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Simple Summary: Adult T-cell leukemia/lymphoma (ATLL) is a highly aggressive mature T-cell
neoplasm with an extremely poor prognosis. For decades, the first-line therapy for ATLL has been
CHO(E)P, although treatment refractoriness and relapse are common. Therefore, there is a need to
search for new treatment options. This study, focusing on EZH2, an important epigenetic regulator,
and associated intracellular signaling molecules, demonstrates that both EZH2 and pERK expression
are upregulated in ATLL, contributing to tumor aggressiveness in biopsied patients” tumor tissues.
Their inhibitors could be potential therapeutic targets for these aggressive T-cell neoplasms.

Abstract: EZH?2, a subunit of the polycomb repressive complex 2 (PRC2), is an important methyltrans-
ferase that catalyzes the trimethylation of histone H3 at lysine 27 (H3K27me3). EZH2 is overexpressed
in various malignancies. Here, we investigated EZH?2 expression and potential signaling molecules
that correlate with EZH2 expression in ATLL and other T-cell neoplasms. Immunohistochemical
staining (IHC) was performed for EZH2, pERK, MYC, and pSTAT3 on 43 ATLL cases and 104 cases
of other T-cell neoplasms. Further IHC studies were conducted for Ki-67, SUZ12, and H3K27me3
on ATLL cases. All ATLL cases showed EZH2 overexpression. In other T-cell neoplasms, a high
prevalence of EZH?2 overexpression was identified (86%), except for T-PLL (33%). In ATLL, EZH2
overexpression correlated with pERK co-expression (86%), while only a small subset of cases showed
MYC (7%) or pSTAT3 (14%) co-expression. In the other T-cell neoplasms, there was a variable, but
higher, co-expression of EZH2 with pERK, MYC, and pSTAT3. In ATLL, enhanced EZH2 expression
correlated with higher Ki-67 staining, SUZ12 (another PRC2 subunit), and H3K27me3 co-expression.
In conclusion, EZH2 is overexpressed in ATLL and is associated with pERK expression. It correlates
with an increased proliferation index, indicating an aggressive clinical course. EZH?2 also correlates
with SUZ12 and H3K27me3 co-expression, suggesting its PRC2-dependent catalytic activity through
trimethylation. Additionally, EZH?2 is overexpressed in most T-cell neoplasms, suggesting that EZH2
could function as an oncogenic protein in T-cell tumorigenesis. EZH2 and pERK could serve as
potential therapeutic targets for treating aggressive ATLL. EZH2 could also be targeted in other
T-cell neoplasms.

Keywords: ATLL; T-cell neoplasms; EZH2; H3K27me3; pERK

1. Introduction

Enhancer of zeste homolog 2 (EZH2) is an essential catalytic subunit of the epigenetic
regulator polycomb repressive complex 2 (PRC2). PRC2 functions as a histone methyltrans-
ferase that trimethylates the 27th lysine residue of histone H3 (H3K27me3), associated with
gene expression silencing in cancer [1]. EZH2 is overexpressed in many cancer entities and
correlates with a poorer prognosis. Early evidence comes from solid tumor studies where
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EZH2 overexpression has been observed in multiple cancers, including prostate cancer,
breast cancer, bladder cancer, endometrial cancer, and melanoma [2]. More recently, we and
other groups found EZH2 overexpression in a range of hematologic malignancies including
B-cell lymphomas, Hodgkin lymphomas, histiocytic and dendritic cell neoplasms, subsets
of T-cell neoplasms, plasma cell neoplasms, and myeloid neoplasms [3-9]. Targeting EZH2
has emerged as a new therapeutic approach against the epigenetic mechanisms of carcino-
genesis in recent years. There are several ongoing clinical trials using EZH?2 inhibitors in
different cancer types [10].

Transcriptional activation of EZH2 has been proposed to promote EZH2 overexpres-
sion in neoplastic cells. For instance, transcription factors E2F and NF-kB have been shown
to induce EZH2 transcription in various cancer cells [11,12]. Signaling pathways, including
MEK-ERK1/2, pSTAT3, and MYC signaling were demonstrated to activate EZH2 transcrip-
tion in different cancer types [13-15]. We previously investigated these potential regulators
of EZH2 expression in various types of hematologic malignancies and found differential
signaling cascades associated with different tumor types. In diffuse large B-cell lymphoma,
histiocytic and dendritic cell neoplasms, the pERK signaling cascade significantly corre-
lated with EZH2 expression [4,5]. In Burkitt lymphoma and double hit lymphoma, MYC
cascade was associated with EZH2 upregulation [5]. Combined signaling cascades of pERK,
MYC, and pSTAT3 were involved in EZH?2 expression in nodular lymphocyte-predominant
Hodgkin lymphoma (NLPHL), classic Hodgkin lymphoma (cHL), T-cell /histiocyte-rich
large B-cell lymphoma (THRLBCL), and B-cell Lymphoma, unclassifiable, with features
intermediate between diffuse large B-cell lymphomas and classic Hodgkin lymphomas
(BCLu-DLBCL/cHL) [6]. These regulators of EZH2 expression may serve as additional
therapeutic targets.

