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Expression of the polycomb-group gene BMI1 is related to an
unfavourable prognosis in primary nodal DLBCL
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Background : Clinical outcome in patients with diffuse large B cell lymphomas (DLBCL) is highly variable and
poorly predictable. Microarray studies showed that patients with DLBCL with a germinal centre B cell-like
(GCB) phenotype have a better prognosis than those with an activated B cell-like (ABC) phenotype. The BMI1
proto-oncogene was identified as one of the genes present in the signature of the ABC type of DLBCL,
associated with a poor prognosis.
Objectives : (1) To investigate, in primary nodal DLBCL, the expression of BMI1 and its association with
clinical outcome and DLBCL signature; (2) to look for an association between BMI1 expression and the
expression of its putative downstream targets p14ARF and p16INK4a.
Results : BMI1 expression was found to be associated with poor clinical outcome, but not clearly with an ABC-
like phenotype of DLBCL. Expression of BMI1 was frequently, but not always, related to low levels of
expression of p14ARF and p16INK4a.
Conclusion : Expression of BMI1 is associated with an unfavourable clinical outcome of primary nodal DLBCL.

D
iffuse large B cell lymphomas (DLBCL) are heterogeneous
in terms of clinical behaviour, histological features and
differences in response to treatment. Currently, the

clinical parameters comprised in the International Prognostic
Index are used as a prognostic indicator in DLBCL.1 Also,
various cellular and molecular factors that have prognostic
significance in DLBCL have been identified.2–9

Neoplastic cells in DLBCL cases originate from germinal
centre B (GCB) cells or their descendents.10 Recent studies
based on microarray analysis showed that part of DLBCL
phenotypically resemble non-neoplastic GCB cells, but that part
of DLBCL show an expression profile more consistent with an
activated B cell (ABC)-like phenotype.11 12 Furthermore, DLBCL
with a GCB-like phenotype have a considerably better prognosis
than DLBCL with an ABC-like phenotype.4 BMI1 was identified
as one of the genes that distinguish the GCB-like from ABC-like
DLBCL (supplement of studies by Alizadeh et al11 and de Boer
et al13), with high expression levels in ABC-like DLBCL.

BMI1 belongs to the Polycomb group of genes that are
important regulators of mammalian lymphopoiesis (reviewed
in Raaphorst et al14) Furthermore, BMI1 has been shown to be
essential for self-renewal of haematopoietic and neural stem
cells, in part through inhibition of genes regulating senes-
cence.15 Initially, BMI1 was identified as a proto-oncogene in
the development of lymphomas.16 Further studies showed that
overexpression of BMI1 in transgenic mice results in down
regulation of the cell cycle inhibitors p19ARF and p16INK4a, and
that BMI1 cooperates with c-Myc in tumorigenesis by inhibiting
c-Myc-induced apoptosis through p14ARF.15 17 18

p14ARF and p16INK4a are alternatively spliced products from
the INK4a/ARF (CDKN2A) locus, with no structural homology.
p14ARF is involved in the induction of apoptosis via p53,
whereas p16INK4a is involved in the inhibition of cell cycle
progression through cyclin D1 and CDK4/6.19 Both these
processes can be controlled by BMI1 via the INK4a/ARF
locus.20 21

In non-neoplastic lymphoid tissues, BMI1 is primarily
expressed in resting cells. In follicle center B cells, the non-
neoplastic counterpart of at least part of DLBCL, BMI1, was

mainly expressed in centrocytes, but not in dividing centro-
blasts.22 This was in contrast with aggressive B cell lymphomas
in which we have previously observed that BMI1 is frequently
expressed in dividing neoplastic cells, suggesting that aberrant
Polycomb group expression contributes to malignant transfor-
mation in these lymphomas.23 24 We also showed that BMI1
is preferentially expressed in aggressive B cell lymphomas
(DLBCL, Burkitt’s lymphomas and mantle cell lymphomas),
and not in indolent lymphomas (follicular and small
lymphocytic lymphomas).23 However, in this study we did
not investigate whether BMI1 expression predicts clinical
outcome.

