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Polycomb-group (PcG) genes preserve cell identity by

gene silencing, and contribute to regulation of lym-

phopoiesis and malignant transformation. We show

that primary nodal large B-cell lymphomas (LBCLs),

and secondary cutaneous deposits from such lympho-

mas, abnormally express the BMI-1, RING1, and

HPH1 PcG genes in cycling neoplastic cells. By con-

trast, tumor cells in primary cutaneous LBCLs lacked

BMI-1 expression, whereas RING1 was variably de-

tected. Lack of BMI-1 expression was characteristic

for primary cutaneous LBCLs, because other primary

extranodal LBCLs originating from brain, testes, and

stomach were BMI-1-positive. Expression of HPH1

was rarely detected in primary cutaneous LBCLs of the

head or trunk and abundant in primary cutaneous

LBCLs of the legs, which fits well with its earlier

recognition as a distinct clinical pathological entity

with different clinical behavior. We conclude that

clinically defined subclasses of primary LBCLs display

site-specific abnormal expression patterns of PcG

genes of the HPC-HPH/PRC1 PcG complex. Some of

these patterns (such as the expression profile of

BMI-1) may be diagnostically relevant. We propose

that distinct expression profiles of PcG genes results

in abnormal formation of HPC-HPH/PRC1 PcG com-

plexes, and that this contributes to lymphomagenesis

and different clinical behavior of clinically defined

LBCLs. (Am J Pathol 2004, 164:533–542)

Polycomb-group (PcG) genes are evolutionary con-

served regulators of gene expression that contribute to

normal lymphocyte development, and malignant transfor-

mation of these cells.1–4 PcG genes are essential for

regulation of embryogenesis and preserve cell identity by

maintenance of homeobox gene silencing patterns.5 The

underlying mechanism is related to formation of chroma-

tin-binding protein complexes composed of multiple PcG

proteins and other associated factors.6 Two PcG com-

plexes exist in humans: the HPC-HPH/PRC1 complex

contains the BMI-1, MEL-18, RING1, HPC, and HPH PcG

proteins, and is also called polycomb repressive com-

plex 1 (PRC1) or maintenance complex. The second

complex consists of the EED, EZH, and YY1 PcG proteins

and is called the EED-EZH/PRC2 or initiation com-

plex.7–12 These complexes have virtually identical coun-

terparts in Drosophila melanogaster and mice, suggesting

evolutionary conservation of interaction between PcG

proteins and PcG complex composition.13–20 Individual

PcG proteins are expressed in different combinations at

different chromosomal sites, tissues, or individual cell

populations.21,22 This probably reflects tissue- or cell

type-specific formation of PcG complexes with distinct

fine composition, and is most likely related to target gene

specificity.9 The fine composition of PcG complexes is

further affected by non-PcG proteins, including transcrip-

tion factors that target the complex to DNA, or histone

deacetylases and methylases, which probably contribute

to gene-silencing by PcG complexes.23–28

Mammalian PcG genes are involved in the regulation

of various other processes, including the cell cycle and

lymphopoiesis.1–4,29 Interference with expression of indi-

vidual PcG genes in mutant mice revealed severe de-

fects in hematopoiesis, supportive of a role for PcG

genes in lymphoid development.30–35 Involvement of

PcG genes in human hematopoiesis has been suggested

by several lines of evidence, including PcG transcription

patterns in lymphoid progenitors of the bone marrow,36

developing B cells in germinal centers,37 and differenti-

ating T cells in the thymus.38 In addition, altered PcG

expression patterns are strongly linked to malignant

transformation. The best-known example is induction of

lymphomas in BMI-1 transgenic mice, in which BMI-1

overexpression results in down-regulation of p16INK4a/
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p19ARF, enhanced lymphoproliferation, and eventually

malignant transformation of both B and T cells.35,39,40

Other PcG genes that seem to function as oncogenes are

RING110 and HPC2,41 whereas EED34 and MEL-1842,43

behave as tumor suppressors. However, despite these

observations in experimental models, little is known about

a role for PcG genes in development of human lymphoid

malignancies. We recently discovered that the human

BMI-1 PcG gene is overexpressed in Reed-Sternberg

cells of Hodgkin’s disease,44 and in neoplastic cells of

various nodal B-cell non-Hodgkin’s lymphomas.45,46 This

pattern is in-line with development of lymphomas in

BMI-1 transgenic mice, and supports the conclusion that

PcG genes contribute to development of hematological

cancers in humans.

