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Differential expression of enhancer of zeste
homolog 2 (EZH2) protein in small cell and
aggressive B-cell non-Hodgkin lymphomas
and differential regulation of EZH2 expression
by p-ERK1/2 and MYC in aggressive B-cell

lymphomas
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EZH2, a member of the polycomb protein group, is an important methyltransferase that is overexpressed in
various neoplasms. We found that in small cell B-cell lymphomas, EZH2 is expressed in < 40% of neoplastic
cells, with heterogenous signal intensity. In aggressive B-cell lymphomas, 70-100% of tumor cells were positive
for EZH2 expression with high signal intensity, which correlated with a high proliferation rate. We investigated the
potential signaling molecules that regulate EZH2 overexpression in aggressive B-cell ymphomas and found that
80% of cases of EZH2-positive diffuse large B-cell lymphoma show high p-ERK1/2 expression (average ~57%
tumor cell positivity). In contrast, only a small percentage of tumor cells (~10%) show p-ERK1/2 expression in
Burkitt ymphoma and double hit lymphoma. On average, 91 and 76% of neoplastic cells were positive for MYC
expression in Burkitt lymphoma and double hit lymphoma, respectively, while only 20% neoplastic cells were
positive for MYC expression in diffuse large B-cell lymphoma. None of the aggressive B-cell ymphomas showed
significant p-STAT3 expression in EZH2-overexpressed cases. The correlation of EZH2 expression with
aggressive behavior and proliferation rate in B-cell neoplasms suggests that this molecule may function as an
oncogenic protein in these neoplasms, with possible regulation by different signaling cascades in different types
of aggressive B-cell lymphomas: p-ERK-related signaling in diffuse large B-cell lymphoma, and MYC-related
signaling in Burkitt lymphoma and double hit lymphoma. Furthermore, EZH2 and associated signaling cascades

may serve as therapeutic targets for the treatment of aggressive B-cell lymphomas.
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EZH2 is an important enzymatic subunit of the
epigenetic regulator polycomb repressive complex 2
(PRC2) and functions as a methytransferase that
targets the lysine 27 of histone H3 and controls gene
silencing through posttranslational modification.?
EZH2 is frequently overexpressed in various non-
hematological malignancies and functions as an
oncogenic protein for tumor cell proliferation, metas-
tasis, and survival.? A number of intracytoplasmic
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oncogenic signaling molecules, transcription factors,
and tumor-suppressor miRNAs regulate EZH2 expres-
sion in these non-hematological neoplasms. In the
triple-negative and ERBB2-overexpressing aggressive
subtypes of breast cancer, studies using promoter
analysis and in vitro inhibitor methods demonstrated
that the MEK/ERK/Elk-1 signaling pathway leads
to EZH2 overexpression.® In a subset of invasive
breast carcinomas and moderately to poorly differ-
entiated non-small cell lung cancers, AKT(Ser473)
phosphorylation was closely associated with EZH2
overexpression.*® In prostate and hepatocellular
carcinomas, upregulation of MYC protein results in
the overexpression of EZH2 through reduction of
miR-26a, miR26b, and miR-101. In addition, MYC can
directly bind to and activate the EZH2 promoter.5-8

www.modernpathology.org


http://dx.doi.org/10.1038/modpathol.2016.114
mailto:ddorfman@partners.org
http://www.modernpathology.org

In epithelial ovarian cancer, NF-YA, the regulatory
subunit of CCAAT-binding transcription factor, is
highly expressed and upregulates EZH2 at the
transcriptional level.® In colorectal carcinoma, STAT3
is constitutively activated, directly binds to the EZH2
promoter, and regulates its expression, which is
thought to contribute to colon cancer development
and metastasis.!%-13