Adult T-cell leukemia/lymphoma (ATLL) is a rare and highly aggressive mature
T-cell neoplasm with an extremely poor prognosis. ATLL is linked to the human T-cell
lymphotropic virus type 1 (HTLV-1) infection. For decades, the first-line therapy for
ATLL has been CHO(E)P (cyclophosphamide, doxorubicin, vincristine, (etoposide), and
prednisone), although refractoriness and relapse are common. Recent advances in research
on the epigenetic regulation of ATLL have suggested EZH2 as a promising target for
treatment. EZH2 expression was significantly upregulated in primary ATLL cells. This
upregulation contributed to miRNA silencing and NF-kB activation, leading to apoptosis
resistance and tumorigenesis [16]. The epigenomic and transcriptomic analysis of primary
ATLL cells revealed excessive H3K27me3 accumulation associated with EZH?2 upregulation.
This leads to ATLL-specific abnormal gene downregulation that was also detected at an
early stage of disease progression. Furthermore, EZH?2 inhibition reversed the ATLL
epigenetic disruption and selectively eliminated leukemic- and HTLV-1-infected cells [11].
In case studies, EZH2 overexpression has been reported in ATLL and a range of T-cell
neoplasms [9,17,18]. However, the reported case numbers have been limited so far. Here,
we investigated EZH?2 expression in ATLL biopsy specimens and compared this with other
T-cell neoplasms, including T-lymphoblastic leukemia/lymphoma (T-ALL), anaplastic large
cell lymphoma (ALCL), anaplastic lymphoma kinase (ALK)-positive (ALCL-ALK+), ALCL,
ALK-negative (ALCL-ALK—), extranodal NK/T-cell lymphoma, nasal type (NK/TCL),
peripheral T-cell lymphoma not otherwise specified (PTCL-NOS), angioimmunoblastic
T-cell lymphoma (AITL), and T-cell prolymphocytic leukemia (T-PLL). In addition, to
understand the signaling pathway involved in EZH? activation in ATLL and other T-cell
neoplasms, we studied the intracellular signaling cascade-associated molecules, pERK1/2,
CMYC, and pSTATS3, in relation to EZH2 expression.

2. Materials and Methods
2.1. Patient Selection and Regulatory Approval
Following hospital institutional review board approval, we retrospectively reviewed

medical records to identify ATLL cases and other types of T-cell lymphomas, including
T-ALL, ALCL-ALK+, ALCL-ALK—, NK/TCL, PTCL-NOS, AITL, and T-PLL. These diag-
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noses were established according to the 2017 revised 4th edition WHO classification of
Hematopoietic and Lymphoid Tissues. A representative block of each case with diagnostic
tissue was selected for immunohistochemical (IHC) stains.

2.2. Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue blocks were cut into 4 um-thick sections
using a standard technique. IHC staining was performed via a standard protocol using
the Dako automated immunostainer (Agilent, Santa Clara, CA, USA). Heat-induced epi-
tope retrieval was completed using Bond Epitope Retrieval Solution 2 (catalog#AR9640),
which is an EDTA-based pH 9.0 solution, for 20 min at 100 °C. Primary antibodies used
include the following: EZH2 (Cell Signaling Technology, Danvers, MA, USA; catalog
#5246), p53 (DAKO, Carpinteria, CA, USA; catalog# GA61661-2), pSTAT3 (Tyr705) (Cell
Signaling Technology, Danvers, MA, USA; catalog #9145), cMYC (Abcam, Cambridge, UK;
catalog #ab32072), pERK1/2 (Thr202/Tyr204) (Cell Signaling Technology, Danvers, MA,
USA; catalog #4370), Ki-67 (Abcam, Cambridge, UK; catalog #ab16667), SUZ12 (Abcam,
Cambridge, UK; catalog #ab126577), and H3K27me3 (Cell Signaling Technology, Danvers,
MA, USA; catalog #9733). Primary antibodies were applied at the optimized dilution for
30 min at ambient temperature. Staining was performed using the Bond Polymer Refine
Detection Kit DS9800 (Leica Biosystem, Wetzlar, Germany) according to the manufacturer’s
guidelines. Tissue sections were counterstained with hematoxylin. The cases were scored
for the percentage of positive tumor cells (0% to 100%) and for staining intensity (0 to 3) in
the representative visual fields. Based on our previous publication [6], EZH2 staining was
considered to be overexpressed if >60% of the neoplastic cells exhibited 2+ or 3+ staining
intensity. PERK, pSTAT3, and MYC staining were considered positive if >5% of the neo-
plastic cells displayed 2+ or 3+ staining intensity. Cases were evaluated and scored by two
hematopathologists, respectively.

2.3. Statistical Analysis

Statistical analysis was performed by GraphPad Prism, Version 8 (San Diego, CA, USA).
Pearson’s correlation between two variables in serial sections was used to analyze the corre-
lation between EZH2 expression and Ki-67/SUZ12. Pearson’s correlation coefficient (r) was
used to measure the linear correlation between two variables. Differences were considered
significant at p < 0.05.

3. Results
3.1. ATLL Patient Demographics and Survival Data

We retrieved clinical information for 36 of the 43 ATLL cases. Seven cases were di-
agnosed outside the hospital, with incomplete clinical data. Among the 36 ATLL cases,
the average age of these patients was 60 years (ranging from 25 to 83 years). There were
20 female patients (55.6%) and 16 males (44.4%). Most patients were from the Caribbean
area (30/36; 83.3%), one patient was from West Africa (1/36; 2.8%), and five patients had
unknown endemic origin (5/36; 13.9%). Among different variants of ATLL, acute and lym-
phomatous variants are most common in our cohort (acute: 11/36; 30.5%; lymphomatous:
10/36; 27.8%). One patient was classified as having a chronic variant (1/36; 2.8%), and one
patient was classified as having a smoldering variant (1/36; 2.8%). There was not enough
clinical data to classify the remaining 13 patients. Most of the patients were deceased at the
time of the study (24/36; 66.7%), with an average survival time of 57.3 months (ranging
from 0.1 to 721.6 months). The demographic and survival data are summarized in Table 1.

