 3q25 LARG 11q23 FLL 19p13.1
AF4 4921 Gepherin 14q24 ENL 19p13.3
GRAF 5q31 AFl15q14 15q14 HCD Crel 21qll
AF5q31 5q31 AF1S 1515 P300 22913

Split-signal FISH analysis for MLL gene translocations

The human gene consists of 37 exons and spans a region of approximately 100 kb
(Figure 3).37 The breaks are clustered within a 6.5 kb major break point region (mbr) locat-
ed on an 8.3 kb BamHI fragment (Figure 3). A FISH probe set was designed in such a way
that the two probes flanked both sides of the MLL breakpoint region without overlap
(Figure 3 and Chapter 4.2).38

MLL (11923)
i 2 3 4 56 7891011 12-16 1718-2122-27 2829303132 33-36 37
_—
b
TG e e | mer [

MLL-U MLL-D

Figure 3. MLL gene (11923) with the position of the major breakpoint region (mbr) and the positions of the
MLL-U and MLL-D probes.

In normal cells without MLL gene translocations, two gresen/red (yellow) colocalized
signals will be present (Figure 4A and 4B), whereas the presence of an MLL translocation
results in a split-signal giving rise to separate green and red signals of the MLL-U and MLL-
D probes, respectively (Figure 4C). In approximately 30% of cases with an MLL transloca-
tion a region telomeric from the mbr is lost, which results in loss of the MLL-D probe signal
(Figure 4D).38:39
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Figure 4. FISH analysis with MLL-U and MLL-D probes. A. Metaphase spread of a healthy donor. B.
Interphase FISH analysis on material from an ALL without MLL gene aberration. C. ALL with MLL gene
translocation. D. ALL with MLL gene translocation with loss of 3" part of MLL gene.

Translocations involving the TEL gene (12p13)

The TEL gene (translocation, ets, leukemia), also known as ETV6 (ETS-Variant
Gene 6), is a member of the ETS family of transcription factors, which is characterized by a
helix-turn-helix DNA-binding domain (ETS domain) with a transcriptional regulatory func-
tion. TEL also contains a HLH (PNT) domain that mediates homotypic oligomerization.40:4!

Translocations involving the TEL gene are found in a broad range of leukemias,
including ALL, acute myeloid leukemia (AML), chronic myelomonocytic leukemia
(CMML), and myelodysplastic syndrome (MDS).*042 In the various types of leukemias, dif-
ferent partner genes are involved and it is noteworthy that in these translocations different
exons and functional domains of the TEL gene are involved (Table 3).

The t(12;21)(p13;922) involving the AMLI gene is the most frequent translocation in
childhood ALL. This translocation is present in ~ 25% of childhood precursor-B-ALL and is
correlated with a favorable prognosis. The t(12;21) concerns a cryptic translocation that can
not be detected via standard cytogenetics and that is frequently accompanied by aberrations
in the 12p region of the non-translocated TEL allele (39% identified by cytogenetics).*3 The
cytogenetically detectable 12p aberrations represent mainly deletions, dicentric and unbal-
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Table 3. Summary of TEL translocations in different disease categories and position of the breakpoint area.

Chromosme Fusion transcript TEL breakpoint  Disease Ref.
translocations area

(12:21)(p13:q22)  TEL-AMLI Intron 5 ALL 80.81
1(5:12)(g33:p13) TEL-PDGFRB Intron 4 CMML 82
1(9:12)(g34:p13) TEL-ABL Intron 4 ALL. AML, atypical CML 83
1(9:12)(p24:p13) TEL-JAK? Intron 4-5 ALL., atypical CML i
112:22)(p13:q11) MNI-TEL Intron 2-3 MDS, AML 85
#(3:12)(q26:p13) TEL-ELII Intron 2 MDS 86
(4:12)(q11-q12:p13) BTL-TEL Intron 2 AML-L0 87
t(1:12)(q25;p13) TEL-ARG Intron 5 AML-M4 88
1(12:15)(p13:q25) TEL-TRKC Intron 4 AML 89
1(12:13)(p13:q12) TEL-CDX2 Intron 2 AML 90

anced translocations. Loss of heterozygosity studies and FISH analyses report high frequen-
cies of 72% of cases with loss of the wild type TEL gene.*? Loss of the non-translocated TEL
allele is assumed to contribute to the oncogenic process as wild type TEL proteins might
interfere with the oncogenic properties of the TEL-containing fusion proteins.**45 These
deletions are considered to be a secondary event.

Split-signal FISH analysis for TEL gene translocations

Our split-signal FISH TEL probe set was designed for detection of translocations in
precursor-B-ALL with breakpoints in intron 4 or 5 (See Table 3 and Figure 5). Two TEL gene
probes were designed flanking this breakpoint region.

TEL (12p13)
1a 2 3 4 5 6 7 8
—————{+— (] H—F+
T " breakontregon S g
TEL-U TEL-D

Figure 5. TEL gene (12p13) with the position of the breakpoint region and the positions of the TEL-U and
TEL-D probes.

In normal cells two colocalized signals are present in the nucleus (Figure 6 A, B). In
case of a translocation two separate signals will be visible (Figure 6C). Because of the fre-
quent loss of the non-translocated TEL allele, the colocalized signal of this allele will be fre-
quently absent (Figure 6D).

Translocations involving the BCR gene (22q11)

The Philadelphia (Ph) chromosome, which results from the reciprocal translocation
1(9;22)(q34:q11) is the hallmark of chronic myeloid leukemia (CML), occurring in >95% of
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Figure 6. FISH analysis with TEL-U and TEL-D probes. A. Metaphase spread of a healthy donor.
B. Interphase FISH analysis on material from an ALL without TEL gene aberration. C. ALL with t(12:;21).
D. ALL with t(12;21) with loss of second TEL allele.

CML cases.*® This translocation is also found in 5% of childhood ALL and in 20-50% of
adult ALL.46-48 The translocation results in the joining of the 3’ end of the ABL gene (9q34),
creating the BCR-ABL fusion gene to the 5 part of the BCR gene (22ql1). The ABL gene
encodes a tyrosine kinase, which has an important role in signal transduction and regulation
of cell growth. In the BCR-ABL fusion protein the N-terminal part of BCR interferes with
the ABL regulatory domain making ABL constitutively active.*

The breakpoints in the ABL gene on chromosome 9 almost exclusively occur in a 200
kb breakpoint region upstream of exon a2. Breakpoints in the BCR gene are clustered in three
breakpoint cluster regions (ber). The breakpoints of CML cases occur almost exclusively in
the major ber (M-ber) (Figure 7 and Table 4), which can lead to two types of mRNA mole-
cules, i.e. b2a2 or b3a2. dependent on occurrence of the breakpoints in intron 13 or intron 14,
respectively. 464950 Both transcripts encode a BCR-ABL fusion protein of 210 kDa
(p210BCR-ABL}_ Tn Ph+ ALL not only the M-ber is involved, but breakpoints are also found in
the minor ber (m-ber) between the two alternative exons and exon 2 (Figure 7 and
Table 4).4651.52 The resulting e1a2 fusion transcript encodes the pl 90BCR-ABL fusion protein.
Although the p190BCR-ABL fusijon protein is mainly found in ALL, it is linked to 3% of atyp-
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BCR (22q11)
1 alternative
exons 34 5 678 910 11-15 16 1718 1920 212223
-bcr I M-ber ! p-bcr
=== e g
BCR-U BCR-D

Figure 7. BCR gene (22ql1) with the position of the minor, major and micro breakpoint cluster regions
{m-ber, M-ber, L-ber) and the positions of the BCR-U and BCR-D probes with probe position.

ical CML cases.53-34 A third ber in the BCR gene located between exons 19 and 20 was iden-
tified in a small proportion of CML (Figure 7 and Table 4).>3 Breakpoints in this micro ber
(W-ber) result in the generation of a fusion transcript named e19a2 enceding a 230 kDa fusion
protein (p230BCR-ABL) 55

Recently, it was suggested that large deletions adjacent to the breakpoint on the der(9)
might be associated with a subgroup of CML patients with less favorable prognosis.’® This
finding could not be explained by lack of ABL-BCR expression, because absence of this
expression did not correlate with deletions on the der(9) or with a shorter survival in CML
patients.5” So, the molecular basis of the negative effect of large deletions on prognosis has
not been identified, but the survival disadvantage might be explained by loss of another gene
within the deleted region.5’

Table 4. Relative frequencies of chromosome aberrations involving different breakpoint regions of the BCR
gene (22q11) in CML, childhood ALL, and adult ALL.

BCR breakpoint BCR-ABL CML Childhood ALL Adult ALL
region fusion protein

m-ber pl190 3% 3% 13-25%
M-ber p210 95% 1-2% 8-25%
u-ber p230 rare Not reported Not reported

Split-signal FISH analysis for translocation involving BCR

Two large probes were developed located upstream of the m-ber and downstream of
the -ber (Figure 7). This allows detection of BCR translocations involving any of the three
breakpoint cluster regions, all giving rise to the presence of a separate green and red signal
and one colocalized signal of the unaffected allele (Figure 8C) as compared to two fusion sig-
nals if no translocation is present (Figure 8A and B).