In the current study we investigated the expression

pattern of nine PcG genes, BMI-1, MEL-18, RING1,

HPH1, HPC1, and HPC2 (the HPC-HPH/PRC1 complex)

and EED, EZH2, and YY1 (the EED-EZH/PRC2 complex)

in various subclasses of malignant large B-cell lympho-

mas (LBCLs). LBCLs can be differentiated according to

their site of origin, such as primary nodal and primary

cutaneous LBCLs. Within the primary cutaneous LBCLs,

primary cutaneous follicle center cell lymphomas origi-

nating from head or trunk have a very good prognosis

with an overall 5-year survival of 89 to 96%.47–53 By

contrast, primary cutaneous LBCLs originating from the

leg have an intermediate prognosis with an overall 4-year

survival of 58%.47,50,54 We discovered that these lympho-

mas display altered expression of PcG genes encoding

the HPC-HPH/PRC1 complex in a site-specific pattern.

Primary nodal LBCLs, and secondary cutaneous depos-

its from such tumors, overexpressed BMI-1 and RING1,

whereas primary cutaneous LBCLs lacked BMI-1 expres-

sion and displayed variable expression of RING1. In ad-

dition, primary nodal LBCLs and primary cutaneous LB-

CLs of the legs displayed frequent expression of HPH1,

whereas this gene was rarely used by primary cutaneous

LBCLs of the trunk. These expression patterns demon-

strate that clinically defined subgroups of LBCLs display

site-specific expression patterns of PcG genes. We pro-

pose that variation of PcG expression results in altered

composition of the HPC-HPH/PRC1 PcG complex, and

that this may contribute to different mechanisms of lym-

phomagenesis and different clinical behavior.

Materials and Methods

Patient Material

Lymphomas were selected from the archives of the De-

partment of Pathology of the VU Medical Center, Amster-

dam, and the Department of Pathology of the Leiden

University Medical Center. Only tissues containing suffi-

cient numbers of tumor cells were used for analysis. We

investigated paraffin-embedded and frozen material of 48

large B-cell lymphomas (LBCLs), including 8 primary dif-

fuse nodal LBCLs, 4 secondary cutaneous deposits of

primary nodal LBCLs, 24 primary cutaneous LBCLs (com-

prising 12 primary cutaneous large follicle center cell lym-

phomas originating from the head or neck, and 12 primary

cutaneous LBCLs originating from the leg), and 12 primary

extranodal LBCLs including 5 LBCLs from the brain, 5 LB-

CLs from the testis, and 2 LBCLs from the stomach. Cuta-

neous lymphomas were classified according to the Euro-

pean Organization for Research and Treatment of Cancer.

In primary cutaneous LBCLs diagnoses were based on

absence of extracutaneous disease detected by a compre-

hensive staging procedure at diagnosis and histological

and immunophenotypic features showing a majority (ie,

�50%) of large cells among neoplastic B cells. The staging

procedure included in all cases physical examination, rou-

tine laboratory tests, chest radiograph or thoracic com-

puted tomography scan, abdominal computed tomography

scan, bone marrow cytology, and bone marrow histology. In

addition, histological and immunophenotypical character-

ization was performed (expression of CD20, CD79a, CD3,

CD4, CD8, cyclin D1, CD10, bcl-2, bcl-6, CD5, CD35, Ig�,

and Ig�). According to the criteria of the Revised European-

American Classification of Lymphoid Neoplasms and the

World Health Organization classification all primary cutane-

ous LBCLs patients were classified as having a diffuse large

B-cell lymphoma. Healthy control tissue, such as lymph

nodes and extranodal lymphoid tissue, were routinely in-

cluded in the experiments and obtained from regular surgi-

cal pathology archival material.