Recent evidence supports a more complicated
mechanism of EZH2's contribution to tumor develop-
ment in hematopoietic malignancies. Hyperactivation
of polycomb group proteins, particularly EZH2, has
been linked to the pathogenesis of a subset of
hematological malignancies, including some B- and
T-cell lymphomas as well as myeloid disorders.!4-16
For example, in a subset of follicular lymphomas and
germinal center subtype of diffuse large B-cell
lymphomas, a change of amino-acid tyrosine 641
(Y641) has been identified as a recurrent somatic
mutation in the EZH2 gene, leading to increased
enzymatic activity.!” The oncogenic role of the Y641
mutation was further confirmed in an engineered
mouse model in which conditional expression of
mutant EZH2 in germinal center B cells induced
germinal center hyperplasia and promoted lympho-
magenesis in cooperation with BCL2 overexpres-
sion.’® In addition to the Y641 mutation, A687V and
A677G mutations have been identified as gain-of-
function mutations of EZH2 in B-cell lymphomas.19:2°
Interestingly, there is also evidence that loss-of-
function mutations and deletions of EZH2 and
associated genes leads to the development of mouse
and human T-acute lymphoblastic leukemia, suggest-
ing that EZH2 functions as a tumor-suppressor gene
for this hematopoietic neoplasm.?:2

Because of the complicated role of EZH2 in the
development of non-hematological as well as hema-
tological malignancies, we investigated the expres-
sion of EZH2 in a range of small cell and aggressive
B-cell non-Hodgkin lymphomas. We found that
EZH2 expression correlates with aggressive behavior
and with the expression of specific signaling mole-
cules in aggressive B-cell lymphomas that are known
to cause EZH2 overexpression and contribute to
oncogenesis.

Methods and materials
Case Selection

Lymphoma cases were obtained from the files of the
Department of Pathology, Brigham and Women’s
Hospital, Boston, MA, from 1990 to 2015, with the
institutional internal review board’s approval
A range of small cell and aggressive B-cell non-
Hodgkin lymphomas were included in the study,
including 12 cases of multiple myeloma, 12 cases of
lymphoplasmacytic lymphoma/Waldenstrom macro-
globulinemia, 18 cases of chronic lymphocytic leuke-
mia/small lymphocytic lymphoma, 9 cases of mantle
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cell lymphoma, 21 cases of marginal zone lymphoma,
10 cases of follicular lymphoma grades 1-2/3, 14
cases of hairy cell leukemia, 10 cases of hairy cell
leukemia variant, 33 cases of diffuse large B-cell
lymphoma, 19 cases Burkitt lymphoma, 5 cases of
Richter transformation of chronic lymphocytic leuke-
mia/small lymphocytic lymphoma, 6 cases of folli-
cular lymphoma grade 3/3, and 22 cases of double hit
lymphoma (corresponding to the World Health
Organization diagnosis of B-cell lymphoma, unclassi-
fiable, with features intermediate between diffuse large
B-cell lymphoma and Burkitt lymphoma (9 cases) and
the World Health Organization diagnosis of diffuse
large B-cell lymphoma (13 cases), and including 13
cases with MYC+BCL2 translocations and 9 cases with
MYC+BCL6 translocations), 19 cases of primary
mediastinal large B-cell lymphoma, and 11 cases of
B lymphoblastic leukemia/lymphoma. The pathologi-
cal diagnoses were established according to the criteria
of the 2008 World Health Organization classification,
based on morphological, immunohistochemical (IHC),
cytogenetics, and molecular findings. Historical data
were used for fluorescence in situ hybridization
studies. Diagnostic slides from all cases were reviewed
by two hematopathologists (XT and DMD).

Immunohistochemistry

Immunostaining for EZH2 (Cell Signaling 5246),
p-STAT3 (Cell Signaling 9145), and MYC (Abcam
ab32072) were performed on the Leica Bond auto-
mated stainer, using the Bond Polymer Refine
Detection Kit (cat. no. DS9800).23 Heat-induced
epitope retrieval was completed using Bond Epitope
Retrieval Solution 2 (cat. no. AR9640), an EDTA-
based pH 9.0 solution, for 20 min at 100 °C. Primary
antibodies were applied at the optimized dilution
(1:100) for 30min at ambient temperature. For
p-ERK1/2 (Cell Signaling 4370) and Ki-67 (Abcam
ab16667) immunostaining, heat-induced epitope
retrieval was completed using Bond Epitope Retrie-
val Solution 1 (cat. no. AR9961), a citrate-based pH
6.0 solution, for 30 min at 100 °C. Primary antibody
was applied at the optimized dilution (1:150) for
30 min at ambient temperature. This was followed by
a 10-min application of the post primary, 10 min of
polymer, and 5 min of peroxide block. Staining was
visualized with a 3,3'-diaminobenzidine chromogen
for 10min and counterstained with hematoxylin.
The slides were then removed from the autostainer,
rinsed in running tap water, dehydrated through
alcohols and xylene, and coverslipped.

