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Abstract
In a previous study we demonstrated high expression of the non-coding BIC gene in the
vast majority of Hodgkin’s lymphomas (HLs). Evidence suggesting that BIC is a primary
microRNA transcript containing the mature microRNA-155 (miR-155) as part of a RNA
hairpin is now accumulating. We therefore analysed HL cell lines and tissue samples to
determine whether miR-155 is also expressed in HL. High levels of miR-155 could be
demonstrated, indicating that BIC is processed into a microRNA in HL. Most non-HL
subtypes were negative for BIC as determined by RNA-ISH. However, in diffuse large B
cell lymphoma (DLBCL) and primary mediastinal B cell lymphoma (PMBL), significant
percentages of positive tumour cells were observed in 12/18 and 8/8 cases. A higher
proportion of tumour cells were positive for BIC in DLBCL with activated B cell-like
phenotype than in DLBCL with germinal centre B cell-like phenotype. Differential BIC
expression was confirmed by qRT-PCR analysis. Northern blot analysis showed expression
of miR-155 in all DLBCL and PMBL derived cell lines and tissue samples analysed. In
summary, we demonstrate expression of primary microRNA BIC and its derivative miR-155
in HL, PMBL and DLBCL.
Copyright  2005 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
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Introduction

MicroRNAs (miRNAs) are endogenous ∼22 nt RNAs
that play important regulatory roles by targeting
mRNAs for cleavage or translational repression [1].
To date, hundreds of miRNA have been identified,
representing approximately 1% of all predicted genes
in most species [2]. Chen and colleagues reported a set
of miRNAs that can modulate haematopoietic lineage
differentiation, and demonstrated that overexpression
of miR-181 in haematopoietic stem/progenitor cells
resulted in an increase in the number of B lymphoid
lineage cells [3]. Low levels of miR-15 and miR-16
were reported in the majority of CLL cases, either by
downregulation or by hemizygous and homozygous
deletions of a 30 kb region at 13q14 [4]. In addi-
tion, miRNA expression profiling revealed different
profiles in Zap-70 positive and negative CLL [5],
suggesting that miRNA expression patterns contribute
to the pathophysiology of this disease. Interestingly,
more than half of the miRNAs are mapped within
cancer-associated genomic regions or fragile sites [6].
Reduced levels of specific miRNAs were observed in
colon and lung tumours, supporting a role for miRNAs
in carcinogenesis [7,8]. Taken together, these data
provide good evidence that miRNAs play key roles
in the regulation of a variety of cellular processes.

We previously reported high expression of BIC in
more than 90% of Hodgkin’s lymphomas (HLs) [9].
The expression was observed in HL/Reed–Sternberg
cells (HRS) of classical HL (cHL) and the lymphocytic
and histiocytic (L&H) cells of nodular lymphocyte-
predominant (NLP) HL. No BIC expression was
observed in the neoplastic cells of several non-HL
(NHL) subtypes [9]. A putative role for BIC in
lymphomagenesis was supported by frequent over-
expression of BIC in virally induced lymphomas in
chickens [10]. Based on the fact that BIC lacks
an extensive and conserved open reading frame, it
was suggested that BIC functions via its RNA tran-
scripts [10]. The high degree of homology observed
over a 138 nucleotide (nt) region between human,
mouse and chicken, which contains an imperfect
stem–loop structure [11], suggests that BIC might
function as a primary-miRNA (pri-miRNA). Pri-
miRNAs are located in the nucleus and processed,
based on the presence of a stem–loop structure, into
∼70 nt precursor-miRNAs (pre-miRNAs) [12,13]. The
nuclear localization of BIC transcripts observed in HL
and normal tissues is thus consistent with a putative
pri-miRNA function. Further support for a pri-miRNA
function was obtained by cloning of the BIC derived
miRNA, miR-155 [14] and by demonstrating that
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ectopic BIC expression in a BIC and miR-155 nega-
tive cell line resulted in high levels of miR-155 [15].

