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Abstract: T-cell lymphomas are highly heterogeneous and their prognosis is poor under the currently
available therapies. Enhancers of zeste homologue 1 and 2 (EZH1/2) are histone H3 lysine-27
trimethyltransferases (H3K27me3). Despite the rapid development of new drugs inhibiting EZH2
and/or EZH1, the molecular interplay of these proteins and the impact on disease progression and
prognosis of patients with T-cell lymphomas remains insufficiently understood. In this study, EZH1/2
mutation status was evaluated in 33 monomorphic epitheliotropic intestinal T-cell lymphomas by
next generation sequencing and EZH1/2 and H3K27me3 protein expression levels were detected
by immunohistochemistry in 46 T-cell lymphomas. Correlations with clinicopathologic features
were analyzed and survival curves generated. No EZH1 mutations and one (3%) EZH2 missense
mutation were identified. In univariable analysis, high EZH1 expression was associated with
an improved overall survival (OS) and progression-free survival (PFS) whereas high EZH2 and
H3K27me3 expression were associated with poorer OS and PFS. Multivariable analysis revealed
EZH1 (hazard ratio (HR) = 0.183; 95% confidence interval (CI): 0.044–0.767; p = 0.020;) and EZH2
(HR = 8.245; 95% CI: 1.898–35.826; p = 0.005) to be independent, divergent prognostic markers
for OS. In conclusion, EZH1/2 protein expression had opposing effects on the prognosis of T-cell
lymphoma patients.
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1. Introduction

Lymphoid neoplasms with T-cell differentiation are a heterogeneous group of rare
diseases that are classified by the World Health Organization (WHO) in immature acute
T-cell lymphoblastic leukemias (T-ALL) and mature post-thymic T-/NK-cell neoplasms
(T-NHL) [1]. The latter, also known as peripheral T-cell lymphomas (PTCL), are classi-
fied into primary cutaneous, primary leukemic, and aggressive with nodal or extranodal
manifestation, depending on the clinical presentation. For decades, the first-line standard
therapy for most T-NHL subtypes has not changed. CHO(E)P (cyclophosphamide, dox-
orubicin, vincristine, (etoposide), and prednisone), a standard chemotherapy for B-cell
lymphomas, is usually chosen as first-line treatment, although refractoriness and relapse
are common [2,3].

Understanding of epigenetics in cancer development and tumor progression has im-
proved rapidly in recent years, leading to the development of targeted therapies. Enhancer
of zeste homologue 1 and 2 (EZH1/2), the catalytic subunit of polycomb repression com-
plex 2 (PRC2), is one of the best studied histone-modifying enzymes and thus the target of
numerous new therapeutics. EZH1/2 contains a catalytic domain at the COOH terminus
that trimethylates the 27th lysine residue of histone H3 (H3K27me3) [4–7]. H3K27me3
is widely known as a marker for transcriptional repression [6–8]. The paralogues EZH1
and EZH2 have different expression patterns: while EZH1 is present in dividing and
differentiated cells, EZH2 is found only in highly proliferative cells [9]. Furthermore, PRC2
complexes containing EZH2 have higher methyltransferase activity than those containing
EZH1 [9]. Assuming that EZH1 compensates for the loss of EZH2 [10,11], not only the
effect of EZH2-selective inhibitors, but also dual EZH1/2 inhibitors are currently under
intense clinical investigation [12].

The basis for these new developments was the detection of EZH1/2 alterations and/or
EZH1/2 overexpression in many different neoplasms and their association with metastasis,
poor prognosis, and treatment failure [13–16]. Mutations of EZH1 and/or EZH2 are de-
scribed as rare or absent in T-cell lymphomas by a number of groups [17–24]. Furthermore,
EZH1 expression has been reported to be low in T-NHL [25]. Even less is known about
its association with progression or prognosis. In contrast, EZH2 is frequently overex-
pressed in T-NHL [25–30] and additionally appears to be associated with an unfavorable
prognosis [30]. Several studies have shown associations between elevated EZH2 protein
expression and various clinical markers such as the presence of B symptoms, elevated
serum lactate dehydrogenase (LDH) levels, elevated ß2-microglobulin, and an increase in
the proliferation marker Ki-67 [25,29–31].

In contrast to EZH2, several studies have demonstrated an inconsistent correlation
between histone lysine modification H3K27me3 and cancer prognosis [32–34]. The con-
flicting results may suggest that methylation of different target genes occurs depending on
its cellular context [35]. In patients with extranodal natural killer/T-cell lymphoma, nasal
type (NKTCL), high H3K27me3 protein expression was associated with better prognosis
and low clinical stages [31]. To date, expression in further subtypes of T-cell neoplasms
has been studied less. A correlation between EZH2 and H3K27me3 in T-cell neoplasms
was previously investigated by some research groups with conflicting results [26,31]. Thus,
a possible non-canonical function (H3K27-specific histone methyltransferase) of EZH2 in
oncogenesis is currently discussed [28,31].

