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The human BMI-1 and EZH2 polycomb group (PcG)
proteins are constituents of two distinct complexes of
PcG proteins with gene regulatory activity. PcG proteins
ensure correct embryonic development by suppressing
homeobox genes, and they also contribute to regulation
of lymphopoiesis. The two PcG complexes are thought
to regulate different target genes and probably have
different tissue distributions. Altered expression of PcG
genes is linked to transformation in cell lines and in-
duction of tumors in mutant mice, but the role of PcG
genes in human cancers is relatively unexplored. Using
antisera specific for human PcG proteins, we used im-
munohistochemistry and immunofluorescence to de-
tect BMI-1 and EZH2 PcG proteins in Reed-Sternberg
cells of Hodgkin’s disease (HRS). The expression pat-
terns were compared to those in follicular lymphocytes
of the lymph node, the normal counterparts of HRS
cells. In the germinal center, expression of BMI-1 is
restricted to resting Mib-1/Ki-67~ centrocytes, whereas
EZH2 expression is associated with dividing Mib-1/Ki-
67" centroblasts. By contrast, HRS cells coexpress
BMI-1, EZH2, and Mib-1/Ki-67. Because HRS cells are
thought to originate from germinal center lympho-
cytes, these observations suggests that Hodgkin’s dis-
ease is associated with coexpression of BMI-1 and EZH2
in HRS cells. (4Am J Pathol 2000, 157:709-715)

Hodgkin’s disease (HD) is characterized by isolated
Hodgkin and Reed-Sternberg (HRS) tumor cells, sur-
rounded by a non-neoplastic infiltrate consisting of T
cells, B cells, eosinophils, and plasma cells.” Two lines of
evidence recently identified classical HRS cells as de-
scendants of a germinal center (GC) B cell. In addition to
other B-cell-specific genes,? HRS cells frequently ex-

press the B-cell-specific activator protein (BSAP)® and
BCL-6, a marker for GC B cells.* Furthermore, HRS cells
contain completed Ig H chain rearrangements.®>” These
genes generally exhibit extensive somatic mutations, a
characteristic of B lymphocytes that underwent antigen
selection in secondary lymphoid tissue.>” HRS cells
have lost the ability to express B cell receptors owing to
the presence of stop codons and crippling mutations in
the Ig H chain gene.® B cells with such mutations are
usually eliminated during the GC reaction, but HRS cells
have escaped this fate.”*1°

The mechanism that underlies formation of HRS cells is
unclear. Expression of oncogenes such as c-myc, c-raf,
c-fos, and N-ras does not seem to be altered in HRS cells
with respect to surrounding non-neoplastic cells.’''2
Aberrant expression of tumor necrosis factor receptor
(TNF-R) family members,'*'® abnormalities in the apo-
ptosis pathway,'®™"" the presence of Epstein-Barr vi-
rus,'® nuclear accumulation of p53,'° or down-regulation
of CD992° may all contribute to the pathogenesis of HD.

Polycomb (PcG) genes®'?? encode a new class of
gene regulatory proteins that play a key role in regulation
of lymphocyte development.?>2° Targets of PcG proteins
include homeobox genes®®®! and genes contributing to
regulation of the cell cycle, such as p16/ink4a and p19/
ARF .22 PcG proteins function as large multimeric protein
complexes.3337 Two distinct complexes were identified
in humans.®' One consists of the BMI-1, RING1, HPH1,
HPH2 and HPC2 PcG proteins, and another contains the
ENX/EZH2 and EED PcG proteins.®* 732 We have recently
demonstrated that expression of these complexes, re-
flected by detection of BMI-1, RING1, EZH2, and EED, is
mutually exclusive in GC B cells of the tonsil and depen-
dent on the B cell differentiation stage.?®

In addition to a role in normal lymphocyte develop-
ment, there is a clear connection between altered PcG
gene expression and oncogenesis. Overexpression of
various PcG genes, such as HPC2, RING1, and BMI-1,
resulted in cellular transformation of cell lines or induction
of lymphomas in mutant mice.®¢9°=*2 The role of PcG
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genes in human cancers, however, is relatively unex-
plored. In the current study we analyzed PcG expression
in HRS cells and their normal counterparts, the follicular B
cells in lymph nodes. We investigated the BMI-1 and
EZH2 PcG proteins as representatives of the two human
PcG complexes, and examined whether expression of
BMI-1 and EZH2 is altered in HRS cells. We discovered
that the majority of HRS cells coexpress BMI-1 and EZH2
in the nucleus, whereas expression of these proteins is
clearly separated in normal follicular B cells. This sug-
gests that HD is associated with coexpression of BMI-1
and EZH2 in HRS cells.