3.2. EZH2 Is Overexpressed in ATLL and Correlates with an Increased Tumor Proliferation Index

Our study included a cohort of 43 ATLL cases with an aggressive clinical course.
We assessed EZH2 expression in the ATLL specimens using IHC staining. Using a 60%
cutoff for EZH2 overexpression, as suggested by previous studies [6], all the cases (100%)
in our cohort overexpressed EZH2 (Figure 1A,B and Table 2). The EZH2 positive staining
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intensity ranged from 2+ to 3+ nuclear staining. We also performed P53 IHC staining as a
surrogate to assess the underlying TP53 mutation status in our cohort. TP53 is the most
commonly mutated gene in human cancers and is associated with adverse prognoses in
many cancers. However, in our cohort, all the cases were negative for strong uniform P53
expression (<20% positivity) (Figure 1C), suggestive of a TP53 wild-type pattern [19].

Table 1. Demographics and Survival Data of the ATLL Cohort.

Variables N =36
Age at diagnosis, mean & SD 60.0 = 14.5
(Minimum-Maximum) (25-83)
Sex, n (%)
Male 16 (44.4)
Female 20 (55.6)
Endemic origin, 1 (%)
Caribbean 30 (83.3)
West Africa 1(2.8)
Not available 5(13.9)
Variants, n (%)
Acute 11 (30.5)
Lymphomatous 10 (27.8)
Chronic 1(2.8)
Smoldering 1(2.8)
Not available 13 (36.1)
Survival data, n (%)
Alive 12 (33.3)
Deceased 24 (66.7)
Survival months, mean + SD 57.3 (142.8)
(Minimum-Maximum) 0.1-721.6
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Figure 1. EZH2 is overexpressed in ATLL and correlates with an increased tumor proliferation index.
(A-D) Representative images of H&E staining (A) and IHC staining for EZH2 (B), p53 (C), and Ki-67
(D) in one ATLL case (400x). (E) Pearson’s correlation of EZH?2 expression with Ki-67 expression
(r=0.5467, p < 0.05).

EZH2 has been shown to promote tumor cell proliferation and is associated with a
high proliferation index in many types of cancer, including breast, prostate, endometrium,
and melanoma [20]. We examined the tumor cell proliferation in ATLL by assessing Ki-
67 nuclear staining, and correlated Ki-67 staining with EZH2 expression. We found a
significant positive correlation between EZH2 expression and Ki-67 staining (r = 0.5467,
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p < 0.05) (Figure 1D,E), suggesting that EZH2 upregulation in ATLL is associated with an
enhanced tumor proliferation index.

Table 2. EZH2 expression and association with pERK, MYC, and pSTAT3 expression in ATLL and
other T-cell neoplasms.

T-Cell Neoplasms EZH2 (POS/Total) PERK MYC (POS/Total) pSTAT3
ATLL 43/43 (100%) 37/43 (86%) 3/43 (7%) 5/43 (11%)
AITL 15/17 (88%) 13/15 (85%) 4/15 (27%) 8/15 (54%)
ALCL-ALK+ 13/14 (93%) 8/13(62%) 12/13 (92%) 10/13(77%)
ALCL-ALK— 12/12 (100%) 7/12 (58%) 9/11 (82%) 4/12 (33%)
NK/TCL 15/16 (94%) 11/15 (73%) 10/15 (67%) 11/15 (73%)
PTCL-NOS 15/16 (94%) 7/15 (47%) 10/15 (67%) 7/15 (47%)

T-ALL 19/19 (100%) 0/18 (0%) 5/17 (30%) 1/16 (6%)
T-PLL 3/9 (33%) 0/3 (0%) 1/3 (33%) 0/3 (0%)

Abbreviations: POS: positive; ATLL: Adult T-cell leukemia/lymphoma; AITL: Angioimmunoblastic T-cell lym-
phoma; ALCL-ALK+: Anaplastic large cell lymphoma, ALK positive; ALCL-ALK—: Anaplastic large cell
lymphoma, ALK negative; NK/TCL: Extranodal NK/T-cell lymphoma, nasal type; PTCL-NOS: Peripheral T-cell
lymphoma, NOS; T-ALL: T-lymphoblastic leukemia/lymphoma; T-PLL: T-cell prolymphocytic leukemia.

3.3. EZH2 Expression Is Upregulated in a Range of T-Cell Neoplasms in Addition to ATLL

In the other T-cell neoplasms we examined, a high prevalence of EZH2 upregulation was
detected in most of the T-cell neoplasms except in T-PLL (Table 2). Similar to ATLL, all the
T-ALL (19/19, 100%) and ALCL-ALK— (12/12, 100%) cases showed EZH2 overexpression.
In ALCL-ALK+, NK/TCL, PTCL-NOS, and AITL, EZH?2 overexpression was detected in the
majority of cases: ALCL-ALK+ (13/14, 93%), NK/TCL (15/16, 94%), PTCL-NOS (15/16, 94%),
and AITL (15/17, 88%). Different from the other types of T-cell neoplasms, in T-PLL, only a
small percentage of cases showed EZH2 overexpression (3/9, 33%). Representatives of EZH2
staining in each type of T-cell neoplasm are shown in Figure 2.