Overall, T-cell lymphomas show a heterogeneous and so far insufficiently charac-
terized profile of EZH1, EZH2, and H3K27me3 expression as well as a poorly studied
correlation of these proteins with each other and with clinicopathological markers. To
improve our understanding of these epigenetic factors, the present study evaluated the
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EZH1/2 mutation status in a cohort of 33 monomorphic epitheliotropic intestinal T-cell
lymphomas (MEITL) by next generation targeted sequencing and detected EZH1/2 and
H3K27me3 expression levels by immunohistochemistry in 46 T-cell lymphomas.

2. Materials and Methods
2.1. Patients and Samples

Thirty-three MEITL samples, classified by hematopathologists, were collected. While
EZH1 and EZH2 mutation analysis by WES was performed in 11 samples, the mutation
status of EZH2 was analyzed in all 33 samples by targeted sequencing. Available patient
characteristics are summarized in Table 1, but no survival data or further clinical data
were available for these cases, so they were not included in further analyses of clinical and
survival data.

Table 1. Characteristics of mutation analysis patients.

Characteristics
MEITL
n = 33

n (%)

Sex
Female 16 (49)
Male 12 (36)

Not evaluable 5 (15)

Age Median (years) (range) 62 (38–92)

Histopathology

CD3positive 33 (100)
CD4negative 31(94)
CD8positive 27 (82)

CD58positive 31 (94)

T-cell Receptor
αβpositive 10 (30)
γδpositive 9 (27)

Not evaluable 14 (42)
Abbreviations: MEITL—monomorphic epitheliotropic intestinal T-cell lymphoma; n—number; CD—cluster
of differentiation.

A cohort of 46 patients with T-NHL and available survival data who received treat-
ment at University Hospital Halle (Saale) between 2006 and March 2020 met inclusion
criteria for tissue microarray (TMA) construction. T-NHL tissue samples were provided
for TMA construction by the Institute of Pathology of the University Hospital Halle (Saale).
The patients were identified through a review of the internal hospital database and those
with available formalin fixated paraffin embedded (FFPE) T-cell lymphoma tissue were
included in the sense of a convenience sample. Patients with an age below 18 years at
initial diagnosis were excluded. The diagnosis of all patients who met the inclusion cri-
teria was verified by two pathologists (C.W. and M.B. (Marcus Bauer)) according to the
2017 WHO criteria [1]. Five out of 57 original samples had to be excluded because the
integrated tissue samples were not from the primary diagnosis or the diagnosis was not
confirmed. Clinicopathological characteristics at the time of primary diagnosis including
age, sex, histologic phenotype, B symptoms, Ann Arbor stage, International Prognostic
Index (IPI), Eastern Cooperative Oncology Group (ECOG) status, bone marrow involve-
ment (BMI), LDH level, white blood cell (WBC) count, Ki-67 expression, (response to)
first-line chemotherapy, occurrence of relapses, and follow-up data were recorded. The
study included 19 cases of peripheral T-cell lymphomas with T-helper phenotype (an-
gioimmunoblastic T-cell lymphoma (AITL) and nodal peripheral T-cell lymphoma with T
follicular helper phenotype (PTCL-TFH)), eight cases of peripheral T-cell lymphomas, not
otherwise specified (PTCL-NOS), seven cases of anaplastic large-cell lymphomas, ALK-
negative (ALCL, ALK-negative), three cases of intestinal T-NHL, two cases of NKTCL,
two cases of T-cell large granular lymphocytic leukemia (T-LGL), and five cases of other
subtypes (Mycosis fungoides (MF) n = 1, subcutaneous panniculitis-like T-cell lymphoma
(SPTCL) n = 1, T-cell prolymphocytic leukemia (T-PLL) n = 1, cerebral T-NHL n = 1, and
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polymorphic post-transplant lymphoproliferative disorder (PTLD) n = 1). The recorded
clinicopathological characteristics are summarized in Table 2.

Table 2. Characteristics of tissue microarray patients.