Immunohistochemistry

Immunohistochemical staining was performed following

previously established protocols and antisera specific for

human BMI-1,55 RING1,11 HPH1,11 HPC1,41 HPC2,11

EED,12 and EZH2.12 The MEL-18 antiserum was obtained

from Santa Cruz (Santa Cruz, CA). Briefly, 4-�m sections

of formalin-fixed and paraffin-embedded material were

treated with H2O2 to inhibit endogenous peroxidase. After

antigen retrieval, slides were rinsed in phosphate-buffered

saline (PBS) containing 0.5% Triton X-100 and treated with

0.1 mol/L of glycine. After preincubation with normal swine

serum or normal rabbit serum, primary antibodies were

applied at optimal dilution. Secondary antibodies were bio-

tinylated swine anti-rabbit or biotinylated rabbit-anti-mouse

(DAKO, Glostrup, Denmark), followed by application of

horseradish peroxidase-conjugated streptavidin-biotin-

complex (sABC-HRP). Immunostaining was performed with

3-amino-9-ethylcarbazole using the streptavidin-biotin com-

plex horseradish peroxidase method (DAKO) and tyramine

intensification. Sections were counterstained with hematox-

ylin, and cells expressing a particular PcG gene were

counted at �20 magnification and higher. If the biopsy was

of sufficient size, at least five microscopic fields containing

tumor cells were analyzed. Photographs were taken with a

Zeiss Axiophot microscope and digitized using an Agfa

duoscan.

Double and Triple Immunofluorescence

Immunofluorescence analysis was performed as de-

scribed previously. In brief, frozen tissue sections were

fixed in formaldehyde and endogenous peroxidase was
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inhibited using H2O2 diluted in PBS. Sections were pre-

incubated with bovine serum albumin, and a combination

of two or three primary antibodies were applied at optimal

concentration. BMI-1 was detected by incubation with

HRP-conjugated goat anti-mouse IgG2b and subsequent

rhodamine/tyramine intensification. Detection of HPC1,

HPC2, HPH1, RING1, and EZH2 was performed by incu-

bating the slides with ALEXA-conjugated goat anti-rabbit

antiserum. The other markers were visualized by incubat-

ing the slides with biotinylated goat anti-mouse IgG1 or

IgG2a, depending on Ig-subclass of the primary anti-

body, followed by allophycocyanin coupled to streptavi-

din. Cross-reactivity of the antisera was excluded by

appropriate controls and for each double- or triple-im-

munofluorescence experiment, single-staining controls

were included. In addition, positive and negative controls

were routinely included. Sections were analyzed with a

Leica DMR confocal laserscan microscope (Leica, Deer-

field, IL). Images were stored digitally and processed

using Adobe Photoshop 6.

Results

Immunohistochemical Analysis of PcG

Expression in Primary Nodal and Cutaneous

LBCLs

The results of immunohistochemical detection of PcG

proteins in primary nodal LBCLs and primary cutaneous

LBCLs are shown in Figure 1 and summarized in Table 1.

Neoplastic cells in all diffuse primary nodal LBCLs ex-

Figure 1. Immunohistochemical detection of PcG proteins in primary nodal and primary cutaneous LBCLs. Shown are immunohistochemical staining patterns of
HPC-HPH/PRC1 PcG complex proteins (BMI-1, RING1, and HPH1) and EED-EZH/PRC2 PcG complex proteins (EED and EZH2). A–E: Primary nodal LBCLs. Large
tumor cells express components of the HPC-HPH/PRC1 complex (BMI-1, RING1, and HPH1) and components of the EED-EZH/PRC2 complex (EED and EZH2).
F–J: Primary cutaneous LBCLs originating from the trunk. K–O: Primary nodal LBCLs originating from the leg. Shown are two BMI-1neg examples of primary
cutaneous LBCLs; large neoplastic cells in the primary cutaneous LBCLs from the trunk variably express RING1 (G) and are HPH1neg (H). By contrast, neoplastic
cells in primary cutaneous LBCLs from the leg are RING1neg (L) and HPH1pos (M). Both primary cutaneous LBCLs use EED (I, N) and EZH2 (J, O). P–T: Secondary
cutaneous deposit from a primary nodal LBCL; neoplastic cells display a PcG expression profile that is identical to the profile in primary nodal LBCL (A–E). Note
that cells in the reactive infiltrate variably express the HPC-HPH/PRC1 complex proteins BMI-1, RING1, and HPH1, which serves as an internal positive control
in cases in which the tumor cells are negative. The EED-EZH/PRC2 PcG complex proteins EED and EZH2 are infrequently detected in reactive lymphocytes. The
PcG expression pattern in reactive lymphocytes reflects the mutually exclusive expression pattern of these PcG genes in healthy resting and cycling cells (see
Figures 2 and 3), and indicates that the presence of BMI-1, RING1, and HPH1 in tumor cells is abnormal. Original magnifications: �63.
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pressed BMI-1 (Figure 1A), confirming our previous find-