H&E EZH2 ~H&E EZH2

AITL

ALCL-ALK+
PTCL- NOS

ALCL-ALK-
T-ALL

Figure 2. EZH2 overexpression is detected in a wide range of T-cell neoplasms. Representative images
of H&E staining and EZH2 IHC staining in AITL, ALCL-ALK+, ALCL-ALK—, NK/TCL, PTCL-NOS,
and T-ALL are shown (400 ). Abbreviations: AITL: Angioimmunoblastic T-cell lymphoma; ALCL-
ALK+: Anaplastic large cell lymphoma, ALK positive; ALCL-ALK—: Anaplastic large cell ymphoma,
ALK negative; NK/TCL: Extranodal NK/T-cell lymphoma, nasal type; PTCL-NOS: Peripheral T-cell
lymphoma, NOS; T-ALL: T-lymphoblastic leukemia/lymphoma.
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pSTAT3

3.4. EZH2 Upregulation Is Associated with pERK in ATLL and Correlates with Different
Signaling Molecules in Other T-Cell Neoplasms

Signaling cascade molecules, including pERK, pSTAT3, and MYC have all been im-
plicated in promoting EZH2 transcriptional activation in different cancers. Whether these
mechanisms apply in ATLL or other T-cell neoplasms is unclear. We then investigated
EZH2 expression in association with MYC, pSTAT3, and pERK. In ATLL, most cases (86%)
co-expressed pERK, whereas only a small subset of cases showed MYC (7%) or pSTAT3
(14%) co-expression. This indicates that the pERK signaling pathway could be involved in
EZH2 upregulation in the majority of ATLL patients.

In the other T-cell lymphomas, there was variable co-expression of EZH2 with pERK,
MYC, and pSTAT3. In ALCL-ALK+, NK/TCL, and PTCL-NOS, co-expression of pERK
(62%, 73%, 47%), MYC (92%, 67%, 67%), and pSTAT3 (77%, 73%, 47%) was detected. In
ALCL-ALK—, a high percentage of cases co-expressed pERK (58%) and MYC (82%), and
only a small subset of cases showed PSTAT3 co-expression (33%). In AITL, a high percent-
age of cases co-expressed pERK (85%) and pSTAT3 (54%). Therefore, it is possible that
two or three of these signaling pathways could be associated with EZH2 upregulation in
these T-cell neoplasms. In contrast, T-ALL showed a low frequency of EZH2 co-expression
with pERK, MYC, or pSTAT3. Thus, it is likely that none of these pathways significantly
contributed to EZH2 upregulation in T-ALL. The results are summarized in Table 2. Repre-
sentative images of pERK, pSTAT3, and MYC staining in each type of T-cell neoplasm are
shown in Figure 3.

ALCL- ALK+ ALCL-ALK- NKITCL PTCL-NOS

= _3-- - r

;ﬁw?@

Figure 3. EZH2 upregulation is associated with pERK in ATLL and correlates with different signaling
molecules in other T-cell neoplasms. Representative IHC images for pERK, MYC, and pSTAT3 staining
in T-cell neoplasms with EZH2 co-expression, including ATLL, AITL, ALCL-ALK+, ALCL-ALK—,
NK/TCL, and PTCL-NOS (400 x).

3.5. Association of EZH2 Overexpression with PRC2 Complex Protein SUZ12

The oncogenic mechanisms of EZH2 in hematologic malignancies are complicated
and depend on the tumor type. In addition to the canonical histone methyltransferase
activity, EZH?2 also plays a role in PRC2-independent transcription activation [10]. To inves-
tigate whether EZH2 upregulation in ATLL is associated with an enhanced H3K27 histone
methyltransferase activity, we assessed H3K27me3 in our cohort and found that all ATLL
cases showed positive H3K27me3 (Figure 4A).

Next, we studied the association of EZH2 expression with the PRC2 complex protein
SUZ12, which is another member of the polycomb protein family, together with EZH2 and
other proteins, which forms the PRC2 complex. In our cohort of ATLL, SUZ12 expression
showed a positive correlation with EZH2 (r = 0.4013, p < 0.05) (Figure 4B,C). Therefore,
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EZH2 overexpression in ATLL is associated with an increased histone methyltransferase
activity, which could contribute to oncogenesis through gene silencing.

C ™ r=0.4013
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Figure 4. EZH?2 upregulation in ATLL is associated with an enhanced histone methyltransferase ac-
tivity. (A) Representative image of IHC stain for H3K27me3 in ATLL cases (400x). (B) Representative
image of IHC stain for SUZ12 in ATLL cases (400 x ). (C) Pearson’s correlation of EZH2 expression
with SUZ12 expression (r = 0.4013, p < 0.05).

4. Discussion

Here, we analyzed EZH2 expression and its association with tumor proliferation and
signaling cascade molecules in 43 ATLL cases and a total of 103 cases of other types of
T-cell lymphomas, including T-ALL, ALCL-ALK+, ALCL-ALK—, NK/TCL, PTCL-NOS,
AITL, and T-PLL. To our knowledge, this is the largest cohort studied for EZH2 expression
and regulation in T-cell neoplasms using in vivo patient samples. In this study, EZH2 was
overexpressed in all ATLL cases and in the majority of other T-cell neoplasms we examined,
except T-PLL. Our findings are consistent with previous cohort studies that reported EZH2
overexpression in the T-cell neoplasms [9,17,18]. The widespread overexpression of EZH2
in these T-cell neoplasms suggests that EZH2 could function as an oncogenic protein in
T-cell tumorigenesis.