The cases were scored for the percentage of
positive tumor cells (0-100%) and for staining
intensity (0-3) by two hematopathologists (XT and
DMD). Reactivity for EZH2, p-ERK1/2, MYC, and
p-STAT3 was considered as positive if there was
more than focal staining (5%) of neoplastic cells.
EZH2 staining was considered homogeneous if
>60% of the neoplastic cells exhibited staining with
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Table 1 EZH2 and Ki-67 expression in small cell and aggressive B-cell lymphomas

Lymphoma type

Cases, positive/total (%) EZH2 positive (%) Ki-67 proliferation rate (%)

Small cell
Multiple myeloma
Lymphoplasmaytic lymphoma/Waldenstrom
macroglobulinemia
Chronic lymphocytic leukemia/small lymphocytic
lymphoma
Mantle cell lymphoma?
Marginal zone lymphoma
Follicular lymphoma (grades 1-2)
Hairy cell leukemia®
Hairy cell leukemia variant®

Aggressive
Diffuse large B-cell lymphoma
Burkitt lymphoma
Chronic lymphocytic leukemia—Richter transformation
Follicular lymphoma (grade 3)°
Double hit lymphoma
Primary mediastinal large B-cell lymphoma
B lymphoblastic leukemia/lymphoma

10/12 (83%) 10 5-10
9/12 (75%) 5-10 5-10
15/18 (83%) 10-15 10-15
8/9 (89%) 30 20-25
20/21 (95%) 15-20 10
8/10 (80%) 20 15-20
13/14 (93%) 5-10 5-10
9/10 (90%) 30-40 30-35
29/33 (87%) 90 70-75
19/19 (100%) 100 95-100
5/5 (100%) 80-90 85
6/6 (100) 80 85-90
22/22 (100) 90-100 75-80
19/19 (100%) 6080 90
11/11 (100%) 95-100 75

8EZH2 expression is significantly different between mantle cell lymphoma and other small cell B-cell lymphomas (except HCL-v) (P < 0.01).
Hairy cell leukemia and hairy cell leukemia variant show significantly different EZH2 and Ki-67 expression (P < 0.01).
®Includes three cases of follicular lymphoma grade 3A and three cases of grade 3B, with no significant difference in staining noted.

2+ or 3+ intensity. P-ERK1/2, MYC, and p-STAT3
staining was considered positive if > 5% of neoplas-
tic cells were positive, as described previously.?*
Statistical analysis was performed using Graphpad
Prism (Graphpad Software, La Jolla, CA, USA).

Results

To investigate the tumorigenic role of EZH2 in B-cell
lymphomas, THC staining for EZH2 was first per-
formed on small cell and aggressive B-cell lympho-
mas. In the 106 cases of small cell B-cell lymphomas
studied, 86% of cases were positive for EZH2, with
5—40% of neoplastic cells positive for EZH2,
depending on lymphoma subtype, with heteroge-
neous nuclear staining (variable positive intensity of
staining from 1+ to 3+; Table 1 and Figure 1). In the
115 cases of aggressive B-cell lymphomas studied,
including those transformed from small cell B-cell
lymphomas, 97% of cases were positive for EZH2,
with 70-100% of tumor cells positive for EZH2,
depending on lymphoma subtype, all of which
showed strong homogenous nuclear staining for
EZH2 (positive intensity of 3+, Table 1 and
Figure 1), a significant difference in EZH2 expression
compared with small cell B-cell lymphomas
(P<0.01). These data show that EZH2 expression
correlates with aggressive behavior in B-cell neo-
plasms. The high level of EZH2 expression in
aggressive B-cell lymphomas suggests that this
molecule may function as an oncogenic protein in
these neoplasms, similar to its role in the non-
hematological aggressive solid tumors such as breast,
colorectal, prostate, and hepatocellular carcinomas.
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EZH2 expression varied among the small cell
B-cell lymphomas. In hairy cell leukemia, a rela-
tively indolent B-cell neoplasm, 5-10% of tumor
cells expressed EZH2 with variable intensity, while
in hairy cell leukemia variant, a more aggressive
B-cell neoplasm with shorter median survival,?®
30—40% of neoplastic cells expressed EZH2, with
stronger intensity (P < 0.01, Figure 2). EZH2 expres-
sion was higher in mantle cell lymphoma, with
positivity in 30% of neoplastic cells on average,
compared with other types of small cell B-cell
lymphomas (except hairy cell leukemia variant),
which had an average of 12% of neoplastic cell's
positive for EZH2 (P < 0.01; Table 1). These results
show that EZH2 expression correlates with aggres-
siveness in small cell B-cell lymphomas.

