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ABSTRACT

Nodular lymphocyte-predominant Hodgkin’s lymphoma
(NLPHL) shows constitutive NF-kB activity in the malignant
lymphocyte-predominant (LP) cells. Constitutive NF-kB
activity also plays a central pathogenetic role in classical
Hodgkin’s lymphoma (cHL), where inactivating mutations
in the NFKBIA and TNFAIP3 genes, coding for the negative
NEF-xB regulators IxBo and A20, respectively, contribute to
NEF-«B activation. To determine whether mutations in
NFKBIA and TNFAIP3 are also involved in the pathogene-
sis of NLPHL these genes were sequenced from microdis-
sected LP cells of 10 primary NLPHL. We also studied DEV,
the only cell line proposedly derived from LP cells, after
we had confirmed its derivation from NLPHL by gene
expression analysis. A heterozygous somatic missense
mutation in the NFKBIA gene was found in one NLPHL,
and a heterozygous, possibly subclonal, two base pair
insertion in TNFAIP3 in another case. The low mutation

frequency and the absence of biallelic destructive muta-
tions propose a minor contribution of NFKBIA and
TNFAIP3 mutations to the NF-kB activity of NLPHL, sug-
gesting different mechanisms of NF-xB activation in
NLPHL and cHL.
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Introduction

Nodular lymphocyte-predominant Hodgkin’s lymphoma
(NLPHL) and classical Hodgkin’s lymphoma (cHL) show
marked similarities in their histological appearances." The
tumor cells of these lymphomas, the Hodgkin and Reed-
Sternberg (HRS) cells in cHL and the lymphocyte-predomi-
nant (LP) cells, formerly named lymphocytic and histiocytic
cells” in NLPHL, are embedded in a reactive inflammatory
background and often account for only 1% of cells in the
tumor tissue. It is well known that HRS cells show strong
constitutive NF-kB activity, which is thought to contribute
critically to their malignant behavior® Recently, it was
demonstrated that also LP cells show constitutive NF-«xB
activity.! While little is known about the mechanisms leading
to the deregulation of the NF-«B pathway in NLPHL, we have
some insight into these mechanisms in cHL. Apart from lig-
and-mediated activation provided by the microenvironment

via CD30, CD40 and RANK surface receptors of the TNF
receptor family or intrinsic stimuli by the latent membrane
protein (LMP) 1 in Epstein-Barr virus (EBV)-positive cases,
HRS cells can acquire constant NF-xB activation by genetic
lesions, in particular amplification of the REL gene or inacti-
vating mutations of inhibitors of the NF-xB signaling path-
way, i.e. the NFKBIA, NFKBIE and TNFAIP3 genes.”” The lat-
ter genes hence function as tumor suppressor genes in cHL.
NFKBIA codes for IxBa, a protein that prevents the nuclear
translocation of NF-kB heterodimers by binding and retaining
them in the cytoplasm, thereby inhibiting NF-kB activity.
NFKBIA, located on chromosome 14q13 was shown to con-
tain inactivating mutations in Hodgkin’s lymphoma (HL) cell
lines and primary cases in about 20% of cases analyzed.*"
Even more important is the recent finding that 70% of EBV-
negative cHL cases contain functionally inactivating muta-
tions of mostly both alleles of the TNFAIP3 gene, located on
chromosome 6q23.° The encoded protein (A20) functions as
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an inhibitor of NF-xB signaling through the removal of
activating Lys63-linked ubiquitins and the Lys48-linked
ubiquitination and subsequent proteasomal degradation
of receptor-interacting protein (RIP), which is an essential
mediator for signal transduction from the TNEF-receptor to
the IkB kinase (IKK)."” A20 may inhibit also additional fac-
tors of the NF-xB pathway, such as TRAF1 and TRAF2."
Notably, TNFAIP3 mutations are much rarer in EBV-posi-
tive cases of cHL, indicating that viral transformation, and
in particular NF-kB activation through LMP1, may replace
the pathogenetic role of A20 in the EBV-positive cases.’
Given the important role of inactivating mutations in the
tumor suppressor genes NFKBIA and TNFAIP3 in cHL, the
fact that LP cells are essentially always EBV-negative and
the recent recognition of constitutive NE-kB activity also
in LP cells of NLPHL, we studied the contribution of inac-
tivating mutations in these two genes to the pathogenesis
of NLPHL.