One important mechanism to promote EZH2 overexpression in neoplastic cells is
through the transcriptional activation of EZH2. The ERK, MYC, and STAT3 signaling
pathways have all been implicated in the activation of EZH?2 in different types of cancer,
including hematopoietic malignancies [4-6,9,13-15]. In T-cell neoplasms, a previous study
showed that EZH2 expression was correlated with the expression of MYC and/or pSTAT3
in a subset of T-cell neoplasms. However, the mechanism by which EZH2 expression is
mediated in ATLL was unclear. Here, we showed that pERK, MYC, and pSTAT3 were
differentially expressed in different T-cell neoplasms. Uniquely in ATLL, EZH2 overexpres-
sion was associated with pERK co-expression. MYC/pSTAT3 were detected in only a small
subset of ATLL cases. In AITL, both ERK and pSTAT3 were correlated with EZH?2 expres-
sion. In ALCL-ALK—, EZH?2 expression was associated with ERK and MYC co-expression.
All three of these molecules were potentially involved in EZH2 regulation in ALCL-ALK+,
PTCL-NOS, and NK/TCL. In T-ALL, none of these mechanisms seemed to be involved in
EZH?2 regulation. A proposed model of EZH?2 overexpression in association with different
intracellular signaling pathways in these T-cell neoplasms is shown at the in vivo protein
expression and activation levels in Figure 5.

EZH2 overexpression and its correlation with pERK in ATLL tissues suggests that
pERK-signaling-mediated EZH2 upregulation could contribute to tumorigenesis in ATLL.
Establishing a causal relationship is a challenge for this retrospective study. Further studies
addressing the functional significance of altered EZH2 /pERK expression in tumor progres-
sion would be necessary to strengthen this hypothesis. The role of EZH?2 in carcinogenesis
involves cell cycle regulation. It has been shown that in melanoma, breast, prostate, and en-
dometrium cancer, upregulation of EZH2 is associated with a high proliferation index [20].
In primary ATLL cells, EZH2 upregulation contributes to miRNA silencing and NF-kB
activation, leading to apoptosis resistance and tumorigenesis [16]. Furthermore, EZH2
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inhibition reverses the ATLL epigenetic disruption and selectively eliminates leukemic- and
HTLV-1-infected cells [11]. Consistent with these findings, we show a significant correlation
between EZH2 expression and Ki-67 levels in ATLL specimens, supporting the potential
role of EZH? in regulating tumor cell proliferation by these in vitro studies.

(MG ATLL AITL

‘ \'\A ‘ / \'f

| | |

I

ALCL-ALK+, NK/TCL, PTCL-NOS

Figure 5. Proposed model of EZH2 overexpression in association with different intracellular signaling
molecules pERK, pSTAT3, and MYC that contribute to tumorigenesis in various types of T-cell
neoplasms. In ATLL, upregulation of EZH2 with associated pERK co-expression and enhanced
PRC2-dependent histone methyltransferase activity that contribute to oncogenesis.

The oncogenic mechanisms of EZH2 in hematologic malignancies are complicated
and depend on the tumor type. In diffuse large B-cell lymphoma, EZH2 is involved in
tumor suppressor gene silencing through its H3K27 histone methyltransferase activity.
Inhibition of EZH2 methyltransferase activity results in reduced H3K27 methylation and
activation of PRC2 target genes, which have been shown to inhibit proliferation and
induce cell cycle arrest [21]. In addition to its canonical histone methyltransferase activity,
EZH2 also functions in a PRC2-independent manner. In mantle cell lymphoma, EZH2
expression shows no correlation with H3K27me3 and weakly correlates with the other PRC2
complex components EED and SUZ12 expression, suggesting that EZH2 might have a PRC2-
independent role in mantle cell lymphoma [8]. In ATLL, we found that EZH2 expression
correlated with H3K27me3 and PRC2 complex component SUZ12 expression. Therefore,
EZH2 upregulation in ATLL is associated with enhanced histone methyltransferase activity.

Targeting EZH2 emerges as an important strategy for cancer treatment and shows
promising results. Several EZH?2 inhibitors have been developed and used in clinical
trials in recent years. These molecules selectively block EZH2 methyltransferase activity
and reduce global H3K27 methylation [21,22]. Additionally, EZH1, a homolog of EZH2
in the non-canonical PRC2 complex, functions as a methyltransferase and complements
EZH2 in mediating H3K27 methylation [23]. Dual EZH1/EZH2 inhibitors have also been
developed and demonstrated an enhanced efficacy than targeting EZH2 alone both in vitro
and in vivo [24-26]. In 2020, tazemetostat, a selective EZH?2 inhibitor, was approved by the
US Food and Drug Administration (FDA) to treat patients with epithelioid sarcoma and
refractory follicular lymphoma [27]. Compared with solid tumors and B-cell lymphomas,
targeting EZH?2 in T-cell lymphomas is still in the early stages of investigation. In a
preclinical study with a patient-derived xenograft model of hepatosplenic T-cell lymphoma
(HSTL), treatment with tazemetostat significantly prolonged the survival of mice with
this aggressive lymphoma [28]. In a recent phase 2 clinical trial (www.clinicaltrials.gov,
NCT04102150, accessed on 30 January 2024), a dual EZH2 and EZH]1 inhibitor, valemetostat,
was used to treat patients with relapsed or refractory (R/R) ATLL. This study demonstrated
promising efficacy and tolerability of valemetostat in heavily pre-treated patients [29].
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5. Conclusions

ATLL is a highly aggressive T-cell neoplasm with an extremely poor prognosis. The me-
dian survival for the acute and lymphomatous variants is estimated to be 8 to 10 months [30].
For decades, the first-line therapy for ATLL has been CHO(E)P, although treatment refractori-
ness and relapse are common. Therefore, there is a need to search for new treatment options.
Our study demonstrated that EZH2 could be a potential therapeutic target for ATLL and
some other T-cell neoplasms. An early phase clinical study showed promising results of EZH
inhibition in treating ATLL patients [29], warranting further investigation in this field.