Materials and Methods

Human Tissue

Normal lymph nodes or lymph nodes from patients with
HD, obtained after surgery, were immediately frozen or
fixed in 10% buffered formalin and embedded in paraffin.
HD cases were classified as nodular sclerosing (NS, n =
13), mixed cellularity (MC, n = 1), and, when the subtype
could not be determined, not otherwise specified (NOS,
n = 2). Lymph node tissue was obtained from patients at
the time of diagnosis (performed on formalin-fixed, paraffin-
embedded material during routine diagnostic workup pro-
cedures). One relapsed case was an NS subtype.

Immunohistochemical Detection of Human PcG
Gene Expression

Expression of the BMI-1 and EZH2 PcG proteins was
measured using the 6C9 mouse monoclonal antibody
(anti BMI-1) and the polyclonal K358 rabbit antiserum
(anti-EZH2).3” Following deparaffinization, endogenous
peroxidase was inhibited by incubation of the tissue sec-
tions for 30 minutes at room temperature in 0.3% H,O,
diluted in methanol. Antigens were retrieved by boiling for
10 minutes in citrate buffer (pH 6), followed by succes-
sive rinses in phosphate-buffered saline (PBS) containing
0.5% Triton (1 X 5 minutes), and PBS only (3 X 5 min-
utes). Slides were then incubated for 10 minutes in 0.1
mol/L glycine (diluted in PBS), and rinsed in PBS only
(8 X 5 minutes). Before application of the primary anti-
serum or antibody, sections were incubated for 10 min-
utes in normal swine serum diluted 1:10 in PBS + 1%
bovine serum albumin (BSA) or normal rabbit serum di-
luted 1:50 in PBS + 1% BSA. Secondary antisera were
biotinylated goat-anti-mouse or biotinylated swine-anti-
rabbit. Immunostaining was performed with 3-amino-9-
ethylcarbazole (AEC) using the streptavidin-biotin com-
plex/horseradish peroxidase (sABC-HRP) method and
tyramine intensification. Sections were counterstained
with hematoxylin. Photographs were taken with a Zeiss
Axiophoto microscope (Thornwood, NY) and digitized
using an Agfa duoscan scanner (Mortsel, Belgium).

Immunofluorescence Detection of BMI-1 and
EZH2 Expression in Combination with CD30
and Mib-1/Ki-67

Tissue sections were fixed in 2% formaldehyde and en-
dogenous peroxidase was inhibited as above. Following
pre-incubation with 5% BSA, a combination of three pri-
mary antibodies was applied overnight at 4°C: anti BMI-1
(6C9; mouse IgG2b monoclonal antibody®’), anti EZH2
(K358; rabbit polyclonal antiserum®”), anti Ki67 (Mib-1;
mouse IgG1 monoclonal antibody; Beckman Coulter, Ful-
lerton, CA) or anti-CD30 (BerH2; mouse IgG1 monoclonal
antibody; Dako, Glostrup, Denmark). Mib-1/Ki-67 was se-
lected because expression of this nuclear proliferation
antigen”® was shown to be limited to BMI-17/EZH2* cells
in GCs of the tonsil.?® We included CD30 because it is
specifically expressed by HRS cells™*® activated T
cells, monocytes, and granulocytes (easily distinguished
from HRS cells on the basis of morphology).

For double immunofluorescence, BMI-1 or Ki-67 were
detected by biotinylated goat anti-mouse antiserum fol-
lowed by streptavidin-cy3 (Jackson Immunoresearch,
West Grove, PA). EZH2 was detected by swine-anti-rab-
bit Ig-FITC (Dako). For triple immunofluorescence, slides
were incubated with three antibodies after blockade of
nonspecific binding as described above. After rinsing,
slides were incubated with either goat anti-mouse IgG2b
or IgG1, linked to horseradish peroxidase (depending on
the subclass of the primary antibody) in the presence of
5% normal human serum or normal goat serum. This was
followed by addition of conjugated hydroxycouramine
(1:1000; Molecular Probes, Eugene, OR) with tyramine,*®
producing blue fluorescence. For the green fluorescent
signal, EZH2 was detected with fluorescein isothiocya-
nate-conjugated swine anti-rabbit (1:50). For the red flu-
orescence signal, BMI-1 or Ki-67 were detected using
subclass-specific  TRITC-conjugated goat anti-mouse
IgG. All reagents were incubated for at least 30 minutes
under standard conditions. After rinsing, slides were cov-
ered with Prolong (Molecular Probes). Analysis and pho-
tography was performed with a DMR microscope (Leica,
St. Gallen, Switzerland); images were digitized using an
Agfa duoscan scanner.