Characteristics
T-NHL
n = 46

Nodal T-NHL
n = 34

n (%) n (%)

Sex
Female 15 (33) 12 (35)
Male 31 (67) 22 (65)

Age Median (years) (range) 64.1 (36–92) 64.4 (51–92)

B symptoms
Absent 27 (59) 20 (59)
Present 18 (39) 14 (41)

Not evaluable 1 (2) 0 (0)

Bone marrow
involvement

Absent 32 (70) 25 (74)
Present 10 (22) 7 (21)

Not evaluable 4 (9) 2 (6)

Ann Arbor stage
Stages I and II 8 (17) 6 (18)

Stages III and IV 28 (61) 25 (74)
Not evaluable 10(22) 3 (9)

IPI
0–2 18 (39) 15 (44)
3–5 19 (41) 17 (50)

Not evaluable 9 (20) 2 (6)

ECOG
0–1 20 (43) 16 (47)
2–5 6 (13) 5 (15)

Not evaluable 20 (43) 13 (38)

WBC
Normal 13 (28) 8 (24)

Upper limit of normal 11 (24) 7 (21)
Not evaluable 22 (48) 19 (56)

LDH
Normal 6 (13) 2 (6)

Upper limit of normal 19 (41) 17 (50)
Not evaluable 21 (46) 15 (44)

Ki-67 expression
<65% 16 (35) 12 (35)
≥65% 14 (30) 10 (29)

Not evaluable 19 (35) 12 (35)

Relapse Absent 23 (50) 14 (41)
Present 23 (50) 20 (59)

First-line treatment
(R)-CHO(E)P 37 (80) 33 (97)

Others 9 (20) 1 (1)
Abbreviations: T-NHL—T-cell non-Hodgkin’s lymphoma; IPI—International Prognostic Index, ECOG—Eastern
Cooperative Oncology Group status; WBC—white blood cell count; LDH—lactate dehydrogenase level;
(R)-CHO(E)P—(rituximab)-cyclophosphamide, doxorubicin, vincristine, (etoposide) and prednisone containing
chemotherapy.

2.2. Sequencing and Mutation Analysis

Whole exome sequencing (WES) was performed in a total of 11 MEITL and the avail-
able corresponding normal tissue from one tumor sample. Genomic DNA was extracted
from FFPE tumor tissues and subsequently treated with uracil DNA glycosylase (UGD;
GeneRead DNA FFPE Kit, Qiagen, Hilden, Germany) to suppress FFPE induced sequenc-
ing artifacts. After using the Agilent AllHuman V5 kit, sequencing was accomplished on
an Illumina sequencing platform with paired end 100 base-pair reads. An FFPE-tissue
optimized analysis pipeline was used for the analysis of single nucleotide polymorphisms
(SNP) and copy number variations (CNV). SNP occurring in the sequenced normal tissue
sample, dbSNP137, or in the 1000 genome database with a frequency of more than 1% were
excluded. Mutations with allele frequencies below 10% were excluded because of the low
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frequency. MutSig and DOTS-Finder algorithms were used to identify the most significant
and functional relevant mutations.

Targeted sequencing was performed on the WES-cohort and 22 additional cases.
A custom Haloplex panel (Agilent Technologies Inc., Santa Clara, CA, USA) targeting
71 genes, exomes, or hotspots of mutated T-cell neoplasms was used for mutational analysis.
Libraries were sequenced using an Illumina system. Variants were called using the appreci8
pipeline [36]. Read depth was set to a minimum of 20, the minimum number of variant
allele read to 5 and the minimum variant allele frequency (VAF) to 5%. The pipeline
automatically filtered artifacts and SNPs based on call characteristics. These include, but
are not limited to, a variant’s base quality, presence of a variant in common databases
(e.g., dbSNP, 1000 genomes, and COSMIC) and the effect of a variant based on in silico
prediction. Additionally, manual investigation of all borderline calls was performed using
the integrated genome viewer (IGV).

2.3. Tissue Microarray Construction

TMAs were prepared using a manual tissue arrayer (Beecher Instruments Inc., Sun
Prairie, WI, USA), as described previously [37]. Hematoxylin and eosin (H & E) staining
was obtained from each donor block, and representative tumor regions were morphologi-
cally identified and marked by a pathologist (M.B. (Marcus Bauer)). Two 0.6-mm-diameter
tissue cores were extracted from these marked areas and arranged on recipient paraffin
blocks. Adequate controls for specific antibodies including liver tissue, tonsil tissue, breast
cancer, seminoma, prostate carcinoma, and osteosarcoma were added.

2.4. Immunohistochemistry and Scoring

Immunohistochemistry (IHC) for EZH1, EZH2, and H3K27me3 was performed fol-
lowing a standard protocol using a Bond III automated immunostainer (Leica Biosystems
Nussloch GmbH, Wetzlar, Germany) and the Bond Polymer Refine Detection Kit (DS9800-
CN). In addition to the tumor samples, 10 normal lymph node tissues were stained to
compare the expression levels of healthy and tumor tissues. The primary antibodies used
in this study were the following: EZH1 (1:100, Abcam, Cambridge, UK; ab137693), EZH2
(1:100; Cell Signaling, Danvers, MA; 3147s), and H3K27me3 (1:200, Cell Signaling, Danvers,
9733s). Immunostaining was assessed by two investigators (M.B. (Marcus Bauer) and F.L.S.)
using the Zeiss Axioscope 5 microscope (Carl Zeiss Mikroskopie GmbH, Jena, Germany).
The two investigators were blinded to pathologic and clinical data. Staining was evaluated
semiquantitatively using the H-scoring method [38]. The H-score for one patient was
calculated from the mean of two stains. In 89% of the cases, the results of the two examiners
agreed, confirming the reproducibility of the used evaluation method.