In this study, we report the presence of miR-155 at
high levels in HL cell lines and tissues. In addition,
we demonstrate BIC and miR-155 expression in some
additional NHL subtypes.

Materials and methods

Cell lines and tissues

All protocols for obtaining and studying human tissues
and cells were approved by the institution’s review
board for human subject research. The cHL cell
lines L591, L428, HDLM-2, KM-H2, L1236 and the
NLP HL cell line DEV were used. The HDLM-2
cell line is of T cell origin, while the other HL
cell lines are of B cell origin [16–18]. The fol-
lowing NHL cell lines were used: K1106P (pri-
mary mediastinal B cell lymphoma, PMBL), SU-
DHL-6 [diffuse large B cell lymphoma, DLBCL,
t(14;18)], Ver [DLBCL, t(8;14)] and Rose [DLBCL,
t(14;18)]. Cell lines were cultured in RPMI-1640
medium (Cambrex Biosciences, Walkersville, MD)
supplemented with ultraglutamine 1 (Cambrex Bio-
sciences), 100 U/ml penicillin/streptomycin and 10%
FCS (Cambrex Biosciences) or 20% FCS (DEV and
K1106P) at 37 ◦C in an atmosphere containing 5%
CO2. Frozen (northern blotting and qRT-PCR) and
paraffin-embedded tissues (BIC ISH, IHC and qRT-
PCR) of HL and various NHL cases were randomly
selected from the tissue bank at the Department of
Pathology and Laboratory Medicine, University Med-
ical Centre Groningen. Reactive lymph node and ton-
sil tissue specimens were included as control tis-
sues.

RNA in situ hybridization (ISH)

RNA-ISH was performed as described previously [9],
and was used to detect the full-length primary BIC
transcript. The slides were scored independently by SP
and JK, and the average of the two scores was used
as the percentage of BIC-positive cells. In discrepant
cases, slides were scored again simultaneously to reach
consensus. All cases were routinely stained with a
probe for ß-actin to ensure the RNA quality and
fixation of the tissue samples. Cases were scored
positive when more than 1% of the tumour cells
stained positive.

RNA isolation and northern blotting

Total RNA from frozen tissue sections was isolated
using Trizol (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. Total RNA from the
cell lines was isolated using the Absolutely RNA
Miniprep Kit (Stratagene, La Jolla, CA). After DNAse
treatment, the integrity of the RNA was checked
on a 1% agarose gel and only good quality RNA

samples were used for subsequent analysis. Total
RNA (20 µg) was loaded on a 7.5 M urea 12%
PAA denaturing gel and after electrophoresis trans-
ferred to Hybond N+ nylon membrane (Amersham,
Freiburg, Germany) and cross-linked using UV light.
Hybridization with the miR-155 antisense starfire
probe 5′-CCCCTATCACGATTAGCATTAA-3′ (to
detect miR-155) or miR-155 sense probe 5′-TTAATG
CTAATATGTAGGAG-3′ (as a negative control) (IDT,
Coralville, IA) was performed according to the manu-
facturer’s instructions. After washing, the membranes
were exposed for 20–50 h to Kodak XAR-5 films
(Sigma Chemical, St Louis, MO). As a loading control,
hybridizations were performed with an antisense U6-
snRNA starfire probe, 5′-GCAGGGGCCATGCTA-
ATCTTCTCTGTATCG-3′ [19] and the membranes
were exposed for 15–30 min. Due to material limi-
tations, we could only analyse a limited number of
lymphoma cases by this method.

Quantitative RT-PCR

For the paraffin-embedded DLBCL and PMBL cases,
RNA was isolated using a previously described proto-
col [20]. All RNA samples were treated with DNase,
followed by a multiplex PCR with primer sets specific
for genomic DNA to monitor the efficiency of the
DNAse procedure. Quantitative RT-PCR (qRT-PCR)
was performed as described previously and resulted
in the specific amplification of BIC transcripts [9].
Glyceraldehyde-3-phophate dehydrogenase (GAPDH)
was used for normalization. The GAPDH primers and
probe were: F, 5′-CCACATCGCTCAGACACCAT-3′;
R, 5′-GCGCCCAATACGACCAAAT-3′; and P, 5′-6-
FAM-CCCTTCCACTTCCAGCCTCAGTTGC-TAM-
RA-3′. The relative amount of BIC was calculated
by subtracting the average CT value for BIC from
the average CT value of the reference gene (�CT).
Relative expression levels were expressed as 2−�C T.