Results

We analyzed expression of the BMI-1 and EZH2 PcG
proteins by immunohistochemistry in HRS cells of 19 HD
cases (11 NS, 1 MC, 2 NOS, and 1 NS sample at re-
lapse). Because HRS cells are viewed as the neoplastic
variants of follicular B cells,>'® PcG gene expression
patterns established in HRS cells were compared to
those of follicular B cells in hyperplastic lymph nodes. We
found that the majority of HRS cells exhibited nuclear
staining for BMI-1 (Figure 1A) and EZH2 (Figure 1B). This
expression pattern was observed in all 15 HD samples
(Table 1) and suggested that BMI-1 and EZH2 were
expressed in the same nucleus of HRS cells. By contrast,
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Figure 1. Immunohistochemical analysis of BMI-1 and EZH2 expression in HRS cells and germinal center follicular lymphocytes in the lymph node. A and B:
Staining of Reed-Sternberg (HRS) cells for BMI-1 (A) and EZH2 (B). HRS cells express both BMI-1 and EZH2, whereas infiltrating lymphocytes stain for BMI-1
but not for EZH2. Note that dividing cells express BMI-1 in the cytoplasm, whereas EZH2 remains associated with condensed chromosomes (indicated by * in
A and B). C, E, and G: Expression of BMI-1 in germinal centers of the lymph node. D, F, and H: Expression of EZH2 in germinal centers of the lymph node.
C and D: Overview of lymph node germinal center. E and F: Detail of germinal center showing dark zone (DZ) and mantle zone (MZ). G and H: Detail of germinal
center showing light zone (LZ) and MZ. Cb, centroblast; cc, centrocyte; LN, lymph node; M®, macrophage. Note that the mutually exclusive expression of BMI-1
and EZH2 is particularly notable in the MZ, DZ, and M® staining profiles (C—H), whereas HRS cells stain for both PcG proteins (A and B). Original magnifications,
X400 (A and B), X200 (C and D), and X630 (E—H).



712  Raaphorst et al
AJP September 2000, Vol. 157, No. 3

Table 1. BMI-1 and EZH2 Expression in Reed-Sternberg
Cells of Hodgkin’s Disease

Patient HD subtype Age Sex CD30 BMI-1 EZH2

1 NS 25 m + + +
2 MC 71 f + + +
3 NS 48 m + + +
4 NS 33 m Nd + +
5 NS 18 m + + +
6 NS 19 f + + +
7 NS 73 f + + +
8 NS 57 m + + +
9 NS 15 f Nd + +
10 NS 37 m + + +
11 NS 26 f Nd + +
12 NS 18 f + + +
13 NS 35 m + + +
14 NOS* 27 m Nd + +
15 NOS 13 m + + +
16 NS 15 m + + +

BMI-1 and EZH2 expression were determined in HRS cells by
immunohistochemistry and immunofluorescence. HRS cells were
identified on the basis of morphology and expression of CD30.

f, female; HD, Hodgkin’s disease; m, male; MC, mixed cellularity;
Nd, not done; NOS, not otherwise specified; NS, nodular sclerosing.
Material of patient 16 was obtained at relapse.

Tinterfollicular/partial involvement.

the surrounding infiltrate expressed variable staining for
BMI-1 and rarely expressed EZH2 (Figure 1, A and B).

Expression of BMI-1 and EZH2 in HRS cells contrasted
with the staining patterns in normal lymph nodes, where
detection of these proteins appeared mutually exclusive.
Expression of BMI-1 was primarily found in the light zone
(LZ) and at variable levels in the mantle zone (MZ2),
whereas dark zone (DZ) cells were generally negative
(Figure 1, C, E, and G). By contrast, EZH2 expression
was mainly found in the DZ, whereas fewer cells ex-
pressed EZH2 in the LZ and rarely in the MZ (Figure 1, D,
F, and H). Follicular EZH27/BMI-17" cells had a centro-
cyte appearance (Figure 1, E and G), whereas follicular
EZH2"/BMI-1~ expressing cells resembled centroblasts
(Figure 1, F and H). We previously demonstrated that a
minority of the BMI-1* cells are T cells.?® Macrophages
were BMI-1* and did not express EZH2 (Figure 1, E and
F). BMI-1 and EZH2 expression patterns were similar in
germinal centers of lymph nodes from variable sites of
the body (mediastinal, inguineal, axillar) or in extranodal
lymphoid tissue (data not shown).