Design and Methods

Generation of gene expression profiles and principal
component analysis

The gene expression profiles of primary HRS and LP cells were
available through an earlier study.’ Gene expression profiles of
the HL cell lines were generated with the same protocol. For the
134 preselected probe sets of differentially expressed genes
between cHL and NLPHL with filter criteria fold change >1.8 or
<-1.8 and false discovery rate <0.1, we performed principal com-
ponent analysis. The first principal component, accounting for
63.3% of the variance, was used as an expression signature for
the given gene list, which was then applied to the five HL cell
lines.

Patient samples and laser microdissection of LP cells

Lymph node samples from 10 patients with NLPHL were col-
lected from the Senckenberg Institute of Pathology at University
of Frankfurt. The Institutional Review Board at the University of
Frankfurt approved the study. For amplification and sequencing
aliquots of 20 pooled as well as single LP cells were obtained by
microdissection from 5 um cryosections stained for CD75"
(Abcam, Cambridge, USA) mounted on membrane covered
slides using the PALM Robot-MicroBeam laser microdissection
system (PALM, Bernried, Germany).

Amplification and sequencing of NFKBIA

Samples were incubated with 0.5 mg/mL proteinase K at
50°C for 2 h followed by 5 min at 95°C. Exon 1 was amplified
using 1.5 mM MgCL, 1 M betaine, and primers IKB1h (5-
CAGCGCCCCAGCGAGGAAGCAG-3’) and IKBle (5'-
AGCGTTCGGGGCGGTGCAGGAG-3’). Exons 2-6 were
amplified in a multiplex PCR containing 2 mM MgCL, 1 M
betaine and primers."” PCR was performed for 35 cycles.
Following first-round amplification semi-nested PCR was per-
formed individually for each exon with primers previously
described,' with IKB1b substituted for IKB1h and IKB2b substi-
tuted for IKB2b2 (5-GCCTGCCAGGAACACTCAGCTC-3").
MgCl> and betaine concentrations equal to first round conditions
were used. Forty-five cycles of PCR were performed.
Amplificates were sequenced on an automated sequencer (ABI
3130, Applied Biosystems).
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Amplification, sequencing and FICTION analysis
of TNFAIP3

All coding exons of TNFAIP3 were amplified in a seminested
PCR with 35 cycles in the first round and 45 cycles in the second
round of amplification, using 3 mM MgCl: and 1.05 M betaine as
previously described.” Fluorescence immunophenotyping and
interphase cytogenetic (FICTION) analysis of the TNFAIP3 gene
was performed using a probe spanning the TNFAIP3 locus and a
centromere probe for chromosome 6 as previously described,’
with monoclonal anti-CD20 antibody (L26; DakoCytomation,
Glostrup, Denmark) used for immunofluorescence staining of LP
cells.

Results and Discussion

Initially, we wanted to confirm the NLPHL derivation of
the DEV cell line, which was originally described to have
been established from a cHL patient,” but which was later
reclassified as being derived from NLPHL." We used glob-
al gene expression profiles from primary microdissected
HRS and LP cells,* and identified a set of 134 genes that
best distinguished between them. Gene expression pro-
files of DEV and four classical HL cell lines were generat-
ed and the relatedness of these cell lines to primary HRS
and LP cells was assessed by principal component analysis
using the above 134 genes. Figure 1 shows that along the
first principal component, the four cHL lines co-localize
with the population of primary cHL, whereas DEV is
located within the population of NLPHL. Thus, regarding
genes that are significantly differentially expressed
between HRS and LP cells, DEV shows a gene expression
profile indistinguishable from primary LP cells, and very
different from that of HRS cells. This finding molecularly
substantiates the origin of the DEV cell line from NLPHL
which is further supported by presence of a BCL6 translo-
cation and CD20 expression, typical features of LP cells, in
this cell line.”" Having validated the origin of DEV, we
analyzed this cell line for mutations in the TNFAIP3 gene,
but no mutations were found. The DEV cells have already
been shown to lack mutations in the NFKBIA gene."

To elucidate a potential pathogenetic role for TNFAIP3
and NFKBIA in primary LP cells, samples of 20 microdis-
sected LP cells from 10 cases of NLPHL were evaluated for
mutations in these genes, using a two-rounded, semi-nest-
ed PCR followed by direct, bidirectional sequencing. PCR
amplicons covered all six exons of NFKBIA and the eight
coding exons of TNFAIP3.