2.5. Statistical Analysis

Analyses were performed for the entire study cohort, followed by nodal T-NHL
phenotypes. Comparison of continuous variables between two groups was evaluated with
the Mann-Whitney U test and between multiple groups with the Kruskal–Wallis test using
Bonferroni’s correction. Associations between the protein expressions were assessed using
the Spearman correlation. Univariable overall survival (OS) and progression-free survival
(PFS) analyses were performed with the Kaplan–Meier method. Statistical comparisons
between groups were made by log rank tests. Multivariable analysis was performed
using a Cox proportional hazards model with the Enter method to evaluate the impact of
previously defined variables (age, sex, Ann Arbor stage, B symptoms, BMI, and protein
expression of EZH1, EZH2, and H3K27me3) on PFS and OS. OS was defined as the time
from primary diagnosis until last follow-up or death from any cause. PFS was defined as
the time from primary diagnosis until lymphoma progression or death from any cause.
Receiver operating characteristic (ROC) and Youden Index were used to determine a
cutoff value for protein expression to divide the samples into two groups of high and
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low expression, respectively. Patients alive at the last follow-up date were censored. All
p-values were interpreted exploratorily.

3. Results
3.1. EZH1 and EZH2 Mutations

In the MEITL cohort, the mutational status of EZH1 and EZH2 was investigated
by next generation sequencing (NGS; Figure 1). EZH1 mutation status was analyzed in
11 MEITL cases, but no mutation could be detected. EZH2 mutation status was analyzed
in 33 MEITL cases. A missense mutation with unknown biological impact located in the
SET-domain (Figure 1b) was found to be present in one sample (3%). Immunohistochemical
EZH1 (n = 16), EZH2 (n = 27), and H3k27me3 (n = 31) expression was also evaluated for
the cases studied (Figure 1). Based on the one mutation found, no association with EZH1,
EZH2, or H3K27me3 protein expression could be detected.
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Figure 1. EZH1 and EZH2 mutations in monomorphic epitheliotropic intestinal T-cell lymphomas (MEITL): (a) EZH1 and
EZH2 mutations and its association with EZH1, EZH2 and H3K27m3 protein expression. (b) Localization of the EZH2
mutation in the SET-domain. Abbreviations: wt—wild type; mut—mutation.

3.2. EZH1, EZH,2 and H3K27me3 Protein Expression Levels in T-Cell Lymphomas

We compared the protein expression levels of T-cell lymphomas (n ≤ 46) with normal
non tumor lymph node tissue samples (n = 10; Figure 2). EZH1 expression was found
to be strongly decreased in tumor samples (median = 5; interquartile range (IQR) = 33)
compared to normal lymphoid tissue (median = 45; IQR = 65; p = 0.001). In contrast, the
expression of EZH2 (median = 85; IQR = 116) was increased compared to the controls
(median = 30; IQR = 33; p = 0.016). Increased expression was also detected for H3K27me3
in tumor samples (median = 185; IQR = 70) compared to normal tissues (median = 130;
IQR = 55; p = 0.054).

Representative immunohistochemical staining showing different levels of nuclear
EZH1, EZH2, and H3K27me3 protein expression are illustrated in Figure 3.

3.3. Associations between EZH1, EZH2 and H3K27me3 Protein Expression

Correlations between EZH1, EZH2, and H3K27me3 protein expression (H-score) were
analyzed in the entire study cohort. No correlation was observed between EZH1 and EZH2
(r = 0.127; p = 0.406; n = 45), EZH1 and H3K27me3 (r = 0.020; p = 0.899; n = 45), or EZH2
and H3K27me3 (r = 0.175; p = 0.224; n = 46). Visually, no other associations were detected
between EZH1, EZH2, and H3K27me3 protein expression (Figure 4).
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Figure 3. Representative immunohistochemical features of EZH1, EZH2, and H3K27me3.
(A–C) Immunohistochemical staining showing low (A), middle (B), and high (C) levels of nuclear
EZH1 expression. (D–F) Immunohistochemical staining showing low (D), middle (E), and high
(F) levels of nuclear EZH2 expression. (G–H) Immunohistochemical staining showing low (G),
middle (H), and high (I) levels of nuclear H3K27me3 expression. Original magnification ×400, the
scale bars are 50 µm.
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3.4. Associations between EZH1, EZH2 and H3K27me3 Protein Expression and
Clinicopathological Characteristics