Author Contributions: X.T. conceived and designed the study; Y.W. reviewed the study and edited the
final manuscript; J.C. (Jiani Chai) and J.C. (Jui Choudhuri) collected data; YYW., X.T., ].C. (Jiani Chai)
and J.C. (Jui Choudhuri) evaluated histology, immunostaining, and case diagnoses; J.C. (Jiani Chai)
conducted statistical analysis; ].C. (Jiani Chai) and X.T. drafted the manuscript; ].Z.G. reviewed the
final manuscript; All authors reviewed the manuscript for important intellectual content; All authors
have read and agreed to the published version of the manuscript.

Funding: The authors received no specific funding for this work.

Institutional Review Board Statement: The study is reviewed and approved by Institutional Review
Boards (IRBs) at Montefiore Medical Center (IRB #2021-13556).

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the
study and no specific patient identifiers were revealed.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank the technical support team from the histology, immunohisto-
chemistry, and flow cytometry laboratories in the Department of Pathology at Montefiore Medical
Center, Albert Einstein College of Medicine.

Conflicts of Interest: No potential conflicts of interest were reported by the authors.

References

1.  Margueron, R.; Reinberg, D. The Polycomb Complex PRC2 and Its Mark in Life. Nature 2011, 469, 343-349. [CrossRef] [PubMed]

2. Kim, K.H.; Roberts, C.W.M. Targeting EZH2 in Cancer. Nat. Med. 2016, 22, 128-134. [CrossRef] [PubMed]

3. Jiang, T.; Wang, Y,; Zhou, F;; Gao, G.; Ren, S.; Zhou, C. Prognostic Value of High EZH2 Expression in Patients with Different
Types of Cancer: A Systematic Review with Meta-Analysis. Oncotarget 2015, 7, 4584-4597. [CrossRef] [PubMed]

4. Tian, X.; Xu, J.; Fletcher, C.; Hornick, J.L.; Dorfman, D.M. Expression of Enhancer of Zeste Homolog 2 (EZH2) Protein in Histiocytic
and Dendritic Cell Neoplasms with Evidence for p-ERK1/2-Related, but Not MYC- or p-STAT3-Related Cell Signaling. Modern
Pathol. 2018, 31, 553-561. [CrossRef] [PubMed]

5. Tian, X; Pelton, A.; Shahsafaei, A.; Dorfman, D.M. 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. Modern Pathol. 2016, 29, 1050-1057. [CrossRef] [PubMed]

6.  Tian, X,; Xu, J.; Dorfman, D.M. Utility of Combined EZH2, p-ERK1/2, p-STAT, and MYC Expression in the Differential Diagnosis of
EZH2-Positive Hodgkin Lymphomas and Related Large B-Cell Lymphomas. Am. J. Surg. Pathol. 2019, 43, 102-109. [CrossRef] [PubMed]

7. Herviou, L.; Cavalli, G.; Cartron, G.; Klein, B.; Moreaux, J. EZH2 in Normal Hematopoiesis and Hematological Malignancies.
Oncotarget 2015, 7, 2284-2296. [CrossRef] [PubMed]

8.  Martinez-Baquero, D.; Sakhdari, A.; Mo, H.; Kim, D.H.; Kanagal-Shamanna, R.; Li, S.; Young, K.H.; O’Malley, D.P,; Dogan, A.;
Jain, P.; et al. EZH2 Expression Is Associated with Inferior Overall Survival in Mantle Cell Lymphoma. Modern Pathol. 2021,
34,2183-2191. [CrossRef]

9.  Shi, M,; Shahsafaei, A.; Liu, C.; Yu, H.; Dorfman, D.M. Enhancer of Zeste Homolog 2 Is Widely Expressed in T-Cell Neoplasm:s,
Is Associated with High Proliferation Rate and Correlates with MYC and PSTAT3 Expression in a Subset of Cases. Leukemia
Lymphoma 2014, 56, 2087-2091. [CrossRef]

10. Duan, R.; Du, W.; Guo, W. EZH2: A Novel Target for Cancer Treatment. . Hematol. Oncol. 2020, 13, 104. [CrossRef]

11. Fujikawa, D.; Nakagawa, S.; Hori, M.; Kurokawa, N.; Soejima, A.; Nakano, K.; Yamochi, T.; Nakashima, M.; Kobayashi, S.; Tanaka,
Y.; et al. Polycomb-Dependent Epigenetic Landscape in Adult T-Cell Leukemia. Blood 2016, 127, 1790-1802. [CrossRef]

12.  Bracken, A.P; Pasini, D.; Capra, M.; Prosperini, E.; Colli, E.; Helin, K. EZH2 Is Downstream of the PRB-E2F Pathway, Essential for
Proliferation and Amplified in Cancer. EMBO ]. 2003, 22, 5323-5335. [CrossRef] [PubMed]