For the NFKBIA gene, a single replacement mutation
was found in exon 5 of one NLPHL, leading to an amino
acid change at position 285 of the IxBa protein from
aspartic acid to histidine (Table 1). The amino acid affect-
ed by this mutation is located in the c-terminal PEST
domain of IxBa, which is responsible for its proteasomal
degradation independent of IKK-mediated phosphoryla-
tion.” A mutant variant with this amino acid change in the
PEST domain, which is physiologically masked upon NE-
kB binding, might show altered degradation when com-
pared to the wild-type protein. In the sequence with the
mutation, a wild-type as well as the mutated allele were
recognizable. Sequencing of exon 5 from a microdissected
sample of non-tumor cells from this case showed only the
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wild-type sequence, confirming the somatic origin of this
mutation (Figure 2). To establish clonality of this muta-
tion, an additional 6 single LP cells microdissected from
different areas of the tumor biopsy were analyzed. Of five
evaluable single cell sequences two showed only the wild-
type allele, from two cells both the wild-type and the
mutated allele were amplified, and one cell sample
showed only the mutated sequence. As the PCR efficien-
cy for single molecules from microdissected cells is usual-
ly in the range of 30-50%,%'%*' these results indicate that
the LP cells of this case carry a somatic and clonal replace-
ment mutation in exon 5 of one allele of NFKBIA, where-
as the second allele is wild-type.
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Figure 1. Relatedness of HL cell lines with cHL and NLPHL by PCA.
Probe sets discriminating between cHL and NLPHL (fold change
>1.8 or <-1.8 and false discovery rate <0.1, 134 probe sets) were
used by principal component analysis to identify the relatedness to
DEV and four cHL cell lines (HDLM-2, L-428, L-1236 and KM- H2).
The y-axes represent the first principal component score (PC1), the
horizontal solid lines show the median score of each cell subset,
and the horizontal dotted line indicates the mean of the median
scores of the cHL and NLPHL. The first principal component
accounts for 63.3% of the total variance. cHL: classical Hodgkin’s
lymphoma; NLPHL: nodular lymphocyte-predominant Hodgkin’s
lymphoma.

Nodular lymphocyte-predominant HL -

Analysis of the TNFAIP3 gene from LP cells of the 10
cases of NLPHL revealed one case with a heterozygous 2
bp insertion in exon 9, leading to a frameshift at position
759 of the protein (Table 1). As a result of this mutation,
this allele should code for a variant of the protein with a
replacement of the 32 amino acids of the most c-terminal
zinc finger domain by 57 other amino acids. Notably, a
similar mutation was found in the activated B cell-like dif-
fuse large B-cell lymphoma cell line RC-K8 with postulat-
ed dependence on constitutive NF-kB signaling,” where
the deletion of a single nucleotide in exon 9 leads to a
frameshift abrogating the coding sequence of the two ter-
minal zinc finger domains of the protein. This cell line,
harboring an additional inactivating mutation of the sec-
ond allele of TNFAIP3, undergoes growth arrest and apop-
tosis upon reconstitution of wild-type A20 thus pointing
to a potential functional relevance also of the, albeit
monoallelic, mutation in the NLPHL analyzed here. The
somatic origin of this mutation was proven by amplifica-
tion of only the wild-type sequence from microdissected
non-tumor cells of the respective biopsy (Figure 2). Single
LP cells of this NLPHL were further investigated. Of nine
sequences obtained from the single LP cells, six showed
only the wild-type allele while three showed the 2 bp
insertion coexistent with a wild-type allele. FICTION
analysis of this case revealed in 11 of 24 nuclei from LP
cells (identified as large CD20-positive cells) 3 or 4 copies
of the TNFAIP3 gene locus whereas the bystander cells
showed no such copy number gain (data not shown). The
shift in ratio of detectable unmutated versus mutated alle-
les might therefore be due to a copy number gain of the
(unmutated) TNFAIP3 gene in a fraction of LP cells or the
described mutation being a subclonal event.

Based on the presence of a polymorphic or mutated

Table 1. Mutation analysis for NFKBIA and TNFAIP3 in LP cells of
NLPHL.