Possible associations between protein expression of EZH1, EZH2, and H3K27me3
with clinicopathological characteristics including sex, age, B symptoms, Ann Arbor stage,
IPI, BMI, ECOG status, WBC, LDH, Ki-67 expression, the occurrence of relapses and
response to first-line chemotherapy were investigated. No relevant associations were
seen in the entire study cohort. In the nodal T-NHL cases, high EZH2 protein expression
was associated with both the presence of B symptoms (B symptoms vs. no B symptoms:
median 130 vs. 53.8; p = 0.031; Figure 5a) and with a high Ki-67 Index (Ki-67 Index > 65 vs.
Ki-67 Index < 65: median 150 vs. 47.5; p = 0.059; Figure 5b). A normal white blood cell count
(WBC) was also associated with high EZH2 protein expression (WBC normal vs. upper
limit of normal: median 165 vs. 70; p = 0.040; Figure 5c). No associations with sex, age,
Ann Arbor stage, IPI, BMI, ECOG status, LDH, the occurrence of relapses, and response
to first-line chemotherapy were noted. Furthermore, no associations between EZH1 and
H3K27me3 with clinicopathological characteristics were observed in nodal T-NHL.

3.5. Divergent Effects of EZH1 and EZH2/H3K27me3 Protein Expression on Patient Prognosis

Survival analyses were performed separately for all markers in the two cohorts (entire
study cohort and nodal T-NHL cohort). The cohorts were divided into two groups using
ROC-analysis: Patients with high protein expression and patients with low protein expres-
sion. Using the 1-year landmark as the end point, the cutoff point was set at an H-score
of 4 for EZH1, of 85 for EZH2, and of 203 for H3K27me3. At the time of analysis, median
follow-up time for living patients was 25.0 months (range, 0 to 142). Overall, 21 patients
(45.7%) had died.
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Figure 5. EZH2 protein expression (H-score) according to clinicopathological characteristics in nodal T-cell non-Hodgkin’s
lymphomas (T-NHL). (a) Corresponding boxplot of EZH2 protein expression depending on the presence of B symptoms.
(b) Corresponding boxplot of EZH2 protein expression depending on Ki-67 expression. (c) Corresponding boxplot of EZH2
protein expression depending on white blood cell count.

In univariable analysis, EZH1low expression was associated with poorer OS rates in
the entire cohort (EZH1low vs. EZH1high: median OS 16.0 (95% CI: 7.6–24.4) vs. 124.0
(95% CI: 16.4–232.0) months; p = 0.016; Figure 6a) and in nodal T-NHL cases (EZH1low

vs. EZH1high: median OS 16.0 (95% CI: 2.5–29.5) vs. 124.0 (95% CI: 0.0–272.9) months;
p = 0.020; Figure 6b). However, EZH1 protein expression was not associated with PFS in
univariable analysis.
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Figure 6. Kaplan–Meier (KM) curves for overall survival (OS) according to EZH1 protein expression.
(a) KM curve for OS according to EZH1 protein expression in T-NHL; (b) KM curve for OS accord-
ing to EZH1 protein expression in nodal T-NHL. Abbreviations: T-NHL —T-cell non-Hodgkin’s
lymphomas; EZH1low—EZH1 protein expression with an H-score below 4; EZH1high—H3K27me3
protein expression above or equal to an H-score of 4.

In contrast, EZH2high expression was associated with poorer OS rates in the entire co-
hort (EZH2low vs. EZH2high: median OS 78.0 (95% CI: 0.0–178.0) vs. 16.0 (95% CI: 0.0–38.5)
months; p = 0.011; Figure 7a). This finding agrees with observations in the nodal T-NHL
subtypes (EZH2low vs. EZH2high: median OS 124.0 (95% CI: 13.8–234.2) vs. 16.0 (95%
CI: 0.0–40.0) months; p = 0.012; Figure 7b). Furthermore, EZH2high expression was asso-
ciated with inferior PFS rates in the entire study cohort (EZH2low vs. EZH2high: median
PFS 29.0 (95% CI: 16.3–41.7) vs. 9.0 (95% CI: 4.2–13.8) months; p = 0.016; Figure 7c) and



Biomedicines 2021, 9, 1842 10 of 16

in nodal T-NHL cases (EZH2low vs. EZH2high: median PFS 22.0 (95% CI: 0.0–71.0) vs. 9.0
(95% CI: 4.8–13.2) months; p = 0.042; Figure 7d).
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Figure 7. Kaplan–Meier (KM) curves for overall survival (OS) and progression-free survival (PFS)
according to EZH2 protein expression. (a) KM curve for OS according to EZH2 protein expression
in T-NHL; (b) KM curve for OS according to EZH2 protein expression in nodal T-NHL; (c) KM
curve for PFS according to EZH2 protein expression in T-NHL; (d) KM curve for PFS according to
EZH2 protein expression in nodal T-NHL. Abbreviations: T-NHL—T-cell non-Hodgkin’s lymphomas;
EZH2low—EZH2 protein expression with an H-score below 85; EZH2high—EZH2 protein expression
above or equal to an H-score of 85.