BMI-1 and EZH2 expression were further explored by
double and triple immunofluorescence, which allowed us
to determine BMI-1 and EZH2 expression in relation to
other markers, such as CD30 and Mib-1/Ki-67 (see Ma-
terials and Methods). We first confirmed coexpression of
BMI-1 and EZH2 in HRS cells by performing double
staining for BMI-1 and EZH2. Indeed, HRS-like cells with
giant nuclei expressed both BMI-1 (Figure 2A) and EZH2
(Figure 2B); combination of these signals confirmed dou-
ble expression of these PcG proteins in the same nucleus
(Figure 2C). We then determined that BMI-1*/EZH2™"
cells expressed CD30 (Figure 2, D-F), identifying these
cells as HRS cells. Note that the majority of infiltrating
cells express BMI-17, (Figure 2, A, C, D, and F) but are
generally EZH2™ (Figure 2, B, C, E, and F). This included

activated CD30™ lymphocytes (Figure 2, B and E). In
addition, occasionally observed BMI-17/EZH2™ cells
with large nuclei probably represent macrophages, be-
cause such cells are CD30~ (Figure 2F, see also Figure
1, B and E). The mutually exclusive expression pattern of
BMI-1 and EZH2 in infiltrating lymphocytes resembled
the expression profile of follicular B cells. Follicular EZH2
expression (Figure 2G) was separated from BMI-1 ex-
pression (Figure 2H), with few double positive (yellow)
cells detectable in the region where DZ and LZ meet
(Figure 21).

Previous experiments indicated that expression of Mib-
1/Ki-67 in lymphoid follicles of the tonsil is limited to
EZH2" centroblasts, whereas BMI-1* follicular lympho-
cytes did not express Mib-1/Ki-67.2° We next questioned
to what extent expression of BMI-1 and EZH2 in HRS cells
coincided with Mib-1/Ki-67 expression, and whether
these patterns were reflected by follicles in lymph nodes.
We found that Mib-1/Ki-67 was expressed in HRS cells
irrespective of BMI-1 or EZH2 expression. Mib-1/Ki-67
was detectable in both EZH2* (Figure 2, J-L) and BMI-17
(Figure 2, P-R) HRS cells. By contrast, Mib-1/Ki-67 ex-
pression was clearly separated from BMI-1 expression in
follicular lymphocytes of the lymph node: whereas
EZH2" follicular lymphocytes also expressed Mib-1/
Ki-67 (Figure 2, M-O), Mib-1/Ki-67 was not detected in
BMI-1* follicular cells (Figure 2, S-U).

Discussion

PcG proteins have a regulatory role in various processes,
including embryonic development, hematopoiesis, and
cell cycle control.?'~32 Several recent studies demon-
strated that these proteins are also involved in oncogen-
esis. The mouse Bmi-1 PcG gene was characterized as
an oncogene that down-regulates p16/Ink4a and p19/
ARF and collaborates with ¢c-myc to produce lympho-
mas.*"*2 Similarly, overexpression of the RING1 PcG
gene resulted in transformation and induction of tumors,
and coincided with up-regulation of c¢-jun and c-fos.3®
Although one study noted that a subset of human mantle
cell lymphomas with blastoid involvement exhibited am-
plification of BMI-1,*" to date no other study has ad-
dressed the possible involvement of PcG genes in human
cancers. In the current study we demonstrate that the
human BMI-1 and EZH2 PcG genes are coexpressed in
the nucleus of HRS cells. This pattern stands in sharp
contrast to BMI-1 and EZH2 expression in follicular B
cells, which is mutually exclusive in the majority of these
cells. Because double expression of BMI-1 and EZH2 is
rarely detected in follicular lymphocytes, and the majority
of HRS cells expresses both proteins, we conclude that
coexpression of BMI-1 and EZH2 is associated with the
transformed state of the HRS cell.