Thus, BMI1 is a proto-oncogene that, when aberrantly
expressed in mice, is involved in the pathogenesis of
lymphomas, possibly by disruption of the p14ARF and/or by
p16INK4a regulated pathways.24 25 Furthermore, inhibition of
apoptosis by disruption of the p14ARF pathway may result in
reduced sensitivity to chemotherapy-induced cell death and
poor outcome in patients with BMI1-positive lymphomas.

Therefore, we investigated in primary nodal DLBCL with
extensive follow-up whether BMI1 expression indeed correlates
with an ABC-like phenotype and whether expression of BMI1
predicts poor clinical outcome. Furthermore, to get insight into
the possible pathogenic function of BMI1, we investigated
whether expression of BMI1 is related to decreased levels of
p14ARF and/or p16INK4a expression.

MATERIALS AND METHODS
Clinical material
Selection of formalin-fixed, paraffin wax-embedded tissue
blocks of 60 biopsy specimens of primary nodal DLBCL and
the clinical data of these patients were described previously.8

Table 1 summarises the patient characteristics. Most patients
(n = 60) received polychemotherapy, consisting of CHOP
(cyclophosphamide, doxorubicin, vincristine, prednisone) regi-
mens or variants, either alone (n = 31) or in combination with

Abbreviations: ABC, activated B cell; DLBCL, diffuse large B cell
lymphomas; GCB, germinal centre B cells
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involved field radiation (n = 24); in five cases, only involved
field radiation was given. The institutional review board of the
VU Medical Centre (Amsterdam, The Netherlands) approved
the study. Informed consent was provided according to the
Declaration of Helsinki.

Antibodies used in this study
Monoclonal BMI1 antibody (clone 6C9) was generated pre-
viously,26 polyclonal p14ARF was obtained from Abcam,
Cambridge, UK, and monoclonal p16Ink4a (clone E6H4) was
a kind gift from Dr R Ridder. Specificity of these antibodies was
determined by western blot analysis and bands were found at
the predicted height (not shown).

Immunohistochemistry
Slides of paraffin wax-embedded biopsy specimens were used
for the detection of BMI1, p14ARF and p16INK4a. Sections were
deparaffinised with xylene, endogenous peroxidase was
blocked, and antigens were retrieved in either citrate buffer
(10 mmol/l, pH 6.0) or TRIS/EDTA buffer (10 mmol/l/1 mmol/l,
pH 9.0) in either microwave or autoclave.

Methods for detection of BMI1 were described previously.22

For p14ARF and p16INK4a detection, slides were rinsed in
phosphate-buffered saline and primary antibody was applied at
optimal dilution. After 1 h at room temperature (20 C̊), slides
were incubated with highly sensitive EnVison horseradish
peroxidase system (Dako, Glostrup, Denmark). Bound anti-
bodies were visualised by incubation with diaminobenzidine/
H2O2. Slides were counterstained with haematoxylin.

Quantification of immunohistochemical staining
For all stainings, percentages of positive tumour cells were
evaluated semiquantitatively in approximately the same area;
scattered reactive lymphocytes served as an internal positive
control. Two observers analysed all stainings independently. In
case of disagreement, the staining results were reanalysed by
the observers until consensus was reached.

To determine cut-off levels with the most discriminative
power, cut-off was tested at 25%, 50% and 75% in relation to

prognosis; the statistically most significant cut-off (at 25% for
all stainings) was used in this study.

Phenotypic analysis of GCB-like DLBCL versus ABC-like
DLBCL
Previously, we divided cases in a GCB-like or an ABC-like
subtype,27 by an algorithm modified from the one previously
described by Hans et al4.

Statistical analysis
Survival time was measured from the time of initial diagnosis
until death with disease or until the end of follow-up. Patients
who died of causes unrelated to the disease were censored at
the time of death (n = 2).