ings.45 Human BMI-1 binds several other PcG proteins

present in the HPC-HPH/PRC1 complex, such as MEL-

18, RING1, HPC1, HPC2, and HPH1. We therefore ques-

tioned whether these PcG proteins were also expressed

by neoplastic cells in PLBCLs. We detected RING1, MEL-

18, HPC2, and HPH1 in all cases of primary nodal LBCLs

studied (Table 1; representative examples of RING1 and

HPH1 staining are shown in Figure 1, B and C, respec-

tively). These PcG proteins were also frequently detected

in the surrounding infiltrate consisting of lymphocytes

and monocytes. By contrast, the HPC1 PcG protein was

not detectable in neoplastic cells of primary nodal LBCLs

or the reactive infiltrating cells (Table 1). Analysis of com-

ponents of the EED-EZH/PRC2 PcG complex demon-

strated that neoplastic cells in primary nodal LBCLs ex-

press the EZH2, EED, and YY1 PcG proteins at high

frequencies (Table 1; representative examples of EZH2

and EED staining are shown in Figure 1, D and E, respec-

tively). EED and EZH2 were infrequently detected in sur-

rounding reactive lymphocytes, probably because most

infiltrating lymphocytes are resting and preferentially ex-

press HPC-HPH/PRC1 PcG genes (see immunofluores-

cence results).37,45 YY1 stained both neoplastic cells and

reactive lymphocytes (not shown), which probably re-

flects the fact that YY1 is a ubiquitous transcription factor.

These results collectively demonstrate that most core

PcG proteins of the HPC-HPH/PRC1 and EED-EZH/PRC2

complex are co-expressed by neoplastic cells in primary

nodal LBCLs.

Neoplastic cells in primary cutaneous LBCLs ex-

pressed HPC-HPH/PRC1 complex PcG genes in a pat-

tern that was strikingly different from the one observed in

primary nodal LBCLs. Whereas neoplastic cells in pri-

mary nodal LBCLs strongly expressed the BMI-1 gene,

neoplastic cells in primary cutaneous LBCLs were neg-

ative for BMI-1 by immunohistochemistry. This difference

was statistically significant (two-sided Fisher’s exact test,

P � 0,0001) and is exemplified by Figure 1, F and K, of

two primary cutaneous LBCLs originating from the trunk

and the leg, respectively, which show large BMI-1neg

tumor cells surrounded by an infiltrate of reactive BMI-

1pos lymphocytes. Primary cutaneous LBCLs originating

from head, trunk, or leg all lacked expression of BMI-1

(summarized in Table 1). This suggests that BMI-1 ex-

pression in LBCLs is site-specific, because primary nodal

LBCLs typically express BMI-1. As found in primary nodal

LBCLs, MEL-18 and HPC2 were expressed strongly in all

primary cutaneous LBCLs (Table 1), whereas RING1 ex-

pression appeared variable (Table 1; exemplified in Fig-

ure 1, G and L, for primary cutaneous LBCLs originating

from the trunk and the legs, respectively). We were un-

able to determine whether the variation in RING1 expres-

sion was related to location of the tumor, and possible

differences did not reach statistical significance because

of limited numbers of patients. However, immunohisto-

chemical analysis of HPH1 expression in primary cuta-

neous LBCLs revealed a location-specific staining pat-

tern: the majority of primary cutaneous LBCLs originating

from the legs expressed HPH1 (Table 1, and exemplified

by Figure 1M), but primary cutaneous LBCLs originating

from head or trunk were negative for HPH1 or expressed

this protein at a low level (Table 1, and exemplified by

Figure 1M). Statistical analysis of these results demon-

Table 1. Immunohistochemical Detection of PcG Proteins in Primary Cutaneous and Nodal LBCL

Staining

HPC-HPH/PRC1 PcG complex
EED-EZH/PRC2 PcG

complex

BMI-1 MEL-18 RING1 HPH1 HPC1 HPC2 EED EZH2 YY1

Primary nodal LBCL, Pos 8 8 8 8 – 8 8 8 8
n � 8 Var – – – – – – – –

Neg – – – – – – – – –
Primary cutaneous LBCL Pos – 12 7 1 – 12 12 12 12

(head/trunk), n � 12 Var – – 2 5 – – – – –
Neg 12 – 3 6 – – – – –

Primary cutaneous LBCL Pos – 12 10 7 – 12 12 12 12
(legs), n � 12 Var – – 1 4 – – – – –