Immunohistochemistry

Immunohistochemical staining was performed with
mouse anti-human monoclonal antibodies against
CD10 (1 : 20, 56C6, Novacastra, Newcastle, UK),
MUM1 (1 : 25, MUM1p, DAKO, Copenhagen,
Denmark) and Bcl-6 (1 : 20, PG-B6P, DAKO) on
paraffin-embedded tissue sections after antigen
retrieval. Positive staining was visualized using a
peroxidase-labelled second step and diaminobenzidine
(DAB). DLBCL cases were classified as germinal cen-
tre B cell-like (GCB-like) or activated B cell-like
(ABC-like) according to Hans et al [21].

Results

BIC RNA-ISH

We previously reported positive staining for BIC
in a few cases of DLBCL, typically in a minor-
ity of tumour cells [9]. We have now extended the
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Table 1. Overview of BIC RNA-ISH results in various NHL
subtypes and HL

Tissue BIC− BIC+

FL∗ 15 0
BL∗ 8 1
MCL 6 0
MZL 0 2
DLBCL 6 12
PMBL 0 8
HL∗ 5 53
TCRBCL† 16 1
ALCL∗ 7 0
TCL 0 3

FL, follicular lymphoma; BL, Burkitt’s lymphoma; MCL, mantle cell
lymphoma; TCRBCL, T cell-rich B cell lymphoma; MZL, marginal
zone lymphoma; DLBCL, diffuse large B cell lymphoma; PMBL,
primary mediastinal B cell lymphoma; HL, Hodgkin’s lymphoma; ALCL,
anaplastic large cell lymphoma; TCL, T cell lymphoma. ∗ Cases described
previously [9]. † Cases partly described previously [9].

DLBCL group and screened additional NHL sub-
types (Table 1). BIC RNA-ISH revealed character-
istic nuclear staining for BIC in a variable per-
centage of tumour cells in the majority of DLBCL
cases (12/18, ∼67%) (Table 2). DLBCL cases were
stained for CD10, Bcl-6 and Mum1 to classify them
into GCB-like or ABC-like [21]. Eleven cases (61%)
were assigned to the GCB-like group and seven
cases (39%) to the ABC-like group (Table 2). Inter-
estingly, ABC-like DLBCL showed more than twice
as many BIC-positive cells as GCB-like DLBCL. In
addition, screening of eight PMBL cases by RNA-
ISH revealed BIC-positive staining in 12% on average
(range 2–30%) of the tumour cells. All PMBL cases
were negative for CD10 and positive for MUM1 and
in 7/8 cases positive for Bcl-6, indicating an ABC-like
phenotype (Table 2).

RNA-ISH in other NHL subtypes revealed no
BIC expression in 11 TCRBCL and six MCL cases
(Table 1). In some cases a few weakly positive small
cells were observed that, based on the morphology,
most likely do not represent the tumour cell popula-
tion. One TCRBCL case was positive in a low per-
centage of tumour cells. The three TCL cases showed
BIC staining in 1–2% of the tumour cells (Figure 1).
Two MZL cases were positive; in one case the major-
ity of cells in the marginal zone were positive, while
in the other case the positive cells were mainly present
in the mantle zone.

Quantification of BIC expression levels in DLBCL
and PMBL

To confirm differences in BIC expression levels
observed by RNA-ISH in DLBCL and PMBL we
applied qRT-PCR (Table 2) on paraffin-embedded
or frozen tissue samples. To determine the accu-
racy of the qRT-PCR on paraffin-embedded tissues,
we tested several tissues both on paraffin-embedded
tissues and frozen material, which revealed similar BIC
expression levels (bottom of Table 2). The relative BIC

levels in ABC- and GCB-like DLBCL and PMBL, eg
highest in PMBL and lowest in GCB-like DLBCL,
were in agreement with the results of the RNA-ISH
data.