EZH2 has been shown to be required for tumor cell
proliferation and is associated with a high prolifera-
tion index in many types of non-hematological
cancer types, including breast, prostate, endome-
trium, and melanoma.?® We examined the prolifera-
tion index in the small cell and aggressive B-cell
lymphomas by assessing Ki-67 nuclear staining and
correlated the results with EZH2 expression. We
found that the Ki-67 proliferation index in small cell
B-cell lymphomas ranged from 5 to 35%, while in
aggressive B-cell lymphomas Ki-67 ranged from
70 to 100% of the neoplastic cells (Table 1). These
data show that EZH2 overexpression correlates
with proliferation index in B-cell lymphomas
(R?=0.9249; Figure 1).

A number of signaling cascade-associated mole-
cules, including p-ERK1/2, MYC, and p-STATS3,
have been shown to upregulate EZH2 expression
in non-hematological neoplasms, including breast,
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Figure 1 Representative EZH2 and Ki-67 immunohistochemical staining in small cell and aggressive B-cell lymphomas showing
differences in EZH2 positivity and Ki-67 proliferation index. All images are x 40 original magnification.

prostate, and colorectal cancers. To explore potential
mechanisms of EZH2 overexpression in aggressive
B-cell lymphomas, p-ERK1/2, MYC, and p-STAT3
expression was studied by IHC in diffuse large B-cell
lymphoma, double hit lymphoma, and Burkitt
lymphoma. We found that 40-80% of neoplastic
cells in diffuse large B-cell lymphoma (mean
57% +17%, 24/30 cases) were positive for p-ERK
expression, but <30% of neoplastic cells were
positive for p-ERK expression in Burkitt lymphoma
(mean 13% +10%, 15 cases) and double hit lym-
phoma (mean 10% +9%, 17 cases). In contrast,
80-100% and 50-90% of neoplastic cells were
positive for MYC expression in Burkitt lymphoma
(mean 91% +7%, 19 cases) and double hit lym-
phoma (mean 76% +14%, 29 cases), respectively,
but only 5-50% of neoplastic cells were positive for
MYC expression in diffuse large B-cell lymphoma
(mean 20% *17%, 30 cases). There were significant
differences in both MYC and p-ERK expression in
Burkitt lymphoma and double hit lymphoma versus
diffuse large B-cell lymphoma (P <0.01), but no
significant differences in double hit lymphoma cases

with MYC+BCL2 translocations compared with
double hit lymphoma cases with MYC+BCL6 trans-
locations or in double hit lymphoma cases initially
classified as B-cell lymphoma, unclassifiable, with
features intermediate between diffuse large B-cell
lymphoma and Burkitt lymphoma compared with
double hit lymphoma cases initially classified as
diffuse large B-cell lymphoma. None of the aggres-
sive B-cell lymphomas showed significant p-STAT3
positivity in neoplastic cells (< 10% cell positivity
with heterogeneous intensity; Table 2, Figure 3).

Discussion

Aberrant epigenetic regulation has been shown to
have a central role in the pathogenesis of many non-
hematological and hematological malignancies. The
maintenance of appropriate DNA methylation is an
important epigenetic modification process in silen-
cing specific gene transcription involved in critical
biological processes, including cellular develop-
ment and stem cell plasticity.?2’=3? Disruption of
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Hairy cell leukemia

Hairy cell leukemia
variant

Figure 2 Differential expression of EZH2 and Ki-67 in hairy cell leukemia and hairy cell leukemia variant: hairy cell leukemia variant
shows significantly increased EZH2 expression and high Ki-67 proliferation index compared with hairy cell leukemia (P <0.01). All

images are x 40 original magnification.