Neg 12 – 1 1 – – – – –
Secondary cutaneous Pos 4 4 4 4 – 4 4 4 4

deposit, n � 4 Var – – – – – – – – –
Neg – – – – – – – – –

Primary extranodal Pos 5 5 3 2 – 5 5 5 5
(brain), n � 5 Var – – 2 – – – – – –

Neg – – – 3 – – – – –
Primary extranodal Pos 5 5 3 2 – 5 5 5 5

(brain), n � 5 Var – – 2 – – – – – –
Neg – – – 3 – – – – –

Primary extranodal Pos 5 5 2 – – 5 5 5 5
(testis), n � 5 Var – – 2 – – – – – –

Neg – – 1 5 – – – – –
Primary extranodal Pos 2 2 2 2 – 2 2 2 2

(stomach), n � 2 Var – – – – – – – – –
Neg – – – – – – – – –

Staining intensities are represented as positive (pos; �75% of the cells staining), Variable (var; �75% but �5% of the cells staining, often with
variable intensity), and negative (neg; �5% of the neoplastic cells staining).
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strated that the expression of HPH1 was significantly more

frequent in primary cutaneous LBCLs originating from the

legs than in primary cutaneous LBCLs from the head or

trunk (chi-square, P � 0.017). In addition, HPH1 expression

in primary cutaneous LBCLs as a group was significantly

different from HPH1 expression in primary nodal LBCLs

(chi-square, P � 0.005). There were no obvious differences

in expression of PcG proteins belonging to the EED-EZH/

PRC2 complex: similar to primary nodal LBCLs, EED, EZH2,

and YY1 were detected at high frequencies in neoplastic

cells of primary cutaneous LBCLs, without any preference

for location of the tumor (Figure 1; I, J, N, and O, and

summarized in Table 1).

Immunohistochemical Analysis of PcG

Expression in Primary LBCLs Originating from

Testis, Brain, and Stomach

The lack of BMI-1 expression in primary cutaneous

LBCLs prompted us to question whether absence of

BMI-1 is characteristic for all primary extranodal LBCLs,

or whether it is particular for primary cutaneous LBCLs.

We therefore determined the PcG gene expression pro-

file of an additional set of primary extranodal LBCLs,

consisting of 12 rare lymphomas originating from the

brain (n � 5), the testis (n � 5), and the stomach (n � 2).

The immunohistochemical data are summarized in Table

1. Similar to primary nodal LBCLs, all primary extranodal

LBCLs in the brain, testes, and the stomach expressed

the HPC-HPH/PRC1 PcG complex proteins BMI-1, MEL-

18, and HPC2, and lacked HPC1. The two other BMI-1

binding partners, RING1 and HPH1, were expressed at

variable levels. Statistical analysis showed that primary

extranodal LBCLs expressed significantly more BMI-1

than primary cutaneous LBCLs (Fisher’s exact two-sided

test, P � 0.0001). Also, expression of HPH1 in the group

of primary extranodal LBCLs was significantly lower com-

pared to the group of primary cutaneous LBCLs (chi-

square, P � 0.027) and the group of primary nodal LB-

CLs (Fisher’s exact two-sided test, P � 0.005).

Detection of PcG Expression in Primary Nodal

and Cutaneous LBCLs by Triple

Immunofluorescence

We next used immunofluorescence on frozen tissue sec-

tions to confirm the PcG expression patterns assessed by

immunohistochemistry in primary nodal and cutaneous

LBCLs. This allowed us to study PcG proteins simulta-

neously and in the same nuclei. Immunofluorescent anal-

ysis supported the data obtained by immunohistochem-

istry, and is exemplified for BMI-1, EZH2, and HPH1 in

combination with MIB-1, a marker for proliferation (Fig-

ures 2 and 3).

Figure 2 demonstrates the BMI-1-staining pattern (red

fluorescent signal) in combination with EZH2 (green flu-

orescence) and MIB-1/Ki-67 (blue fluorescence) in pri-

mary nodal LBCLs. As found previously, cycling (MIB-1/

Ki-67pos) neoplastic cells in primary nodal LBCLs

strongly express EZH2 and BMI-1, producing a yellow

signal signifying BMI-1/EZH2 co-expression. Note that

most reactive lymphocytes are either BMI-1neg/EZH2pos/

MIB-1pos (activated cells) or BMI-1pos/EZH2neg/MIB-1neg

(resting cells). By contrast to the expression of BMI-1 in

primary nodal LBCLs, neoplastic cells in primary cutane-

ous LBCLs were BMI-1neg. Two representative examples

are shown in Figure 2, representing a primary cutaneous

lymphoma of the trunk (Figure 2; D to F) and the leg

(Figure 2; G to I). Here, cycling (MIB-1pos) tumor cells are

strongly positive for EZH2, but lack a signal for BMI-1.