13.  Fujii, S.; Tokita, K.; Wada, N.; Ito, K.; Yamauchi, C.; Ito, Y.; Ochiai, A. MEK-ERK Pathway Regulates EZH2 Overexpression in

Association with Aggressive Breast Cancer Subtypes. Oncogene 2011, 30, 4118-4128. [CrossRef]


https://doi.org/10.1038/nature09784
https://www.ncbi.nlm.nih.gov/pubmed/21248841
https://doi.org/10.1038/nm.4036
https://www.ncbi.nlm.nih.gov/pubmed/26845405
https://doi.org/10.18632/oncotarget.6612
https://www.ncbi.nlm.nih.gov/pubmed/26683709
https://doi.org/10.1038/modpathol.2017.174
https://www.ncbi.nlm.nih.gov/pubmed/29327713
https://doi.org/10.1038/modpathol.2016.114
https://www.ncbi.nlm.nih.gov/pubmed/27282353
https://doi.org/10.1097/PAS.0000000000001180
https://www.ncbi.nlm.nih.gov/pubmed/30371509
https://doi.org/10.18632/oncotarget.6198
https://www.ncbi.nlm.nih.gov/pubmed/26497210
https://doi.org/10.1038/s41379-021-00885-9
https://doi.org/10.3109/10428194.2014.968780
https://doi.org/10.1186/s13045-020-00937-8
https://doi.org/10.1182/blood-2015-08-662593
https://doi.org/10.1093/emboj/cdg542
https://www.ncbi.nlm.nih.gov/pubmed/14532106
https://doi.org/10.1038/onc.2011.118

Cancers 2024, 16, 646 10 of 10

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pan, Y.-M.; Wang, C.-G.; Zhu, M; Xing, R.; Cui, ].-T.; Li, W.-M.; Yu, D.-D.; Wang, S.-B.; Zhu, W.; Ye, Y.-].; et al. STAT3 Signaling
Drives EZH?2 Transcriptional Activation and Mediates Poor Prognosis in Gastric Cancer. Mol. Cancer 2016, 15, 79. [CrossRef]
[PubMed]

Koh, C.M.; Iwata, T.; Zheng, Q.; Bethel, C.; Yegnasubramanian, S.; Marzo, A.M.D. Myc Enforces Overexpression of EZH2 in Early
Prostatic Neoplasia via Transcriptional and Post-Transcriptional Mechanisms. Oncotarget 2011, 2, 669-683. [CrossRef]
Yamagishi, M.; Nakano, K.; Miyake, A.; Yamochi, T.; Kagami, Y.; Tsutsumi, A.; Matsuda, Y.; Sato-Otsubo, A.; Muto, S.;
Utsunomiya, A.; et al. Polycomb-Mediated Loss of MiR-31 Activates NIK-Dependent NF-KB Pathway in Adult T Cell Leukemia
and Other Cancers. Cancer Cell 2012, 21, 121-135. [CrossRef] [PubMed]

Ng, S.; Selvarajan, V.; Huang, G.; Zhou, J.; Feldman, A.L.; Law, M.; Kwong, Y.; Shimizu, N.; Kagami, Y.; Aozasa, K; et al. Activated
Oncogenic Pathways and Therapeutic Targets in Extranodal Nasal-type NK/T Cell Lymphoma Revealed by Gene Expression
Profiling. J. Pathol. 2011, 223, 496-510. [CrossRef]

Yan, J.; Ng, S.-B.; Tay, ].L.-S.; Lin, B.; Koh, T.L.; Tan, J.; Selvarajan, V.; Liu, S.-C.; Bi, C.; Wang, S.; et al. EZH2 Overexpression in
Natural Killer /T-Cell Lymphoma Confers Growth Advantage Independently of Histone Methyltransferase Activity. Blood 2013,
121, 4512-4520. [CrossRef]

Redston, M.; Noffsinger, A.; Kim, A.; Akarca, F.G.; Rara, M.; Stapleton, D.; Nowden, L.; Lash, R.; Bass, A.J.; Stachler, M.D.
Abnormal TP53 Predicts Risk of Progression in Patients with Barrett’s Esophagus Regardless of a Diagnosis of Dysplasia.
Gastroenterology 2022, 162, 468-481. [CrossRef]

Bachmann, I.M.; Halvorsen, O.].; Collett, K.; Stefansson, I.M.; Straume, O.; Haukaas, S.A.; Salvesen, H.B.; Otte, A.P.; Akslen, L.A.
EZH?2 Expression Is Associated with High Proliferation Rate and Aggressive Tumor Subgroups in Cutaneous Melanoma and
Cancers of the Endometrium, Prostate, and Breast. J. Clin. Oncol. 2005, 24, 268-273. [CrossRef]

Qi, W; Chan, H; Teng, L.; Li, L.; Chuai, S.; Zhang, R.; Zeng, J.; Li, M.; Fan, H.; Lin, Y,; et al. Selective Inhibition of Ezh2 by a Small
Molecule Inhibitor Blocks Tumor Cells Proliferation. Proc. Natl. Acad. Sci. USA 2012, 109, 21360-21365. [CrossRef]
Garapaty-Rao, S.; Nasveschuk, C.; Gagnon, A.; Chan, E.Y.; Sandy, P; Busby, J.; Balasubramanian, S.; Campbell, R.; Zhao, F,;
Bergeron, L.; et al. Identification of EZH2 and EZH1 Small Molecule Inhibitors with Selective Impact on Diffuse Large B Cell
Lymphoma Cell Growth. Chem. Biol. 2013, 20, 1329-1339. [CrossRef]