Table 2 Co-expression of EZH2 and p-ERK1/2, MYC, or p-STATS3 in aggressive B-cell lymphomas

EZH2+p-ERK1/2 mean positivity

Lymphomas (positive/total)

EZH2+MYC mean positivity
(cases)

EZH2+p-STAT3 mean
positivity (cases)

Diffuse large B-cell
lymphoma

Double hit lymphoma
Burkitt lymphoma

57 +17% (24/30)2

10+9% (17)
13+10% (15)

20+17% (30)? <10% (31)

76 +14% (29)?
91+7% (19)2

<10% (18)
<10% (17)

4pERK and MYC expression is significantly different in diffuse large B-cell lymphoma versus Burkitt lymphoma and double hit lymphoma

(P<0.01).

methylation profiles and loss of epigenetic stability
is critical in malignant transformation. EZH2 func-
tions as an important histone methyltransferase to
regulate DNA methylation and control gene expres-
sion. Over the past decade, studies have established
that EZH2 is overexpressed in many non-hema-
tological solid tumor types and its high expression is
associated with tumor aggressiveness and progres-
sion.?1:32 Furthermore, disruption of the PRC2/EZH2
complex either pharmacologically or genetically can
block proliferation of EZH2-overexpressing cancer
cell lines and neoplasms in mouse models of EZH2
overexpression.33:3% These findings support an onco-
genic role for EZH2 in non-hematological tumor
development.

However, frequent homozygous and heterozygous
EZH2 deletions or inactivating mutations have been
found in myeloid neoplasms3°~38 and are predictive
of poor survival.394% In addition, loss of Ezh2 in
mouse hematopoietic stem cells is sufficient to cause
aggressive T-acute lymphoblastic leukemia.?!?2
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These studies demonstrate that the loss rather
than overexpression of EZH2 may also contribute
to tumorigenesis in myeloid and some lymphoid
neoplasms, presumably through derepression of
oncogenes owing to lack of H3K27 methylation.
B-cell non-Hodgkin lymphomas are mature B-cell
neoplasms with a wide spectrum of morphological
and immunophenotypic features and varying clin-
ical aggressiveness. In this study, we examined EZH2
expression in a range of small cell and aggressive
B-cell lymphomas and found that EZH2 expression
correlates with aggressive behavior in B-cell neo-
plasms, with high levels of EZH2 expression seen in
aggressive B-cell lymphomas. Furthermore, among
the small cell B-cell lymphomas, EZH2 expression
correlates with more aggressive clinical behavior.
For example, we found that EZH2 expression is
significantly higher in hairy cell leukemia variant, a
more aggressive B-cell neoplasm with shorter med-
ian survival, than in classical hairy cell leukemia
(P <0.01). Similarly, mantle cell lymphoma exhibits
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Figure 3 Examples of EZH2-overexpressing aggressive B-cell lymphomas showing representative p-ERK1/2, MYC, and p-STAT3

expression. All images are x 40 original magnification.

high EZH2 expression compared with other types of
small cell B-cell lymphomas and has a more
aggressive clinical course. Proliferation rate typically
correlates with tumor grade in B-cell non-Hodgkin
lymphomas, and we found that EZH2 expression
correlates with proliferation rate, as assessed by
Ki-67 IHC staining, in B-cell non-Hodgkin lympho-
mas, as has been previously reported in a range of
human cancers. These results suggest an oncogenic
role for EZH2 in B-cell neoplasms, similar to its role
in non-hematological solid tumors.

The mechanism of EZH2 overexpression has been
extensively studied in non-hematological cancers.
One of the prototypic oncogenic signaling pathways,
the RAS/MEK/ERK/ELK pathway, which is upregu-
lated in many cancer cells, is linked to the
overexpression of EZH2 in triple-negative and
ERBB2-overexpressing subtypes of breast cancer.?
MEK inhibitor and Elk-1 siRNA successfully blocked
EZH2 mRNA and protein expression levels in cells
from aggressive breast cancers,® suggesting that the
ERK signaling cascade is upstream of EZH2 and
regulates its expression. The role of the RAS/MEK/
ERK/ELK pathway in the regulation of EZH2 in
lymphoid neoplasms is unclear. Here we focused on
three subtypes of high-grade B-cell lymphoma with
EZH2 overexpression, diffuse large B-cell lymphoma,
double hit lymphoma, and Burkitt lymphoma, to

understand the potential role of the ERK pathway in
EZH2 expression. We found that 80% of diffuse large
B-cell lymphoma cases are positive for p-ERK1/2
(57% +17% mean tumor cell staining), while cases of
double hit lymphoma and Burkitt lymphoma show
weak to negative p-ERK1/2 staining (13+10% and
10+9% mean tumor cell staining, respectively;
P <0.01). These results suggest that the RAS/MEK/
ERK/ELK pathway may preferentially upregulate
EZH2 expression in diffuse large B-cell lymphoma,
compared with Burkitt lymphoma and double hit
lymphoma.