Aberrations involving the TALI gene (1p32)

Up to 30% of T-cell acute lymphoblastic leukemias (T-ALL) have aberrations in the
TALI gene (T cell acute leukemia gene 1) in chromosome region 1p32, also called SCL or
TCL5 (Table 5).5859 These aberrations result in ectopic TALI protein expression. In another
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Figure 8. FISH analysis with BCR-U and BCR-D probes. A. Metaphase. B. Interphase FISH analysis on
material from an ALL without BCR gene aberration. C. ALL with 1(9;22).

group of T-ALL (~30%), TALI protein is also ectopically expressed in the blasts, but in these
T-ALL no TAL! gene abnormalities have been found.’%-60 TALI is required for embryonic
and adult hematopoiesis, as well as for terminal erythroid differentiation.9!-63 TAL1 belongs
to the basic helix-loop-helix (bHLH) family of transcription factors and can form het-
erodimers with more widely expressed bHLH class I proteins referred to as E proteins.64
The majority of TAL! gene aberrations comprise intrachromosomal submicroscopic
deletions of ~90 kb in region 1p32 with an incidence of 12-26% in childhood T-ALL.65-67
This deletion removes all coding exons of the SIL (SCL interrupting locus) gene and the 5’
untranslated region of the TAL! gene, placing the TALI coding region under direct control of

Table 5. Chromosome aberrations involving the TALI gene (1p32).

Chromosome aberration Partner genes Ref.

del(1)(p322) SIL 65
(SIL-TALI gene fusion)

t(1:14)(p32:q11) TCRD 73

((1;7)(p32:p35) TCRB 75

t(1:3)(p32;p21) TCTA 58

1(1:5)(p32:q31) 2 77

191



Chapter 4.4

SIL-TALT (1p32)

SIL gene

TAL1 gene
deletion breakpoints

deletion and translocation breakpoints

132 a5 4 3 2 517114 5 ta
Lid 2kb, oy Vool W | i 2ko
taib 2 3 1a1b2b2a3 4 5 6
Csq kb 35 kb a3kb  4kb
= = e —
1atb2 3 16 17 18 talbd2a3 4 5 6 0
7 1 it -~ 5
ey T Y e e e SR | s —= ] —‘
SiL-U TAL1-D

Figure 9. SIL-TAL] gene region with probe position,

Figure 10. FISH analysis with SIL-U and TAL1-D probes. A. Metaphase. B. Interphase FISH analysis on

material from a T-ALL without TAL/ gene aberration. C. T-ALL with translocation. D, T-ALL with S/L-TALJ
gene fusion.
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the SIL promoter. As the SIL gene is ubiquitously expressed, this so-called SIL-TALJ fusion
gene transcript results in ectopic TAL1 expression in T cells.%8 In the SIL gene three deletion
breakpoints (sildbl to 3) have been identified, of which sildbl is most frequently used (95%)
(Figure 9).95:67.69 The TALI gene contains seven deletion breakpoints (taldbl to 7), with two
being involved in 98% of cases (taldb1 and 2) (Figure 9).48.66.67.69-72

In 3% of T-ALL, ectopic TALI expression is caused by t{1;14)p32;q11).73 This
translocation invelves the T-cell receptor delta (TCRD} locus at chromosome 14ql1, which
replaces the non-coding 5° part of the TAL] gene.” As a result of t(1;14), the TALJ gene is
controlled by the regulatory elements of the TCRD gene, resulting in ectopic TALL expres-
sion. Three additional rare 7AL/ translocations have been reported: t(1;7)(p32;p35) involv-
ing the TCRB locus, with a breakpoint 35 kb downstream of the TALJ coding sequences;’>
t(1;3)(p32:p21) involving the TCTA gene;38.76 and t(1,5)(p32;q31) of which the exact partner
gene has not yet been identified.”” Like in t(1;14), the breakpoints in t(1;3)(p32:p21) and
t(1:5)(p32:q31} are located in the 5° untranslated region of the TAL/ gene. Although aberra-
tions in the TALI gene are the most common defect in T-ALL, no clear correlation was found
between TALI gene aberrations and clinical outcome in a large series of 182 children with
newly diagnosed T-ALL.7# Kikuchi et al., however, suggested that the presence of SIL-TALI
fusion genes is correlated with a good prognosis.®

Split-signal FISH analysis for TALI gene aberrations

Two probes are required for the detection of both types of TAL/ gene aberrations i.e.
the SIL-TALI fusion gene {microscopic deletion) and TAL/ gene translocations in a single
FISH test. The upstream FISH probe is positioned in the ~90 kb region that is deleted during
a SIL-TALI fusion, whereas the downstream probe is positioned downstream of the TALJ
breakpoints (Figure 9).7%

Two colocalized signals are present in normal situattons without a TALJ aberration
(Figure 10 A, B). A TALT translocation will result in a split-signal (one red (R and cne green
(G) signal) together with a colocalized signal (Figure 10C). In cases with SIL-TALI fusion
genes, the upstream probe will be lost giving rise to one separate green signal of the down-
stream probe and one colocalized (green/red) signal of the unaffected SIL-TALJ region
(Figure 10D).

DISCUSSION AND CONCLUSION

Split-signal FISH probe sets have been designed for the five most frequent transloca-
tions in ALL. Each split-signal FISH probe set consists of two differentially labeled probes,
which are located in the target gene flanking the breakpoint region. All five probe sets are
directly labeled and work smoothly in combination with our newly developed PNA-blocking
system, which allows combined blocking and hybridization in a single step. This single-step
overnight hybridization procedure makes split-signal FISH an easy, rapid, and sensitive tool
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for moleculiar cytogenetics.

The major advantages of the split-signal FISH approach over fusion-signal FISH is
that translocations involving the target gene can be detected independent of the involved
partner gene. This is especially of interest for the MZLL gene, because already 54 partner chro-
mosome regions have been described. The second advantage is absence of high levels of
false-positivity due to coincidental colocalization, as observed via the classical fusion-signal
FISH approach. On the other hand, one could argue that split-signal FISH can give rise to
similar frequencies of false-negativity due to the same coincidental colocalization.

Here, we focused on chromosome translocations in ALL, but more probe sets mighi
be developed according to this split-signal FISH approach for other translocations, which fre-
quently oceur in other disease categories, e.g. for translocations in mature B-cell malignan-
cies, but also for translocations occuring in solid tumors.
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General Discussion

Recombination processes underlying the generation of antibody diversity and anitgen-
specificity during human B-cell differentiation, form the central theme of this thesis. There
are three main processes, which are involved in the generation of diversity and specificity, i.e.
V(D)I recombination of Ig genes, somatic hypermutation (SHM), and class switch recombi-
nation (CSR), which is the recombination process that, determines the effector function of the
Ig molecule via switching to various C domains. Oncogenic recombinations can be a direct
consequence of aberrations during one of the physiological recombination processes, V(D)J
recombination, SHM, and CSR, but might also occur through different processes, which are
as yet not fully understood.

Analysis of gene segment usage in V(D)J rearrangements has shown that the position
of a gene segment within the Ig locus and the compasition of the RSS are main determinants
for V(D)J recombination. We studied these phenomena in more detail for the /GL locus, i.e.
heterogeneity of IGL rearrangements including usage of different I-CX. isotypes and the two
human IGL polymorphisms (Chapter 2). One of the human polymorphisms concerns an
amplification resulting in the presence of additional functional J-Ch gene regions, which
seemed to influence the frequency of Igh protein expression on peripheral B cells.

Proper regulation of recombination processes is crucial for normal B-cell differentia-
tion. For example, strict regulation of V([3)J recombination is required to guarantee the gen-
eration of monospecific B cells. Allelic exclusion, i.e. expression of one /G allele plus one
IGK or IGL allele plays an important role in monospecific Ig expression. In our studies,
B-cell malignancies were used as model system to study regulation of recombination and
allelic exclusion processes during several stages of B-cell differentiation. These studies main-
ly focused on IGK and IGL gene recombination patterns, and the influence of SHM on these
patterns (Chapter 3).

IGL LOCUS: POLYMORPHISMS AND REARRANGEMENT
PATTERNS

In Chapter 2.2, two polymorphisms in the human JGL locus were unraveled, The first
concerns the I-CA2 polymorphism Ke+Qz and the second is a polymerphic amplification in
the CAZ-CA3 region. As the KetOz- polymorphism is not involved in antigen recognition, but
concerns an amine acid substitution in the constant region, it is questionable whether this
polymorphism contributes to the generation of diversity or to repertoire development. The
Ke*Oz- polymorphism might theoretically influence the repertoire, if the polymorphism
would result in selective pairing with a specific Ig heavy chain. However, there is no indica-
tion for such effect.

The second polymorphism, however, does have an effect on repertoire development.
The presence of additional functional J-CA gene regions as a result of the polymorphic ampli-
fication gives rise to a higher relative frequency of Igh* B cells in the peripheral blood. This
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is probably caused by the possibility of extra consecutive rearrangements in the IGL locus,
resulting in a chance for a successful {functional) /GL rearrangement.