MiR-155 analysis

Using northern blot analysis with an antisense miR-155
probe, a strong 22 nt hybridization signal was observed
in HL cell lines DEV, L1236, L591 and KM-H2, in the
PMBL cell line K1106P and in the DLBCL cell line
Rose. HL cell line L428 and DLBCL lines VER and
SU-DHL-6 were weakly positive. The T cell HL cell
line HDLM-2 was negative for miR-155 (Figure 2A).
Using a miR-155 sense probe no signal was observed,
providing experimental support that only one of the
two stem sequences is retained as a miRNA (data not
shown).

Northern blot analysis on various tissue samples
revealed a strong miR-155 hybridization signal in
seven HL cases, two randomly chosen DLBCL cases
and one PMBL case. In reactive lymph node and ton-
sil, which show a low percentage of BIC RNA-ISH
positive cells, miR-155 was also detected at high levels
(Figure 2B).

To compare expression of miR-155 with BIC, we
quantified BIC levels using qRT-PCR in all samples
analysed for miR-155 (Table 3). The four HL cell lines
and the PMBL cell line with strong miR-155 signals
also showed high BIC levels (DEV, KM-H2, L1236,
L591 and K1106P). Cell lines without (HDLM-2) or
low miR-155 levels (L428, VER and SU-DHL-6) all
showed lower amounts of BIC. The only cell line with
an inconsistent result was Rose, which demonstrated
a strong signal for miR-155 and only a low level
of BIC. Whole tissue sections from seven HL cases,
two DLBCL and one PMBL revealed a uniform BIC
expression level consistent with the miR-155 levels.

Discussion

In this study we demonstrated high BIC and miR-
155 levels in four of the six HL cell lines (L1236,
L591, KM-H2 and DEV). The other two HL cell
lines, L428 and HDLM-2, expressed low levels of
BIC and miR-155 analysis revealed low or no expres-
sion, respectively. The lack of miR-155 in HDLM-
2 may relate to its T cell derivation or to reduced
processing potential of BIC transcripts. These obser-
vations demonstrate a good relation between high
BIC and miR-155 levels and support the hypothesis
that BIC is a pri-miRNA that can be processed to
miR-155. This was recently confirmed by induction
of ectopic BIC expression in a BIC- and miR-155-
negative cell line, resulting in a high level of miR-155
[15].

In HL tissues, the absolute levels of both the primary
BIC transcripts and miR-155 are on average similar to
those observed in the HL cell lines (Figure 2, Table 3).
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Table 2. Quantification of BIC expression levels in DLBCL, PMBL, HL and controls

Tissue
Case
No CD10 MUM1 Bcl-6 Site

BIC
ISH (%)

BIC (×10−3)
(paraffin tissue)

BIC (×10−3)
(frozen tissue)

GCB-like 1 + + + N − 11
DLBCL 2 + − + N 1–2 5

3 + − + N − 2
4 − − + N − 3
5 + + + E 20 47 23
6 + + + E − 9
7 + + + E 5 19
8 + + + E − 3
9 − − + E 5 4

10 − − + E 5 11
11 − − + E 10 24

Average 4.2 12.4

ABC-like 12 − + + N 1–2 23 19
DLBCL 13 − + + N 10 nd

14 − + + N − 9
15 − + − E 50 32
16 − + − E 5 30
17 − + − E 5 28
18 − + − E 10 11

Average 11.6 21.9

DLBCL Average 7.1 15.8

PMBL 1 − + + 10 38
2 − + + 3–10 nd
3 − + + 2 16
4 − + + 2 77
5 − + + 10 34
6 − + + 30 nd
7 − + + 25 26 5
8 − + − 10 21

Average 11.9 35

HL 1 7 5
2 4 7
3 5 12
4 7 4
5 12 7

Average 7.0 6.8

RL 1 4 4
2 5 6
3 6 4
4 4 4
5 3 3

Average 4.6 4.0

GCB, germinal centre B cell; ABC, activated B cell; N, nodal presentation; E, extranodal presentation; nd, not determined; RL, reactive lymph
node.