MYC is an important transcription factor, cell
cycle regulator, and oncogenic protein in tumorigen-
esis that causes EZH2 overexpression in solid
tumors, including prostate carcinoma and hepato-
cellular carcinoma.®® We found all the cases of
Burkitt lymphoma and double hit lymphoma show
high MYC expression (80-100 and 50-90% tumor
cells are positive, respectively), which correlates
with high EZH2 expression in these neoplasms;
however, only 20% of tumor cells in the diffuse large
B-cell lymphoma cases show positive MYC staining.
These results suggest that MYC may preferentially
upregulate EZH2 expression in Burkitt lymphoma
and double hit lymphoma, compared with diffuse
large B-cell lymphoma. We also studied p-STAT3, a
regulator of MYC activation that has an important
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Figure 4 A proposed model for the regulation of EZH2 expression
in different types of aggressive B-cell lymphomas by differential
signaling cascades, based on the observation that p-ERK1/2
expression, but not MYC expression, correlates with high
EZH2 expression in diffuse large B-cell lymphoma and high
MYC expression, but not p-ERK1/2 expression, is associated with
increased EZH2 expression in Burkitt lymphoma and double hit
lymphoma.

Oncogenesis

role in cancer development. P-STAT3 has been show
to upregulate EZH2 expression in colorectal
cancer.'?13 We found that none of the aggressive
B-cell lymphomas studied showed significant
p-STATS3 positivity in neoplastic cells (< 10% cell
positivity), suggesting that it may not have a
significant role in EZH2 overexpression in aggressive
B-cell lymphomas.

Our findings suggest that different signaling path-
ways and molecules may be involved in directing
EZH2 overexpression in different types of aggressive
B-cell lymphomas (Figure 4). In diffuse large B-cell
lymphomas, the RAS/MEK/ERK pathway may have
an important role in the regulation of EZH2 high
expression, while in double hit lymphoma and
Burkitt lymphoma, MYC expression, and hence
MYC-related signaling, appears to be associated with
EZH2 overexpression. P-STAT3 is not co-expressed
with EZH2 in aggressive B-cell lymphomas, so it
does not appear to have a role in the overexpression
of EZH2 in aggressive B-cell lymphomas (Figure 4).
Additional, in vitro studies are needed to further
investigate the role of ERK1/2 and MYC signaling in
EZH?2 overexpression in aggressive B-cell lymphomas.

EZH2 has been shown to have a multi-faceted role
in cancer progression, functioning as an oncogenic
protein through overexpression in solid non-
hematological tumors and as a tumor-suppressor
gene in myeloid and some lymphoid neoplasms.
Because of its complex role in cancer development,
attempts to therapeutically target EZH2 and EZH2-
mediated signaling are emerging as an important
strategy for cancer treatment. Several inhibitors
of enzymes controlling epigenetic modifications,
such as DNA methyltransferases and histone deace-
tylases, have shown promising antitumor effects.*!42

MODERN PATHOLOGY (2016) 29, 1050-1057

Recently, a small-molecule inhibitor of EZH2 has
been developed that selectively blocks EZH2 methyl-
transferase activity and reduces global H3K27
methylation.*3 An EZH2 inhibitor has been used in
early clinical trials in patients with advanced solid
tumors or relapsed/refractory diffuse large B-cell
lymphoma and follicular lymphoma (Clinical trails.
gov, ID:NCT01897571). Our findings suggest addi-
tional B-cell lymphomas that may be suitable targets
for EZH2 inhibitor treatment. In addition, the
targeting of specific signaling pathways that upregu-
late EZH2 expression is another potential strategy for
the treatment of aggressive B-cell lymphomas.
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