These patterns confirm the absence of BMI-1 in neoplas-

tic cells of primary cutaneous LBCLs, as shown earlier by

immunohistochemistry.

Figure 3 shows typical results of immunofluorescent

staining on high-grade primary nodal LBCLs and primary

cutaneous LBCLs for HPH1 (green fluorescence) in com-

bination with BMI-1 (red fluorescence) and MIB-1/Ki-67

(blue fluorescence). Cycling (MIB-1pos) neoplastic cells

in primary nodal LBCLs strongly stain for BMI-1 and

display a diffuse green signal for HPH1, resulting in a

yellow signal signifying BMI-1/HPH1 co-expression (Fig-

ure 3; A to C). In addition, tumor cells display distinct

nuclear domains that strongly stain for HPH1 but are

negative for BMI-1 (Figure 3, insets). Note that reactive

infiltrating cells also express HPH1 in combination with

BMI-1, but that they lack prominent HPH1pos domains,

and are resting (MIB-1neg). Analysis of primary cutaneous

LBCLs confirmed the HPH1 staining patterns established

by immunohistochemistry. Figure 3, D to F, represents a

primary cutaneous LBCL originating from the trunk, and

shows neoplastic cells that are negative for BMI-1 and

HPH1, while expressing MIB-1. By contrast, neoplastic

cells in the primary cutaneous LBCLs originating from the

leg, shown in Figure 1, G to I, display a faint diffuse

staining pattern for HPH1, with prominent HPH1pos do-

mains, in BMI-1neg/MIB-1pos tumor cells. We were unable

to establish a correlation between the occurrence of

HPH1pos domains in neoplastic cells of primary nodal

LBCLs and primary cutaneous LBCLs, because they

were not present in all cases of tumor cells and the

number of patients was too limited to correlate the pres-

ence of HPH1pos domains with clinical behavior. We cur-

rently have no explanation for the presence of BMI-1neg/

HPH1pos domains in tumor cells.

PcG Expression Patterns in Cutaneous

Secondary Deposits of Primary Nodal LBCLs

Given the observed difference in PcG expression pat-

terns between nodal and cutaneous primary LBCLs, we

questioned whether secondary cutaneous deposits orig-

inating from a primary nodal LBCL retain the PcG expres-

sion profile of the primary lymphoma. Figure 1, P to T,

shows a representative example of immunohistochemical

staining for PcG proteins on a secondary deposit of a

primary nodal LBCLs. Four individual cases were exam-

ined and are summarized in Table 1. Neoplastic cells in

cutaneous secondary deposits were indistinguishable

from neoplastic cells in primary nodal LBCLs: they

PcG Expression in Cutaneous and Nodal LBCL 537
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strongly expressed BMI-1 and other PcG proteins belong-

ing to the HPC-HPH/PRC1 complex, including MEL-18,

RING1, HPH1, and HPC2 (exemplified for BMI-1, RING1,

and HPH1 in Figure 1, P to R, respectively). Similarly, these

tumor cells were positive for the EED-EZH/PRC2 complex

PcG proteins EED, EZH2, and YY1 (Table 1, and exempli-

fied for EED and EZH2 in Figure 1, S and T, respectively).

These PcG expression patterns collectively demonstrate

that secondary cutaneous deposits of primary nodal LBCLs

retain their PcG expression profile.