Southern blot analysis of /GL gene rearrangements in various types of B-cell malig-
nancies 1s described in detail in Chapter 2.3. The data show that more than 99% of the IGL
rearrangements in Igh* B-cell malignancies involve the J-CAt, J-CA2, and J-CA3 regions.
The frequencies of J-CA usage in IgAt B-cell malignancies appeared to be similar to fre-
quencies reported in normal Ight B cells. Due to lack of essential nucleotides in the JA4 and
JA5 RSS elements, no rearrangements can occur to these regions and consequently were not
found. Although the RSS sequences of JA6 and JA7 segments contain alt essential
nucleotides, rearrangements to these segments were found to be rare. Rearrangements to the
J-CA6 region. which only encodes a truncated Igh protein, were even completely absent in
IgAt B-cell malignancies. However, they were detected in 19% of precursor-B-ALL with IGL
gene rearrangements, which do not express Ig molecules. Collectively, these data suggest that
proximity to the VA gene segments plays a role in J-Ch usage and thereby influences reper-
toire development. Based on the analysis of J-CA usage in B-cell malignancies a strategy for
reliable identification via Southern blot analysis was developed, which was essential for fur-
ther studies on allelic exclusion of Ig light chain genes, as described in Chapter 3.

REGULATION OF ALLELIC EXCLUSION OF IG LIGHT CHAIN
GENES

Regulation of recombination processes is of utniost importance for normal B-cell dif-
ferentiation. In our studies, B-cell malignancies were used as single-cell model system to
study regulation of Jg gene recombination processes and allelic exclusion, during several
stages of B-cell differentiation (Chapter 3). These studies were mainly based on analysis of
IGK and IGL gene configuration patterns and on the influence of SHM on these patterns.

Value of B-cell malignancies as clonal ‘single-cell’ model system

The major advantage of B-cell malignancies as model system is the possibility of com-
plete and exact analysis of all Ig loci {/GH, IGK, and JGL) by Southern blot analysis and
sequencing with a low risk of missing rearrangements. Although, it cannot be completely
ruled out that Ig recombination patterns are influenced by oncogenic processes, B-cell malig-
nancies can nevertheless provide insight in Ig gene rearrangement processes as long as the
specific features of the various types of B-cell malignancies are taken into consideration. One
such important feature is whether malignant transformation occurred during or after the Ig
gene recombination process.

An alternative approach to study Ig light chain gene configuration patterns would be
single-cell PCR analysis of sorted B cells. The obvious advantage of single-cell analysis is
that normal B cells can be studied. However, the disadvantage of the single-cell PCR
approach is the risk of missing rearrangements due to false-negative PCR results, because it
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will not be possible to achieve reliable PCR amplification of each Ig gene rearrangement of
each B cell under study.

Precursor-B-AlL (pro-B-ALL, common ALL, and pre-B-ALL) were used as clonal
model system for precursor-B-cells at three stages of differentiation (pro-B, pre-B-L, and pre-
B-1I). In precursor-B-ALL, malignant transformation occurs during the recombination
process given the continucus presence of the recombinase enzymes and the occurrence of
ongoing rearrangements. For this reason precursor-B-ALL constitutes a model system that
can give insight in the recombination process itself, without any form of selection of the func-
tionality of the rearrangement, which may be important for understanding how allelic exclu-
sion 1s achieved.

Mantle cell lymphomas (MCL) were used as clenal model system for naive B cells
without somatic mutations whereas chronic B-cell leukemias (CBL) were used as clonal
model systen for mature B cells. Malignant transformation in MCL and CBL is assumed to
occur independent of Ig light chain gene recombination. Approximately half of CBL cases
are derived from B cells that have not been selected by antigen (Ag) based on the absence of
somatic mutations, whereas the other half carry somatic mutations.!-2 MCL and CBL could
give insight in how allelic exclusion of Ig light chain genes is regulated in naive and mature
B cells. In addition, the influence of SHM on Ig gene configuration patterns can be evaluat-
ed by comparing of MCL and CBL cases.

Ordered Ig light chain gene recombination patterns

Analysis of Ig light chain gene configuration patterns in three types of B-cell malig-
nancies, i.e. precursor-B-ALL, MCL, and CBL representing different stages of B-cell differ-
entiation demonstrated a hierarchical order in Ig light chain gene rearrangements. For the Ig
expressing malignancies (MCL and CBL) most of the Igx* cases had both IGL alleles in
germline configuration, whereas in almost all Igh* cases at least one of the IGK alleles was
deleted.

Six categories were defined to describe and visualize the degree of order of Ig light
chain gene rearrangements. The six categories and the distribution of the three types of B-cell
malignancies over these categories are depicted in Figure 1. Strict order of Ig light chain gene
combinations would be reflected by categories A—>B-—E, i.e. IGK and J/GL loci germline (A)
— IGK rearranged, IGL germline (B) —» IGK deleted (at feast one allele), /GL rearranged (F).
However, the Ig light chain gene recombination process is not fully strict, given the presence
of cases belonging to the extra categories C. I, and F. Category C is exceptional, because
cases in this category do not contain Vk-Jx or VA-JA rearrangements, but only /GK deletions.
Therefore, no MCL or CBL cases, but only precursor-B-ALL cases, which do not express Ig
light chains, are found in this category. Cases with /GK and IGL gene rearrangements, but
without /GK deletions are ascribed to category D. The final category F does not fit in the
ordered model of Ig light chain gene recombinations, because the leukemias in this categery
contain /GL rearrangements in the absence of /GK rearrangements or deletions; category F
only contained precursor-B-ALL, no MCL or CBL.
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Figure 1. Six categories of JGK and IGL gene configurations and the distribution of the three types of B-cell
malignancies {precursor-B-ALL, MCL, and CBL) over these categories.

Proposed model for regulation of allelic exclusion

The combined results of studies on regulation of allelic exclusion in various B-cell dif-
ferentiation model systems confirm that Ig gene recombinations are ordered: /GH — IGK —
IGL. 1t is known from literature that recombination is induced at one of the two alleles, and
that this induction does not occur randomly. Recently, it has been shown for the murine /GK
locus that asynchronous replication determines at which allele the recombination process is
initiated.® JGL gene rearrangements are generally preceded by deletions at the /GK locus,
given the observation that in most, if not all, cases with /GL gene rearrangements, /GK dele-
tions are observed. A remaining question is whether /GK deletions are actively involved in
the induction of IGL gene rearrangements, or whether other regulating mechanisms induce
the /GK deletion and /G L recombination to occur consecutively or even simultaneously. Until
now, there is no firm proof for an active role of JGK deletions in the induction of /GL gene
rearrangements,

The proposed model for allelic exclusion 1s depicted in Figure 2A. Two major mech-
anisms seemn to determine the regulation of Ig rearrangements and allelic exclusion. First of
ali, initiation of V(D)J recombination requires accessibility of Ig loci. Transcription factors,
which are differently regulated during B-celi differentiation, play an important role in the
induction of Ig gene accessibility and might probably even determine the order of accessibil-
ity of the three Ig loci. The second prerequisite for V(D)J recombination is the activity of the
recombinase machinery itself, with the RAG1 and RAG2 proteins as key players. RAG
expression is tightly regulated during B-cell differentiation. Part of this regulation comes
from Ig protein expression. As soon as a functional JGH rearrangement results in pre-BCR
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Figure 2A. Proposed model for allelic exclusion. For description, see text. B. Regulation of allelic exclusion
in precursor-B-ALL with a deregulated differentiation. For description, see text.

expression, the RAG genes are down-regulated. Likewise, expression of a complete Ig mole-
cule (BCR) is involved in down-regulation of the second wave of RAG expression. In this
model multiple rearrangements can still occur at each allele, until a functional rearrangement
results in protein expression. In conclusion, this model for regulation of allelic exclusion is
based on two components, i.e. regulation of RAG gene expression and transcription-factor-
induced accessibility of Tg genes, which are both influenced by the stage of B-cell differenti-
ation. The model in Figure 2A is limited to expression of a complete Ig molecule on an imma-
ture B cell, and therefore does not include regulation of subsequent receptor editing of autore-
active {precursor-) B cells.*
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Induction of allelic exclusion in a precursor-B-cell model

Ag previously discussed, precursor-B-ALL can be used as mode] system to study 1g
recombination processes without selection of the functionality of the rearrangement, because
precursor-B-ALL are characterized by continuous presence of recombinase activity and by a
block in differentiation prohibiting expression of Ig light chains. /GH genes are only
expressed in pre-B-ALL, which form the most mature subgroup of precursor-B-ALL.
Analysis of Ig gene configuration patterns revealed two main observations: (a) induction of
Ig light chain gene rearrangements seems not to require the presence and expression of a
functional /GH gene rearrangement, and (b) Ig light chain gene recombination occurs in an
hierarchical order, starting with /GK and followed by [/GL rearrangements. These observa-
tions suggest that the hierarchical rearrangement process is independent of lg protein expres-
sion. It is therefore tempting to speculate that Ig protein expression is not directly involved
in regulation of accessibility of the Ig loci, but rather in regulation of the V(ID)J recombinase
enzyme system, i.e. expression of RAGI and RAGZ (Figure 2B).

This illustrates once more that regutation of allelic exclusion concerns two different
components, i.e. accessibility of Ig loci and recombinase activity. This is further confirmed
by transfection studies in non-lymphoid cells, in which different transcription factors open
different endogenous antigen receptor loci whereas RAG activity mediates the actual recom-
bination process.”’

Regulation and maintenance of monospecific Ig light chain expression in a2 mature
B-cell model

Monospecific Ig expression can theoretically be regulated at three different levels, i.e.
at the DNA, RNA, and protein level. One of the aims of the large CBL study was to deter-
mine which of the three levels is most prominant to regulate monospecific Ig light chain
expression (see Chapter 3.2).