Shen, X.; Liu, Y.; Hsu, Y.-J.; Fujiwara, Y.; Kim, J.; Mao, X.; Yuan, G.-C.; Orkin, S.H. EZH1 Mediates Methylation on Histone H3
Lysine 27 and Complements EZH2 in Maintaining Stem Cell Identity and Executing Pluripotency. Mol. Cell 2008, 32, 491-502.
[CrossRef]

Honma, D.; Kanno, O.; Watanabe, J.; Kinoshita, J.; Hirasawa, M.; Nosaka, E.; Shiroishi, M.; Takizawa, T.; Yasumatsu, I.;
Horiuchi, T.; et al. Novel Orally Bioavailable EZH1/2 Dual Inhibitors with Greater Antitumor Efficacy than an EZH2 Selective
Inhibitor. Cancer Sci. 2017, 108, 2069-2078. [CrossRef] [PubMed]

Xu, B.; On, D.M.; Ma, A,; Parton, T.; Konze, K.D.; Pattenden, S.G.; Allison, D.F.; Cai, L.; Rockowitz, S.; Liu, S.; et al. Selective
Inhibition of EZH2 and EZH1 Enzymatic Activity by a Small Molecule Suppresses MLL-Rearranged Leukemia. Blood 2015,
125, 346-357. [CrossRef] [PubMed]

Konze, K.D.; Ma, A,; Li, E; Barsyte-Lovejoy, D.; Parton, T.; MacNevin, C.J.; Liu, F; Gao, C.; Huang, X.-P.; Kuznetsova, E.; et al.
An Orally Bioavailable Chemical Probe of the Lysine Methyltransferases EZH2 and EZH1. ACS Chem. Biol. 2013, 8, 1324-1334.
[CrossRef] [PubMed]

Groisberg, R.; Subbiah, V. EZH2 Inhibition for Epithelioid Sarcoma and Follicular Lymphoma. Lancet Oncol. 2020, 21, 1388-1390.
[CrossRef] [PubMed]

Pikman, Y.; Conway, A.S.; Robichaud, A.L.; Kitara, S.; Church, A.].; Kennedy, A.L.; Silverman, L.B.; Billett, A.L.; Weinstock,
D.M.; Harris, M.H.; et al. Targeting EZH?2 for the Treatment of Hepatosplenic T-Cell Lymphoma. Blood Adv. 2020, 4, 1265-1269.
[CrossRef] [PubMed]

Izutsu, K.; Makita, S.; Nosaka, K.; Yoshimitsu, M.; Utsunomiya, A.; Kusumoto, S.; Morishima, S.; Tsukasaki, K.; Kawamata, T.; Ono,
T.; et al. An Open-Label, Single-Arm Phase 2 Trial of Valemetostat for Relapsed or Refractory Adult T-Cell Leukemia/Lymphoma.
Blood 2023, 141, 1159-1168. [CrossRef]

Katsuya, H.; Ishitsuka, K.; Utsunomiya, A.; Hanada, S.; Eto, T.; Moriuchi, Y.; Saburi, Y.; Miyahara, M.; Sueoka, E.; Uike, N.; et al.
Treatment and Survival among 1594 Patients with ATL. Blood 2015, 126, 2570-2577. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12943-016-0561-z
https://www.ncbi.nlm.nih.gov/pubmed/27938379
https://doi.org/10.18632/oncotarget.327
https://doi.org/10.1016/j.ccr.2011.12.015
https://www.ncbi.nlm.nih.gov/pubmed/22264793
https://doi.org/10.1002/path.2823
https://doi.org/10.1182/blood-2012-08-450494
https://doi.org/10.1053/j.gastro.2021.10.038
https://doi.org/10.1200/JCO.2005.01.5180
https://doi.org/10.1073/pnas.1210371110
https://doi.org/10.1016/j.chembiol.2013.09.013
https://doi.org/10.1016/j.molcel.2008.10.016
https://doi.org/10.1111/cas.13326
https://www.ncbi.nlm.nih.gov/pubmed/28741798
https://doi.org/10.1182/blood-2014-06-581082
https://www.ncbi.nlm.nih.gov/pubmed/25395428
https://doi.org/10.1021/cb400133j
https://www.ncbi.nlm.nih.gov/pubmed/23614352
https://doi.org/10.1016/S1470-2045(20)30530-1
https://www.ncbi.nlm.nih.gov/pubmed/33035458
https://doi.org/10.1182/bloodadvances.2019001256
https://www.ncbi.nlm.nih.gov/pubmed/32232478
https://doi.org/10.1182/blood.2022016862
https://doi.org/10.1182/blood-2015-03-632489

	Introduction 
	Materials and Methods 
	Patient Selection and Regulatory Approval 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	ATLL Patient Demographics and Survival Data 
	EZH2 Is Overexpressed in ATLL and Correlates with an Increased Tumor Proliferation Index 
	EZH2 Expression Is Upregulated in a Range of T-Cell Neoplasms in Addition to ATLL 
	EZH2 Upregulation Is Associated with pERK in ATLL and Correlates with Different Signaling Molecules in Other T-Cell Neoplasms 
	Association of EZH2 Overexpression with PRC2 Complex Protein SUZ12 

	Discussion 
	Conclusions 
	References