Following the epigenetic modifiers EZH1/2 themselves, the influence of their con-
secutive histone lysine modification H3K27me3 on patient survival was investigated. In
univariable analysis, H3K27me3high expression was associated with poorer OS rates in the
entire cohort (H3K27me3low vs. H3K27me3high: median OS 58.0 (95% CI: 0.0–165.0) vs. 36.0
(95% CI: 0.0–73.7) months; p = 0.014; Figure 8a) and in nodal T-NHL cases (H3K27me3low

vs. H3K27me3high: median OS 124.0 (95% CI: 8.6–239.4) vs. 11.0 (95% CI: 0.0–50.4) months;
p = 0.033; Figure 8b).
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Figure 8. Kaplan–Meier (KM) curves for overall survival (OS) according to H3K27me3 protein
expression. (a) KM curve for OS according to H3K27me3 protein expression in T-NHL. (b) KM curve
for OS according to H3K27me3 protein expression in nodal T-NHL. Abbreviations: T-NHL—T-cell
non-Hodgkin’s lymphomas; H3K27me3low—H3K27me3 protein expression with an H-score below
203; H3K27me3high—H3K27me3 protein expression above or equal to an H-score of 203.

Multivariable Cox regression analysis of age, sex, Ann Arbor stage (only for nodal
T-NHL), B symptoms, BMI, and protein expression of EZH1, EZH2, and H3K27me3 was
performed for OS and PFS. This analysis revealed EZH1 expression (HR = 0.183; 95% CI:
0.044–0.767; p = 0.020; Table 3) and EZH2 expression (HR = 8.245; 95% CI: 1.898–35.826;
p = 0.005; Table 3) to be independent prognostic markers for OS in the entire cohort. In
nodal T-NHL cases, EZH1 (HR = 0.085; 95% CI: 0.008–0.859; p = 0.037; Table 3) and EZH2
(HR = 28.398; 95% CI: 2.166–372.334; p = 0.011; Table 3) were also independent prognostic
markers for OS.

Table 3. Multivariable analysis of overall survival (OS) and progression-free survival (PFS).

T-NHL
(n = 41)

Nodal T-NHL
(n = 30)

Variable Categories HR
95% CI

p-Value HR
95% CI

p-Value
LL UL LL UL

Overall Survival

Sex female vs. male 3.816 0.990 14.699 0.052 2.900 0.462 18.198 0.256
Age in years 1.053 0.998 1.111 0.059 1.070 0.979 1.171 0.137

Ann Arbor stage III–IV vs. I–II 0.148 0.021 1.042 0.055
B Symptoms present vs. absent 1.182 0.411 3.397 0.756 1.066 0.166 6.822 0.947

Bone marrow involvement present vs. absent 2.148 0.614 7.513 0.232 1.312 0.220 7.814 0.766
EZH1 expression high vs. low 0.183 0.044 0.767 0.020 0.085 0.008 0.859 0.037
EZH2 expression high vs. low 8.245 1.898 35.826 0.005 28.398 2.166 372.334 0.011

H3K27me3 expression high vs. low 2.322 0.688 7.836 0.175 3.500 0.735 16.652 0.115

Progression-Free Survival

Sex female vs. male 1.607 0.630 4.097 0.321 0.959 0.289 3.179 0.945
Age in years 1.008 0.966 1.051 0.728 0.987 0.932 1.046 0.660

Ann Arbor stage III–IV vs. I–II 0.933 0.249 3.495 0.918
B Symptoms present vs. absent 1.299 0.512 3.298 0.582 0.888 0.250 3.159 0.855

Bone marrow involvement present vs. absent 4.621 1.706 12.515 0.003 3.750 1.252 11.231 0.018
EZH1 expression high vs. low 0.668 0.246 1.814 0.428 0.391 0.104 1.471 0.165
EZH2 expression high vs. low 3.754 1.233 11.426 0.020 5.147 1.472 17.998 0.010

H3K27me3 expression high vs. low 1.326 0.546 3.218 0.533 1.537 0.469 5.038 0.478

Abbreviations: T-NHL—T-cell non-Hodgkin’s lymphomas; HR—hazard ratio; CI—confidence interval; LL—lower limit; UL—upper
limit; n—number; EZH1high—EZH1 protein expression above or equal to an H-score of 4; EZH1low—EZH1 protein expression with an
H-score below 4; EZH2high—EZH2 protein expression above or equal to an H-score of 85; EZH2low—EZH2 protein expression with an
H-score below 85; H3K27me3high—H3K27me3 protein expression above or equal to an H-score of 203; H3K27me3low—H3K27me3 protein
expression with an H-score below 203.
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In terms of PFS, BMI (T-NHL: HR = 4.621; 95% CI: 1.706–12.515; p = 0.003; nodal
T-NHL: HR = 3.750; 95% CI: 1.252–11.231; p = 0.018; Table 3) and EZH2 expression (T-NHL:
HR = 3.754; 95% CI: 1.233–11.426; p = 0.020; nodal T-NHL: HR = 5.147; 95% CI: 1.472–17.998;
p = 0.010; Table 3) were independent prognostic markers in both cohorts. Age, sex, Ann
Arbor stage, B symptoms, and H3K27me3 expression were not associated with OS or PFS
in multivariable analysis.