Regulation at the DNA level appeared to be responsible for monospecific Ig light
chain gene expression in 90% of CBL, as demonstrated by the presence of only one func-
tional allele. In addition, the g light chain recombination patterns showed an hierarchical
order. These two combined findings suggest that the ordered recombination process is the
main determinant for monospecific Ig expression,

A second level of regulation of monospecificity would be transcription of only one
functional allele in cases with more than one functional allele. This type of regulation does
not seem to play a role, because both in-frame and out-of-frame rearrangements appeared to
be transcribed in the subset of CBL that was studied for this aspect (see Table 6 in
Chapter 3.2). Regulation at the (post-)translational level is therefore more likely.

Assembly of one Ig heavy chain with one Ig light chain would be the third level of
regulation. It might well be that preferential assembly of Ig heavy and Ig light chains con-
tributes to the overall regulation of monospecific Ig light chain expression. A cell can theo-
retically express two Ig light chains in the cytoplasm, but if only one of them can assemble
with the Ig heavy chain, monospecificity is still guaranteed. Unfortunately, CBL. were not the
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optimal maodel system to study this phenomenon in more detail, because the level of cyto-
plasmic Ig expression in CBL is too low to be reliably detected via flow cytometry or via
cytocentrifuge preparations.

Is ordered recombination at the IGL locus less strict than at the IGK locus?

Remarkable observations came from detailed analysis of CBL with more than one Ig
light chain gene rearrangement as detected via Southern blot analysis (Table 1). Six CBL
showed biallelic /GK rearrangements, nine showed /GK as well as IGL rearrangements, and
another eleven cases showed biallelic IGL gene rearrangements. In the six CBL with biallel-
ic IGK rearrangements, only one IGK allele appeared to be functional. However, when IGL
rearrangements were involved (either /GK and /GL or biallelic /GL), 50% of cases appeared
to carry two in-frame rearangements (Table 1). Furthermore, the frequency of somatic muta-
tions was higher in cases with biallelic /GL rearrangements (5/5) as compared to cases with
IGK and IGL rearrangements (3/5). Consequently, the occurrence of somatic mutations in
CBL with two in-frame Ig light chain gene rearrangements (8/10) was higher than in the total
group of CBL (~55%}.] These data suggest that the presence of somatic mutations might
affect the Ig light gene configuration patterns via induction of secondary rearrangements, i.e.
receptor revision. Somatic mutations might then theoretically result in skewing towards IGL
gene rearrangements. However, the existence of receptor revision is still highly disputable,
which is discussed in more detail in the next section of this General Discussion.

Table 1. Characteristics of 26 CBL from a series of 113 CBL with two light chain gene rearrangements.

IGRAGK IGKAGL IGLAGL
CBL cases with 2 rearrangements® 6 9 11
Both in-frame 0 3 5
SHM in 3/5 SHM in 5/5

a.  Rearrangements are here defined as Vi-Jx rearrangements, which is not followed by a IntronR8S-Kde
rearrangement on the same atlele, and VA-JA rearrangements.

Unfortunately, we could not determine whether all in-frame rearrangements are
expressed as protein in the cytoplasm due to the low expression levels of Ig moleculres in
CBI. and whether preferential assembly of Ig heavy and Ig light chains plays a role. Another
limitation is that no discrimination could be made between two different Iga proteins on the
membrane, due to lack of VA family-specific antibodies.

Our data indicate that regulation of ordered recombination is more strict at the IGK
locus than at the /GL locus, particularly becaunse of the presence of more in-frame rearrange-
ments with somatic mutations, If the /GL locus is involved in the recombination process.
Differential demethylation of the two IGK alleles have been shown to establish allelic exclu-
sion at the IGK locus.® Similar studies might be performed at the /GL locus to determine
whether or not allelic exclusion of the IGL locus is regulated in a similar way.

However, an alternative explanation for this observation might be that the /GL locus
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does not have a deleting mechanism similar to the Kde mechanism. This might explain the
high frequency of biallelic in-frame VA-JX rearrangements, whereas in case of similar bial-
lelic in-frame Vi-Jx rearrangements, one Vx-Jx allele would have been deleted.

EVIDENCE FOR OR AGAINST RECEPTOR REVISION?

Influence of somatic mutations on Ig light chain gene rearrangement patterns

The process of V{D)J recombination occurs during antigen-independent B-cell differ-
entiation in the bone marrow. Later on, during the SHM process in the antigen-dependent
phase, mutations are introduced in the variable regions of the V(D)J rearrangements. If such
mutations do not affect the encoding amino acid, they are called ‘silent’. Alternatively, muta-
tions can result in an amino acid substitution and the mutation will be referred to as a
‘replacement’ mutation. SHM is followed by selection of Ig molecules with higher antigen
affinity due to favorable mutations. This SHM and selection process in the genminal center
of the peripheral lymphoid organs, are the two components of affinity maturation. One or
more cycles of germinal center reactions are required for the generation of high affinity anti-
bodies,

So far, we analyzed CBL as model system for mature B cells, but they are only part-
ly somatically mutated. Multiple myelomas (MM), which are the malignant counter part of
the end stage of B-cell differentiation might be a more informative model system in this
respect, because MM contain the highest frequency of somatic mutations. Therefore, MM
might be the mode] system par excellence to study the influence of somatic mutations on Ig
light chain gene rearrangements. Such studies are ongeing in our group

Effect of ‘unfavorable’ somatic mutations

SHM can also result in unfavorable changes, causing a lower affinity of the Ig mole-
cule, SHM can theoretically even result in loss of assembly of Ig heavy and Ig light chains
due to amino acid substitutions or in complete loss of Ig expression, if the mutation leads to
the generation of a stop cedon. If unfavorable somatic mutations occur, the B cell is thought
to die via apoptosis. However, it was also postulated that B cells that gained ‘unfavorable’
somatic mutations might be rescued by the induction of secondary rearrangements, i.e. recep-
tor revision. Receptor revision would require re-expression of the RAG genes in the periph-
ery. During recent years, the phenomenon of receptor revision was highly under debate (see
also Chapter 3.1). The main discussion topic in this respect is whether the re-circulating
RAG-positive B cells represent Ag selected B cells in which RAG expression is re-induced
or whether the cells are derived from the B-cell compartment in the bone marrow, and did not
yet down-regulate expression of the RAG genes.

Our approach to address this question was to analyze Ig rearrangement patterns in
MM. MM arise from plasma cells that are regarded as cells at the end-stage of B-cell differ-
entiation. These cells contain the highest number of somatic mutations and should therefore
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have the highest chance for SHM-induced receptor revision, if this process exists at all. For
this purpose, two types of MM were studied, ie. IgMTgD+Ight MM and MM with
Cylgx/Cylgh double expression that only secrete IzGA.

IgD MM with high level of somatic mutations and biased Egh expression

Within MM, IgD positive MM represent a special subtype {only 1% of MM), charac-
terized by an extremely high level of somatic mutations (higher than observed in other MM)
and biased Igh expression. Due fo the high frequency of somatic mutations unfavorable
somatic mutations are likely to occur and might result in induction of peripheral receptor revi-
sion.

Indications for receptor revision in IglXA MM would have been provided by the pres-
ence of in-frame Vx-Jx rearrangements with somatic mutations that rendered the IGK
rearrangement inactive by either the presence of a stop codon or through a rearrangement of
IntronRSS to Kde. Alternatively, the mutated in-frame Vx-Jx rearrangement might not be
expressed, because the expressed Igx protein is not able (anymore) to assemble with the
mutated Ig heavy chain. Both situations would have explained a skewing towards /GL, which
is observed on IgD cells.

We analyzed four IgDA MM in detail, but no indications were found for receptor revi-
sion (Chapter 3.5). The Vx-Jx rearrangements that were identified were all out-of-frame and
did not contain somatic mutations. Theoreticaily, it might still be that the number of analyzed
MM was too low to find evidence for receptor revision, but in a recent study on normal
B cells by Goossens er al. similar observations were reported.” These two studies make the
existence of receptor revision less likely.

MM showing cytoplasmic Igk and Igh expression, but secreting only IgGA

A second approach to find evidence for or against receptor revision might come from
an ongoing analysis of two MM with cytoplasmic Igx and Igh expression, but which only
secrete [gGA. This type of MM forms a minor part of the total group of MM and only two
of such cases were identified in our laboratory during the past twenty years. First, some char-
acteristics of the Ig protein expression and of Ig gene configurations and of these two MM
{MM-1 and MM-2) will be discussed.

Characteristics of Ig gene configurations and Ig protein expression

Figure 3 shows that in bone marrow cells of MM-1 both cytoplasmic Igx and Igh
expression was present. In the serum of both patients only IgGA was identified. This finding
was supported by ELISA on protein extracts of MM-2 showing that IgG was bound to Igh,
but net to Igx (In coltaboration with Richard Bende, Dept. of Pathology, AMC, Amsterdam,
The Netheriands).