This finding is unexpected, since it is known that HRS
and L&H cells in HL tissues make up only 1% or
less of the total cell population. A possible expla-
nation for this discrepancy might be that HRS and
L&H cells in HL tissues are triggered for enhanced
BIC expression by the T cells directly surrounding
the tumour cells, while this interaction is lacking in
the cell lines. Another possible explanation might be
that in the cell lines only a low percentage of the cells
are BIC-positive. Due to lack of a reliable RNA-ISH
protocol for cell lines, we could not investigate this
aspect further.

We have previously observed BIC expression in
some of the cells within germinal centres of reactive

lymphoid tissues, suggesting that BIC positivity may
be a reflection of the activation status of the lymphoid
cells [9]. This is indeed confirmed by the strong
induction of BIC expression in both activated B
and T cells [9,22]. Nevertheless, we did not detect
BIC-positive reactive cells in HL tissues. This dif-
ference might be due to the different cellular com-
position of HL tissues and reactive lymphoid tis-
sues. In addition, it might also be explained by
the intrinsic differences of the reactive cells of HL,
such as the anergic/immunoregulatory phenotype of
the T cells [23] or the different microenvironment
due to abnormal cytokine production in HL tissues
[24].
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Figure 1. BIC RNA-ISH in various NHL subtypes. (A) BIC-negative mantle cell lymphoma; (B) T cell lymphoma showing
approximately 2% BIC-positive cells; (C) diffuse large B cell lymphoma with 5% positive cells; (D) primary mediastinal B cell
lymphoma with 10% of the cells positive for BIC, as controls; (E) classical Hodgkin’s lymphoma case with a group of strongly
positive Reed–Sternberg cells; and (F) a tonsil with a few positive cells within the germinal centre (original magnifications ×400)

The three TCLs showed a low percentage of
BIC-positive tumour cells. Induction of BIC expres-
sion was demonstrated in CD4+ T cells upon activation
with anti-CD3 and anti-CD28 antibodies, demonstrat-
ing that BIC can be induced in T cells [22]. Whether
BIC-positive cells in TCL can be attributed to an acti-
vated phenotype remains to be investigated.

In this study we show that, in addition to HL, PMBL
and a large proportion of DLBCL cases are also BIC-
positive, albeit in a smaller proportion of the tumour
cells. Currently, the biological implication of the vari-
ation of BIC expression within these lymphomas is
not known. It can be speculated that, in contrast to HL,
in which consistent BIC expression is demonstrated in
the vast majority of tumour cells, the induction of BIC
expression in some of the tumour cells in DLBCL and
PMBL cases is dependent on specific external or inter-
nal stimulatory signals. This suggests that, in DLBCL
and PMBL, the high BIC expression in some of the

cells displays a specific (activation) state rather than
an oncogenic marker.

Comparison of ABC-like with GCB-like DLBCL
revealed more pronounced expression of BIC in ABC-
like cases by RNA-ISH and qRT-PCR (Table 2).
These findings are in agreement with a recent pub-
lication of Eis et al (2005), who also demonstrated
low BIC and miR-155 level in two GCB-like DLBCL
cases and an enhanced BIC and miR-155 expression
level in nine ABC-like DLBCL cases, using specific
invader mRNA assays [15]. In addition, they showed
accumulation of BIC and miR-155 in five HL cell
lines, three CLL cases and one case of marginal zone
lymphoma.