Survival curves were constructed with the Kaplan–Meier
method. Differences between the curves were analysed using
the log-rank test. Multivariate analysis was performed using
the Cox proportional hazards model.28 Qualitative variables
were analysed by Pearson x2 test or by the Fisher exact test,
where appropriate. The Kruskal–Wallis test to compare group
means and the Spearman test was used to test correlations
between different variables. All p values are based on two-tailed
statistical analysis, considering p values ,0.05 as significant.
Analyses were performed using SPSS V.10.1.

RESULTS
Aberrant expression of BMI1 in DLBCL as compared with
normal follicle centre cells
As described previously, BMI1 expression in non-neoplastic
germinal centres is almost completely restricted to non-dividing
cells.22 29 In DLBCL, BMI1 was detected in DLBCL in all patients,
but in highly varying percentages of dividing lymphoma cells.
The percentage of BMI1-positive tumour cells ranged from ,5%
to almost 100% (fig 1); 25% of the cases had ,25% whereas
75% had .25% BMI1-positive tumour cells.

Low levels of BMI1 expression are related to a
favourable clinical outcome
Using log-rank and Cox regression analysis, different
thresholds of percentages of BMI1-positive tumour cells were
tested; the threshold with optimal discriminative power with
regard to overall survival was 25% (table 2, fig 2A). Using
multivariate analysis including GCB/ABC phenotype and BMI1
expression as categorical variables did not yield additional
significant prognostic value for expression of BMI1 above GCB
versus ABC phenotype (fig 2B,C). However, expression of
BMI1 tended to be related to poor outcome, especially in GCB-
like DLBCL (90% 5-year overall survival time v 55% 5-year
overall survival time for BMI1 negative and positive cases,
respectively).

BMI1 expression is not restricted to activated B cell-like
DLBCL
Microarray studies have shown that BMI1 is one of the
genes that distinguishes a GCB-like DLBCL from an ABC-like
DLBCL. Using immunohistochemical analysis, cases with
many BMI1 positive tumour cells more often showed an ABC-
like phenotype, although this relation was not significant
(table 3).

Aberrant expression of p16INK4a and p14ARF in DLBCL
as compared with normal foll icle centre cells
To determine whether BMI1 expression is related to (lowered)
p14ARF or p16INK4a expression, we subsequently investigated
p14ARF and p16INK4a expression in normal lymphoid tissue
and DLBCL cases. In non-neoplastic lymphoid tissue p14ARF
and p16INK4a are expressed in a limited number of cells of the

Table 1 Patient characteristics obtained by univariate
survival analysis

Patient
characteristics Number

Deaths with
lymphoma

5-Year
survival* p Value�

IPI`
1 16 5 58 NS
2 21 12 44
3 14 7 43
4 8 6 0

B symptoms
Yes 19 13 32 0.02
No 41 18 52

Stage`
1+2 25 8 63 0.03
3+4 34 22 34

ABC/GCB profile1

GCB 22 8 59 0.06
ABC 36 22 38

ABC, activated B cell; GCB, germinal centre B cells; IPI, International
Prognostic Index.
*As estimated from the Kaplan–Meier curves.
�As determined by x2 test, unless stated otherwise.
`Data concerning stage and therefore IPI could not be retrieved in one
patient.
1Data concerning the ABC/GCB profile could not be retrieved in two
patients.
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germinal centre (fig 1). Nuclear expression of p16INK4a was
found mainly in centroblasts. Interestingly, cytoplasmic p14ARF
expression was also detected in sporadic interfollicular cells
with apoptotic characteristics, consistent with its apoptosis-
inducing function.20

In contrast, in p14ARF and p16INK4a positive tumours,
expression was observed in the nucleus and cytoplasm of most
neoplastic cells of DLBCL. In addition, in DLBCL, p14ARF-
positive cells did not show apoptotic characteristics (fig 1).