4. Discussion

Aberrant epigenetic regulation has been shown to play a central role in the develop-
ment of multiple malignancies. EZH2 functions as an important histone methyltransferase
to regulate DNA methylation and control gene expression [12]. Over the past decade,
studies have established that EZH2 is overexpressed in malignancies and that its high
expression is associated with tumor progression and poor prognosis. In contrast, the
function of EZH1 and expression status is a less studied field. In this study, we evaluated
the EZH1/2 mutation status in a cohort of 33 MEITL by NGS and investigated the immuno-
histochemical protein expression of EZH1, EZH2, and H3K27me3 in combination with the
clinical outcomes in 46 patients with T-cell lymphomas.

In NGS analysis, EZH2 mutations were found to be present in just one MEITL case,
which was located in the SET-domain. Furthermore, no EZH1 mutation could be identified.
On the basis of the single mutation found, we could not detect any associations with protein
expression of EZH1, EZH2, or H3K27me3. Our results are in line with previous studies
reporting that mutations of EZH2 are rare in T-NHL: one in 36 cases (2.7%) in PTCL-NOS
and one AITL case in 84 cases (1.2%) in a cohort consisting of AITL, PTCL-NOS, ALCL, and
MEITL presented as nonsynonymous single nucleotide variants (SNV) [21]. In addition,
several other groups have not identified mutations of EZH1 by WES [17–24]. Mutations
of other PCR2 complex members such as embryonic ectoderm development (EED) and
suppressor of Zeste 12 (SUZ12) were not studied, but also not detected in other T-NHL
studies [17–24].

Moreover, compared with normal lymph node tissues, EZH2 and H3K27me3 proteins
were found to be overexpressed in T-cell lymphomas, whereas EZH1 was underexpressed,
which is consistent with previous reports [25–29]. Our further findings, along with those of
others [14–17] show that high EZH2 protein expression was associated with poor prognosis
in T-cell lymphomas and markers that are known for cancer progression. Strong EZH2
protein expression was associated with the presence of B symptoms (median 130 vs. 53.8;
p = 0.031) and high Ki-67 expression (median 150 vs. 47.5; p = 0.059) in nodal T-NHL.
The univariable analysis showed poorer OS rates in both cohorts exhibiting high EZH2
protein expression compared with those exhibiting low expression (T-NHL: median OS
78.0 vs. 16.0 months; p = 0.011; nodal T-NHL: median OS 124.0 vs. 16.0 months; p = 0.012).
Furthermore, high EZH2 protein expression was associated with inferior PFS rates (T-NHL:
median PFS 29.0 vs. 9.0 months; p = 0.016; nodal T-NHL: median PFS 22.0 vs. 9.0 months;
p = 0.042). In multivariable analysis, EZH2 was also an independent prognostic marker for
OS (T-NHL: HR = 8.245; 95% CI: 1.898–35.826; p = 0.005; nodal T-NHL: HR = 28.398; 95%
CI: 2.166–372.334; p = 0.011) and PFS (T-NHL: HR = 3.754; 95% CI: 1.233–11.426; p = 0.020;
nodal T-NHL: HR = 5.147; 95% CI: 1.472–17.998; p = 0.010).

H3K27me3 was also overexpressed and high protein expression also led to poor
survival in univariable analysis (T-NHL: median OS 58.0 vs. 36.0 months; p = 0.014; nodal
T-NHL: median OS 124.0 vs. 11.0 months; p = 0.033). However, H3K27me3 was not
an independent prognostic marker in multivariable analysis and no associations with
patient characteristics were observed. The correlation between EZH2 and its consecutive
trimethylation of lysine 27 of histone H3 has previously been studied. In the context
of T-cell lymphomas, results have been inconclusive so far: on one hand, a moderate
positive correlation integrating multiple T-cell lymphoma entities (NKTCL, PTCL-NOS,
AITL, ALCL, and T-LBL) was found [26], on the other hand, a strong inverse correlation
of protein expression was reported in NKTCL [31]. Our analysis showed no correlation
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between EZH2 and H3K27me3 protein expression (r = 0.175; p = 0.224). Since there was
no correlation between EZH2 and H3k27me3, no association between H3k27me3 and the
studied clinicopathological markers, and the impact of H3K27me3 protein expression on
OS could not be confirmed in multivariable analysis, we concluded that EZH2 may also
influence the outcome of T-cell lymphomas by non-canonical functions.