The Ig gene configurations of both MM were determined by Southern blot analysis
followed by PCR and sequence analysis. The combined data are summarized in Table 2. Both
MM had one IGH gene rearrangement, one out-of-frame and one in-frame IGK rearrange-
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Figure 3. Double Ig light chain expression as determined by double immunofluorescence statning using flu-
orescence microscopy. A. Phase contrast morphology of MM-1, B. Igx-positive celis (TRITC labeled, and C,
Igh-positive cells (FITC labeled).

ment, and one in-frame IGL gene rearrangement. All in-frame Tg gene rearrangements con-
tained somatic mutations.

Receptor revision or receptor editing?

The results of the Ig gene configurations and Ig protein expression in our two
Cylgk/Cylgh positive MM might be explained by two models: receptor editing (Figure 4A)
or SHM-induced receptor revision (Figure 4B).

I SHM-induced receptor revision would have occurred, the following events would
have taken place: during early B-cell differentiation in the bone marrow an in-frame IGH
gene rearrangement resulted in Cylgu expression and subsequent induction of kg light chain
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Table 2. Ig gene configurations of two IgDA multiple myelomas (MM-1 and MM-2) as determined by
Southern blot analysis, PCR and sequencing.

MM Ig lacus SB PCR and sequencing Frame Somatic mutations
! 1GH R/G Vyud-39/Dyd-11/1 4 In +
IGK R/R Vi3-11/Ixd In +
V41412 Out -
IGL R/G VA2-14/103 In +
2 IGH R/G Vi3-21/Dy6-6/14 [n +
IGK R/R Vx1-39/0w4 In +
Vi3-11/1%5 Out -
GL R/G VAi3-21J03 In +

gene recombination; the Ig light chain gene recombination process started at the /GK locus;
no functional /GK gene rearrangement was generated at the first allele, but rearrangement of
the second allele resulted in a functional rearrangement; the IgMx positive B cell left the bone
marrew and entered the periphery; after antigen encounter, a germinal centre reaction was ini-
tiated and somatic mutations were intreduced in the V regions; in addition, CSR to IgG
occurred; unfavorable somatic mutations in either /GH or /GK resulted in the loss of assem-
bly of the Ig heavy chain and the Igk light chain; in response to this loss of assembly, the
recombinase machinery was re-induced, leading to an in-frame /GL gene rearrangement with
Igh protein expression; the mutated IgG chain was able to bind to the Tgh chain, which also
gained somatic mutations, most probably during subsequent rounds of Ag selection, where-
as gk expression was not lost due to inactivation by rearrangements to Kde; the IgGh posi-
tive B cell finally further differentiated into an IgGA secreting plasma cell.

Receptor editing in the bone marrow compartment is an alternative model to explain
the results of these two MM (Figure 4A). Receptor editing is the occurrence of secondary
rearrangements taking place in the bone marrow. If receptor editing would have played a
dominant role, the order of recombination events would have been as follows: in CyIgl pos-
itive pre-B-cells, Ig light chain gene recombinations were initiated in the bone marrow at the
IGK locus; on one allele an out-of-frame Vx-Jx rearrangement occurred, and on the other
allele an in-frame Vi-JIx rearrangement occurred; the expressed Igk chain could not assem-
ble with the Cylgu chain; the [g light chain gene recombination process continued at the /GL
locus, without prior inactivation of the JGK alleles via rearrangement to Kde; the IgMA pos-
itive B cell entered the periphery, was selected by antigen and somatic mutations were
induced in all ranscribed Ig alleles, including the in-frame /GK allele; after CSR to IgG the
cell further differentiated into an IgGA secreting plasma celi, but continued to express Cylgk
proteins.

Experimental approach

To distinguish between the two models, we are currently in the process of cloning all
Ig rearrangements of the three Ig loci. Not only the rearrangements with the somatic muta-
tions as they are found in the two MM, but also the Ig rearrangements without the somatic
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Figure 4. Two models explaining the observations in MM-1 and MM-2 regarding Ig gene configuration and
expression patterns. A, Receptor editing moedel. B. Receptor revision model.

mutations, hereafter referred to as wild-type {wt) rearrangements, will be studied. The Ig
rearrangements will be cloned into eakaryotic expression vectors and transfected in [g-nega-
tive plasma cells in different combinations. ELISA will be used as read-out system to deter-
mine whether the transfected Ig heavy and light chains can assemble. The mutated Ig heavy
chain should assemble with the mutated Igh chain, but not with the mutated Igx chain, which
would be in line with the in vive situation and is therefore the validation of the procedure
(Table 3).

Table 3 also summarizes the most informative transfections of the unmutated (wi) Ig
heavy chain with unmutated (wt) Ig light chains and their potential results. If the wt Ig heavy
chain and the wt Igx assemble, this is suggestive for receptor revision in the periphery, but if
these chains do not assemble, receptor editing in the bone marrow is more likely to have
occurred.

Transfections with wt IgH and wt Igh chains alone are less informative. If the wt IgH
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Table 3. Informative transfections of Ig heavy and Ig light chain with respect to receptor editing and
receptor revision based on potential results of assembly.

Transfection Potential assembly Interpretation
Mutated IgH + mutated [gx - :l Expected results to validate that approach reflects
Mutated IgH + mutated [gh + in vive situaticn in MM

wt [gH + wt gk + Suggestive for receptor revision
- Suggestive for receptor editing

wt lgH + wt [gh + in combination with wt [gH and wt Igk (-},
suggestive for receptor editing
- Unlikely to be found, because somatic mutations
would then induce assembly of Igh with IgH

Mutated 1gH + wt Igh + In combination with mutated [gH and
mutated [gk {-) and wt IgH and wt Igx (+),
suggestive for recepior revision

- Unlikely to be found, because somatic
mutations in Igh would then induce assembly
with 1gH

and wi Igh appear to assemble and in addition the wt IgH and wt Igk appear not o assembte,
this would collectively be suggestive for receptor editing. However, if the wt [ghl and wt Igk
can assemble, the transfection of wt IgH with wt Igh would not give additional information.
It is nevertheless unlikely that the wt IgH does not assemble with wi Igh, because this would
impty that IgH and the Igh chains can only assemble gffer somatic mutations.

As third combination, the mutated IgH and wt Igh can be transfected. Similar to the
wi IgH and wt [g) transfection, absence of assembly is unlikely to be found, because somat-
ic mutations in the Igh chain are required for assembly with the mutated IgH. However, if
these chains indeed appear to assemhle and in addition the mutated IgH and mutated Igx do
not assemble and the we IgH and wt Igk can assemble, these three transfections are strongly
suggestive that receptor revision has occurred.

If these transfection studies indicate that receptor editing appears to be the model for
explaining the Ig gene configuration and expression in the two MM cases, this still does not
completely rule out that receptor revision can occur, but makes it less likely. If receptor revi-
sion appears to be more likely, it suggests that this phenomenon can occur. In conclusion,
these experiments will be highly informative, irrespective of the outcome.

Role of auto-reactive B cells in receptor editing and revision

Auto-reactivity {indicated via dashed lines in Figure 4A and 4B) was not discussed,
although it is an important issue of B-cell differentiation. The fate of these B cells depends
on the type and dose of the antigen, the degree of antigen receptor engagement and T cell
help.!® Auto-reactive B cells, which are generated in the bone marrow, might theoretically be
rescued via receptor editing. However, in the situation of these two Cyigxt/Cylght MM
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autoreactivity is not likely to play a role in the receptor editing model, because if the IgMx
molecule would have been autoreactive, the encoding /GK allele would probably have been
deleted to prevent further expression. Altematively, the newly formed Igh chain must have
had a much better fit with the IgH chain resulting in preferentially assembly. This phenome-
non might be tested by competition transfection experiments with wt IgH, wt [gx and wt Igh.

In the periphery, SHM can render B cells autoreactive. These B cells might be delet-
ed via apoptosis or rescued via receptor revision. Autoreactivity-induced receptor revision is
unlikely to have occurred in the here presenied MM cases for the same reasons as were men-
tioned in the context of the receptor editing model.

Concluding remarks and future direction

In conclusion, until now there is no strong indication for the occurrence of receptor
revision. Moreover, more studies fail to show evidence for receptor revision in B-cell popu-
lations that would theoretically be prone to undergo it. However, it still remains of interest to
further investigate this phenomenon, for example in the two MM samples. I receptor revi-
sion appears te exist, its contribution to antibody diversity will be limited, but it might still
contribute t¢ B-cell memory. At a certain peint the absence of proof for the presence of recep-
tor revision becomes proof for the absence of that phenomencn.