Expression of BMI1 in DLBCL is not consistently related
to low levels of p16INK4a or p14ARF expression
Expression of p14ARF and p16INK4a was detected as nuclear
staining in the tumour cells in 21 of 42 and in 22 of 59 cases,
respectively. Expression of p14ARF and p16INK4a showed no
direct correlation with expression of BMI1. However, p16INK4a
tended to be more frequently absent in cases with many BMI1-
positive tumour cells: 29 of 43 patients with high numbers of
BMI1-positive tumour cells showed no expression of p16INK4a

BMI1 p14ARF p16INK4a
H

yp
er

pl
as

tic
 ly

m
ph

oi
d 

tis
su

e
D

LB
C

L 
1

D
LB

C
L 

2
D

LB
C

L 
3

MZC

CC

A B C

D E F

G H I

J K L

Figure 1 Expression of BMI1, p14ARF and p16INK4a in non-neoplastic lymphoid tissue and in three primary nodular DLBCL. (A–C) hyperplastic lymphoid
tissue. BMI1 staining is observed in resting mantle zone cells, centrocytes and T cells including germinal centre T cells, but not in centroblasts.29 p14ARF and
p16INK4a expression is detectable only in sporadic cells. Some of the p14ARF-positive cells show morphological features of apoptosis (fig B insets). (D–L)
BMI1, p14ARF and p16INK4a staining patterns in three different DLBCL cases. DLBCL #1: this case shows BMI1-positive staining in .25% of tumour cells,
but no expression of p14ARF and p16INK4a. DLBCL #2: expression of p14ARF is observed in the absence of BMI1 and p16INK4A expression. DLBCL #3:
this case shows expression of BMI1, p14ARF and p16INK4a.
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as compared with 8 of 16 patients with few BMI1-positive
tumour cells (p = 0.24; not shown). Also, when the analysis
was restricted to cases without a proven genetic loss in the
CDKN2A locus as determined by CGH analysis (n = 27;
Oudejans JJ et al, manuscript in preparation), no correlation
between expression of p14ARF and p16INK4a, and BMI1 was
observed (table 3).

DISCUSSION
In this study, we have shown that BMI1 and its presumed target
genes p14ARF and p16INK4a are frequently aberrantly expressed
in malignant cells of DLBCL when compared with normal
follicle centre B-lymphocytes, and that expression of BMI1 is
related to an unfavourable clinical outcome in primary nodal
DLBCL.

It was previously shown and confirmed by us that DLBCL
with an ABC-like phenotype have a relatively unfavourable
clinical outcome and that one of the genes involved in the
designation of this profile is BMI14 (supplement of studies by
Alizadeh et al11, de Boer et al13 and Muris et al27). Although we
found that BMI1 expression is indeed more frequently present
in ABC-like DLBCL, BMI1 expression was not restricted to this
group of DLBCL. This might be explained by the fact that, also
in the microarray study, BMI1 alone does not determine the
GCB-like versus ABC-like phenotype.11 13 Expression of BMI1
was also not significantly correlated with expression of MUM-1
(data not shown), which was previously shown to be related to
a poor prognosis.27 This indicates that the prognostic effect of
BMI1 expression is probably not directly related to MUM-1
expression.

A possible explanation for the observed relationship between
BMI1 expression and prognosis is that BMI1 inhibits apoptosis
via down regulation of the p14ARF gene. Experimental model

Table 2 Patient characteristics in relation to BMI1
expression

Patient characteristics

% BMI1-positive tumour cells

p Value*,25% (n = 15) >25% (n = 45)

Median age (range) 62.3 (24–94) 63 (34–94) NS�

Sex
M 12 27 NS
F 3 18

Stage`
1+2 5 20 NS
3+4 10 24

B symptoms
Yes 5 14 NS
No 10 31

IPI1
1+2 8 29 NS
3+4 7 15

Complete remission
Yes 13 29 NS
No 2 16

Relapse�
Yes 4 9 NS
No 9 20

Death
Yes 4 27 0.04
No 11 18

F, female; IPI, International Prognostic Index; M, male.
*As determined by x2 test, unless stated otherwise.
�As determined by Mann–Whitney U test.
`Data concerning the staging could not be retrieved in one case.
1Data concerning IPI could not be retrieved in one case.
�These cases involve patients who did reach complete remission.