Discussion

Neoplastic Cells in Primary Cutaneous Large

B-Cell Lymphomas Express PcG Genes in a

Site-Specific Pattern

In this study we determined the expression profile of

human PcG proteins in clinically defined subgroups of

LBCLs. We discovered that primary nodal LBCLs and

primary cutaneous LBCLs display site-specific PcG ex-

Figure 2. Triple immunofluorescence for BMI-1, EZH2, and MIB-1 in primary nodal and primary cutaneous LBCLs. BMI-1, EZH2, and the proliferation marker MIB-1
were detected by red, green, and blue immunofluorescence, respectively. A–C: Primary nodal LBCLs. Large cycling (MIB-1pos) neoplastic cells express BMI-1 (A) and
EZH2 (B), leading to co-expression of BMI-1 and EZH2 in the same nucleus (C). D–F: Primary cutaneous LBCLs originating from the trunk. G–I: Primary cutaneous LBCLs
originating from the legs. In primary cutaneous LBCLs, BMI-1 is undetectable in large cycling (MIB-1pos) neoplastic cells (D and G) whereas EZH2 is present (E and H).
F and I: Combination of the BMI-1 and EZH2 signals. Note that the reactive infiltrating cells express BMI-1 in the absence of EZH2. In addition, small EZH2pos cells in
the reactive infiltrate are dividing cells because the EZH2 signal overlaps with the signal for MIB-1 (B, E, H). Occasional small EZH2pos cells with undetectable MIB-1
expression may reflect cells that are in transition from being in cycle to being in rest, or they could reflect nonlymphoid cells with a different PcG expression profile.
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pression patterns. This is most clearly demonstrated by

analysis of the BMI-1 PcG protein. Whereas neoplastic

cells of primary nodal LBCLs displayed widespread ex-

pression of BMI-1 in cycling neoplastic cells (this study

and van Kemenade and colleagues45), BMI-1 was unde-

tectable in cycling tumor cells of primary cutaneous LB-

CLs. Further analysis of BMI-1 binding partners revealed

that PcG expression patterns fit well with the clinically

defined subtypes of LBCLs. For instance, primary nodal

LBCL and primary cutaneous LBCL are two distinct sub-

types of LBCLs that can be distinguished on the basis of

BMI-1 expression. In addition, our data suggest that the

more aggressive form of primary cutaneous LBCL (orig-

inating from the leg) frequently expresses HPH1,

whereas primary cutaneous LBCL with a better prognosis

(originating from the head or trunk) infrequently express

HPH1. Our interpretation of these patterns is that clini-

cally defined subtypes of LBCLs express site-specific

HPC-HPH/PRC1 PcG complexes. The current model of

PcG-mediated gene silencing predicts that PcG complex

Figure 3. Triple immunofluorescence for BMI-1, HPH1, and MIB-1 in primary nodal and primary cutaneous LBCLs. BMI-1, HPH1, and the proliferation marker
MIB-1 were detected by red, green, and blue immunofluorescence, respectively. A–C: Primary nodal LBCLs. Large cycling (MIB-1pos) neoplastic cells express
BMI-1 (A) and HPH1 (B), leading to co-expression of BMI-1 and HPH1 in the same nucleus (C). Co-expression of BMI-1 and HPH1 also occurs in the reactive
infiltrate, but is limited to resting (MIB-1neg) cells (see comments in legend of Figure 2, and in the text). D–F: Primary cutaneous LBCLs originating from the trunk.
In the example shown, large cycling (MIB-1pos) neoplastic cells are BMI-1neg (D) and HPH1neg (E). By contrast, BMI-1 and HPH1 are co-expressed (F) in resting
(MIB-1neg) cells of the reactive infiltrate. G–I: Primary cutaneous LBCLs originating from the legs. In the example shown, large cycling (MIB-1pos) neoplastic cells
express HPH1 (H) and are BMI-1neg (G). Note that HPH1pos neoplastic lymphocytes in primary nodal LBCLs (A–C) and primary cutaneous LBCLs originating from
the legs contain domains that strongly stain for HPH1. In primary nodal LBCLs, these domains appear to be BMI-1neg (insets in A–C). The faint signal for BMI-1
in tumor cells shown in G is not representative, and most likely reflects weak background staining that was occasionally observed in cutaneous tissue sections.

PcG Expression in Cutaneous and Nodal LBCL 539
AJP February 2004, Vol. 164, No. 2



composition contributes to target gene specificity, and

variation in PcG complex composition theoretically pro-

duces different gene-silencing patterns. We propose that

formation of site-specific HPC-HPH/PRC1 PcG com-

plexes in clinically defined LBCLs results in different si-

lencing patterns of HPC-HPH/PRC1 target genes and

that this contributes to loss of cell identity and different

clinical behavior of LBCL subtypes. Whether these dis-

tinct HPC-HPH/PRC1 complexes actually exist in LBCL

subtypes, is currently under investigation in our labo-

ratory.