CHROMOSOMAL TRANSLOCATIONS AS PROGNOSTIC
MARKERS

In Chapter 2 and 3, B-cell malignancies were used as model system to study regula-
tion of recombination events such as allelic exclusion and receptor revision. In Chapter 4, our
studies in B-cell malignancies focused on oncogenic recombination events. Oncogenic
recombinations play an important role in malignant transformation of B cells. Some onco-
genic recombinations can be used for classification of B-cell malignancies, especiaily those
that are (partly) mediated via ‘normal’ recombination processes involving one of the Ig loci.
Other chromosomal translocations result in the formation of fusion genes that encode
chimeric proteins with altered functions. These translocations are generally found in the more
immature malignancies, especially in acute lymphoblastic leukemias (ALL). Genes that are
involved in these translocations play key roles in development and function of lymphoid
cells, such as transcription factors, cell cycle regulators, and signal transduction molecules.
The t(1;19¥q23;p13) for example involves the E24 gene, which codes for a basis helix-loop-
helix transcription factor that plays an important role in regulation of V(D) recombination
and other processes during B-cell differentiation. As a result of this translecation the £24
gene is fused to the PBXJ gene. In Chapter 4.3, the effect of translocations involving the £E24
gene on Ig and cross-lineage TCR gene rearrangement patterns in pre-B-ALL was studied.
The disruption of one of the £24 alleles because of an £2A-PBX/ gene fusion seems to result
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in a mild reduction of IGX gene rearrangements, but a strong decrease of cross-lineage TCR
gene rearrangements. The frequency of cross-lineage TCRD gene rearrangements was
reduced, but 7CRG gene rearrangements were completely abseni. These observations con-
firm the role of £24 in the regulation of TCRD and TCRG gene rearrangements. In contrast,
in cell lines with E2A-HLF gene fusions, resulting from t(17;19)(q22:p13), TCRG gene
rearrangements were present on five of the six alleles. Further analyses are required to under-
stand these opposite results. In line with this study, effects of other translocations involving
genes, which play important roles in the regulation of V{D)J recombination such as PAX5 or
EBF, on Ig and/or TCR gene configuration patterns might be studied.

Importance of detection of chromosomal translocations

Development of split-signal FISH analysis

Some chromosomal translocations have high prognostic value and are therefore use-
ful markers for risk group classification.!® For this purpose, we developed a rapid and sensi-
tive method for detection of the five most important translocations in acute lymphoblastic
leukemia i.e. for translocations involving the MLL gene, the E2A gene, the TEL gene, BCR
gene and the TAL] gene (Chapter 4.4). We developed split-signal FISH probe sets, which
ailow detection of these translocations independent of the partner gene with low cut-off val-
ues. These probe sets will become commercially available via DAKO A/S as a kit using a
new hybridization and PNA-based blocking method. Early and rapid detection of these
translocations at diagnosis is of utmost importance, because it can have implications for treat-
ment strategies in involved patients.

Prognostic value of translocations

The 1(9;22)(q34:;q11) and translocations involving the MLL gene (11g23) are the two
translocations with a clear poor prognostic value and presence of one of these translocation
is used for classification in the high risk group. Although the t(12;21)p13;¢22) is correlated
with a relatively good prognosis, this does not imply that ALL cases carrying this transloca-
tion do not relapse. At the moment, other parameters in addition to chromosome transloca-
tions are used for risk classification, such as white blood cell count, early treatment response,
and central nervous system involvement.!'® However, it would he important to define addi-
tional parameters, which might be informative already at diagnosis with respect to the chance
of relapse. DNA chip technology is a promising new technology with the potential to idenri-
fy such parameters.
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POTENTIAL ROLE OF DNA CHIP TECHNOLOGY IN IDENTIFI-
CATION OF ADDITIONAL PROGNOSTIC FACTORS

DNA chip technology for classification of subgroups within diseases of clustering of dif-
ferent subgroups

During the last few years, DNA chip technology has developed in such a way that
gene expression profiles of thousands of genes can be analyzed in one sample and compared
between different samples. General aspects of this new type of technelogy are summarized in
recent papers.!1-13

DNA chip technology has been shown to be of high value in classification of sub-
groups within seemingly homogenous disease categories. The first example came from
DLBCL, which is a clinically heterogeneous disease. Gene expression profiling allowed the
identification of two molecular distinct forms of DLBCL.!* The first type expressed genes
that are characteristic for GC B cells, whereas the second type showed a gene expression pro-
file as seen in activated peripheral blood B cells. This sub-classification of DLBCL appeared
to correlate with clinical outcome, i.e. DLBCL of the GC-like expression pattern had a bet-
ter overall survival than DLBCL with an activated B cell-like expression pattern. Gene
expression profiling of B-CLL showed that B-CLL with somatic mutations as well as B-CLL
without somatic mutations, which represent subgroups with different clinical outcome, have
a common origin, being more related to memory B cells than to naive B cells or GC-derived
B cells.)3-16 Nevertheless, a restricted number of genes (<30) appeared to be differentially
expressed in the two B-CLL subgroups.!?

Use of DNA chip technology in search for new prognostic factors

DNA chip technology might not only be applicable for definition of subgroups with-
in one disease entity or clustering of different subgroups as belonging to one disease based
on their common origin, but also for identification of new prognostic factors. One approach
would be to compare precurser-B-ALL with the same chromosome translocation, but with a
different clinical outcome, e.g. t{12;21)(p13;q22) positive cases with or without a clinical
relapse.

A related question that might give insight in the development of a relapse can be:
What are the differences in gene expression patterns berween the diagnosis and the relapse
sampies of the same patient? Comparison of different diagnosis-relapse pairs may lead to the
identification of commeon “relapse” genes. Qur preliminary data show that not so much mul-
tidrug resistance genes were upregulated in the relapse samples, but rather genes involved in
cell cycle regulation, DNA synthesis, signal transduction (protein kinases), and gene activa-
tion (transcription factors) (Figure 3).

Consideration of technical aspects
The abundance of information as obtained via DNA chip technology requires well-
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Figare 5. Gene expression profile of RNA from a precursor-B-ALL patient ar diagnosis and relapse using
microarray type U95A (Affymetrix).

defined cell material in order to get informative and valuable answers. This implies that not
only the cell samples that are compared need to be clearly defined, but also the reference sam-
ples.

It should be kept in mind that the tumor load of the samples needs to be higher than
95%, as otherwise the presence of non-tumor cells will disturb the subsequent analyses. Gene
expression differences between e.g. two ALL {groups) might be masked by expression level
of the same genes in the non-tumor cells. For analysis of multiple patient samples, Affymetrix
DNA microarray technology (oligonucleotide-based arrays covering 12,000 or preferably
>39,000 nonlymphocyte-biased genes) is preferred over glass slide-based chip technology
(cDNA-based array covering 18,000 lymphocyte-biased genes), because glass-slide cDNA
based microarray technology is based on pair-wise comparisons of samples. This is in con-
trast to the Affymetrix approach, which is based on standardized analysis of individual sam-
ples, which can be compared, even at a later stage, to many different other samples.

CONCLUSIONS AND FUTURE PERSPECTIVES TO IDENTIFY
MISSING LINKS IN RECOMBINATION PROCESSES DURING
B-CELL DIFFERENTIATION

Molecular processes during human B-cell differentiation form the central theme of
this thesis. Our studies mainly focused on V(D)J recombination processes of IGK and IGL
light chain genes. First, the IGL locus was studied in detail. The two human /GL polymor-
phisms were unraveled and based on the frequencies of J-C) gene segment usage, a strategy
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for Southern blot analysis of IGL gene rearrangements was developed. Subsequently, regula-
tion of Ig light chain gene recombinations was studied using different types of B-cell malig-
nancies as clonal “single-cell” model system for the various B-cell differentiation stages,
varying from precursor-B cells to mature plasma cells. These studies showed hierarchical pat-
terns of Ig light chain gene rearrangements, starting with JGK rearrangements followed by
IGK deletions and subsequently /GL rearrangements. This order of Ig light chain gene
rearrangements appeared to be the main determinant for allelic exclusion in order to generate
monospecifc B-cells. Furthermore, these studies indicate that V(D)J recombination is regu-
lated via two main determinants, i.e. differentially regulated RAG expression and differen-
tially regulated transcription factor-induced Ig gene accessibility. In addition, the influence of
somatic mutations on Ig light chain gene rearrangement patterns was investigated and stud-
ies on this topic are currently being extended to explore whether somatic mutation-induced
receptor revision occurs, or whether this phenomenon does not exist at all.

Many steps in recombination processes during B-cell differentiation are known in
detail. However, the complete processes, including its regulation, are not yet fully unraveled.
Future in vitro studies or in vive studies using normal B cells will further focus on the exact
function of known factors in these recombination processes, e.g. the role of transcription fac-
tors in chromatin remodeling in Ig genes, the precise function of Artemis in V(ID)J recombi-
nation and the role of AID in SHM and CSR. However, there are still missing links in the
complete picture of these processes, such as a “RAG-like” activity in CSR, which is respon-
sible for the introduction of the double stranded breaks in the switch regions. DNA chip tech-
notogy for studying gene expression profiles might lead to the identification of new compo-
nents. AID was identified by a subtraction of cDNAs derived from switch-induced and unin-
duced murine B cell lymphoma cells, an approach that can be regarded as a precursor method
of DNA chip technology.!” This example clearly demonstrates that comparison of gene
expression profiles might provide clues for identification of new components. It is tempting
to speculate that in addition to analysis of gene expression profiles of normal cells via DNA
chip technology, samples of immunodeficient patients with an apparent defect in one of the
recombination processes (not caused by a mutation in one of the currently known genes),
might lead to the discovery of additional new components.