The various stages of GC B cell development,*® from
mantle cell to centroblast to centrocyte, are associated
with distinct changes in PcG gene expression profile?®
(and this study). BMI-1 is expressed in Mib-1/Ki-67 "~ rest-
ing mantle cells and centrocytes, whereas EZH2 is de-
tected primarily in rapidly dividing Mib-1/Ki-67" centro-
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Figure 2. A—I: Expression of BMI-1 and EZH2 in HRS cells (A—F) and LN (G—I). BMI-1 (A and D; red fluorescence) and EZH2 (B and E; green fluorescence)
are detected in HRS cells, whereas infiltrating lymphocytes are BMI-1" (A and B) and generally do not express EZH2 (B and E). Coexpression of BMI-1 and EZH2
produces a yellow nuclear signal (C and F). These nuclei belong to HRS cells since these express CD30 (blue signal in D—F). Occassional EZH2-expressing cells
with a compact nucleus also express CD30 (E), but are BMI-1"; these are probably activated lymphocytes. Note that EZH2" lymphocytes in the infiltrate may
be remaining centroblasts from lymph node follicles. CD30~/BMI-1" cells with a large nucleus are probably macrophages (M® in F). In follicular lymphocytes
(G=D), BMI-1 is mainly detected in the LZ (G), whereas EZH2 is primarily detected in the DZ (H). Coexpression of BMI-1 and EZH2 is sometimes observed at
the interface of LZ and DZ, but occurs at a very low frequency (I). Expression of EZH2 and Mib-1/Ki-67 in HRS cells (J—L) and LN (M—0): Expression of EZH2
occurs in both HRS cells (J; green fluorescence) and LN centroblasts situated in the DZ (M), and coincides with detection of Mib-1/Ki-67 (K and N). Combination
of the red and green fluorescent signal produces yellow nuclei (L and O), supportive of Mib-1/Ki-67 and EZH2 coexpression in HRS cells and centroblasts.
Expression of BMI-1 and Mib-1/Ki-67 in HRS cells and LN: BMI-1 expression occurs in HRS cells and the surrounding infiltrate (). HRS cells also express
Mib-1/Ki-67 (Q, green fluorescence), producing a yellow signal in the HRS cell when red and green fluorescence are combined (R). By contrast, BMI-1 (S, red
fluorescence) and Mib-1/Ki-67 expression (T, green fluorescence) are separated in follicular lymphocytes (U) and infiltrating lymphocytes surrounding an HRS
cell (R). For abbreviations, see Figure 1 legend. Original magnifications, X400.
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blasts. The transition of resting B cells to dividing
centroblasts appears associated with loss of BMI-1 ex-
pression and acquisition of EZH2 expression, whereas
differentiation of centroblasts to centrocytes coincides
with a reverse pattern. Our interpretation of these findings
is that expression of BMI-1 and EZH2 is subject to strict
regulation, and mutually exclusive in the majority of nor-
mal follicular B cells. This distinct PcG expression pattern
is most likely related to the fact that BMI-1 and EZH2
proteins typify different PcG complexes. The BMI-1 com-
plex also contains the RING1, HPH1, HPH2, and HPC2
PcG proteins, whereas EZH2 is associated with the EED
PcG protein in another complex.2*3° The various PcG
complexes probably have different target genes,®' and
this could explain why the differentiation status of the
follicular B cell correlates with differential expression of
BMI-1 and EZH2. Experiments in mutant mice indicated
that loss of BMI-1 resulted in inhibition of B cell progenitor
cell division, whereas loss of EED was associated with
increased proliferation.?” Because BMI-1 and EED be-
long to different complexes, this suggests that an intri-
cate balance between these PcG complexes is essential
for lymphoid cell proliferation.

This balance appears disturbed in HD because HRS
cells exhibit irregular expression patterns of BMI-1,
EZH2, and Mib-1/Ki-67 in comparison to follicular lym-
phocytes. Although expression of BMI-1 is separated
from EZH2 in the vast majority of follicular lymphocytes in
tonsil and lymph nodes, these proteins are coexpressed
in the nucleus of HRS cells. Secondly, Mib-1/Ki-67 is only
detected in EZH2" normal follicular lymphocytes,
whereas BMI-17 cells do not express Mib-1/Ki-67. By
contrast, Mib-1/Ki-67 is expressed in BMI-1" HRS cells.
The mechanism underlying these patterns is unclear, and
could result from a failure to down-regulate EZH2 and
Mib-1/Ki-67, an increased or induced expression of
BMI-1, or a combination of these two possibilities. What-
ever the mechanism, coexpression of BMI-1 and EZH2 in
the presence of Mib-1/Ki-67 is a strong indication that
deregulation of the cell cycle in HRS cells is reflected by
irregular expression of PcG genes. Whether disturbance
of PcG expression resulted in cellular transformation (or
whether it is the consequence of this process) remains to
be determined.

In conclusion, we demonstrated that the BMI-1 and
EZH2 PcG genes are coexpressed in the nuclei of HRS
cells, whereas their expression is highly regulated and
mutually exclusive during GC B cell differentiation. This
suggests that HD is associated with deregulation of PcG
protein expression. Together with the results obtained by
others in different tumor models, our study warrants fur-
ther investigation of human PcG genes as candidate
factors that contribute to lymphomagenesis.
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