Primary LBCLs Express HPC-HPH/PRC1

Complex PcG Proteins that Are Not Normally

Present in Cycling Follicular B Cells

Given the observation in experimental models that abnor-

mal expression of PcG genes contributes to development

of lymphoid malignancies, it is important to resolve which

PcG expression patterns in LBCLs are normal, and which

are not. We recently demonstrated that healthy cycling B

cells, such as those in the germinal center follicle, ex-

press the EZH2, EED, and YY1 PcG genes (Raaphorst

and colleagues37 and van Galen and Raaphorst, manu-

script submitted). The association of EED-EZH/PRC2

PcG complex proteins with cycling follicular B cells has

also been observed in dividing plasma cells,56 and sug-

gests that the presence of EED, EZH2, and YY1 in neo-

plastic cells of LBCLs is reflective of the normal situation.

Previous studies of B-cell non-Hodgkin’s lymphomas

showed that cycling neoplastic cells express BMI-1 in the

presence of EZH2. Because normal proliferating EZH2pos

B cells in the germinal center do not express BMI-1, this

pattern suggests overexpression of BMI-1 in tumor cells.

The current study on LBCLs supports these findings, and

is in-line with development of lymphomas in BMI-1-trans-

genic mice. However, the distribution pattern of BMI-1

suggests that it is unlikely to function as a common on-

cogene involved in all human LBCLs, because BMI-1

expression was undetectable in primary cutaneous LB-

CLs. We further demonstrate that neoplastic cells in pri-

mary nodal LBCLs express various known BMI-1 binding

partners, some of which have been identified as onco-

genes or tumor suppressors in experimental models. Of

these, the ubiquitously expressed HPC2 and MEL-18

PcG genes appear to follow a normal expression pattern,

because they are also expressed by healthy cycling B

cells (van Galen and Raaphorst, manuscript submitted).

By contrast, the RING1 and HPH1 PcG proteins are un-

detectable in healthy dividing B cells (Raaphorst and

colleagues37 and van Galen and Raaphorst, in press),

and their presence in neoplastic cells of LBCLs suggests

that RING1 and HPH1 expression is deregulated in tumor

cells. This lends further support for the conclusion that

components of the HPC-HPH/PRC1 PcG complex are

abnormally expressed in neoplastic cells of LBCLs, lead-

ing to abnormal formation of HPC-HPH/PRC1 PcG com-

plexes in cycling cells. Whether these complexes play an

active role in cellular transformation and lymphomagen-

esis in humans remains to be established. Although

HPH1 has not been associated with cellular transforma-

tion, overexpression of RING1 has been shown to lead to

enhanced expression of c-jun and c-fos, induction of

anchorage-independent growth, and development of tu-

mors in mice.10 We propose that altered composition of

the HPC-HPH/PRC1 complex is one possible result of

abnormal expression of individual PcG genes in neoplas-

tic cells. This may lead to changes in gene-silencing

pathways of the tumor cells and contribute to altered

cellular behavior and loss of cell identity.

Site-Specific PcG Expression in Clinically

Defined Subclasses LBCLs: A New Diagnostic

Marker?

An important observation in our current study is that

abnormal site-specific expression patterns of individual

HPC-HPH/PRC1 PcG genes correlate with clinically de-

fined subclasses of primary LBCLs. This is best illus-

trated by the presence of BMI-1 in primary nodal LBCLs,

and its absence from primary cutaneous LBCLs. Impor-

tantly, secondary deposits originating from a primary

nodal LBCL retain expression of BMI-1, indicating that

BMI-1 expression is diagnostically relevant in distinguish-

ing a primary cutaneous LBCL from a secondary deposit.

Interestingly, the high frequency of HPH1 expression in

primary cutaneous LBCLs originating from the leg, and

the low frequency of HPH1 expression in primary cuta-

neous LBCLs originating from the head or trunk, is in-line

with the conclusion that these LBCLs are two distinct

subtypes. We expect that other clinically defined tumors

will also exhibit characteristic and diagnostically relevant

PcG expression profiles, and we are currently pursuing

such patterns in other hematological and solid human

tumors.

Concluding Remarks

The current study adds to the growing body of evidence

linking mammalian PcG genes to regulation of normal

lymphopoiesis and development of malignant lympho-

mas. We showed that clinically defined subclasses of

primary LBCLs display site-specific abnormal expression

patterns of PcG genes of the HPC-HPH/PRC1 PcG com-

plex, and that some of these patterns (such as the ex-

pression profile of BMI-1) may be diagnostically relevant.

We propose that distinct expression profiles of PcG

genes result in abnormal formation of HPC-HPH/PRC1

PcG complexes, and that this contributes to loss of nor-

mal gene regulation and different clinical behavior of

clinically defined LBCLs.
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