Integration of the results that will be obtained from studies ort normal B cells, malig-
nant B cells, and from B cells of immunodeficient patients is expected to contribute to the
identification of the missing links in the intriguing recombination processes taking place at
the DNA, which form the basis of antibody diversity.
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ABBREVIATIONS

Ag Antigen

ALL Acute lymphoblastic leukemia

APC Antigen presenting cell

B-CLL B-cell lymphocytic leukemia

BCR B-cell receptor

BL Burkitt’s lymphoma

BEM Bone marrow

CBL Chronic B-cell leukemia

CSR Class switch recombination

D Diversity gene segment

DLBCL Diffuse large B-cell lymphoma

DSB Double stranded break

FDC Follicular dendritic cell

FISH Fluorescence in situ hybridization

GC Germinal center

Ig Immunoglobulin

Tgx Immmunoglobulin kappa light chain
Igh Immunoglobulin lambda light chain
IgH Immunoglobulin heavy chain

IGH Immunoglobulin heavy chain gene
IGK Immunoglobulin kappa light chain gene
IGL Immunoglobulin lambda light chain gene
J Joining gene segment

Kde Kappa deleting element

MCL Mantle cell lymphoma

MM Multiple myeloma

NHEJ Non-homologous end joining

PCR Polymerase chain reaction

RAG Recombination activating gene

RSS Recombination signal sequence

SB Southern blot

SHM Somatic hyper mutation

Smig Surface membrane bound Ig molecule
TCR T-cell receptor

TdT Terminal deoxynucteotidyl transferase
v Variable gene segment
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SUMMARY

During normal differentiation, human B cells undergo a sequence of immunopheno-
typic and immunogenotypic changes, finally resulting in the formation of mature B cells with
receptors specific for the antigen to be recognized. Recombination processes underlying the
generation of the antigen-specificity of these receptors formed the central theme of this the-
sis. There are two main molecular processes, i.e. V(D)J recombination of immunoglobulin
{Ig) genes and somatic hypermutation (SHM), Class switch recombination (CSR) is a third
molecular process in human B cells; it determines the effector function of the Ig molecule via
replacing of the constant domains at the DNA level by another one. Oncogenic recombina-
tions can be a direct consequence of aberrations during one of the physiological recombina-
tion processes, i.e. V(D) recombination, SHM, and CSR, but might also occur through dif-
ferent processes, which are as yet not fully understood.

The structure of an Ig locus, i.e. the position of a gene segment within the Ig locus and
the composition of the recombination signal sequence (RSS), has been shown to influence
gene segment usage. In Chapter 2, we therefore focused on two structural aspects of the
human Ig lambda (/GL) locus. First, two human /GL polymorphisms were unraveled
(Chapter 2.2). One concerns a single, two-fold or threefold amplification of a 5.4 kb DNA
fragment in the CA2-CA3 region. The second polymorphism concerns the Mcg-Ke+Oz- iso-
type. So far, it remained unclear whether the Mcg-Ke*Oz- isotype is encoded by a CA gene
segment on the amplified CA2-CA3 region. We now unraveled hoth /G polymorphisms at
the DNA level and found that they actually are not linked. Sequence analysis showed that the
amplification polymorphism is likely to result from unequal crossing over of the J-CA2 and
J-CA3 region via a 2.2 kb homologous repeat. The presence of additional functional J-CA
gene regions appeared to result in higher numbers of Igh* peripheral B cells. The second
aspect that was studied with respect to the IGL locus, was the usage of seven J-CA isotypes
in various types of B-cell malignancies as determined via Southern blot analysis {Chapter
2.3). The data showed that more than 99% of the IGL rearrangements in IgA* B-cell malig-
nancies involved the J-CAl, I-CA2, and J-CA3 regions, suggesting that proximity to the VA
gene segments plays a role in J-CA usage. Furthermore, these frequencies appeared to be sim-
ilar to those of normal Igi* B cells.

Regulation of the V(D)J recombination process is of utmost importance for normal
B-cell differentiation. In Chapter 3, B-cell malignancies were used as single-cell model sys-
tem to study regulation of Ig gene recombination processes and allelic exclusion, during sev-
eral stages of B-cell differentiation. These studies focused on analysis of Ig kappa (/GK) and
IGL gene configuration patterns and on the influence of SHM on these patterns. Analysis of
Ig Yght chain gene configuration patterns in three types of B-cell malignancies, i.e. precur-
sor-B acute lymphoblastic leukemia (precursor-B-All), mantle cell lymphoma (MCL), and
chronic B-cell leukemia (CBL) representing immature, naive, and activated stages of B-cell
differentiation, respectively. These analyses demonstrated a hierarchical order in Ig light
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chain gene rearrangements {Chapters 3.3, 3.2, and 3.4). For the Ig expressing model systems
(MCL and CBL) most of the Igk* cases had both IGL alleles in germline configuration,
whereas in almost all Tgh* cases at least one of the /GK alleles was deleted.

Precursor-B-ALL, which are characterized by absence of surface Ig expression and
continucus recombinase activity, could be considered as model system for Ig recombination
processes without selection of functionality of the rearrangement (Chapter 3.3). Analysis of
the Ig gene configuration patterns in these different B-cell differentiation stages revealed two
main observations: {a) induction of Ig light chain gene rearrangements does not seem to
require the presence of a functional JGH gene rearrangement, and (b) Ig light chain gene
recombination occurs in an hierarchical order starting with IGK and followed by IGL
rearrangements. Collectively, these observations suggest that the hierarchical rearrangement
process is independent of Ig protein expression. Ig protein expression might therefore not be
directly involved in regulation of accessibility of Ig loci, but rather in regulation of the V{ID)J
recombinase enzyme system, i.e. expression of the RAGT and RAG2 genes. This study illus-
irated that regulation of allelic exclusion is likety to concern two different components, i.e.
accessibility of Ig loci and actual recombinase activity.

One of the aims of the study on CBL described in Chapter 3.2 was to determine at
which level (DNA, RNA or protein) monospecific Ig light chain expression is regulated. The
obtained data showed that monospecific Ig light chain expression is in about 90% of cases
regulated at the DNA level, as demonstrated by the presence of only one functional allele. In
combination with the observation that recombination patterns show an hierarchical order, this
suggests that the ordered recombination process is the main determinant for monospecific Ig
expression. Cases with more than one Ig light chain gene rearrangement were studied in more
detail. In CBL with two IGK rearrangements, only one /GK allele appeared to be functional.
However, when [GL rearrangements were involved (either /GK and IGL or biallelic /GL),
50% of cases appeared to carry two in-frame rearrangements. In cases with two functional Ig
light chain rearrangements, both alleles were transcribed, but only one was expressed on the
cell surface. This suggests that in these cases allelic exclusion 1s not regulated at the RNA
level, but either at the level of translation, or protein stability or via preferential assembly of
one of the Ig light chains with the Ig heavy chain. The occurrence of somartic mutations in
CBL with two in-frame Ig light chain gene rearrangements was higher than in the total group
of CBL, which suggests that the presence of {unfavorable) somatic mutations might affect
assembly of Ig heavy and Ig light chains and might even result in the induction of secondary
rearrangements in the periphery, 1.e. receptor revision. The existence of receptor revision,
however, is still highly under debate.

This phenomenon was further studied in IgDA multiple myelomas (MM)
{Chapter 3.5). IzD MM represent a special subtype of MM characterized by an extremely
high level of somatic mutations and biased IgA expression. Due to the high frequency of
sornatic mutations unfavorable somatic mutations are likely to occur and might result in
induction of receptor revision, if it exists at all. In this study on four IgDA MM, no indica-
tions were found for receptor revision. In the General Discussion (Chapter 5) an experimen-
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tal approach is discussed to further address this topic.

In Chapter 4, our studies in B-cell malignancies were focused on oncogenic recombi-
nation events. Oncogenic recombinations play an important role in malignant transformation
of B cells. Some chromosomal translocations have high prognostic value and are therefore
useful markers for risk group classification. For this purpose, we developed a rapid and sen-
sitive method for detection of the five most important translocations in ALL, i.e.
t(1:19)(q23;p13), involving E2A and PBXJ, 1(4;11)(q21:q23) with a MLL-AF4 fusion,
t(12:21)(p13;q22) with a TEL-AMLI fusion, (9;22){p13:q22) with fusion of BCR and ABL,
and translocations and microscopic deletions involving the TALJ gene region. based on the
split-signal FISH principle. Split-signal FISH makes use of two differentially labeled probes,
which flank both sides of the breakpoint region. In normal situations, two colocalized yellow
(green/red) signals will be visible (see also Chapter 4.1). A translocation will result in a split
of one of the colocalized signals, giving rise to a separate green and red signal together with
a fused signal of the unaffected chromosome. The advantage of this approach is that detec-
tion of a chromosome aberration invelving the target gene is independent of the partner gene.
This is especially of great interest for detection of MLL translocations, because of the high
number of partner genes that might be involved as described in Chapter 4.2, Chapter 4.4 sum-
marizes the development of split-signal FISH probes for the five mast frequent chromosome
aberrations in ALL.

Chapter 4.3 describes a study on the effect of translocations involving the E24 gene
on Ig and T-cell receptor {TCR) gene rearrangement patterns in pre-B-ALL. E2A is a tran-
scription factor that plays an important role in regulation of V(D)J recombination. The pres-
ence of E2A-PBX1 fusion proteins and the paraliel reduction of wild type E2A levels did not
seem to influence Ig gene rearrangements to a great extent, but resulted in lower frequencies
cross-lineage TCR gene rearrangements and even complete absence of TCRG gene
rearrangements. However, analysis of cell-lines with an E2A-HLF gene fusion did show the
presence of 7CRG gene rearrangements, which were not found in E2A-PBX/-positive cell
lines, suggesting that E2 A-induced accessibility of antigen receptor genes is influenced by
the type of fusion partner in the involved E2A aberration.