Compared to the proteins already described, EZH1 was weakly expressed and as-
sociated with poorer survival when expressed at low levels. In univariable analysis, low
EZH1 protein expression was associated with poor prognosis (T-NHL: median OS 16.0
vs. 124.0 months; p = 0.016; nodal T-NHL: median OS 16.0 vs. 124.0 months; p = 0.020).
Furthermore, EZH1 protein expression was also an independent prognostic marker for
OS (T-NHL: HR = 0.183; 95% CI: 0.044–0.767; p = 0.020; nodal T-NHL: HR = 0.085; 95%
CI: 0.008–0.859; p = 0.037) in multivariable analysis. Thus, we can conclude that EZH1
and EZH2 have the opposite impact on the OS in the T-cell lymphomas cohorts stud-
ied. These results were replicated using The Cancer Genome Atlas (TCGA) (TCGA,
https://tcga-data.nci.nih.gov/tcga/ (accessed on 29 October 2021)) with data from the
TCGA Pan-Cancer (PANCAN) study and an inverse association to survival rates could
also be observed (Supplementary Figure S1, available at Biomedicines online). Further-
more, Abdalkader et al. examined the association between EZH1 and EZH2 in T/NK-cell
neoplasms and observed opposing protein expression patterns in both normal and neo-
plastic lymphoid tissues as well as an opposing relationship with Ki-67 expression [25].
Restrictively, it is to be added that our correlation analysis showed no association between
the two paralogs EZH1 and EZH2, which could have been due to the extremely low or
negative EZH1 expression.

Counterintuitively to our correlative study, in which EZH2 and EZH1 expression
was not associated and low EZH1 expression conferred a poor prognosis, mechanistic
studies revealed that dual inhibition of EZH1 and EZH2 is required for strong lethality in
lymphomas due to increased EZH1 occupancy with focal H3K27me3 upregulation [12].
Valemetostat is a dual inhibitor of EZH1 and EZH2 that prevents trimethylation of H3K27,
leading to altered gene expression patterns, which suppresses proliferation of EZH1/2-
dependent cancer cells. Compared with established EZH2-specific inhibitors (GSK126),
dual EZH1 and EZH2 inhibitors showed a significantly stronger reduction in H3K27me3
levels [12,39]. In an ongoing open-label phase 1 study (NCT 02732275, 2 November 2020
data cut-off) evaluating valemetostat tosylate monotherapy, the objective response rate
(ORR) was 55.6% in 45 relapsed/refractory (r/r) PTCL patients and 50% in 14 r/r adult
T-cell leukemia/lymphoma (ATL) patients [40]. The most frequently reported related
treatment-emergent adverse events (TEAE) were decreased platelet count, dysgeusia, and
anemia [40]. Based on these findings, a global phase 2 study of valemetostat tosylate
monotherapy in patients with r/r peripheral T-cell lymphomas (n = 176) is currently
ongoing (NCT 04703192).

Because of the retrospective nature of this analysis and the large heterogeneity of
the studied cohort, the results have some limitations. The small sample size, which is
unfortunately common in the study of T-cell lymphomas, carries the risk of statistical error.
In addition, the extremely low protein expression of EZH1 posed a problem because it made
staining evaluation difficult. Prospective studies with larger cohorts are therefore urgently
needed to investigate the function of EZH1/EZH2 during carcinogenesis. In addition,
further mechanistic experiments are required to elucidate the molecular mechanisms of
EZH1 and EZH2 in T-cell lymphomas.

In conclusion, we have demonstrated that EZH1 and EZH2 mutations are rare in
MEITL and therefore do not appear to be of particular significance. Nevertheless, the
proteins studied in T-cell lymphomas had opposite expression patterns and effects in
survival analyses. In univariable analysis, high EZH1 protein expression was associated
with an improved OS and PFS, whereas high EZH2 and H3K27me3 protein expression were
associated with poorer OS and PFS. Multivariable analysis showed that EZH2 and EZH1
protein expression were independent, divergent prognostic markers for OS. EZH2 protein

https://tcga-data.nci.nih.gov/tcga/
https://tcga-data.nci.nih.gov/tcga/
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expression was also an independent prognostic marker for PFS. Targeting of both EZH1 and
EZH2 enzyme activity may serve as a target for anticancer therapy in T-cell lymphomas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9121842/s1, Figure S1: Kaplan–Meier (KM) curves for overall survival (OS)
according to EZH1 and EZH2 protein expression in the TCGA Pan Cancer (PANCAN) study. (a) KM
curve for OS according to EZH1 protein expression. (b) KM curve for OS according to EZH2
protein expression.
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