Based on high BIC levels observed by both RNA-
ISH and qRT-PCR, we speculate that the ABC-
like phenotype is related to higher expression of
BIC. Interestingly, it was shown that nuclear factor
(NF)-kB transcription factor activity correlates with
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Figure 2. Northern blot analysis for miR-155. (A) The majority
of the Hodgkin’s, primary mediastinal and diffuse large B cell
lymphoma cell lines express miR-155 strongly, as do (B) primary
cases of HL, PMBL and DLBCL. As a control, tonsils and a
reactive lymph node were analysed. U6 snRNA hybridizations
results are shown as a quality and loading control. ∗Note that
L591 was analysed on a separate blot, to compare it with the
other HL cell lines DEV was also analysed on this blot

the ABC-like DLBCL phenotype [25]. Constitutively
activated NF-kB is also one of the hallmarks of HRS
cells [26] and a putative NF-kB binding site is present
in the promoter region of the BIC gene [9]. Despite
our original findings that triggering of the B cell recep-
tor in a RAMOS cell line, transfected with a non-
degradable form of IkB, did not completely block
the induction of BIC, a strongly reduced BIC expres-
sion level was observed at 24 h compared to wild-
type RAMOS [9]. This reduced BIC induction has
now been confirmed in several additional experiments
(unpublished data). Therefore, it can be speculated that
NF-kB activity plays a role in the induction of a high
BIC expression.

Several studies have reported a close relationship
between HL and PMBL cases, based on similar
gene expression profiles and common genomic aber-
rations [27,28]. It will be of interest to analyse the
miRNA expression profiles of HL and PMBL cases to
determine whether these two entities are also related
with respect to miRNA expression profile. Our find-
ing that BIC and miR-155 are expressed in both
lymphoma subtypes indicates a new common patho-
physiological feature of HL and PMBL and warrants
further studies.

Table 3. Overview of qRT-PCR for BIC in HL, PMBL, DLBCL
cell lines and tissues and normal tissues that were also analysed
for miR-155 by Northern blot

Cell line
Rel. BIC
(×10−3) Tissue

Rel. BIC
(×10−3)

HL KM-H2 6 cHL-1 5
L1236 4 cHL-2 7
L428 0.03 cHL-3 3

HDML-2 0.08 cHL-4 4
L591 10 NLP HL-1 3
DEV 8 NLP HL-2 4

NLP HL-3 3

PMBL K1106P 3 PMBL-7 3

DLBCL VER 0.08 DLBCL-5 11
ROSE 0.09 DLBCL-12 9

SU-DHL-6 0.4

Normal T-1 2
tissues T-2 3

T-3 3
RL 5

cHL-1, classical HL 1; NLP HL-1, nodular lymphocyte predominant
HL-1; T-1, Tonsil-1.

Our results show that, with the exception of
PMBL and DLBCL, the tumour cells of most NHL
subtypes are BIC-negative. Nonetheless, we could
detect miR-155 in whole tissue of some NHL cases
with a percentage of BIC-positive cells below the 1%
cutoff used for RNA-ISH (data not shown). Since sim-
ilar low percentages of BIC-positive cells in normal
tissues give rise to detectable miR-155 levels, it can
be anticipated that miR-155 is also present at similar
levels in these NHL cases.

The relevance of high miR-155 expression in HL is
not yet known. Given the high expression of BIC and
miR-155 in HL, PMBL and DLBCL, it may be specu-
lated that downregulation of one or more of the miR-
155 target genes is involved in the pathophysiology of
these diseases. So far, a number of potential miR-155
target genes have been reported based on computa-
tional algorithms [19,29–32]. None of these target
genes were verified in vitro or in vivo and different tar-
gets have been reported in each study (see Supplemen-
tary data table). One potentially interesting putative
target of miR-155 is ICOSL [19]. ICOS-ICOSL sig-
nalling is important in T cell activation, proliferation
and cytokine production [33,34]. HRS are surrounded
by ICOS expressing T cells (unpublished results) and
the lack of ICOSL expression may thus influence the
immune response. Another miR-155 target is the tran-
scription factor PU.1 [29], a protein required for early
B cell differentiation [35]. Absence of PU.1 protein
expression is thought to be associated with defective
immunoglobulin transcription in HRS cells of cHL
[36,37].