Although many steps in recombination processes during B-cell differentiation are
already known in detail, the complete mechanisms, including regulation of these processes,
are not yet fully unraveled. Future in virro studies and ex vivo studies using normal B cells,
malignant B cells or B cells of immunodeficient patients, will focus on the precise function
of known factors involved in recombination processes (discussed in the General Discussion;
in Chapter 5). Recent developments in DNA chip technology might be useful for the identi-
fication of new factors, which could possibly be "missing-links” in the complete picture.
Integration of the results might contribute to the a better understanding of the intriguing
recombination processes taking place at the DNA level, which provide the basis for antibody
diversity.
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SAMENVATTING VOOR NIET-INGEWIJDEN

B cellen zijn witte bloedcellen, die verantwoordelijk zijn voor de productie van anti-
stoffen. Antistoffen spelen een belangrijke rol in de afweer tegen ziekteverwekkers. Een anti-
stofmolecuul wordt ook wel een immunoglobuline (Ig) molecuul genoemd en bestaat uit twee
identicke zware ketens (“Ig heavy chains”) en twee identieke lichte ketens (“Ig Hght chains™).
Er bestaan twee typen lichte ketens te weten Ig kappa (Igk) en Ig lambda (Igh). ledere Ig
keten is opgebouwd uit een variabel en een constant deel. Met het variabele deel wordt een
deel van de ziekteverwelker of ander lichaamsvreemd bestanddeel herkend. Deze Ig mole-
culen komen niet alleen in het bloed en andere lichaamsvloeistoffen voor, maar ook op het
oppervlak van B cellen. Zij vormen dan de receptor waarmee de B cel een ziekteverwekker
kan herkennen.

Gerzien het feit dat er enorm veel verschillende ziekteverwekkers zijn, is het van
belang dat er een grote diversiteit aan Ig moleculen is, zodat elke ziekteverwekker hekend
kan worden door specifiek daar aan bindende antistoffen (Ig moleculen). Als ieder Ig mole-
cuul gecodeerd zou worden door een eigen Ig gen (stukje DNA, deel van een chromosoom)
dan zou een cel niet groot genoeg zijn om al het DNA in zich te dragen. Om antistofvormende
cellen toch al die verschillende Ig moleculen te kunnen laten maken, bestaat er een mecha-
nisme om de Ig moleculen met verschillende bouwstenen op te bouwen. Deze bouwstenen
worden gensegmenten genoemd. Het Ig zware keten gen bijvoorbeeld is opgebouwd uit 74
Variable (V) gensegmenten, 37 Diversity (D) gensegmenten en 6 Jeining (J) gensegmenten.
Tijdens de vroege ontwikkeling van de B cel in het beenmerg wordt één D aan één J gekop-
peld en vervolgens wordt één V aan de DJ gekoppeld; er vindt dus een Ig zware keten gen-
herschikking plaats. Dit moleculaire proces wordt V{D)J recombinatie genoemd. Voor de Ig
lichte keten genen vindt een vergelijkbaar proces plaats. Het enige verschil is dat Ig kappa en
Ig lambda genen slechts V en J gensegmenten bezitten en geen D gensegmenten. Op basis
van de combinatiemogelijkheden tussen de diverse gensegmenten zijn ongeveer één miljoen
verschillende combinaties moegelijk. Tijdens de koppeling van gensegmenten worden daar-
naast kleine stulgjes DNA weggehaald en ingebouwd, waardoor viteindelijk meer dan duizend
miljard verschillende combinaties mogelijk zijn. Elke afzonderlijke B cel is specifiek voor
één bepaald antigeen, dankzij het feit dat al de Ig moleculen op zijn oppervlak specifiek zijn
voor dat antigeen. Er zijn dus net zoveel verschillende specificke B cellen als nodig zijn om
alle verschillende lichaamsvreemde stoffen te kunnen herkennen.

Als een Ig molecuul op het oppervlak van een B cel een ziekteverwekker herkent,
krijgt de B cel een signaal en worden er veranderingen aangebracht in het DNA dat codeert
voor het variabele deel van het Ig molecuul. Peze mutaties worden somatische mutaties
genoemd en kunnen er voor zorgen dat een Ig molecuul de ziekteverwekker nog beter
herkent. Somatische mutaties kunnen ook resulteren in een slechtere herkenning. Een selec-
tieproces zorgt er dan voor dat deze cellen worden verwijderd en dat alleen de B cellen met
de best passende Ig moleculen worden geselecteerd en verder kunnen uitgroeien tot een anti-
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stofvormende B cel, die de Ig moleculen uitscheidt.

In hoofdstuk 2 van dit proefschrift staan de Ig lambda (JGL) genen centraal. Eerst zijn
twee polymorfismes (d.w.z. variaties in DNA in de populatie) in het /GL gen ontrafeld op
DNA niveau. Het eerste polymorfisme is een amplificatie polymorfisime welke resalteert in
de aanwezigheid van extra ] en constante {C) gensegmenten. Op basis van de DNA sequen-
tie kon worden afgeleid hoe het amplificatie polymerfisme moet zijn ontstaan. Uit deze studie
bleek dat personen met dit polymorfisme vaker een Ig lambda moelecunul gebruikten op hun
B cellen dan personen zonder dit polymorfisme. Het tweede polymorfisme is een veran-
dering van één aminozuur, d.w.z. één bouwsteen van het Ig molecuul. Dit polymorfisme heeft
zear waarschijnlijk geen effect op de functie van Ig moleculen. Tevens is in dit hoofdstuk de
frequentie van J en C gensegment gebruik in diverse B-cel maligniteiten bestudeerd.

De regulatie van Ig kappa (IGK) en IGL lichte keten genherschikkingen is het thema
van Hoofdstuk 3. Strikte regulatie van het herschilkingsproces moet er voor zorgen dat een
B cel Ig moleculen van slechts één type (of Igx of Igh) tot expressie brengt (dit heet
“allelische exclusie™). Om deze processen goed te kunnen bestuderen zijn de /GK genher-
schikkingsprofielen bestudeerd in diverse B-cel maligniteiten. B-cel maligniteiten zijn
gebruiki als zogeheten ‘single-cell” model, omdat een B-cel maligniteit is ontstaan uit een
enkele cel, tijdens een bepaald ontwikkelingsstadium en vervelgens is uitgegroeid tot een
kloon van identieke cellen. In diverse B-cel maligniteiten hebben wij kunnen aantonen en
bevestigen dat Ig genen in een bepaalde volgorde herschikken: het genherschikkingsproces
start met Ig zware keten herschikkingen gevolgd door Ig lichte keten genherschikkingen. Van
de lichte keten genen herschikken eerst de /GK genen en vervolgens de IGL genen. Zodra een
functionele herschikking leidt tot de expressie van een Ig molecuul wordt het herschikking-
sproces gestopt. Het genherschikkingsproces heeft twee onathankelijke regulatie-componen-
ten (1) de aanwezigheid van herschikkingsmachinerie, d.w.z. de eiwitten die het eigenlijke
proces uitvoeren, (2) toegankelijkheid van de 1g genen (“accessibility™).

In THoofdstuk 4 staan chromosoomafwijkingen bij leukemie centraal.
Chromosoomafwijkingen spelen een rol bij het ontstaan van een leukemie. Sommige chro-
moscomafwijkingen hebben een voorspellende waarde omdat gebleken is dat patiénten met
een bepaalde chromosocomafwijking slecht of juist goed reageren op therapie. In dit hoofd-
stuk staat de ontwikkeling van de “split-signal FISH' methode beschreven. Deze methode is
ontwikkeld om snel en betrouwbaar de aanwezigheid of afwezigheid van een bepaalde chro-
mosoomafwijking te kuanen vaststellen. Hierbij wordt gebruik gemaakt van twee verschil-
fend fluorescerende (rood of groen) probes (stukken DNA), die hechten aan het DNA in de
celkernen aan verschillende kanten van het breukpuntgebied. In normale cellen hechten beide
probes zo dicht bij elkaar dat ze met een fluorescentiemicroscoop zichtbaar zijn als één geel
of gecombineerd rood/groen signaal. In geval van een chromosoomafwijking gaan de rode en
groene signalen uit elkaar en is er in de kern een los groen en los rood signaal te zien
tengevolge van een breuk in één van de chromosomen waar die beide probes normalitair aan
hechten. Daarnaast is er één geel signaal van het niet-aangedane chromosoom. Deze methode
is ontwikkeld voor vijf van de meest voorkomende chromosoomafwijkingen bij acute
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lymfatische leukemie (ALL).

In de General Discussion (Hoofdstuk 3) worden alle conclusies uit de verschillende
hoofdstukken geintegreerd besproken en wordt uiteengezet waar verder onderzoek zich in de
toekomst op zou moeten richten. De recente opkomst van DNA chip technologie zal in de
komende jaren wellicht een belangrijke rol gaan spelen bij het identificeren van nieuwe fac-
toren die betrokken zijn bij de moleculaire processen, die aan de basis liggen van het ontstaan
van antistoffen. DNA chip technologie zal tevens worden gebruikt om nieuwe factoren te
identificeren, die mogelijk kunnen dienen als extra of zelfs betere voorspellende factoren bij
leukemie.
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