1.0

0.8

0.6

0.4

0.2

0.0

C
um

ul
at

iv
e 

su
rv

iv
al

0 12 24 36 48 60
Overall survival time (months)

n = 60, p = 0.04

BMI1 high: n = 45, 27 deaths

BMI1 low: n = 15, 4 deaths

1.0

0.8

0.6

0.4

0.2

0.0

C
um

ul
at

iv
e 

su
rv

iv
al

0 12 24 36 48 60
Overall survival time (months)

n = 31, p = 0.35

BMI1 high: n = 26, 18 deaths

BMI1 low: n = 5, 2 deaths

1.0

0.8

0.6

0.4

0.2

0.0

C
um

ul
at

iv
e 

su
rv

iv
al

0 12 24 36 48 60
Overall survival time (months)

n = 28, p = 0.15

BMI1 high: n = 19, 8 deaths

BMI1 low: n = 9, 1 death

A

B

C

Figure 2 Comparison of overall survival in patients with primary nodal
DLBCL according to BMI1 expression. High numbers of BMI1-positive
tumour cells are correlated with poor prognosis (A). BMI1 expression has
no additional significant prognostic value above GCB (B) versus ABC (C)
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systems demonstrated that BMI1 cooperates with c-Myc to
induce lymphomas by preventing c-Myc and Ink4a/ARF induced
apoptosis,18 thus inhibiting the intrinsic apoptosis pathway and
thereby explaining poor response to chemotherapy. However,
inhibition of apoptosis by high expression of BMI1 would imply
down regulation of p14ARF, which was observed only in some
BMI1-positive cases. In non-neoplastic lymphoid tissues,
expression of p14ARF in reactive lymph nodes was observed
in a few cells frequently, with morphological features of
apoptosis (see fig 1). This would be consistent with the normal
tumour-suppressive, apoptosis-inducing function of p14ARF.
However, in p14ARF-positive DLBCL, diffuse positive staining
was observed in cells without morphological features of
apoptosis, suggesting that the normal apoptosis-inducing effect
of p14ARF is disrupted, consistent with a previous paper by
Sanchez-Aguilera et al.30 Thus, in some cases, p14ARF is
expressed despite expression of BMI1, but its apoptosis-
inducing effect might be counteracted by downstream apopto-
sis-inhibiting proteins like Bcl-2 and XIAP.

Alternatively, BMI1 could be involved in down regulation of
the tumour suppressor protein p16INK4a, resulting in suppres-
sion of senescence and cell cycle control,15 causing enhanced
proliferation of the tumour cells. Indeed, in our study we also
found BMI1-positive cases that showed absence or low levels of
p16INK4a expression. However, some BMI1-positive patients
also showed expression of p16INK4a in most rapidly proliferat-
ing cells. Similar to p14ARF, expression of p16INK4a in non-
neoplastic reactive lymphoid tissues is restricted to very few
follicle centre cells. Thus, the normal cell cycle suppressive
function of p16INK4a in these lymphomas is probably dis-
rupted. Co-expression of BMI1 and p14ARF/p16INK4a may be
explained by phosphorylation of BMI1 and subsequent de-
repression of the INK4a/ARF locus, as recently shown by
Voncken et al31

Recently, Glinsky et al32 also investigated the expression of
BMI1 and its putative targets in relation to prognosis.
Expression of these 11 BMI1 target genes was correlated to
poor prognosis in patients with lymphoma. Thus, BMI1 seems
to be an important gene in normal and neoplastic tissue,
because of its role in regulating the expression of various genes
involved in cell cycle control.

We conclude that BMI1 and p14ARF and p16INK4a are
aberrantly expressed in some primary nodal DLBCL. Expression
of BMI1 is related to unfavourable outcome. Down regulation of
tumour suppressor genes p14ARF and p16INK4a by BMI1 might

explain the relationship between BMI1 expression and poor
outcome in some DLBCL. However, strong expression of p14ARF
and p16INK4a in some DLBCL suggests that the tumour-
suppressive effect of these proteins is counteracted by down-
stream mechanisms.
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