Case  Nucleotide Nucleotide Amino acid LOH for LOH for
Change Change  change®  NFKBIA TNFAIP3
NFKBIA*  TNFAIP3

1 No#! No'

2 Unknown  Unknown

3 G963C D285H No# Unknown

4 Unknown  Unknown

5 No# No'

6 No# Unknown

7 No" Unknown

8 No" Unknown

9 Ins CC 2341' Frameshift aa759  No* No*

10 Unknown  Unknown

Pooled samples of 20 LP cells were analyzed. In NLPHL in which mutations were
found, additional single LP and non-tumor cells were evaluated for that mutation.
a,b,c,d corresponding to NCBI accession numbers “NM_020529.2,"NM_006290.2,
‘NP_065390.1 and “NP_006281.non-tumor cells showed only the wild-type
sequence; 2 single LP cells with only the wild type sequence, 2 with a wild type and
a mutated sequence,1 with only the mutated sequence; non-tumor cells showed only
the wild-type sequence; 6 single LP cells with only the wild-type sequence, 3 with a
wild-type and a mutated sequence. Indices #'denote simultaneous detection of a wild
type and a polymorphic allele; grs1957106 of NFKBIA; hrs1050851 of NFKBIA;
irs2307859 of TNFAIP3; *simultaneous detection of a wild type and a mutated allele
(Figure 2); “exclusion of LOH by FICTION; Ins:insertion; LOH: loss of heterozygosity;
aa: amino acid.
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Exon 5 of NFKBIA

GATGCTGCCAGAGAGBTEAGSATGAGGAGAGCTATGACALD

LP cells

NLPHL

case 3 GATGCTGL CAGAGAGTGAGGATGAGGAGABL TATGACAL

I M.A. Schumacher et al

Exon 9 of TNFAIP3

CTBCCCCCGAABACCOCOCCAAGLABCETTRCCEGACCCE

Figure 2. NFKBIA and TNFAIP3 sequences of 20 pooled LP and non-tumor cells of primary NLPHL. (Left) Electropherograms showing a, pre-
sumably heterozygous, single nucleotide replacement mutation in exon 5 of the NFKBIA gene present in LP but not in non-tumor cells from
a primary NLPHL (case 3). Additional sequencing of single LP cells further support a heterozygous mutation (Table 1). (Right).
Electropherograms showing a 2 bp insertion in exon 9 of the TNFAIP3 gene present in LP but not in non-tumor cells from a primary NLPHL
(case 9). Additional sequencing of single LP cells and immunophenotyping and interphase cytogenetics (FICTION) analysis indicate either a
subclonal heterozygous mutation or a heterozygous mutation plus a copy number gain of the wild-type allele only in LP cells (Table 1).
Positions affected by mutations in LP cells and their equivalent in non-tumor cells are indicated by arrows.

allele together with a wild-type allele in the electrophero-
gram we were able to exclude a loss of heterozygosity in
7 of 10 cases for NFKBIA and 3 of 10 cases for TNFAIP3,
i.e. in all informative cases (Table 1).

NLPHL and cHL show marked similarities in histologi-
cal appearance, global gene expression, and aberrant acti-
vation of several signaling pathways."* In line with a close
relationship of these lymphoid malignancies, some com-
mon genetic lesions have been identified, for example
mutations in the SOCS1 gene as a mechanism contribut-
ing to constitutive STAT transcription factor activity.”**
On the other hand, also distinct genetic lesions have been
described in cHL and NLPHL. For example, chromosomal
translocations involving the BCL6 locus are frequent in
NLPHL but very rare in cHL, and genomic gains of the REL
gene have been detected in cHL, but appear to be rare or
absent in NLPHL.” On this background, it was important
to clarify whether the mechanisms causing constitutive
NF-xB activity in HRS and LP cells are caused by similar
genetic lesions, which would further support a close rela-
tionship between cHL and NLPHL.

In the present study, out of 10 cases of NLPHL and the
NLPHL cell line DEV, only one mutation was found for
each of the two genes under investigation and neither one
seems to lead to a functional inactivation of the respective
gene in the tumor cells. In both instances, the mutation
affected only one allele, and in the case of the TINFAIP3
mutation it might even be a subclonal event, that was

hence not a primary transforming lesion. This contrasts to
cHL, where NFKBIA and TNFAIP3 mutations were found
more frequently, were clonal, and often clearly destructive
for both alleles, as it is typical for tumor suppressor gene
inactivation. Thus, our study revealed that inactivating
mutations in the NFKBIA and TNFAIP3 genes do not con-
tribute significantly to the high NF-kB activity in the LP
cells of NLPHL, and that the mechanisms of NF-kB activa-
tion in NLPHL are distinct from those of cHL. It remains
to be determined whether perhaps genetic lesions of other
factors of the NF-kB pathway and/or other stimuli cause
the high NF-xB activity of LP cells.
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