In summary, we demonstrate high levels of BIC
in the majority of tumour cells in HL and in a
variable percentage of tumour cells in DLBCL and
PMBL. Consistent with these findings, Northern blot
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analysis of various cell lines and tissues demonstrated
high miR-155 levels in HL, PMBL and DLBCL. In
DLBCL, BIC expression appears to be associated with
an ABC-like phenotype, possibly as a result of NF-κB
activation.

Supplementary material

A supplementary table showing putative target genes
for miR-155 can be found at the website: http://www3.
interscience.wiley.com/cgi-bin/jabout/1130/suppmatt.
htm

Acknowledgements

This study was supported by a research grant from the Dutch
Cancer Society (RUG 01-2414).

References

1. Ambros V. The functions of animal microRNAs. Nature
2004;431:350–355.

2. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 2004;116:281–297.

3. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs modulate
hematopoietic lineage differentiation. Science 2004;303:83–86.

4. Calin GA, Dumitru CD, Shimizu M, et al. Frequent deletions
and down-regulation of micro-RNA genes miR15 and miR16 at
13q14 in chronic lymphocytic leukemia. ProcNatl Acad Sci USA
2002;99:15 524–15 529.

5. Calin GA, Liu CG, Sevignani C, et al. MicroRNA profiling
reveals distinct signatures in B cell chronic lymphocytic leukemias.
Proc Natl Acad Sci USA 2004;101:11 755–11 760.

6. Calin GA, Sevignani C, Dumitru CD, et al. Human microRNA
genes are frequently located at fragile sites and genomic
regions involved in cancers. Proc Natl Acad Sci USA
2004;101:2999–3004.

7. Michael MZ, O’Connor SM, Holst Pellekaan NG, Young GP,
James RJ. Reduced accumulation of specific microRNAs in
colorectal neoplasia. Mol Cancer Res 2003;1:882–891.

8. Takamizawa J, Konishi H, Yanagisawa K, et al. Reduced expres-
sion of the let-7 microRNAs in human lung cancers in
association with shortened postoperative survival. Cancer Res
2004;64:3753–3756.

9. van den Berg A, Kroesen BJ, Kooistra K, et al. High expression
of B cell receptor inducible gene BIC in all subtypes of Hodgkin’s
lymphoma. Genes ChromosomesCancer 2003;37:20–28.

10. Tam W, Ben Yehuda D, Hayward WS. bic, a novel gene activated
by proviral insertions in avian leukosis virus-induced lymphomas,
is likely to function through its noncoding RNA. Mol Cell Biol
1997;17:1490–1502.

11. Tam W. Identification and characterization of human BIC, a
gene on chromosome 21 that encodes a noncoding RNA. Gene
2001;274:157–167.

12. Lee Y, Jeon K, Lee JT, Kim S, Kim VN. MicroRNA maturation:
stepwise processing and subcellular localization. EMBO J
2002;21:4663–4670.

13. Lee Y, Ahn C, Han J, et al. The nuclear RNase III Drosha initiates
microRNA processing. Nature 2003;425:415–419.

14. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W,
Tuschl T. Identification of tissue-specific microRNAs from mouse.
Curr Biol 2002;12:735–739.

15. Eis PS, Tam W, Sun L, et al. Accumulation of miR-155 and BIC
RNA in human B cell lymphomas. Proc Natl Acad Sci USA
2005;102:3627–3632.

16. Drexler HG. Recent results on the biology of Hodgkin and
Reed–Sternberg cells. II. Continuous cell lines. LeukLymphoma
1993;9:1–25.

17. Kanzler H, Hansmann ML, Kapp U, et al. Molecular single cell
analysis demonstrates the derivation of a peripheral blood-derived
cell line (L1236) from the Hodgkin/Reed–Sternberg cells of a
Hodgkin’s lymphoma patient. Blood 1996;87:3429–3436.

18. Wolf J, Kapp U, Bohlen H, et al. Peripheral blood mononuclear
cells of a patient with advanced Hodgkin’s lymphoma give rise
to permanently growing Hodgkin–Reed Sternberg cells. Blood
1996;87:3418–3428.

19. Pfeffer S, Zavolan M, Grasser FA, et al. Identification of virus-
encoded microRNAs. Science 2004;304:734–736.

20. Specht K, Richter T, Muller U, Walch A, Werner M, Hofler H.
Quantitative gene expression analysis in microdissected archival
formalin-fixed and paraffin-embedded tumor tissue. Am J Pathol
2001;158:419–429.

21. Hans CP, Weisenburger DD, Greiner TC, et al. Confirmation of
the molecular classification of diffuse large B cell lymphoma
by immunohistochemistry using a tissue microarray. Blood
2004;103:275–282.

22. Haasch D, Chen YW, Reilly RM, et al. T cell activation
induces a noncoding RNA transcript sensitive to inhibition by
immunosuppressant drugs and encoded by the proto-oncogene,
BIC Cell Immunol 2002;217:78–86.

23. Poppema S, Potters M, Emmens R, Visser L, van den Berg A.
Immune reactions in classical Hodgkin’s lymphoma. Semin
Hematol 1999;36:253–259.

24. Skinnider BF, Mak TW. The role of cytokines in classical
Hodgkin’s lymphoma. Blood 2002;99:4283–4297.

25. Davis RE, Brown KD, Siebenlist U, Staudt LM. Constitutive
nuclear factor kappaB activity is required for survival of activated
B cell-like diffuse large B cell lymphoma cells. J Exp Med
2001;194:1861–1874.

26. Younes A, Garg A, Aggarwal BB. Nuclear transcription factor-
kappaB in Hodgkin’s disease. Leuk Lymphoma 2003;44:929–935.

27. Rosenwald A, Wright G, Leroy K, et al. Molecular diagnosis
of primary mediastinal B cell lymphoma identifies a clinically
favorable subgroup of diffuse large B cell lymphoma related to
Hodgkin’s lymphoma. J Exp Med 2003;198:851–862.

28. Savage KJ, Monti S, Kutok JL, et al. The molecular signature of
mediastinal large B cell lymphoma differs from that of other
diffuse large B cell lymphomas and shares features with classical
Hodgkin’s lymphoma. Blood 2003;102:3871–3879.

29. John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS.
Human MicroRNA targets. PLoS Biol 2004;2:e363.

30. Kiriakidou M, Nelson PT, Kouranov A, et al. A combined
computational–experimental approach predicts human microRNA
targets. Genes Dev 2004;18:1165–1178.

31. Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge
CB. Prediction of mammalian microRNA targets. Cell 2003;115:
787–798.

32. Smalheiser NR, Torvik VI. A statistical approach predicts human
microRNA targets. Genome Biol 2004;5:P4.

33. Dong C, Juedes AE, Temann UA, et al. ICOS co-stimulatory
receptor is essential for T cell activation and function. Nature
2001;409:97–101.

34. Nurieva RI, Mai XM, Forbush K, Bevan MJ, Dong C. B7h is
required for T cell activation, differentiation, and effector function.
Proc Natl Acad Sci USA 2003;100:14 163–14 168.

35. McKercher SR, Torbett BE, Anderson KL, et al. Targeted
disruption of the PU.1 gene results in multiple hematopoietic
abnormalities. EMBO J 1996;15:5647–5658.

36. Jundt F, Kley K, Anagnostopoulos I, et al. Loss of PU.1 expres-
sion is associated with defective immunoglobulin transcription in
Hodgkin and Reed–Sternberg cells of classical Hodgkin disease.
Blood 2002;99:3060–3062.

37. Torlakovic E, Tierens A, Dang HD, Delabie J. The transcription
factor PU.1, necessary for B cell development is expressed in
lymphocyte predominance, but not classical Hodgkin’s disease.
Am J Pathol 2001;159:1807–1814.

J Pathol 2005; 207: 243–249


